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Preface

“One would be surprised if
Nature had made no use of it.”

P.A.M. Dirac

According to some dictionaries, one meaning of the notion of “beauty” is
“symmetry”. Probably, beauty is not entirely “in the eye of the beholder”. It
seems to be related to the symmetry of the object. From a physical viewpoint,
this definition is very attractive: it allows us to describe a central concept of
theoretical physics over the last two centuries as being a quest for higher
symmetry of Nature. The more symmetric the theory, the more beautiful it
looks.

Unfortunately, our imperfect (at least at low-energy scale) world is full of
nasty broken symmetries. This has impelled physicists to try to understand
how this happens. In some cases, it is possible to reveal the mechanism of
violation and how the symmetry may be recovered; then our picture of Nature
becomes a bit more beautiful.

One of the problems of the broken symmetry that we see is that, while
there are electric charges in our world, their counterparts, magnetic mono-
poles, have not been found. Thus, in the absence of the monopoles, the sym-
metry between electric and magnetic quantities is lost. Can this symmetry
be regained?

In the history of theoretical physics, the hypothesis about the possible
existence of a magnetic monopole has no analogy. There is no other purely
theoretical construction that has managed not only to survive, without any
experimental evidence, in the course of more than a century, but has also
remained the focus of intensive research by generations of physicists.

Over the past 25 years the theory of magnetic monopoles has surprisingly
become closely connected with many actual directions of theoretical physics.
This includes the problem of confinement in Quantum Chromodynamics, the
problem of proton decay, astrophysics and evolution of the early Universe, and
the supersymmetrical extension of the Standard Model, to name just a few.
It seems plausible that the answer to the question: “Why do magnetic mono-
poles not exist?” is a key to understanding the very foundations of Nature.
Furthermore, the mathematical problem of construction and investigation of
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the exact multimonopole configurations is at the frontier of the most fasci-
nating directions of modern field theory and differential geometry. The tech-
niques developed in this area of theoretical physics find many other applica-
tions and have become very important mathematical tools.

The theory of monopoles seems to be tailor-made for demonstrating beau-
tiful interplay between mathematics and physics. Therefore, I believe that an
introduction to the basic ideas and techniques that are related to the descrip-
tion and construction of monopoles may be useful to physicists and mathe-
maticians interested in the modern developments in this direction. Moreover,
there is a second aspect of the monopoles. These objects arise in many differ-
ent contexts running through all levels of modern theoretical physics, from
classical mechanics and electrodynamics to multidimensional branes. This
provides an alternative point of view on the subject, which may be of inter-
est to readers.

My original motivation was to provide a comprehensive review on the
monopole that would capture the current status of the problem, something
which could be entitled “Fverything you always wanted to know about the
monopole but did not have time to ask”. However, it soon became clear that
such a project was too ambitious. An estimate of the related literature ap-
proaches 6000 papers. The original paper by Dirac [200] has been quoted
more than 1000 times and the citation index of the papers by ’t Hooft and
Polyakov [270,428] is approaching 1400.

I have therefore tried to give a restricted introduction to the classical and
quantum field theory of monopoles, a more or less compact review, which
could give a “bird’s eye view” on the entire set of problems connected with
the field theoretical aspects of the monopole.

The book is divided into three parts. This approach reproduces in some
sense that used by S. Coleman in his famous lectures [43]; that is, I start
the discussion with a simple classical consideration of a monopole as seen at
large distances and then go on to its internal structure.

In Part I, the monopole is considered “from afar”, at the large distances
where pure electrodynamical description works well. In the first chapter, 1
review some features of the classical interaction between a static monopole
and an electric charge. The quantum mechanical consideration in terms of the
Dirac potential is described in Chapter 2. Next, in Chapter 3 the notions of
topology, which are closely related to the theory of monopole, are described.
Chapter 4 is devoted to the generalization of QED, which includes the mono-
poles. Part II forms the core of the book. There I discuss the theory of non-
Abelian monopoles, construction of the multimonopole solutions, and some
applications. In Chapter 5 the famous 't Hooft—Polyakov solution, the sim-
plest specimen of the monopole family, is discussed. This is the first step inside
the monopole core. I review the basic properties of the classical non-Abelian
monopoles, which arise in spontaneously broken SU(2) gauge theory, and the
relation that exists between the magnetic charge of the configuration and the
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topological charge. The Bogomol’'nyi-Prasad—-Sommerfield (BPS) monopole
appears here for the first time as a particular analytic solution with vanish-
ing potential. Here I also give a brief account of the gauge zero mode and
comment on its relation to the electric charge. Chapter 6 contains a survey of
the classical multimonopoles, both in the BPS limit and beyond. A powerful
formalism for investigation of the low-energy dynamics of the BPS mono-
poles is the moduli space approach, which arises from consideration of the
monopole collective coordinates. In Chapter 7 some of the results related to
the quantum field theory of the SU(2) monopoles are reviewed.

Next, in Chapter 8 the consideration is extended to a more general class of
SU(3) theories containing different limits of symmetry breaking. It turns out
that the multimonopole configurations are natural in a model with the gauge
group of higher rank. Here I discuss fundamental and composite monopoles
and consider the limiting situation of the massless states.

Chapter 9 contains a brief survey of the role that the monopoles may play
in the phenomenon of confinement. I discuss here the compact lattice electro-
dynamics, formalism of Abelian projection in gluodynamics and the Polyakov
solution of confinement in the 2+1-dimensional Georgi—Glashow model. In
Chapter 10 the original Yang—Mills-Higgs system is extended by inclusion
of fermions. Here I consider the details of the monopole—fermion interaction,
especially the role of the fermionic zero modes of the Dirac equation. In this
context, I briefly describe the current status of the Rubakov—Callan effect.

The last part of the book reveals the intersection of many lines of the
previous discussion. Indeed, the spectrum of states of N = 2 supersymmetric
(SUSY) Yang—Mills theory includes the monopoles. There the arguments of
duality become well-founded and the BPS mass bound arises in a new con-
text. Moreover, the geometrical moduli space approach, which was originally
developed to describe the dynamics of BPS monopoles, turns out to be a
key element of the Seiberg—Witten solution of the low-energy N = 2 SUSY
Yang—-Mills theory. Chapter 11 is an introductory account of supersymmetry.
Construction of the N = 2 SU(2) supersymmetric monopoles is described
in Chapter 12 and the Seiberg—Witten solution is presented in Chapter 13.
Evidently, this is a separate topic, which has been intensively discussed in
recent years. However, the very structure of the book does not make it pos-
sible to avoid such a discussion. The reader will definitely find this topic well
presented elsewhere.

Let us mention some omissions. An obvious gap is the current experimen-
tal situation. I do not venture to discuss the numerous experiments directed
to the search for a monopole. This must be the subject of a separate survey.
I would like to point the reader to the very good reviews [47,48, 50]. How-
ever, the most important thing we know from experiment is that there are
probably no monopoles around.

I do not consider the astrophysical aspects of monopoles, the prob-
lem of relic monopoles, or other related directions. I do not discuss some
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by-product topics like, for example, the conception of the Berry phase. Nei-
ther do I consider some specific mathematical problems of the Abelian the-
ory of monopoles (e.g., singularities and regularization). In considering con-
struction of the BPS multimonopoles, I have made no attempt to discuss one
of the approaches that is related to the application of the inverse scattering
method to the linearized Bogomol'nyi equation. Instead, the discussion con-
centrates on the modern development due to the Nahm technique and twistor
approach. I would like to draw attention to the recent excellent monograph
by N. Manton and P. Sutcliffe, “Topological Solitons” [54], which provides
the reader with a solid framework of modern classical theory of solitons, not
only monopoles, in a very general context.

Because of the restricted size of the book, I do not consider the very
interesting properties of gravitating monopoles, which are solutions of the
Einstein—Yang—Mills—Higgs theory. I pay more attention to the general prop-
erties of the non-Abelian monopoles, namely, to their topological nature.
Coupling with gravity yields a number of classical solutions that are not pre-
sented in flat space, so that the related discussion becomes rather involved.
Another omission is the Kaluza—Klein monopole and, more generally, the
analysis of multidimensional theories. For more rigor and broader discussion
I refer the reader to the original publications.

Though extensive, the list of references at the end of the book cannot
be considered an exhaustive bibliography on monopoles. I apologize to those
authors whose contributions are not mentioned here.

The work on this project coincided with a period of serious personal tur-
moil. I am grateful to all my friends and colleagues who supported me. I am
deeply indebted to Ana Achucarro, Emil Akhmedov, Alexander Andrianov,
Dmitri Antonov, Jiirgen Baacke, Pierre van Baal, Askhat Gazizov, Dmitri
Diakonov, Conor Houghton, Iosif Khriplovich, Viktor Kim, Valerij Kiselev,
Ken Konishi, Boris Krippa, Steffen Krusch, Dieter Maison, Stephane Non-
nenmacher, Alexander Pankov, Murray Peshkin, Victor Petrov, Lutz Polley,
Mikhail Polikarpov, Maxim Polyakov, Kirill Samokhin, Ruedi Seiler, Andrei
Smilga, Joe Sucher, Paul Sutcliffe, Tigran Tchrakian, Arthur Tregubovich,
Andreas Wipf, and Wojtek Zakrzewski for many useful discussions, critical
interest and remarks. I am very thankful to L.M. Tomilchik and E.A. Tolka-
chev, who were my teachers and advisors, for their valuable support, encour-
agement, and guidance. They awakened my interest in the monopole problem.

Many of the ideas discussed here are due to Nick Manton, who played a
very important role in my understanding of the monopoles, both through his
papers and in private discussions. He commands my deepest personal respect
and gratitute. The year I spent in Cambridge in his group strongly influenced
my life.

This book originates from work in collaboration with Per Osland which,
unfortunately, was not completed. Without his support and encouragement
I would never have started to work on this extended project. A draft version
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of the first five chapters was prepared in collaboration with him during my
stays at the Institute of Physics, University of Bergen.

I am deeply indebted to Burkhard Kleihaus and Jutta Kunz for collabo-
ration and help in numerous ways. The support I received in Oldenburg has
been invaluable.

My special thanks go to Milutin Blagojevi¢, Maxim Chernodub, Adriano
Di Giacomo, Fridrich W. Hehl, and Valentine Zakharov for reading a pre-
liminary version of several chapters and providing many helpful comments,
suggestions, and remarks.

I would like to acknowledge the hospitality I received at the Service
de Physique Théorique, CEA-Saclay, the Max-Planck-Institut fiir Physik
(Werner-Heisenberg-Institut), Miinchen, and the Abdus Salam International
Center for Theoretical Physics, Trieste, where some parts of this work were
carried out. A substantial part of the work on the manuscript was done in
1999-2002 at the Institute of Theoretical Physics, University of Cologne.
Some chapters of the book are elaborations of lectures given on several occa-
sions.

Oldenburg, Yakov Shnir
June 2005
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Part I

Dirac Monopole



1 Magnetic Monopole in Classical Theory

1.1 Non-Relativistic Scattering on a Magnetic Charge

One could set up a naive definition of a monopole as being just a point-like
particle with a magnetic charge instead of an electric one. Then almost all
non-trivial features caused by its presence would manifest themselves in the
process of interaction between a monopole and “normal” electrically charged
particles. One can see these features already on the level of classical me-
chanics by comparing the electric-charge-monopole scattering and the stan-
dard Coulomb problem. Historically that problem was first considered by
H. Poincaré in the context of interaction of an electron beam and the pole
of a very long and very thin magnet already more than a century ago, in
1896 [425]. This work could be considered a first brick in the foundation of
the modern history of the monopole. Nevertheless, one should say that for a
long time before H. Poincaré’s work, the question about the possible existence
of a single magnetic pole was raised many times.!

In this section, we will consider the classical non-relativistic motion of
a charge in an external field. That is why it would be correct to define a
magnetic charge g as a source of a static Coulomb-like magnetic field

r

Then the equation of motion of an electrically charged particle e in such a
field is 2 p
r eg |dr

mdtzze[VXB]zrg[dtxr}, (12)

where a static monopole is situated at the origin and the vector r defines the
position of the electric charge (see Fig. 1.1). For the sake of simplicity we
will use units such that the speed of light ¢ is equal to 1 and in this section
consider only positive values of both electric and magnetic charges.

L A very detailed description of the “stone age history” of the monopole problem
is given in [35], where the genesis of it has been traced up to the notes by Petrus
Pelegrinius, written at the Crusades in 1269! We will not go into this fascinating
story.
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Fig. 1.1. Motion of an electric charge in the monopole field

One could obtain the corresponding integrals of motion just by making
use of (1.2). Scalar multiplication of (1.2) by a vector of velocity v gives:

~— (mv?) =0, (1.3)

so that the kinetic energy of an electric charge in a monopole field is a con-

stant:

mv2

E = 5 = const. , (1.4)
as is the absolute value v of the velocity vector.

On the other hand, the scalar product of the equation of motion (1.2) and
the radius vector r gives:

d’r  1d* ,

2 _
I"ﬁ:iﬁ’r —v°=0.

Taking into account the conservation of energy (1.3), one can write

r =022 + b2, (1.5)

and therefore r - (dr/dt) = r - v = v?t. Thus, there is no closed orbit in the
charge-monopole system: the electric charge is falling down from infinitely
far away onto the monopole, approaching a minimal distance b and reflected
back to infinity (so-called “magnetic mirror” effect).

A very special feature of such a motion is that the conserved angular
momentum is different from the ordinary case. Indeed, one can see that the
absolute value of the vector of ordinary angular momentum
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L=rxmv (1.6)

is conserved, because the cross product of r and (1.2) is

d . dL eg [«
%[I‘xmv]:a:ﬁ[Lxr]. (17)
Scalar multiplication of this equation with the vector L gives
d ~
—I|L|=0 1.8
CIE =0, (18)

and, because the absolute value of the velocity vector is a constant, one can
write

L = |L| = mub. (1.9)

The very important difference from the ordinary Coulomb problem is
that now the direction of the vector of angular momentum is not a constant,
because from (1.7) it follows that

d [/~ r dL
— (L —eg-) = — = 1.1
dt( egr) a = (1.10)

where the generalized angular momentum is an integral of motion:
L:[rxmv]—egzzi—egf'. (1.11)
r

Let © be a unit vector in the direction of r. Taking into account (1.9) one can
write (see Fig. 1.1)

L2 =12 =12 + ¢2¢® = (muvb)? + (eg)?. (1.12)

As was demonstrated by J.J. Thompson already in 1904 [13,500], the
appearance of an additional term in the definition of the angular momentum
(1.11) originates from a non-trivial field contribution. Indeed, since a static
monopole is placed at the origin, its magnetic field is given by (1.1). Then
the classical angular momentum of the electric field of a point-like electric
charge, whose position is defined by its radius vector r, and the magnetic
field of a monopole is a volume integral involving the Poynting vector

L., = %/d?’r’ [t x (E x B)] = —%/d?’r’(V’ ‘E)#' = —egi, (1.13)

where we perform the integration by parts, take into account that the fields
vanish asymptotically and invoke the Maxwell equation

(V' E) = 4med®(r —1r').
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At first sight, this conclusion looks rather paradoxical. Indeed, according to
(1.13) even a static charge-monopole system has a non-zero angular momen-
tum.

Notice that this formula could easily be generalized to the case of a pair
of dyons, dual charged particles having both electric and magnetic charges,
(e1,91) and (eq, g2), respectively [549]. Let one of the dyons be placed at the
origin and the position of the other one be given by the vector r. Then the
fields are v v

Ezelrfg—‘rE(eg), B:glﬁ+B(92)7

and by analogy with (1.13) one has

-~ 1
o= E/d%' ' x (E x B)]

i fer (e )] o)

_ﬂ 3.7/ . A/_gil EUL v 1
=i d°r'[V'-B(go)| T 4ﬂ/dr[V E(e2)]t

=(e192 — gre2)t . (1.14)

Later we will come back to the definition of the generalized angular mo-
mentum by making use of standard variational procedure. Here we would like
only to note that the conservation of the magnitude of the velocity together
with the constant modulus of the angular momentum vector means that the
impact parameter of the scattering problem coincides with the minimal sep-
aration b between the monopole and the electric charge. Also note that the
energy of a charge in a monopole field (1.4) can be written as

mi? L% — (eg)?
2 2mr?

E= = const., (1.15)
where we make use of the definition (1.12).

Thus, unlike the standard problem of charge scattering in a Coulomb field,
now the trajectory does not lie in the plane of scattering that is orthogonal
to the vector L. To define the character of the motion note that

IL-t| =eg = const., (1.16)

i.e., the angle between the vectors L and r is a constant and the electric charge
is moving on the surface of a cone whose axis is directed along —L with the
cone angle 6, which can be defined using simple geometry (see Fig. 1.2) as
€g eg
COteZTzi, 1.17
IL| mub ( )

or
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AZ

Fig. 1.2. Geometry of scattering of an electron by a monopole

L b
sinf = — = o , cosf = - 9 . (1.18)
L (mvb)? + (eg)? L (mvb)? + (eg)?

Thus, the motion becomes planar only in the limit ¢ — 0, or # = 7w, which
corresponds to the degeneration of the cone. B

In the same way the ordinary vector of angular momentum L is precessing
on the surface of a cone with a different cone angle but the same axis, because

L-L=L%= (mvb)® = const.

As was noted already by H. Poincaré [425], the existence of the integrals of
motion (1.11) and (1.7) links the system of interacting electric and magnetic
charges with a simple mechanical analog, a spherical top. One can understand
it as a rotating disk with a thin rod of variable length as an axis of rotation.
The charge and the monopole are sitting at the opposite ends of the rod.

Finally, the cross product of L (1.11) and the radius vector r, together
with (1.5), yields

dr 1 IL ]+v2tA 1 L x 1] + v .
=—=— |+ —t=—— r|+ ——+t
M T— r mr? 1+ (b/vt)?
= [w x 1]+ v, F, (1.19)

where the angular and radial components of the velocity vector are

L v
w=—"0 = 1.20
mr? 1+ (b/vt)? (1.20)
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Hence, asymptotically

=0, Uy =.

w‘t::i:oo t=+o00

At the turning point of the path, where the distance between the charge and
the monopole is minimal

(mvb)? + (eg)?
w|t:0 = mb2 ) Ur|t:0 =0.

Thus, because the angular velocity is defined as w = dp/dt, the azimuthal
angle ¢ as a function of time can be obtained by simple integration?

1 vt
= — 1.21
o(t) " arctan b (1.21)
where we made use of (1.5) and fix the boundary condition to ¢ =0 at t = 0.
Furthermore, 6 is given by (1.18).
Since asymptotically

\%

A A
tetoo = (isin@cos 7<,0, sin@sin#, icos@),

where Ap = p(00) — p(—0c0) = 7/sinf (see Fig. 1.2), we can now calculate
the angle of scattering on a monopole

cos O :\7| Y
t=—o0

— 25in? § sin? ( (1.22)

7r
-1
251n9> ’

cos (?) =sinf ’Sin (2s7irn0)

where 6 is a function of the impact parameter b, (1.18).

Unlike the standard problem of scattering in a Coulomb field, the angle of
scattering © is not a monotonous function of the impact parameter b [462].
The dependence ©(b) is depicted in Fig. 1.3, where the impact parameter b is
rescaled in units of the parameter eg/muv. That is why, in order to calculate
the effective cross-section, one has to take into account the contributions
from all values of the impact parameter (or, equivalently, from all values of
the cone angles 6;), leading to scattering into the surface element do:

t=+oc0

or

, (1.23)

do bdb eg\2 1
an ‘d(cos@) ‘_ ; (%) 2cos* 6

k3

(1.24)

sin 260d6
sin ©de |

Here we made use of (1.17).

2 Remember, v is constant, but 7 is not.
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0 0.5 1 15 bleg/my]

Fig. 1.3. Dependence of the scattering angle © on the impact parameter b

One can see that the effective cross-section of an electric charge (1.24) on
the monopole is singular if sin©® = 0 or dO©/df = 0. In the scattering theory
these two situations are referred to as the glory and rainbow respectively
[462]. The first case corresponds to the back scattering, where® © = 7, while
the cone is not degenerated, i.e., § # m. The formula (1.22) allows us to define
corresponding “critical” values of the cone angles [131,462]:*

. 1
sinf, =—, n=1,23... (1.25)
n
or 61 = 0.5236, 0y = 0.2527, 05 = 0.1674. ..

The rainbow scattering corresponds to cone angles 6,. being the solutions
of the transcendental equation

™ ™
- . 1.2
tan <2sm 9r> 2 sin 0, (1.26)

These angles are 0; = 0.3571, 6;; = 0.2048, 6;;; = 0.1446... Note that
in both situations of glory and rainbow scattering the singularities of the
cross-section are integrable and the total cross-section for scattering on a
monopole is well defined. Note that such singularities are absent for small-
angle scattering, defined by the condition @ ~ 7 — 20 = 2eg/mvb < 1. In
such a case the differential cross-section is

3 The case © — 0, or § — /2, would correspond to eg — 0.
* Other authors use the complementary angle 7/2 — 6.
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do 1 [2eg 2

which is evidently analogous to the Rutherford formula.

1.2 Non-Relativistic Scattering on a Dyon

Let us generalize the results of the previous section to the case of classical
non-relativistic scattering of an electrically charged particle on a static dyon
having both electric (Q) and magnetic (g) charges®. For simplicity we restrict
our consideration to the case of an attractive electrostatic potential, i.e., sup-
pose that V = eQ/r, where eQ)Q < 0. A qualitative analysis suggests that
unlike the charge-monopole scattering, described above, there are closed tra-
jectories in such a system. Indeed, let us consider the corresponding equation
of motion (cf. (1.2))

d’r r eg[ dr}. (1.28)

m@ = eQr—3 — 3 r X o
Obviously, the generalized angular momentum L given by (1.11) is still an
integral of motion. Also, the projection of the total angular momentum onto
the radial direction L, = |L - | = eg, as well as the magnitude of the orbital
angular momentum L= mbuvg, where vg is the initial velocity of the electric
charge given at an infinitely large distance from the scattering center, are
conserved. Thus the motion is restricted to the same surface of a cone with
a cone angle cotf = eg/mbuvy, as it was in the case of charge-monopole
scattering. The difference is that now the magnitude of the velocity is no
longer an integral of motion, because unlike (1.4) the total energy conserved

is now ~
mv? e mi-2 L? e@

— -~ — t. 1.29
2 * T 2 * 2mr? + r cons ( )

Here, one of the basic features of the interaction between a monopole
and an electrically charged particle manifests itself: if the radial part of the
Hamiltonian is determined by a Coulomb interaction, then the interaction
of a charge and a monopole is described by its angular part. Indeed, we have
seen that the magnitude of the radius vector of a charge moving in a magnetic
Coulomb field depends on time just as in the case of free motion (see (1.5)).
Hence, in the system of reference, which rotates with the angular velocity w(t)

FE =

® The problem of charge motion in a monopole (dyon) field was probably con-
sidered first by S.A. Boguslavsky [128], who also derived an expression for a
vector potential of a monopole field a decade before the celebrated paper by
P.A.M. Dirac [200]. The author is grateful to E.A. Tolkachev and L.M. Tomilchik
for kindly informing him about that undeservedly forgotten paper [497]. Other
references include [114, 388].
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(cf. (1.20)), the equation of motion is trivial: in the rotating plane orthogonal
to the vector L the electric charge is moving with a constant velocity v along
a straight line. Just in the same way, in the case of motion in a dyon field, the
time dependence of the magnitude of the radius vector of the electric charge,
is the same as for the ordinary interaction of two electric charges e and Q.
Indeed, from (1.29) follows that

‘o 2<E+|€Q|_ L > (1.30)
m

r 2mir?

For a bound motion E < 0 and according to the standard procedure (see for
example [18]) we can write

m rdr
P _ , (1.31)
\/2|>E/ \/7r2+(|eQ|r)/\E| — L?/(2m|E|)

where the constant of integration can be chosen to fix the parameters tg = 0
and rop = d. The latter denotes the minimal distance between the charge e
and the dyon, which unlike the problem of charge-monopole scattering is no
longer equal to the impact parameter.

The elementary integration of (1.31) allows us to find the parametric
dependence of coordinates on time. Putting

Q)| L b2 2| E|L?
Ty Ay | e el N G
2|E| \/2m|E| a? me2Q? ( )

the integral (1.31) can be rewritten as

\/2|E/\/a2—b2 (r—a) V2|E/ a262 (r—a)?

which gives the parametric equation

ma?

m(f—asmf),r:a(l—scosf). (1.33)

An azimuthal angle ¢ as a function of time could be defined in the same
way. Because the angular velocity of a charge in a dyon field is given by
(1.20), the elementary integration of this relation gives

_ \L|/ dr
rz\/ |E| + (|eQ|)/r — L2/ (2mr?)

(1.34)

or
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zz
—r 4+
mleQ)|

er

cos (psinf) = (1.35)

This means that a charged particle in a dyon field is moving along an ellipse
with semi-axes a and b and eccentricity . However, unlike the classic Kepler
problem of the relative motion of two electric charges, the ellipse itself is
precessing on the conic surface with the cone angle 6 and the precession
angle is v = 2n(L/L — 1) per each radial period [128,356].

If @ > 0, the motion is infinite and the trajectories are hyperbolic orbits.
The scattering angle can easily be written by analogy with (1.22) as [462]:

e . . X
cos o = sin 0 ‘sm (sin@) , (1.36)
where
X = @sin@’rzoo = arctan (gcgo tan0> . (1.37)

The cross-section can be calculated by making use of the same formula (1.24).
The difference consists of another form of dependence of the angle of scat-
tering on the boundary conditions, i.e., on the cone angle. The details of the
calculation are given in [462].

1.3 Vector Potential of a Monopole Field

All the above formulae describing the classical non-relativistic dynamics of an
electric charge in a monopole (or dyon) field, were obtained by consideration
of a monopole as a static external source of a Coulomb-like magnetic field.
Nevertheless, a consistent consideration, taking into account further quan-
tization of the theory, requires a generalization of the standard Lagrangian
description of the system of interacting charges of two types: electric and
magnetic.

At a first glance, such a generalization is trivial. As in conventional elec-
trodynamics, one has to introduce the Lagrangian of an electric charge in an
external field as

1
L= imf‘2—|—ef'-A, (1.38)

which gives the required equation of motion (1.2), while the second term
here is the Lagrangian of minimal interaction between electric and magnetic
charges. However, according to the standard definition, the vector potential
of the magnetic field A must satisfy the relation

B:g%:VxA. (1.39)

It would seem that is not problematic to integrate this expression to define
the function A(r). However, there is a problem, since at the same time the
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second pair of Maxwell equations demands the magnetic charge to be the
source of such a field, i.e.,

V- B =41g6®(r), (1.40)

which is in contradiction with the condition (1.39), which requires V-B = 0.
Let us analyze the situation. Because the magnetic field B is spherically
symmetric, the corresponding vector-potential could be written as

A(r) = A(9)Vy, (1.41)

where ¢ is an azimuthal angle in the spherical coordinates and A(#) is a
function of the polar angle only. One can easily see that since in spherical
coordinates &, = —&, sin p+ &, cos ¢, the choice A() = —g(1+cos0) yields,
after a straightforward calculation,

Vo - (_ sin coS 0) 7

rsinf’  rsinf’

14 cosf 14 cosf
A(r) = g————si —g— 0] . 1.42
(r) <g rsmng P rsng 0P > (1.42)
One can rewrite this expression in a covariant form as
A= d_Exnl (1.43)

rr—(n)

where the unit vector n is directed along the z-axis: n = (0,0, 1). This is the
celebrated Dirac potential [200].

At first sight that is just the potential we need, because after a simple
calculation we have, for example,

_ _ _9r \_ *
B, =-0,A,=0. (r(r — z)) gr3 , (1.44)
that is r

B(r):[VxA}:gr—g.

At the same time, the radial character of the magnetic field means that

0 0
A-r=0, ar[rxA]’:gar{

sin 6

1 0
%}:o.

However, one should be careful with such a calculation, because the vector
potential A of (1.43) that we made use of is singular along the line § =
0, although it is regular® along the direction § = 7. This means that the

5 Two angles of the spherical coordinates parameterize a sphere S2. Since the
potential (1.43) has no singularities on its south hemisphere one could introduce
an additional index to label it: A — A%,
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straightforward calculation of the magnetic field above is not correct along
the semi-infinite line of singularity. In the vicinity of it we have A ~ —2gV .

Let us note that such a potential is typical for a singular string of magnetic
flux along the positive semi-axis z. Indeed, generally speaking, the potential
(1.41) can be written as

A(r) =—g(1+cos0)Vy = (14 cosb) éU*VU7 (1.45)

where U = e~%9%. Thus, the Dirac potential is the pure gauge transforma-
tion, which is complemented by the polar-angle-depending factor. However
this pure gauge is singular. That is why we have to be careful and try to use
instead of (1.43) a regularized form of the potential [131]

g [rxmn]

Ag(r,e) = RR—(r-n)’

(1.46)

where R = /12 + &2 = \/22 + y2 + 22 + £2. Thus, the regularized magnetic
field is

Batrd) =75~ 92 (s ey ) - (40

To lift the regularization we go to the limit €2 — 0, which implies

2 r 1 2
Br(r,e) ~" g— — 2ge’nd :
r(re) ~ os — 20 Gy T @y e

(1.48)

It is easy to see that the singular terms differ from zero only on the positive
infinite semi-axis z. To compute the magnetic field flux in that direction we
evaluate the integral over the infinitesimal element of the surface, orthogonal
to this axis. Then only the second term in the parentheses contribute and
the result is

B(r) =By + Bging = gr% — 4gmf(2)6(x)d(y) . (1.49)

Therefore, in addition to the expected Coulomb field we obtain a singular
flux of the magnetic field Bging. The very important point is that this ex-
tra piece resolves the above-mentioned paradox with the Maxwell equations,
because the flux of the string field exactly cancels the contribution from the
Coulomb-like part and a total flux of the fields through the closed surface
with a monopole inside is (see Fig. 1.4):

B = fdo—B —g (7( dar% - 47rj{don 9(2)5(x)5(y))

=4gm — 4gm = 0. (1.50)
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Fig. 1.4. Magnetic field of the singular Dirac potential

Thus, the potential (1.43) corresponds not to a single isolated magnetic pole,
but rather to a semi-infinite and infinitely thin solenoid. Of course, the posi-
tion of such a solenoid is not fixed and it can have any form.

If we choose the Coulomb gauge by taking the gauge condition V- A = 0,
for an arbitrary curvilinear string we can write

1
V x [By + Bging] = V x [—gV (r) + Bsmg] =V %X Bging

=VxVxA=-V?A. (1.51)

Therefore we can express the Dirac potential as

1 r—r') xdr
A =g/d3$/ [V“_M X Bsing(r):| = g/¥, (1.52)

v — /|3

where the integral has to be taken along the string from the position of the
monopole to infinity [41,225,305]. The physical meaning of this remarkable
representation of the Dirac potential derived by P. Jordan is that it can be
viewed as the integral sum of the vector potentials of the infinitesimal mag-
netic dipoles gdr’ located along the string [305]. To check the correctness
of this picture note that for a straight string the singular field Byyg is de-
fined by relation (1.49) and we can easily prove that the substitution of this
expression in (1.52) yields the Dirac potential (1.43).

1.4 Transformations of the String

As we saw in the previous section, the singular potential (1.43) leads to the
appearance of an extra field of a string (1.49), directed along the singularity,
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in addition to the spherically symmetric Coulomb magnetic field. That is not
what we expected. In order to get rid of this singular piece, we can set up
a condition making it unobservable and therefore unphysical. A first step to
secure this on the classical level is to demand that all the possible string
configurations and their positions have to be physically equivalent. In fact
we have to describe transformations from one string configuration to another
and discuss under which conditions they are identical.

Recall that an electromagnetic potential is defined up to a U(1) gauge
transformation, U(r) = exp{ieA(r)}:

A—A=A- éU*IVU:AJrV)\(r). (1.53)

Both potentials A’ and A correspond to the same magnetic field. Usually
the gauge function A(r) is taken to be single-valued. This is not a necessary
condition and we may consider any multivalued gauge function A\(r) on an
equal footing. However, the gauge transformation itself is single-valued. On
the other hand, the gradient of the gauge function VA(r) is single-valued
almost everywhere in space with the exception that it becomes singular along
the line connecting the different sheets of the multivalued gauge function
A(r). Thus, such a gauge function is a source of additional singular terms
in the transformed vector-potential A’ as well as in the corresponding field
B’. Indeed, let us consider how the magnetic flux through a closed surface o
changes under the gauge transformation (1.53)

AQ):/d25ﬁ5~(B’7B):/d25ﬁ5~[Vx (V)] :]{dLV/\.

g [ea

Certainly, the flux is a constant only if the gauge function satisfies the con-
dition A(p 4 27) = A(p), otherwise, AP £ 0.

This feature turns out to be a key point in the analysis of the magnetic
monopole potential. Let us consider a singular gauge transformation U =
exp{2iegy} resulting in the transformation” of the potential A (1.43)

AS _ AS Ee—ZiegapveQiegcp — _g 1+ COSHé 29 &
e r sinf ?  rsinf *
gl —cosf N
=2 é,=A". 1.54
r sin6 o ( )

The gauge transformation is given by the function
A(r) = 29 = 2g arctan(y/z).
7 Note that, strictly speaking, such transformations have to be defined as distrib-

utions. There are plenty of paradoxes and incorrect conclusions in the monopole
theory that originated from naive treatments of singular expressions like (1.54).
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This results in the appearance of an additional singular magnetic field @4, =
47mg along the z-axis. The physical picture of this transformation looks like
the addition of the extra flux, generated by the gauge transformation (1.54),
and the flux of the monopole string field along the positive semi-axis z. The
sum is obviously a semi-infinite string field along the negative semi-axis z
that corresponds to the singularity of the transformed vector-potential AN .
Indeed, this potential is singular along the line § = m, but regular in the
opposite direction 6 = 0.

Thus, the gauge transformation (1.54) acts as a rotation of the line of
singularity of the monopole by an angle of . More generally, this means that
the position of the string is defined up to such a transformation. Therefore
its field is not physical.

Indeed, one can define a general gauge transformation, rotating the line
of singularity from a position given by a unit vector n to the new direction
along the vector n’ [49,225]:

A(r)—=A(r)+ VAO,¢)=

1.55
—g(1+cos0)Vp+ VA0, ¢)=—g(1 + cos ")V, (1.55)

where we make use of (1.45). Thus, the angles 6’ and ¢’ define the direction
of the new line of singularity n’ and the gauge function A, ,/(r) yields the
rotation of the string

A, — A, =A,+ V)\n,n’ (I‘) . (156)

Let us consider a surface o spanned on the strings of directions n and n’
(see Fig. 1.5). Then relation (1.52) yields

Fig. 1.5. Geometrical interpretation of the string displacement from n to n’
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i /
An,_An:g/m7 (1.57)

|r —r/|3
1
where the integral has to be taken along the contour [.

The open strings can be closed at infinity since the contribution of the
infinite separated singular magnetic flux along this segment of [ is vanishing.
Then we get

V() =gV (r), (1.58)

where (2,,,,(r) is a solid angle under which the surface o is seen from the point
r (see Fig. 1.5). This gives a geometrical interpretation of the parameter of
the gauge transformation which rotates the string.

The function §2,,,,/(r) has a jump on the surface o if n’ = n because
then it becomes degenerated. In this case we have (2, _, = 2¢ + ¢, which
corresponds to the gauge transformation (1.54) above. We can see that this
discontinuity of the function £2,,,/(r) can be canceled if we redefine the gauge
function to be [41]

VA (r) =gV Q2 (r) — 47Tg/d06(3)(r —r'). (1.59)

o

Then the integral over the §-function in (1.59) exactly cancels the jump 47 of
the solid angle £2,,,,-(r) on the plane {n, —n}. Thus, the gauge transformation

U = exp{ier, (1)} (1.60)

is regular everywhere but in the direction of the “old” and “new” strings
n,n.

Note that such gauge transformations are able not only to rotate the string
but also to split it. For example, the gauge transformation U = exp{iegp}
of the potential A® leads to

i . 1+ cosé g
AS AS — L —iegpNgpledy — _9 A a
- € € r sinf o rsin@e“’
gecosO . o
= T e = AN (1.61)

that is the so-called Schwinger potential [459]. Schwinger insisted on such a
form of the monopole potential because he thought it more appropriate to
relativistic field theory.

This potential has a singularity along the entire infinite z-axis. Indeed,
the magnetic flux generated by the singular gauge transformation annihilates
only half of the original flux along the positive semi-axis z and at the same
time is equal to half the “normal” string flux along the negative z direction.
Thus one could think of the Schwinger potential as the sum of two “half-
Dirac” potentials:
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gcosf g [(1—cosf 1+4cosf) . 1
_IP7s — 2 _ 6 — =
rsing ¢ 2r L)

ASch _ AN 4+ %AS.

(1.62)

Another, rather funny example of this kind, is the almost unknown

Banderet monopole potential [110]. Again, we can obtain it starting from

the Dirac potential (1.43) and performing the gauge transformation U =

exp{ieA(6)¢}. Here we make use of the function A(f) = —g(1 + cos ) intro-
duced above (1.42). A simple calculation gives

sin 6 sin 0

7

AN N AN . 767ieA(0)<pV6ieA(0)<p (163)
e
1-— 0
= g%éw — gV [(1+4cosO)p] = —%gpsiné) &, =A%,

It is easy to see that such a potential is singular on the entire half-plane
x >0,y > 0 and the corresponding magnetic field is (compare with (1.49))

B(r) = gr% + 2gme0(x)3(y) = - (1.64)
Thus, the magnetic flux spreads out on the radial directions from the origin
of coordinates where the monopole is situated, and comes back from infinity
along this semi-plane. Again, the total flux is zero.

Finally, we note that the presence of the string in the monopole theory
requires modification of all space-time transformations, complementing usual
translations, rotations and reflections by gauge transformations like (1.53)
[134,301]. The latter are effectively moving the string in space. For example,
extended in such a way, rotational symmetry of the theory means that it
has to be invariant with respect to both ordinary O(3) rotation r — Or and
gauge transformation (1.53). In the same way, the discrete transformations
are modified. As a simple example, we consider modification of the operation
of space reflection [225,494]. Indeed, the Dirac potential (1.43) is no longer
an eigenfunction of the operator of reflection P: r — —r, because

P: A() = A(r) = 4 _rx0l

S £ AW, (1.65)

since n is fixed. However, a combination of the reflection and the gauge
transformation U = e%¢9% of (1.54), rotating the singularity line by an angle
of 7 gives

P: A(r)=P:Ar) - EU*VU =A(r). (1.66)

Thus, with respect to the operator of generalized space reflection P the
potential A(r) (1.43) transforms as a pseudo-vector. This means that the
presence of a monopole leads to a series of effects connected with violation of
parity [438,466]. Indeed, unlike conventional electrodynamics, the spherically
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symmetric magnetic field of a monopole B = gr/r? is a vector rather than a
pseudo-vector.®

1.5 Dynamical Symmetries
of the Charge-Monopole System

The Lagrangian (1.38) governing the dynamics of charge-monopole interac-
tion is hiding a lot of non-trivial features behind its simple form. One of them
is a hidden dynamical symmetry of this interaction [300].

Let us recall that an action invariance with respect to some transforma-
tion is defined up to a total time derivative. For example, an infinitesimal
transformation of the coordinates r — r + dr leads to a variation of the form

0L =(mv-6v)+d(ev-A)

=-m <((1i‘t,> '5r+e% (or-A)+e(v-[Bxdr]) . (1.67)

Here, the second term is a total time derivative and is not connected with
the restrictions on the properties of the symmetry. The latter are fixed by
the third (gauge invariant) term. Of course, the total time derivative does
not affect the equation of motion and can usually be dropped. In monopole
theory this operation is not so harmless because it is exactly the boundary
terms in the action, like the second term in (1.67), that are responsible for
the topological properties of the system. In what follows we shall clarify this
point.

Note that the relation (1.67) easily allows us to obtain the expression
(1.11) for the conserved angular momentum of the system. Since under a
standard O(3) rotation around an arbitrary axis w, the radius-vector trans-
forms as

or = [w x 1],

and the magnetic field of a monopole B is spherically symmetric, we can
write
Bxdr]=Bx[wxr]]=¢gV (- w).

Therefore, the last term in the variation of the action (1.67) takes the form
e(v-[B x dr]) = eg(df/dt)w. Thus, according to the Noether theorem, the
invariance of the action (1.38) with respect to spacial rotations leads to the
conservation of the generalized angular momentum (1.11)

L=[rxmv]— egE . (1.68)
T

8 We do not go into the old discussion about the situation with an axial magnetic
charge. The curious reader could look at the paper [117] and references therein.
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It is remarkable that the extra term here originates from the part of the
Lagrangian (1.38) that describes the charge-monopole interaction.

Another integral of motion is the standard Hamiltonian. To derive it we
have to consider the variation dr = vét that follows from a simple shift of
the time variable ¢ — t + dt. Then the last term in the variation of the action
(1.67) vanishes and we obtain

’ITL’U2

2

H= (1.69)
Taking into account the form of the Lagrangian (1.38) describing the dy-
namics of an electric charge in a monopole field, the canonical momentum
is

oL
Thus we can write the Hamiltonian in the form
1 w2
H=Pr—L=—(P—-eA)?=—. 1.71
r 2m( cA) 2m (L.71)

It is easy to check that the Poisson bracket of the Hamiltonian (1.71) and
the generalized angular momentum (1.11) vanish [49].

So far, the difference from ordinary electrodynamics was not very dra-
matic and all the integrals of motion have an analogue there. However, this
is not the end of the story, because there are some other additional symmetries
of the charge-monopole system, which form the so-called group of dynami-
cal symmetry. Following the work by A. Barut and his collaborators [116]
R. Jackiw noted [300] that the variation of the kinetic energy of a charge in a
monopole field is a total time derivative also under transformation of dilata-
tion dr = vt — r/2 and the special conformal transformation ér = vt? — rt.
The generators of these transformations

2
D:Htf%[(r~v)+(v~r)]7 K:th2+2Dt+% (1.72)

form, together with the Hamiltonian, the algebra of the conformal group
SO(2,1):

[H,D] =iH, [D,K]=iK, [H K]=2iD, (1.73)

which is the group of dynamical symmetry of the non-relativistic charge-
monopole system.

Thus, the non-relativistic Lagrangian of the system is invariant under the
group of transformation O(3) x SO(2,1). However, the Casimir operator of
the SO(2,1) subgroup is not independent of the O(3) generators, because
[116,300]

1 1
J? =5 (KH + HE) = D* = (L* = &¢?) | (1.74)
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and the eigenvalues of the SO(2, 1) Casimir operator are determined by eigen-
values of the angular momentum operator.

Note that, generally speaking, any property of invariance of a theory
with respect to a transformation involving a time dependence does not lead
to the existence of a new integral of motion, but introduces some constraints
on the configuration space of the classical system. A well-known example
is ordinary electrodynamics, where Gauss law appears as a constraint on
physical configurations. The situation we considered in the present section is
analogous.

1.6 Dual Invariance of Classical Electrodynamics

The very idea of the possible existence of monopoles is closely connected with
the notion of duality in classical electrodynamics. As was noted a long time
ago by O. Heaviside [263], the free equations of the electromagnetic field

V-E=0, V-B=0,
0B OE
V x +8t 0, V x 5 0, (1.75)

possess a very remarkable invariance with respect to the transformations

D. {E—>E0059—Bsin9, (1.76)

B — Esinf + Bcos#.

This O(2) symmetry that is parameterized by an arbitrary angle 6 is called
dual. In compact covariant notation, the free Maxwell equations are written
as
O F" =0, 0, F" =0, (1.77)
where the electromagnetic field strength tensor and its dual are
F,, =0,A, —0,4,,
~ 1

F, = §EWWFPU = €uupe 0’ A, (1.78)

where €5, is the totally antisymmetric pseudo-tensor, £g123 = 1. Then the
dual transformations of the field strength tensor are

D- {F“VHF“VCOSG—ﬁ“VSiHQ, (1.79)

FHrv _ P gin§ + FH cos 6 .

By composing the electric and magnetic fields into a complex vector F =
E +iB, the dual transformations can be written in a compact form

D: E+iB—¢?(E+iB). (1.80)
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In particular, a special choice of the parameter of the dual transformation
0 = —7/2 leads to an interchange of electric and magnetic fields

D: E—B; B— -E. (1.81)

Thus, if the theory enjoys such a symmetry, the separation of the fields into
electric and magnetic ones is a matter of convention.

We observe that the energy and the momentum of the electromagnetic
field

1 1
E=ZF?=<(E*+B?
SIF? =3 (B2 +B?)
1
'PZ?[F*XF]ZEXB, (1.82)
]

remain invariant under dual transformations (1.76). However, a simple cal-
culation tells us that the Lagrangian of the free electromagnetic field

1 1
Lo = —@FWFW =-53 (E? — B?) (1.83)
transforms as
1 y 1 ~ o
LO:H_@FHVFH COSZQ_EFHVF# sin 26

1 1
= 5,3 0820 (E* — B?) — -~ sin20 (B B) . (1.84)

e &

In other words, the real and imaginary parts of the complex quantity
1

2¢2 (E+iB)* = ! [(E* —B?) +2i(E-B)] (1.85)

T 2¢2
are mixed under the dual rotations (1.76). Nevertheless, the Abelian elec-
trodynamics is effectively invariant with respect to such a transformation

because B B
Fl P =29, (AVF“”) .

Thus, the dual transformations produce a total divergence and multiplication
by a constant in addition to the Lagrangian. Certainly, it does not affect the
dynamical equations of the fields.

The physical meaning of the dual invariance of the free electromagnetic
theory can be clarified if we consider the infinitesimal form of the transfor-
mation (1.76). Then the Lagrangian transforms as

Lo — Lo = 8 (A F™ ) 60 = Lo — 8,030, (1.86)

where we introduce a dual current D* = Ayﬁ’“’. Thus, the dual symmetry
of the free Maxwell theory implies the current conservation
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8,D" = 9,(A,F") =0. (1.87)

Let us consider a particular case of the field of a plane electromagnetic
wave. Then F),, F*” = 0 and the dual current is automatically conserved. The
corresponding charge, the generator of an infinitesimal dual transformation,
is D= [d3xDy = [ d®z(A-B). Since in the case of a plane wave B = [k x E],
where the wave vector k is a unit vector in a propagation direction, we have

D:/d3x([kxE}~A):(S~k). (1.88)

Here we used the definition of a vector of spin of the electromagnetic field
S = [d3z [E x A]. Thus, in such a case the dual charge is identical to the
helicity of the plane wave.

Note that there is a general connection between the dual current D#
(1.87) and the spin characteristic of the electromagnetic field. Indeed, the
spin tensor is defined as Sy, = Fy,As — Fu6 A, and the dual current is just
the product D,, = (1/4)€,1p0S"77 = ﬁWA”.

There is a different formulation of the idea of electromagnetic duality
connected with the path integral formulation of the theory. The point is
that it is possible to change the variable of the functional integration by
incorporation of the Bianchi identity 0*F),, = 0 into the Lagrangian (1.83).
Introducing a Lagrange multiplier vector field Zl“ we can now write the path
integral over the fields F},,, and Zﬂ, rather than over the potentials A,

1 174
7 ~ /'DAexp |:_46Q/d4xFNVFH :| (189)
~ 1 1 ~
~ /DFDA exp [M/d‘leﬂyFW + §/d4xswpgAM8VFp0 .

The functional integral (1.89) over F),, is Gaussian. Indeed, taking into ac-
count that [ d*ze,,,0 AHO"FP7 = [ d*x e, p0 (0" AY)FP7, we obtain

7 ~ /Dﬁexp [62/d4xﬁwf‘“’] or Lduwal — eZﬁMVﬁ“”,

with the definition of the dual electromagnetic field strength via the Lagrange
vector multiplier: F,, = 0,4, — 0, A,. Thus, the latter could be identified

with the potential dual to A,. It is worth noting that the form of the dual

transformed Lagrangian L% in terms of ﬁuv coincides with the original

Lagrangian Lo (1.83) up to a transformation of the electromagnetic coupling
constant e? — 2 = —4/e%.

Indeed, if we do not restrict our consideration to the case of the free elec-
tromagnetic field, the duality transformation could be considered a general
rotation of the electric and magnetic quantities into each other. Then the
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generalized system of Maxwell equations with sources could be written in the
form

0 < e
V- (E+iB) = p.+ipy, V x (E—&—iB)—i& (E+1iB) = je+ijg, (1.90)

which is obviously invariant under simultaneous transformations of the fields
(1.80) and charges _
D: e+ig— e?(e+ig) (1.91)

(here we restrict consideration to the case of point-like particles with electric
charge e and magnetic charge g). Note that it is not a genuine two-charge
electrodynamics, because the experimental observables would not be these
charges separately, but their dual-invariant combination

g=+e>+g>. (1.92)

Indeed, the dual rotation by the angle § = arctan(g/e) would transform the
system (1.90) into the standard form with an effective charge g.



2 The Electron—Monopole System:
Quantum-Mechanical Interaction

2.1 Charge Quantization Condition

In Sect. (1.4) we already considered some properties of the singular gauge
transformations of the vector-potential A. However, the potential of the elec-
tromagnetic field not only defines the fields but, according to the formulation
of the gauge theory, gives the form of the interaction between an electric
charge and the electromagnetic field. In quantum mechanics this interaction
is described by the covariant derivative acting on the wave function of a
particle:

Di(r) = [V —ieA(r)] ¢(r). (2.1)

Recall that under the gauge transformations of the potential (1.53), both the
wave function and the covariant derivative transform in the same way:

U(r) = U(r) = e*y(r),  Dij(r) — UDy(r) = I Dy(r). (2.2)

We already noted that the gauge function A(r) can in principle be a pe-
riodic function. However, for this point the gauge degrees of freedom do not
matter on the classical level: the equation of motion of a classical charged par-
ticle in an external electromagnetic field remains invariant under the trans-
formation (1.53). In quantum mechanics the situation is different since the
fundamental quantity is now the action of the system and the corresponding
path integral that defines the transition amplitudes and canonical variables.
Therefore, under the gauge transformations (1.53), the Lagrangian (1.38),
and the action as well, change as

L—L+er VAr)=L+ % [eA(r)] ,

T T

S = /dtL — S+er)| . (2.3)

0
0

Since the transition amplitude ~ e*® must be a gauge invariant quantity,
the gauge function A(r) is no longer an arbitrary function of the coordinates,
because any changes of the quantum-mechanical action must leave the transi-
tion amplitude unchanged. This is possible if §S = edA(r) = 27n, n € Z. The
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consequence is the quantization of the parameters of the quantum-mechanical
system.

To see it, let us consider the change of the action under the gauge trans-
formation (1.53) given by U = exp{2iegp} and suppose that the path is
closed, that is ¢ — ¢ + 27. Then the system comes back to the initial po-
sition, but the action can pick up an additional phase factor. Indeed, if we
set r(T') = r(0), the interaction term can be written as an integral along the

closed contour I: .

Sim:e/l"-A:ejI{dx-A. (2.4)
0 1
Under the gauge transformation (1.53) this term changes to

0Sint = 2egdp = 4meg . (2.5)

Obviously, the quantum-mechanical transition amplitude remains invari-
ant if 6Siyy = 4dmeg = 2mn, n € Z, that is if Dirac’s charge quantization
condition [200] is satisfied:

n
eg=75- (2.6)

In the following we will repeatedly return to this simple and nice relation,
which is one of the most attractive aspects of the monopole theory. The
suggestion by Dirac was that a monopole provides a beautiful explanation to
the problem of quantization of electric charge: it is well known that all charged
particles have electric charges that are proportional to the minimal charge of
an electron.! Then, if there is a monopole somewhere in the universe, even
one such object placed anywhere would be enough to explain the quantization
of electric charges according to (2.6).

Note that this situation has nothing in common with the standard ap-
proach to quantization. In the latter case, the quantized parameter comes
from the discrete part of the spectrum of eigenvalues of a Hermitian oper-
ator. In the former the situation is completely different since the quantized
parameter — the product of electric and magnetic charges — is not an eigen-
value of any quantum-mechanical operator. The reason is that the charge
quantization condition has a topological origin. In the next chapter we shall
discuss this mechanism in more detail.

The charge quantization condition can be derived in many different ways.
Historically the first one is connected with the analysis of the Schrédinger
equation describing a non-relativistic particle of mass M in an external field:

Hy(x) = —52-(V — ieA)(r) = B(r), (27)

where, according to the canonical quantization procedure, the momentum P
in the classical Hamiltonian (1.71) is replaced by the quantum-mechanical
operator —¢V. Then the covariant derivative is D, = 0, —ieA,,.

! There were no fundamental quarks in 1931!
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Dirac noted [200] that the term of interaction of a charged particle and
an external electromagnetic field can be written in the form (2.4). Thus, the
wave function of this particle can be represented as

ie fdx'»A(x')
¥(r) =ho(r)e © ; (2.8)
where g (r) is a wave function satisfying the free Schrodinger equation. The
point is that the wave function must be a continuous function of r, but the
phase of ¥ can be discontinuous in some point. The only condition is that
the change of the phase factor §,dx - A with a single turn along the closed
path [ surrounding such a point must be a multiple of 27:

e%dx~A:27m, nezr. (2.9)
1

On the other hand, this phase has an obvious physical interpretation: this is
the flux of a magnetic field through the surface o with the boundary [. If this
boundary encircles the line of singularity, which corresponds to the transition
from one sheet of the phase factor to another, we can write

e]{dx~A:e/da~Bsing=47reg, (2.10)

l o

and the wave function is single valued if the charge quantization condition
(2.6) is satisfied.

Perhaps the most simple way to derive this condition was suggested as
early as 1936 by Saha [451]. He noted that the standard quantization of the
operator of generalized angular momentum (cf. (1.68))

L=[rxm—egi=[rx(p—cA)]—egi=L—e[rxAl—egt, (2.11)

immediately leads to the charge quantization condition. Indeed, we can de-
mand that the components of the angular momentum operator satisfy the
standard commutation relations. Then its eigenvalues must be either integer
or half-integer, that is of the form n/2, where n € Z. If we suppose that the
orbital angular momentum r X 7 has integer eigenvalues as usual, then the
additional term in (2.11) must have half-integer eigenvalues, which requires
eg = n/2. This is exactly the charge quantization condition (2.6).

In order to obtain a more strict derivation of this result, we need to define
in a consistent way algebra of the components of the angular momentum
operator (2.11). A set of canonical commutation relations take the form

[$i7l‘j] = 0, [Ii,ﬂj] = Z'(Sij, [ﬂ'i,ﬂ'ﬂ = ieeijk[V X A]k y

where 7; = —i0; — eA;. Of course, if the potential A would be a non-singular
function, it would not be a big problem to prove that the generalized angu-
lar momentum commutes with the Hamiltonian operator. However, we are
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working with a singular potential, which requires some care. At first sight
it looks like there are some problems, since a naive calculation of the con-
tribution of the additional singular magnetic flux, given by (1.49), gives an
anomalous commutation relation that violates rotational invariance of the
theory [41,547]:

[LZ‘, LJ] = iEijkLk + ie&ijkxk(r . Bsing) R (212)
; e . . ) )
L', H] = BYYi (WZ(I‘ - Bying) + (r - Bging)7" — (7 - r)B;ing — .’L‘kBéingﬂ'k> :

However, the potential A is a singular function and therefore both the
Hamiltonian H and the generalized angular momentum operator L are singu-
lar operators. The product of such operators must be regularized in some way
already on the quantum-mechanical level, for example, by the point splitting
method [457]. In this approach we can write the regularized operators [41,547]

H = lim 2 {1 expl-i(p- ] Eexpl-i(p- )]}

. € . .
Li = lim iy, {1 —expl=i(p- )| Eexpl—i(p-€))},  (2.13)
with
rt+e/2
E =exp ( ie / A.dr; . (2.14)
r—e/2

Indeed, if the potential A is a regular function, by expanding the exponents
in (2.13) and averaging over all directions of the parameter €, we immediately
recover the standard Hamiltonian operator and the generalized angular mo-
mentum operator. However, for the Dirac potential these relations must be
considered as a definition. Then, making use of the the regularized operators
(2.13) yields, instead of (2.12), the standard commutation relations

[Li, LJ] = iEijkLk 5 [LZ, H] =0. (215)

Finally, let us note that the Dirac quantization condition (2.6) can also
be obtained if we set a requirement of “invisibility” of the singularity of
the vector potential. This situation can be considered as an analog of the
Aharonov-Bohm effect [61]. Indeed, in both situations the wave function of
an electron, which scatters in the field of an infinitely long and thin solenoid,
picks up a phase factor exp{e®/27), where @ is the flux of the magnetic
field. The only difference is that in the monopole case the singular flux along
the string is fixed: &g, = 4gw. Thus, the phase factor is unobservable if the
charge quantization condition eg = n/2 is satisfied.

To sum up, the Dirac charge quantization condition (2.6) is a fundamen-
tal element of any model of a monopole. It is an interesting fact that this
condition can be proved in a large number of ways. Actually, the charge
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quantization is related to the topological origin of the monopole. We shall
give a more thorough discussion of these interrelated problems in the next
chapter. Now let us consider some other features of the interaction between
a monopole and a “normal” electric charge.

2.2 Spin-Statistics Theorem in a Monopole Theory

The theory of monopoles is rich in paradoxes, both real and fictional. One of
these paradoxical effects is a generalization of the spin-statistics theorem in
a theory with a monopole [245]. Here we draw on the lectures by S. Coleman
[43].

We have already noted that an extra angular momentum T = egr ap-
pears in the charge-monopole system. The charge quantization condition (2.6)
means that it can take both integer and half-integer values. Therefore, the
system of a charge and a monopole can possess a half-integer angular mo-
mentum, i.e., a bound system of two bosons behaves like a fermion.

In order to understand this effect better, let us consider the Hamiltonian
of the Schrodinger equation (2.7), which describes the behavior of the electric
charge in the monopole field,

1
2M,

H. = V. —iegA(r, —r,)]° . (2.16)
In the same way, making use of the discrete form of the dual transformations
(1.91), e — g; g — —e, we can formally write the Hamiltonian operator that
describes the dynamics of the monopole g in the external field of a charge e:

1

Hy=———
g 2M,

[vg +iegA(ry — re)}2 : (2.17)

where A(r) is the potential dual to A(r).
Note that the charge-monopole system is translationally invariant. Then
the explicit form of this dual potential can be recovered from conservation

of the total momentum. Indeed, the classical equations of motion following
from (2.16) and (2.17) are

Meve = Pe - egA(re - I'g) ) Mgvg = PQ + 69:&(1‘9 - I‘e) .

These equations are compatible with the conservation of momentum of the
whole system, P.+P, = 0 only if A(r) = A(—r). Therefore, these potentials
are connected by the gauge transformation:

A(r) — A(r) + VA(r) = A(—r) = A(r),

and we can write the Hamiltonian operator (2.17) in the form
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1
H, = —M Vg, +iegA(r. — rg)]2 )

Let us consider a system of two identical dyons with electrical and mag-
netic charges e and g at r; and rs, respectively. Obviously, a permutation of
these particles cannot change any physical observable. Thus, the only thing
that can happen is that the wave function of the system picks up an ad-
ditional phase factor e™®. The effect of two consecutive interchanges is the
same as that of no interchange. Thus %™ = 1, i.e., /™ = 1 (Bose-Einstein
statistics) or €™ = —1 (Fermi-Dirac statistics).

In the case under consideration it would be natural to expect that the
dyons are bosons, since a dual rotation by the angle § = arctg (g/e) trans-
forms this system to a pair of identical effective charges ¢ = v/€? + ¢2. Indeed,
the total Hamiltonian of the system of two interacting dyons (2.16) and (2.17)
is

H = Hi+ H»
= —ﬁ V1 +iegA(r) —ry) —iegA(ry — 1))
- ﬁ [V +iegA(ry — 1) —iegA(r; —ra)]°
+ V() + V), (2.18)
where ) )
V(e?) = TEléngST’ V(g®) = TEIéé‘E;T' (2.19)

We have already noted that two Dirac potentials A(r) and A(—r) are
connected by the gauge transformation U = €%*¢9% (cf. (1.65)) and therefore

A@l—m)—Ahg—n):éU”VU.

Thus, the terms of interaction in (2.18) can be eliminated by such a trans-
formation that rotates this expression to the standard Hamiltonian of two
effective charges with Coulomb interaction

H=H +Hy= V)24 (V2)’] +V(g?).

T oM [(
However, this transformation also gives a phase factor to the the wave func-
tion of the system:

U(r) = U(r) = e*9%y(r).

The interchange of the two dyons corresponds to the rotation ¢ — @ + 7
and the wave function of the whole system is symmetric with respect to
permutation if the product

eg=p (2.20)
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is an integer and it is anti-symmetric if g is a half-integer. Thus, the standard
spin-statistics theorem is fulfilled, but a system of two identical dyons can
satisfy either Bose—Einstein or Fermi—Dirac statistics.

This surprising result inspired some authors [113, 168, 460] to construct
phenomenological composite models of hadrons not with quarks but with
dyons as fundamental constituents. Of course, from a modern point of view
these constructions look rather naive. Nevertheless, in some way they antic-
ipated a very interesting development of the modern theory of strong inter-
actions, which is connected with the possible role of topologically non-trivial
configurations. Later, in Chap. 9, we discuss some models of the monopole-
related mechanism of confinement in quantum chromodynamics in more de-
tail.

2.3 Charge-Monopole System:
Quantum-Mechanical Description

Let us analyze the solutions of the Schrodinger equation that describes the
quantum-mechanical motion of a charged particle of mass M in the monopole
external field. Since the operator of the generalized angular momentum (2.11)
commutes with the Hamiltonian that enters the Schrédinger equation of (2.7):

1 0 0
=g L () v (221

they will have common eigenfunctions. Therefore, in a spherical coordinate
system we can separate the variables and the eigenfunctions of the Hamil-
tonian operator (2.21) are of the form [214,291, 486)

W(r) = Fii(r)Yum(0,¢), (2.22)
and
L2Y,um(0,9) = AYum(0,9),  LsYum(0,9) = mYum(6,¢).  (2.23)
Choosing the following form of the Dirac potential (see (1.54))

gl—cosf g Mmxr]
A=>——+¢é,=>——
r sind rr+(r-n)

we can write the operator L of (2.11) as?

~ r+2z 1

9 i)
L=L-p—— = — (i +p(l - 89— i—6, — e, , (2.24
F 1+ cost ~ sing <18@+“( COS@))GQ i5gCe —He (2.24)

2 To simplify our considerations we suppose that all quantum numbers are positive.
In particular, we set u =eg > 0.
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or
1 9 9 9 ?
2 _ . - . - & _ 2
L* = Za [sm@ag (sm@ag) + (84,0 ip(1 0059)> + 7,
.0
Ly = “ig, T (2.25)

where we use the notation p = eg.

The explicit form of the operator L3 suggests that the dependence of the
wave functions on the azimuthal angle ¢ must be of the form Y, (0,¢) =
P()e!ntm% where m € Z. However, in this case the commutation relations
for the components of the generalized angular momentum are satisfied if
= n/2, that is, if the charge quantization condition (2.6) is fulfilled.

2.3.1 The Generalized Spherical Harmonics

We proceed by first finding® the eigenfunctions of the operator of the gener-
alized angular momentum:

L2Yulm(97§0)

2 9 1 (0 ’
=— (1~ xz)wf%%—m (2% +p(l— f)) — 42| Yarm (9, )
= )\Yulm(ev 50) ) (226)

where x = cos §. Taking into consideration the second of the equations (2.25),
we see that the dependence on the variable z is given by the equation

{(1 - xz)j—; + 233% + % + uz} P(z) = AP(z).  (2.27)

The procedure is rather standard. Separating the singularities z = +1 we
seek a solution of this equation in the form

_ ptm

p—m

Plx)=(1—-z)""2 (1+z)” = F(z). (2.28)
Substituting this into (2.27), we get
dF? dF
YA D _ o _ 2 _
(1—a®) oz +2[m+ (=] =+ (p—p" + NF =0. (2.29)

Introducing the new variable z = (1 4+ x)/2 this can be recognized as the
standard hypergeometric equation

3 This problem was solved in 1931 by Tamm [486], who was directly informed by
Dirac about his work [200]. In our discussion we follow the approach of [291].
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2(1=2)F" +{m —p+1+22(p— D}F' + (u—p? + \F
=z(1-2)F"+{c—(a+b+1)z}F —abF =0, (2.30)

with the solution? 5 F; (a, b; ¢; 2); here obviously ¢ = m—pu+1, ab = p?—p—\,
and a +b+1=2(1—p).

Recall that the hypergeometric function is finite if it is a polynomial with
a finite number of terms. This is satisfied if the parameter a or b is a negative
integer. For the sake of definiteness, let us fix a = —n, n = 0,1,2,... Then
the eigenvalues \ of the operator L2 must satisfy the relation

A=n(n+1)—2un+p(p—1),
or, introducing the variable | = n — p,
A=1(1+1).

Thus, up to a normalization factor, a particular solution of the eigenvalue
(2.25) can be written as

ptm _u—m

Vi (0, 9) = (1=) 5% (1)~ “5% 2y (=, 1= 2 m 4+ 1 — g 2)e 0409

For a general solution of (2.25) it is more convenient to use another repre-
sentation, which is given by the Jacobi polynomials [2]

P = S - ey (- ).

related to the hypergeometric function o Fy (—n, b; ¢; z) above. Then the eigen-
functions of the operator L2, the so-called generalized spherical harmonics are

Yyt (6, 0) = N (1 ) ~0m/2(1 g gy~ bmm) 2 Bl it n) (g iGuekme
(2.31)
where the normalization factor N is

_ om 20+ 1) —m)(l +m)! 1/2
N=2 ( 4 (1 — ) (1 + p)! ) :

The first few normalized generalized spherical harmonics for the minimal
value of yr = 1/2 are for the north hemisphere [530]

1 < 4 ip
4 For the sake of simplicity we do not write here the second independent solution of
the hypergeometric equation. However, we cannot neglect it because this solution
is necessary to construct the complete set of eigenfunctions of the operator of
the generalized angular momentum L. The definition (2.31) below includes both
solutions.

Yii1
222
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0 )
Y 0,p) =— sin = (1 + 3cosf)e'?,
%%%( ©) T 5( )

1 0
Y 0,p) =— cos =(1 — 3cosh),
33309 = U )
Yi33(6,9) = icosg(l — cos 0)e??
222 dr 2
Y 0,0) = ising(l—l-(:os@)e_w
3307 TV '

Obviously, in the case u = 0 these functions reduce to standard spherical
harmonics, for example:

[3 3 .
Yo10(0, @) = o cosf, Yo1+1(0,0) = F o sin feti® . (2.32)

As in the case of the standard spherical functions we can introduce two
Hermitian-conjugated raising and lowering generators

(2.33)

Li=L1iiL2=eiw{ia 086 0 sin 0 }

%+Zsin0% _ul—i—COSG

Making use of the algebra of the components of the angular momentum
operator (2.11), we can write the relation

Lile=1*-L13+1Ls.

Therefore

LiYum(8,9) = /(UL +1) — m(m £ 1)Y,um=1(0, ) - (2.34)

We already noted that the components of the generalized angular mo-
mentum L satisfy standard commutation relations. Therefore, the system
has spherical symmetry and eigenfunctions of the operator L? correspond
to an irreducible representation of the rotation group SO(3). In other words,
they are connected with the standard Wigner functions [10] as (see Appendix
A)

Ym0, ) = DLm(—ap,G,gp) =< l,p| e Wleelflaciols | |y > - (2.35)

Here, the quantum numbers [ and g must simultaneously be integer or half-
integer and the relations

l=p,p+1Lu+2..., —1<m<lI
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must hold. Since [ > p, the centrifugal potential of the Schrédinger equation
is always repulsive. Thus, there is no bound state in the spectrum of a mono-
pole and a spinless charged particle. This corresponds to the absence of closed
trajectories in the classical problem of charge-monopole scattering. On the
other hand, if we consider not a monopole but a dyon, then there are bound
states in the spectrum caused by the normal Coulomb interaction. This sys-
tem is an analogue of the hydrogen atom. Sometimes it is called a dyogen
atom [129,130] or dyonium [115]. This simple model allows us to demonstrate
non-trivial quantum mechanical properties caused by the monopole presence
in a very clear form [356,466].

2.3.2 Solving the Radial Schrodinger Equation

As was noted by Coleman [43], the effect of the magnetic monopole in the
Schrédinger equation is very simple: it just modifies the centrifugal potential.
Indeed, the radial function satisfies the equation

1 d? 2d (+1)— u?
| 2 T T B () = BF; 5
2M |:d?”2 rdr r2 :| M(r) k((r)7 (2.36)

which is solved by spherical Bessel functions of the order

~ 1\? 1
= =) 2= 2.
1 <l+2) w5 (2.37)

namely

k 1 /2.
Fki(r) = \/;JZ+1/2(]<?T) = k‘\/;]Z’ k= QME, (238)

with E > 0. Making the identification Z(Z—!— 1) = I(I+1) — p?, we can see that
formally this is precisely the radial wave function of the standard Schrodinger
equation that describes a state with (non-integer) angular momentum £.

Note that asymptotically, as » — oo, the behavior of the radial function
is

1 ¢
F(r) — ~sin <k:r = 7;) . (2.39)
If we consider not a monopole but a dyon, the angular dependence of the
eigenfunctions is still given by the generalized spherical harmonics Y1, (6, ¢)
of (2.31), which are eigenfunctions of the operator of angular momentum L.
Then the radial function will satisfy the equation
> 2d l(l+1)7u2+2MeQ

dr?2 = rdr r2 r

] F(r)=—2MEF(r),  (2.40)
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where for the sake of definiteness we fix the electric charge of the dyon @
to be positive and the scalar potential of the Coulomb interaction is V(r) =
—eQ/r < 0. Knowledge of the asymptotic behavior of the radial wave function
allows us to search for a regular solution of this equation in the form

F(r)=e *rlp(r), where k*=—2MFE >0.

Substituting this ansatz into (2.40) we obtain

Tdil[; (2’") (20 + 2 — 2kr) d’c’lg’") 1 (2MeQ — 2kE — 2k)p(r)
+Z(Z+ 1) —l£l+1) +M2p(T) _0. (2.41)

The solution is regular at r = 0 if £ satisfies (2.37). Obviously, the solution of
(2.41) is given by the confluent hypergeometric function p(r) = 1 F1(—N; 20+
2;2kr), where N = 0,1,2,... is a radial quantum number. Furthermore, it
follows from (2.41) that

MeQ@
k

M(eQ)?
AN +0+1)2’

N = . 1, and therefore FE = — (2.42)

which defines the spectrum of bound states of an electron in a dyon field.
Note that the ground state has quantum numbers [ = 1/2, N = 0,4 = 1/2,
that is, it is doubly degenerated (m = £1/2).

To sum up, the solution of the radial Schrodinger equation that describes
an electron in a dyon field is

Fyi(r) = C(kr)ze_krlFl(—N; 20 + 2: 2kr) (2.43)
where the normalization factor is

. - 1
27 [MeQ I'(N + 20 +2)]?

C e i
(ND)2(N +0+1) I'(20+2)

Obviously, in the limiting case @ = 0, (2.38) can be recovered from the

expression (2.43) since in this case £ = —N — 1. Then the hypergeometric
function reduces to

~ - _ _ —+1/2
VE (04 1520+ 25 2kr) = T(0 + 3/2)eltH1/2m/2 (kg) ekTJZH/?(kT) .

Finally, let us note that the relativistic description of this system of a dyon
and a scalar particle in terms of a solution of the Klein-Gordon equation is
practically identical to the present one. Indeed, the equation
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[0, — ieA,)? + MQ] d(r,t) =0, (2.44)

where the 4-potential of a dyon is A, = (Q/r, A), can be written in a form al-
most identical to the non-relativistic Schrédinger equation, (2.31) and (2.43)
up to the replacement 2M E — k? = w? — M?. In Chap. 4 we will need the
exact solutions of the relativistic equation. Let us therefore discuss it here in
more detail [5].

We define the wave functions ¢,xm(r,t) describing both bound states
and continuum states. Clearly, the time dependence factorizes, and we can
separate the radial and angular variables, the latter being determined by the
generalized spherical harmonics (2.31):

¢,uklm (I‘, t) = FkZ(T)Y/_le (03 @)eiiwt . (245)

For the sake of convenience, we use wave functions that satisfy the normal-
ization condition

1

3 2
[ BV 0,00 = 5

Then the radial functions are solutions of the equation

2 2092 2
(d gi—k2+2wﬁ—eQ +I(1+1) ,u)F

dr2 " rdr r 2 pi(r) =0, (2.46)
which can be recognized as a slightly modified hypergeometric equation of

the non-relativistic radial problem (2.41). The solutions corresponding to the
continuum are

F(r) = Clkr) rte ™ Py ({41 — z’eQ%; 20 + 2; 2ikr) (2.47)

where k2 = w? — k2, the parameter £ is defined as (cf. (2.37))

~ 1\? 1
(= <l+2> —u2+62Q2—§, (2.48)

and the normalization constant is

212 D[ +2+ieQ¥) ( ”‘3@“’>
C= = exp | — .
VW (20+1) 2k

As for the solutions corresponding to the discrete part of the spectrum,
the radial equation is solved by

F

(1) = G(kr)ze_krlFl(—N; 20+ 2; 2kr) (2.49)

where N =0,1,2,... is the radial quantum number and G is a normalization
constant. The energy spectrum of the relativistic particle in the dyon field is
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\/ €22
w=M,/1- = : (2.50)
e2Q? + (N + 0+ 1)2

Thus, these solutions are not very different from the solutions of the
Schrédinger equation discussed above. Much more interesting are the proper-
ties of the spectrum of a spin-1/2 particle in a dyon field since the addition of
spin and the extra angular momentum due to the magnetic charge can dras-
tically change the spectrum of the bound states. However, before we consider
this effect in detail, let us analyze the quantum mechanical problem of the
scattering of a spinless particle on a monopole, in order to establish the cor-
respondence with the classical problem of scattering considered in Chap. 1.

2.4 Non-Relativistic Scattering on a Monopole:
Quantum Mechanical Description

The solutions of the Schrodinger equation for a charged particle in a monopole
field, which we discussed above, allow us to solve the quantum mechanical
problem of scattering by the magnetic charge [110,131,462], i.e., to define
the scattering wave function and calculate the cross-section. Recall that the
standard approach is to write a general solution of the Schrédinger equation
¥ (r) describing the outgoing wave, as an expansion in partial waves, which
correspond to states with a fixed angular momentum [ and projection m.
The initial state is taken to be a plane wave 1)(r) ~ e¢** propagating in the
z direction.

Note that the principal difference from the standard situation is that
even if the particle is infinitely far away from the monopole, the projection of
the angular momentum on the z-axis does not vanish. Indeed, the minimal
value of the angular momentum is restricted to be I = u. Then, according
to (2.25) the eigenvalue of the component Ls is u. Thus, the appropriate
angular dependence of the asymptotic states must be given by the generalized
spherical harmonic Y, (6, ) containing the phase factor e## (the modified
plane wave [131]).

Now, let us apply the standard expansion of the plane wave in spherical
Bessel functions j;(kr):

tkr cos - 7 v 2
et = FZ (2¢+1) Zz\/;‘]Z+1/2(k?")YoZo(‘97 ¥)- (2.51)
=0

However, the angular dependence is defined by the generalized spherical func-
tions Y},1,(6, ) and the summation over angular momentum [ begins from

=
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- [2
ik 0 -l—
pikrcosd _ WZ V(204 1) itH HJZ_H/Q(IW)YMN(H,@)
l=p

= e N (20 4+ 1)e ™ (k) Y (0, ) (2.52)
l=p

Then the scattered wave function of the particle in a monopole field is
[131]:

P(r) = 2v/me™ ™Y /(20 + 1) e ji(kr) Yo (0, ) - (2.53)
l=p

The phase shift %% in this expansion can be calculated from the condition
that the outgoing wave (2.53) must correspond to the asymptotic form of the
radial function (2.39), namely

T 1 AN R o
S ~ R I i(kr—ml/2 71(}67‘77‘[‘[/2)
hor Je+1/2(kr) . sin (kr 5 > " (e e .

(2.54)
Therefore we obtain §; = —7l/2.

From (2.54) we can see that the scattered wave function is singular at
the forward direction where r» — oo and 6 = 0. These limits are not uniform
and cannot be interchanged. To analyze the structure of this singularity it is
convenient to separate the outgoing wave into two parts as [131]

d(r) = e o (r) + s (r)} (2.55)

where

Gr(r) = N(p) Y V@ +1) €™ 2y(kr) Y0, ¢)
l=p

brr(e) = N(u) 3 V1) € [ k) — 721 (k)] V(6.
l=p
(2.56)

where N (p) = 2/me™ ™4,

The first term has a strong singularity for forward scattering, while the
second one is less singular. Moreover, ¥;(r) has a closed representation in
terms of the confluent hypergeometric function [131]:

Pr(r) = e_i”“/le&kr [kr(1 — cos0)]"

0 .
x1F (u + 1,2+ 1, —2ikr sin® 2) e?ne (2.57)



42 2 The Electron—-Monopole System: Quantum-Mechanical Interaction

because the function (2.57) is an eigenfunction of the Hamiltonian (2.21) and
can be expressed via an infinite sum, as in (2.56).
Small-angle scattering corresponds to the situation when 6 < 1, but

kr sinzg — 00. Moreover, since 7 > 1/kf?, the expression (2.57) reduces
to the form ‘
—2ipp ~, tkrcosf ZIU’ei”rM ikr
r)e ~e - """ 2.58
Yr(r) 2kr sin®(0/2) (2.58)

This is recognized as a superposition of the initial plane wave propagating in
the z direction and an outgoing spherical wave with an amplitude

I
)| =|—————|. 2.59
101 = | 3rms73| (259)

In the semi-classical limit where k& = Mw, this amplitude corresponds
exactly to the classical differential cross-section of the scattering at small

angles (1.27):
& s =g ()

Since the incoming plane wave, the initial state of the scattering problem,
is already separated from the expansion (2.53), the sum ;;(r) consists only
of corrections to the small angle scattering amplitude. Indeed, making use of
the asymptotic behavior of the Bessel function (2.54), we can write

ikr

P VT - e

Yrr(r) =

Finally, collecting all the contributions to the scattering amplitude, we
obtain

ei?TpL

2ik | sin (9/2

0= +2\FZ¢ @+ [0 1] Y (0.0) | -

which defines the quantum-mechanical amplitude for scattering by a mono-
pole. Further numerical calculations and a discussion of the results can be
found in the papers [462] and [131].

2.5 Charge-Monopole System:
Spin in the Pauli Approximation

Very interesting features of the interaction between a monopole and a charged
spin-1/2 particle (an electron) can be seen already on the level of the non-
relativistic Pauli equation, which generalizes (2.7):
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HY() =~ o+ (V —ieA) P ofr) = ). (260)
This problem was considered by Malkus already in 1951 [360]. However, a
more detailed analysis of the interaction of a monopole and an electron,
which consistently takes into consideration all symmetry properties of the
eigenfunctions of the Dirac Hamiltonian, was carried out many years later,
in 1977 [306]. Here we will follow this work.
Let us first note that unlike the analogous spinless problem we discussed
above, the Hamiltonian (2.60) now commutes with the operator of generalized
angular momentum

1 1
J:L+§0':[rx(p—eA)]—egf"+§a, (2.61)

which includes the standard orbital angular momentum, r x m, the extra
orbital momentum T = —ut that appears in the charge-monopole system,
and the spin operator S = %a. Note that

3
J2:L2+(U-L)+Z7 (2.62)

where L? is defined by the expression (2.25).

This definition actually leads to a rather serious problem in the theory
of the Abelian monopole. On a qualitative level this can be seen from the
following argument. Let us consider a minimal value of the parameter 1 = 1/2
that is consistent with the charge quantization condition. Then the ground
state is a spherically symmetric s-wave with zero angular momentum J = 0,
while the orbital angular momentum is zero and S + T = 0. The latter
condition means that the spin angular momentum S has the same length as
the extra angular momentum T, but these vectors are antiparallel.

The subtle point here is that the direction of the vector T is given by
the unit vector r from the monopole to the charge. Therefore, if the electron
somehow manages to go through the core of the monopole, this component
of the angular momentum must invert its sign: T — —T. However, the total
angular momentum is conserved, which means that the spin of an electron
falling down onto the center must also change its sign in order to compensate
for the inversion of T. However, if we consider a Dirac, or Pauli equation,
which describes a massless particle interacting with a monopole, the helicity is
a conserved quantum number labeling the states. Therefore, the Hamiltonian
of the system of a massless spin-1/2 charged particle and a monopole is not
self-adjoint at the origin for the s-wave states. Thus, the theory becomes
pathological [351,422].

A possible way to save the situation is to suppose that there is something
unknown inside the monopole core. When an electron enters this “black box”,
some process of non-electrodynamical nature there would lead, for example,
to the conjugation of the electron charge: e — —e. Then there in no need to
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consider spin-flip scattering of the electron on the monopole, the amplitude
of which is ill-defined in the s-wave.

This naive picture reflects in some respects the situation taking place in
the scattering of a charged particle on the non-Abelian 't Hooft—Polyakov
monopole. We shall discuss this problem in more detail below (see Chap. 10).
Now let us continue the analysis of the properties of (2.60).

2.5.1 Dynamical Supersymmery
of the Electron-Monopole System

In Sect. 1.5 we briefly discussed “hidden” dynamical SO(2,1) symmetry
of the non-relativistic Schrodinger equation, which describes the charge-
monopole system. It is remarkable that the addition of spin-1/2 makes this
system invariant with respect to the transformations of a dynamical confor-
mal supergroup OSp(1,2) [269].

Let us consider the classical counterpart of the Pauli Hamiltonian (2.60).
Indeed, the spin-1/2 degrees of freedom can be represented via three-
dimensional anticommuting Grassmann variables &, {&, &} = dij, as

Si = *%Q‘jkgjglw

This definition leads to [S;, S;] = i€;jxSk, so the usual algebra of the spin
operator is satisfied. The irreducible two-dimensional representation of the
Clifford algebra of the variables ¢ is given by the Pauli matrices: & = o;/v/2.
Thus, SZ = 0'1/2

The anticommuting variables can be treated on the same footing as other
“normal” coordinates r;, that is £ can be considered as a vector under the
rotation group. Then we can complement the classical Hamiltonian of the
charge-monopole system (1.71) by the terms that describe the dynamics of
the Grassmann variables and write the extended Lagrangian of the classical
non-relativistic spin-1/2 particle of mass M in the external field of a monopole
as

Then the expression for generalized angular momentum (2.61) becomes

. . 1
Ji = eigrMrjt — pii = 5€in€s8n

Clearly, the Lagrangian (2.63) transforms as a scalar under the spatial rota-
tions.

The Pauli Hamiltonian (2.60) can be derived from the Lagrangian of
(2.63). Indeed, the canonical momenta conjugate to r; and &; are

PP = Mii+edr, P =g (2.64)
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Then the generalized Legendre transformation

H=P"%+&PS — L,
allows us to recover the Pauli Hamiltonian (2.60). Note that the Hamiltonian
equation of motion of the Grassmannian variables £ becomes:

& = %Ezjﬂjﬁm
which describes the classical spin precession in the monopole field.

As before, the system remains invariant with respect to the transfor-
mations of dilatation, which are generated by the charge D, and the special
conformal transformations, which are generated by the charge K (see (1.72)).
Together with the Hamiltonian H they form the conformal group SO(2,1).
However, in addition to these symmetries, the system (2.63) possesses a dy-
namical supersymmetry because the (time-dependent) supertransformations
of the form

Q: Ti_>ri+%§l7 & — & —eymiy,
S: o -ty & — & —nm(ti; —r;),  (2.65)

Jm

where € and 7 are Grassmannian transformation parameters, change the La-
grangian (2.63) by a total time derivative. The corresponding supercharges
can easily be calculated using the Noether theorem [269]:

Q=vmr&,  S=—tQ+ Vmr. (2.66)

They complement the generators of the conformal group (1.73). Note that all
the charges commute with the operator of generalized angular momentum J.
Thus, the graded algebra of the complete set of generators of the dynamical
group of symmetry becomes

[H,D] =iH, [D,K] =iK , [H, K] =2iD,

[H,S] = —iQ, K,Q] =15, [K,S]=0,

[H.Q] =0, D.Q = —3Q. D,5]=3S.  (267)
{Q,Q} =2H, {Q,S}=-2D, {5, 8} =2K .

This is the superalgebra OSp(1,1), which extends the group of dynamical
symmetry SO(2,1) we discussed in Chap. 1.

The quadratic Casimir operator of the supergroup OSp(1,1) is (cf. (1.74))
[269]
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s 1(. 1\*_1
J —4<Z[Q75]—2) 1

where the operator C' in terms of the dynamical variables is

(©)?, (2.68)

1
Cza-(J—l—,uf)—§. (2.69)
Hence, if the eigenvalues of the operator of generalized angular momentum
J? are denoted by j(j + 1), the eigenvalues of the Casimir operator J? are
(2 /4 where

(=\/(j+1/2)2— 2. (2.70)

Thus, because the eigenstates of the commuting operators J?, J3 and C
transform under some irreducible representation of the supergroup OSp(1, 1),
we can determine the spectrum of the Pauli equation in the presence of a
magnetic monopole in a very simple and elegant way [269]. However, we
shall use another, more traditional formalism, and find the spectrum of the
monopole-spin-1/2 particle system by applying “brute force”, i.e., by solving
the eigenvalue problem directly.

2.5.2 Generalized Spinor Harmonics: j > p+ 1/2

Recall that the spectrum of eigenvalues of the operator of generalized angular
momentum (1.11) of a spinless charge-monopole system starts from the mini-
mal value | = p. Introduction of the spin angular momentum according to the
standard rule of addition of angular momenta means that the total angular
momentum J (see (2.61)), which is made up of three parts, has eigenvalues
j =141/2. Thus, the spectrum of eigenvalues of j can start either from the
minimal value p — 1/2 or from the minimal value u + 1/2. These situations
have to be discussed separately.

Let us start with the second case, that is, we set j > u + 1/2. Since we
can write the Hamiltonian as

1

i\ ieA)]* = i [(V —ieA)? +e(o- B)]
_ _ﬁ [(V —ieA)? 4 p (ar'zr)} (2.71)

1 0 0 .
=g [ (P + 1w i )]

the angular and radial parts of the Pauli Hamiltonian can be separated again:
P(r) = R(r)2ujm(0, ¢). Let us first solve the angular equation, that is, define
an explicit form of the spinors 2, (0, ¢). Specific to this problem is that the
states of the spin-1/2 particle in a monopole field, apart from the conventional
quantum numbers [, m, are also labeled by eigenvalues of the operator K (cf.
(2.69))
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K=(o-[rx7]) =0 (L+pui),

which commutes with the Pauli Hamiltonian, as well as with the operators
J2, J3, L2, and (0 - L). Also, the helicity operator o - = 0 - (—iV — eA) is
conserved [246].

The operator K is obviously a generalization of the parity operator of the
spinors. Indeed, the angular part of the Pauli Hamiltonian can be written as

Wlﬂ [LQ_M2+N(G'f)] = ﬁ [(U'[I‘XW])Q—&-(U- [r><7r])]
1 2
= OMr2 (K° + K). (2.72)

By analogy with the case of the conventional Coulomb problem, the eigen-
functions of the angular Hamiltonian can be separated into two types that
correspond to the values of angular momentum j = [ + 1/2. Thus, the eigen-
functions of the operators J? with eigenvalues j(j + 1) and the operators J3
and L2 as well, are two-component spinorial angular harmonics [306]

myp,jfl/Z,mfl/Q(aa 90)
0

)

SRY, i o12.me1/2(0,9)
_ Ji=m+1 Y . 3 9,80
o) (0,9) = [ V2L o 11200 9) (2.73)

)
\/ﬁ o Yug+1/2m1/2(0, )

where Y),;m (6, ) are the monopole harmonics (2.31) and the coefficients are
defined from the standard rules of addition of angular momenta. These har-
monics define a complete orthonormal set. The range of eigenvalues of j is

j—1/2=12> pu for the states ! (0,) and j 4+ 1/2 =1 > p for the states

(2)
Dm0, ), respectively.

However, the harmonics (2.73) are not eigenfunctions of the operator K =
o - (L + pt). Although we see that

wm

3 1
@ D)8, 0.0 (=12 = ) 6 0.0) = (- B0 0.9).

0080, 0.9)= (P -12 = 2) 6 0.0) = (=i - Do 0.0),

pnjm pjm pjm

the operator (o - t) still mixes the spinors @LJ)m(G v) and @f}m(ﬂ p), for
example

(a-f)di(l.) :\/ﬂ< Yo10 \@qu> Y w,j—1/2,m—1/2
pgm 3 \—V2Yo11  Youo \/@YM,J‘—I/QMH/Q
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Taking into account the rules of addition of generalized spherical harmonics
[532], we can see that

(o 02, =40 + Bol)

njm pjm
N (2) (1)
(0 7)), =Bo)) —A9%) (2.74)
where the coefficients A and B are [306]
i+ 1/2)2 — 12
A=_—_"F po YUY p (2.75)

j+1/27 N j+1/2

Therefore, the eigenfunctions of the operator K are of two types [306]

U= <\/1 52t ) o
- % <\/1 +j+ﬂ1/2 \/ j +M1/2> Ty
o=5 (o i ) e
+;(\/1+j+“1/2+\/ J+“1/2> @, (2.76)
which satisfy
(-0l =-0% (@5l =-00 . (2.77)

Making use of the relations (2.77) and (2.74), after some algebra we obtain
the eigenvalues of the operator K:

KW —o (L+ )2 = (14000

nim pym Hym?
K0P o (L+ui)2?, = (-1-00?) (2.78)

where by analogy with the spinless problem we introduce the quantum num-
ber £ = /(5 +1/2)2 — u? of (2.70). Recall that (£/2)? is the eigenvalue of
the Casimir operator (2.68).

Similar to the standard Coulomb problem of a spin-1/2 particle, we see
that this quantum number corresponds to the parity. Its values label the
eigenstates Q/(Um and “Q;(u)m according to the eigenvalues of the “parity” op
erator K.

2.5.3 Generalized Spinor Harmonics: j = p — 1/2

We have already noted that there is one more type of spinor eigenfunctions
that corresponds to the values j = p — 1/2 (referred to as the “third type”).
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For the minimal value of the magnetic charge, the charge quantization con-
dition yields g = 1/2. This state is a spherically symmetric state with a
magnitude of the angular momentum j = 0, namely an s-wave. Later we will
see that for the 't Hooft—Polyakov non-Abelian monopole only the minimal
value of the magnetic charge is stable with respect to quantum corrections.
This makes the states of the third type especially interesting.

Unlike the consideration above, now there is only one angular spinor

(3) —®
QN«,M—l/QﬂW = ¢N)”_1/2)m, and
(3) _ (3) 2\ (3) PN )
KQ#7#71/2,’H’L - 7'(2#’“71/2’771 ) (0' . r).Q‘u”uil/2,m = Q,LL,,U.*l/Q,m s (2,79)
where

—m+1/2
9(3) _ _\/%Y/mm—lﬂ 0, ¢) (2.80)
wop—1/2m — #+m+1/2Y 0 . .
T 2p41 uum+1/2( ;)

With all this information at hand we can now turn to the solution of the
radial Pauli equation.

2.5.4 Solving the Radial Pauli Equation

As in the case of the spinless Schrodinger equation, the interaction with the
monopole only changes the centrifugal potential of the radial equation. How-
ever, this modification now depends on the angular spinor. Indeed, separating
the variables in the Pauli equation (2.60), and using the relations (2.72) and
(2.78), we obtain for states of the first type

2M

- M)y (1)
dr2 " rdr r2 sz (r)=ER(r). (2.81)

1 (&> 2d (-1
ke

A regular solution of this equation (up to a normalization factor) is given by
the modified Bessel function of the order £ — 1/2 (cf. (2.38)):

k
RI(:Z)(T):\/:JE_UQ(IW), k=V2ME. (2.82)

Correspondingly, for states of the second type, the radial equation is written
as
1 [d> 2d ((l+1)

o [dﬁ S | BRI = ERD(r), (2.83)

ke

with the solution

@y _ JF _
sz(r)—\/:JZH/z(kr), k= V2ME. (2.84)
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Obviously, close to the origin the wave function of the first type behaves
as RO(r) ~ ar~ + br'=', where a and b are some coefficients. Since for
both types of wave functions we have ‘> 1, these coefficients must vanish
at the origin, r = 0, where the monopole is placed. On the classical level
this corresponds to the effect of the “magnetic mirror” in the scattering of a
charge by the monopole, which we discussed in Chap 1.

The situation changes drastically when we consider states of the third
type. Here the centrifugal barrier vanishes and the solution of the radial
equation ,

1 [d 2d ‘ :
“o [dz o d} B3 () = B (1), (2:85)

are now the familiar spherical waves

1 ej:ikr
SyTor

Independent of any kind of boundary conditions that could be imposed
on the wave functions at the origin, such solutions must behave as ~ 1/r.
Therefore, the Hamiltonian operator is not compatible with a smooth bound-
ary condition at the origin for states of the third type. The reason is that
the Pauli Hamiltonian (2.60) is not self-adjoint over the complete space of
eigenfunctions, that is

k=V2ME. (2.86)

<¢(3)’H¢(3)) _ (H¢(3)7¢(3)) £0, (2.87)

where we used the standard notation
(Y1, 92) = / APzl . (2.88)

We shall discuss this condition in more detail below, when we consider the
general case of the Dirac equation in the monopole background field. Note
only that this situation corresponds to an electron falling down on the mono-
pole, which we discussed in Chap. 1.

From the point of view of the dynamical supersymmetry of the system,
the difference between states of the first two types and states of the third
type is that the states with j > u + 1/2 transform under representation of
the supergroup OSp(1, 1), as we discussed above. However, the eigenvalue of
the Casimir operator (2.68) for states with j = u—1/2 vanishes, supercharges
Q@ and S of (2.66) are no longer self-adjoint and only the SO(2,1) subgroup
remains as a group of the dynamical symmetry of states of the third type
[269].

One could suppose that an additional, non-electromagnetic interaction of
an electron and a monopole could save the situation. Indeed, one can include
into the Pauli Hamiltonian (2.60) an extra term [306]
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(0-1)
2Mr2’

Hextra = Kl (2.89)
which describes the interaction between the extra angular momentum T =
—ut and an anomalous magnetic moment of magnitude x (often taken to
be infinitesimal). On the quantum mechanical level this term leads to drastic
changes in the behavior of the wave functions at the origin. It was shown that
the eigenfunctions of this modified Hamiltonian are regular at » = 0 [306].
Indeed, the radial equation for wave functions of the third type now be-
comes )
1 d 2d KU (3) o (3)
i LW ot TQ} R7(r)=ER(r). (2.90)

Upon substituting R\ (r) = (1/r)U(r), (2.90) simplifies to

d? K
<dr2 + Tg‘ —2ME) U(r)=0.
Obviously, for any k # 0 this equation has a solution that is compatible with
the boundary condition U(r) = 0 at r = 0.

However, the inclusion of an extra magnetic moment has another effect.
For each possible value of the angular momentum j there is now a non-
degenerate bound state with zero energy in the spectrum of the modified
Hamiltonian (so-called zero modes). Moreover, even the limiting situation
k — 0 still yields a third type bound state with £ = 0. The meaning of these
zero energy states is discussed in Sect. 2.6.1.

An alternative is to modify the Pauli Hamiltonian (2.60) by the introduc-
tion of a term Hg = —eQ/r describing a Coulomb interaction between the
electron and a dyon charge @ at the origin [129,130]. Thus, we consider the
bound charge-dyon system again, now taking into account the electron spin.
The angular dependence of the wave functions is still given by the three types

of monopole harmonics described above. The radial equations are modified
and (2.81) is replaced by

L@ 2d E-1)  2MeQ
2M |dr?  rdr 72 T

(1) _ (1)
RY(r)=ERD(r),  (291)

where the parameter £ is defined by (2.70): £ = \/(j + 1/2)2 — ;2.
Just as in the spinless case, the regular solution of this equation can be
found upon substituting

R](:Z) (r) = e_kTrZ_lp(l)(r), where k* = —2ME,

into (2.91), which becomes

2 (1) - (1) ~
podirz(r) T (2 - 2kr) % dr(r) +(2MeQ = 2k0pV(r) =0, (2.92)
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Thus, the regular solution of (2.92) is a confluent hypergeometric function,
pM(r) = 1 Fy(—N;2(;2kr), which is now a polynomial of degree N, where
N =0,1,2,...is aradial quantum number that yields the quantization of the

spectrum of bound states: N = Mljg —{. Then the energy spectrum becomes
2

po = - MEQF (2.93)
2(N +¢)2

For completeness, let us write the corresponding normalization constant of
the first type of radial wave functions:

2l (MeQ)+1/2 (N +20)
VNI (N + 1)1 reo (2.94)

By complete analogy, the radial equation for the second type of wave
function

1 [ 24 Z(Z+1)+2MeQ

oM |dr2 ' rdr 72 T

@y _ 2p®
R?(r) = ER?(r),  (2.95)

has a regular normalizable solution
R (r) = Nae *r? Py (1 — N;20 + 2: 2kr) (2.96)
which gives the energy spectrum of the states of the second type:

E® = —M. (2.97)
2(N +2+0)2

Here the normalization constant is

9l+1 (MeQ)t+3/2 (N +20+2)
VIN=D! (N+{+1)H*2  1@i+2)

Note that states of the first and second type with radial quantum numbers
N and N — 1, respectively, are degenerated in energy. _

As for states of the third type, we have to fix j = u — 1/2, that is £ = 0.
Therefore, the radial equation for these states has an especially simple form:

Ny = (2.98)

1 d? 2d 2MeQ (3) (3)

=y 22y 2 RY )y = ERY 2.99
2M | dr? + rdr + r ke () ke (), (2.99)
which is precisely the form of the spherically symmetric Schrédinger equation
for a spinless particle in a Coulomb field. This corresponds to the mutual
cancellation of the extra angular momentum and spin for the s-wave state
that we discussed above. The solution of (2.99) is
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R (r) = Nse™ | Fi(—N;2;2kr). (2.100)
and the energy spectrum is given by

53 _ M(eQ)?

- . 2.101
2(N 4+ 1) (2.101)
The normalization constant is
MeQ 3/2
N3 =2 . 2.102
3 <N+ 1) (2.102)

One can easily see that the ground state of an electron in the dyon external
field is of the third type: 1®) (r) = Rz(ji/z (7‘)!2;?/’)270,0 with quantum numbers
pw=1/2, N =0,1=0 and the energy of the ground state Ey = —M (eQ)?/2.
Note that this wave function does not vanish for » — 0, while in this case we
can make use of the approximation | Fy (—N, 2, 2kr) ~ (2kr)~! and therefore

RO () — M i

r—0 T

2.6 Charge-Monopole System: Solving
the Dirac Equation

The non-relativistic analysis of the spin-1/2 particle-monopole system can
easily be generalized to the case of the Dirac equation

Hy(r) = [—iae (V —ieA) + BM] 9 (r) = Ey(r), (2.103)

which describes a relativistic electron in the external field of a point-like
monopole. Here, a and 8 are Dirac matrices in the representation

0 o; 10
ai:707i21®0i2<0, 0), ﬂ:’)/o:ag@]:(o_l). (2.104)

Equation (2.103) was considered by Harish-Chandra in 1948 [254]. As in
the non-relativistic case, the Dirac Hamiltonian commutes with the operator
(2.61) of the generalized angular momentum J = L + S — pt. This makes it
possible to apply, without any significant change, the symmetry properties
discussed above.

Let us find the eigenfunctions of the Hamiltonian operator decomposed
as

M —io - (V — ieA)) _ (2.105)

H= (—ia-(V—ieA) -M
Again, we must distinguish the cases j > p+1/2 and j = p—1/2.
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Simple algebra of the Clebsch—Gordan coefficients supplemented by (2.77)
gives the electron wave functions in terms of two-component angular harmon-
ics of the first and second type

W - L F(T)Q/%‘)m @y — L F(T)Q,(?m 5106
Y (r) , (ZG(T)-QA(Z)m ) P (r) , Z'G(T)Qilj)m . (2. )

States of the third type are constructed from the harmonics Qg?m [306]:

, F(r)®
P& (r) = 1 ( pam ) (2.107)
r ZG(T)QS;)W

The helicity operator (o-m) = o-(V—ieA) acts on these states as [306,307]:

o [ d 1 @)
(OIW)F(T‘)Q[L]TI‘L = <_dr - —+4+ T> F(T)Qﬂjm7

;
@ _ d 1 [ (1)
(O'W)F(T)Q#Jm = <_d'r_'r_'r> F(T)‘Q,ujm’
@ _(d 1 3)

where the eigenvalues ? of (2.70) of the Casimir operator are again used.
Therefore for these states the radial equations for the function F(r) and

G(r) are

Type 3 : dC;ir) =(E—M)F(r),
d];ff) =—(E+M)G(r). (2.109)

The solutions of the radial equations (2.109) for states of the first and
second type (up to the normalization constant) are, respectively,
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; Vi
Type 1: G(T) = \/; €+1/2(k‘7“) F(’I") = mjiq/z’

Type 2: F(r)= \/ZJZH/Q(IW), G(r) = ﬂL

E+M —1/2>
where k = VE% — M2 > 0.
The radial equations (2.109) for the states of the third type can easily be
solved in terms of elementary functions and the conventionally normalized
solutions are

Type 3 : F(r):;;\/zsin(kr—i—é)7 G(r)=— E+M\/7COS kr+9),
(2.110)

or

1 2 1 /2
Type 3: F(r)= TV cos(kzr—i—é) G(r)= k\/;sin(k‘r—i—(S) .
(2.111)

where the phase shift § is an arbitrary parameter. Therefore the wave func-
tions of the third type are

3) 1 /2 sin(kr + 5)me 1 /2 3)
7 (r) = \/7 = —1/=xa(r)2,7
1 ( ) k?" T ik Cos(k'r + 6)9}]{]% k'f' T 1( ) 12}

E+M
k
(3) 1 /2 (52 Mcos(k:r+5) Mm 1 /2 )
sy~ (r \/7 = —1/=xa(r)2,7 .
2 ( ) k"/‘ ZS]H(k?“—I—(S)Q/Sj»)m kr Vo« 2( ) 12
(2.112)

Obviously, the solutions of the first and second type satisfy the conven-
tional boundary conditions at the origin: F12)(0) = G(1:2)(0) = 0. However,
as in the case of the Pauli equation, spherically symmetric states of the third
type, the lowest of which is the ground state of the electron-monopole system,
require special treatment. Indeed, there is also a normalizable solution of the
radial equation for these wave functions, which corresponds to a complex
energy.

Moreover, whatever boundary conditions we would impose, these wave
functions behave at the origin as ~ 1/r. In fact, the boundary condition at
r = 0 is not determined by the structure of the Hamiltonian. As mentioned
previously, the problem is that the Hamiltonian operator is not self-adjoint
over the space of the eigenfunctions it admits. A detailed analysis of this
problem was carried out by Yamagishi in 1983 [533].

2.6.1 Zero Modes and Witten Effect

Note that the Hamiltonian operator (2.105) of the functions of the third type
acting on the spinor x(r) can be written as [246]:
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M —id _d
H():( o _]&r)z_z’y5dr+Mﬂ7 (2.113)

with

_ F(r)
Ho x(r) = Hy (iGm> — Bx(r).
Let us analyze whether there is a possibility to modify the problem in order to
obtain a well-defined self-adjoint Hamiltonian for these states. The reduced
Hamiltonian (2.113) is defined over a semi-infinite line 0 < r < co. However,
it is not Hermitian in one point on this line, r = 0.

A. Goldhaber pointed out [246] that, by making use of the Weyl-von Neu-
mann theory of self-adjoint operators, it is possible to construct a self-adjoint
extension of Hy. The idea is to impose some non-trivial self-consistent bound-
ary conditions. The results turn out to be very interesting, giving rise to
unexpected physical consequences [533]. In particular, the helicity operator
(o - ) will not be Hermitian and it is no longer conserved.

The condition that the Hamiltonian (2.113) be self-adjoint on states of
the third type can be written as the vanishing of the expression (cf. (2.87)):

A = (x, Hox) — (Hox, x) = ix"(0)75x(0) (2.114)
=i L)X+ 0) = XL O)x-(0)] = = [F*(0)G(0) - G*(0)F(0)] = 0,

where x4+ = %(1 + v5)x are eigenfunctions of the operator 5 with positive
and negative eigenvalues, respectively. Here we make use of the explicit form
of the Hamiltonian H given by (2.113) and assume that the normalizable
radial functions x(r) decrease faster at spatial infinity than 1/r.

Therefore, the boundary condition on the radial function, that we are
seeking, must connect the states x_(0) and x4 (0) with opposite chirality at
the point » = 0. The most general condition of this form can be written as

X-(0) = ¢“x4(0), (2.115)

where 6 is an arbitrary angular parameter. In a different form the condition
for A to vanish is

&0 = 50)° (2.116)

In other words, the ratio F'(0)/G(0) is an arbitrary real number that can be
parametrized by an angular parameter 6 as® [155,533]:

F(0) = G(0) tan <§ + D . (2.117)

5 Here, in contrast to (2.110), we choose the value of the phase shift § to be
—0/2 — /4.
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Therefore, at the origin the wave functions of the third type (2.112) must

behave as
) ( sin (g +I) )
T s (54 9)

It is well-known that the appearance of the phase angle 8 in the boundary
conditions drastically affects the spectrum of the Hamiltonian. Obviously,
there is a one-parameter family of self-adjoint Hamiltonians Hy, which are
specified by this condition.

For simplicity, let us consider a massless spin-1/2 particle in the monopole
field. Imposing the boundary conditions (2.118) on the solutions x(r) given
by (2.110), one can see that the appearance of the strange angular parameter

0 there can be explained as a chiral rotation of the initial wave functions
(2.110) by the angle 0 [533]:

. sin (kr + F) sin (kr + ¢+ 7)
x(r)—>><e(7‘)’“ew%/2< ¥ >:< - )
+ 1) 5+7)

—14 Ccos (kr

(2.118)

The physical meaning of this modification is obvious if we decompose
these wave functions into superpositions of in- and out-states, which in our
case are just usual plane waves propagating in both directions, namely:

9 l+i (1Y el —1 (1 ;
_ ,10/2 tkr _ —160/2 —ikr
x(r)=e Wi (1>e e Vel (_1>e . (2.120)

Thus, according to the discussion above, these states correspond to the
changing of helicity when a particle passes through the origin and the phase
shift is given by e? (cf. (2.115)).

The result of this modification of the boundary conditions is that al-
though the Hamiltonian (2.113) formally commutes with the operator s, its
eigenfunctions now depend on an arbitrary phase 6, which looks like a C'P
violating parameter. Indeed, for states of the third type, the C'P inversion is
defined as CP : x(r) — vsx*(r).

However, in the massless case, the model is invariant under chiral rotations
X — ei'yf’elx, which shift the value of this parameter as § — 6 + ¢, and in
particular allows us just to set it to zero. Therefore the physical observables
are independent on the value of 6 (in the absence of a chiral anomaly).

The situation is different in the massive case. Then the eigenfunctions
of the Hamiltonian operator (2.113) that satisfy the boundary conditions
(2.118) and correspond to the states of the continuum with positive and
negative energy are [533]

E=Vk+M?:
Yo(r) = m atryeos (547 ) +ixatrysin (545
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E=—\k2+ M2
k

SN o T(ESTET) [Xl(r) cos (§+Z> Fixa(r)sin (Z*Zﬂ )
(2.121)

where the functions x1(r) and x2(r) are defined as in (2.112) above.
If cos @ < 0, there is a one-parameter family of bound states in the spec-
trum of the Hamiltonian (2.113), which corresponds to (2.118) [246,533]:

o ( Sin(%;%) )) — (2122)

—1 Cos (5 + %

Its energy depends on the value of the parameter § as £ = Msinf, k =
M| cosf)|. In particular, if we set § = 0, the energy is equal to zero. This is
the celebrated zero mode of the Dirac operator whose appearance is connected
with the index theorem [78,156]. Without going into detail, let us note that
this mode is part of the complete set of eigenfunctions of the Hamiltonian
and cannot be neglected.

Note that unlike the situation with the massless case, the eigenfunctions
(2.121) obviously violate C'P symmetry of the theory, since chiral rotations
of the wave functions no longer leave the Hamiltonian invariant. If we still
demand the theory to remain C'P invariant, the value of # must be fixed to
0 = 0 or § = 7. However, the physical content of these cases is different.
The point is that the existence of the fermionic zero mode on the monopole
background transforms a monopole into a dyon!

To prove this, let us first note that the problem is effectively reduced to
a two-dimensional system. Indeed, the states of the third type are spheri-
cally symmetric and only radial and time coordinates matter. Second, we
recall that the 6-angle in the boundary conditions (2.121) arises after a chiral
transformation of the wave functions

X — xp = ?95/2y — exp (Zg/dr Jg(r)) X (2.123)

where
JE(r) = X" (1)o7 x(r)
is the chiral (or axial) current, with
o0

Qs = /erE?(r) ,
0
being a generator of the chiral rotations.

One can now use the anomalous commutation relations between the op-
erators of density of electric and chiral charges (see, e.g. [45])
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[Jo(m),Jg(y)] 2 2B Vé(x —vy), (2.124)

where Jy = ex'y and B is the Coulomb magnetic field of the monopole. Thus,
the operator of electric charge density under chiral rotations transforms as

e=i0Q8/2 5o (0)02s/2 — / dy [70(0), ()]

e2g0

=J(0)+f(V B) = Jo(0) +

— 5(0).

The physical meaning of this result is rather obvious: the vacuum expectation
value of the operator of electric charge on the monopole background is not
equal to zero: .
e
@ =n

Here, we use the charge quantization condition (2.6). In other words, in quan-
tum field theory, the interaction with a fermion transforms a monopole into
a dyon having an arbitrary electric charge characterized by the #-angle. This
is the so-called Witten effect [524]. Note that since the energy of this state
is equal to zero, this effect can be treated as a Grassmannian deformation of
the monopole configuration itself. This alternative description of the fermi-
onic zero modes is especially important when we consider the non-Abelian
generalization of the fermion-monopole system.

Generation of the electric charge due to the fermionic zero mode presence
can Also be proved by a direct calculation of the vacuum expectation value
of the electric charge operator [533]:

(2.125)

(61016 = 501 [v', 4] 10). (2.126)

where |6) corresponds to the vacuum state in the presence of a monopole and
the wave function of the fermion is expanded as:

/dkz axo(r) 25, + béy(r) Hlm)

+ contrlbutlons of states with higher [, (2.127)

where a and b! are annihilation and creation operators, with yg and &y the
spinors of (2.121). Substitution of the solutions (2.121) into this expansion
yields® the expression for the density of the electric charge [533]

6 Note that due to C'P invariance, the contribution of the continuum states with
quantum numbers j > u + 1/2 and positive energy is exactly compensated by
the contribution of the negative continuum and only states of the third type with
j = u—1/2 give a non-trivial contribution.
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e
Q(r) = (01QI0) = §<9|[¢T(r)7w(r)] (2.128)
e2gM sin 0 7dk k okr
=_ e .
2722 A VEk? — M?(k + M cos6)
One can see that for r — 0, the charge density behaves as
eM sin 0
Qr) ~ “An2r2 In(Mr),
while at 7 — oo it vanishes exponentially.
Now, integrating over space we obtain the total charge
e2gM sin @ 7 k ef
= dk =—n, 2.129
@ ™ g Vk? — M?(k+ Mcosf) 2m ( )

where the integral relation

oo

1 0
/ dx 5 — = —
) cosh® x —sin®(6/2)  sind
is used. Thus, the charge @ exactly corresponds to (2.125) and we come to the
conclusion that the Witten effect originates from a non-trivial contribution
of the Dirac sea on the monopole background.

Finally note that we could argue by analogy with QCD that the phys-
ical value of the f-angle must be set equal to zero for some reason of non-
electrodynamical nature. In this case, we encounter the problem of the self-
adjointness of the Hamiltonian. The solution was sketched above when we
described the modification of the model by the introduction of an infinites-
imal anomalous magnetic moment as a regulator [306]. Then the equations
(2.109) for the “dangerous” radial wave function of the third type are replaced
with (cf. (2.90))

dG(r)
dr

dF(r)
dr

:<M7E7%)F(r),

e = (M+E-20) G0,

2
(2.130)
which in the special case £ = 0 can be explicitly solved:

1 KL

F(r)=G(r) = ﬁexp{f% — Mr}.

This yields the regular § = 0 solution. A very detailed study of the electron-
monopole spectrum was done in a series of paper in the 1980s [411-416,532].
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2.6.2 Charge Quantization Condition
and the Group SL(2,%Z)

Undoubtedly, the appearance of an arbitrary, non-quantizable electric charge
(2.125) reflects some hidden picture of unknown processes that are taking
place deep inside the monopole core. The situation becomes more transparent
if instead of electrodynamics we consider an extended model of unification
with a non-Abelian gauge group. We shall discuss these problems later in
Chap. 10. Now let us consider the Witten formula for the electric charge of
the monopole (2.125) from a somewhat different point of view.

Clear evidence of how little interest the problem of the monopole elicited
for decades is the fact that the rather obvious generalization of the Dirac
charge quantization condition (2.6) to the case of dyons was suggested by
Schwinger [461] and Zwanziger [548] 37 years after the pioneering paper by
Dirac [200]. This generalization can easily be obtained in the same way as
the quantization condition for the angular momentum of the electromagnetic
field of a static e — g pair (1.14). For a pair of dyons having point-like electric
and magnetic charges (e1, g1) (e2, g2), we obtain:

e192 —exg1=n, nNEZL. (2.131)

Note that unlike the Dirac charge quantization condition (2.6), this formula
is dual invariant.

For many years following Dirac’s celebrated work, the main argument in
support of the monopole concept was the possibility of explaining quanti-
zation of the electric charge: since we know that there are only electrically
charged particles around us, it would be enough to place a single monopole
anywhere in the universe to provide this effect. Indeed, if the monopole has
an arbitrary nonzero charge g, from (2.131) we see that all electric charges
must be multiples of the elementary electric charge eg = 1/g:

e=" =nep. (2.132)
g

A decade later, Witten [524] noted that the generalization of the charge
quantization condition (2.131) also leads to another, non-trivial consequence.
Indeed, it is rather obvious that the magnetic charge is also quantizable, since
for two states, one of which has a minimal electric charge (eg, 0) and the
other has an arbitrary magnetic charge as well as an electric charge (e, g),
the quantization condition (2.131) yields

n n

epg=mn, or g= o = n—ogo. (2.133)

Thus, there is a minimal magnetic charge
o

go = )
€0
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where ng is a positive number that depends on the particular choice of the
model. Clearly, the Dirac charge quantization condition (2.6) corresponds to
ng = 1/2. (In some particular case, it is useful to take ng = 2m).

Now let us consider two dyons with the same minimal magnetic charge
go, but different electric charges e; and es, respectively. Then the Schwinger—
Zwanziger quantization condition (2.131) becomes

n n

€1 —€yg = — = —¢€. (2134)
go no

At the same time, for the state with a purely electric charge e = e; — eg, this

condition gives
e1 — ey =mey, wheremeZ. (2.135)

Thus, the integer n must be a multiple of ny. This means that the possible
electric charges eq,es,...¢;, of a dyon with a minimal magnetic charge gy,
must satisfy the general relation

0
e; = eg (n, + 2) ,  where n; € Z and 6 is an angular parameter.
T

(2.136)
Note that a shift of this parameter by 27 corresponds to the change n; —
n; + 1.
Finally, let us apply the the Schwinger—Zwanziger quantization condition
(2.131) to the case of two dyons with charges (e1, mgo) and (e2, mgop), re-
spectively: " "

€1 —ey = — = eg = peg, (2.137)
mgo mno

where p, m,n are integers. Here, the last equality is obtained by exploiting
the charge quantization condition for a pure electric state (e; — es, 0). Thus,
the possible values of the dyon electric charges eq, es are given by the formula

0
€ = € <m + fm%> ) (2.138)

where f,,, is a number depending on the value of the magnetic charge of the
dyon only.

One can define this number by making use of the Schwinger—Zwanziger
quantization condition (2.131) for two states having charges (ej, mgg) and
(e2, go), respectively:

(e1 —mes2)go =n = ng (m — mnoy + %(fm — mf1)> .

This equation requires f,, = mf; = m, since we have seen that f; = 1 (see
expression (2.136) above).
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A Im (e+ig)

Re (e+ig)

Fig. 2.1. Lattice of electric and magnetic charges in the complex plane e + ig

Therefore, we have come to the conclusion that the electric and magnetic
charges of the dyon, represented as a complex vector e + ig (cf. (1.91)), are
quantized as

0
e+ig=ep (n—|—m> +im22 = eo(mt +n), (2.139)
27 €0

where a new complex parameter is introduced:

0 ino
=—+—. 2.14
T on * el (2.140)

This formulation shows that it is not the charges e and g of a dyon that
have a fundamental meaning, but the “magnetic” and “electric” quantum
numbers m and n. The charge quantization condition tells us that these
charges are not arbitrary, but must correspond to the sites of a discrete charge
lattice with periods eg and eg7T in the complex plane e + ¢g as is shown in
Fig. 2.1. Any other value of these charges would be forbidden. Therefore, the
original, continuous SO(2) dual symmetry is broken down to a new discrete
group of transformations of the quantum numbers m and n [472]. A site on
this lattice can be represented by a vector from the origin (0,0) to this point.
The basis vectors of this lattice are chosen to be from the origin to the points
(0,1) and (1,0). However, this choice is not unique, since any “primitive
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)

can be taken as a vector of an alternative basis”. Obviously, there is
an infinite number of primitive vectors on the lattice. Figure 2.1 shows that,
for example, all points with m = +1 and arbitrary integer n correspond to
such vectors. If m = 42, every second lattice site gives a primitive vector,
etc. More generally, any pair of non-collinear primitive vectors e, e(7" form
an alternative basis on the charge lattice and

vector’

667’ = aegT + beg, 66 = ceoT +deg, (2-141>

where the parameters a,b,c,d € Z. On the other hand, the vectors eg, eqT,
which form the old basis for this lattice, can be written via a linear com-
bination of ef, e(7’, i.e., the determinant of the matrix must be equal to
+1:

ab
det (c d) =41. (2.142)

We may fix the sign to be positive, then the transformations (2.141) form
the group SL(2,Z), whose quotient by its center Z, is called the modular
group or the Mobius group. The need for the quotient Zs is caused by the
invariance with respect to the simultaneous change of sign for all parameters
of the transformations (2.141).
The action of the modular group on the parameter 7 of (2.140) yields (cf.
(2.141)):
, ar+b
T—T = —
ct+d

which forms the modular group and preserves the sign of the imaginary part
of 8. This transformation relates the parameters eg and 6 for different choices
of basis. We shall discuss a nice geometrical meaning of this transformation
in the next chapter.

Recall that the modular group SL(2,Z) is generated by two elements

(2.143)

T: 7—-71+4+1, S THfé. (2.144)
Obviously, T' generates a shift of the #-angle according to 8 — 6 + 2m, and
S, for the particular case of § = 0, corresponds to the transformation of
electromagnetic duality e — —1/e discussed above®.
Finally, we briefly consider the action of the modular group SL(2,7Z) on
the quantum numbers m,n. As a result of this transformation, we obtain a
new state

7 A vector from the origin O to a point of the lattice site A is a primitive vector
if the line OA crosses no other lattice site.

8 For historical reasons this transformation is referred to as S-duality; although
the complex compact parameter 7 was used for the first time in the model on the
lattice [160], in the string theory its analog is a dynamical field variable usually
labeled as S [216].
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(D= ()-(() e

Thus, the transformations of the modular group not only replace one set
of basis vectors for the charge lattice by another, but transforms a state
with some quantum numbers m,n into another state with different values
of the electric and magnetic charges. For example, transformations of the
modular group connect a state with a pure electric charge (that is the state
corresponding to a primitive vector (0, 1)) and having the quantum numbers
m =0, n =1 and all other primitive vectors for a charge lattice:

(ea) ()= () e

Note that if b = 1, then there are dyon states with unit magnetic charge and
. . . 1 . .
an arbitrary non-quantized electric charge: ( d)' Later we will consider such

dyons in more detail.



3 Topological Roots of the Abelian Monopole

3.1 Abelian Wu—Yang Monopole

Recall from Chap. 1 that the monopole vector potential cannot be smoothly
defined everywhere in space. At the same time the electromagnetic field
strength tensor is defined globally and we can expect that the singularity
of the vector potential has no physical meaning' and that there is a math-
ematical description that does not involve non-physical singular expressions
of any kind.

Indeed, the Dirac potential can be considered a distribution rather than a
standard function of coordinates. Applying this formalism, we can prove that
in this case all anomalous contributions to the physical observables vanish.
One example is the calculation of the commutation relations (2.15) by mak-
ing use of the point-splitting method. However such calculations are rather
involved.

There is another possibility of constructing a non-singular theory of the
Abelian monopole, which was discovered by T.T. Wu and C.N. Yang in 1975
[529]. The great interest of this theoretical construction is due to the fact
that it touches the very foundations of field theory and provides a new insight
into the connection between topology and physics. This elegant topological
description is given in terms of differential geometry, which perfectly mirrors
the underlying physical situation.

Before going into this formalism in more detail, let us briefly describe
the original description of an Abelian monopole which is due to Wu and
Yang. The basic observation is that the direction of the monopole string is
defined up to a gauge transformation. Then a singularity-free description can
be constructed, if we give up the traditional parametrization of the space R?
surrounding the monopole, by a single set of coordinates. Instead let us divide
R3/{0} into two slightly overlapping hemispheres, say the north hemisphere
RN and the south one R®. The intersection, i.e., the “equator”, is a region
RN N RY and the entire space surrounding the monopole now consists of
two parts, each being parameterized by a separate set of coordinates (see

! However there is obviously a physical singularity at the origin {0}, where the
monopole is placed. In the following, we shall suppose this point to be removed,
that is, we consider the space R?® as removing just one point: R*/{0}.
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X

Fig. 3.1. Definition of two hemispheres R™ and R® over the space R®/{0}

Fig. 3.1). Then, we can write two potentials A" and A® (cf. (1.54)), which
are singularity-free everywhere in the domains of their definition:

1—cosf _

AN = g0 <O<Zig:RV
9= smg & = 0<0<5+5:R 5.1)
14 cosf P '
AS:_QWGSD :>§_§<0§7TRS

In the intersection region RV NR®, both potentials are well-defined and there
is a gauge transformation (1.54) connecting them:

AS — A5 — 3-6_224699"V62“~‘”’ (3.2)
e
:_gl-i-COSQ,\LP 29 . _gl—coseé@EAN.

r sinf rsing *  r sinf

In particular, this definition provides us with one more elegant derivation
of the Dirac charge quantization condition. Let us consider a closed path [
lying entirely in the overlap region. If a charged particle passes along this loop,
then according to the charge-monopole interaction term in the Lagrangian
(1.38), the corresponding wave function picks up a phase factor

T

e/dtr.A(r)zey{dr-A(r). (3.3)

0 l



3.1 Abelian Wu—Yang Monopole 69

This is actually a piece of the action of a particle in a monopole field that
describes the interaction, and under the vector A here we can understand
either form of the potential: AN or A of (3.1).

However, it appears the effect of the interaction is different for these
Potentials, since within the domains of their definition they are regular, and
we can apply Stokes theorem to write

e%dr-AN(r):e/ds-[VxAN]:e/ds-B,

l RN RN
e%dr-AS(r):—e/ds-[VxAS]:—e/ds~B, (3.4)
l RS RS

where the minus sign is due to the opposite orientations of the elements ds
of the surfaces. Thus, in the overlap region the action is defined up to a term

AS =e / ds-B:e/d3rV~B:47reg, (3.5)
RNURS v

that must not affect a physical observable of any kind. Here we applied the
Gauss theorem to transform the integral over the surface s into a volume
integral and made use of Maxwell’s equation for the magnetic field generated
by the monopole.

Let us recall that in quantum theory, the Lagrangian can not to be invari-
ant under the gauge transformation in general, unlike the corresponding path
integral. In other words, a physical amplitude is defined by the exponent of
the action ~ exp{iS}, which remains invariant if the change of the action is
a multiple of 27, that is, we again come to the charge quantization condition
(2.6):

AS =4mweg =2mn, eg= g, new.

We can come to the same conclusion if we note that the wave function
of a particle in a monopole field depends on the gauge. In the overlap region
RN N R®, both forms of the potential AY and A® are regular and therefore
the corresponding wave functions are connected there via the gauge transfor-
mation (1.54)

wS _ UwN — eQiegapr. (36)

Here, each of the wave functions ¥V and ¢° must be single-valued in the
hemispheres RN and R, respectively. Let us again consider the closed path
[ in the overlap region. Then the azimuthal angle ¢ increases from 0 to 27
and we have?

©%(0)=™N(0),  @¥(2m) =™ 9N (27). (3.7)

2 We shall discuss adequate mathematical language of fiber-bundles and sections
below.
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Therefore, the wave functions are single-valued only if the phase factor is a
multiple of 2. Again, we arrive at the Dirac charge quantization condition
(2.6).

3.2 Differential Geometry and Topology

In this section we would like to discuss briefly some of the mathematical
notions used in this book. We would like to point out from the very beginning
that we shall not provide mathematical rigor, preferring instead to present the
ideas in practical use. We refer the reader wanting more information about
the language and theorems of modern differential geometry, topology and
fiber bundles to the books [7,9,17,21,22,28], the review [207] and references
therein.

3.2.1 Notions of Topology
Manifolds

We begin our discussion by going back to the fundamental concept of a
manifold. Simply speaking, manifolds are generalizations of Euclidean spaces
and the basic property of a manifold is that locally (i.e., in the vicinity of a
point in the manifold) they look like a Euclidean space R™. In the following we
shall discuss three kinds of manifold, having increasingly more sophisticated
mathematical structures: topological manifolds, differentiable manifolds and
complex manifolds.

The simplest is the topological manifold. This is a structure necessary to
define the notion of continuity. In fairly general terms, a topological manifold
is defined as a structure on a set of points X, which locally looks like a piece
of R™. We can consider a collection U, finite or infinite, of open subsets {U; }
of the set of points X. The collection of subsets defines a topology on X if the
subsets {U;} are closed under finite intersections and arbitrary unions, and
if the empty set {0} and X itself are also included in U. Then X, or more
precisely the pair (X, U) is called a topological space.

This definition allows us to consider a continuous map of one topological
space onto another, ¢ : X — Y. The notion of continuity here means that
the function ¢ must be continuous. This means that we can define an inverse
map ¢~ !(V;) of an open set V; in the space Y and such an inverse map shall
be an open set in the space X. Obviously, for a standard Euclidean space R™
this agrees with the usual € — § calculus.

The topological space X is a topological manifold if it can be covered
with the family of open sets {U;}, such that for each subset we can find a
continuous map to Euclidean space ¢; : U; — R™ with a continuous inverse
map (bi_l. The pair (U;, ¢;) is known as a chart on X, since the vector field
¢; provides natural local coordinates for points of U;. Note that two different
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X,

Fig. 3.2. Charts and transition functions of the topological manifold X

maps ¢1, g2 can overlap in some region. The two charts are compatible if the
overlap maps ¢10¢, " and ¢y0¢; * are continuous (see Fig. 3.2) and the set of
compatible charts {U;, ¢;} covering the topological space X (i.e., X = U;U;)
is an atlas. The topological manifold X is compact if every collection of sets
U; that covers X has a finite sub-cover.

Using the definition of topological space we can define a differentiable
manifold, which has a somewhat more refined structure. Here the notion of
differentiability appears. This additional structure is required since the map
f X — R can be analyzed in terms of its coordinate representation in region
U, fo qS;l : ¢;(U;) — R. However, a function in a coordinate representation
can be differentiated using standard multi-variable calculus.

Now let us consider the overlap region U; N Uj;, where we can use two
different coordinates in R™ and we have two different representations f; =
fo ¢i—1 and f; = fo qu_l. Obviously, both coordinate representations should
be equivalent. More explicitly

fi=fog;i' =fog; o(di00; ), (3.8)

where we introduce the composite mapping (¢; o qbi_l) : R™ — R", which is
called the transition function. Thus, the additional structure that appears in
comparison to the definition of a topological manifold, is the restriction on
the transition functions to be infinitely differentiable in the ordinary sense
(so-called C*-functions).

To complete this part of our discussion we note that we are speaking about
a complex manifold if we replace the real space R™ by a complex space C™.
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Just as a differentiable manifold is connected with the notion of differentiable
functions, a complex manifold is connected with the notion of holomorphic
functions f : X — C. The argument is completely analogous to the reasoning
above, but the condition on the transition functions (¢; o ¢; ') now has to
satisfy the Cauchy—Riemann equations.

In a given path on any even-dimensional manifold we can introduce local
complex coordinates and the only restriction is that the transition functions
from one region to another, expressed in terms of local complex coordinates,
must be holomorphic maps. It should be stressed that the property of holo-
morphism is actually very restrictive, since the statement that a function
analytically depends on a set of complex variables is much stronger than the
statement that a function depends on a double set of real parameters. There-
fore, many of the properties of a complex manifold are closely connected with
the property of holomorphism.

Let us consider a few standard examples of manifolds and maps that
ultimately match the physical situation of a magnetic monopole. The most
simple example is a map of a one-sphere X = S! onto a line Y = R! (see
Fig. 3.3).

Let us prove that a circle, which is a real differentiable manifold, is locally
Euclidean. Since S! is a subspace of R? we can parametrize it by two coor-
dinates (z1,22): S = {(z1,22) € R? : 27 + 23 = 1}. Let the point N = (0, 1)
be the north pole and the point S = (0, —1) be the south pole of S*. Now we
can introduce two open sets (coordinate patches) in R? by extraction from
the circle of either the north or south pole:

>
M

Fig. 3.3. Stereographic projection S* — R!
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Uv =R*/{S}, Us=R?/{N},

and define two maps by

on(z1,22) : Uy — R',  where ¢n(z1,22) = T $1x ;
— X2
and -
U, R! hi = .
¢S($17l’2) s — 9 where ¢S($17I2) 1+.’,U2

Thus, we introduce a local Euclidean coordinate for a point (x1, z2). Actually
this is the well-known stereographic projection from a circle. Moreover, by
introducing a local coordinate y on the line R!, we can write the inverse
continuous transformations

S ) R Uy, where 63'(y) = 20y 120 (3.9)
N . N, N 1 + y2 ’ 1 +y2 9 .
and
_ _ 2y y?-1
1y . ol 1,0\ —
¢g (y) :R* - Ug, where ¢g (y) = <y2+1’y2+1> : (3.10)

Note that now the patch intersection region is the whole circle except for two
points: Uy NUg = S*/{N,S} and there we have ¢n(Uy NUs) = ¢ps(Un N
Us) = R'/{0}. The transition functions which map a local coordinate in one
patch to those of another patch are therefore simple

¢SO¢I—V1:¢NO¢§1:§. (3.11)

Furthermore, we referred to the circle S' as a subspace of two-dimen-
sional real space R2. The reason is that it can be promoted to the complex
plane C, if we introduce the operation of complex multiplication. Then S is
identified with the set of complex numbers U = €'* of modulus one, which
is closed under the complex multiplication U(aq)U(a2) = U(ay + ag) and
inversion U~!(a) = U(—a). Thus, the complexification of the topological
space directly leads to the Abelian group of transformations. Let us note
that we can write a local complex coordinate as z = x + iy. Then, complex
multiplication yields

— _ -1 _ €z Y
2122 = (122 — Y1Y2, T1Y2 + X2y1), 2T = (xg r 2 2 +y2> )
when we write a complex number as the pair z = (z,y).
A straightforward generalization of the first example is a map of the two-
sphere
S% = {(x1, 29, 23) € R®, 22 + 22 + 22 =1},
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X

X,

O x X%

X,

S

Fig. 3.4. Stereographic projection S% — R?

onto a plane R? (see Fig. 3.4). Again, it is most convenient to introduce a
couple of two-dimensional patches by means of a stereographic projection
from the north N = (0,0, 1) and south S = (0,0, —1) poles, respectively. By
analogy with the S' sphere considered above, we can write the maps

on(z1,22,23) : Uy — R?,  where ¢y (21, 22,23) = o ; T2 ,
1-— I3 1-— I3

and

ps(x1,22,23) : Us — R®,  where ¢g(z1, 32, 33) = <1fm$, lfxg) ;
which defines the local Euclidean coordinates in the patches. Thus, geomet-
rically, the map ¢ is the intersection with the horizontal x1, s plane of the
straight line joining the points N and (z1, z2, z3) (see Fig. 3.4), while the map
¢s is the intersection of the line joining the pole S and the point (z1, zq, 23)
with the same plane. A simple calculation yields the inverse transformation
taking a point (y1,%2) from the plane R? onto the sphere S?

21 2y 1—y3 —y%)
T+yi+y3  1+yi+y3 " 1+yi+u3

SN (Y1, 42) = (

z+Zz zZ—2z 1—2z2Zz
) 0 5 - 3.12
<1+zz Zl—!—zZ 1—|—zz> ( )
and
65 (y1, 92) ( 2y 2y y%—i—y%—l)
’ T+yi+ys 1+yi+ys yi+ys+1
Z2+Z Z—z zz-—1
] 3.13
<1+zz721+zz’zz+1) (3.13)
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where we define a local complex coordinate z = y; + iys, Z = y1 — iy2 in two
patches. Once again, this identifies a real two-dimensional space R? with the
complex plane C. The transition functions for any point z # (0,0) are

| =

)

_ _ Y1 Y2
¢SO¢ 1:¢NO¢) 1_< ) >_
N s ity vl +us

and, like S*, the sphere S? is equivalent to an extended complex manifold, a
plane with a point at infinity C* = C U {oo}. The difference is that there is
no natural way to introduce a group structure on the two-sphere.

Our last example is a real two-torus T2 = S' x S', which is a Carte-
sian product of two circles. We can introduce two charts (Ui(l),gbgl)) and

(UZ@), gbl@) for each of these circles in exactly the same manner as before.
Then, the collection of sets that cover the torus is defined by the product of
the charts
1) 0 2) (2 1 2) (1 2
UV, 6") x U, 6(?) = U x UP, 67 x 6?).

Moreover, since each of the circles S! is a set of complex numbers of mod-
ulus one, which is closed under complex multiplication, we have a simple
parametrization of T2

T2 = {eio‘leio‘2 = ¢Hlartaz) . oy, 09 € R} .

A remarkable property of the two-torus T2 is that it can be described in
terms of an elliptic curve. Since in the following we shall use this language
to describe multimonopole configurations, let us consider this notion in some
detail. A complex (elliptic) curve of genus one is defined by the cubic equation

y? =2 +ar+ 3, (3.14)
where «, 8 € C. The coordinates z and y can be thought as a meromorphic
two-periodic function W(z) of the complex argument z and its derivative
dW /dZ, respectively. This allows us to set a correspondence between the
algebraic equation (3.14) and the differential equation

aw\* 5

— | =4W?° —aW - 3. (3.15)

dz
A general solution of this equation can be written in terms of the Weierstrass

function [12], which is periodic on the torus obtained by the compactification
of the complex plane:

1 1 1
W(z)=— - :
(2) 22 * ; { (z — 2mwy — 2nw9)?  (2mwi + 2nws)? }
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® ®

®, T T+l

,

a

Fig. 3.5. Equivalence between the spaces C/{2 and a two-torus T2

Here 2wy, 2w, are two periods and we suppose that the parameters of the
differential equation « and § are functions of the semi-periods w; and ws.
The asymptotic behavior of the Weierstrass function W(z) is ~ 22.

The corresponding compactification of the complex plane on a torus can
be constructed by a quotient C/{2 of a complex plane by a lattice 2(wy,ws) =
{nwi + mwzln,m € Z}, as illustrated in Fig. 3.5. The lattice divides the
complex space C into parallelograms that share boundaries. The orbit of a
point z € C is a map z — z + nw; + mwy. Now we can identify the opposite
boundaries since they belong to the same orbit that provides a two-torus T°2.
Two points in the plane wy,ws generate the entire lattice and are called a
basis of it. Note that the choice of a basis is not unique. It is defined up to a
transformation of the complex Mé&bius group SL(2,C)

() () ().

Here a, b, ¢, d are complex parameters and we fix the determinant of the ma-
trix of transformation ad—bc equal to unity. Thus, the complex M6bius group
SL(2,C) is parametrized by six real parameters. Note that this complex finite
transformation generalizes the corresponding transformations of (2.145) with
three real parameters that arise in the context of the dual transformations
on the charge lattice.

The transformation (3.16) relates any torus generated by a lattice
£2(w1,w2) to that of a torus generated by a fundamental lattice £2(1, 7), where
7 is an element of the upper complex half-plane defined as
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w
r=22, Im7>0. (3.17)
w1
Then the different choices of a basis for the lattice {2 are related by fractional
linear transformations and all such bases correspond to the same elliptic

curve:
ar+b
—_—

cr+d’

(3.18)

Homeomorphism, Diffeomorphism and Biholomorphism

Let us consider two different manifolds X and Y. The practical question is
whether they are identical or different from each other. That is exactly the
main aim of topology: to classify spaces with certain properties. Actually, the
equivalence between the manifolds X and Y can be established by comparing
the structures we considered above. If X and Y are topological manifolds we
can identify them if they satisfy the same notion of continuity. In a more
formal way, we shall call them homeomorphic to each other if there is a one-
to-one map ¢ : X — Y having an inverse ¢! : Y = X such that both ¢
and ¢! are continuous. Such a map is also called a bijection. We may un-
derstand the homeomorphism as a simple distortion of one topological space
into another. The important consequence of the equivalence between a map
and its inverse is the property of transitivity. Indeed, if X is homeomorphic
to Y and Y is homeomorphic to T, then the composition of these two maps
makes X homeomorphic to 7. Thus we can divide all topological manifolds
into equivalence classes.

If we consider X and Y to be differentiable manifolds, in order to be iden-
tical they must not only be homeomorphic, but the map ¢ and its inverse
¢~ ! must be continuously differentiable. If such a map exists, then X and
Y are called diffeomorphic and ¢ is a diffeomorphism. In the same way, we
can establish an equivalence between two complex manifolds. If there is a
holomorphic map ¢ : X — Y and its inverse ¢~! : ¥ — X is also a holo-
morphic map, we can say that these two complex manifolds are isomorphic.
Such a map is called biholomorphism. Actually, the structure of the complex
manifolds can be rather complicated, since there are some homeomorphic but
not diffeomorphic manifolds. Moreover, there are also complex manifolds X
and Y that are diffeomorphic but not biholomorphic, that is they are equiv-
alent as differentiable manifolds but not equivalent as complex manifolds. A
famous example of such manifolds are two tori 72 generated by the lattices

“Q(wlvw2) = ((L 0)’ (07 1)) ’ Q/(wllaw/Q) = ((170)7 (Oa 2)) .

Now we can introduce local coordinates (ap,as) and (of,ab) on X =
T?(aq,0) and Y = T?(a}, o). Obviously, as differentiable manifolds these
tori are equivalent, since there is a diffeomorphism

¢: X =Y, (a1, ah) = ¢(ar, ag) = (a1,202).
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However, we can parameterize these tori by local complex coordinates z =
ay +iag and w = of + iad, respectively. Then the map

w=¢(z,2) =— — =

is not a holomorphic function of z. Two tori would have the same complex
structure if the value of the parameter 7 = wq/w; were the same for both X
and Y.

Homotopy and Homotopy Groups

The notion of homeomorphism allows us to separate the topological spaces
according to equivalence classes and it is now necessary to understand how
to characterize any particular equivalence class. We can thus decide whether
two topological manifolds are the same or different.

Now we can consider a “one-way” map ¢1(z) : X — Y, which has no
inverse. If there is another map ¢o(x) : X — Y and the function ¢;(z) can
be continuously deformed into ¢2(x), the map ¢ (z) is considered homotopic
to ¢a(x). More precisely® ¢1(x) ~ ¢o(z) if there is a continuous family of
functions f(x,t) parameterized over the product space X x [0, 1]:

f:Xx[0,1]—-Y,

where f(z,0) = ¢1(x) and f(x,1) = ¢2(z). Thus, when a parameter ¢ € [0, 1]
varies from 0 to 1, the map ¢1(z) is deformed into ¢o(z). The family of
functions f(z,t) is called a homotopy. Obviously, the homotopy is an equiva-
lence relation and it divides the space of continuous maps from X to Y into
equivalence classes.

The idea of classifying topological spaces is to compare spaces Y that
are different in the sense of homotopy with the same “reference space” X. A
standard choice is to set X = S™, since the n-sphere has very simple topolog-
ical properties. Two topological spaces X and Y are said to be homotopically
equivalent, if there exist continuous maps f, g that satisfy

f: X=>Y, g:Y — X,

and f og ~ Iy (an identity on the space Y), and g o f ~ Ix (an identity on
the space X). The advantage of this scheme is that the equivalence classes
reveal a group structure.

However, before we consider these structures, let us give an example of
homotopic spaces. From the point of view of topology, there is no difference
between the space R™ with the origin extracted, X = R"™/{0}, and the sphere
Y = S"7L, that is R"/{0} ~ S"~! (see Fig. 3.6). Note that this homotopy
is very important for our considerations since the space of a theory with
an Abelian monopole is exactly R3/{0} ~ S2. To prove this homotopy, let

3 We shall use the standard symbol ~ to denote homotopic maps.
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R3/{0} s?

Fig. 3.6. Homotopic map R*/{0} — S§*

us construct two maps f : R*/{0} — S""! viaz — & = z/|z| and g :
St — R"/{0} via * — {x,|z| = 1}. Then there is a continuous map
F(z,t): X x[0,1] — X, where F(z,t) = (1 — t)z + tz/|z| with F(z,0) =«
and F(x,1) = go f = z/|z|. Therefore, go f ~ Ix and f o g ~ Iy, which
completes the proof of homotopy.

There is an important example of a homotopic map ¢ : S' — S' that
could clarify the criteria to characterize any particular equivalence class. Let
X be a unit circle in R2. It can be parameterized by an angle 6 € [0, 27],
where the points § = 0 and 0 = 27 are identified. Let us consider the map
¢:X — Y where Y = U(a) ~ S! is a set of unimodular complex numbers
U = e, that is, the group space of U(1). To classify such mappings of a
circle onto a circle, let us consider the continuous function

¢(0) = exp{i(nd +0)},  ¢(0): 5" — 57, (3.19)
whereby a particular value of # is mapped into e*® as e("?*9) This mapping
generates a homotopy class for different § and fixed integer n. Indeed, the
map ¢o(f) = e("*+%) is homotopic to ¢1() = e ("0+91) since there is a
continuous family of functions

F(6,t): X x[0,1] — Y,

where the homotopy is F(0,t) = exp{i(nf + (1 — t)do + td1)} with F(0,0) =
60(0) and F(0,1) = 61 (0).

Clearly, the function ¢() maps a circle in the space R? onto the group
space of U(1). However, when 6 varies from 0 to 2, that is when we complete
one turn around the circle S* in R2, the circle in the group space is covered
n times. We refer to n as the winding number, which is a characteristic of the
homotopy class.

Indeed, for a given mapping ¢(#) : St — S!, the winding number can be
expressed as

i o,
nf—w/dt%j) oL (3.20)
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We shall see that this integer exactly corresponds to the magnetic charge of
an Abelian monopole, which can be promoted to a topological charge.

The power of homotopy is that this notion reveals a group structure on
the topological spaces. Indeed, the notion of continuity can be used to define
classes of simply connected manifolds. These have to satisfy that: (i) any two
points of the given manifold can be connected by a continuous curve and (ii)
any closed curve (a loop) can be shrunk continuously to a point. If only the
first requirement is fulfilled, then the manifold is called linearly connected.
The circle S! is an example of a linearly, but not simply connected manifold. If
a function f is single-valued in some region of a simply connected manifold, it
can be continued to the whole space along paths connecting the points of this
region with any other point. The condition for f to be single-valued requires
that for any two points z¢ and x, continuations of f(xg) along any path
connecting these two points must give the same result, f(z). In particular,
the continuation along any closed curve going through xy must lead to the
initial value f(zq). This is automatically true if any two paths connecting
o and x can be deformed into each other, i.e., all paths are topologically
equivalent (i.e., homotopic).

If we introduce a parameter t € I = [0, 1] along the loop in a topological
manifold X, it can be formally defined as a continuous map (t) : I — X,
such that v(0) = (1) = z9 € X. The point xq is called a base point of
the loop ~(t). Now we can call two loops «(t) and 3(s) based at the same
point equivalent or homotopic if one loop may be continuously deformed into
the other, that is if there is a continuous map H(¢,s) : [0,1] x [0,1] — X,
s,t € [0,1] such that H(0,s) = H(1,s) = xo, H(t,1) = B(t), H(t,0) = a(t).
The map H is called a homotopy between the loops a and § and we can
consider the equivalence class [a] of all loops homotopic to a.

It is important that we are also able to define multiplication of such
mappings. Indeed, a product of two loops can be defined as

a2y i 0<t<1/2
aoﬁ_{ﬁ(%l) it 1/2<t<1 1.

There is an inverse loop a~!(t) = a(1 —t) (the loop in the opposite direction
to @) and the unit element I(t) = xo (see Fig. 3.7).

Note that the product of a loop with its inverse is not the identity and
therefore loops themselves do not admit a group structure. However, the
complete set of group axioms are satisfied by the equivalence classes of loops
[, since the product of a loop and its inverse is a loop that can be shrunk
continuously to the base point g, that is a0 a™! ~ I. Such a group is called
the first homotopy group w1 (X) (also called the fundamental group) of the
topological manifold X.

The first homotopy group is called nontrivial if it consists of more than
one element. In this case, there are contours that cannot be continuously
shrunk to a point. Thus a non-simply connected space is precisely the space
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' X ~ %
XD
‘a i i . a% } o .
% X,
Xy
Fig. 3.7. Products of the loops a(t) o 5(t) and aoa™' ~ T

with the nontrivial first homotopy group. In the case of the mapping of a
circle S* onto S*, we have (cf. (3.20))

7T1(Sl) =7Z.

If we consider the mapping of a loop into the sphere S?, the fundamental
group 71(S?) is trivial because the sphere is simply connected and any loop
there can be continuously deformed to a point. This is also the case for the
n-sphere, m1(S™) = 0 for n > 2.

A straightforward generalization of 1-loops to the n-dimensional case pro-
vides the higher rank homotopy groups. We can define an n-loop in X as a
continuous map of a sphere S™ into a topological manifold X. The corre-
sponding homotopy group is 7, (X).

3.2.2 Notions of Differential Geometry

So far we have discussed rather general topological properties of the manifolds
and not geometry. To refine our discussion and bring in geometry we have
to add an additional structure on the differentiable manifold, a geometric
structure. Such a manifold equipped with a geometric structure is called a
Riemannian manifold.

Let X be an n-dimensional differentiable manifold. To introduce a geo-
metric structure on X, we must consider a wvector field V' on it. Fairly
generally, such a vector field can be introduced as a map that establishes
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a correspondence between each point p on X and a vector v(p), namely
v:X — V;p— v(p). Obviously this defines a tangent space T,,(X) that
yields closest linear approximation to X at the point p. More precisely, we
can define T,,(X) in a patch with local coordinates z*, if we introduce a ba-
sis of linearly independent partial derivative operators of translation in the

direction x;
0
— . 21
{ ox! p} (3.21)

Thus, the tangent space has the same dimension as X. Then, the “velocity”
vector v € Tp(X) is v = v*(9/0z")|, and the space of all velocity vectors
forms the vector field V = T,(X) on X.

The next step is to define a dual vector space V* consisting of all real linear
maps on V. An element of this space w is called a one-form. It is a linear map
w:V — R" v(p) — w(v) that sets an element of V" into correspondence with
a real number. For example, the differential of a function df = (9/9x%) f (x)dz’
is such an element of V* = T, (X). Therefore, a convenient basis for V* is

dual to (3.21):
{dml } : (3.22)

where the space dual to T},(X) is defined as T, (X ). The inner product defines
a duality between the spaces:

In such a basis an element of the space 7,/ (X), a one-form w, can be written
as

0

’...77”1‘
» ox

n
e dr
P

w=widz' € T, (X). (3.23)

The components w; are dual to the components of the vector v in T),(X) and
the action of a one-form on a vector is defined via the inner product:

(w,v) = (widxi7vj(£j) = wvt. (3.24)
We shall see that the underlying geometry of monopoles requires us to
consider a complex differentiable manifold rather than a real one. Thus we
briefly describe the extension of the formalism to complex manifolds.
Obviously, a complex manifold has an underlying real analytic structure.
Thus, if X has a complex dimension d = n/2, the r-form on X can be defined
in exact analogy with the real case. The complexified tangent space Tp,(X ©
is defined as a space of complex vectors v = Ui(a/axi)’p € T,(X®), where

the components v’ are now complex numbers. In analogy with the expression
(3.21), we can introduce a basis in the tangent space. However, it is convenient
to rearrange the basis vectors on Tj,(X®) to be linear combinations
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o], 0] 1ol .o

2 axlp Yopdr | &Edp Yoz2d |

11 0 .0 1| 0 )
2l8x1_axd+]2[6md_&v?d]} (329)

or, in terms of complex coordinates z* = 2% + iz@t* z = gF — 2@tk | =
1,2,...,d, the basis on Tp(X(C) is
} . (3.26)
P

9
0z1

A standard convention is to label the tensor indices, which correspond to
the conjugated coordinates z, as “bar”’-indices, e.g., i. Then a complex vec-
tor, which is tangent to the complex manifold X© at the point P can be
decomposed as

0

,...77d
» 0z

0

ai,l
paz

0

v Azn
» 0z

;0

K2
v =" ——
0zt

; 0

V' —
0zt

+
p

)
p

that is v = (v, v%).
We may also decompose the holomorphic and anti-holomorphic directions
in the complex tangent space

T:D(XC) = Tp(X(LO)) + Tp(X(OJ)) )

where the holomorphic part Tp(X(l’O)) and the anti-holomorphic part

T,(X V) have the bases
0 0
a1 , and {_1 } )
{ 0z » } 0z »
respectively. Both holomorphic and antiholomorphic tangent spaces have the

complex dimension d.
Again, we can define the space T (X©) dual to T,(X©) with the basis

{dzl } : (3.27)

where dzF = dz* + idx?*, dz = da* — idx?*, k = 1,2,...,d. This space
can also be decomposed into holomorphic and anti-holomorphic subspaces.
Note that the consideration of the tangent space T,,(X) allows us to define
a new type of manifold that is more general than the notion of the complex
manifold. This is a so-called almost complexr manifold, which is related with
a complex structure not on the manifold X itself, but on the tangent space
T,(X). If at each point p of a differentiable manifold, a complex structure is

0

7...’7d
» 0z

0

ye 9 a=d
» 0z

dzt

p

d
yee.,dz
P

~d
oo, dZ
P
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defined in the space T},(X), the manifold has an almost complex structure and
is itself called an almost complex manifold. One may define an almost complex
structure as an isomorphism of the tangent space I : T,(X) — T,(X), such
that a second-rank tensor I;;(z) with real components satisfies the relation

I; 1% = —6F.

If the torsion on the space XC is vanishing, that is I is covariantly constant,
the tensor I is called a complex structure and X is reduced to be a complex
manifold with holomorphic transition functions in all charts.

Furthermore, one may define an almost quaternionic structure on a mani-
fold as a set of three linearly independent almost complex structures I(™),
n = 1,2, 3 that are covariantly constant and satisfy the quaternionic algebra

1T = 5, + Emnid (k) -

The manifold equipped with an almost quaternionic structure is called a
quaternionic manifold. We shall see that the geometry of monopoles is closely
related with properties of this space.

Differential Forms

The advantage of differential forms is that their notation is independent of
the particular choice of coordinate system. This provides a very clear and
simple description of the geometrical structure of the manifold.

We can generalize the notion of differential forms introduced above. A
one-form is a real-valued linear map acting on 7,,(X). Now we can define an
r-tensor, which is a real-valued multi-linear map on the space T,(X) ® --- ®
T,(X) (with r factors of T,(X)). Furthermore, a tensor of type (r,q) can
be defined as a real multi-linear map acting on the product space T,(X) ®
e RTHX)@TH(X) ®--- @ T, (X), where there are r factors of 7;,(X) and
q factors of Tj;(X).

We saw that the dx’ form a basis for the one-form on X. Analogously, a
basis for a two-form can be constructed as a bilinear map

dr; @ dzj : Ty(X) @ T,(X) — R?,
according to

Ok’ dxl

Let us now introduce the antisymmetric wedge product

dxi®dxj( 0 8) = 5167

da' Nda? = (da' © da’ — da? @ da’) . (3.28)

By definition, we have dz® A do? = —da? A dz® and da® A dot = 0. Tt is
easy to show that the wedge products dx' A dx?, i < j are linearly indepen-
dent and therefore form a basis. The generalization to higher wedge products
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being totally antisymmetric tensor products yields differential forms on an
n-dimensional manifold X

0 — form w=w(x),
1 — form w = w;(z)dz"
1 . .
2 — form W= 5yWis (z)dz' A da? |
1 i i i
r—form w= —'wiln_ir(x)dz Az AL dat. (3.29)
7!

The wedge product vanishes if the rank r of the totally antisymmetric tensor
Wiy ... (x) exceeds the dimension n of the manifold X.

Now let us note that the set of all r-forms A" (V) on the n-dimensional
tangent space T),(X) itself forms a vector space of dimension

dim A™(V) = (") __n

There is a natural differential operation that transforms an r-form on X onto
an (r + 1)-form on X. This is the map

d: A" (V) — A" (V)

called exterior differentiation. Explicitly, in local coordinates this map is given
by
d;WHdw:l'dede“A---Adx“. (3.30)
rl  Ozk

We can see that because of the antisymmetry of the wedge product, this
operation is niltopent, that is d?w = 0 for any w. If there is an r-form w such
that dw = 0, then this form is called closed. Now two possibilities arise: either
w is ezact, which means that it can be written as w = da for an (r — 1)-form
«, or w has no such representation. The Poincaré lemma states that any
closed form can be locally expressed as an exact form. We shall see that this
statement is directly related to the monopole in R?/{0}.

The vector spaces A™(V) and A"~ "(V) obviously have the same dimen-
sion. There is an isomorphism between these spaces known as the Hodge star
operation

AT AT (3.31)

To write an explicit form for this operation, we must further develop our
discussion of the geometric structure of a differentiable manifold X. We can
define an operation that is inverse to the exterior derivative of an r-form w.
It is the integration on a Riemannian manifold X. A nice property of the
differential forms is that they automatically give a measure of integration on
X. Let us consider an n-form
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Q=dz' Ndx? Ao Ada™.

Then a volume integral over a function f(z1,...x,) of local coordinates in a
coordinate patch U; becomes:

/f Q:/f(xl,xn) d$1d$2,...,d$n7 (332)
Ui Ri

that is, the n-form 2 is a volume element of the n-dimensional space. Such
an integral can be computed for any particular patch, and for an open set of
patches covering X we can define a volume integral over the whole manifold.

In addition to the two-form, which is defined as an antisymmetric bilinear
map, we can consider a symmetric positive bilinear map

g:T,(X)@TH(X) — R?, (3.33)

which is called a metric on the real differentiable manifold X. In local coor-
dinates it can be written as g = gijd:ci ® da7, where 9i; = gji- This allows us
to use the notion of distance on X by measuring lengths of tangent vectors
at the point p(x) in the usual way: ds? = gijdxidxj, where ds is the distance
between the points z and x+dz. It is known that any Riemannian manifold is
a metric space with the positive definite metric tensor g;;. For a given metric
on X we can calculate the Christoffel symbols

i 9l (aglk n 915 3gjk->

jk:2

Oxi  Oxk ozl

which defines a unique connection one-form I} = I'j, da.

The notion of the metric on the manifold X allows us to define so-called
isometries. Let T,(X) and T,(X) be two tangent spaces on X with metrics
g and ¢, respectively. The isometry I is a linear mapping I : T,(X) —
T,(X); p — I(p) that does not change the metric. For example, let us consider
two flat Euclidean vector spaces R*. The corresponding isometries are just
the transformations of the rotation group O(4). Isometries of the space with a
Minkovski metric are obviously transformations of the Lorentz group O(3,1).

Furthermore, let us consider the parallel transport of a vector around a
contractible closed loop on an n-dimensional Riemannian manifold using the
Christoffel symbols. The transported vector is related to the original vector
by some SO(n) rotations. The matrices of this rotation form a group that is
referred to as the local holonomy group.

Now we can define the Hodge star operation * of (3.31), which maps an
r-form w on an n-dimensional differentiable manifold with metric g onto an
(n — r)-form *w:

1 o o , ,
W kW = iy i |det glg™7t ... g" T wy, i dat A - Adat

rli(n —r)!
(3.34)
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where €;,. ;, is antisymmetric in all indices, with €p123..., = +1. This op-
eration formally defines the symmetric inner product of two r-forms «, 8 €
A™(V) by

(a,ﬂ):/a/\*ﬂeR.

X

If the manifold X is Riemannian, then the operation d has an adjoint d'.
This is the map
dh A" (V) = A" V), (3.35)

which is defined by df : w — dfw = (=1)""+"+1+5 4 d x w, where s is the
signature of the metric. Then we can introduce the Laplacian

A=dd' +d'd=(d+d)%. (3.36)
If this operator annihilates a form w, Aw = 0, such a form is called harmonic.

In the following we shall use the Stokes theorem, which we give here with-
out proof. Let X be an n-dimensional compact manifold with a nonempty
boundary 0X. Then for an (r — 1)-form w, we have the identity

)[dw - /w. (3.37)

o0X

Finally, we can simply consider a map between two differentiable mani-
folds
¢ XY, x— P(x).

The function ¢ here also induces a map of the corresponding tangent spaces,
¢s 1+ Tp(X) — Typ(Y). More precisely, if f(z) is a function on X with the
corresponding function f(¢(z)) on Y, then ¢, acts on the vector v € T,,(X)
as

(¢0)f = vf(o(x)).

This operation ¢, has a counterpart ¢* that maps forms from the dual
spaces T (X) to T (Y) when ¢ acts on the differentiable manifolds them-
selves. However, the forms are dual to vectors and therefore while ¢, transfers
a vector from X to Y, the map ¢* transforms a form from Y to X. More
precisely, if w is a 1-form on T(;p(Y), then ¢*w is a one-form on 7} (X), which
can be defined from the equation

(¢*W7U) = (UJ7 ¢*U)7 CAS T;D(X)’

where the inner product is defined according to (3.24). The map ¢*w is called
the pullback.
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Complex Differential Geometry

A further generalization is to define differential forms on a complex manifold
XC€ of complex dimension n/2. Since we have already introduced a basis
(3.27) of the dual complex vector space T;(XC), a complex r-form w can be
written as a linear combination of

dz A ANdZ® ANdFN - N dF
where r = p + ¢. Thus, w can be written as
w = wr,() +wr71,i + - +w0i7

where each summand, wy, 4, is labeled by the number p of holomorphic dif-
ferentials and the number g of anti-holomorphic differentials it contains:

ip,Jq
Wpg = p' o th g 2T A N2 NdET A N dED

11,71

This defines the so-called (p, ¢)-form on T (X) at the point p on X©.

Then the differential operator d naturally decomposes into a sum of two
operators of exterior differentiation in the holomorphic and antiholomorphic
directions: d = & + 0, where

0:wpg = Wptl,gs 0:wpg = Wpgtl,

and 89 = —09, 92 = 9% =

Finally, we can define a metric on X€ as a map
g:T(X% @ T,(X% —C. (3.38)

This metric includes holomorphic, anti-holomorphic and mixed components

(9 9 (2 9 _.(9 29
9ij = 9 02 923 ) 9i7=49 02 991 )’ 97 =49 82’1 825 3

such that gi; = gji, 9i7 = 97> 957 = Gij» Gi7 = 9
There is a particular case of the metric on a complex manifold. If the
functions g;; = gz = 0, the metric is called Hermitian:
g = giydz' @ dZ + g;;dZ" ® dz7 .
For such a metric we can build a complex differential (1, 1)-form on 7}, (X ©):
K =igi; dz' NdZ

and if this form is closed, that is
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dK =i(0 + 0)giydz' ANdz? =0,

then the form K is called a Kdhler form and the complex manifold X itself
is called a Kdhler manifold. The geometrical properties of such a manifold
turn out to be extremely simple, since the fact that dK = 0 implies that
locally we can write the Hermitian metric as a second derivative of some
scalar function F, the Kdhler potential:

i

9= 555 (3.39)

Indeed, the form of the metric on X© allows us to calculate the standard
Levi-Civita connection I’ in complex coordinates. Now, the condition that
the metric be of Kahler form leaves as the only non-vanishing components of
I}, only those indices that are all holomorphic or anti-holomorphic:

i7 OGmy 7 7 9Gimj

I' =g . (3.40)

r = .
fern zk km 077

However, the connection is responsible for parallel transport along a contour
on the complex manifold X©. The form of the Christoffel symbols (3.40)
implies that the decomposition of any tangent vector v onto the holomorphic
and antiholomorphic components remains the same after a parallel transport,
that is, the group of holonomy of a Kéhler manifold with real dimension 2n
is reduced to the unitary group U(n).

Furthermore, we can consider the hyper-Kéahler manifold equipped with
an almost quaternionic structure. This manifold possesses a Riemannian met-
ric that is Kéhlerian with respect to three almost complex structures on the
tangent space. It turns out that such a quaternionic manifold is directly re-
lated to the geometry of monopoles. We shall discuss these topics in Chap. 6.
For a hyper-Kéhler manifold with real dimension 4n, the holonomy group of
the metric is reduced from SO(4n) to SP(2n) and any hyper-Kéahler manifold
is Ricci-flat. Actually, a four-dimensional Euclidean hyper-Kéhler manifold is
always characterized by the self-dual Riemann curvature. In turn, it is equiv-
alent to the conditions of the Ricci-flatness and the Kéhler form of the metric
together. In other words, in Kéhler geometry the Ricci-flatness means that
the metric determinant is a constant.

3.2.3 Maxwell Electrodynamics and Differential Forms

Recall that a familiar formulation of Maxwell electrodynamics in vacuum is
given in the component notation of the electromagnetic field strength tensor
and the 4-current j, = (p, j):

O™ =4, 9, F" =0, (3.41)

where
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0 E1 E2 E3 0 Bl B2 BS
_ —F1 0 Bg —B = —-B1 0 —Fs FE»
Fuv = —-F>—Bs 0 B = —-By Es 0 —-Ei |’ (3.42)

—F3 B —B; 0 —Bs —E; Ei 0

and ﬁ,“, = %EWWF””, with the convention 9123 = +1. Obviously, the tem-
poral and spatial components of these equations give precisely the familiar
Maxwell equations for the electric and magnetic fields E and B, respectively.

This beautiful formulation obviously reflects the relativistic covariance of
the theory and the underlying symmetries. However, from a modern point of
view, the most concise and adequate formulation of the gauge field theory,
a simplest example of which is Abelian electrodynamics, needs extensive use
of the language of differential geometry and topology. This is especially the
case of the magnetic monopole, which naturally arises in this picture.

Let us apply this rather abstract mathematical formalism to the Maxwell
electrodynamics. First, the theory is defined on the differentiable four-
dimensional Minkowski space M*, the space R* with the pseudo-Riemannian
metric g, = diag (-1,1,1,1), p,v =0,1,2,3.

We can introduce local coordinates {z¢ = ct,x1, 22,23} in a local patch
on M*. Then, a convenient basis of the dual tangent space T;(M 4) is given
by one-forms of coordinates {dz®,dz'} and we can define a one-form A =
A, (x)dz* = Ag(z)dx® + A;(x)dz’. This is nothing but the potential of the
electromagnetic field. Indeed, let us consider a two-form F' generated from A
by the action of the differential operator d as

1
F=dA= §Fuvdxﬂ Adx” . (3.43)

In components we find then the standard expression for the electromag-
netic field strength tensor via the vector-potential F,, = 9,4, — 9, A,,. Now,
note that the form F is closed, dF = d?A = 0. This is precisely the homoge-
neous Maxwell equation in terms of differential forms. Indeed, the basis for
a two-form F' is given by {dz* A dx*} = {dx°® A dzt,dx? A d2z?} and we can
decompose it as*

) 1 ) .
F=FENANd:® + B = E;da* A dz® + §Bijde Ada? (3.44)

where we separated the one-form E and the two-form B. This relation can be
rewritten in a more symmetrical form as we note that the Hodge *-operation
provides the relations for a dual basis of a three-form *A = A, x dz* =

A pdrtdz” de? dual to A:
wdz’ = —dz' ANdx? Ndz® | sdxt = —da® A da? Ada?,

4 In this subsection, Greek indices label components of Minkowski space, whereas
Latin indices label three-space.
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wdr? = dae® Ndaxt Adad,  xda® = —da® A dat A da?, (3.45)
and for the two-form *xF = %F,W *dxt N\ dx¥ = %fm,dx“ AdzxY:
xdz® A da' = —%Eijkdxj A dz" | wdz’ A dzd = 5ijkdx0 AdxF ., (3.46)
dual to F. Then we can write
F= Eidxi/\dxo—i-%EijkBjk*da:i/\dxo = Bidz' Nd2®+ By xdx Ada® | (3.47)

where we define the vector B; = %sijkBj k. Clearly, this decomposition corre-
sponds to the electric and magnetic components of the field strength tensor
(3.43).

Using the relations (3.46), we see that the Hodge %-operation acts on the
form (3.47) as®

x [ = %F;w s« dzt A dz¥ = E; x dat A dx® — Bydx' A da®
= B;dz® Adaz' + %Eieijkdxj A dz® . (3.48)
This corresponds to the transformation of duality of (1.81):
E,—FE;,=-B;, B, —Bi=E, (3.49)

and clarifies the geometrical meaning of electromagnetic duality as the Hodge
x-operation: F' — xF.

Now, let us note that the exterior derivative acts on the components of
the two-form F' defined by (3.44) as

10By . . . 10By |

- dz' Adx? Nd — 242 A dad A da®

2 Ox; o * T 2 Oxo . . v

1 .., 0B; 10B; ,

=~k 208 4ol A da A da® + 220k 100 A dgd A da®
0B; 10B; X

= da' A da? A da® + =225 40 A da? A da (3.50)
6$Z‘ 2 8x0

1 E; E; ) )
dE N dz® = = 0 _8 L) da® A da? A dat
2 al'j 89@

dB =

and therefore

dF = (8kEi — 0;Ey — ejikﬁij) dz® A dzt A da + 0;B; dat A da® A da® s

(3.51)

1
2
and

5 Recall that in Minkowski space #  dz® A dz?/ = —dz® A da?.
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d+ F =~ (0;By, — OxB; — €100 E;) dz® A da’ A da® — 0, E; dx* A dx® A da®.

(3.52)
Further, we consider the relativistic current three-form, which is defined as

1
2

1
Jurdz! A dx” A da* = p—j ANdayg, (3.53)

where p = & piji dz’ Adad Ada® and j = 1j;;da’ A dad are the three-form of
charge density and the two-form of current, respectively. We can see that the
standard four-vector of current corresponds to the components of the dual
one-form j = xJ = joda® + jrdx*. Thus, the system of Maxwell equations
can be written compactly as

dF =0, d+xF=1J, (3.54)
or, using the definition of the adjoint derivative d' of (3.35)
dF =0, d'F=xd«F=xJ=j.

Obviously, current conservation emerges if we apply the df operation to the
second Maxwell equation: d'd'F = 0 = d'j, and then

1
d'j = *d * j,da" = D, * 55uup>\dx“ Adz¥ AdaP Ada = 0. (3.55)

Also, the Lagrangian of the Abelian electrodynamics can be written in
an extremely compact way in this notation. Geometrically it is a four-form
on M* constructed from the forms A, F' and J and all other forms that can
be obtained from them by the operations , d and df. The simplest possible
combination is

1
L=dAN+dA—ANT = JF A+F + AN

It can be also supplemented by a topological term F'A F = d(AAdA), which
is an exact form. The variation of this function with respect to A yields:

oL oL

oA~ " aaa A
and the Euler-Lagrange equation becomes d *dA — J =0, or just d« F = J
as above. However, the other Maxwell equation, which would connect the
field form F with a monopole current, does not follow from the variation
approach. It is a direct consequence of the Poincaré lemma for a closed form
F =dA.

Obviously, the one-form A is not unique and we have a freedom of U(1)
gauge Transformations, which act as A — A + d\ and leaves the two-form
F = dA unchanged. The gauge function A\ may be taken, for example, to set
the Lorentz gauge
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Fig. 3.8. Construction of the fiber bundle M

dTA =d'(A+d\) =d'A+ (d'd+dd)\=d'A+ A\=0,

since the O-form \ satisfies d'A = 0. The gauge function can then be found
as a solution of the Poisson equation A\ = —d' A. Finally, the invariance of
the action with respect to the gauge transformation is obviously related to
the conservation of the current j, since L[A+d\] — L[A] = dAAxj = —Ad*j.

Before we address the question of how a monopole could be incorporated
into this picture, we need to clarify one very important point. Much of the
discussion above has no direct connection with the gauge invariance of the
theory. To incorporate it into the geometrical discussion above, we must ex-
tend our discussion of manifolds and construct so-called fiber bundles on M*.

3.3 Wu—Yang Monopole and the Fiber-Bundle Topology

It is very remarkable that the highly formal and abstract language of dif-
ferential geometry and fiber bundles is perfectly tailor-made to describe the
underlying topology of monopoles. More surprising may be the fact that the
fundamental paper by H. Hopf [278], where the corresponding purely mathe-
matical construction was introduced, was published exactly in the same year
as the celebrated work by Dirac [200]. However, the beautiful relationships
between these two classical works were only discovered more than 40 years
later, in the mid-1970s. The obvious reason for that is that the language and
notions of topology were not familiar to physicists at that time. The ideas
and methods of topological calculus invaded physics first in the seventies and
subsequently became commonly used.

3.3.1 Fiber Bundles

When we discussed simple examples of topological manifolds above, we briefly
mentioned the possibility of constructing a topological manifold as a global
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Fig. 3.9. Two fiber bundles over the base S* with the fiber F' = [0, 1] with identical
local structures but different transition functions

product of two other spaces. The two-torus T2 = S! x S! is such a product
space. Roughly speaking, we can define a fiber bundle as a space M that
locally, but not globally, is a product of two spaces X and F.

To make the notion of this structure more precise, we shall introduce some
basic definitions (see, e.g., [17,207]).

Let M be a topological manifold. The idea of the fiber bundle is to divide
M into sets of subspaces, the fibers, each of which is homeomorphic to F.
Then we require that there exists a map 7 : M — X, where X is called the
base space. Thus all the points of a fiber F' are set into correspondence to a
single point € X and such a fiber F' is homeomorphic to the inverse image
7~ Y(x). This map is sometimes called the projection (see Fig. 3.8).

The notion of a fiber bundle arises when at each point of a given manifold
X, we somehow define another manifold, a fiber F'. One example is the linear
tangent space F' = T,,(X) of the differentiable manifold we considered above.
Such a bundle is called the tangent bundle. The fiber at the point p is a vector
space of dimension n and M is called a vector bundle.

Note that, in general, it is not enough to define the base space X and the
fiber F' to describe the fiber bundle M. Let us give the standard example of
the Mdbius strip versus a cylinder (see Fig. 3.9). There are two different fiber
bundles on X = S! with the same fiber, a line segment F' = [0, 1]. Clearly
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the local structure of both spaces is identical, while the global topology is
different.

In order to consider the global properties of M, we must cover the base
space X with a collection of subsets {U;}. Then there is a homeomorphism
¢ : 7Y (U;) — U; x F, such that (mro¢ 1) (a, f) =2 withz € U;, f € F.
Thus, in each given chart (U, ¢;) a fiber bundle M over X can be represented
as a product U; x F.

Furthermore, such a structure, even though it is local, can provide infor-
mation about the global topological properties of the space M. The point is
that to make our description complete, we must define the transition func-
tions from one chart (U;, ¢;) to another chart (U, ¢;). The structure group
G of homeomorphisms of the fiber F' arises when we consider such a tran-
sition from one local patch to another. Indeed, let us consider a continuous
homeomorphic map in the overlap region U; N U;

gij = ¢iod; :(UinU;) x F — (UiNU;) x F. (3.56)

The transition function g;; = ¢; o ¢)j_1 is a homeomorphism of the fiber F.
It gives information as to how the fibers are glued together in the overlap
region®. Then the set of all these homeomorphisms {gi;} for all charts on X
form the structure group G of the fiber bundle M.

A simple and instructive example is again the Mobius strip. Let us recon-
struct the whole fiber bundle using all ingredients at our disposal. The base
space, the circle S', can be parameterized by an azimuthal angle §. Now we
can cover the base by two subsets U; and U}, as shown in Fig. 3.10:

U={0: —e<b<m+e}, Uji={0: t—e<@<2n+¢e}, (3.57)

and take the fiber F to be a line segment in R!' parameterized by a local
coordinate ¢t € [—1,1]. Then the fiber bundle consists of two patches U; x F'
and U; x F with coordinates (6,t;) and (6,t;), respectively. The transition
functions are defined in two overlap regions U; N R; = Ig U Iy, Ip € [—¢,¢],
I € [m —e,m+ €] (see Fig. 3.10), and there connect the local coordinate in
the fibers: t; = g;;t;. The structure group G = Zy = {1, —1} consists of two
elements and we can choose

ti = gijtj, 9 =1 if 0€lg,
ti:gijtj, gij:_1 if QEIL, (358)

6 When we compare the definition of a fiber bundle M with the definition of a
differentiable manifold above, we can see the similarities between these notions.
Indeed, the transition functions g;; and the maps (3.8) that we used to change the
coordinates on the manifold are defined in the same way. Furthermore, as a real
differentiable manifold is locally isomorphic to R™, the fiber bundle M is locally
a direct product of two spaces X x F'. There is no miracle since the differentiable

manifold is a base space for the tangent bundle 7}, with the structure group
GL(n,R).
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Fig. 3.10. Two local patches of the fiber bundle with the base S! and fiber F =
[0, 1]

to get the twist for the Mobius strip. If we choose g;; = 1 in both overlap
regions, the structure group is trivial, G = {1}, and we have a trivial bundle,
the cylinder S* x F.

Thus, the local topology in each chart is trivial, but the global topology
hidden behind the transition functions might be quite different due to the
twists of the neighboring fibers. If all the transition functions are trivial,
{gij} = 1 for all charts, we come back to the direct product of two spaces
defined globally: M = X x F. Such a bundle is called trivial.

An important property of the transition functions is that they are defined
up to some unitary transformation. Indeed, let us consider two bundles M
and M’ with the same base X, fiber F' (but different maps), and structure
group G. Let the charts (U;, ¢;), (U;, ¥;) define the coordinates in M and M/,
respectively. We require that the homeomorphism h; = ¢;01); L hi: UixF —
U; x F belongs to the structure group G. Then the transition functions g;;
and g;; are related by

ggj =) 0 1/;;1 = hi_l ©gijoh;j. (3.59)

Since we require h; € G, the two fiber bundles M and M’ are topologically
equivalent. Thus we have to deal not with a single Bundle, but with an
equivalence class of bundles. The example of the cylinder and the Md&bius
strip discussed above gives two different equivalence classes. The former are
bundles twisted an even number of times and the latter are bundles twisted
an odd number of times.

An important consequence of the definition (3.59) is that we can define
under which condition a fiber bundle M is trivial. If a transition function
can be “split” as a product
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gij =hioh;', (3.60)

then, according to (3.59), we have g;; = 1 and such a bundle is trivial.

3.3.2 Principal Bundle and Connection

Let us introduce some more definitions necessary to establish a correspon-
dence with our further physical discussion. The projection 7w can be supple-
mented by a dual operation, namely the section of a bundle M. This is a
map of an element of the base X to M:

s Up— 7 Y (h), where mos(x)=x, ze€X. (3.61)

In the following, we shall restrict our consideration to the so-called prin-
cipal bundles. We can construct such a bundle by choosing the fiber to be
identical to the structure group: F = G. The reason is that a gauge theory
has a natural structure of the principal bundle with the gauge group as a
fiber. In the following we shall consider only principal bundles.

As we saw above, the transition functions are elements of a bundle con-
taining information about the global topology. However, knowledge of the
topology is not enough to provide a complete description of a topological
space M and we must define an additional characteristic to define its “shape”.

Actually, when we discussed the geometrical properties of a differentiable
manifold, which is a particular case of the fiber bundle construction, we al-
ready introduced such a differential structure, the metric and the associated
Levi-Civita connection I’ Jlk This is the structure that arises when we consider
the parallel transport of a vector of the tangent space and, roughly speaking,
it tells us about the geometry of a manifold.

This construction can be generalized for an arbitrary non-trivial bundle
M, when the base is no longer locally homeomorphic to Euclidean space.
Moreover, we can define a connection associated with the general notion of
parallel transport without any reference to a metric. Generally, it contains
information as to how a path in the base space maps onto the corresponding
collection of fibers. Such a structure can be introduced if we consider a path
between two different points 2 and 2’ in the base space X. They can be
“lifted” up to the points p and p’ in the bundle M and then we can compare
two tangent spaces T,(M) and T,/ (M). Since locally the bundle has the
structure of a direct product U; x F, where U; is a subset in the base X,
a tangent vector v € T,(M) can be decomposed into two components: one
along the fiber (“vertical” direction) and one along the base (“horizontal”
direction), respectively.

Now we note that the vertical component of a vector v points along a
single fiber and this direction is fixed by the action of the structure group G.
The horizontal direction is certainly not unique and there are many ways to
choose it. However, the transport in the horizontal direction is exactly what
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we need, since it maps a path in M from a point p to another point p’ onto
a path from one fiber to another.

The connection is defined as an assignment to each point of the fiber
p € M, ahorizontal subspace H,(M) of the tangent space T},(M) = V,(M)+
H,(M). Since the structure group G is responsible for transport along the
fiber via the right multiplication

p—p =pg, geq,

the horizontal subspaces Hy,(M) and Hy,(M) on the same fiber are linked
together by a differential map.

From the point of view of physics, the subjects of primary interest are
principal bundles with a Lie group G as a fiber. If the field takes values in
some Lie algebra g of G, then the connection can be introduced as a one-form
w on M also taking values in g. This gives rise to the gauge potential as it is
known in physics.

Let us take a patch U; of the n-dimensional base space parameterized
by local coordinates x, and consider there a Lie algebra-valued one-form
A = AjT%x", where T are the generators of a Lie group satisfying the
algebra [T%,T%) = fup.T¢. The local section on U; is s; : U; — 7 Y(U,).
Given s there is a map s*, which pulls the form on the bundle back to a form
on U;. Then the pullback s*w of the connection w down to the base is exactly
the form A.

Indeed, we can define a canonical 1-form wy = g~ 'dg on the group G,
which is an isomorphism between each point of the vertical tangent space
Vp(M) and the Lie algebra g. Here the operation d is the exterior derivative
on the bundle and g € G is a local coordinate in the bundle.

Then the connection is defined as a horizontal projection 7 : T,(M) —
H,(M) mapped onto a Lie algebra: wy : H,(M) — g. Thus, the superposition
of wg o 7 is a one-form

w=wy+g 'n*Ag =g tdg+ g 'n*Ag, (3.62)
and we can check that w formally satisfies the definition of the connection
above, and the pullback within a local section s (cf. (3.61)) yields s*w = A.

Note that the connection w is uniquely defined on the bundle, since the
decomposition of the tangent space T},(M) onto vertical and horizontal sub-
spaces is unique. Therefore the potential A must satisfy some restrictions
when we pull back the connection down to different patches U; and Uj:

g 'dgi + g7 ' m A(x)gs = gy Mg + g5 ' A())g = w.

In the overlap region U;NU; the transition functions g;; of (3.56), here denoted
U;j, connect the local coordinates according to g; = Uj;g; and therefore the
gauge potential transforms when we change the fiber coordinates according
to
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Aj = U AU + U dUy; (3.63)

This relation is called the affine transformation of the form A. In the con-
text of gauge theory it is known as the gauge transformation of the vector-
potential A,,.

The notion of curvature of a differentiable manifold can also be general-
ized when we consider a fiber. To do so we have to define the operation of
covariant exterior differentiation D of the connection one-form w. We can do
it in a rather intuitive way by saying that such a derivative Dw must trans-
form under the action of the group G in the same way as the form w itself.
For example, if w is invariant with respect to a transformation of the group
G, w' = w, then the covariant derivative must also be invariant: (Dw)’ = Dw.
Then we can identify the covariant derivative and the ordinary exterior deriv-
ative d above. If a one-form transforms as a vector, w’ = gw, g € G, then the
covariant derivative must transform as (Dw)’ = g(Dw) and we can write

Dw=dv+ ANw, (3.64)

where the one-form A obeys the affine transformation law (3.63). In the same
way, covariant derivatives of quantities transforming as tensors with respect
to the group action could be constructed.

The exterior covariant derivative must produce a form of one degree higher
than w and obey a certain group transformation property. If we consider a
vector-potential one-form A transforming according to (3.63), its covariant
derivative defined as in (3.64) transforms as

F=DA=dA+ANA, (DA) =g Y (DA)g=g 'Fg. (3.65)

The curvature two-form 2 on the bundle M is defined as the covariant
derivative of the connection one-form: {2 = Dw. The pullback s*{2 down to
a local patch U; on the base is a two-form F = DA that locally represents
the gauge field strength tensor. Again, the local changes of sections s’ = gs
in the principal bundle induce compatibility conditions in the overlap region
Ui n Uj (Cf (363))

F; =U;'FUy,

which is known as a gauge transformation of the field strength tensor.

The marvelous property of the curvature form is that it provides a topo-
logical classification of bundles. We have seen above that given a base X and
a fiber F' = G, they can be assembled into different bundles, like in the case of
the cylinder versus the Mobius strip. Similarly to the classification of the ho-
motopic maps above, which were given in terms of homotopy classes, we can
produce a classification of principal bundles in terms of characteristic classes.
The basic element of this classification is the observation that a closed but not
exact r-form w on a differentiable manifold is equivalent to the forms w + da,
where « is (r — 1)-form. To define the equivalence classes of the differential
forms, we have to consider the space of all closed forms Z" = {w | dw = 0}.
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These have the subspace of exact forms B" = {w | w = da}, which must be
excluded. Then the elements |[w] of the coset space H” = Z"/B" represent the
equivalence classes of differential forms. Clearly, these classes are defined in
the same manner as the equivalence classes [a] of a topological manifold dis-
cussed above. This analogy can be expanded since the equivalence classes [w]
also have a group structure. The corresponding group is called the DeRham
cohomology group.

Recall that each of the homotopy classes is characterized by an integer, the
winding number n (see (3.20)). A similar characteristic can be introduced to
characterize the equivalence classes of the differential forms. Let us consider
an integral over a closed differential form w’ on a manifold X with an empty
boundary 0X = 0. Then the Stokes theorem (3.37) yields

/w':/(w+da)=/w+/a=/w. (3.66)
X oX X

X X

Thus, properly normalized, such an integral can be used as a characteristic
of the cohomology class.

Let us return to the closed two-form of a curvature. An equivalence class
is formed by the different connection one-forms, which corresponds to the
same curvature. Now we can introduce a quantity that is an invariant of the
Lie algebra g in the fiber, a characteristic polynomial

1
det(14 2) =1+ tr2 + 5 [(tr2)® —tr2°] + ...

This polynomial allows us to define a form on the base X, which is called

the Chern form
A o0 A
det <1 + 27rF) = ,;,0)\ Ck (3.67)

where F' is a Lie-algebra valued curvature two-form and the coefficient 1/27
is introduced in order to have a convenient normalization. The coefficients of
the expansion ¢ are invariant polylinear closed forms on X.
Let us write the explicit expressions for the first few of these forms:
1

cp = —trkF, Co

5 trF AtrF —tr(F A F)] (3.68)
T

=l

[trF AtrF AtrF — 3tr(FAF)ANtrF +2tr(FAF A F)] .

T

The coefficients of these forms ¢, which originate from the factor 1/2 in the
definition of the characteristic polynomial (3.67), provide the normalization
of the integrals over compact space without boundary:

/c;c =n, with neZ. (3.69)
X
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The so-called Gauss—Bonnet formula relates these integers with the Euler
characteristic of the compact space X.

The integrals over the forms ¢; on compact even-dimensional manifolds
define the Chern characteristic classes”. These integers are precisely the topo-
logical characteristics of the bundle, according to the Gauss—Bonnet theorem.

Let us consider two examples. The monopole bundle that we shall discuss
below has the structure group U(1) over the base space S?. Then we have
two Chern classes: ¢y = 1 (trivial bundle) and ¢; = F'/2m, the integral over
which must be an integer associated with the magnetic charge.

The second example concerns the Chern classes for the principal bundle
over S* with group SU(2). Then the curvature takes values in the su(2)
algebra and can be written as F' = %CTQFO’, where the 0% are Pauli matrices,

01<(1)(1)>, 02(?_()i), 03<(1)_01). (3.70)

Therefore tr F' = 0, we have ¢y = 1, ¢; = 0, and the bundle is characterized
by the second Chern class®

1
T 3272

ca FeNF*. (3.71)
This is known as the instanton bundle.

We stop here our discussion of the basic ingredients of differential geom-
etry. The connection of the bundle and its curvature is exactly the notion
that provides a bridge between gauge theory and geometry. If we restrict our
consideration to the case of the Abelian theory, the structure group must be
taken as G = U(1), as the base space we choose four-dimensional Minkowski
space M*, and the fiber is the group space of g = {¢!®} € U(1), that is the
circle S! parameterized by the group coordinate .

If a bundle admits a global section, the base can be covered by just one
chart. Such a trivial bundle can be characterized by the zero Chern class cg
and has a global structure as a direct product of the base X and the Lie group
G. In general, the triviality of the bundle depends on the contractibility of
the base. For example, if we take the base to be just R?, it can be covered
by a single chart and therefore both the potential and the field strength
tensor are defined globally in this case. This is exactly the case of ordinary
Maxwell electrodynamics, where the field strength two-form F' is closed and
exact: DF =0 and f = dA, where A is continuous and differentiable on the
whole base manifold. Thus, the topology is trivial and there is no place for a
monopole.

7 Strictly speaking, for the principal bundles with the structure group O(n) they
are called Pontryagin classes, while the Chern classes arise if we are dealing with
the structure group U(n).

8 For the sake of brevity, we do not discuss the sign arising from the orientation
of the manifold.



102 3 Topological Roots of the Abelian Monopole
3.3.3 Wu—Yang Monopole Bundle

Let us change the base space of Maxwell electrodynamics a little. Namely,
we extract just one point, the origin {0}, from R3. This minor change affects
the situation in a very drastic way. The point is that topologically, the space
R3/{0} is homotopic to the two-sphere S? of unit radius. It can be parame-
terized by a polar angle 6 € [0, 7[ and an azimuthal angle ¢ € [0, 27]. Now we
can define a basis of the tangent space T},(S?) as components of the gradient
{0/00,0/0¢} and the basis of the dual tangent space of 1-forms as {df, dy}.
Thus the exterior derivative (cf. (3.30)) is

0 0
dfdgo&erane.

Now we can cover the base space by two hemispheres RV and R® (see
Fig. 3.1 at the beginning of this chapter), which are our patches with local
coordinates on the base. However in our discussion, it would be more conve-
nient to take the limit ¢ — 0, i.e., to consider the equatorial circle S' as the
overlap region.

Again, the elements of the Abelian gauge group g = {e!®} € U(1) form a
fiber of the principal bundle over R?/{0}. The group parameter « is a cyclic
coordinate along the fiber and we have two charts RY x S! and R® x S! with
bundle coordinates {0, ¢, an} and {0, p, as}, respectively. The pull back of
the connection one-form to these local patches yields the potential one-form
A (cf. (1.41)):

N _n(_ N 2
A= A(B) A dr = AS—2(1 cosf)dy  on RS 652 (3.72)
A% = -5 (1+cosf)dp on R>cS?,
and the gauge field strength two-form is
F=dA= %sin 0do A dp . (3.73)

Now if we take into account that the basis of common spherical coordinates
on 5% is given by two unit vectors &, = sinf dp, & = df, we see that
this two-form F' corresponds to the radial magnetic field of a monopole. As
before, the form F is closed, dF = d>A = 0, but now it is not exact since the
exterior derivatives dAY and dA® are defined only locally in the patches RY
and RS, respectively. However, in the overlap region RN N RS the potentials
are connected via the gauge transformation AN = A% 4 ndy and we can
define transition functions there. They are elements of the structure group
U € U(1) that connects the fiber coordinates as ey = Ue'®s. We can
identify the overlap region with the equator of the sphere S2. There 6 = /2
and U are functions of the azimuthal angle ¢ only. They can be written as
U = ¥, where n is an integer.
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The wave function of a charged particle in a monopole field cannot be
defined globally either. In each of the two patches we have a single-valued
function ¥ and ¥, respectively (cf. (3.7)). They are sections of the associ-
ated bundle, and are related in the overlap region as 1~ = Uv".

The topological meaning of the transition functions of the monopole bun-
dle is that they define a map from the equatorial circle S! of the base manifold
S? onto the structure group U(1). We have seen above (see (3.19) and the cor-
responding discussion) that these maps can be classified according to the first
homotopy group m1(U(1)) = Z and that the integer n is a winding number
of the corresponding homotopy class.

On the other hand, we mentioned above that the topology of the monopole
bundle can also be characterized by the first Chern number

1 1
= — F:(R/dAS+/dAN
2T 27
s RN

S2
1 1 2
N _ 48
:%/(A —A)zﬂ/dgo-n:n, (3.74)
51 0

where we used the Stokes theorem (3.37). Thus, the magnetic charge of an
Abelian monopole in this description coincides with the first Chern number
c1. If n = 0 the bundle is trivial, i.e., it has the global form S? x S'. The case
of unit topological charge n = 1 is much more interesting. This is the case of
the Hopf bundle, which we discuss below.

3.3.4 Hopf Bundle

Recall that there are three coordinates that parameterize the monopole bun-
dle: two angles # and ¢ on the sphere S? and the fiber coordinate a € S*.
However, the set of 3 coordinates can be used to parameterize a unit sphere
S3.

Let us consider the geometry of such a space. It is customary to work
with Cartesian coordinates on S3, which can be introduced as

1 = cos 5 cosa, T3 = sinicos(<p+a)
0 . N
Ty = cos g sina, 4 = sin 5 sin(p + ). (3.75)
Clearly, z,z* = 1. Then we can consider the tangent space to S3 with the

basis {9/0z,} and define a metric on the sphere S3. It is non-diagonal in
terms of the angular variables above:

1 0 0
ds? = g, datda” = 1cm? + da? + sin? §d¢2 + 2sin? 5 divda. (3.76)
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Therefore, it is convenient to introduce the orthogonal coordinates 6, «, & =
@ + a, which diagonalize the metric:

1 0 0
ds* = 1da2 + cos? 5da2 + sin? §d§2 : (3.77)

The Hopf bundle is a map S*(6,¢,a) — S?(6,¢), which can be con-
structed if we introduce two complex coordinates [69,278]

_ 0
21 = X1 + 1T = COos iew‘, 2o = X3 + 914 = Sin 561(“”“) , (3.78)

and compose these coordinates into a two-component spinor

0 i
21 cos ge ;
_ _ : : —1. 3.79
i (22 > (sin ge’(“’+") ) = ( )

The advantage of this construction is that now we can define a non-
singular monopole connection on S3. Indeed, let us consider the connection
one-form on S3, which can be constructed from the spinor coordinates (3.79)
(see the related discussion p. 98):

w=—izldz = r1dre — Todri + x3dry — x4dx3

0 1
= dov + sin? idga =da+ 5(1 —cosf)dyp, (3.80)

where we have used the parameterization (3.75) and take into account that
d(z,a*) = 0. If we use the orthogonal coordinates, the connection 1-form
becomes

0 0 1 0 0
w = cos? ida + sin? §d£ = §w9d9 + cos iwada + sin §w§d§, (3.81)

that is, we found non-singular components of the connection on S3

wp =0, Wo = €08 o, we = sin 3 (3.82)
This is a particular realization of the connection form on the bundle (3.62)
that we discussed above. The curvature two-form (2 is then

Q=dw=—idz' Ndz = 2(dzy A dxo + dxs N dxy)

3.83
zésin9d0/\d<p. ( )

This form is exact and closed on S® and obviously corresponds to (3.73) for
the particular case n = 1. Obviously it is nothing but half of the volume form
of the sphere $2%, which is parameterized by the two coordinates 6 and .
Therefore,
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2 =2m.
SZ
Now let us go down to the base space S2. The map S% — S? (so-called
Hopf fibration) is given by the following transformation (Hopf map)
ng = 2logz, (3.84)

where the Pauli matrices 0 are defined according to (3.70). Indeed, substi-
tuting (3.75) into (3.84), we obtain

ny = 2(z123 + x2x4) = sinfcosp,
ng = 2(x1x4 — x223) = sinfsinp,
n3 = (23 + 23 — 22 — 27) = cosf. (3.85)

Obviously, the components of the unit vector n are identical to the Carte-
sian coordinates on the sphere S2. The magic of the transformation (3.84) is
that it completely removes the dependence on the third coordinate on S3, the
cyclic variable a. In other words, the transformation (3.84) maps a circle S*
onto a point on S?, and the Hopf bundle has the structure group S! = U(1).

The section of the fiber bundle can be taken if we fix a particular value
of the angle . Let us take the local patches to be two hemispheres RY and
RS, as above. Then we must take a section in such a way that the metric on
S3 (3.76) reduces to the metric of the 2-sphere ds? = df? 4 sin” fdp? in the
north (/2 — 6) and south (7/2 — /2 — 6) hemispheres of S? respectively.
From (3.76) it is clear that this reduction to S? is provided by the restriction
on a to be equal to 0 and —¢, respectively. However, if we take o = 0 or
a = —p, the globally defined connection one-form (3.80) is reduced to the
local connections (3.72) above:

= AN = 1(1-cosf)dp on RN € S?, (3.86)
A% =—1(1+cosf)dp on R%eS?.

The transition functions of the bundle are defined in the overlap region RN N
R? as a map S' — S* to be given by (cf. (3.59))

_1_ 22/]%| ip
= (o] = = s
gNs = ¢N ¢s Z1/|Z1|
o1 a/lal
=¢so0py = =e ¥ 3.87
gsN S N 22/|22| ( )

We can look at this map from a different point of view. Note that the
sphere S3 coincides with the group manifold of the group SU(2). Thus we
reformulate the Hopf map (3.84) in terms of elements of this group, the
matrices U(0,p,a) € SU(2) (we use a slightly different parameterization
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in Appendix A, where general properties of the SU(2) group matrices are
described)

* * 0 ,—ia in @ o—i(pt+a)
U(e,w,a>:<zl 22)=< €0s 3¢ sin ge™! ) (3.88)

—22 21 —sin Qei(*p“‘) cos Se'®

It is straightforward to see now that the relation 2z = |21|2 + [22]? = 1
corresponds to the unitarity of these matrices: UTU = UUT = 1. Then the
Hopf fibration from S3 to 52 is given by

ok -np = U tosU, (3.89)

which is an analog of (3.84).

On the other hand, this is a rotation in the group space, which takes
a spherically symmetric “hedgehog” oy - ni to the third axis in the group
space. In the following, we shall analyze such a transformation, which actu-
ally relates non-Abelian and Dirac monopoles, in more detail. Here, we only
note that the rotation to the third axis (3.89) is defined up to a left U(1)
multiplication:

U — gU = e'3°7, g=e"*cU(1)

o -np — U le193%4¢173°0 = U o3U = oy, - ny; (3.90)

which changes the phase of the two-component spinor z (3.79). Obviously this
is a transformation of the gauge group U(1). Thus, the Hopf map identifies
each gauge orbit in S® with a single point on S? and we have constructed a
quotient space SU(2)/U(1).

According to (3.80) the Lagrangian of interaction between a charged par-
ticle and a monopole (1.38) in terms of the geometrical variables z can be
written as [4,105]:

Codet m d. 4
Lint = mzﬁ = zitr (agUdtU ) , (3.91)

where the integer n specifies the magnetic charge according to (3.73). This
form of the Lagrangian is known as the Wess—Zumino term. It is particularly
convenient for analyzing the underlying topological properties of the model.

Recall that the gauge group acts as z — ze'®, which corresponds to
the transformation (3.90) above. Then the Lagrangian of interaction (3.91)
transforms as

Lint — Lint + nd, (392)

which corresponds to (2.3). The extra term causes no trouble, since the charge

quantization condition is automatically satisfied with n being an integer.
To conclude this section, we note that the above discussion of topol-

ogy, which is basically aimed at establishing the basis for understanding the
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mathematical properties of monopoles, provides a new understanding of the
relations between topology, geometry and physics. Actually, the message is
that an Abelian monopole could exist only if the geometry of our Universe
were different from the standard Euclidean description. Then the sad negative
conclusion, which comes from all possible experiments aimed at discovering
monopoles, could be considered as an argument in support of the “triviality”
of the observable part of the Universe.

However the situation is more subtle, because so far we do not pay much
attention to the consistent relativistic treatment of the theory. We shall ad-
dress this question in the next chapter.



4 Abelian Monopole:
Relativistic Quantum Theory

There are two completely distinct periods in the long history of the monopole
problem. Soon after the pioneering work by Dirac [200], the interest in this
field of research faded away although some enthusiasts continued working on
it. Actually, for more than 40 years the monopole problem was considered to
be rather esoteric, beyond mainstream theoretical physics of that time. Such
an attitude was caused in part by negative results of all the experiments
searching for monopoles, and it was reinforced by the cumbersome character
of the theoretical constructions that were connected with the corresponding
generalization of quantum electrodynamics. As a matter of fact, this problem
still remains unsolved and within an Abelian theory the monopole looks like
a stranger. Nevertheless, some important results were obtained during this
period. Certainly, the second “monopole-related” paper by P. Dirac [201]
is an example of this. In 1948 Dirac returned to a re-investigation of this
problem, considering a relativistic generalization of quantum theory including
two different charges, electric and magnetic ones. His approach was based on
the Hamiltonian formulation of generalized Maxwell electrodynamics.

There are a few alternatives to the Dirac method to construct relativistic
two-charge electrodynamics (QEMD). A very interesting development is con-
nected with the mathematically refined approach by J. Schwinger [459,461],
who developed a non-local Hamiltonian formalism and introduced corre-
sponding commutation relations. An alternative approach aimed at avoiding
the difficulties connected with using the non-physical string variables was
employed by T.M. Yan [537]. The guiding idea of this work is connected with
a reformulation of the Schwinger approach on a classical level and making
use of a non-local action functional. This allows us to apply path integral
techniques to quantize such a non-local model [541].

A somewhat more radical approach originated from work by S. Mandel-
stam [361] and by N. Cabibbo and E. Ferrari [148]. Within this framework,
the dynamical variables are not vector potentials, but rather the electromag-
netic field strength tensor and its dual, which are considered to be function-
als of trajectories of charged particles. It was shown that the corresponding
non-local action can be used to construct a variational formulation of the
two-charge electrodynamics [439).
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From a modern point of view, all these constructions are subjects of rather
historical interest, although some of the ideas have been implemented in
different contexts®. Moreover, it has been shown [41,135] that all the different
formulations of generalized electrodynamics with monopoles are in practice
equivalent. Thus, we briefly give an account of the argumentation by P. Dirac
[201] and then consider the formalism developed by D. Zwanziger and his
collaborators in the papers [136,137,548-550]. For further details, we refer the
interested reader to the excellent review by M. Blagojevi¢ and P. Senjanovié¢
[41], which was intensively used throughout this chapter. Here we only note
that the most self-consistent mathematical description can be constructed
within the framework of the Wu—Yang formalism [529], which has no problem
in treating singularities by its very definition.

4.1 Two Types of Charges

A starting point in the construction of a generalized form of Abelian electro-
dynamics is a postulated system [201] of dynamical Lorentz—Maxwell equa-
tions, which describe in a covariant form a closed system of interacting elec-
tromagnetic fields and charges:

O FH = v O = j9v, (4.1)
duj;’ (e dul =
mem = BFMV’U/ 5 mqm = gFHV’LL 5
where uff) = dacff) /dr® is the relativistic 4-velocity of an electric (i = e)

or a magnetic (i = g) charge, whose trajectory z,(7(?) is parameterized by
the proper time 7(*. The relativistic four-currents of point-like charges are
defined as

JO = e/dx/(f)g(@(m @) = e/ug)(;(zx) (5 — 2()ar@ |
j = g/dxgw(;@) (2 — 2@) = g/u;(f)(;@)(x C2@)dr @) (4.2)
with both currents conserved:

8Mj“(e) — aujlt(g) —-0.

These postulated equations look very symmetric and elegant. The real
fun begins when we try to derive an action, whose stationary point cor-
responds to the system (4.1), or attempt to represent the electromagnetic
energy-momentum tensor via potentials that would be necessary in order

! This is especially the case of the dynamics of the Dirac string, which seems to
be the first non-local object considered in quantum theory.
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to apply the canonical quantization scheme. Indeed, the standard definition
F,, =0,A, — 0,A, is not compatible with the field equations of the dual
field strength tensor, since 8“ﬁ,“, = €pe 0" 0P A7 = 0. Therefore, this defin-
ition must be modified, at least in one point on the surface surrounding the
magnetic charge.

In such a simple case, this modification actually leads to the appearance of
the singular string that is already familiar to us. In 3+1-dimensional space it
is lying on a two-dimensional sheet y,, (7, o) that is parameterized by temporal
and spatial coordinates 7 and o, respectively. Since this string is attached to
a magnetic charge, y,(7,0) = xff’) (7). Thus, it is convenient to define the
dynamical variable of the string n,(r,0) as

yu(r,0) =ny,(r,0) + ng) (1),
with the boundary condition n,(r,0) = 0.
Thus, the Dirac approach [201] is to define the field tensor as
Fu = 0,4, —9,A, -G

JriZE)

where the singular part CNY'W (the dual of G,,,) is associated with the field of

the string and is required to satisfy the relation 0*G, = j,gg ), Making use of

the magnetic current definition (4.2), we can write this tensor as

Go(z,y) = g/deo <ayﬂay” - ay“ay”> Sz —y(r,0)).  (4.3)

or Oo OJo OT1

Evidently, this definition of the field tensor solves the problem of obtaining
an action functional, the stationary point of which is given by the system of
equations (4.1):

1 '
S:—Z/d‘leﬁV—&—/d‘lwA‘]ff)+me/d7'(e)+mg/d7'(g)- (4.4)

Indeed, variation of this action with respect to the potential A,, as usual
gives the first field equation 9,F*" = §®¥ and the second field equation
for the dual field strength tensor appears as a constraint imposed by the
definition (4.3). Moreover, the variation of the action (4.4) with respect to
the trajectories of the magnetic charges leads to the equation of motion

du(g)

208 oF v
Mg 4e(gy = 9Fmt

as anticipated.
However, the variation of the action (4.4) with respect to the electric
charge trajectories gives

(e)
m, 2 _ (9,4 —0,A) | ul (4.5)
edT(e) pniiy V) | p—p(e) ’ .
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which is not exactly the equation of motion of an electric charge that was
postulated in the system (4.1). The form of the Lorentz force acting on the
electric charge can be reproduced only if G,“,(x(e)) = 0. According to the

definition (4.3), this condition can be satisfied if xff) (1) # yu(r,0), that is,
the trajectory of the electric charge must not touch the string. This restriction
is known as “Dirac’s veto” [201].

Note that “Dirac’s veto” is not an external constraint imposed on the
dynamics of the system, but it follows from the variational formalism. It
can be obtained after variation of the action (4.4) with respect to the string
variable n,, which yields

OF .
oy,

Since the field strength tensor obeys the equation 0,F*" = 4V this
relation means that the current of an electric charge vanishes on the string:

=0. (4.6)

j,ge) (y) = 0. Thus, a sufficient condition for self-consistency of the system of
equations, which corresponds to the stationary point of the action (4.4), can
be achieved only if “Dirac’s veto is fulfilled”. On the other hand, this system
does not contain dynamical equations for the string itself. This corresponds to
the non-physical nature of the string variables; recall that in Chap. 1 we saw
that the position of the singular string is defined up to a gauge transformation
of the electromagnetic potential A, (z).

In principle, the Dirac string can be attached not to a magnetic, but
to an electric charge. This mutual interchange between electric and mag-
netic characteristics reflects the dual symmetry of the system of dynamical
Maxwell-Lorentz equations (4.1). However, this symmetry, which is obvious
at the level of the field variables, becomes subtle when we go to the potentials
of the electromagnetic field. Indeed, the interaction term Ly, = A jff) in the
Lagrangian (4.4) describes the minimal interaction between an electric charge
and the electromagnetic field A,,. Recovering the dual invariance at this level
is possible within the framework of the two-potential formalism suggested in
the 1960s in the papers 148,548, 550].

4.2 Two-Potential Formulation of Electrodynamics

We can try to construct a naive dual-invariant Lagrangian formulation of
Abelian electrodynamics with two types of charges, by making use of a non-
standard definition of the electromagnetic field strength tensor, which shall
include not only the 4-vector potential A,,, but also a pseudovector A, [148]:
Fup = 0, A, — 0,A, — €0pe 0P A7,
Fuw = 0, A, — 0y A, 4 €,,ps 0P A . (4.7)

This obviously allows us to introduce dual rotations of the potentials
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(4.8)

D. fluﬂAucosef%#siné,
A, — Aysing + A, cos,

which are compatible with (1.76). However, the number of physical degrees
of freedom of the electromagnetic field does not change, i.e., the potentials
A, and A, are not independent dynamical variables, but must be connected
via an additional constraint. In the simplest possible case it may be written
as B

OuAy — 0L A, + €10pe 0" A7 =0,

which actually eliminates one of the potentials completely. We can come to
same result in a somewhat more elegant way if we note that the condition

eg# —gA,=0

allows complete elimination of the potential ZH after the dual transformation
(4.8) with the parameter § = — arctan(g/e). Thus, effectively, this transfor-
mation reduces the system of equations (4.1) to the case of standard one-
charge electrodynamics [60,380,493]. Therefore, we consider another way to
construct a local two-potential Lagrangian formulation of electrodynamics
developed by D. Zwanziger [548,550].

First, note that a general solution of the equation of the dual field strength
O FH = 9" formally can be written as

1 _ .

§EWW (n® - 0y) 1 npj(g)" , (4.9)
where n, is an arbitrary fixed unit four-vector, which can be chosen, for
example, to be n, = (0,n), and the integral operator (n® -aa)‘l is defined
as a resolvent of the equation

(n® - 0q) (nﬁ 05)  (z) = W ().

Clearly, the physical observables shall be independent of the vector n, and
variation of the direction of n,, corresponds to the gauge degrees of freedom
of the theory. One can visualize this vector as the direction in space along
which all Dirac strings are directed.

Obviously, the two local terms in the expression (4.9) correspond to the
solution of the homogeneous Maxwell equation in vacuum. The non-local term
corresponds to a particular solution in the presence of an external current
of magnetic charge j(@#, where the vector n, defines the position of the
singularity line. When this vector n, vanishes, one automatically recovers
the standard formulation.

A particular representation of the operator (n®d,)~"! can, for example,
be taken as [41,550]

F,, =0,A, —0, A, +

—1

(n-V) z)=[ab(n-x)— (1—a)d H ot . x), (4.10)
k=1
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where 7(%) are two unit vectors, which are orthogonal to n and to each other,
and the parameter a defines the type of singularity. Choosing a = 0, we arrive
at the semi-infinite Dirac string, while the case a = 1/2 corresponds to the
infinite Schwinger string in the expression (1.61)2.

Furthermore, a general solution of the first field equation 0, F*" = jlew
can be formally written as

~ ~ ~ 1 _
Fuy = 04y = 0,4 = Seupo (0 - 0a) tppje (4.11)

where the pseudovector ZM is the second potential. Obviously, the potentials
A, and ,ZH are independent dynamical variables, but they are connected by
some non-local relation. The difference from the naive two-potential formu-
lation discussed above is that now the dual transformations could rotate the
system (4.1) to standard electrodynamics only if ul = u{, that is if we
consider a dyon having both electric and magnetic charges.

To complete the definition of the two-potential electrodynamics, note that
the non-local terms in the definition of the field strength tensor, (4.9) and
(4.11), can be excluded. Indeed, an arbitrary antisymmetric second rank ten-
sor can be written as

F, = tae {ﬁqu N - awoﬁﬂﬁ;} . (4.12)
Since the formal definitions (4.9) and (4.11) lead to the relations
A F, = " [0, A, — 0,4, ,
W Fpy = i |0, 4, - 0,4, (4.13)

the decomposition (4.12) immediately provides us with a local two-potential
form of the electromagnetic field strength tensor [41,550]

F, = #® [ﬁﬂ (OaAy — 0yAs) — 1ot (aaﬁa - aaﬁa)] 7

Fouy = 1 [ (ady = 0,40 + Seppont” (0aA” = 7 A0)] . (414)
Substitution of the relations (4.14) into the field equations leads to a
rather cumbersome system of coupled equations

2 An alternative representation is

. 1 1 1
(V)" (z) = 2 {(ni&-) +ie + (ni0;) — if} .

A four-dimensional, useful generalization of (4.10), is given as

(n“9a) ' (z) = %/000 ds[6(z + sn) — §(z — sn)].

This formula will be used in the following calculations.
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( 00) (A% 0p) Ay — (7 0a) (047 Ag) — fuu (R D) (7” Ag)

(n
WO AL) — (R%0a)Euwpon” 9P AT = j(O)
(A 0a) (A 05) Ay — (1% 0a) (01" Ag) — 1, (0a) (A Ap)

+ 1, DA% Ag) + (0% 0a)Euwpon” 9P A7 = (O, (4.15)
which generalize the well-known relation 0A,, —0,0" A, = j,. Fixing a gauge,
we can simplify these awkward equations (4.15) a lot.

Now we can finally write a local and dual invariant Lagrangian, the vari-

ation of which with respect to the dynamical variables leads to the system of
equations (4.15):
L= Lem + Lint + Lm

. _% [A# (0, A, — 9, A — % [ﬁ“ (a,le - M)]Q

1 ~ 1 ~
- Zawaﬁ”apA%aaaAﬂ + JEnpat O AT 0, AV

@Ak — j©O A" + Ly, (4.16)
where Liyy = fj,(ig)ﬁ“ — j,(f)A” is an interaction Lagrangian and L,, is a

Lagrangian of the matter field, which, for example, in the case of spinor
particles is -

and the currents of electric and magnetic particles are

j;(Le) = eil?ewibe s j,&g) = g"/;g%ﬂ/}g )

respectively. For a dyon of a mass m, a covariant derivative D,,, which includes
both potentials, appears in the dynamical equation for the matter field:

("D, — m)ip = [M (au +ieA, + iggu) - m} b =0. (4.18)

In Sect. 4.6 we shall consider in more detail some properties of this equa-
tion, which will be used in an analysis of quantum effects in the monopole
background field.

Finally, we would like to note that the kinetic part Ley, of the Lagrangian
(4.16) does not have the common form Ley ~ Fz,. The action (4.16), which
is local, but depends on the vector n,, can be re-written in terms of the field
variables. It turns out to be equal to the non-local Schwinger description
[135]. In other words, this is a way to establish a correspondence between the
Schwinger and Zwanziger formulations.

4.2.1 Energy-Momentum Tensor and Angular Momentum

The Lagrangian (4.16) can be used to derive an expression for a conserved
canonical energy-momentum tensor [550]. Following the standard procedure,
let us consider an arbitrary variation of the Lagrangian (4.16)
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oL oL ~ oL

“w

Under infinitesimal displacements the Lagrangian density changes as 6L =
atd, L, where the 4-vector a, is a parameter of the transformation. In the
same way

§A, = a"0,A,, 0A,=a"d,A,, 0Y=a"dp,
and therefore

oL 0L . ~ oL
@9, L = 0%, | o0 Ay + —Oa Ay + ——Batp | , (420
" ‘ (8@&) 0(9,A,) (D) 1’[}) (4.20)

that is the conserved canonical energy-momentum tensor is

9T =0, (4.21)
oL oL ., ~+ oL
TH = <" AN+ ———0" AN +
(0, AN) d(D,A) 9(0u1)

and the model is obviously translational invariant.

The situation with rotational, and with relativistic invariance in general, is
a bit more complicated. The problem is that the Lagrangian (4.16) includes
a four-vector n,, which under transformations A,g of the Lorentz group
transforms as n, — n,, = Aagnﬁ , or, in infinitesimal form

" =L,

Ng — Mo + wagnﬁ , (4.22)

where wqg is an antisymmetric tensor. The coordinates transform in the same
way, that is dx, = wy,x”, and therefore the transformations of the fields are

Ay(zy) — Ap(zy) + zawo‘ﬁagA“(xu) + wya A%(z)
1 o

Ay(xy) + Ewaﬁm(f)/l“(x,,) ,

gp(x,,) — Zu(x,,) + xawo‘ﬁaﬁg“(x,,) + wwg"‘(x,,)

_ 9 1 af §
= Au(z,) + gwaﬁm(;‘)Au(fu) ;

V() = B(2) + 200 () + 17w V()

1 a
= 1/1(%) + iwaﬂm(f)w(mu) . (4.23)

For the sake of brevity, let us introduce an abbreviation ¢%(z) =
(A, A, ). Then, the variation of the Lagrangian density (4.16), which is
given as L(z) = L(¢%(x), 0¢*(z),n), can be written as
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oL
0L =0 069 |, 4.24
3 (s,9) .
that is, for the infinitesimal Lorentz transformations (4.23) we have
1 oL oL
v _ afl a v
I#w” 8VL = 58‘“; (Wwaﬁma d) > + n#w” 8ny (425)

Now we can define the tensor of angular momentum by analogy with
ordinary electrodynamics as:

0
MHve — BV ha (VP LV PP T
2 gy )
= ghTPY — gV TPH  SHP (4.26)
where we make use of the definition of the energy-momentum tensor TH”
(4.21) and define the usual tensor of an intrinsic angular momentum

oL OL ~ 1 0oL
WapSPP = — = B Asy — T B As 4 S~ Byg).
' 20,40 T 95, A T A0,y P
The relation (4.25) then yields
9, MH"P =t oL _ oL (4.27)
n, on,,

Thus, at a first glance, such an energy momentum tensor which we in-
troduced in the canonical way, is not conserved. Obviously, the underlying
reason is that the Lagrangian density (4.16) depends on a fixed vector n,,
that is the rotational invariance of the model is violated.

Let us recall that we already encountered a problem of the same nature
when we considered the algebra of the operators of non-relativistic angu-
lar momentum (2.12). We have shown there that the correct treatment of
the corresponding singularity leads to cancellation of the anomalous terms
(2.15). We could come to the same conclusion, if we take into account that
the spatial rotations in electrodynamics are defined up to a gauge transforma-
tion that effectively restores rotational invariance of the theory [135]. Later
we shall return to the general proof of relativistic invariance of two-charge
electrodynamics.

Let us consider the question as to under which conditions the anomalous
right-hand side of the expression (4.27) could vanish. Exploiting the relation
(4.16) we can rewrite (4.27) in the form

-
on, on,,

o V.o o -1 . T -1 .
= (—n*n%eagpn + n'neappu) (N7 - 05) ]?e) (n™-0:)""
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where we make use of the general solutions (4.9) and (4.11) of the field equa-
tions.

In the simplest case of a couple of dyons with charges (e1, g1) and (es, g2),
respectively, this relation is proportional to the combination of charges

n=ei1g2 — €291,

which obviously vanishes if e; /g1 = e2/ga, or if in the general case of ¢ parti-
cles e;/g; = constant [550]. However, we have seen that when this condition is
satisfied, the dual rotation of the variables allows us to transform the model
to standard electrodynamics of effective charges ¢; = \/€? + g2 [60,380,493].
Thus, the model has no room for genuine monopoles, and we will not consider
this situation further.

The definition of the angular momentum tensor (4.26) that we obtained
above, by simple analogy with standard electrodynamics makes it possible to
write the symmetrized energy-momentum tensor? [550]:

v 1 v Uy I
o =3 (F” F,, + F FW)

+ % (097 (8, +ied, +igA, ) +7" (8, +ied, +ig,) | v

-1 . -1 .

— n'n%eagpy (N7 - O0s) ](ﬁe) (n™-0:) jfg) . (4.28)
The first two terms here exactly correspond to the naive energy-momen-
tum tensor that could be obtained by a straightforward dual rotation of the
standard electrodynamics of a massless spinor particle. The last non-local
term is due to the anomalous part of the expression (4.27).

4.3 Canonical Quantization

In order to construct a self-consistent canonical quantization scheme of two-
charge electrodynamics, it is necessary to identify the physical degrees of
freedom of the electromagnetic field. The problem is that the two-potential
dual invariant reformulation of electrodynamics is possible only at the cost
of formal invariance of the model with respect to the extended gauge group
U(l)(e) X U(l)(g), that is

[
AN — AN - EU(e)laﬂU(e) = AH + aﬂ)\(e) s
- . i .
Au = Au = QU(Q)IG“U(Q) = A+ A,
¥ — Uy Uy = explie(e) +igAg }¢ - (4.29)

3 Here we again consider spinor matter fields.
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Therefore, even fixing a “double” Lorentz gauge 0" A, = 8”21“ = 0 we would
still have four transversal degrees of freedom of the electromagnetic field,
twice as many as we need.

To tackle this problem, D. Zwanziger [550] noted that there is an im-
portant difference between standard electrodynamics, where a potential A,
satisfies a second-order wave equation, and the two-potential formulation. In
the latter approach, the number of physical degrees of freedom of the elec-
tromagnetic field does not change if the potentials A, and A,, satisfy not the
equations (4.15), but two other equations of first-order. The gauge condition
must reduce equations (4.15) to these two first-order equations.

Indeed, were it not for terms O(A® A, ) and O(A% A, ), the left-hand sides of
(4.15) would factorize into two differential operators of first-order. Therefore,
the natural choice is to fix the generalized axial gauge

A%A, =7%A, =0, (4.30)

which solves the problem of separating the physical degrees of freedom of the
electromagnetic field in the two-potential formalism. Indeed, the projection of
the equations (4.15) onto a unit time-like four-vector 7,,, which is orthogonal
to n,, yields

(3% 0a) [ (AP0 (77 Ay) = 772 ot 07) A7 | = 71416,
(A%8,) [(ﬁﬁaﬁ)(wﬁﬂ) + Tﬂgwgﬁvap)m} — 7 (431)

where we take into account the gauge condition (4.30). Since the expressions
(4.31) contain only derivatives in directions orthogonal to the vector 7, there
are only two degrees of freedom left.

D. Zwanziger used a similar approach in order to construct a scheme
of canonical quantization of two-potential electrodynamics. He suggested to
supplement the Lagrangian density (4.16) by a gauge-fixing term

L, = 5 {0 a P + o)} (132)

that is the Lagrangian of the electromagnetic field can be written as

1 ~ 1 ~
Lo + Ly = = Suarpo” 0 ATR0" Ay, + £Epprt" 0 A% 0 AV

- %[(ﬁ”&VAM)Q —2(R7D,A,)(0"7P A,) (4.33)
+ (278,A,)? — 2(2"0,A,) (0" A,)] .

It is easy to see that the variation of L, with respect to the potentials
gives the equation
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o (A, +a*4,) =0,

which obviously plays the role of the axial gauge (4.30).

Now the complete Lagrangian of the system of interacting fields and
charges L = Lem + Lint + L + Ly provides the factorized dynamical equations
(cf. (4.15)):

(7%0) [waymu — 0u(R” Ay) — 1y (9" Ay) - naﬁ] =i

(7 0a) [(ﬁ”@y)ﬁu - 8M(ﬁl’jy) - ﬁu(aygz’) + EquffﬁyapAg] = jk(bg) :
(4.34)

Let us consider the quantization scheme of a free electromagnetic field
without sources. Then the system (4.34) can be written in compact form as

(ﬁaaa) {(ﬁyay)va o aﬂ(ﬁ”v”)a - ﬁ#(ayvv)a - 5ab£uupoﬁyap(va)b:| - 07

n
(4.35)
where we introduced a generalized matrix potential (V,)* = (A,“A“), a=
1,2. Thus we have two equations of first-order in time derivatives for the 8
independent variables A, and A,,.
We now have to identify the pairs of canonically conjugate variables. To
do this, we write the Lagrangian in the standard form

L= 7o —H, (4.36)

where the multiplet ¢® now contains the fields A4, ﬁu. Since the correspond-
ing Hamiltonian is [550]

H= ;{[V x A2 + [V x AJ? (4.37)

2 2
- (ﬁ~VA0ﬁ~[V x,&]) + (ﬁ.vﬁo+ﬁ.[VxA])
+(Vi-A)?+ (Vﬁ.A)Z} ,
a straight comparison with (4.33) yields

$1=A1, ¢a=A1, ¢3=A3, ¢s= 43, (4.38)
Av2:—63_171'1, A2:83_1772, A0:83_17r3, Av():a;l?'u,

where, for the sake of simplicity, we choose the vector n directed along the
third axis.



4.3 Canonical Quantization 121

Thus the equal-time canonical commutation relations

[¢a(x), o(¥)] = [ma(x), m(y)] = 0, (4.39)
[W(L(X)? d)b(Y)} = _iéabts(x - y) 5

provide non-local commutation relations between the potentials [550]:

[A(x), Au(y)] = |Au(x), Au(y)] = =i(80, + 80,) (1°00) " (x — ¥),

Apu(x), Au(y)} = Qe pon’ (N 0a) (X — y). (4.40)

Both electric and magnetic fields satisfy the standard electrodynamical rela-
tions

[Em(x)v En(y)] = [Bm(x)v Bn(y)] =0,
[Bin (%), Bn(¥)] = i€mnkVid(x —y), (4.41)

without anomalous contributions.

Let us recall that although there are eight canonically conjugated vari-
ables, the pairs of canonical coordinates (n*A,), (7*A,) and conjugated
momenta must satisfy the free equations. Therefore there are actually only
four dynamical variables over the configuration space, i.e., only two physical
degrees of freedom left.

4.3.1 Relativistic Invariance of Two-Charge Electrodynamics

Obviously, the price paid for using such a perverted two-potential formulation
in quantum electrodynamics instead of the standard quantization scheme, is
that the commutation relations (4.40) depend on a fixed vector n. Moreover,
we have seen that in two-charge electrodynamics, the standard tensor of
angular momentum is not conserved. Thus, generally speaking, we have to
prove that such a generalization is compatible with the relativistic invariance
of the theory.

Let us recall that according to the Schwinger formulation [458], the con-
dition of Lorenz-invariance is

0% (), 00(y)] = —i (TO’“(x) n T’m(y)) 05 (& — ). (1.42)

At first glance, this is not satisfied. Indeed, if we choose ng = 0, the contribu-
tion of the last term in (4.28) to the naive commutation relations, which
are defined without a proper point-splitting regularization, would be (cf.
(2.13)) [41]

[67(2),6%(y)] = =i (T (x) + T*(y)) O (z — y) (4.43)
+eijkiey(@)n’ (n7 - 95) " (, Z/)jécg)(y)
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*Eijkae) (y)nj (n? - 50)_1 (y, x)jfg)(z) .

However, we already noted that in the monopole theory, spatial rotations
are defined up to a complementary unitary transformation that rotates the
vector n in space [301]. The details of this mechanism of restoration of the
effective rotational invariance of a non-relativistic quantum theory were dis-
cussed in Chap. 1 (p. 19). With minor changes, the same arguments can also
be used to prove the effective relativistic invariance of the model with mono-
poles. It was shown by Schwinger [459] that the commutation relations of the
type (4.42) are satisfied in two-charge quantum electrodynamics.

Moreover, the charge quantization condition again arises from the phase
factor of the corresponding Abelian gauge transformation. Here we will not
discuss the argument by Schwinger in more detail. We shall turn instead
to more general and elegant considerations in terms of the path integral
formulation of the theory, as was suggested in [136,137]. This formalism is
especially helpful, because it easily allows us to write a formal expression for
propagators in complete analogy with standard QED. Hence, we can try to
make use of the common language of Feynman diagrams.

Following [41,136], let us consider a simplified version of a scalar model,
extending the Lagrangian (4.16)

L = Lem(A, A,n) + D, ¢* D"¢ — m?¢* ¢, (4.44)

where ¢ is a complex scalar field representing a dyon, Lem(A7g, n) is the
Zwanziger action of free fields appearing in (4.16), and the covariant deriva-
tive is D¢ = (0, +ieA, + iggu)qi

We can write the partition function of the model as

Z(1,€4) = / DADADG* D exp {z / 'z [L+ jl m, + jg‘g)gﬂ]} . (4.45)
Here the currents are
5 = S (60,0 — (0,67)9) — 2e(cAu+ 9A,)0%0,  (4.46)
S0 = S[6°0u6 — (0,67)6] — 20(eAy + 94,60

and 7, (z) and ¢, (z) are the external sources.

Let us recall that relativistic invariance of two-charge quantum electrody-
namics means that the corresponding functional integral must be independent
on the direction of the vector n,. To demonstrate this, let us first evaluate
the Gaussian integral over the scalar fields in (4.45):

Z (s &) :/DADZeXp{i/d‘*x Lem(A, A,n)}

X exp {—Tr In[(p, — J#)Q - mQ]/(pi - mQ)} )

(4.47)
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where

Ju = e(A# + nu) + g(g# + g,u) ) (4'48)

and the momentum operator is as usual defined as p, = —i0,. Now we can
apply the Fock—Schwinger proper time formalism. The operator identity

lné——/d—T ex Z.Ai—ex BT
B~ ) |2 P

allows us to rewrite the exponent in (4.47) as?

Tr ln[(plt _ J/L)Q - m2]
Py —m?

/ dr /d4 exp [(pﬂ —Ju)? - m2]} - eXP{%T(Pi - m2)}‘m> :

Gaussian integration of the second exponent in this expression gives a
trivial result that only affects the normalization factor of the path integral.
To evaluate the remaining functional integral over the first exponent in (4.49),
we make use of the well-known Feynman relation between the matrix element
appearing in (4.49) and the path integral over an auxiliary trajectory z(7):

(4.49)

Ut = (alexo { 10, - 5,02 = 1| )

1 1
/ Dz exp —i/dT' {225( ") = Ju(z)2* () + 2m2] . (4.50)
zé(]))iz 0

Thus [136,137]

Z (s €) = / DADA expli / d*a Lowm(A, A,n)]

X exp{/d:exp <—in;2T>}/sz(z)exp i/dT/ Ju(2)2* 5,
0

where f(z) = exp { = [ dr'22(7)} and the paths of integration are closed:

2(0) = z(7).
We can now expand the last exponent in (4.51) involving the external
currents J, into a series. Then the partition function can be written as

(4.51)

4 Recall that here the trace operator is a functional trace, that is we must evaluate
the corresponding matrix element of the operator involved in a complete basis
(z], |z) and then sum over all states. In the case under consideration, we must
integrate over the momentum of free-particle states having the form of plane
waves.
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W,ﬁu ZZ(k) (4.52)
where

2 = / DADA expli / A0 Lom(A, A,1)]

[dn /Dz )/ m)} Zp)cp exp {‘ ;szi}

X exp {i/d4:v [jl(f)(A“ + )9 (AY +§U)L} )
(4.53)

Here C, is a combinatoric coefficient and the classical currents of particles
moving along closed trajectories z;(7;) are (cf. (4.2))

jl(f) = Zeifdzzd(‘l)(x -2,
jfbg) Zg j{dz oWz —z). (4.54)

The dependence of the partition function on the vector n,, is now hidden in
the Lagrangian Len, (A, A,n). Consequently, integration of each of the terms
of the expansion (4.53) over the field variables A, and A, yields

/DADgexp{i/d‘lx Lem(A, A, n)}

x exp{z' [t 500 g (4 )] }

1 (e v (e . v (e
=e><p[—2//(Jﬁ)DZAJ£)+Jf5”D§AJ£)

+3OD 9 + jﬁg>D%3j§9>)} . (4.55)

Here we define the propagators of free fields A, and Zﬂ. In momentum
representation they can be written as [436,512,547,550]:

kPnY — ntEY 1
L2

DI (k) = D (k) = i [—n“” .

n-k
k 1
pnv Y712 o lu‘l/pgnp o
DA;‘(k) = D;‘A(k) = ie S (4.56)

The propagator of the scalar field has a standard form and vertices of the
interaction between the scalar (dyon) and electromagnetic fields are multi-
plied by e and g. However, the charge quantization condition means that the
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weak coupling regime with respect to the electric charge corresponds to the
strong coupling regime with respect to the magnetic charge, and vice versa.
Therefore the diagram techniques for expansion over the magnetic coupling
inevitably becomes formal, since there is no perturbation theory with respect
to the charge g. This is a pathology that, within QED with a magnetic charge,
makes the standard renormalization scheme completely meaningless. Never-
theless, there have been some attempts to calculate amplitudes of elementary
quantum-electrodynamical processes with monopoles by making use of the
propagators (4.56). The simplest example is the evaluation of the quantum
amplitude of scattering of an electron by a magnetic charge [436].

Let us now return to the proof of relativistic invariance of the functional
integral (4.51). To simplify our consideration, we shall consider again the
interaction between two point-like dyons. Then the explicit form of the Green
functions (4.56) suggests that the n,-dependent part of the partition function
has the form

o° 1

-0 (21 — 22)% +ie
(4.57)

where the contours of integration, I3, i = 1,2, are closed trajectories of the

particles. Exploiting Stokes theorem we can transform the first integral over
the contour I into an integral over the surface Xy:

3

. L nf
exp S, = exp{ —i(e1gs — ezgl)j{dz’l %dzgswpo -
I I

exp S, = exp{i(elgg —eaq1) / dS*° € po (4.58)
X

xljfdz’; [av (W) +ing(n-9)6(z — 22)} } .

The first term in the exponent is obviously n,-independent. Now we can
make use of the integral representation (4.10) of the operator (n-9)~! to
see that the second term can be interpreted as the number of intersections
between the closed world line I of the second dyon and an oriented three-
surface Xy spanned by the path of the first dyon. Obviously, this is an inte-
ger for all trajectories, except those completely in the surface X;. The latter
belong to a manifold of measure zero in functional space. Thus, the parti-
tion function of two-charge electrodynamics (4.52) is n,-independent if the
Schwinger—Zwanziger charge quantization condition (2.131) is fulfilled. Thus,
under this condition the model remains relativistically invariant.

4.4 Renormalization of QED with a Magnetic Charge

By analogy with the standard QED, we can try to renormalize the gener-
alized model with two types of charges. However, we immediately run into
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trouble, since the charge quantization condition means that one of the cou-
plings inevitably must be strong, so we cannot apply the usual perturbative
expansion in electric and magnetic couplings simultaneously. Therefore the
standard procedure of renormalization in two-charge quantum electrodynam-
ics becomes just formal and questionable.

Let us illustrate this statement, which is common to all evaluations of am-
plitudes of different processes in QED with monopoles, with the well-known
problem of vacuum polarization [43,135,419,459,520]. It is obvious that the
fundamental question is: how are the electric and magnetic coupling constants
modified by quantum corrections, i.e., what are the S-functions correspond-
ing to electric and magnetic couplings? It is clear that the the pole of the
photon propagator (4.56), despite its rather unusual structure, corresponds
to a single photon that can be emitted by an electric or magnetic source.
However, the loop corrections to the photon propagator now include both
usual electron diagrams and contributions from virtual pairs of monopoles
and dyons.

The procedure of renormalization of electric and magnetic charges was
the subject of intensive discussions for a long time (see, for example, the
reviews [41,45]). According to the conclusion reached by Schwinger [459], and
supported in [191,419], both electric and magnetic charges are renormalized
in a similar way, that is

=7,  g°=Z,9, Ze=27Z,<1. (4.59)

By contrast, Coleman [43] and other authors [158,242,496] concluded that
_ 1
Z.= 2", (4.60)

that is, when the energy increases, the effect of vacuum fluctuations lead
not only to the standard electric charge screening, but simultaneously to the
effect of anti-screening of the magnetic charge.

In essence, the argument by Schwinger was as follows. For the sake of
simplicity, let us consider scalar electrodynamics. There are photon propa-
gators of three different types. The explicit form of the propagator D% (k)
corresponds to a photon that is emitted at a vertex of one type and absorbed
at a vertex of a different type. Its contribution to the self-energy of the scalar
matter field and the corresponding vertex functions are equal to zero.

At the same time, there is a non-vanishing contribution of the type
(0|BB|0), which comes from a photon that is emitted and absorbed by mag-
netic vertices. The latter is identical to the contribution of the standard
photon propagator (0]AA|0) up to the substitution e? — g2. Therefore, the
vertices and propagators of the matter fields are renormalized just as in nor-
mal QED with an effective charge ¢> = e+ ¢? and the only non-trivial effects
are connected with vacuum polarization due to dyons.

On the one-loop level, the renormalized photon propagator has the form

Dy, =D,y + D, ,JI7 Dy, (4.61)
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where the vacuum polarization tensor includes the contributions:

) () = (0155 ()57 (0)]0) ,
1 (99 () = (013 ()75 (0)]0) ,
9 () = (0] <e>(x)3§9>(0)|0>,
) (x) = (01 () (0)[0) - (4.62)

As in the case of standard QED, the condition of conservation of electric and
magnetic currents fix the form of the Fourier transform of the polarization
tensor to be

,,, (k%) = —i(nuk® — kuk, ) I (k*,m?), (4.63)

where m is the mass of the virtual particle. Thus, substituting (4.56) into
(4.61), and keeping only gauge invariant terms, we can write

Plee) — _Muv (1 priee) _ ppten)) _ L 1(09)
k2 )2 ’

mv (n-k
Dy = _Z'L;v (1 _ pplee) _ H(gy)) i Tw) )
v k n-k)2
~ ' T,
Do) — g (1 _qqtee) _ H(gy)) v gr(eq)
1224 k2 K +e (n . k)2 ’
(ge i ee . TMV e
D) =~ S (11— o) +ZWH(9 ), (4.64)
where
nPk’
Sy = E€pvpo T » TVZTLQ’I]V—TLTLV,
H nrp (nk) © © ® (4.65)

o) = 21 (k?); 1199 = 21(k?), M9 = 19 = egll(k?),

and IT(k?) is the standard reduced one-loop vacuum polarization tensor. We
shall write its explicit form below.

Note that, as we approach the photon pole, k? — 0, the terms in (4.64)
that are proportional to 7}, become negligible compared to the first terms.
Let us define the renormalization constant

Z =1—1109(0) — 199 (0) =1 — (e2 + g>)II(0). (4.66)
Then the photon propagators (4.64) at zero momentum transfer become
nlee) ~ N ~ inpl/
D) ~ DY) ~ —2 4
WS
k

D) ~ —DEI ~ - 7 (4.67)

that is, the renormalized charges can be defined according to (4.59). The
conclusion by Schwinger about the similar character of the renormalization
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of both electric and magnetic charges follows from (4.67). Moreover, due to
the charge quantization Condition, the constant Z must be a rational number
smaller than one [459].

This result is rather general, since it follows directly from the form of
the photon propagator (4.56) and the definition of the renormalized charge,
(4.59). However, let us note that if the relations (4.59) are fulfilled, the charge
quantization condition will not be independent of the renormalization. That
would be a puzzle and cause trouble. On the other hand, if the conclusion
reached by Coleman (4.60) and others is correct, the quantization condition
does not depend on the renormalization point, i.e., the electric and magnetic
[O-functions run in opposite ways.

Let us try to understand the difference between the two approaches pre-
sented in [191,419,459] and [43, 158,242, 496], respectively. The Schwinger
approach indirectly relies on the treatment of both electric and magnetic
charges on the same footing. Coleman and others argue that, according to
the experimental data and predictions of non-Abelian gauge theories, the
monopole must be much heavier than its electric counterpart and therefore
its contribution to the vacuum polarization amplitude in the low-energy limit
would be strongly suppressed.

Note that even within the framework of pure QED there still remains an
unsolved question: can one treat the quantum effects caused by monopoles
or dyons in the same manner, because the magnetic coupling is strong: eg ~
1?7 Calucci and Iengo [158] attempt to solve this problem by making use
of the lattice formulation of the theory. We will not go into details of this
consideration [157,159], which is based on the loop representation of the
partition function of two-charge electrodynamics. Note just that it looks like
the reason for the disagreement between the relations (4.59) and (4.60) is
connected with the treatment of the n-dependent term in the action [41].
In the Calucci-Iengo representation [158] the charge quantization condition
removes this term in just the same way as was done above when we proved
the relativistic invariance of the model. Then the relation (4.60) is recovered.

4.5 Vacuum Polarization by a Dyon Field

As we have seen above, there is a serious inconsistency in QEMD when it
is formally constructed according to the standard prescriptions. The charge
quantization condition must be satisfied for the theory to be self-consistent
but, at the same time, this condition means that we cannot apply the per-
turbative expansion in electric and magnetic couplings simultaneously.
However, there still remains the possibility of using the loop expansion of
the partition function, which relies on the smallness of the Planck constant.
In this way, we can obtain some results even without making use of the
standard Feynman diagram technique but, for example, by applying a rather
old-fashioned approach that is based on the exact solution of the relativistic
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wave equations in external fields [242]. Indeed, in this case, the one-loop
correction to the energy of the electromagnetic field can be calculated by
“brute force”, that is, by direct summation of the corresponding one-particle
modes over all quantum numbers n (see, e.g., [31]):

_ 1 2 2 - 2 2 2 2 42 2
AEQV;(wnkﬁn + [V — ieApdn|? +m2|pnl? + 2 42|60 ]2 ) , (4.68)

where ¢,, are the known solutions (2.47) of the scalar relativistic wave equa-
tion for a spinless charged particle in an external dyon field [5] and the scalar
potential of a dyon is Ag = Q/r.

Let us recall that these solutions describe bound states, as well as the
continuum (see page 38). Since we suppose that the mass of the monopole or
dyon is very large in comparison with the mass of the charged particle, in the
evaluation of the effects of the vacuum polarization at the one-loop level, we
can restrict ourselves to the consideration of the contribution that is caused
by electrically charged virtual particles.

Let us substitute the solutions (2.47) and (2.49) into the expression (4.68).
Note that the spherical symmetry of the configuration allows us to calculate
the sum over the magnetic quantum number m by exploiting the relations
[531]:

J .
27+1
Z ‘Yulnl(o,@)F = 47T ) (469)
m=—j
! 2j +1
Z |vyﬂlm(97 QD) - ieAkYMlm(97 (»0)|2 = Ar [j(] + 1) - /1‘2] .

m=—j

Now we can split the expression (4.68) into two parts corresponding to
the contributions of the bound states and the continuum, respectively. Since
the explicit form of the radial wave functions of the discrete part of the spec-
trum (2.49) shows that their contribution to the sum (4.68) is exponentially
suppressed, we can neglect those terms and consider only the sum over the
continuum states. Invoking (4.69), we can roughly estimate the zero-point
energy density as

1 o, Oodk 2 2 2
J=H 0
eQ* +5(j +1) —p?
+ (TQ )= |ij(r)|2+|5Tij(r)|2>,

where Fj;(r) are the radial functions (2.49). Note that in the limiting case
@ = 0, this relation coincides with the one-loop correction to the energy
density of a charged particle in a monopole magnetic field obtained in [242].
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Using the Watson-Sommerfeld integral formula

) = fdy— W)
ZF(n) N fdy 1 — exp(2miy)

n=0 o

y

—1/2

dF 2 Im F(—-1/2+1 4.71
yF(y) + /1—|—exp27rsc m F(=1/2 +ix), (4.71)
0

we can perform the summation over the quantum number j:

AL = i(% +1)F((5),Q) = 2/dl(l +1/2)F(1,Q) (4.72)

o0

d _ .
+ 4/ HT];:(%WC) Re[(z —ip)F (-3 + V2ipx — x2 — e?Q?)],
0

where we have introduced the abbreviation

P00 - 1 [ & e mim o

An2

Q*+j(j+1)

)
+ LU B 0R 4o Fg(F) . (@73)

The next step is to consider the asymptotic behavior of the radial func-
tions of (4.70)

T—00

1
Fij(r)r ;(Gcos€+Fsin€)7

where § = kr— (eQw/k) In(2kr) — 371+ and the coefficients G, F' are defined
by the expansion

G:j<j+1>—u2_e2c22<1_uﬂ>

2kr 2kr k2
eQ QUi +1)—p?)  €Q° w?\\ w
- (4(kr)2 - 2(er)? HETOE (1 - l#)) e

] — 2 i(7 _2)\2 212 2
Fo1s Qe U+ —p (GU+D - 5Q%w

2kr k a(kr)z 8(kr)? 8 (kr)2 k2
QP QU ) (1w et (1 w?)]
ot g () s )
+... (4.74)

The recipe of regularization of the divergent integral (4.73), is to subtract
the analogous vacuum expression for vanishing charges: Q = 0,g = 0. Then,
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substituting the asymptotic expansions (4.74) into (4.72), after some algebra
we obtain, to leading order in 1/kr

AS = &T% i@j +1) [[j(j F1) - 4?4+ 262Q7] (m % _ 1)} (A7)

having omitted all the @) and g independent terms and performing an integra-
tion over the variable z = kr. The last step is to sum over the quantum num-
ber j. This can be performed by again making use of the Watson—Sommerfeld
formula:

Af ~ (In24 —1) /°° dx
0

224 1+ exp(2mz)
1
xIm [(zx + 1) ((zx + 1)? +262Q* - 1 u2)] . (4.76)
Keeping only the charge-dependent terms, we find
a 24 E?2  « 24 B?

where a = e?/4m. The final step of our calculation is to include the terms
corresponding to the energy density of the electromagnetic field in the tree
approximation. Then, we obtain

E? o, 24 « B? a . 24 «
S TR P I R i 4.
£ 2<+67rnm 67T)+2(+67rnm 677) (4.78)

Thus, the effect of vacuum polarization in an external dyon field is that both
electric and magnetic fields are multiplied by the same divergent coefficient.
Formally, this is in agreement with the Schwinger conclusion (4.59) that we
discussed above.

As in the case of usual QED, the logarithmic divergence in (4.78) can be
eliminated by a standard renormalization of the external electric and mag-
netic fields E, B and the electric charge of the scalar field e:

ek =7, E%=FE*7Z"1, B% =B*Z7!, (4.79)
where the renormalization factor
o 21
J=1——In—
6r M

corresponds to the usual renormalization constant of scalar QED and its
generalization (4.66) considered above. Thus, the electric charge of a dyon is
screened by the vacuum polarization effects as it should be.

Let us define the “dielectric” (¢) and “magnetic” (u) vacuum permittivi-
ties [242] as
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1 o 24 «
= =1+ —lhh——-—|.
cTH ( +67rnm 67r>

Then we can write

E
E=e—+p  —. (4.80)

eR=pgp =1- — (4.81)

which define the finite corrections to the energy density £ of the dyon elec-
tromagnetic field originating from the vacuum polarization. The regularized
expression for &, taking into account the one-loop correction to the first order
in « takes the form:

1
£=3 <ERE,§ + u,;lB,%) : (4.82)

The physical interpretation of this result is that the contribution of the one-
loop corrections to the energy density of the electric and magnetic fields of the
dyon leads to a shielding of the electric charge of the dyon and, taking into
account the definition (4.81), to the effect of antishielding of the magnetic
charge g.

4.6 Effective Lagrangian of QED
with a Magnetic Charge

In the previous section, we considered the vacuum polarization induced by
electron-positron virtual pairs in a dyon external field. Now, let us consider
what in some sense is the opposite problem, i.e., we shall investigate how
one-loop corrections connected with a virtual pair of dyons could modify
the vacuum energy. As is well-known (see, for example, [1]) in the case of
a weak, almost homogeneous electromagnetic field, such a correction can
be evaluated again without using the perturbative expansion in a coupling
constant. Actually, our goal is to write an effective Lagrangian of QEMD
[337], which is a generalization of the known form of the Euler—Heisenberg
non-linear Lagrangian.

Let us consider the simple case of weak, constant, parallel electric and
magnetic fields E and B. We impose the conditions eE/m? < 1 and
eB/m? < 1, such that the creation of particles is not possible. As in the
previous section, the one-loop correction can be calculated by summing the
one-particle modes — the solutions of the Dirac equation in the external
electromagnetic field — over all quantum numbers®.

5 Here, in order to make the comparison with ordinary QED more transparent, we
will consider not scalar but spinor excitations.
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Let us recall the basic elements of such calculations. For example, if there
is just a magnetic field, B = (0,0, B), the corresponding equation of motion
of an electron is

[mﬂ (0, +ieA,) — m<e)} =0, (4.83)

where the electromagnetic potential is A* = (0, —By,0,0). The solution to
this equation gives the energy levels of an electron in a magnetic field [1, 5]

=\/m2+eB(@2n—1+s)+k2, (4.84)

where n =0,1,2... and s = +1. Furthermore, k is the electron momentum
along the field. In this case, the correction to the Lagrangian is [1, 6]

eB 7
ALp = — [ dk
B 27r2/
0
1

2s 2
=53 / [ esB)coth (esB) —1— 3¢
0

(m® + k)2 +2) "(m® + 2eBn + kz)l/zl

n=1

5232} , (4.85)

where the terms independent of the external field B have been dropped and
a standard renormalization of the electron charge has been made.

It is known [5] that if we consider simultaneously homogeneous magnetic
and electric fields, then (4.83), as well as its classical analogue, can be sepa-
rated into two uncoupled equations, each in two variables. Indeed, in this case
we can take A* = (Ez,—By,0,0), and the interaction of an electron with
the fields E and B is determined independently. For such a configuration of
electromagnetic fields, the correction to the Lagrangian is [1,6]

eB ST
2—2 / dike(P) (K (4.86)
n=1 0

Here, 61(1E) is the correction to the energy of an electron (4.84) in the combined

external magnetic and electric fields, which to the first order is proportional
to e?E%. Thus the total Lagrangian is L = Lo + AL, where Ly = (E? —
B2)/2 is just the Lagrangian of the free electromagnetic field in the tree
approximation, and can be written as

a [ds .\ E2—B?
L= |14 [ St ) 2220 ar, 4
+37r e 5 T (4.87)
0

The logarithmic divergence can again be removed by the standard renor-
malization of the external fields and the electron charge (4.79). The only
difference from the case of scalar electrodynamics that we considered above
is that the renormalization constant now is
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o0
Z7' =1+ (a/37) / ds/s)e
0

Thus, the finite part of the correction to the Lagrangian, AL’, can be written
in terms of physical quantities as (see, e.g., [1])

AL = L / @e_m% [(esE)(esB) cot(esE)coth(esB) — 1], (4.88)

which in the limit £ = 0 reduces to the renormalized form of (4.85).

Since we consider the case of weak electromagnetic fields, we can expand
the expression (4.88) in the parameters eE/m? < 1, eB/m? < 1, which
yields the well-known Euler—Heisenberg correction [264]:

64

AL~ ———
360m2m4

[(B2 ~E?)?+47(B- E)Q} . (4.89)
Let us consider how the situation changes, if we allow for virtual pair
creation of dyons in the external electromagnetic field. We recall that the

dynamics of a spinor particle in the external field of a dyon is described by
the (4.18)

[i’y“ <8u +ieA, + igﬁu> — M} =0,

where M is the dyon mass.

Here the notations are slightly different from the two-potential formu-
lation considered above. The potential A, and its dual A, are defined by
F,, =0,A, - 0,4, = EWWBPZ" where F),, is the electromagnetic field
strength tensor.5

The potentials in the case of constant parallel electric and magnetic fields
can be expressed as

A, = (Ez,—By,0,0), A, =(Bz, Ey,0,0). (4.90)

It is easily seen that the solution to the equation of motion for a dyon in
an external electromagnetic field can be obtained from the solution to the
equation for an electron by the dual transformation

el - QF 4+ gB, eB — QB —gFE. (4.91)

Using this substitution we obtain the following expression for the quan-
tum correction to the Lagrangian, due to the vacuum polarization caused
by dyons:

5 This definition is consistent only if OA, = Dgu = 0, i.e., for constant electro-
magnetic fields or for free electromagnetic waves.
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0> 7ds VI 76[3 .| E? - B2 ,
L=|1 LM _ Bo-m2s | 275 AL (4.92
T | S 1272 | ¢ ;— +AL, (492)

0 0

where a total derivative has been dropped.

The procedure of renormalization of electric and magnetic charges and
the fields can be done in complete analogy with the problem of vacuum po-
larization by a dyon field that we considered above. The difference is that
now we have to take into account both electric and magnetic charges of a vir-
tual particle in a loop. Thus, we can introduce two different renormalization
factors [41]:

oo o0
— Q2 /ds _ M2 1 g2 /ds _ M2
=142 | = s oozt L | = s 4.93
e T B T Y 127 | 5 °€ o (499)
0 0

which corresponds to the decomposition Z = Z.Z L of the renormalization

constant of (4.66). In this case, the fields and charges are renormalized as

E}=27'Z,E*, B}y=27'Z,B*,
€% = ZeZ;162, 9% =2"'2,9*. (4.94)

Considering now the case of weak electromagnetic fields by analogy with
(4.89), we can write the finite part of the renormalized correction to the
Lagrangian AL’ as

1
AL = W{[(QQ - ¢*)? +7Q*¢*|(B® — E?)?

+[16Q%¢* + 7(Q* — ¢°)’](B - E)* + 6Qg(Q* — ¢*)(B - E)(B* — E*)} .
(4.95)

Let us recall that this expression describes nonlinear corrections to
the Maxwell equations that correspond to photon-photon interactions. The
principal difference between the formula (4.95) and the standard Euler—
Heisenberg effective Lagrangian (4.89) consists in the appearance of P and
T non-invariant terms proportional to (BE)(B? — E?). It should, however,
be noted that this term is invariant under charge conjugation C, since then
both @ and g would change sign [438].

Let us make one more remark on the loop corrections. If we would consider
the corrections connected with the contribution of the virtual dyons only (and
not the electrons), then the dual invariance of the model would mean that the
charges @ and g would not separately have any meaning, the physics would
be determined by the effective charge \/Q? + g2. However, in the case under
consideration, we are dealing with two effects simultaneously, that is, we have
two different contributions from vacuum polarization by electron-positron
and dyon pairs, respectively. Then it is not possible to reformulate the theory
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Fig. 4.1. T-violating contribution to the electron-photon vertex due to the dyon
loop

in terms of just one effective charge by means of a dual transformation.
Moreover, the Dirac charge quantization condition connects just the electric
charge of the electron and the magnetic charge of the dyon: eg = n/2, whereas
the electric dyon charge @ is not quantized. Its quantization becomes natural
in the quantum field theory, which we shall consider later.

We can further simplify the expression (4.95), taking into account the
difference between the monopole and electron masses. Indeed, it is widely
believed, based both on experimental bounds and predictions of non-Abelian
theories, that the dyon mass would be large. Thus, for M > m, we can write
the dominant contributions of (4.89) and (4.95) as

e e 2 242 2 QQ(Q2 - 92) 2 2

AL Nm[(B - E*)?+17(B-E)?| +W(B-E)(B —-E?),
(4.96)

where the P and T invariant terms contributing to vacuum polarization by
dyons have been dropped because they are suppressed by factors M 4.

Finally, let us make two remarks. First, we note that the expression (4.96)
yields the matrix element for low-energy photon-photon scattering, which
contains P and T non-invariant terms [337]. This results in interference be-
tween two one-loop diagrams corresponding to loops with dyons and those
with simply electrically charged particles, causing an asymmetry between the
processes of photon splitting v — 2v and photon coalescence 2y — v [336].
The asymmetry is linear in the product of the dyon charges, and proportional
to the fourth power of the electron to dyon mass ratio m/M.
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Second, the violation of 7' invariance caused by the contribution of the
photon-photon scattering sub-diagram to the sixth-order radiative correc-
tions to the electron-photon vertex (see Fig. 4.1) could induce an electric
dipole moment of the electron. The corresponding estimate yields [337)

Q> —g%) m

de - — -
(472)3 M2

(4.97)

This estimate can be used to obtain a new bound on the dyon mass. Indeed,
recent experimental progress in the search for an electron electric dipole mo-
ment [120,174,302] gives a rather strict upper limit: d. < 9x 107%%¢ cm. If we
suppose that Q ~ e, then from (4.97) we obtain M > 2 x 10 m ~ 103 GeV.
This coincides with the bound obtained from the experimental data of the
ete™ collider LEP by De Rujula [449] for virtual monopoles. Thus, we can
definitely conclude that a monopole (dyon) is not a natural object in QED
and its mass belongs at least to the electroweak scale.
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5 ’t Hooft—Polyakov Monopole

5.1 SU(2) Georgi—Glashow Model
and the Vacuum Structure

5.1.1 Non-Abelian Wu—Yang Monopole

We have seen in the previous chapters that a magnetic monopole could be
introduced into the Abelian electrodynamics on the classical level, if the
vector potential is not defined globally or if there are singular objects in the
theory. However, even in this case, the quantum theory of the monopole is
full of contradictions that one can hardly avoid within the framework of an
Abelian model.

The situation changes drastically if we take into account that the Abelian
electrodynamics is part of a unified model, i.e., the generator of the elec-
tromagnetic U(1) subgroup is embedded into a non-Abelian gauge group of
higher rank. Indeed, let us consider the simplest possible version of such an
embedding, the SU(2) Yang—Mills model. Suppose that the Dirac potential
(1.43) with the string directed along the positive direction of the z-axis is as-
sociated with the Cartan subgroup of SU(2). In other words, it is embedded
into SU(2) as’ A, = AD"03/2. Thus, the components of the non-Abelian
potential A, = Afjjoc® are

1 _ 2 _
A,=0, A, =0,
g1+ cosf

A3 = Aj = A3 = 1
r=0 0 =0 @ r sin (5-1)
As before, we can also write Ai = —g(1+ cos0)0,p, where the four-vector

Oup = 0, —siny, cos ¢, 0
up = ———5(0, —singp, cos ,0)
is singular along the entire z-axis (see the related discussion of (1.41) in

Chap. 1).

! We have adopted a notation in which Greek indices should always be understood
to run from 1 to 4 and Roman indices from 1 to 3.
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Let us recall that under gauge transformations the non-Abelian vector
potential transforms as

Ay — AL =UAU + éU@kU‘l : (5.2)

where the matrix of SU(2) gauge transformations is defined by (3.88). The
group parameters # and ¢ in the standard parameterization are identified
with the polar and azimuthal angles on the sphere S2. The third angle para-
meter « is defined? on the sphere S3.

Let us suppose @ = 0 and consider the gauge transformations rotating
the unit vector on the sphere S? to the third axis in isospace:

6 a0 —ip
N BN COS 5 —sin ;e
U(f,p) = e'93% ¢l922 ¢7103% = g 2 : (5.3)
ip [
sin 2 6 COs 3

Obviously, the range of the rotation angle ¢ varies from the value 47 for
6 =0 to 0 for § = m; recall that in the general case of the SU(N) group, the
unit element is equal to a rotation by the angle 27 N.

After some straightforward, but lengthy calculations, the gauge transfor-
mation (5.2) gives [76,86,270]

a r O.Cl
Al = A“ 5 gamnr—g?. (5.4)

This potential is obviously regular everywhere but the origin, that is the
string singularity of the original expression (5.1) disappears due to some
miracle! One can understand the mechanism of that miracle by taking into
account that the gauge transformation (5.3) itself is singular. Indeed, the
third isotopic component of the affine part of the gauge transformation

i 1
{U@kUl} = —(1 + cos 0)Opp,
e 3 €
possesses a singularity of the same type as the original string singularity of the
embedded Dirac potential (5.1). The exact cancellation of both singularities
is possible if the charge quantization condition (2.6) is satisfied.

The gauge transformation of the potential (5.1) leads us to the expression
(5.4), which is just the classical solution of the pure SU(2) Yang—Mills theory
discovered by Wu and Yang in 1969 [528]. They also mentioned that such a
solution is connected with the magnetic monopole, because the substitution
of the Wu—Yang potential (5.4) into the definition of the non-Abelian field
strength tensor

1
Fu, = 0,A, —0,A, +ie[A,, A)] = 3 WU“ , (5.5)
2 We shall discuss the space of parameters of the gauge group SU(2) in Sect. 5.3.1
below.
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yields
rork 1
FT?LTL = Emnkw ~ 1"72 . (56)

This suggests that such a solution could be a source of a non-Abelian Coulomb
magnetic field. However, if we try naively to calculate the color magnetic
charge that corresponds to this field, the integral over the color magnetic
field on the surface of an infinite spatial sphere vanishes

ayk
/ dSyBf = / dSi—5 = 0.

The problem could be solved, if for some reason there would be a special di-
rection 7 in the spatial asymptotic and the non-Abelian field strength tensor
could be projected onto this direction. On the other hand, the singularity at
the origin of the Wu—Yang solution leads to some trouble with the definition
of the energy of the configuration. We will see that the coupling of the gauge
field with the Higgs field and related mechanism of spontaneous symmetry
breaking shall cure both these problems.

5.1.2 Georgi—Glashow Model

The modern era of the monopole theory started in 1974, when 't Hooft and
Polyakov independently discovered monopole solutions of the SO(3) Georgi—
Glashow model [270,428]. The essence of this break-through is that while a
Dirac monopole could be incorporated in an Abelian theory, some non-Abelian
models, like that of Georgi and Glashow, inevitably contain monopole-like
solutions.

For many years, starting from the pioneering paper by Dirac, the most
serious argument to support the monopole concept, apart from his emotional
belief that “one would be surprised if Nature had made no use of it” [200], was
the possible explanation of the quantization of the electric charge. However,
as time went on and the idea of grand unification emerged, it seemed that
the latter argument had lost some power.

Indeed, the modern point of view is that the operator of electric charge
is the generator of a U(1) group. The charge quantization condition arises
in models of unification if the electromagnetic subgroup is embedded into a
semi-simple non-Abelian gauge group of higher rank. In this case, the electric
charge generator forms nontrivial commutation relations with all other gen-
erators of the gauge group. Therefore, the electric charge quantization today
is considered as an argument in support of the unification approach.

However, it turns out that both the “old” and “new” explanations of the
electric charge quantization are just two sides of the same problem, because
it was realized that any model of unification with an electromagnetic U(1)
subgroup embedded into a semi-simple gauge group, which becomes sponta-
neously broken by the Higgs mechanism, possesses monopole-like solutions!
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An example of such a model is the well-known Georgi—Glashow model
[234] with the classical Lagrangian density, which describes coupled gauge
and Higgs fields:

1 v
L= 3T F,, F" +Tr D,¢D"¢ —V(9)

1 a auv 1 a a
= = Fn M + 5 (D) (Dug®) = V(9). (5.7)
Here, F),, = F;, T, ¢ = ¢“T* and we use standard normalization of the
generators of the gauge group: Tr (T97T%) = %6(11,, a,b=1,2,3, which for the
gauge group G = SU(2) satisfy the algebra

[T T = icap.TC. (5.8)
The generators® could be taken in the fundamental representation, 7% = %a“
or in the adjoint representation, (T%)p. = —i€ape- In this chapter, we will
choose the adjoint representation, but in some cases we will use convenient
matrix notations. Also note that there is a typical “birth-mark” that allows
us to distinguish a mathematician from a theoretician: whereas, for some rea-
sons, the former prefers to work with a field in anti-Hermitian representation
of a group, the latter definitely likes Hermitian objects. For the SU(2) group,
for example, an anti-Hermitian basis may be taken as T% = 7%0'0’. Then
the structure constants of the su(2) algebra are real. Here we shall use the
“physical” Hermitian basis.

The covariant derivative is defined as

D, =0, +ieA,, (5.9)
which yields
Dy = 0u¢ +ie[A,, ¢, or Du¢® = 0,0" — ecapcAL0° (5.10)

and the potential of the scalar fields is taken to be

V(g) = 2(¢“¢“ —v?)?, (5.11)

where e and \ are gauge and scalar coupling constants, respectively. The field
strength tensor is

F[.?V = a,uAg - a1/"42 - 6€abcAZAlC/ 5 (512)

3 Note that the SO(3) group is locally isomorphic to the simply connected covering
group SU(2). However, in the monopole theory the global difference between
these two groups is very important, because the topological properties of the
corresponding group spaces are different. We discuss this situation in Sect. 5.3.1.
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or in matrix form
1
e

Fo = 0,4, — 0,A, +ie[A,, A)) = —[D,,D,]. (5.13)

The field equations corresponding to the Lagrangian (5.7) are
D, F“" = —egqped’ DHo° D, D"¢" = =2 (¢"¢" —v?).  (5.14)

Moreover, the Bianchi identities D”ﬁ;}u = 0 for the dual non-Abelian field
strength tensor generalize the second pair of the field equations.

The symmetric stress-energy tensor 7),,, which follows from the Lagran-
gian (5.7) and the field equations (5.14), is

Ty,u == Fﬁngp + (Du¢a)(Dy¢a) — gl“/L
a rvoaa a a 1 a o a 1 a apa
= FuaF + D,¢"Dyo" — igul/Dad) D%¢p" — zngagF A

A
- guuz (¢2 - U2) ) (515)

and is conserved by virtue of the field equations:
0,T"" =0.

From (5.15) we can easily obtain the static Hamiltonian, aka the total energy
of the system:

B [ @ato= [ @ | {F P L (D,0)(D46) + 0060 )P

4=
1
= [ (BLBs + BBy + (D.0)(Dad)] + V(6). (5.16)
where )
E% = F§, and By = §snmkF§Lk , (5.17)

are “color” electric and magnetic fields. We see that the energy is minimal if
the following conditions are satisfied:

¢ 9" =v?,  FL. =0, D,¢*=0. (5.18)

These conditions define the Higgs vacuum of the system and the constant v
is the scalar field vacuum expectation value.

The perturbative spectrum of the model can be found from analyzing
small fluctuations around the vacuum. Let us suppose that the system under
consideration is static, E¢ = 0. Then the energy of the vacuum is equal to
zero. Furthermore, let us consider a fluctuation y of the scalar field ¢ around
the trivial vacuum |¢| = v, where only the third isotopic component of the
Higgs field is non-vanishing;:
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¢ =1(0,0,v+x). (5.19)

Substitution of the expansion (5.19) into the Lagrangian (5.7) yields, up to
terms of the second-order

(Dn¢a)u)n¢¢)z(anxaxanxa)+«¥v2[(A;)24-(Ai)ﬂ , (5.20)
and )
‘V(¢):;5v2x2. (5.21)

Thus, the vacuum average of the scalar field is non-vanishing and the model
describes spontaneous symmetry breaking. Further analysis given in Chap. 7
shows that the perturbative spectrum consists of a massless photon Ai cor-
responding to the unbroken U(1) electromagnetic subgroup, massive vector
fields Aff = (1/\/5)(14; + A?) with mass m, = ev, and neutral scalars having

a mass ms = vV2\.

We will discuss some properties of such fluctuations later. Here we only
note that the electric charge of the massive vector bosons A* is given by the
unbroken U(1) subgroup. In general, this is a subgroup H of the gauge group
G, the action of which leaves the Higgs vacuum invariant. Obviously, this is a
little group of the rotation in isospace about the direction given by the vector
¢®. The generator of it, (¢*T*)/v, must be identified with the operator of
electric charge Q. Thus, the expression for the covariant derivative (5.10) can
be written in the form

Dy = 0, + ieAST® = 9, +iQAT™ | (5.22)

which allows us to define the “electromagnetic projection” of the gauge po-
tential

1
A= A" Q=T (5.23)

Taking into account the definition of the generators T'* of the gauge group,
we can easily see that the minimal allowed eigenvalues of the electric charge
operator are now ¢ = te/2.

5.1.3 Topological Classification of the Solutions

“The for knows many things,
but the hedgehog knows one big thing”

Archiolus

The spectrum of possible solutions of the Georgi—Glashow model is much
richer than one would naively expect. There are stable soliton-like static
solutions of the complicated system of field equations (5.14) having a finite
energy density on the spatial asymptotic. An adequate description of these
objects needs the topological methods we discussed in Chap. 3.
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Indeed, the very definition (5.18) forces the classical vacuum of the
Georgi-Glashow model to be degenerated. The condition V(¢) = 0 means
that |¢| = v, i.e., the set of vacuum values of the Higgs field forms a sphere
S2.. of radius v in d = 3 isotopic space. All the points on this sphere are
equivalent because there is a well-defined SU(2) gauge transformation that
connects them.

The solutions of the classical field equations map the vacuum manifold
M = S2 _ onto the boundary of 3-dimensional space, which is also a sphere
52. These maps are charactered by a winding numbern = 0,41, +£2. .., which
is the number of times S2,. is covered by a single turn around the spatial
boundary S2. The crucial point is that the solutions having a finite energy on
the spatial asymptotic could be separated into different classes according to
the behavior of the field ¢*. The trivial case is that the isotopic orientation
of the fields does not depend on the spatial coordinates and asymptotically
the scalar field tends to the limit

¢* = (0,0,v). (5.24)

This situation corresponds to the winding number n = 0.

We can also consider another type of solutions with the property that
the direction of isovector and isoscalar fields in isospace are functions of the
spatial coordinates. One could suppose that since the absolute minimum of
the energy corresponds to the trivial vacuum, such configurations would be
unstable. However, their stability will be secured by the topology: if we try
to deform the fields continuously to the trivial vacuum (5.24), the energy
functional would tend to infinity. In other words, all the different topological
sectors are separated by infinite barriers.

To construct the solutions corresponding to the non-trivial minimum of
the energy functional (5.16), we again consider the scalar field on the spatial
asymptotic r — oo, taking values on the vacuum manifold |¢| = v. However,
we suppose that the isovector of the scalar field is now directed in the isotopic
space along the direction of the radius vector on the spatial asymptotic?

vr?

o — . (5.25)

r—oo T

This asymptotic behavior obviously mixes the spatial and isotopic indices
and defines a single mapping of the vacuum M onto the spatial asymptotic.
A single turn around the boundary S? leads to a single closed path on the
sphere S2,. and the winding number of such a mapping is n = 1.

As was mentioned by 't Hooft [270], the configurations that are charac-
terized by different winding numbers cannot be continuously deformed into
each other. Indeed, we have seen that the gauge transformation (5.3) of the
form U = e(@x?x)0/2 potates the isovector to the third axis. However, if we

4 In the pioneering paper by Polyakov [428] this solution was coined a “hedgehog”.
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try to “comb the hedgehog”, that is, to rotate the scalar field everywhere in
space to a given direction (so-called unitary or Abelian gauge), the singular-
ity of the gauge transformation on the south pole does not allow us to do
it globally. Thus, there is no well-defined global gauge transformation that
connects the configurations (5.24) and (5.25) and this singularity results in
the infinite barrier separating them.

5.1.4 Definition of Magnetic Charge

The condition of vanishing covariant derivative of the scalar field on the
spatial asymptotic (5.18) together with the choice of the nontrivial hedgehog
configuration implies that at r — oo

re p 7€
8n 7 — efabcAn? =0. (526)
The simple transformation
r? 728 0m — T'al" 1 Tk TeTk
an () - % - - (5an5ck - 5ak6nc) CT - *5ab¢25bnk673;
r r r r r
then provides an asymptotic form of the gauge potential

o 1 Tn
Ag(r) oo gfamk 5 (5.27)

This corresponds to the non-Abelian magnetic field

B Tal'n

n

o ot (5.28)
Therefore, the boundary conditions (5.25) and (5.27) are compatible with
the existence of a long-range gauge field associated with an Abelian sub-
group that is unbroken in the vacuum. Since this field falls off like 1/r2,
which characterizes the Coulomb-like field of a point charge, and since the
electric components of the field strength tensor (5.12) vanish, this regular
field configuration can be identified with a monopole.

To prove it, we first have to define the electromagnetic field strength
tensor. Recall that the unbroken electromagnetic subgroup U(1) is associated
with rotations about the direction of the isovector ¢. Thus, it would be rather
natural to introduce the electromagnetic potential as a projection of the
SU(2) gauge potential Af onto that direction, see (5.23). Furthermore, as was
mentioned in the paper [177], a general solution of the equation D,¢* = 0,
for ¢p?¢* = v? can be written as

a 1 b c 1 a
Aﬂ = %f‘:abcd) QLQS + ;QS A#, (529)
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where A,, is an arbitrary four-vector. It can be identified with the electro-
magnetic potential because (5.29) yields for ¢?¢* = v?:

¢ 4a — gem
TA#:AM:A# .

Inserting (5.29) into the definition of the field strength tensor (5.12) yields
a ¢a 1 a b c
Fy, = F,WT, where F,, =0,A,-0,A,+ Egabcﬁb 09" 0,0 .

(5.30)

This gauge-invariant definition of the electromagnetic field strength tensor
F,,, given in [49], is close to the original definition of the 't Hooft tensor [270]:

. IS T 1 .
ﬂwzn{w%ﬁdﬁwmpm}:¢T$+awywywpma (5.31)

where ¢ = ¢*/|¢| is a normalized Higgs field. Obviously, both definitions
coincide on the spatial boundary. The difference is that the 't Hooft ten-
sor (5.31) is singular at the zeros of the Higgs field, while (5.30) is regular
everywhere. These zeros, as we will see, are associated with positions of the
monopoles.

Note that the definition of an electromagnetic field strength tensor is
always somewhat arbitrary in a non-Abelian gauge theory, for example, one
can also consider F,, = dgaF/‘fy [49,367].

It is rather obvious that in the topologically trivial sector (5.24), the last
term in (5.30) vanishes and then we have

F,, =0,A,-0,A,.

This is precisely the case of standard Maxwell electrodynamics. Of course, in
this sector there is no place for a monopole, because the Bianchi identities
are satisfied: 0*F),, = 0.

However, for the configuration with non-trivial boundary conditions (5.25)
and (5.27), the Higgs field also gives a non-vanishing contribution to the
electromagnetic field strength tensor (5.30). Then, the second pair of Maxwell
equations becomes modified:

O"Eyy =k . (5.32)

Note that if the electromagnetic potential A" is regular, the magnetic, or
topological current £, is expressed via the scalar field alone

1 1
ky = §5WP<78VFPU = mew,,geabcavgbaa%bawﬁ (5.33)

From the first glance this current is independent of any property of the gauge
field. It is conserved by its very definition:
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ouk" =0, (5.34)

unlike a Noether current that is conserved because of some symmetry of the
model.

Now we can justify the definition of magnetic charge [76]. According to
(5.33)

1
g= / Prko =5 / 032 Eape s O (600 @ D1 6°)

1
2ev3

/d2Sn EabcEmnk ¢aan¢bak¢c ) (535)

where the last integral is taken over the surface of the sphere S? on the spatial
asymptotic. One can parameterize it by local coordinates £,, o = 1,2. Then
we can write

_L, oot
T2 gee aeh

duge = 20

2
~Orm g’ &"Sn

capd€. (5.36)

After some simple algebra we arrive at

1
2ev3

9= 5o [ P¢casrae 000000 = - [ PevE. (a7
where g = det(@aéaﬁgéa) is the determinant of the metric tensor on the
S2.. sphere in isospace. The magnetic charge is proportional to an integer
n, which mathematicians refer to as the Brouwer degree. The geometrical
interpretation of this integer is clear: it is the number of times the isovector ¢*
covers the sphere S2 . while r® covers the sphere S? on the spatial asymptotic

once. Thus [76]:
4m™n

9= nez, (5.38)
where the factor 47 is due to integration over the unit sphere. This is the
non-Abelian analog of the Dirac charge quantization condition (2.6).

Another remark about the definition of the magnetic charge is that the
Brouwer degree and homotopic classification are equivalent to the Poincaré—
Hopf index [76]. The latter is defined as a mapping of a sphere S? surrounding
an isolated point g, where the scalar field vanishes, i.e., ¢(rg) = 0, onto a
sphere of unit radius Si. In other words, the magnetic charge of an arbitrary
field configuration can be defined as a sum of the Poincaré—Hopf indices ¢ of

non-degenerated zeros T(()k) of the Higgs field:

9= 4?” S i), (5.39)
k

Indeed, if we consider a scalar field that is constant everywhere in space
and satisfies the boundary condition (5.24), it has no zero at all. Thus, the
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Poincaré-Hopf index aka magnetic charge is equal to zero. However, in the
case of the hedgehog configuration, which satisfies the boundary condition
(5.25)

o =r*h(r), (5.40)

where h(r) is a smooth function having no zeros, there is a single zero at the
origin. Thus, i(0) = 1 and this is a configuration of unit magnetic charge.

This approach allows us to identify monopoles according to the positions
of zeros of the Higgs field. Such an identification is very useful from the
point of view of constructing multimonopole solutions, which we will consider
in the following chapter. However, first we have to find a solution of the
field equations (5.14), that would satisfy the boundary conditions (5.25) and
(5.27).

5.1.5 't Hooft—Polyakov Ansatz

We showed that, asymptotically, the monopole field configuration must sat-
isfy the conditions (5.25) and (5.27). Now, we try to define the structure
functions that form the radial shape of the monopole. As usual, this problem
can be simplified, if we take into account the constraints following from the
symmetries of the configuration.

Note that we consider static fields. This condition leaves only rotational
SO(3) symmetry from the original Poincaré invariance of the Lagrangian
(5.7). Therefore, the full invariance group of the system is SO(3) x SO(3),
the product of spatial and isotopic rotations. Moreover, the non-trivial as-
ymptotic of the Higgs field (5.25) corresponds to the symmetry with respect
to the transformation from the diagonal SO(3), subgroup which mixes spatial
and group rotations. Thus, one can make use of the ansatz [270,428]:

7,.(1 m

"= SH(©), A =camn3[1-K(©), A5=0, (5.41)
where H (&) and K () are functions of the dimensionless variable £ = ver. The
explicit forms of these shape functions of the scalar and gauge field can be
found from the field equations. However, it would be much more convenient
to make use of the condition that the monopole solution corresponds to a
local minimum of the energy functional. Substituting the ansatz (5.41) back
into (5.16), we have

L SCORHC T
0

2 A 2
+ - (K*-1) +K2H2+4—62(H2—§2) ]

DN =

Variations of this functional with respect to the functions H and K yields
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d’K
dg?

€2 =KH’+K(K?-1), 52 = 2K2H+6%H(H2—§2). (5.43)

d§2
The functions K and H must satisfy the following boundary conditions:

KE—1, HE—0 a =0,
K@) —0, H(E)—¢& as §— o0, (5.44)

which correspond to the asymptotics (5.25) and (5.27). Indeed, the substitu-
tion of the ansatz (5.41) into the expressions for the covariant derivative of
the scalar field and the non-Abelian magnetic field yields

San rep™ dH
(%%

Dy = “2KH + ~H- KH) — 0,
er er

dé' r—00
rnre dK rnre
BY = 1-K? — ) - —=&— LA 5.45
n er 4 ( + € g ) 67‘2 6 g r—>—o)o €T'4 ( )

Evidently, in the Higgs vacuum the vector potential of the gauge field takes
the form of the Wu—Yang potential (5.4). However, unlike this potential, the
configuration (5.41) is regular everywhere and corresponds to finite energy
both at the origin and at the spatial boundary.

Let us note that in the Higgs vacuum, D,,¢* = 0 and the electromagnetic
field strength is F,, = ¢“F}, /v. Clearly, the magnetic charge could be cal-
culated as an integral over the surface of the sphere S? on spatial infinity
(compare with (5.35)):

1 1 1
— ;/dQSan = E/dQSnB;qbﬂ = ;/d?’xBfLanb“, (5.46)

where we make use of the Bianchi identity for the tensor of non-Abelian
magnetic field D, B2 = 0. Substituting the ansatz (5.41), we obtain

= 41/@ {(K2 = 1)(H — ¢H') — 2¢K'KH}

477/ 55{1—;(2}:4: (5.47)

Again, we see that the boundary conditions (5.44) correspond to a monopole
of unit magnetic charge.

Unfortunately, the system of non-linear coupled differential equations
(5.43) in general has no analytical solution. The only known exception is the
very special case A = 0 [127,171,431]. This is the so-called Bogomolnyi—
Prasad-Sommerfield (BPS) limit, which deserves a special consideration.
However, before we come to this limit, we have to describe the general prop-
erties of the non-Abelian monopole.
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Fig. 5.1. The profile functions K(£) and H(&)/¢ are shown for the ’t Hooft—
Polyakov monopole at A = 0, (BPS limit) A=0.1 and A =1

Numerical solutions of the system (5.43) were discussed in the papers
[85, 315]. It turns out that the shape functions H(£) and K(§) approach
rather fast to the asymptotic values (see Fig. 5.1).

Thus, there is a Higgs vacuum outside of some region of the order of the
characteristic scale R, which is called the core of the monopole. One could
estimate this size by simple arguments [55]. The total energy of the monopole
configuration consists of two components: the energy of the Abelian magnetic
field outside the core and the energy of the scalar field inside the core:

4
E = Euag + By ~ 47g°R; " + 470° R, ~ — (R;' +m2R,) .
(&

This sum is minimal if R. ~ m_ . In other words, inside the core at distances
shorter than the wavelength of the vector boson m, ! ~ (ve)™!, the original
SU(2) symmetry is restored. However, outside the core this symmetry is
spontaneously broken down to the Abelian electromagnetic subgroup. In this
sense there is no difference between the 't Hooft—Polyakov and the Dirac
monopole outside the core [49].

Numerical calculations [85, 315] show that the mass of the monopole,
which in the classical static case is identical to its energy, depends on the
scalar coupling constant as

M= ATy (;) . (5.48)

e
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The smooth function f ()\/ 62) is a monotonically increasing function, inter-
polating between the limits [315]

FO)=1,  f(oo)=1.787 . (5.49)

The reason why the mass becomes independent of the values of the coupling
constant A for A > 1 is that in this limit the scalar field approaches the
asymptotic form faster than the vector field. The correction to the monopole
mass connected with the scalar field is of the order AE ~ M (m,/my), which
is negligible for large values of mg. A high precision numerical analysis of the
monopole mass was performed recently [221].

5.1.6 Singular Gauge Transformations and the Connection
between ’t Hooft—Polyakov and Dirac Monopoles

We showed above that in the Higgs vacuum, the gauge symmetry is spon-
taneously broken down to the Abelian subgroup. This means that outside
the monopole core, there is no difference between the 't Hooft—Polyakov and
the Dirac monopoles. At a first glance, there is a disagreement because even
though the magnetic charge in each case has a topological root, the origin
seems to be different. Indeed, in the former case it looks like the topological
current (5.33) and the topological charge associated with it are connected
with the mapping of the scalar field onto the spatial asymptotic and could be
defined in a formal way even in the absence of the gauge field Aj. In contrast
to this, in the case of the Dirac monopole, the topological properties of the
gauge field completely defined the Abelian magnetic charge that is associated
with the first Chern class.

This puzzle could be solved, if we note that the gauge transformation of
type (5.3) could change the homotopy class of the configuration® [76]. Indeed,
we have already mentioned that the singular gauge transformations (5.3)
could rotate the “hedgehog-like” Higgs field (5.25) on the spatial asymptotic
S? to the unitary gauge:

¢ = (sin cos p, sinBsin ¢, cosf) — U~ 1¢*U = (0,0,1). (5.50)

This transformation is well-defined everywhere on the sphere S2, except for
the south pole § = 7. This is exactly the singularity that corresponds to
the Dirac string in the Abelian theory [76]. Indeed, in the Higgs vacuum the
vector potential has the form of the Wu—Yang potential (5.4). As we have
shown, if we perform the gauge transformation (5.3), the singularity of the
term U190, U exhibits the Dirac string:

5 However, it cannot, of course, change the topology!
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11—cosf

_ . bl
2r sinf Pn0s (5.51)

In this Abelian gauge, the monopole potential is just the celebrated Dirac
potential embedded into the SU(2) group.

Note that the singular character of the gauge transformation (5.3) requires
us to be very careful in the calculations. It is a good idea to make use of a
regularized expression. Such a procedure (see Appendix A) demonstrates that
the magnetic field of the non-Abelian monopole is purely Coulomb-like and
has no string-like singularity, neither in the Abelian nor in the “hedgehog”
gauges [49,131].

It was noted in [76,86] that the gauge-invariant electromagnetic field
strength tensor (5.30)

1
FMV = 8;1AV - auAM + Egabcdja M¢bay¢c )

is composed of two parts that are not separately invariant with respect to
the gauge transformations (5.3). These two parts are connected with the con-
tributions of the gauge and the Higgs field, respectively. Thus, the singular
gauge transformation changes the homotopy class of the configuration; the
Brouwer degree of the mapping is equal to 0 in the Abelian gauge, whereas in
the “hedgehog” gauge it is equal to 1. Of course, the topological (alias mag-
netic) charge does not change, because the singularity of the gauge transfor-
mation (5.3) corresponds to a non-trivial contribution to the electromagnetic
field strength. The difference is that in the unitary gauge, the contribution of
the scalar field to the magnetic charge completely vanishes. In other words,
the gauge transformation (5.3) has “transferred” the magnetic charge from
the scalar to the gauge field. Below, we justify this conclusion by demonstrat-
ing the equivalence between the topological properties of the Higgs and the
gauge fields.

5.1.7 Dyons

Note that the solution given by the ’t Hooft—Polyakov ansatz (5.41) corre-
sponds to the condition A§ = 0. One could consider a more general case,
where this time component of the vector potential is not equal to zero, but
is also a function of the spatial coordinates [304]:

Af = —J(r). (5.52)
This field configuration corresponds to the non-Abelian dyon, which has both

magnetic and electric charges. Indeed, by analogy with (5.46), the electric
charge of the system of the fields can be defined as
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1 1 1/
q= ;/dSnEn = E/dsnqusa = Z/d%EgD"QSa' (5.53)

Here, we invoked the field equations (5.14), according to which D, E?% = 0,
and made use of the relation e,5.¢?Do¢¢ = 0, which is valid for the ansatz
under consideration. The magnetic charge of the dyon is as before given by
the formula (5.46). However, on the classical level there is no reason for the
electric charge (5.53), unlike the magnetic charge, to be quantized.

The system of differential equations for the radial shape functions of the
dyon is different from (5.43):

2
2% =K(H?*-J*)+ K(K*-1),
2
gz‘ilg = 2K2H+ A SH(H? - &%),
d2
52?2] =2K%J. (5.54)

This system can be solved numerically. Note that the asymptotic behavior of
the profile function J(r) is very similar to that of the scalar field (see (5.44)):

J(r)—0, as r—0, J(r)—Cr as r—oo. (5.55)

The arbitrary constant C' is connected with the electric charge of the dyon
(5.53) [304]. The charge vanishes if C' = 0.

Indeed, substituting the ansatz (5.41) into the integral (5.53), by analogy
with (5.47) we obtain

q= 4i 52 {2JHK2+£ JH +JH —&(J'H+H'JT)}
47T d (JH 4nC
fczg{f )= (559

where the magnetic charge of the dyon g is as before given by the formula
(5.46). However, on the classical level there is no reason for the electric charge
(5.53), unlike the magnetic charge, to be quantized and the constant C' in
(5.56) remains an arbitrary parameter.

Finally, we note that the time component of the vector-potential (5.52)
is in isospace parallel to the direction of the Higgs field. Moreover, one can
consider it as an additional triplet of the scalar fields. This is the so-called
Julia—Zee correspondence ¢* = A§ .
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5.2 The Bogomol’nyi Limit

Let us try to find a lower bound on the monopole mass. We start from the
energy of the static monopole configuration (5.16) and write it in a general
form as [49,171]

E = d%{; [ECES + BABE + (Dp¢®)(Dy )] + V(cﬁ)}
= %/d?’m (E® — Dp¢®sina)® + %/dsx (B — D¢ cos a)?

+sina/d3x E®D,¢" +cosa/d3a: BeD,,¢" +/d3x V(g). (5.57)

Here, « is an arbitrary real angular parameter. Obviously, the minimum of
the energy corresponds to the situation when the potential of the scalar field
vanishes and the the following equations hold [127,171,431]:

E? = D,¢*sina, By = D, ¢® cosar. (5.58)

n

These are the Bogomol’nyi—Prasad—Sommerfield (BPS) equations.
Note that the electric and magnetic charges of the configuration are given
by (5.53) and (5.46), respectively. Thus, we can write

E =M >v(gsina+ gcosa). (5.59)

The energy, as a function of a, has an extreme at tan a = ¢/g, which provides
us with a lower bound on the dyon mass

M > vy/q? + g% = v|g+ ig]. (5.60)

This condition, known as the Bogomol'nyi bound, will be a key to what fol-
lows.

The situation is simple to analyze if the electric charge ¢ vanishes. We
now substitute the 't Hooft-Polyakov ansatz (5.41) into the BPS equation:

B® = D, ¢" . (5.61)

The result is the system of coupled differential equations of first-order

dK dH
— =-KH — =H+(1-K? 5.62
¢ L S H K, (562)
which have an analytical solution in terms of elementary functions:
§
K= H = the —1. 5.63
sinh ¢’ §oothé (5.63)

Note, that the solution to the first-order BPS equation (5.61) automatically
satisfies the system of field equations of the second-order, (5.14). Of course,
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the Euler-Lagrange equations (5.14) could have other solutions that corre-
spond to some local minima of the action, but the vacuum state with minimal
energy in the given topological sector must be just the Bogomol'nyi state.

As was mentioned in [507], the BPS equation together with the Bianchi
identity means that D, D, ¢* = 0, which precisely corresponds to the field
(5.14). Therefore, the condition

D, "Dy = (006") (006") + 6" (0006") = L000u(6°6")

holds. The energy of the monopole configuration in the BPS limit is inde-
pendent on the properties of the gauge field and completely defined by the
Higgs field alone [58,507]:

_1 3 aa_4ﬂoo i i E
E72/d 20n0n (9" 9*) = e dfdg [ng§<f)]

0
_Amv 1 £ °©  dmy
== <coth§— f) <1 _ Sinth) ’0 ==

Making use of the Julia—Zee correspondence, it is easy to see that in the
BPS Limit, the dyon solution could be constructed by a simple rotation of
the pure monopole solution (5.63) [49,127,431]:

H—H= ((cothé —1), J=tana({coth —1), (5.64)

cosa
while the gauge field profile function remains unchanged:

S
sinh ¢’

This rotation affects the vacuum expectation value of the scalar field as v —
v/ cos a.

Clearly, the parameter « is related to the electric charge of a dyon. Indeed,
according to the definition of the angle o above, this electric charge is

g=gtano.

Comparing this equation to (5.56), we can identify the constant that ap-
pears in the latter relation as C' = tan a. Recall that the state with ¢ = 0
corresponds to the absolute minimum of the energy. Below, we discuss the
connection between the generation of electric charge of a dyon and the so-
called gauge zero mode.

In comparison with the 't Hooft—Polyakov solution, the behavior of the
Higgs field of the monopole in the BPS limit has changed drastically. As we
can see from (5.63), alongside with the exponentially decaying component it
also obtains a long-distance Coulomb tail
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,,,a
¢ —vP" — — as T —00. (5.65)

er
The reason for this is that in the limit V(¢) = 0, the scalar field becomes
massless. Because an interaction, which is mediated by a massless scalar field,
always leads to attraction, the picture of the interaction between the mono-
poles is very different in the BPS limit, as compared with the naive picture
based on electromagnetic interaction. As we will see in Chap. 6, this long-
range monopole-monopole interaction is composed of two parts originating
from the long-range scalar force and the standard electromagnetic interaction,
which could be either attractive or repulsive [366]. Mutual compensation of
both contributions leaves the pair of BPS monopoles static but the monopole

and anti-monopole would interact with double strength.

Many of the remarkable properties of the BPS equation (5.61) are con-
nected with its property of integrability. As was pointed out by Manton [367],
integrability of the BPS system is connected with a one-to-one correspon-
dence between the system of BPS equations and the reduced equations of
self-duality of the pure Euclidean Yang-Mills theory. Indeed, the Julia—Zee
correspondence means that

Dp¢® = D, Al = F.
BY = D,¢" = Fy, = Fg, . (5.66)

Therefore, if we suppose that all the fields are static, the Euclidean equations
of self-duality F, = Fy, reduce to the equations (5.61) and the monopole
solutions in the Bogomol’'nyi limit could be considered as a special class of
self-dual fields.

Of course, it would not be quite correct to make a direct identification be-
tween these fields and instantons, because the instanton configuration could
be independent from Euclidean time only in the limit of infinite action. Nev-
ertheless, this analogy opens a way to apply in the d = 341 monopole theory
the same very powerful methods of algebraic and differential geometry that
were used to construct multi-instanton solutions of the self-duality equations
in d = 4 [39]. In particular, in the case of the BPS monopole, the solution
of the self-duality equations could be constructed on the ansatz of Corrigan
and Fairlie [179]. We will discuss these very exciting topics in Chap. 6.

The analogy between the Euclidean Yang—Mills theory and the BPS equa-
tions can be traced up to the solutions. It was shown [443,444] that the so-
lutions of these equations are exactly equal to an infinite chain of instantons
directed along the Euclidean time axis ¢ in d = 4. It has also been shown by
Manton [367] that such a multi-instanton configuration can be written in the
't Hooft ansatz with the help of a superpotential p(r,t) as:

Al = €anmOmInp + 0andolnp, 6 =—0.Inp, (5.67)

where the sum over the infinite number of instantons is performed in the
superpotential:
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1
Z m s where € = ver, T = vet.

Here, the distance between the neighboring instantons is equal to 27 in units
of 7 and the size of the instanton is equal to one in units of .

Rossi noted [443] that this sum over instantons could be calculated analyt-
ically. Indeed, the superpotential can be decomposed into two sums over Mat-
subara frequencies w,, = 27n, which are well-known from statistical physics:

S S SIS 5.68
P 25{nzoof—l-iT—%wn+nzm§—i7+2i7m} (5.68)

Introducing the complex variable z = £ + i, we can write

1 n=oo n=oo o*
= — th — th =
P 25{ Z z — iwy, + ‘2t iwn } 2 {CO Teo }

_ 1 smh§
2 coshé —cosT

(5.69)

Substitution of this result into the potential (5.67) corresponds to the
“dyon in the 't Hooft gauge”. This solution is periodic in time. However, the
time-dependent periodic gauge transformation of the form [367)

sin 7sinh &

U = exp {;f‘laaw} , where tanw = (5.70)
v

coshécost—1"

transforms the infinite chain of instantons (5.67) into the form:

a_ . M & a _ a 1
Al = conm g (1 sinh§> , A = ot (cothf 5) . (5.71)

This is exactly the monopole solution of the BPS equation (5.63), but with
the time component of the gauge potential replacing the scalar field. This is
the so-called “dyon in the Rossi gauge”. Thus, the Julia—Zee correspondence
establishes an exact relation between a single BPS monopole and an infinite
instanton chain.

As mentioned above, the action of the infinite number of instantons is

divergent:
S = Zsl Z 87T n . (5.72)

However, the mass of the monopole being defined as an action per unit of
Euclidean time is, of course, finite [443]:

as 872 ve 4ﬂ

dt  e? 2 e

M. (5.73)
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To sum up, the BPS monopole is equivalent to an infinite chain of instantons
having identical orientation in isospace and separated by an interval 79 = 27.
An alternative configuration is a chain of correlated instanton—anti-instanton
pairs, which corresponds to an infinite monopole loop.

5.2.1 Gauge Zero Mode and the Electric Dyon Charge

In the BPS limit the Julia—Zee dyonic solutions have a very interesting in-
terpretation [238,513]. First we note that for the static ansatz (5.41), (5.52)
and the choice Ay = 0, the kinetic energy of the configuration

T = /deTr (EnE, + DopDod) , (5.74)

is equal to zero. Moreover, in this case the Gauss law
DnEn —ie [¢7 D0¢] =0 ) (575)

can be satisfied trivially, with F,, = Dy¢ = 0.

Let us now consider time-dependent fields A, (r,t), ¢*(r,t), but suppose
that their time-dependence arises as a result of a gauge transformation of the
original static configuration:

An(r,8) = U(e, £) A (r,0) U (x, ) — éU(r,t)anU*l(r,t). (5.76)

Here, U(r,t) = ¢*“! with w(r) a parameter of the transformation. If the time
interval §t is very small, we can expand

U(r,o0t) = 1+ iewdt + ... (5.77)
Now it follows from (5.76) that
Ap(r,0t) = A, (r) + (iefw, Ay (r)] — Opw) 0, (5.78)

and we have
DA, =iefw, Ap(r)] — Opw = —Dyw. (5.79)

In a similar way we obtain for the time-dependence of the scalar field:
Oop = iefw, P . (5.80)

These gauge transformations simultaneously affect the time component
of the gauge potential, which for the monopole configuration (5.41), (5.52) is
a pure gauge:

Ao(r,t) = _é U, 00U~ (v, 1) = —w. (5.81)

Since the gauge transformations (5.79) and (5.80) do not change the po-
tential energy of the configuration, the parameter w can be identified with
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the gauge zero mode. This is one of four collective coordinates (they are
also called moduli) of the one-monopole configuration [513]. The other three
specify the position of the monopole in space. Their appearance reflects an
obvious breaking of translational invariance of the original Lagrangian (5.7)
by the monopole configuration: the position of the monopole in R? can be
chosen arbitrarily.

However, defined in this way, the gauge zero mode is not physical, since
the gauge transformations (5.79) and (5.80) do not affect the non-Abelian
electric field:

EZ = 80‘471 - DnAO =—-Dyw+ D,w=0,
Do¢ = 0o¢ + ie[Ao, ¢] = ie [w, §] —ie [w, 4] = 0. (5.82)

Thus, as before, the Gauss law is satisfied trivially and the kinetic energy of
the monopole (5.74) is still equal to zero.

Now let us suppose that the time-dependence of the fields again appears
as a result of the gauge transformation (5.79) and (5.80), but that the corre-
sponding gauge zero mode (9 A, do¢) satisfies the background gauge condi-
tion:

D (00 An) —ie[¢, (90¢)] = 0. (5.83)

Then the Gauss law (5.75) is satisfied, if Ag = 0 and there is a non-trivial so-
lution of the equations (5.79), (5.80) and (5.83) [238], where w is proportional
to ¢ and an additional time dependence is allowed:

w=T(t)s,
which corresponds to the gauge transformation
Ul(r,t) = exp{ieY (t)p(r)} = 1 + ieT bt . (5.84)

Here 7°(¢) is an arbitrary function of time. Indeed, in this case we have 0y A,, =
TD,¢ and dy¢ = 0, and, since in the Bogomol'nyi limit D, D,¢ = 0, the
background gauge condition (5.83) is satisfied by the ansatz (5.84). However,
this solution corresponds to the generation of a non-Abelian electric field

E, = &A, =7{t)D,¢6 =T(t)B,, Dyp=0, (5.85)
so the kinetic energy of the monopole (5.74) is no longer zero:
T =172 / d*z D, ¢ D,, "

(5.86)
= %TQ/deBfLBZ = 2mugY? = %MTQ,

where we make use of the definition of the magnetic charge (5.46) and take
into account that the mass of the BPS monopole is
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ot
e

Since the potential energy of the configuration is time-independent, the
gauge transformations (5.79) and (5.80), supplemented with the condition
Ap = 0, define a physical collective coordinate 7(¢), that is a gauge zero mode.
Its excitation corresponds to the generation of an electric charge Q = Tg.
Thus, such a gauge-induced time-dependence of the fields transforms the
monopole into a dyon.

Note that this collective coordinate is an angular variable, which is defined
on a circle S'. Indeed, the points T = 27n, n € Z correspond to the same
gauge transformation U(r,t), which is unity on the spatial asymptotic [238].
However, the points T = 0 and, for example 7 = 27, correspond to dif-
ferent topological classes. We discuss this situation in more detail below, in
Sect. 5.3.4.

To sum up, the one-monopole configuration in the BPS limit could be
characterized by four zero modes (moduli) that form the so-called moduli
space M. It is clear from the discussion above that M; = R3 x S1.

Note that we can come back to the Julia—Zee description of a dyon config-
uration just by inverting the discussion above: we could start from a system of
time-dependent fields and apply the gauge transformations (5.79) and (5.80)
to compensate for that dependence. The price we would have to pay, would
be the appearance of a non-zero time component of the gauge potential Ajg.
This corresponds to the static ansatz (5.52).

5.3 Topological Classification of Non-Abelian Monopoles

5.3.1 SO(3) vs SU(2)

It is very important for our consideration to note that there is an essential
difference between SO(3) and its simply connected covering group SU(2),
even though the corresponding Lie algebras are identical. The group SO(3)
is locally isomorphic to the group SU(2), but there is a global topological
difference between them. Since in the monopole theory this feature plays a
very important role, we shall discuss it in some detail.

First, we show that the group manifold of SU(2) has the topology of the
hyper-sphere S3. Let us parameterize it by three angular parameters 6, ¢, a.
The interpretation of first two parameters is rather obvious: the azimuthal
angle 0 < ¢ < 27, such that ¢ = 27 is equivalent to ¢ = 0, and the polar
angle 0 < 6 < m, such that the values §# = 0 and # = 7 correspond to two
different points, each of which is the same for all values of ¢. These points
are just the north and south poles of the conventional sphere S2, which is
described by these two parameters.

The third angular parameter is more subtle. It is defined over the interval
0 < a < 7. This can be visualized if one imagines subsequent sections of
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S3 (with unit radius) as three-dimensional hyperplanes. The sections are, of
course, spheres S? with radius ~ sin a.

We must now show that the group manifold of SU(2) is S3. The trans-
formations of the SU(2) group correspond to the rotations of spinors. Let
us recall that the fundamental representation of SU(2) is given by the set
of 2 x 2 Pauli matrices ¢ = (01, 02,03). They can be used to parameterize
the standard transformation of a rotation in three-dimensional space, which
is given by an element of SU(2):

U(n) = exp (i;"n.a> , (5.87)

where n is a unit vector that fixes the direction of the axis of rotation, and
w is the rotation angle about this axis. An expansion of the exponent yields

U(n) = cos % +i(n-o) sin% . (5.88)

Obviously, the rotation angle w = 47 corresponds to the identity transfor-
mation. However, in order to parameterize all the transformations generated
by (5.87), it would be enough to take the angle of rotation w in the interval
[0, 27], because the rotation about n by an angle 27+ is exactly the rotation
about the reflected vector —n by the angle —4.

Thus, the direction of the vector n is given by two angles 6 and ¢, which
parameterize a sphere S? of unit radius. The angle of rotation w could be
identified with the third parameter o on the hypersphere S3. Its boundary
points 0 and 27 must be put into correspondence to the north and the south
poles of S3, respectively.

One can use almost the same parameterization in the case of the group
SO(3), which corresponds to the rotations of three-dimensional vectors. The
only difference is that in this case two rotations about a unit vector n by
angles w and 27 4+ w are identical, because a rotation by the angle 27 is an
identity transformation. Thus, the group manifold of SO(3) is still a sphere
S3, but all its antipodal points are identified.

There is a difference between the group manifolds of SU(2) and SO(3).
Any closed contour in SU(2) can be continuously deformed to a point, i.e., the
first homotopy group of SU(2) is trivial: 71 (SU(2)) = 0. However, alongside
contours of that type, which correspond to the winding number 0, there are
closed paths in SO(3) that begin and end at the antipodal points of S®. These
paths cannot be continuously deformed to a point and they have a winding
number of 1. Thus, the first homotopy group of SO(3) is 71 (SO(3)) = Zo,
where Z5 is the additive group of integers consisting of two elements [0,1]. Of
course, two subsequent loops in SO(3), both having winding number 1, are
equal to the trivial path. Therefore, for the SO(3) group, the inverse element
of the homotopy group (see p. 80) is equal to the identity: 0+1=1+0=1
and 14+ 1=0.
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Thus, the covering group SU(2) has the center Zo, which is a discrete
subgroup counsisting of two elements [-1,1] commuting with all elements of
SU(2). Mathematicians refer to this as an isomorphism between the quotient
SU(2)/Zs and SO(3).

5.3.2 Magnetic Charge and the Topology
of the Gauge Group

The Wu—Yang formalism, which was described in Chap. 3, provides a straight-
forward explanation of the topological roots of an Abelian monopole. Recall
that within this framework, a magnetic charge has been identified with the
first Chern class ¢; or the winding number. This is the number of times the
gauge group is covered, while the equator S! of the boundary of Euclidean
three-dimensional space, S?, is covered once.

This description can be generalized to the case of an arbitrary non-Abelian
gauge group H [43,55,355]. Let us consider the gauge field taking values in
the Lie algebra of H. As before, let us consider this field on the spatial
asymptotic S2. In order to construct a non-trivial bundle over the base S2,
let us cover this sphere by two hemispheres R and R®, and introduce gauge
potentials Aﬁf and Aﬁ, which are non-singular in the respective hemispheres.
A single-valued gauge transformation U relates the two potentials in the
overlap region. Since U is a function of an angular coordinate on the sphere
(for example, the azimuthal angle ), this is a mapping of a loop S! (the
equator) from the spatial asymptotic into a closed path in the group manifold
H.

A particular non-trivial example is H = SO(3). As we saw above,
m1(SO(3)) = Zs, i.e., the winding number of a closed path in the SO(3)
group manifold can only have two possible values: n = 0 and n = 1. This
means that there are only two stable topological sectors in an SO(3) gauge
theory: a monopole with unit charge and a trivial sector without monopoles.
This rather surprising conclusion can be proved by a direct analysis of the sta-
bility of the generalized 't Hooft—Polyakov configuration (5.41) [84,138]. The
result of these calculations shows that for the SO(3) gauge model only the
spherically symmetric configuration with unit charge is stable with respect
to fluctuations of the fields.

In the general case, an arbitrary Lie group H has a simply connected
covering group H, i.e., w1 (H) = 0. In the case of SO(3) considered here, the
covering group is SU(2). Recall that the group H is isomorphic to the factor
group H/K, where K is the center of H. All contours on the group manifold
H, which begin and end at the identity element of H, correspond to contours
on H, which begin at the identity and end at an element of the center K.
Thus, for an arbitrary Lie group the first homotopy group is
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In the Abelian case we have H = U(1) with the additive covering group
of real numbers H = R. Then, the center is the group of integer numbers
K = 7. We saw above that the center of H = SO(3) is K = Zs. In general,
for any simple Lie group K = Zy, where N is an integer.

Once again, we note that this definition of topological charge in terms
of the homotopy group is connected with the asymptotic behavior of the
fields at spatial infinity. However, as noted by Coleman [43], if the gauge field
is non-singular and the gauge transformation U is an element of the group
H, then the winding number is a constant independent of the radius of the
sphere S2. Thus, the magnetic charge is not connected with the behavior
of the fields at spatial infinity, but rather resides on a point-singularity at
the origin (Wu—Yang Abelian monopole), or there is a monopole core where
gauge fields other than H are excited ('t Hooft—Polyakov monopole). In the
former case, the singularity of the gauge field is a guarantee of monopole
stability. On the other hand, if the configuration is regular everywhere in
space, nothing can prevent the monopole from decaying [43,55,138].

5.3.3 Equivalence of Topological and Magnetic Charge

At a first glance, the description of the previous section has nothing in com-
mon with the topological definition of the magnetic charge of the 't Hooft—
Polyakov monopole (5.35) that we discussed above. Indeed, the latter was
connected with the asymptotic behavior of the Higgs field, while the winding
number of the gauge field is entirely associated with the first homotopy group
71(H). However, both definitions are identical.

Let us consider an arbitrary generalization of the Georgi—-Glashow model
with the gauge group G spontaneously broken down to a subgroup H. An
example could be G = SU(3) and H = U(1) x U(1). The potential of the
Higgs fields V(¢) has a minimum at ¢q, which is invariant under the action
of H. Furthermore, it would be convenient to assume that the gauge group
G is compact and simply connected, i.e., 7 (G) = 0.

As before, in order to construct topologically non-trivial configurations
with finite energy, we consider the field configuration with Higgs field ¢ ap-
proaching its vacuum value at spatial infinity. The vacuum manifold M is
defined as the set of values of ¢ that minimize the potential V(¢) [49]:

M={p:V(p) =0}.

As the fields A, and ¢ are supposed to be transformed under an irre-
ducible representation of the gauge group G, the vacuum manifold M is de-
termined by the structure of the group manifold. As we have seen above, there
are transformations in the group that leave a fixed point of M unchanged.
Such transformations form a subgroup H in G and M is topologically equiv-
alent to the right coset space of H in G:

M=G/H={¢:¢=Udy; UecH}.
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Topologically non-trivial configurations correspond to the mapping from the
spatial boundary S? into the vacuum M = G/H, which cannot be continu-
ously deformed to the trivial mapping.

The situation is more complicated than it was in the case of G = SO(3).
There we had H = U(1) and M = SO(3)/U(1) = S2. Thus, the topolog-
ical classification of the solutions was given by the mapping of the spatial
asymptotic S? into the vacuum manifold S%. Now we need to analyze the
more general situation.

A mapping from S? to the vacuum falls into homotopy classes with a
natural group structure. The corresponding group mo(G/H) is the second
homotopy group of G/H. There is a group homomorphism from 7o (G/H) to
71 (H). To see this [55], let us consider a sphere S? parameterized by the two
angles 6 and . Each point on this sphere has to be mapped into the vacuum
G/H. As before, we suppose that the sphere S? consists of two hemispheres
with an overlap region at the equator. Then we can consider the smooth
gauge transformations UN (6, ¢) and U (6, ¢), which rotate the Higgs field
to the vacuum configuration ¢g:

UnN(e, 0,p) = —0<6<Z RN
{ (0,0)0(0, ) = do <0< 3 (5.90)

US(0,0)0(0,0) =¢o — 5 <0<m :RS

The overlap region is the equatorial circle § = 7/2, where the quotient of
the transition function is defined:

U~ (9 - g,g0> s~ (9 - g,cp) = U(y).

Defined in this way, the gauge transformation U(p) leaves the Higgs vacuum
invariant and is therefore an element of the unbroken subgroup: U(p) € H.
Thus, this construction sets a correspondence between each mapping from
S? into G/H and a mapping of the equatorial circle on S? into a closed
path in H. Since the composition of the mapping from spatial infinity into
G/H corresponds to the composition of loops in H, this mapping has a
group structure, or in other words, such a correspondence defines a group
homomorphism from 7o (G/H) to w1 (H).

Moreover, if we consider the transition function that defines a trivial map-
ping with winding number zero, the loop can be continuously deformed to
a point. This mapping corresponds to the unit element of H. In the topo-
logically trivial sector there is a smooth global gauge transformation that
rotates ¢ to ¢g. Since we suppose that G is compact, mo(G) = 0, and this
transformation can be continuously deformed to a trivial gauge transforma-
tion, which is the unit element of G/H. Therefore, the homomorphism takes
the unit elements of m3(G/H) into the unit element of 1 (H).
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This consideration indicates that both mappings are equivalent. More
generally, one can prove that there is a natural isomorphism®

7T2(G/H):7T1(H). (591)

Thus, the topological classification of mappings from the spatial asymptotic
sphere S? into the vacuum manifold G/H is equivalent to the topological
classification of paths in H. We saw that elements of the first homotopy
group 71 (H) correspond to the topological charge of the configuration. On
the other hand, the elements of the second homotopy group mo(G/H) are
identified with the magnetic charge. Thus, the meaning of the relation (5.91)
is that both these charges are identical.

5.3.4 Topology of the Dyon Sector

In the discussion above, we considered configurations with only magnetic
charge. Let us consider now the topological properties of the dyon sector. We
already mentioned above that if we start from the Julia-Zee ansatz (5.41)
and (5.52), the time component of the vector potential can be eliminated by
a time-dependent gauge transformation whose parameter is the component
A§(r) itself [167,417):

U(r,t) = exp {ieAgt} = exp {ieAJTt}

aa 5.92
:exp{ir:; J(r)t} — exp {iCt(F*T*)} . ( )

Clearly, the identical asymptotic behavior of the fields ¢ and Ay on the spatial
infinity makes this transformation similar to that of (5.84).

Note that even eliminating the temporal component of the vector poten-
tial, this gauge transformation cannot change the electric field of the dyon
since the spatial components of the vector potential are no longer static (cf.
(5.76)):

Ay (r,8) = U e, £) Ay (r,0)U " (r, 1) — gU(r,t)o”'nU_l(r,t) C 593)

Because the matrix of the SU(2) gauge transformation generated by T¢ =
0%/2 can be written as

Ulr,t) = T = cos(Ct) + i(#*T?) sin(Ct) ,

Equation (5.92) means that the gauge field A, (r,¢), up to a gauge transfor-
mation, is on the spatial asymptotic periodic in time with period T' = 27/C"

6 We draw our discussion from the review by Preskill [55]. For a mathematically
more rigorous discussion, see [52].
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Au(r,t+T) = UE) A, (r, ) U~ (x) — U (r),U(r), (5.94)
e

where

U(r)=U(r,T) = exp {2in(r*T*)} . (5.95)

Thus, we supplement the spatial boundary S? with the circle S, which cor-
responds to the cyclic collective coordinate discussed in Sect. (5.2.1).

The transformation (5.95) is obviously a mapping of the sphere S® =
S$2x St into the SO(3) group manifold S®. This mapping can be characterized
by the so-called second Chern class or Pontryagin index (see the definition of
the Chern classes above, (3.68)):

e? 4 € i 3., i
Co2 = @ d JjTrF;wF = H dt [ d’z0 KM’ (5'96)
0

where we make use of the definition of the topological current
K, = ghvpo (Aaa A — EgabcAaAbAc)
/2 vYpito 3 viiptto/ o
and take into account that Tr(T7T?) = %5@, Tr(TTT®) = icape. Therefore
. 1 N
MK, = 2ep1ps OM'Tr (A”@”A” + ZgA”A”A”) = §TrFWF“” . (5.97)

The topological index (5.96) is a gauge invariant quantity. If we suppose
that Ay = 0, this index can be represented in the form [167,417]

ca =w(T) —w(0), (5.98)

e? : e? ie
w(t) —/d3xK0(t) /d?’zemnk Tr <Am6nAk+6AmAnAk> .

= 4n2 T 4n2

This is the winding number of the gauge transformation (5.95). Note that
this index of the dyon configuration is very similar to the topological charge
of an instanton solution of pure Yang—Mills theory. This similarity has very
deep roots and has been discussed above.

The specifics of the situation in the dyon sector is that the winding number
(5.96) is not a new independent topological characteristic, but is identical
to the magnetic charge (5.35) [167,417]. To see this’, let us consider the
infinitesimal gauge transformations (5.92) on the spatial asymptotic S

U(r,t) = exp{iwdt} = exp {iC(F*T*)5t} ~ 1 + iwdt + ... (5.99)

7 Here we reproduce a simplified version of the proof given in the paper [167].
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The relation (5.79) means that®

04, 1
5 = 5 Do (5.100)

Let us note that the Pontryagin index (5.96) can be represented as an integral
over non-Abelian electric and magnetic fields:

6
A7 A2
0

T
e? 3 04, e 3
=12 dt/d zTr (Bn o > yy 2/dt/d x Tr (Bn(DyAo)) -
0

The last term here vanishes upon integration by parts, since the Bianchi
identity gives D, B, = 0, and the fields B,, and A, decay asymptotically in
such a way that the surface term vanishes. Thus, making use of the definition
(5.79), we have

=17 /dt/di”xTr (BnDyw) = /dt/dS Tr(B,w). (5.102)

Invoking the definition of w, (5.99), into this formula and using T' = 27/C,
we have

2 ~
= ;—Q/d‘lerFWFW = dt/d%Tr (BoE,) (5.101)
™

2
= 220 [ g pape _ 41 / dS, B =
™

€g
4n2 C 2 '

77 (5.103)

Now we can compare this result with (5.37), which relates the magnetic
charge of the monopole to the Brouwer degree, the topological characteristic
of the Higgs field:
€9
4
Thus, the Pontryagin index is not an additional topological characteristic of
the dyon configuration; it is equal to the Brouwer degree, the integer that
appears in the charge quantization condition.

Cco = =n, nez.

5.4 The 6 Term and the Witten Effect Again

Despite being equivalent to the magnetic charge, the possibility of labeling
the dyon configuration by a Pontryagin index (5.96) leads to very interesting

8 Recall that in our discussion of the corresponding gauge zero modes, we put
U = exp{iewt}.
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consequences. [ts existence means that the Lagrangian of the Georgi—Glashow
model could be supplemented by a so-called 6-term:

Ly = —0 pa (5.104)

07 Tagp2 et '
Here 6 is an arbitrary parameter. It is easy to see that the inclusion of such
a term leads to the appearance of a non-quantized electric charge of the
configuration. This would be in correspondence with the discussion above
and (2.129). A very simple explanation of this effect on the electrodynamical
level was given by Coleman [43]. In the pure Abelian case, the 6 term can be
written as )
fe
Ly=-—E-B.
o7 82
Now let us suppose that the fields F,, and B,, can be represented as a com-
position of the background classical field of a static monopole and a quantum
fluctuation a,, around it:
9T

E, = 0wao, By = enmiOm I'n 5.105
ao EnmkOman + -3 ( )

Thus, the #-term becomes

fe? gr
3 _ 3 n
/d x Ly = 3.2 /d x Opag <€nmk8mak + y r3)

962 T'n 962
N _327rg /dg‘” a0 On (73) == Sﬂéq /d?’ffao §*(x),  (5.100)

which has an interpretation as the interaction Lagrangian of a scalar potential
ap and a static electric charge ¢ = —fe?g /872 located at the origin. Using the
charge quantization condition, we see that the electric charge of a monopole
described by the 0-term is ¢ = —efl /2.

A deeper derivation of the same result could be obtained within a non-
Abelian model by making use of the definition of the electromagnetic U(1)
subgroup [524]. As we have seen above, the electric charge of the monopole
is generated by the U(1) gauge transformations (5.79) and (5.84), which are
constant on the spatial asymptotic. These transformations are just infinitesi-
mal rotations U = 1+in®T* about the unit vector n® = ¢*/v, which leave the
Higgs vacuum invariant. Under this transformation, the scalar field remains
invariant but the gauge field changes as

a a a a - Z - a a 1 arma
AT — UAGT U™ + U0, U™~ AT + — D¢ T°, (5.107)

that is 1
0A; = JD#W .
The standard Noether theorem then allows us to define a generator of this
transformation, which has to be identified with the electric charge operator:
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5L 5L
o 3 a a
n_/dx(560 ZM“+7560¢“5¢ ) : (5.108)

Since d¢p* = 0, only the variation of the gauge field contributes to this ex-
pression. Thus, taking into account the effect of the 8-term, we have:

1

, 0
n= —/dsangb“E,’fL -

8m2v

, 0
/ddenqsaBg . (5.109)

ev e 8r2’

where the electric and magnetic charges of the configuration are (see (5.53)
and (5.35), respectively):

1 1
q= f/d% Dn¢"Eg; g=-— /d% D" B
v v
Now we can use the condition of single-valuedness of the U(1) gauge
transformation. The rotation about the axis n® by the angle 2 must produce
an identity transformation, exp {2min} = 1, which is possible if

0e? 0
8‘;5 —en+ ;—Wm. (5.110)

qg=en-+

Here we used the charge quantization condition eg/4m = m again®. Thus, we
arrived at the Witten formula (2.138), but this time we obtain it within the
framework of a non-Abelian gauge theory.

Finally, we note that the complex parameter 7 (2.140), which includes
both the gauge coupling constant and the #-angle introduced in the last
section of Chap. 2, appears in a very natural way, if we rescale the gauge
field as A}, — %AZ and write the complete Lagrangian of the Georgi—Glashow
model as a sum of (5.7) and (5.104):

1 ~ 1
—— a apy a apy - wia ay _
L 462 F/,J,VF 3271_2 F,u,z/F + 2(D ¢ )(Dll«qb ) V(¢)
1 0 4mi ~.\2 1
- . i a s ra - wia ay
327T1m(2ﬂ'+ 62 > (F,LLI/+ZF[.LII) +2(D QS )(D#¢ ) V(QS)

(5.111)
We shall use this very elegant formula in the following analysis of the re-

markable properties of the supersymmetric extensions of the Georgi—Glashow
model.

9 In the Georgi-Glashow model, m = 1.



6 Multimonopole Configurations

So far, we have considered a single static monopole that has the topologi-
cal charge n = 1. An obvious generalization would be a solution of the field
equation with an arbitrary integer topological charge n. At this stage, we
have to consider two possibilities: a single “fat” (possibly unstable!) mono-
pole, having a charge n > 1, or a system of several monopoles with a total
charge equal to n. Obviously, the second situation could be much more inter-
esting, because in this case one would have to take into account the effects
of interaction between the monopoles, their scattering and decay.

Over the last 20 years, the investigation of the exact multi-monopole confi-
gurations has definitely been at the crossing of the most fascinating directions
of modern field theory and differential geometry. This kind of research may
have caused more enthusiasm from the side of mathematicians, rather than
physicists. The point is that the Bogomol’'nyi equation may be treated as
a three-dimensional reduction of the integrable self-duality equations. Thus,
its solution is simpler than the investigation of the multi-instanton configu-
rations that arise in Yang—Mills theory in d = 4.

The property of integrability makes it possible to find the whole set of
multi-monopole solutions. This, however, requires sophisticated mathemat-
ical techniques, for example the Atiyah—Drinfeld-Hitchin-Manin (ADHM)
construction modified by Nahm to the case of BPS monopoles, and other
methods developed over the last years. Of course, any attempt to give a de-
tailed description of this fast developing and very intriguing subject is outside
the scope of the present book. We consider in this chapter only some elemen-
tary aspects of multimonopoles. The reader wishing to know more about this
subject should consult the classic book by Atiyah and Hitchin [39] and the
excellent presentation by Manton and Sutcliffe [54], which contains a very
detailed discussion of recent developments. A comprehensive review of the
mathematical aspects of this problem can be found in [52]. The very detailed
review by Nahm in the collection [45] and the original papers [81,83,507] are
essential reading. The construction of BPS multimonopoles and other topics
are discussed in a very good review by Sutcliffe [58].
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6.1 Multimonopole Configurations
and Singular Gauge Transformations

6.1.1 Singular SU(2) Monopole with Charge g = ngo

As we attempt to construct in a non-Abelian theory a system of several
(anti)monopoles, we run into a problem connected with the self-coupling of
the gauge fields and non-linearity of the field equations. A simple superpo-
sition of the fields of two or more monopoles is no longer a stationary point
of the action. However, as we saw in Chap. 5, in the Yang—Mills—Higgs the-
ory, the gauge invariant electromagnetic field strength tensor (5.30) can be
defined as

F, = 08,4, —0,A, — ésabcgf}aauqzbayéa (6.1)

where the Abelian potential is projected out as A, = AZ&“. Thus, we can
perform a singular gauge Transformation, which rotates this configuration
to an Abelian gauge, where the scalar field is constant: an = vd,3 and the
gauge field has only one isotopic component, Ay, = Ai. In such a gauge, the
second term in the definition of the electromagnetic field strength tensor (6.1)
transforms into the singular field of the Dirac string, and the magnetic charge
is entirely associated with the topology of the gauge field.

Recall that gauge transformations, which connect the “hedgehog” and
Abelian gauges, are singular and we have to be very careful in dealing with
them. However, there is an obvious advantage in working in the Abelian
gauge: here the gauge potentials are additive and the field equations are
linear. That is why the authors of the paper [76] suggested to implement
the following program in order to construct a multimonopole configuration:
(i) start with an Abelian gauge, (ii) suppose that the gauge potential A3 is
a simple sum of a few singular Dirac monopoles embedded into the SU(2)
gauge group and then try to define a gauge transformation, which

1. removes the singularity of the potential Az in the string gauge;

2. provides proper asymptotic behavior of the fields in the Higgs vacuum:
the scalar field must smoothly tend to the vacuum value |¢| = v, while
the gauge potential must vanish as 1/r.

Let us try to implement this program to construct a possible general-
ization of the 't Hooft—Polyakov solution (5.41) to the case of non-minimal
magnetic charge g = ngg = 47n/e [86,223,228]. First, consider a “fat” Dirac
potential, given by the generalization of (1.43), and then embed it into the
SU(2) group. Thus, we start with the Abelian gauge where the electromag-
netic subgroup corresponds to rotation about the third axis of isospace:

~ nl-—cosf _
Ap(r) = o ong L3¢k (6.2)
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In the following discussion we will consider the Hermitian fundamental rep-
resentation of the SU(2) group, T, = %O'Q as before.

Now we can make use of an analogy with the gauge transformation (5.3)
considered above and rotate the Dirac potential to the non-Abelian Wu—Yang

potential (5.4):

1 - . ~
A= ARt = UL - LU, UG T, (63)
where
9 —sin Ze—ine
oo™ cos sin Ze
U@,¢)=e e = ( sin szsa cos2€ ) o4
2 2

Here the n-fold rotation in azimuthal angle ¢ is needed to balance the singular
part of the Abelian potential (6.2), cfo(") = —&,sinny + &, cos ne.

In order to describe the rotated potential in a compact form, we define
the su(2) matrices

T,(.") = (f'(") <o) =sinf cosnpoy +sinfsinnp oy + cosfos,

79(") = (9(n) -0) = cosfcosnpoy + cosfsinnp oy —sinfos,
Tg(,") = (¢ .6) = —sinnp oy + cosnpos. (6.5)

In this notation we obtain

1 n)pH ~ a A(n
Ay = Sor (ng )0y, — TLTG(n)ng) , ¢ = vV, (6.6)
As one could expect, when rotated into the “hedgehog” gauge, this configu-
ration is spherically symmetric and the corresponding magnetic field

Bk = ner3 (67)
is exactly the field of a static magnetic monopole with charge g = 4nn/e
at the origin. One can prove that for the configuration (6.6) the condition
D, ¢* = 0 holds.

Note that the potential (6.6) is not a naive generalization of the Wu—Yang
potential (5.4)

T ¢

An = neamnﬁ? ’ (68)
which was considered in [542]. The configuration (6.8) with n = 2 has some
amusing properties: the corresponding field strength tensor vanishes identi-
cally since the commutator terms precisely cancel the derivative terms. In-
deed, such a potential is a pure gauge:

A, =iU'9,U, where U =ioc%,
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unlike the potential (6.6). Such a configuration may exist as an unstable
deformation of the topologically trivial sector. Below we shall consider these
deformations.

Recall that the Wu—Yang configuration (5.4), which was constructed via
the gauge rotation of the embedded Dirac potential, is only the asymptotic
limit of the 't Hooft—Polyakov solution (5.41) at » — co. Unlike the former,
the latter corresponds to finite energy of the configuration. It is easy to see
that the configuration (6.6) is singular at the origin as well. A generalization
of the 't Hooft—Polyakov solution that we are looking for must not only have
proper asymptotic behavior of the fields, but it must also be regular at the
origin.

One can try to exploit an analogy with the 't Hooft—Polyakov ansatz, i.e.,
modify the asymptotic form of the fields (6.6) by including shape functions
H(r) and K(r), respectively [86,223]:

K(r)
2er

Ay = (Té”)ék - m'én)gbk) , ¢ = vH (r)i (6.9)
However, substitution of this ansatz into the field equations of the Yang—
Mills-Higgs system (5.14) for |n| > 2 leads to a contradiction with the as-
sumption that a regular solution of the form (6.9) could exist. Thus, we need
to introduce more profile functions to obtain a smooth non-spherically sym-
metric solution of the field equations. However, even that configuration will
be unstable.

Here, we can see a manifestation of the very general Lubkin theorem [355]
(see, for example, the discussion in the Coleman lectures [43] and Nahm re-
view in [45]). According to this theorem, there is a unique spherically symmet-
ric monopole in the SU(2) Yang-Mills—Higgs theory with minimal magnetic
charge. Both analytical and numerical calculations have proved this conclu-
sion [84, 138]. Therefore, the configuration, which has the asymptotic form
(6.9), is a saddle point of the energy functional and it decays into a system
of a few separated single monopoles and antimonopoles with total charge
n=ny—n_.

6.1.2 Magnetic Dipole

Let us continue our attempts to construct multi-monopole configurations. We
assume that the electromagnetic subgroup is associated with U(1) rotations
about the third isotopic component of the scalar field ¢* = ad,3. We first
consider a magnetic dipole: a monopole-antimonopole pair located on the z
axis at the points (0,0, +L) with both strings directed along the positive z
axis as in Fig. 6.1. A simple addition of the corresponding two singular Dirac
potentials yields

Ap(r) =

1 /1—cosf; 1—cosby N
— — . 6.10
2e < 71 sin 01 79 8in 09 ) 73 Pk ( )
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Fig. 6.1. Magnetic dipole configuration

It was noted by S. Coleman that a crucial feature of this construction is
that the Dirac strings of both monopoles lie along the same axis [43]. This
allows us to define a gauge transformation that removes the singularity of the
potential (6.10) embedded into the SU(2) group [76,86]. Let us exploit the
analogy with the transition of a monopole embedded into SU(2), from the
singular Dirac monopole in the Abelian gauge to the Wu—Yang non-Abelian
monopole in the “hedgehog” gauge. We see that the gauge transformation
that would remove the string singularity must rotate a unit isovector n as-
sociated with the direction of the string about the third isospace axis by
an angle 47. However, this vector now originates from the points |z| = L.
Therefore, the gauge transformation that we are looking for must become an
element of unity for |z| > L. A proper choice is [76, 86]

U(@l — 6, 4,0) — e—%‘PUS 6%(91_92)02 e%woa

( cos f1582 — sin &5z ) (6.11)

61—02
2

sin @ew cos

A simple calculation shows that the Higgs field after rotation into the “hedge-
hog” gauge is

¢ = U U™t = v[sin(f; — 6) cos @, sin(B; — By) sin @, cos(f; — 6)]. (6.12)
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One can prove that the gauge transformation (6.11) removes the singularity
of the embedded potential (6.10).

A generalization of this procedure also allows us to rotate into a non-
singular gauge some other configurations: a monopole-antimonopole pair con-
nected with a Dirac string, a monopole-monopole pair, or a system of a few
monopoles lying along a line [86]. Moreover, it is possible to generalize this
procedure to the case of an arbitrary gauge group, for example, an SU(3)
magnetic dipole was considered in [406]. The only restriction is that all the
monopole strings must be directed along the same line; otherwise it is im-
possible to remove all the singularities of the multi-monopole potential by
making use of a singular gauge transformation [43]. In other words, after ro-
tation to a “hedgehog” gauge such a multimonopole configuration describes
a system of a few monopoles having identical orientation in isotopic space.
Evidently, such a system is not a solution of the field equations, it is gener-
ally unstable and that is not really the case of the arbitrary multimonopole
system we are looking for.

Another inconsistency of the description above is that these expressions
have a restricted domain of applicability.

Indeed, there was a hidden contradiction in our discussion above. Actually,
so far we are dealing with point-like monopoles, because our configuration
is just a generalization of the non-Abelian Wu—Yang potential. The regular
't Hooft—Polyakov solution coincides with it only asymptotically. Thus, there
is still a question of the inner structure of the monopoles, or in other words,
the problem of finding a solution that would make the Higgs field vanish at
some points, which are associated with the positions of the monopoles.

The contradiction is that, on the one hand we suppose that each monopole
is characterized by a topological charge connected with the spatial asymp-
totic of the scalar field. On the other hand, when we calculated the field of
a magnetic dipole, we suppose that the monopoles are separated by a finite
distance 2L, and moreover, L < r. A proper approximation would, therefore,
not be a magnetic dipole, but rather a monopole-anti-monopole pair sepa-
rated by a distance that is very large compared to the core. Indeed, there is
a smooth, finite energy magnetic dipole solution to the model (5.7), where
two zeros of the Higgs field are relatively close to each other [327,448].

6.2 Rebbi—Rossi Multimonopoles, Chains
of Monopoles and Closed Vortices

Discussion of the magnetic dipole “from afar” yields some clue to the struc-
ture of the solution we sought for. The configuration space of Yang—Mills—
Higgs theory consists of sectors characterized by the topological charge of
the Higgs field. While the unit charge 't Hooft—Polyakov hedgehog solution

(5.41) corresponds to a single covering of the vacuum manifold S, by a single
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turn around the spatial boundary $?, multimonopole configurations have to
be characterized by an n-fold covering of the vacuum manifold. Recall that
the 't Hooft—Polyakov solution is spherically symmetric. It was shown that
SU(2) monopoles with higher topological charge cannot be spherically sym-
metric [251] and possess at most axial symmetry [219, 434,440, 507] or no
rotational symmetry at all [58].

We shall see that the pattern of interaction between the monopoles is very
different from naive picture of Coulomb long-range electromagnetic interac-
tion of point-like charges. Indeed, there is such an attractive force between
well separated monopole and antimonopole that, in the singular gauge, is me-
diated by the A% component of the vector field. However, this field is massless
only outside of the monopole core. Furthermore, the massive vector bosons
A4 also mediate the short-range Yukawa interaction between the monopoles.

Taubes pointed out that the latter contribution to the net potential de-
pends on the relative orientation of the monopoles in the group space that
is parameterized by an angle §. Thus, the potential of the gauge interaction
between the wide separated monopole and anti-monopole depends on two
parameters: the distance between the locations of the poles r and relative
angle 0 € [—m,7|:

e " 2e7T
+

cos & (6.13)

Vaue—
gaug r

Thus, there is a saddle point configuration at 6 = 0 and we may conclude that
there is some equilibrium distance rg at which the attractive contribution to
the net potential energy of the monopole-antimonopole pair is compensated
by the short-range Yukawa interaction mediated by the massive vector AL
bosons. Furtermore, there is also a scalar interaction between the monopoles
mediated by the Higgs boson, which is always attractive but remains short-
ranged until the scalar coupling constant in not zero. In our consideration we
have to take into account all these contributions.

Using infinite dimensional Morse theory, which relates the topology of
a manifold to the number and types of critical points of a function defined
on this manifold, Taubes proved that in the SU(2) Yang-Mill-Higgs theory
a smooth, finite energy magnetic dipole solution of the second-order field
equations could exist [489]. In his consideration, the space of the field confi-
gurations and the energy functional are considered as the manifold and the
function, respectively.

Recall that the functional space of the finite energy configuration if clas-
sified according to the homotopy classes. For a monopole-antimonopole pair
the map S? — S2 has a degree zero, thus it is a deformation of the topologi-
cally trivial sector. A generator for this homotopy group is a non-contractible
loop, which describes the creation of a monopole-antimonopole pair from the
vacuum with relative orientation in the isospace 6 = —, separation of the
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pair, rotation of the monopole by 27 and annihilation of the pair back into
vacuum?.

Minimization of the energy functional along such a loop yields an equi-
librium state in the middle of the loop where the monopole is rotated by
m and § = 0. Taubes argued that this corresponds to the vanishing of the
potential of the interaction (6.13), because of the balance between the short-
range Yukawa interactions and the long-range electromagnetic contribution.
Such an axially symmetric configuration, with two zeros of the Higgs field
located symmetrically on the positive and negative z-axis, corresponds to a
saddlepoint of the energy functional, a monopole and antimonopole in static
equilibrium. On the level of classical theory, this configuration cannot anni-
hilate because the loop is not contractible. Numerical computation confirms
that such a solution really exists [327,448].

New classical axially symmetric solutions, which are associated with
monopole-antimonopole systems in SU(2) YMH theory, were discovered re-
cently [328-330]. In these solutions, the Higgs field vanishes either at some set
of discrete isolated points or at rings. The latter configurations correspond
to the closed vortices while the former are (multi)monopole-antimonopole
bound systems. There is also a third class of solutions, which corresponds
to a single (multi)monopole bounded with a system of vortex rings centered
around the symmetry axis. We review these configurations below.

Since the Higgs field takes values in su(2) Lie algebra, we may consider a
triplet of unit vectors

&™) = [sin(mf) cos(nyp), sin(m) sin(ny), cos(md)] ,
é((,n’m) = [cos(mB) cos(ny), cos(mb) sin(nep), — sin(mh)] , (6.14)
éc(pn) = [7 sin(mp), COS(HQD), O] ,

which describe both rotations in azimuthal angle and in polar angle.
Now we define the su(2) matrices T,En’m), Te(n’m), and Té”) as a product of

these vectors with the usual Pauli matrices 7% = (7, 7y, 72):

Tf"vm) = sin(m@)ré") + cos(mé)r, ,

Te("’m) = cos(mG)T,S”) — sin(mé)r, ,
TfD") = —sin(ny)1, + cos(ng)ty, ,

where Tp(n) = cos(ny)1y + sin(ny)r, and p = /22 +y? = rsinf. This is a
generalization of the basis (6.5).

We parametrize the gauge potential and the Higgs field by the static,
purely magnetic Kleihaus—Kunz ansatz

! We shall discuss the process of creation of a monopole-antimonopole pair in a
weak external magnetic field in Sect. 7.3.2.
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(n)

K1 T
A, dat = | —d 1— Ky)do ) 22—
e ( T i 2) > 2e
ﬂgn,m) Tg(n’m)
—nsing | K- 1-K d .15
nsin 550 +( 4) 56 v, (6.15)
¢ = By 4 Byri™ (6.16)

which generalizes the spherically symmetric 't Hooft—Polyakov ansatz (5.41).
The latter can be recovered if we impose the constraints K1 = K3 = @5 =
0, K2 =Ky =K(§), &1 = H(().

We refer to the integers m and n in (6.14)—(6.16) as 6 winding number
and ¢ winding number, respectively. Indeed, as the unit vector (6.14) para-
meterized by the polar angle 6§ and azimuthal angle ¢ covers the sphere S5
once, the fields defined by the ansatz (6.15) and (6.16) wind n and m times
around the z-axis and p-axis, respectively.

There are six structure functions in the Kleihaus-Kunz ansatz; four for
the gauge field (K;, i = 1...4) and two for the scalar field (#1, @2). They
depend on the coordinates r and # only. Thus, the modulus of the scalar
field is |¢| = /P2 + 3 and the Higgs vacuum corresponds to the condition
VP2 + P2 = .

The ansatz (6.15) and (6.16) is axially symmetric in the sense that
a spatial rotation around the z-axis can be compensated by an Abelian
gauge transformation U = exp{iw(r, 9)7’5,”) /2}, which leaves the ansatz form-
invariant. However, the structure functions of the ansatz transform as [327]

Ki— Ki —row, K:— K+ 0w,
(K3 n cos(m&)) _ (K3 n cos(m@)) cosw + (1 K- sns1.(nm€)) sinw,

sin 0 sin in6
1—K4—M — — K3+cos.(7m9) sinw + 1_K4_sm.(7mn9) cosw ,
sin 6 sin 6 sin 6
b1 — Picosw+ Prsinw, P2 — —Pisinw+ Prcosw.
(6.17)

To obtain a regular solution, we make use of the U(1) gauge symmetry to
fix the gauge [324]. We impose the condition

1
Gf = o} (ro. K, —(99K2) =0.

The gauge fixing term L, = ntc must be added to the Lagrangian (5.7).
With this ansatz the field strength tensor components become
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1 i
Frg = 7; (89K1 — T(?TKQ) we s

(n,m)

2
Fro = —"sing| (K520 gk, — 1) —ro, K ) T
Ty ' sing 1 T8 2e

(n,m)
+ <K1 coss'(mG) + K1 K3 + TarK4) To } ,

in6 2e

mm)

2e

Fy, = n{((l — Ky)sin(mf) 4+ (1 — K4)(K2 +n — 1)sin 0 — 9p[K3 sin 6])

(n,m)
+((1 — K2) cos(mf) — Ks(Kz +n — 1)sin@ — 9p[(1 — K4)sin 6)) T"Qe } ,

(6.18)
and the components of the covariant derivative of the Higgs field become
1 n,m
DT¢ = ; ([Targpl + Kl@Q] Tﬁn,m) + [T6T¢2 — Klél] TB( ’ )> s
Do = [06D1 — Ka®o] 7™ + [P + Ko®1] 75",

D, ¢ =nsinf {(@1

sin(m#) cos(m#)

sin 6 sin 6

—|— Kg@g — (1 — K4)¢1):| TL’(Dn) .
(6.19)

Variation of the Lagrangian (5.7) with respect to the profile functions
yields a system of six second-order non-linear partial differential equations
in the coordinates r and 6, which is rather cumbersome. Nevertheless, these
equations can be solved numerically.

Boundary Conditions

To obtain regular solutions with finite energy density and correct asymp-
totic behavior, we impose the boundary conditions. Regularity at the origin
requires

Ki(0,0) =0, Ko(0,0)=1, K5(0,0)=0, FKs0,0)=1,
sin(m)®1 (0, 0) + cos(mb)P2(0,0) =0 ,
Oy [cos(m) P (r,0) — sin(m)Pa(r,0)]|,_, =0

that is ¢,(0,0) = 0 and 0,9.(0,6) = 0.
To obtain the boundary conditions at infinity, we require that solutions
in the vacuum sector (m = 2k) tend to a gauge transformed trivial solution,

¢ —Ur U, A, — 9, UU",
and the solutions in the topological charge n sector (m = 2k + 1) tend to

¢ — UgtmUt, A, — UALPUT +i9,0U"
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where

(n) (1,n)

1,n) _ 1,n 1,n _ Ty : Ty
pLm) = pr ()| Ahoo)dx“ = 2—€d9—nsm0 e

de,

is the asymptotic solution of a charge n multimonopole, and SU(2) matrix

U= exp{fikﬂﬁgn)}, both for even and odd m. Consequently, solutions with
even m have vanishing magnetic charge, whereas solutions with odd m pos-
sess magnetic charge n. Thus, if we suppose, for example, that £ = 1, the
boundary conditions at the spatial asymptotic yield the rotation of the con-
figuration on the negative semi-axis z by 7, with respect to the configuration
placed on the positive semi-axis z. This corresponds to the Taubes conjecture
for a magnetic dipole.

In terms of the functions K; i =1...4, &1, 5, these boundary conditions
read

[(1*>O7 Kzﬂlfm, (620)
0 — 0 1—- 4
Ky — w modd, Ks— M meven, (6.21)
sin @ sin 0
sin(mf)
K 1-— 6.22
47 sin 6 ( )
@1 — 1 5 @2 —0. (623)

Note that the gauge transformation (6.17) allows us to tune these boundary
conditions, e.g., the configuration with winding numbers m = 2,n = 1 and
the boundary conditions (6.20)—(6.23) is identical to the configuration with
winding numbers m = 1,n = 1, which satisfy

Klﬂoa K2*>71a K34)07 K44)713

i (6.24)
@1 — cosf, Py —sinh.

This corresponds to the particular choice of the parameter w = 6.
Regularity on the z-axis, finally, requires

K1:K3:@2:0, 89K2289K4:(99@1:0,

for 8 =0 and 6 = .

Subject to the above boundary conditions, we constructed numerical solu-
tions with 1 <m < 6, 1 < n < 6 and several values of the Higgs selfcoupling
constant A [327-330].

Rebbi—Rossi Multimonopoles

Note that asymptotic behavior of the profile functions allows us to check the
equivalence between the topological charge ), which is defined as a winding
number of the Higgs field, and the magnetic charge g. Indeed,
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1 -
@= 2ev3 /d2€ Eapabed 0ad’O50°
Sa
2nm ; 4mn m
= 5.3 /d&dap (@1 sin(mf) + Po cos(mb)] = — [1 — (=1)™] ,
ev %
1 9 (6.25)
g=- / Treiji (Fy Dig) dr = = / dfdep Tr(Fp,0)
Sa
— d [msin(m0) — Op(si QK)]—M—”p_(_l)m]
= % m S1m{m o (SIn 3)| = 5% ,

where we used the definitions (5.35) and (5.47), and substituted the asymp-
totic behavior of the profile functions (6.21), (6.22) and (6.23). Recall that for
a spherically symmetric monopole, we have the charge quantization condition
(5.38): g =4mn/e.

Thus, the configurations given by the axially symmetric Kleihaus—Kunz
ansatz (6.15) and (6.16) are either deformations of the topologically trivial
sector (even winding number m), or deformations of the core of charge n
multimonopoles with minimal winding number m = 1. The latter configura-
tion corresponds to the finite A extension of the Rebbi-Rossi BPS multimono-
poles [440]. For these solutions all zeros of the Higgs field are superimposed
at a single point. In Fig. 6.2. we show the energy density and the modulus
of the Higgs field of configurations with topological charges n = 2,3,4 as a
function of the coordinates p = /22 + y? and z. Here individual monopoles
cannot be distinguished and the scalar field has a multiple zero at the origin.
When A > 0, the energy of these monopoles per unit charge is higher than
the energy of n infinitely separated charge one monopoles [324]. Thus, this
configuration is unstable and non-BPS monopoles repulse each other.

m-~-Chains

Zeros of the Higgs field can be separated if the § winding number m > 1.
Let us consider n = 1 configurations first. These m-chains possess m nodes
of the Higgs field on the z-axis. Due to reflection symmetry, each node on
the negative z-axis corresponds to a node on the positive z-axis. The nodes
of the Higgs field xo(k) are associated with the location of the monopoles
and antimonopoles (see Fig. 6.3). For odd m (m = 2k + 1) the Higgs field
possesses k nodes on the positive z-axis and one node at the origin. The node
at the origin corresponds to a monopole, if k is even and to an antimonopole,
if k is odd. For even m (m = 2k), there is no node of the Higgs field at the
origin and the topological charge of the configurations (6.25) is zero.

The m = 1 solution is the spherically symmetric 't Hooft—Polyakov mono-
pole that we discussed in the Chap. 5. The m = 3 and m = 5 chains represent
saddlepoints with unit topological charge. The m = 2 chain is identical to the
monopole-antimonopole pair (the magnetic dipole) discussed in [327,448]. In-
deed, asymptotic expansion of the profile function shows that only the gauge
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Fig. 6.2. The rescaled energy density F(p, z) and the modulus of the Higgs field
|¢(p, 2)| are shown for the Rebbi-Rossi multimonopoles solutions m = 1,n = 2,3, 4
at A=0

field function K3 decays like O(r~!), while other gauge functions decay ex-
ponentially [325,327]. In the singular gauge, where the Higgs field is constant
at infinity, ¢ = o3, we obtain [328]

1—cos(mb) d

K3—> +*Siﬂ0
T

sin 6
and the asymptotic gauge potential precisely corresponds to the field of a

magnetic dipole:

sin? 6
2er

A, dat —d o3dy.

However, this dipole moment originates not only from a distribution of
the magnetic charge, as one may naively expect. The point is that for the
axially symmetric configuration (6.15) and (6.16), the Abelian 't Hooft tensor
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(5.31) corresponds not only to the topological (magnetic) current k, (5.33),
but also to the electric current ji:

O FH = 4mjy . (6.26)
Evaluation of the 't Hooft tensor (5.31) with the above ansatz yields
Fop =00A, , For=-0:A,, Frg=0, (6.27)

with the Abelian potential

A, = g {—@1 [K3sin 6 + cos(m@)] + &, [(Ky — 1) sin ) + sin(me)]} , (6.28)

and &, = &, /\/P? + B3, by = $y//P? + 3. Evidently, for the 't Hooft
Polyakov monopole this potential is reduced to eA, = —n &y cosh.

As can be seen from (6.27)—(6.28), contour lines of the vector potential
component A, correspond to the field lines of the Abelian magnetic field B.

Thus, the magnetic dipole moment can be obtained from [330],

= /d% (rkeo + %[r xjel]) , (6.29)

where kg/e and j, are the magnetic charge density and the electric current
density, respectively. Therefore, the physical picture of the source of the dipole
moment is that it originates both from a distribution of magnetic charges
and electric currents. Because of the axial symmetry of the configurations,
1t = pe, and the contribution of the electric current density to the magnetic
moment is

1
Hecurrent = 5 /ijT2 sin 9drd0dgp

1 . . 1
1 / drdf [7‘2 sin 0 83.A¢ + sin? 9(‘39M39.A¥J .

In Fig. 6.3 we present? the dimensionless energy density and nodes of the
Higgs field for the n = 1 solutions with # winding number m = 1,...,6. The
energy density of the m-chain possesses m maxima on the z-axis and decreases
with increasing p. The locations of the maxima are close to the nodes of
the Higgs field. For a given m the maxima are of similar magnitude, but
their height decreases with increasing m. Increasing A makes these maxima
sharper and decreases the distance between the locations of the monopoles.
We observe that for a given A, the distances between the corresponding nodes
increase with increasing m.

21 am grateful to Burkhard Kleihaus for his kind permission to reproduce this
plot here [328].
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Fig. 6.3. The rescaled energy density E(p, z) for the monopole-antimonopole chains
with winding numbers n =1, m=1,...6 at A=0

We observe that the energy E(™) of an m-chain is always smaller than
the energy of m single monopoles or antimonopoles (with infinite separation
between them), ie., B < E. = 4rmmv/e = mM, where M = 47mv/e
is a mass of a single BPS monopole. On the other hand, E("™) exceeds the
minimal energy bound given by the Bogomol’'nyi limit E;, = 0 for even m,
and Fpin = M for odd m.

A linear dependence of the energy E(™) on m can be modelled by taking
into account only the energy of m single (infinitely separated) monopoles and
the next-neighbor interaction between monopoles and antimonopoles on the
chain. Defining the interaction energy as the binding energy of the monopole-
antimonopole pair,

AE =2M — E® |

we obtain as energy estimate for the m-chain

ES™ M =m+ (m —1)AE .

est
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If A = 0, we interpret the m-chains as equilibrium states of m non-BPS
monopoles and antimonopoles. Indeed, these configurations are essentially
non-BPS solutions.

To see this in another way, let us consider the limit A = 0. Then the
energy can be written in the form:

1 1
E= / {4Tr ((giijij + Dk¢)2) ¥ §€ijkTr (FijDk¢)} B (6.30)

The second term is proportional to the topological charge and vanishes when
m is even. The first term is just the integral of the square of the Bogomol’'nyi
equations. Thus, for even m the energy is a measure of the deviation of the
solution from self-duality.

Recall that the physical reason for the existence of such a chain is a
balance of the attractive and repulsive contributions to the net potential
energy of the static configurations. However, we can also make use of the
effective electromagnetic interaction associated with the Abelian 't Hooft
tensor (5.31).

Let us consider the magnetic dipole. Indeed, the numerical results show
that the separation between two nodes of the scalar field, that are identified
with positions of the monopole and antimonopole, respectively, is not too
large. Thus, both photon and scalar particles remain massive and, together
with the vector bosons Aff, they all contribute to the short-range Yukawa-
type interactions.

Therefore we may conclude that the saddle point configuration exists
because of the balance of these short-range interactions. In the BPS limit
such a solution is proved to be an equilibrium state [489]; it corresponds to
a saddle point of the energy functional and there are negative modes among
the fluctuations that do not posses the axial symmetry of the Kleihaus—Kunz
ansatz (6.15) and (6.16).

However, the numerical results shows that in the limit A = 0 the energy
of interaction of the magnetic dipole is E;,; = 2M — Ey = 0.3, while the
distance d between the location of the monopole and antimonopole is 4.23
[327]. Thus, the corresponding Coulomb energy, FEcouioms = 1/d =~ 0.24,
almost saturates the interaction energy and we may try to make use of an
effective electromagnetic interaction to model the configuration. Indeed, the
't Hooft tensor (5.31) allows us to project all components of the gauge field
onto the scalar field and we can consider the corresponding effective Abelian
forces. Evidently, this interaction is mediated by a massive photon.

At a first glance, there is no place for a repulsive Abelian force: the
electromagnetic interactions between a monopole and an anti-monopole is
attractive. However, the structure of the solution shows that the U(1) mag-
netic field, which is defined by the ’t Hooft tensor (5.31), is generated both
by the monopoles and by the electric current ring (cf. Fig. 6.4). There is
the magnetic field B; of the current loop, which stabilizes the configuration.
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Fig. 6.4. Magnetic dipole: the Abelian magnetic fields of the charges and the
current loop

This configuration can exist as an equilibrium electrodynamical state of two
charges and a circular current.

Let us now consider chains consisting of multimonopoles with winding
number n = 2 [329, 330,421]. Identifying the locations of the Higgs zeros on
the symmetry axis with the locations of the monopoles and antimonopoles, we
observe that when each pole carries charge n = 2, the zeros form pairs, where
the distance between the monopole and the antimonopole of a pair is less than
the distance to the neighboring monopole or antimonopole, belonging to the
next pair.

We observe furthermore, that the equilibrium distance of the monopole-
antimonopole pair composed of n = 2 multimonopoles is smaller than the
equilibrium distance of the monopole-antimonopole pair composed of single
monopoles. Thus the higher attraction between the poles of a pair with charge
n = 2 is balanced by the repulsion only at a smaller equilibrium distance. The
difference from n = 1 chains is that for n = 2 multimonopoles, the maxima of
the energy density no longer coincide with (double) zeros of the Higgs field.
The latter are still placed on the z axis. One may understand the reason by
considering the energy associated with the electromagnetic current, which
has to be much stronger to balance the attraction between two monopoles of
double charge. There is a current contribution that moves the maxima of the
energy density to the p-plane.

Closed Vortices

The boundary conditions imposed at the origin on the Higgs field (6.16)
means that @,(0,6) =0 and

$(0,0) = &.(0,0)r{™).
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Thus, the scalar field can either vanish there (for an odd § winding number
m), or be directed along the z-axis (for an even m). In the former case, there
is a single n-monopole placed at the origin, whereas the latter configuration
in the limit of very large scalar coupling approaches the vacuum expectation
value, not only on the spacial boundary, but also in the vicinity of the origin.
Then the solutions with different winding number n link the trivial configura-
tion ¢(0,0) = (0,0,2.(0,0)) and its gauge rotated on the spatial infinity. For
n = 1,2, these solutions are the monopole-antimonopole chains we discussed
above.

The situation changes dramatically, if the ¢ winding number n > 2. The
solutions of the second type, which appears in that case, are not multimono-
pole chains, but systems of vortex rings. They exist both in the BPS limit
and beyond it, and represent either a system of closed vortices bounded with
a single n-monopole placed at the origin, or without it [329,330].

This situation is a bit surprising, because one could expect that, when
the charge of poles is increasing further beyond n = 2, the similar chain
solutions consisting of multimonopoles with winding number n > 2 should
exist; the monopoles and antimonopoles of the pairs should approach each
other further, settling at a still smaller equilibrium distance.

Constructing solutions with charge n = 3 in the BPS limit (A = 0),
however, we do not find any chains at all. Now there is no longer sufficient
repulsion to balance the strong attraction between the 3-monopoles and 3-
antimonopoles. Instead of chains, we now observe solutions with vortex rings,
where the Higgs field vanishes on closed rings around the symmetry axis.

To better understand these findings, let us consider unphysical intermedi-
ate configurations, where we allow the ¢ winding number n to continuously
vary between the physical integer values®. Beginning with the simplest such
solution, the m = 2 solution, we observe that the zeros of the solution with
the winding number n continue to approach each other when n is increased
beyond 2, until they merge at the origin. Here the pole and antipole do not
annihilate, however. We conclude that this is not allowed by the imposed
symmetries and boundary conditions. Instead, the Higgs zero changes its
character completely, when n is further increased. It turns into a ring with
increasing radius for increasing n. The physical three-monopole-three-anti-
monopole solution in the BPS limit then has a single ring of zeros of the
Higgs field and no point zeros.

Considering the dipole magnetic moment of the m = 2 solutions, we
observe that it is (roughly) proportional to n. The pair of poles on the z-axis
for n = 2 clearly gives rise to the magnetic dipole moment of a physical dipole.
The ring of zeros also corresponds to a magnetic dipole field, which however,
looks like the field of a ring of mathematical dipoles. This corresponds to the
simple picture that the positive and negative charges have merged, but not

3 An alternative is to include an electromagnetic interaction with an external mag-
netic field directed along z-axis.
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annihilated, and have then spread out on a ring. Thus, we can identify the
m = 2, n = 3 solution with a closed vortex configuration.

While the dipole moment of monopole-antimonopole chains with an equal
number of monopoles and antimonopoles has its origin in the magnetic
charges of the configuration [327,328,330], the dipole moment of the closed
vortices is associated with loops of electric currents [330].

Other solutions with even # winding number reside in the vacuum sector
as well (cf. Fig. 6.5). For m = 2k > 2 solutions with zero scalar coupling, it is
now clear how they evolve, when the ¢ winding number is increased beyond
n = 2. Starting from k pairs of physical dipoles, the pairs merge and form &
vortex rings, which carry the dipole strength of the solutions.
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Fig. 6.5. The rescaled energy density F(p, z) and the modulus of the Higgs field
|¢(p, z)| are shown for the circular vortex solutions m = 2,n = 3 (single vortez),
m = 4,n = 3 (double vortex) and m = 6,n = 3 (triple vortex) at A = 0.5
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The solutions with odd € winding number have an isolated zero of the
Higgs field at the origin, thus they reside in the topological sector with charge
n. For m = 4k + 1 the situation is somewhat similar to the above. Here a
single n-monopole remains at the origin, whereas all other zeros form pairs,
which for n > 2 approach each other, merge and form 2k rings carrying di-
pole strength. Since, however, a dipole on the positive axis and its respective
counterpart on the negative axis have opposite orientation, their contribu-
tions cancel in the total magnetic moment. Thus, the magnetic moment re-
mains zero, as it must, because of the symmetry of the ansatz [328]. Non-zero
scalar coupling does not change the situation, but the maxima of the energy
density distribution are getting sharper.

For m = 4k — 1, on the other hand, the situation is more complicated. Let
us consider the simplest case m = 3 in the limit A = 0. Again, we consider un-
physical configurations with winding number n continuously varying between
the n = 2 chain solution and the n = 3 configuration. The difference from the
case of an even m is that in the initial state there are 3 poles on the z-axis,
which cannot form pairs, such that all zeros belong to a pair, symmetrically
located around the origin, thus the dipole moment of that configuration is
zero. For m = 3, we observe in the BPS limit that two vortices appear in the
charge n = 3 solution, emerging from the upper and lower unpaired zero, re-
spectively, carrying opposite dipole strength. Increasing the scalar coupling
decreases the radius of the vortices, as well as the distance between then.
However, both rings remain individual.

Once again, we are reminded that the axially symmetric multimonopole
chains and vortices, which were discussed here, correspond to the saddle
point of the action, not to an absolute minimum. This means that these
configurations are unstable. The situation becomes different if we consider
the system of monopoles, especially in the BPS limit. To see this we have to
analyze the effects of the interaction between the monopoles in more detail.

6.3 Interaction of Magnetic Monopoles

6.3.1 Monopole in External Magnetic Field

Let us consider first the 't Hooft—Polyakov monopole interacting with an ex-
ternal weak magnetic field. We shall consider a monopole initially at rest,
i.e., the time derivatives of the fields vanish. One could expect that, to lead-
ing order, the effect of this perturbation is that an initially static monopole
would start to move with a small constant acceleration® wy. Thus, up to
second-order oscillation corrections, the configuration (5.41) obtains a time-
dependence of the form [366]:

4 One can treat this motion as an excitation of the translational zero modes of the
scalar and vector fields of the system [314].
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2

2

@ (r,t) = ¢ (r — Wt2> ~ ¢%(r) — W%V(/ba(r) , (6.31)
t2 t2

Ag(r,t) = A} <r - WQ) T¢ = AL (r)T* — W5VAZ(1‘)TQ .

Obviously, such a perturbation leads to the generation of an electric field.

In the instantaneous rest frame, we still have an initial 't Hooft—Polyakov con-

figuration (5.41), where Ag(r) = 0. The non-relativistic character of the mo-

tion then means that in the non-accelerating frame Ag(r,t) = —wptAg(r,t)
[366].

Differentiation of the perturbed configuration (6.31) with respect to time
gives

000® = —wit O , OoAr = —wmpt O Ay (6.32)

and therefore the non-Abelian electric field is

FY = 9pAY — Op AL — ecape AJAS

= Wt (O AL — Op A%, — eape AL AS) = —wt F2, . (6.33)
Another differentiation of this relation yields, to first order in the perturba-

tion w:
D°F8 = —w,, Fi., . (6.34)

This allows us to write the spatial part of the first of the Yang—Mills—Higgs
field equations (5.14) as

(D — W) Frn = —€ ape ¢°Dypo° . (6.35)
Next, we note that the first of the relations (6.32) means that
Do¢® = —wyt Do (6.36)

which after another differentiation with respect to time gives wy Dy ¢®. Thus,
in the case of an accelerated monopole, the spatial part of the second of the
field equations (5.14) takes the form

Dy (Dyyy — W) ¢ = —\(@" — v?)p” . (6.37)

The system of dynamical equations (6.35) and (6.37) that we obtained de-
scribes the dynamics of a 't Hooft—Polyakov monopole in an external homo-
geneous magnetic field.

We have already seen that the analysis of the monopole properties is very
simple in the BPS limit. This is also the case of the monopole dynamics
because one can easily prove that in the limit A = 0, the field equations
(6.35) and (6.37) are solved by the ansatz [366]

By = (Dy, — wyg) ¢* , (6.38)
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which is a rather straightforward generalization of the Bogomol'nyi equation
(5.61). Taking into account that the scalar field of the monopole is defined
as ¢% = vh(r)7®, with asymptotic behavior of the shape function h(r) — 1
as r — 00, we obtain from (6.38), using By = B,‘jg{)“:

By, = vOgh(r) — vh(r)wy, . (6.39)

Thus, on the spatial asymptotic, the ansatz (6.38) corresponds to the su-
perposition of the magnetic field of a monopole and a constant weak field
B{** = vwy. Furthermore, the magnetic charge and the mass of the BPS
monopole are just g = 4w/e and M = 4mv/e, respectively. Thus, the ex-
ternal force on a monopole is given by the standard Newton force law:
Fk = —ka = —gBeXt.

There is another possible interpretation of the system (6.35) and (6.37).
One can consider it as an original Yang-Mills—Higgs system (5.14), which is
modified due to an external perturbation caused by a homogeneous magnetic
field. This interaction can be described by an extra term

L _ 1 Fe a p(ext)
int = %Emnk mn(l5 Bk ) (640)
added to the Lagrangian of the Georgi-Glashow model (5.7) [314]. In the BPS
limit, the equations of motion resulting from such a generalized Lagrangian
are identical to the system (6.35) and (6.37).

Note that the effect of the interaction term (6.40), which is linear in the
scalar field, is to lift the degeneration of the Higgs vacuum. Indeed, it can be
considered as a correction to the Higgs potential

V(p) = %(aﬁ2 —0?)% + %B;iqb“B,(f"“ : (6.41)

and, therefore, there is a unique minimum of the potential on the spatial

asymptotic at
o (ext)
n Bn
B = 077 (1 ten ) : (6.42)

2 22
e mgmsg

where we made use of standard notations for the masses of the scalar and
vector excitations (m? = 2\v?, m2 = e%v?). The true vacuum is unique, its
location is given by the direction of the external magnetic field. Note that
there is a certain similarity between the process of metastable vacuum decay

(see, e.g., [505]) and the acceleration of a monopole in an external field.

6.3.2 The Interaction Energy of Monopoles

Now we consider the mechanism of interaction between two widely separated
monopoles. As mentioned above, there is no analytic solution of the system
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of Yang-Mills-Higgs equations that would correspond to a system of two sep-
arated 't Hooft—Polyakov monopoles, and the monopole-antimonopole chain
solutions that we described above, in the BPS limit corresponds to the static
unstable equilibrium.

Let us consider a system of two monopoles. The simplest possible ap-
proach to estimate the energy of interaction is a straightforward calculation
of the difference between the minimal value of the energy of the whole system
of the fields and the sum of the masses of two identical individual monopoles:

Einy = %/d% (Bf = Drg®)* +v Y gi+ /d% V(¢)—2M.  (6.43)

i=1,2

Here we used the form of the energy functional (5.57) suggested by Bogo-
mol’'nyi [127]. Evidently, in the limit of vanishing scalar coupling it reduces
to (6.30).

This approach was applied to calculate the interaction energy of axially
symmetric non-BPS Rebbi-Rossi multimonopoles [324]. It confirms that there
is only repulsive phase in that system. In the paper [328], we evaluated the en-
ergy of interaction of the chain solutions. Then the separation parameter is of
order of a few vacuum expectation values of the scalar field, thus the cores of
monopoles overlap and, for example, the mass of the monopole-antimonopole
pair is smaller than the energy of two widely separated monopoles.

If we consider well separated monopoles, there is some simplification.
We may suppose that the monopole core has a radius that is much smaller
than the distance between the monopoles. Moreover, outside of this core the
covariant derivatives of the scalar field vanish and thus the gauge fields obey
the free Yang—Mills equations. This approximation is a standard assumption
in the analysis of monopole interactions.

A numerical study of the interaction between two well separated mono-
poles using the two-monopole ansatz (6.10) was given in [377]. The idea was
to apply a variational approach, which reduces a trial configuration to the
known Wu—-Yang one-monopole solution in the neighborhood of each mono-
pole. Their positions were defined as the zeros of the Higgs field. Further
calculations of that type [389] included the effects of the deformations of the
monopole core in the presence of other monopoles. A different approach was
used in the work [243], where in order to estimate the energy of the interac-
tion of a monopole-(anti)monopole pair, the conserved stress-energy tensor
of such a system (5.15) was analyzed

a roa a a 1 a o a 1 a apa
T;u/ = FMQF +D,u¢ DV¢ - Eg;chﬂﬁ D ¢ - ng/ aﬁF o

A
- gMVZ (¢2 - U2) . (644)

Again, we can consider as a simple example, a widely separated monopole-
(anti)monopole pair centered on the z axis at the points (0,0,+L). The ap-
proach of the paper [243] was to consider two surfaces o1 and o4, surrounding
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each monopole, to make use of an analogy with the standard electrostatic
problem of the interaction between two conducting spheres initially at rest.
The radius of each sphere R corresponds to the core scale, thus, we suppose
R < L. The solution of this electrostatic problem can be given by solving the
static Maxwell equation with the proper boundary condition on the sphere
and an asymptotic condition at 7 — oo. This allows us to compute the mo-
mentum transfer across the surface, which amounts to calculating the force
on each sphere.

To define the force F,, on a monopole, let us write the equation of the
stress-energy tensor conservation d,T"” = 0 in integral form:

%/d?’xPn = /dSn " (6.45)
|4 S

where the four-momentum density is P, = Ty, and V is the space volume
with boundary S. Thus, identification of the first monopole core with the
volume surrounded by the sphere o1, together with a proper choice for the
boundary conditions on this sphere, allows us to calculate an instant force
exerted on the core of this monopole

F, = / s, T™" . (6.46)

g1

However, the conservation of the stress-energy tensor means that it would be
enough to consider the flux through a plane xy between the two monopoles.

The result of both analytical [243,437] and variational [377,389,390] calcu-
lations confirm a rather surprising conclusion, first observed by Manton [366]:
the character of the monopole interaction in the BPS limit changes drasti-
cally. While the energy of interaction between 't Hooft—Polyakov monopoles
with finite coupling A turns out to be a rather standard potential energy of
charged particles exerting Coulomb-like magnetic fields, there is no interac-
tion between two BPS monopoles at all, but the monopole-antimonopole pair
attract each other with double strength. Nahm [390] presented a formal proof
that the energy of interaction of two BPS monopoles decays faster than any
inverse power of the distance between them. This conclusion is obvious, if we
note that in the Bogomol’'nyi limit (5.61)

Bi = £Dy¢*

and V(¢) = 0. In this case, the stress-energy tensor (6.44) vanishes and hence,
a force on any spatial volume that we choose is just zero. Thus, the multi-
monopole solutions of the Bogomol'nyi equation (5.61) are by construction in
equilibrium. The reason for this unusual behavior is that the normal magne-
tostatic repulsion of the two monopoles is balanced by the long-range scalar
interaction: in the BPS limit the quanta of the scalar field are also massless.
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Indeed, we already noted that there is a crucial difference between the
asymptotic behavior of the Higgs field in the non-BPS and the BPS cases:
there is a long-range tail of the BPS monopole

a
P — v — — as r— 0. (6.47)

er
The result is that, in a system of two widely separated monopoles, the as-
ymptotic value of the Higgs field in the region outside the core of the first
monopole is distorted according to (6.47) due to the long-range scalar field
of the other monopole: the mass of the first monopole will decrease and the
size of its core is increased. In other words, the additional long-range force
appears as a result of violation of the original scale invariance of the model
in the BPS limit A — 0. A corresponding Goldstone particle, a dilaton, is

connected with small fluctuations of the Higgs field

¢ = vi%e? = v "D 4 ..., (6.48)

where D is the dilaton field. Separation of the corresponding kinetic term of
the dilaton action Lp = —%028MD 0" D allows us to establish an identity
between the dilaton charge and the magnetic charge of the configuration

4 M
Qp = v/dSanD - ?ﬂ —g=. (6.49)

v

Obviously, the mass of the monopole configuration is decreased as AM =
[ d*xLp = —-Qp¢.

If the configuration has not only a magnetic but also an electric charge ¢,
then the dilaton charge is defined by the dual invariant combination [369,384]

Qp=Vg*+¢. (6.50)

As a final remark, let us note that the choice of sign in (5.61) corresponds
to the monopole (plus) or antimonopole (minus) configuration. This choice is
fixed and cannot vary from one space region to another. This is why a solution
of the Bogomol'nyi equation describes a static multi-monopole configuration
that consists of only monopoles or only antimonopoles. There is another
manifestation of the connection that exists between solutions of self-dual
Yang—Mills equations and BPS monopoles: there is no interaction in a system
of self-dual instantons [522].

6.3.3 Classical Interaction of Two Widely Separated Dyons

Now we can apply the discussion of the previous section to the case of the
classical interaction between two dyons that are separated by a distance r.
Let us suppose that they have identical magnetic charges g, but different
electric charges ¢; and g2. This problem was studied by Manton [369] (see
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also [92,93]). Again, the situation is greatly simplified by the assumption of
a large separation between them. Thus, we can neglect the inner structure
and consider each dyon as a classical point-like particle. Since in the BPS
limit the dyons possess both electric and magnetic charges, and the dilaton
charge (6.50), as well, the total interaction of two static dyons is composed of
electromagnetic repulsion or attraction, caused by the electric and magnetic
charges, and attraction caused by the dilaton charges. Thus, the net Coulomb
force is

r
Fip = <92 + a2 — \/92 +ai \/92 + q%) : (6.51)
An additional simplification comes from assuming that the electric charge of
the dyon is much smaller than its magnetic charge. Then an expansion in
q?/g? yields
r
Fio~ —3(q — CI2)27T3-

In this limit, there is no interaction between two dyons with identical electric
charges. In general, only the relative electric charge of the system QQ = g1 — g2
enters in the energy of interaction.

Now, let us consider a dyon moving with a velocity vy in the background
field of another dyon, which is placed at rest at the origin [369]. Since the
electromagnetic part of the interaction is described by the Dirac potential
(1.43), the canonical momentum of the first dyon, according to (2.16) and
(2.17), is

P=Mvi+aqgA+gA, (652)

where the electromagnetic potentials corresponding to the fields of a static
dyon are _

A:gaa A:*Q2a7

and we use the notation (see (1.41))
a=(1—cosf) Vp. (6.53)
The scalar potentials that correspond to the static dyon are simply

Ag=2 4 =7

r T

In addition, we have to take into account the scalar potential connected with
the dilaton charge of the BPS dyon: ¢ = /g2 + ¢g2/r. As we have already
mentioned above, the effect of this potential is to decrease the mass of the
first dyon as®

1
M—>M—QD¢=M—;\/q?+g2\/q§+92-

5 Note that a dyon is slightly heavier than a monopole: M = My+/1 + ¢2/g2.
However, in the case under consideration, ¢ < g. Therefore, the difference is of
second-order and can be neglected.
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Collecting all this together, we arrive at the Lagrangian of the motion of the
dyon in the external field of another static dyon:

L = <M + ¢\/q§ + g2> \/1 — 02+ vi(@ A+ gA) — 1A — gAg. (6.54)

The next step is to incorporate the effect of motion of both dyons. It is
well-known that, if the background field is generated by a moving source,
the corresponding fields have to be written in the form of Lienard—Wiechert
potentials [92,369,492):

v
A:93+Q2 2 )
r2 —[r X vo?

~ v
A=-—patg—r———

r? —[r X va?
Ao:—q2 +g(a-va), /Toz—g —q2(a-va),

72 — [r X va? r2 — [r X va?

g NBHE WI%WZ]QM (6.55)

2 —[r X vy

In the a-dependent terms we made use of the non-relativistic character

of the motion. Furthermore, in this case we can make the approximation

r2 — [r X v3]? & r. Substitution of the potentials (6.55) into the Lagrangian
(6.54) yields, up to terms of order ¢?>v? and v*,

2 2

L, = %MV% - %(vl —v2)? +Qg(vi —va)-a+ 6227 . (6.56)

It is important that, as we can see from the second term of this expression,

the scalar and magnetic interactions depend on the relative velocity of the

dyons in different ways. The third term here describes the minimal interaction

between the relative charge () and the magnetic charge g, while the last term

is half the standard Coulomb energy of an electric charge @. (The other half

is associated with the other dyon.)

If we note that all the interaction terms remain the same in the case of the
inverse problem of the dynamics of the second dyon in the background field
of the first one, then the Lagrangian of the relative motion can be obtained
by factorisation of the motion of the center of mass, M(v; + v2)?/2, from

(6.56) [369]:
(Mg . Q?

where T = (v — v3) is the relative velocity of the dyons.

Note that the total electric charge is conserved. The corresponding col-
lective coordinate ¢ = ¢; + g2 can also be factored out with the motion of the
center of mass.
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The equations of motion that follow from the Lagrangian (6.57) are

(J‘j _ 9:) i — iz {;r(l‘-i-) _ (r.r)f} + %[i x| — %r. (6.58)

Note that the dynamical equation does not change if we transform the La-
grangian of the relative motion (6.57) as

2 2
L:i(M—2£> (f-f—§2>+ng-a, (6.59)

where the constant term MQ?/4g? is dropped out.

Obviously, for g = 0, the (6.58) is identical to the standard equation of
motion of a charged particle in a Coulomb field. In the general case, (6.58)
can be solved by making use of the corresponding integrals of motion. For
example, the energy is composed of three terms: normal kinetic energy, a
velocity-depending term originating from the difference between the dilatonic
and magnetic interaction of the dyons, and the standard potential energy of
interaction of the two charges:

M g .2 Q?
E=|——-> -=. )
( 5 " ) r " (6.60)
The second integral of motion is the vector of angular momentum
1 g2 \= r
L=(-—-——|L-Qg- 6.61
<2 Mr ) @9 r’ (6.61)

where L = M[r x #] is the standard orbital angular momentum. These for-
mulae are obviously generalizations of the expressions (1.4) and (1.11). Since
the relation L - r = —Qg = const. holds again, the same argumentation can
be applied to show that the trajectory of the relative motion of the dyons
lies on the surface of a cone. The motion becomes flat only if the magnetic
charge vanishes.

We have already noted (see Sect. 5.2.1) that the electric charge of a static
dyon is connected with its fourth cyclic collective coordinate 7 as Q ~ 1.
Excitation of this collective coordinate can be treated as the appearance of
the kinetic energy (5.86). This analogy now can be generalized in the spirit
of Kaluza—Klein theory [369]. Let us perform the Legendre transform of the
Lagrangian (6.59) )

L(r,Y) = L(r,Q) + 9Q7,

where 5

Q= M2—g{9,2 (T+ (a-i“)) : (6.62)

Then the Lagrangian (6.59) can be rewritten in the form
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4

29 . g . . 2
L= 4<M—T) r+M(T+(a~r)), (6.63)

which is structure of the Kaluza—Klein Lagrangian describing geodesic motion
in the four-dimensional space M, with one compact variable. Note that (6.63)
does not depend explicitly on 7. Thus, the corresponding equation of motion
is just the conservation law of the relative electric charge @, (6.62).

To sum up, the relative motion of well-separated BPS dyons is a geo-

desic motion in the space My governed by the Taub-NUT (Newman-Unti—
Tamburino) metric

> ()
ds? = (1 g ) dr? + Z(dr +a- dr)? . (6.64)
Mr 1-— MT

This metric is well-known from general relativity; it was obtained as early
as in 1951 (see [381]). The Taub-NUT metric corresponds to the spatially
homogeneous solution of the Einstein equations in empty space. The length
parameter of this metric is 22 /M.

If the angular momentum (6.61) is quantized at integer values, the ro-
tation group is SO(3). Geometrically, this rotational invariance means that
the conserved vector L implies a set of Killing vector fields on the space My
that generate an SO(3) symmetry, which is an isometry of the moduli space.
If the charge quantization condition yields half-integer eigenvalues of L, the
rotational invariance induce an SU(2) isometry of the space My [238,346].

Finally, we recall that geodesic motion in a space with the Taub-NUT
metric could be used only to describe the relative motion of widely separated
dyons. A general description of the low-energy dynamics of BPS monopoles
on the moduli space is given by the Atiyah—Hitchin metric, whose asymptotic
form is the Taub-NUT metric. In the last section of this chapter we return
to this approximation.

6.4 The n-Monopole Configuration in the BPS Limit

6.4.1 BPS Multimonopoles: A Bird’s Eye View

The exact cancellation of the electromagnetic attraction and the dilaton re-
pulsion in the two-monopole BPS system suggests the conjecture that there
are multimonopole static solutions of the Bogomol’'nyi equations. Since Bo-
gomol’'nyi found that the explicit spherically symmetric solution with n =1
is unique [127], any possible multi-monopole configuration with n > 1 cannot
have such a symmetry. Furthermore, it was shown [367] that even a config-
uration of n monopoles lying on a straight line [288, 289, 440] is unstable.
Therefore, the structure of the configuration we would deal with is rather
complicated and it is difficult to build up these solutions.
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Fig. 6.6. Geometry of the transformation that allows us to construct two separated
monopoles starting from a charge one spherically symmetric configuration

Naively, one can visualize the following geometric transformation that
could help to construct a multi-monopole configuration starting from a given
single spherically symmetric BPS monopole. Recall that magnetic charge
is associated with the asymptotic behavior of the scalar field; the vacuum
manifold of a monopole of unit topological charge is a sphere S2,,.

To construct a two-monopole configuration, we shall remove from this
sphere the equatorial circle S', as shown in Fig. 6.6, and then identify all
the points on the equators of the two hemispheres with the north and south
poles of the two new spheres, respectively. Construction of an n-monopole
configuration requires a simple iteration of this procedure®.

However, an adequate mathematical description of the geometrical trans-
formation that could solve the multimonopole problem is not so trivial and
emerged only as the result of the work of many mathematicians over a decade.
The problem is not to construct an explicit solution for an arbitrary n-
monopole configuration, but to prove the regularity and completeness of the
solution, i.e., to prove that all possible solutions are generated by this proce-
dure.

To give some clue as to which methods we have to use, let us note that the
naive picture above is closely connected with the mathematical apparatus of
projective geometry. Indeed, making a standard stereographic projection of
the sphere S? onto a plane, we see that removing the equator of the sphere
corresponds to a cut on the projective plane, which then becomes isomorphic
to a doubly covered Riemann surface. Recall also that identification of the
antipodal points of a sphere S™ transform it into a real projective space RP™.
Thus, it is no surprise that the powerful methods of twistor geometry were
fully exploited to construct the multi-monopole configurations.

Generally speaking, to construct a general explicit n-monopole solution,
one has to make use of the integrability of the Bogomol'nyi equation. There
are three different approaches to this problem, which use:

1. twistor technique (the so-called Atiyah—-Ward ansatz [79, 180, 181, 507));

8 With some imagination one can compare this picture with the well-known process
of biological cell division...
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2. the Atiyah-Drinfeld-Hitchin-Manin (ADHM) construction [80], which
was modified by Nahm [393];

3. the inverse scattering method (Riemann—Hilbert problem), which was
applied to the linearized Bogomol’nyi equation [217,218,220].

For a detailed description of the last approach, we refer the reader to the
comprehensive review [220]. Here, we briefly outline only the first two direc-
tions, which are closely connected to the modern development of differential
geometry.

6.4.2 Projective Spaces and Twistor Methods

The following discussion substantially uses the language of the twistor theory.
Here we recall basic notions of this formalism. For more rigor and a broader
presentation the reader should, for example, consult the book [30].

Let us extend our classification of spaces of Chap. 3. The general notion
of projective spaces can be defined as a transformation of the n-dimensional
real space R™ or the complex space C" into equivalent n — 1-dimensional
manifolds RP"~! and CP"!, respectively. These spaces are defined as the
spaces of all unoriented lines L through the origin of R™ or C", respectively.

The simple example is the projective plane RP? of the lines through the
origin of R3. Clearly, such a line L is defined by a point z with coordinates
(x1,22,23) and for any a # 0 a point (axy,azs,axs) corresponds to the
same line. This is an equivalence class, which defines a point in the real
projective space RP?; each such point is set into correspondence to a line in
R3. A convenient choice is to consider points on the unit sphere S2, which is
defined by the equation x? + 23 + 22 = 1.

Now let us consider the directed lines f through the origin of R3. The
difference is that such a line intersects the sphere S? only once, while an
undirected line meets this unit sphere twice, in a pair of antipodal points.
Thus, the projective space RP? contains a set of pairs of these points. It
can be constructed if we take only one of the hemispheres of the sphere S2
and identify the antipodal points of the equator. Figure 6.7 illustrates this
procedure (see also Fig. 6.6), which yields the disk in the equatorial plane of
52 with antipodal points identified. Topologically it is the sphere S2.

The projective space RP? has the structure of the manifold that we dis-
cussed in Chap. 3. It can be covered by three local sets: (i) Uy, which includes
the lines not lying in the xoxs-plane; (ii) Us, which includes the lines not
lying in the xjxs-plane; (iii) Us, which includes the lines not lying in the
r1To-plane. In each patch we can introduce some local coordinates, for ex-
ample, in the patch Uy we have uy = x2/x1, us = x3/x1, etc. The transition
functions are defined in the overlap regions.
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X4

Fig. 6.7. Definition of the projective space RP?

In the same way, we can set a correspondence between the four-
dimensional real space R* and the three-dimensional projective space RP3.
This situation is very interesting since the corresponding unit three-sphere
S3 with the antipodal points having been identified can be thought of as the
group manifold of the group SO(3). Thus, there is a diffecomorphism between
the group manifold of SO(3) and the real projective space RP3.

Similarly, we can define the complex projective space CP"~! as a space
of complex lines through the origin of C". Local coordinates are now the
complex numbers. For example, a complex projective line CP! is defined as a
set of equivalence classes (21, 22) ~ (Az1, Az2), where A € C and |21 [*+|22]? #
0. Then there are two local patches U; and Us, with the local coordinates
u = z1/2 for zo # 0, and w = z3/z for z; # 0. In the overlap region we have
u = 1/w and comparing this picture to (3.11), we conclude that the complex
projective line CP! is diffeomorphic to the sphere S2.

In more general terms, a complex projective space CP™ can be obtained
from the unit sphere S2"*! via identification z ~ ze’® and each point of
CP" corresponds to the circle S' ~ e** on the sphere $?"*!. In particular,
there is a map S® — CP! ~ S2, which is exactly the Hopf map which we
discussed in Chap. 3. Note that the projective space CP™ equipped with the
Fubini—Study metric

i 0 wf?) — wew,
Vi AP

written in the local coordinates w; = z;/z1, i = 1,2,...n for z; # 0, is
an example of K&hler manifolds (recall the corresponding definition given in
Chap. 3, p. 89).

This formalism can be applied to replace the physical four-dimensional
space-time by a complex manifold of three-complex dimension, the projective
twistor space PT = CP3.
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Let us explain these notions. The twistor description assumes that we
are working in complexified Euclidean space, which is constructed by the
correspondence between each point of z, in R* and a complex quaternion

xo + 1T 1+ z z
xx0+ixk0k—< 0 ’ ! 2>_< ! 2), (665)

1T1 — To To — 13 —25 2]

where we introduce two complex homogeneous coordinates z; = xy +ix3 and
2y = my +ixz; in C2 ~ R*. The notations (6.65) are especially convenient
for analyzing self-dual systems because then the equations of self-duality
F,, = F,, reduce to

Fi.iz2y =0, in‘z;‘:O;

(6.66)
lezf +F222§ =0.

The advantage here is that in the complex coordinates z;, the first pair of

the equations (6.66) is integrable and we can see that the solution is a pure

gauge. This is a key element of the following analysis. However, we need to

introduce some more mathematical notions before going into details of the

related discussion.

The space of quaternions H is isomorphic to C2, therefore H? ~ C*.
Thus, each element § of CP?, that is a complex line through the origin in
C*4, corresponds to a quaternionic line in H?. The latter is an element of the
one-dimensional quaternionic projective space HP', which is isomorphic to
S,

A line in CP? can be parameterized by four local homogeneous coor-
dinates (z1, 22, 23,24). In the twistor description, they are usually set into
correspondence to a pair of 2-spinors A and p as (Ao, A1, p°, p*). This defines
a point § = (\p) in CP3, a 4-spinor formed from X\ and p.

Let us consider a two-dimensional complex plane in C*. In terms of the
local coordinates, it is defined by two orthogonal tangent vectors v, and u,,.
If, for any displacement in this plane, the tensor {2, = v,u, — u,v, is anti-
self-dual, that is 2, = f.(NZW, then this plane is called anti-self-dual (or
B-plane [506]). If the tensor {2, is self-dual, rather than anti-self-dual, then
such a plane is called a-plane’. For such planes we shall use the notations
apg) and Byg), respectively.

Now we observe that the components of a self-dual tensor Fj,,, vanish
when contracted with those of an anti-self-dual tensor £2,,,:

F/,LI/'QHV =0 if -Qp,l/ = _ﬁuua EAV = ﬁlu/ .

In the twistor theory language, this result is usually referred to as the van-
ishing of the self-dual tensor F),, in the S-plane. Vice-versa, an anti-self-dual

7 Clearly, a general plane in C* is neither a- nor 3-plane.
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tensor vanishes in the a-plane. This is a very important element in the fol-
lowing discussion. The importance of these planes in C* is that the set of
all a-planes is isomorphic to complex projective space CP3, while the set of
all 3-planes is isomorphic to a dual complex projective space CP3*. Thus,
this allows us to define the notion of duality in the context of the projective
geometry.

6.4.3 The n-Monopole Twistor Construction

As pointed out by Ward, the multimonopole solutions of the Bogomol'nyi
equations can be constructed by the use of the twistor methods (see, e.g.,
[30]). The basic elements of this approach were used to describe self-dual fields
in Euclidean space R*. However, the analogy between the static Bogomol’nyi
equations (5.61) in R? and the self-duality equations in R* [367] allows us to
apply the twistor formalism to obtain n-monopole configurations.

Let us start from the formal description of the Ward twistor transform for
a self-dual Yang-Mills field [79,506,539]. The idea is to exploit the correspon-
dence between the self-dual gauge field and certain holomorphic (i.e., ana-
lytic in a complex variable) vector bundles over a standard three-dimensional
twistor space CP3 [506]. The basic element of this construction is an obser-
vation that the components of the self-dual field strength tensor F},,, vanish
when restricted to any S-plane [506,539]. Therefore, the gauge potential on
such a plane becomes a pure gauge

A, =—iU9,U . (6.67)

We shall see how this statement allows us to restore the gauge potential by
knowledge of the element of the gauge group [180,506].

Moreover, both a-planes and [-planes have the property that their tan-
gent vectors v, and u,, are null vectors, that is v, v* = u,u* = 0. This means
that any displacement in such a plane is zero and this allows us to define the
a-plane from the equation

ag=x: A=2zp, (6.68)

where A and p are two-spinors, which we defined above, and x is a matrix
(6.65).

Let us explain this statement. Indeed, for any other point y this equation
yields A = yp. Thus, (z — y)p = 0 and, therefore, det(x — y) = 0. Since
det(z —y) = (z — y)u(z — y)*, this implies z, = y,, and any translation
in the plane defined according (6.68) is null, and this is a a-plane that is
parameterized by the homogeneous coordinates [0] = (xp, p) of CP3.

Similarly, we can consider the equation

ﬁ[g] =r: w=2IT, (6.69)
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where T = xy — ixgoy and (w, ) are coordinates of the dual complex pro-
jective space CP3*. Then the [-plane arises as a solution of the equation
(6.69).

Note that the two points 8 = (), p) and x0 = (x\, xp) of CP3, where
x € C define the same a-plane. Thus, there is a direct correspondence between
the points # of the complex projective space CP3 and the points [] of the
a-planes in C* [506]. The same correspondence exists between the points
§ = (w,7) of the dual complex projective space CP3* and the points [f] of
the (-planes.

Let us explain the relation of the duality between the a-planes and the
B-planes. A plane (z,y) passing through the origin in C* is defined by set of
lines that satisfy the equation

car+cy=0,

where ¢1, co € C. The pair of numbers (c1, ¢2) can be set into correspondence
to any line, that is it can be thought of as a point of some dual space. This
means that in the three-dimensional projective space CP?2, the points 6 are
dual to the two-planes. If CP? is the space of a-planes, then the S-planes are
given by the points of the dual space CP3* and vice-versa.

Thus, we have to analyse the properties of the space of g-planes, keeping
in mind that a similar consideration can also be applied to the space of the
a-planes. First, the 8-plane is defined by (6.69), that is

wi/m =2 — 287, wy/m =25+ 287,
w1/7’(‘2:2>1k£722, WQ/7T2:/21+Z;€7 (670)

where & = 1 /7.

Second, we note that this space has a fibre bundle structure. Indeed, the
initial gauge group SU(2) is now replaced by its twistor analog SL(2,C). An
element of the latter defines the parallel transport of spinors along a path in
the plane Bjg;:

y
Yro1(x) = U (z,y)¥i0)(y), Ulx,y) = Pexp z’/Audx” , (6.71)

and both the points z,y and the path of integration lie entirely within ;.
This allows us to introduce the two-dimensional vector space Vg of spinor
fields over an (-plane. A set of these spaces forms a two-dimensional holo-
morphic vector bundle over CP3* [506].

Note that this bundle is non-trivial. Indeed, we have to set up a correspon-
dence between the coordinates on base x[g) € fBjg) and the coordinates on the
bundle g (x) for each of spinors 7, w. However, it is not possible to choose
the coordinates g smoothly everywhere in the space CP3*. There are four
homogeneous coordinates (7o, m1,w’, w!) and we need four patches to cover
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CP3*. For example, in the patch my # 0, three complex coordinates are given
by (m1/m0; w°/m; w!/mp). Since the four-fold intersection of all patches is
not empty, we need six transition functions to specify the bundle.

Even if we were to consider only those four-spinors [6] for which 7 # 0 (this
corresponds to the reduction from CP3* to CP'*), there are two singularities
at the points m; = 0 and my = 0. The way in which we have to treat such
singularities is identical to the situation we confront in the case of the Abelian
Wu—Yang monopole: one has to cover the space by two maps as [180,506]

1 w1/7r1 0 9 0 w1/772
= ) 0 Y = ) 0 *
o <w2/7r1 0 m# e 0 wy/m 7
(6.72)

This bundle can be characterized by a holomorphic transition function
Ulg) (:c[lg], :v[29]), which relates the coordinates in different regions

Vio1(x]g)) = Utgl (x(), 2700 (7)) - (6.73)

This is a 2 x 2 matrix of SL(2,C).
Ward pointed out [506] that for any point xjg; € B}, such a function can
be written as
U(w,m) = U (I[le],I)U[g] (a:,x[QQ]) .

Thus, one can “split” it as
U({Eﬂ', 7T) = U[G] (x[le]v w)U[E]l ($[29] ) CE) =U (1’, f)U;l(l’, 5) : (674)

For a fixed £ = m/my, the function U;(z, &) is analytic everywhere, but
¢ = 0, while Us(z,§) is singular at £ = oo. Since the functions Uy (z,§)
and Us(z, &) are holomorphic in these regions, they can be expanded in the
Laurent series: in positive degrees of £ for Uy (x, ) and in negative degrees of
¢ for Uy (x, €). Then (6.74), together with Liouville’s theorem, determines the
form of the function U; (z,§), Us(x, &) up to SL(2,C) gauge transformations

Ul(xag) - Ul(.’ﬂ,g)V(fﬂ) ) U2(I7§) - UQ(:E?f)V(x) )

which corresponds to the gauge transformations of the vector-potential A,,.
Moreover, since the transition function is defined by (6.74), the matrix of the
gauge transformation V(z) € SL(2,C) is regular everywhere in CP*, that
is it does not contain an explicit dependence on &.

The problem of the splitting of the gauge function into two matrices
Ui(z,€) and Us(z,€) is known as the celebrated Riemann—Hilbert problem.
A different formulation of this problem is to find multi-valued functions (sec-
tions) knowing the form of the given monodromy at the singularities £ = 0
and & = oco. This problem has a unique solution.

In the last chapter of this book we shall discuss the solution of the
Riemann-Hilbert problem and the properties of the matrices of monodromy
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of SL(2,C) in more detail. For our consideration here it is enough to re-
call that the gauge potential A, is a pure gauge. Thus, by making use of
the relation (6.67), one can regain it from the matrix U;(x,&),Us(z,§) of
SL(2,C) [180]. Indeed, the self-dual connection A, (z) is given by A(z) =
—iU U = Agpdx® = A, dz# and, because on the 8-plane w = xm, we have
dxm = 0. This implies that for the entries x4, of the 2 x 2 matrix x, we have

dzas = _é-dl‘a]_ ’ aab =12,

which in turn yields

(52 - 5 ) Uleim =0.

0q1 - 042
Substitution of the splitted function (6.74) then gives

0 0
—£

0%a1 0% 2

0 0
—iUy " (,€) ( o ¢

A1 — EAge = —iU;7 (2, €) < > Ui(z,§)

) Us(,€) . (6.75)

al’ag

This relation allowed Ward to argue that a gauge function U(w, 7), which
can be splitted as in (6.74) into two functions that are holomorphic in the
domains of their definitions, yields a self-dual gauge field [506]. Atiyah and
Ward [79] and Corrigan et al. [180] showed that, at least in the case of the
instanton self-dual fields, the patching matrix can be taken in the triangular

form
(5 p(%&)) ’ (6.76)
0o ¢

where n is some positive integer and a function p(x, §) satisfies certain prop-
erties. Actually this is only a function of £ and [79]

wi/m =2} — 2t wo/me = 21 + 23€.

The advantage of this form is that for such a matrix, the splitting can be
done by a contour integration. Indeed, this limited dependence of the func-
tion p(z,§), which appears in the right upper corner of the matrix (6.76),
means that both the function p(x, &) and the coefficients of its expansion into
Laurent series

d
A== b Berpae), (6.77)
[€]=1

satisfy the homogeneous four-dimensional Laplace equation

Pp=0, 9*A, =0. (6.78)
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Then the condition that a patching function may be splitted as in (6.74) is
equivalent to the statement that for a banded matrix D™ of dimension n xn
with entries

DI = Apigon-1, 1<pg<n, (6.79)

we have
det D™ £ 0.

Then the gauge potential can be restored as®

39 A 1 in?),.0: A
A= Lgage_ 1 ( i 2 O = im)350; 1) ., (6.80)

1
2" 242 \ (n' +1in?)i;0;43  —n}0; Az
where 0 = oaij + 04005 — 04500 is the 't Hooft tensor [272] and

A = (D(n)—1> Ay — (D(n)—l) Ay = (D(n)—l)

11 1n nn

are components of the matrix (6.79). This is exactly the potential of the
multi-instanton configuration in the Yang gauge [539].

Let us consider how this formalism can be applied to the case of the
BPS multimonopole configurations. We already showed that the Julia—Zee
correspondence ¢ = Ay allows us to consider the Bogomol’'nyi equation as
a reduced self-duality equation (see (5.66)). This analogy was used by Ward
[507] to construct a vector bundle, which corresponds to the known spherically
symmetric one-monopole configuration (5.71). An analogy with the multi-
instanton case then can be used to generalize this construction to obtain
another holomorphic vector bundle over CP!, which corresponds to the n-
monopole configuration. This procedure was carried out in the paper [181]
for a general multimonopole configuration.

The first difference from the case of the multi-instanton configuration
considered above is that in a suitable gauge, the vector potential of the BPS
monopole must be static: 9pA, = 0. This condition can be satisfied if one
takes the patching function of the form [507]

where
_1 ﬂ_ﬂ _ml‘i‘imQ 2 _ZCl—il‘Q
=5 <7r2 m) §=—5 & -mb———5 (6.82)

Thus, the temporal variable x is excluded from the matrix Uy(n,&) and
the coefficients of the Laurent series (6.77), which satisfy the (6.78), become
periodic in time:

Ay(z) = €™ A, (x) . (6.83)

8 Recall that we are using a “physical” Hermitian basis.
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Another difference from the instanton problem is related to the asymptotic
behavior of the Higgs field (5.65). For the BPS monopoles of charge n, its
long-distance tail is [¢| ~ 1 — n/r + O(r~2). Here the key component is the
relation between the determinant D of the matrix D™ (6.79) and the square
of the length of the scalar field [432]:

6> =1-8;8; InD. (6.84)
Since the coefficients A, (x) satisfy (6.78), we obtain:

Taking into account the relation (6.84), we see that on the spatial asymptotic

A () ~ %51,(9,(;5). (6.86)

The Higgs field has proper asymptotic behavior if this relation holds for all
values |p| < n — 1. Consequently, since the Laurent coeflicients are time-
periodic dependent, the function p(n, ), which appears in the right upper
corner of the Atiyah-Ward matrix, depends on the coordinate xzy as p ~
€0 [181]. Thus we can guess that simple elimination of this time-oscillating
exponent in the patching matrix and the following replacement of A — Ain
(6.79) could yield the multimonopole solution of the Bogomol'nyi equations.
Indeed, let us consider the function of the form:

p(X, 5) _ 5671:1:0 (eiW2/7T2 . eiwl/wl) _ § (6(I1+iw2)£7w3 o e(azlfixg)f_lerg) )
n n
(6.87)

Then the explicit form of the matrix A,(z) can be defined by evaluation of
the contour integral (6.77) along the unit circle in the complex plane of &:

1 de
A= — ¢ & .
o= § L) (6.59)
1€1=1
1 e(x1+ir2)§—m3 _ e(ml—izg)§71+m3
- jq{

i) (6o 25 (e 255)

Here the contour of integration encircles a simple pole of first order at

& = ﬂ, thus a simple calculation yields
T + 129
1 2sinhr
Ag==(e" —e ") = ) 6.89
0 r (6 € ) , ( )
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Since in this case D) = Ay, by making use of (6.84), we have

) inh h7 — sinhr)? 1)
B2 = 1— 9,0, m2Smhr _ (reos U D (cothr— 1), (6.90)
T (rsinhr) r

which obviously corresponds to (5.71). The same conclusion can in principle
be obtained from the direct calculation the gauge potential A,, which cor-
responds to the matrix (6.81), by analogy with the multi-instanton self-dual
field. As one can expect in advance, this procedure yields the potential (5.67)
of the infinite chain of instantons, which we already considered in Chap. 5.
Recall that, up to a gauge transformation, this potential is equivalent to the
one-monopole BPS solution (5.63). Thus, we can see that the patching matrix
(6.81) really encoded all the information about the monopole field®.

Note that the position of the monopole corresponds to the zero of the
Higgs field. An obvious shift

Ry +iR Ry —iR
n—n+ 121 2¢2 _ 122

2 _ Rse,

gives a monopole at the point with coordinates (Ri, Ra, R3).

Ward was able to find, as guesswork, a generalization of this one-
monopole solution, which corresponds to the static two-monopole configu-
ration [507]. He suggested to substitute in the Atiyah—Ward transition ma-

2
trix U = (g Z(_xz’ ¢) ), which generalizes (6.76), the function p(x, &) of the
following form:

2 . . -1
p(x,g) — 772_57‘—2§2 (e(z1+w:2)§fm3 _ 6(93171:1:2)5 +a:3) ) (691)
4

Numerical analysis shows [58,507] that the fields, which can be recovered
from such a patching matrix, have proper asymptotic behavior and satisfy
other requirements on the solutions of the BPS equations [507]. However, this
configuration has not a spherical but an axial symmetry, thus, the surface of
the constant energy density is a torus. The configuration (6.91) corresponds
to the toroidal BPS monopole with double zero of the Higgs field at the origin
(see Fig. 6.8). Actually, we have discussed this solution in Sect. 6.2.

Evidently this BPS configuration coincides with the charge two Rebbi—
Rossi solution given by the axially symmetric ansatz (6.15) and (6.16) with
winding numbers m = 1 and n = 2 in the limit A = 0. This allows us to check
the mathematically refined twistor approach.

9 An interesting feature of the twistor approach is that it easily allows us to prove
that some given patching matrices and algebraic curves really correspond to the
multimonopoles. Much more difficult is the problem of finding of these matrices
and curves themselves...
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Fig. 6.8. Energy density surface for the BPS monopole of charge 2

Thus, the configuration (6.91) can be thought of as a superposition of two
single n = 1 static BPS monopoles. However, as we know from consideration
of the axially symmetric ansatz, unlike the fundamental n = 1 monopole,
there is no analytical solution that would describe the coordinate dependence
of the fields A,,, ¢ of the two-monopole configuration in terms of elementary
functions. As we shall see in the next section, the problem may be reduced
to the calculation of the elliptic integrals [181,507].

The discussion above shows that a basic element of the multimonopole
construction is the function p(x, &), which for an arbitrary n-monopole con-
figuration can be taken as [181,266]

pla€) = & (e(mm)f*% —~ e@fm)’ﬁ’l”s) (6.92)

) Sn ) N
where S, is a polynomial in n of degree n with coefficients that are polynomi-
als in &. Thus, the location of the poles of the meromorphic function p(z, £)
is defined by the equation

Sn=n0"+ar(On" "+t an_i(On' + -+ an—1(E)n+an(§) =0, (6.93)

which defines the so-called spectral curve — a geometrical object that plays
a very special role in all methods of construction of multimonopole con-
figurations known today. Note that this general definition agrees with the
particular cases (6.81) and (6.91). For example,

Xr1 — il‘g
2

T, + 129
2

S1=n &+ +a36E =0, (6.94)
which corresponds to the set of all lines of the space R? directed from a point
(21,2, 23) to the point where a monopole is placed.

The Ward ansatz (6.91) for the axially symmetric two-monopole config-
uration with double zero of the scalar field as the origin, corresponds to the

choice of the spectral curve
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2

™
Sy =n?+ 152 . (6.95)

Further generalization of this relation allows us to describe two well-separated
one-monopoles [508]

14+ k2
1— k2

82:772+M(1—k2) <§4—2

2 _
. £+ 1) =0, (6.96)

where the parameter (the elliptic modulus) k € [0,1] and

K“OZ/XE—sji—k%2 (6.97)
0

is a complete elliptic integral of the first kind. If its elliptic modulus k& = 0,
then K = 7/2 and (6.96) obviously reduced to (6.95). This is the case of two
coinciding one-monopoles.

Another limit is & — 1, which corresponds to K — oo. Then the spectral
function (6.96) can be factorized as

Sra@+§u—@)@—fu—ﬁ)-

Comparison with (6.94) allows us to identify this as a product of two spec-
tral curves of two widely separated one-monopoles located at the points
(0,0,£K), where K — oo. Thus, the modulus of the elliptic integrals, tak-
ing values within the range [0; 1], is actually a parameter of the separation
between the monopoles.

The geometrical meaning of this construction becomes clearer in the
Hitchin approach [51,266], which we will briefly discuss below.

6.4.4 Hitchin Approach and the Spectral Curve

The approach to the construction of multimonopole configurations described
above is related with dimensional reduction of Euclidean space R* to R3
and a subsequent twistor transform of the self-duality equations. However,
the dimensional reduction can be made directly at the twistor level. This
technique was elaborated by N. Hitchin [51,266,267]. From the modern point
of view, this construction seems to be in adequate correspondence with the
underlying geometry of the multi-monopoles.

We have to make a reservation at this point. Nowadays, this branch of
mathematical physics is developing rapidly and a lot of surprising results
were obtained recently. For more rigor and broader discussion, we refer the
reader to original publications, or to the recent review by P. Sutcliffe [58]. A
very rewarding exposition of the modern development in this direction can
be found in the excellent book by N. Manton and P. Sutcliffe [54].
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The procedure suggested by N. Hitchin is to consider a geometrical de-
scription of the Atiyah—Ward twistor construction. To this end one can define
a complex structure on the space of oriented lines (geodesics) in R3. The lat-
ter, which sometimes is referred to as mini-twistor space, can be identified
with a two-dimensional manifold of the complex planes TP!, the tangent
bundle to the space of complex projective lines CP! [51,266]. Indeed, one
can parameterize a complex plane in TP! by two coordinates (1, &). A tan-
gent to this plane has the coordinate n d/d€ and, since the complex projective
line CP! is diffeomorphic to the sphere S2, we actually have a tangent bundle
over the usual Riemann sphere (see Fig. 6.9).

Fig. 6.9. Tangent bundle TP as a space of directed lines in R®

The corresponding geodesic line is directed along & and pierces a perpen-
dicular plane, which is tangent to the sphere S?, at . Thus, there is one-to-
one correspondence between the points of TP' and the space of geodesics in
R3.

A line bundle over T P! is defined as follows. Let us consider an operator of
the covariant derivative D; along an arbitrary line [ on a distance r from the
origin. One can set a kernel of the differential operator into correspondence
to each geodesic

(D= g)u(r) =0, (6.98)

where v(r) is a complex doublet. This is the so-called Hitchin equation. In
other words, this is a one-dimensional Dirac equation along the line [, whose
independent solutions form a two-dimensional space. This is the vector bundle
V over the space T'P. Moreover, this bundle is holomorphic, if (D;, ¢) satisfy
the Bogomol’nyi equation. Indeed, in this case the asymptotic behavior of the
fields at r — oo is known and the Hitchin equation becomes
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L e oo

This equation has a solution

v(r) ~ ™/ 2e" (?) , (6.100)

which belongs to the set of the solutions decaying on the asymptotic as ~
e~". This set forms a holomorphic sub-bundle Lt C V. Another set of the
solutions of the Hitchin equation (6.99), which are exponentially suppressed
at the asymptotic » — —oo, form second holomorphic sub-bundle L= C V.
The curve on the complex plane T P! along which these sub-bundles coincide
corresponds to the L?(—oo, 00) solutions of the Hitchin equations.

The line I, along which we differentiate in (6.99), is called a spectral line
if the solutions of this equation are bounded in both directions. The set of
all spectral lines defines an algebraic curve of genus (n — 1)? in TP!. This is
precisely the polynomial S,, (6.93), which enters the definitions of the Atiyah—
Ward matrix that we discussed above and whose zeros give a spectral curve.

The question is, does any such a curve corresponds to a multi-monopole
configuration? The answer was given in the paper [267], where the corre-
sponding set of restrictions was considered. First, a spectral curve S,, in TP*
must be real to separate real structures in the complex space. This can be
reformulated as a restriction on the solutions of the Hitchin equation (6.99),
which should satisfy LT = L~. To formulate the reality condition, Hitchin
considered the transformation of the coordinates in the complex plane T p!
of the form (n, &) — (—7/£2, —1/€). Back to the space of the oriented lines in
R3, this is equal to reversing the orientation of the line: if the Hitchin equation
on an oriented line has L?(—o0, 00) solutions, it has L?(—o0, 00) solutions on
the same line with opposite orientation. As a result, the coefficients of the
spectral curve of the general form (6.93) must satisfy the condition [267]

ai(€) = (—1)'€"a;(-1/€) .

The general algebraic curve given by (6.93) has (n + 1)2 — 1 degrees of
freedom. The reality condition results in (n —1)? constraints and the number
of degrees of freedom of the multi-monopole configuration is 4n — 1. These
are collective coordinates of the n-monopole system.
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Second, there is another restriction on the spectral curve connected with
the condition of non-singularity of a multi-monopole configuration. Exactly
this problem of singularity was the main source of trouble in the analysis of
the Atiyah—Ward twistor construction. Ward [507] was able to prove that a
two-monopole axial symmetric configuration is smooth everywhere. Further
investigation of the spectral curve Ss of (6.96) by Hurtubise [292] showed non-
singularity of the corresponding general two-monopole configuration. How-
ever, a complete proof of the non-singular character of the twistor approach
was obtained only when Nahm [393] invented another method for the con-
struction of multimonopole configurations. It is related to the modification
of the ADHM construction [80], the twistor transform for the solutions of the
self-duality equations in R*.

6.4.5 Nahm Equations

Recall that the Julia—Zee correspondence allows us to identify the scalar field
with the time component of the potential, thus the Bogomol'nyi equation may
be considered as a self-duality equation in R* with an additional constraint
on the connection. All the remarkable properties of the Bogomol'nyi equation
are connected, in one way or another, to the property of integrability, that
is, the space of all possible solutions of this equation is exactly defined and
all particular solutions can be represented in the form of integrals over some
algebraic combination of elementary functions.

The ADHM construction was introduced to construct the solutions of the
self-duality equations in R?, in terms of linear algebra in a vector space whose
dimension is related to the topological charge of the instantons [80]. Since we
already know that a single BPS monopole is identical to the infinite chain of
instantons, we would expect that a modification of the ADHM construction
to the case of monopoles can be done in an infinite dimensional vector space.

The starting point for the ADHM construction is the observation that
an SU(2)-connection A = A, dz" takes values in the corresponding Lie alge-
bra and, therefore, can be represented also as taking values in the space of
quaternions H, that is, we can write by analogy with relation (6.65)

Ag+iAs A1+ Ao
A=Ay + iAo, = . . ,
ZAl - A2 A() - ’LA3

and %tr Adxr = A,dz*, where z is a complex quaternion that we set into
correspondence to a point of R*. Since the space H is isomorphic to C2,
this allows us to implement the twistor formalism to obtain multi-instanton
solutions in R?%. In this language, we have a bundle R* x M with Euclidean
base space R* and M the Hermitian n-dimensional vector space, which is the
space of solutions of the self-duality equations.

Originally, the ADHM construction was formulated in terms of an or-
thogonal basis in the space M, which is given by the quaternionic vectors v;,
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1 = 1,2...n. Then the self-dual connection is given by the projection from
M to the subspace M (x), which corresponds to a given point x of the base,
and we can write

AM(Z‘) = ﬁia,,vi .

Nahm pointed out [393] that there is a relation between the space M and
the space of solutions of the Weyl equation

Dy = ~,Dyip =0, (6.101)

where D,, is a standard covariant derivative (5.10). Actually we are discussing
the fermionic zero modes of the Dirac operator D. Therefore, the dimension of
the space of the square integrable solutions ;(x), that form an orthonormal
basis,

[ vl =6 (6.102)

can be defined via the Atiyah—Singer index theorem, which we shall discuss
in Chap. 10. It is given by the index of the Dirac operator.

The homogeneous matrix function on M(x) can now be introduced via
the transformation

(Mﬂ)ij = —z/d4x d),j I'U' 1/Jj s

which transforms the self-dual connection in R* to the n x n quaternionic
matrix form M = M*dgq,, where g, are four auxiliary variables.

The observation by Nahm is that this approach can be generalized to
describe multimonopoles. Formally, they can be written as pure self-dual
gauge field configurations in R*, with the Higgs field ¢ replacing the temporal
component of the gauge potential. However, monopoles are solutions with
finite mass, not an action like multi-instantons. Thus, the space M for BPS
monopoles becomes an infinite dimensional vector space with positive inner
product (6.102), that is, a Hilbert space.

To take into account the invariance of the system with respect to the shift
in the direction xo, Nahm considered, instead of (6.101), the equation

Dy = (op Dy, — ¢ + 8)(x,8) =0, (6.103)

where s is a real constant.
The Nahm transform is a transition from the coordinates of the Euclidean
space xj to the square n x n Hermitian matrix functions

(T%(s)),. = —i / Baplaty;,  (T%(s / P w % (6.104)

which are analytic on the interval s € [—1, 1], but have simple poles on its
boundary s = 1. One can now define the connection
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T = Tkdpy, + Tds,

where pi, k = 1,2,3 are three dummy variables.
It is easy to see that, for the connection 7, = (T*,T*) of the group SU(n),
the self-duality equations holds:

dT?
e i T = (1%, 7%,
S
T2
i) = e
S
drs
T i[T*, T3] = —i[T*, T?] . (6.105)

Since the orthonormal basis 1); is defined up to a transformation of SU(n)

au—1!

T S U 'TYU + U, " -~ U~'TFU

a component T# can be set equal to zero and the system (6.105) is reduced
to the Nahm equation
dT* i A
— = — e [T, T7]. 1
= —geT T (6.106)

Obviously, this is a dimension-one reduced version of the self-duality equa-
tions. In other words, the Nahm transform can be considered as a duality
transformation that connects the gauge potential A, (z) and spatial coordi-
nates x with the dual connection T),(s) and a d = 1 coordinate s.

Let us go back now to the Bogomol’nyi equation. This transition is given
by the Weyl equation, with the connection T} on a complex 2n-dimensional
vector v(s):

g 1
|:—+(Tk+$k)®0k] v(s) =0. (6.107)

ds 2
Let the functions v;(s), ¢ = 1,2...n form an orthonormal basis. Then one

can define an inverse to the (6.104) transformation that allows us to restore
the fields:

{ 0 1
(Ar)y; = ) /dS UJ@%‘ ) (0);; = 3 /ds 'UJSU]‘ . (6.108)

Obviously, the eigenvector v(s) and the eigenfunction (x) of (6.103) are
connected by the action of the covariant Laplace operator [392]

(D? — (6 + 5)?) v'(s) = 2i(2m)oati(z) ,
(_552 + i(Tk + ll’k)(Tk + Zwk)T) Y(z) = 2i(27r)_1/202v(8) :
(6.109)
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Thus, the transformation between the functions ¢ and v resembles the stan-
dard Fourier transform.

Note that there is a clear similarity between the Hitchin equation (6.99)
and the (6.107). This is directly related to the fact that the restoration of the
monopole fields from the Nahm data is a process opposite to the construction
of the Nahm data T} from a self-dual monopole connection by making use of
the Hitchin equation (6.99) (for more details on this subject see the compre-
hensive papers [267,392,393]).

6.4.6 Solution of the Nahm Equations

An advantage of the Nahm construction, by its very definition, is the property
of regularity. Now let us demonstrate that this, rather clumsy formalism,
really describes multimonopole configurations.

For the simplest case n = 1, the Hermitian matrices T* have a dimension
1x1, that is the Nahm data are a triplet of some real numbers. Therefore, the
solution of the Nahm equations (6.106) can be written in the form 7% = a* /2,
where the numbers a”* correspond to the coordinates of the one-monopole. If
the monopole is placed at the origin, the Nahm data are trivial, i.e., T* = 0,
and because of the spherical symmetry of the configuration, we can choose
= (0,0,7). Then (6.107) can be written in the simple form (d/ds—ros/2)v =
0. Decomposing the two-component spinor v into the components (wq, ws),
we arrive to the decoupled equations

dw; r dws 7T
_ Py 24 —wy=0. 11
ds + 2w1 0 5 ds + 2’[02 0 (6 0)

It is easy to solve them:
w1 = Clers/Q 5 Wwo = 026_T5/2 . (6.111)

Furthermore, the condition of orthonormality on the entire interval s € [—1, 1]
yields

r 2 T

=0, (2= -
! ’ 27 2sinhr’ or M 2sinh 7’

C3=0.

Thus, we can fix a basis of two-dimensional space of the solutions of (6.107)

as
B r 0 B r e—rs/2
TN gy \e2) 0 2T\ Qs \ 0 )

Choosing another basis corresponds to the gauge transformation of the field
of a single monopole to some other, non-Abelian gauge.

Furthermore, the Higgs field can be recovered from the Nahm data Ac-
cording to (6.108):
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1
¢*1 deUISM fdsvisvz I 7f1 ds se 0
2\ [dsvisvy [ dsvlsvs 4sinhr 0 } -
~1

1 1
3 (cothr - r) o3, (6.112)

which, of course, coincides with the rescaled solution (5.71) of the Bogo-
mol’'nyi equations. In the same way, one can restore the gauge potential Ay.
For example, using the expression (6.108), we obtain

i (fdsvlrarvl fdsvir@rw)

T2 fdsvi@,-vl fdsv%@,.vz
. _fll ds (L —cothr +s) e 0
 Asinhr 0 jl;ds (L~ cothr — ) e
~0, 7 (6.113)

that is, the radial component of the gauge potential vanishes, as it should be
for a spherically symmetric one-monopole configuration.

To describe a two-monopole configuration, it is convenient to use the
ansatz for 2 x 2 Nahm matrices of the form T% = f*(s)o./2 (there is no
summation on k). By substituting this ansatz into (6.106), we obtain a system
of equations on the set of the functions fi(s):

dfi dfs dfs
— = fafs, E—f3f17 T

= = fifs. (6.114)

There is an obvious analogy with the well-known mechanical system of
the Euler—Poinsot equations for a physical spinning top (see e.g. [3]):

dzy
dt

dIg

dry _ dzy
o dt

7t (I —I3)xswy;

= (Ig—[g)xgl‘g,; = (12—11).’1,‘1.1'2, (6115)
where z(t) are time-dependent coordinates and Ij are components of the
vector of moment of inertia. Obviously, (6.115) transforms to (6.114) by re-
placing t — ¢s and choosing Iy = 1,1, = 0,13 = 2 with the identification
fi— ﬁxl; fo— \/iacg; f3 — ix3. Thus, the Nahm equations can be solved
by a straightforward analogy with the classical Euler—Poinsot equations. In
particular, this analogy means that there are two integrals of motion: the
energy and the momentum

S=f-f, T=2(-f-fi. (6.116)
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These two constraints define two surfaces in the flat Euclidean space R?
with coordinates fi. The solutions of the Nahm equation (6.114) correspond
to the curves along which these surfaces intersect. The formal difference be-
tween the classical equations of a spinning top (6.115) and Nahm equation
(6.114) is that, in the former case, these surfaces are ellipsoids and their inter-
section gives a smooth curve. In the latter case, the surfaces are hyperboloids
whose intersections give an equation with a solution with simple poles. Note
that this is required by the boundary conditions on the Nahm dates.

Suppose that f2 < f2 < f2. Then substituting the integrals of motion
into the system (6.114), we obtain a general solution of the Nahm equations

Deng D(s+ 1) Ddng D(s+ 1)
h snp D(s+71) f2 sny D(s+71)
D
3=t ———— 6.117
fs sn D(s+7)’ ( )

where D = /S, and cny, (2), sng (2) and dny, (z) are Jacobi elliptic functions
with arguments z and spectral parameter k. They satisfy the equations

dsng z
dz

and the standard identities [8]

=cng z dng z

sny z4cni z =1, k2 sn? z4dn z=1. (6.118)

In the limiting case, when the spectral parameter k& = 0, the elliptic functions
sngz and cngz reduce to the standard trigonometrical functions sinz and
cos z, respectively.

It is well-known that an elliptic function by its definition is a meromorphic
two-periodic function of a complex argument [8]. They can be considered
as a periodic functions on a torus obtained by a compactification of the
complex plane, as we discussed in Chap. 3. Furthermore, the sum of residues
in any of two periods of an elliptic function must be zero. Thus, there are
two possibilities: either the elliptic function has two simple poles (Jacobi
functions) or it has one double pole (Weierstrass function W (z)). Moreover,
any elliptic function can be expressed as a rational function of W(z) and its
derivative (cf. discussion on page 76).

To complete the solution of the Nahm equations, we have to define 7 and
D in (6.117) in such a way that the boundary conditions are satisfied, that
is they have two single poles at the boundaries s = +1. The corresponding
solutions are [147]

~ Koeng (K(s+1)) K dng (K(s+1))
sn (K(s+1)) ' sn (K(s+1))
K

f3:_M7 (6.119)

fi= f2=
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where K (k) is the complete elliptic integral of the first kind (6.97) defined
above with the parameter k € [0, 1]. This parameter is also called the elliptic
modulus.

6.4.7 The Nahm Data and Spectral Curve

Like the Bogomol’'nyi equations, the Nahm equations are completely inte-
grable. An important consequence is that they can be reformulated as a Lax
equation with a spectral parameter [266]. Indeed, rewriting the Nahm equa-
tions (6.106) as
d(Ty +iT?)
ds

one can see that tr[(Ty 4+ ¢T2)"] is a constant for any values of n, that is the
eigenvalues of the matrix T +¢75 are constants. However, that is exactly the
property of the Lax equation: if [d/ds + B, A] = 0, then the eigenvalues of
the matrix A are constants (this is so-called isospectral evolution).

However, in the combination 77 + 75 only two Nahm matrices of three
appear. In other words, in a three-dimensional space parameterized by the
coordinates 1/4 (Ty,T5,T3), a particular choice of this combination corre-
sponds to an oriented line. The set of all possible orientations with a Lax
equation along each direction gives a projective line P! parameterized by the
inhomogeneous coordinate £. Thus, we have a family of Lax equations

= [T5, T + iTy],

dA
where
A = (T +1iTy) — 2T3E + (Th —iTy)E? Ay = T3+ (Ty —iTr)E . (6.121)

In a general case, we have to deal with the n x n Nahm matrices. Thus,
there are n eigenvalues, which correspond to the n-fold branched covering
of three-dimensional sphere formed by the set of all directions of P'. If the
eigenvalues /A are constants, that is they are s-independent, there is an alge-
braic curve defined by equation

S =det(n+ A) = det(n + (Ty + iT) — 2T3¢ + (Ty — iT2)€%) =0 . (6.122)

Since it is a curve of eigenvalues, it is called a spectral curve. This is precisely
the spectral curve which appears, in one way or another, in any description
of multimonopoles. A proof of the equivalence between the spectral curves
of the Hitchin approach (6.93) and the Nahm construction (6.122) is given
in [267].

Let us turn back to the case of the spectral curve of a two-monopole
configuration. Substituting the ansatz for the Nahm data into (6.122), we
obtain
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Sa(0.€) =1 + 5 (= 2+ 2052 + 1 20306 + (3 - fEY) =0,
(6.123)
that is, the coefficients of the polynomial Sy are the constants (6.116). Sub-
stituting now the solutions (6.119) and making use of the identities on the
elliptic functions (6.118), we obtain

o2, 1 2 4 1+k22 _
&_4,+4way_k)@ _21W§+4)_0. (6.124)

This is precisely the spectral curve of the form (6.96).

Let us recall some geometrical notions that we shall need. Generally, a set
of curves, which satisfy the (6.124), defines a Riemann surface that can be
represented in terms of two sheets (complex plane) with four branch points
&1, &9, &3, &4, which are solutions of the equation

1+ k?

4_
¢ 2171432

2 4+1=0.

Indeed, (6.124) is quadratic in n and a loop around any branch point corre-
sponds to the reflection  — —n. Since 7 is supposed to be a single-valued
function of &, the space parameterized by the coordinate £ must be doubly
covered by a complex plane. The branch points are connected through the
cuts [£1,&2] and [€3,&4], and crossing a cut results in a transition from one
sheet to another. This surface is shown in Fig. 6.10.

Fig. 6.10. Canonical circles of the torus and on the branched plane

It is known that this Riemann surface has the topology of a torus. It can
be characterized by two circles @ and (. The former goes around the cut
connecting the branch points £ and & and lies in one of the sheets, while
the latter goes through the cut [¢3,&4], that is, it connects two sheets of the
Riemann surface. The number of intersections of these contours is equal to
one. The point at infinity is supposed to be added to each sheet and we obtain
the torus S! x S! with a canonical homology basis (c, 3).

Since in the case of 2 x 2 Nahm data, the spectral curve is elliptic, the
general solution of the Nahm equation can be obtained in terms of the el-
liptic functions. This is why the fields of a two-monopole configuration can
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be written via elliptic integrals. In the general case of n-monopole config-
uration, the spectral curve has the form (6.93), which defines the relevant
Riemann surface of genus (n — 1)2. Then the solution of the Nahm equation
can be expressed through the theta-functions defined on this surface, and
by introducing the required boundary conditions we could describe a general
multimonopole configuration. However, in the general case, this procedure
becomes a highly nontrivial problem, which has not been solved yet.

Some simplification ensues if we suppose that the configuration has an
extra-symmetry. For example, we could expect that the n-monopole config-
uration is invariant with respect to the standard SO(3) spatial rotations.
Then we can look for a quotient spectral curve S/SO(3), rather than for the
original curve S [268]. The axially symmetric configurations constructed by
Prasad and Rossi [433,434] are an example of this kind. Other examples are
the tetrahedral symmetrical three-monopole and the octahedral symmetri-
cal cubic four-monopole configurations constructed by Hitchin, Manton and
Murray in [268].

Without going into details, let us make a few remarks about the con-
struction of multimonopole configurations. Recent impetuous development
in this direction is connected with the rational map description and an idea
about the discrete (platonic) symmetry of multimonopoles [54, 58, 283-285].
Numerical calculations allows us to construct different multi-monopole con-
figurations in this way, some of them are depicted!® the Fig. 6.11.

Briefly speaking, the rational map approach originates from the observa-
tion by Donaldson [204]. By making use of the Nahm transform, he proved
that the n-monopole moduli space is diffeomorphic to the space of rational
functions of degree n, which vanish at infinity, that is, to the space of rational
maps CP! — CP!:

P(z) 12" Y+ F+a1z+ago
Q(z) 2" +by 12" L+ bzt by

where P(z) is a monic polynomial of degree n in a complex variable z and
Q(z) is a polynomial of a degree of less than n.

Hurtubise [293] explained the origin of this diffeomorphism by analysis of
the Hitchin equation (6.98). Recall that there are two linearly independent
solutions of this equation, which are defined along the line parameterized by
a coordinate r. These solutions have the asymptotics vg ~ e™", v; ~ €",
respectively. The idea is to fix a direction in R? that gives a decomposition
R3~C xR.

Let the complex plane C be parameterized by the coordinate z = x +
ixo and the direction R correspond to the x3-axis. Then the basis of the
independent solutions of the Hitchin equation (6.98) (vg,v1) asymptotically
tends to the limits

10T am very grateful to Paul Sutcliffe for his kind permission to reproduce here the
picture 6.11.
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e f
Fig. 6.11. Energy density surfaces for SU(2) BPS monopoles of charges 2 to 7
constructed by rational map ansatz [58]

n/2 /2

lim wvo(xs)xs e " =eq,

e =¢q , lim vy (z3)xy
Tr3z—00 xr3—00
where eq, e; are two constants. This choice is not unique. One may consider
another basis (v}, v]), which corresponds to the scattering along another line,

parallel to the xs-axis:
vy = a(z)vo + b(2)vy , vo = a(z) vy + b(2)v] ,

where a(z) and b(z) are the parameters of the scattering. Then the rational
map is defined as

R(z) = %.



6.5 Moduli Space and Low-Energy Multimonopoles Dynamics 227

Now recall that the line along which the Hitchin equation is considered, is a
spectral line. Therefore, there is a correspondence b(z) = S(z,0) = 0 and it
can be shown [39] that

aa’ =1+bb".

A disadvantage of the Donaldson rational maps is that the choice of a
direction in R? violates the symmetry of a given multimonopole configura-
tion. The decomposition R? = C x R preserves the rotations in the plane
C, translations in the plane C, translation in the direction R and constant
gauge transformation [268] . These symmetries are isometries. An alternative
rational map CP' — CP!', which preserves the full rotational symmetry, was
suggested by Jarvis [303] (following a suggestion of M. Atiyah) in an anal-
ogy with the Donaldson construction. The only difference is that the Hitchin
equation must be considered along each radial line from the origin to infinity.

The rational map approach is a very general construction. For exam-
ple, surprisingly enough, it turns out that there is rather a close connec-
tion between the rational maps of the skyrmions and monopoles [54, 286].
In principle, one can directly recover the monopole field from the rational
map. However, to do this, one must solve a non-linear differential equation,
which is not much simpler than the original BPS equation. In this connec-
tion, Nahm’s description, which reduces the problem to solution of a set of
first-order ordinary differential equations appears more attractive.

So far we have discussed the properties of static multimonopoles. In the
following section, we consider the low-energy dynamics of the monopoles by
making use of the moduli space of the n-monopole configuration.

6.5 Moduli Space
and Low-Energy Multimonopoles Dynamics

6.5.1 Zero Modes Lagrangian and the Moduli Space Metric

The nice property of integrability of the Bogomol'nyi equation, which made
it possible to construct the multimonopole solution, works only for a static
configuration. The complete, time-dependent field equations of the Yang—
Mills—Higgs system are not completely integrable. Thus, it would be rather
useless to apply the twistor transform or some other construction, which we
briefly described above, in order to solve these equations, i.e., in order to find
a complete solution describing the dynamical properties of the monopoles.
However, this problem can be solved by making some approximation.
The guiding idea by Manton [368,371] was that one can truncate the infinite-
dimensional configuration space of the Yang—Mills-Higgs system (5.7) to a
finite-dimensional Lagrangian dynamical system. In other words, the dynam-
ics of an infinite number of degrees of freedom of the multi-monopole system
can be reduced to that of a few collective coordinates of a soliton, or its zero
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modes, which include position coordinates and some internal coordinates as
well. This description can be self-consistent only if we consider the low-energy
dynamics. Then, at any fixed time, the multimonopole configuration can ap-
proximately be considered a static m-monopole solution of the Bogomol'nyi
equation and the motion of the monopoles is connected with time-evolution
of their collective coordinates only. In such a case, all information about the
low-energy dynamics of the multi-monopoles is encoded in the kinetic part
T of the action.
Let us write the Lagrangian of the system (5.7) as

L=T-V (6.125)

- / 3z Tr (E,E,, + DopDog) — / d*x Tr (B, By, + Dp¢Dy) .

Recall that in the Bogomol’'nyi limit, the potential energy of the system V is

constant:
= /d3xTr(B,L — anﬁ)z —|—ng¢ = ngi.

If we set the time component of the gauge potential equal to zero, Ay = 0,
then the kinetic energy is

T = %/d% (A‘:LA;%L + q's“é“) . (6.126)

As we discussed in Sect. 5.2.1, for a static configuration it can be written in

the form .
Tyauge = 5Mj‘2, (6.127)

where T is the gauge cyclic collective coordinate, the excitation of which
corresponds to the generation of an electric charge. Now, we would like to
excite another, spatial collective coordinate, that is to “push” the monopole.
Obviously, the kinetic energy of the moving monopole would be higher than
(6.127).

To define the corresponding correction to (6.127), let us first consider
small translations of a single monopole in R3. For this purpose, we introduce
three collective coordinates X*(¢) and expand the fields in these perturba-
tions:

n(2 )+a(’“)( )X (1),

An(X(2),2) = Ap(2) + 05 A (2) X" () = A
= o(a) +xW (@) X" (1) (6.128)

S(X (1), ) = d(z) + ok (2) X (1)

Here, a'f) (z) and x*)(z) are the relevant translational zero modes, excita-

tions of which correspond to a small shift of the monopole in the direction
Xk. Obviously,

An = Xka’gzk) (SL’) ) ¢ = ka(k) (CU) ) (6129)
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and then the kinetic energy is
Tirans = X,f/d?’x Tr [a;’“)a;’“) + (X(k))z} , for a given k . (6.130)

The explicit form of the translational zero modes can be determined by
the condition that the perturbation must preserve the Bogomol'nyi bound.
In other words, the “shifted” configuration A% + a;‘L(l), o + x“(l) must still
satisfy the Bogomol'nyi equation B2 = D, ¢®. Therefore, the translational
zero modes obey the linearized equation [67,70, 385)

anmkDmaZ(l) = ana(l) — eeabcafl(l)qbc . (6.131)

Furthermore, recall that the time component of the gauge potential enters

the Gauss law D, E,, — ie[¢, Do¢| = 0, which is imposed as a constraint on

the time-independent physical fields. Expansion of it gives, in the Coulomb
gauge, Ag = 0:

DpadV — eegped®® = 0. (6.132)

In other words, the zero modes satisfy the background gauge condition. Actu-
ally, this condition ensures that the translational zero modes are orthogonal
to all modes obtained by gauge transformation of the monopole configuration
with a gauge function that vanishes at spatial infinity.

One can see that the normalizable zero modes are

agV = 9 AL — DAY = F . XY = 016" — ecancAJ¢° = Dig", (6.133)

i.e., they are standard infinitesimal translations 9;A2, 9;¢® in R3 that are
supplemented by a gauge transformation with a special gauge function, the
gauge potential itself [385]. Here, the condition of normalizability means that
the translation in the corresponding direction is possible. Otherwise, one
would need an infinite amount of energy to shift the monopole. Note that in
the case of the BPS monopole, all zero modes are normalizable, this is not
the case of an arbitrary multi-soliton configuration [511].

Substituting the zero modes (6.133) into the definition of the kinetic en-
ergy (6.130), we obtain

X2 [ . 1.

/Erans = TZ /dsz (FZ%FZ%L + Dl(baDl(ba) = §MXl25 (6134)
and, taking into account the contribution of the gauge zero mode (6.127), we
then find that 1

T=3M (Xﬁ + TQ) . (6.135)

An obvious interpretation of this result is to consider it as the kinetic
energy of a classical particle with a mass M moving in four-dimensional
moduli space My = R3 x S! (see the discussion on page 163). Here, the
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excitation of translational zero modes in R? leads to the appearance of a
non-zero momentum of the monopole and the motion on S' is connected
with the generation of an electric charge.

The set of four collective coordinates of a single monopole X, = (X;,7)
defines the tangent vectors to the manifold M, which naturally induce a
metric structure on the moduli space. Normalizability of the zero modes
means that there is a one-to-one correspondence between the zero modes and
the coordinates on My, i.e., the metric is finite.

The situation looks, of course, very simple in the case of a single monopole.
Then the potential energy V is constant and the low-energy action of the
moving monopole is

1 ..
S = §M/dt XX gus, (6.136)

where go3 = dqp3. Thus, the metric on M; is flat.

In the general case, an n-monopole configuration is characterized by 4n
collective coordinates [490, 513]. The corresponding 4n-dimensional moduli
space M, can asymptotically be decomposed into a product of n spaces
My, i.e., n individual monopoles that are widely separated from each other.
However, in the interior region, the manifold M, cannot be represented as
a combination of these. This is the reason for the non-trivial behavior of the
monopoles in head-on collisions [81].

The idea of Manton [368], developed in the works [82,238], is that the
classical dynamics of slowly moving multi-monopoles can be considered as
geodesic motion in the moduli space. Here, an analogy with the motion in
Euclidean space R* of a classical particle in some potential profile would
be helpful. It is obvious that the trajectories of particles correspond to the
minima of the potential energy (the so-called “flat directions” or “valleys” of
the potential). This restriction separates some subspace M of R* and, up to
the oscillations in transverse directions, the trajectory of a particle lies along
a geodesic line in this subspace. This description can, in principle, be inverted;
we can say that the metric on M defines the dynamics of the particle.

This analogy works also in the case of multimonopole low-energy dynam-
ics. The difference is that the Euclidean space R* is replaced by an infinite-
dimensional configuration space and the condition on the energy to be min-
imal separates the moduli space M,,. This space has a natural Riemannian
metric, which asymptotically must be flat, as we noted above.

Another restriction on the metric on M,, is that it must be finite. For a
metric on My, this condition is fulfilled: all zero modes are normalizable and
there are no restrictions on the motion of the monopole. Also, the metric on
the moduli space must be complete, otherwise the topological charge would
not be conserved.

Below, we describe a metric on My that satisfies all these conditions.
However, first, let us make a few remarks on the most general properties of the
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metric on the multi-monopole moduli space. This analysis was summarized
in the book by Atiyah and Hitchin [39] (see also [82]).

Note that there is a very elegant way to construct a metric on M,,. Indeed,
let us consider the space A of finite energy configurations A, = (A,, ¢). Here,
we again adopt a notation in which the scalar field is treated as the fourth
component of a 4-connection A = A,dxz* on R*, which is translationally
invariant in the Euclidean time direction, i.e., the condition 0,4, = 0 is
implemented.

Since the fields are defined up to the action of the gauge group G, the
configuration space of the system is given by the quotient .4/G. Then the
tangent vectors 6, A, define tangent space T4,¢ and a natural Riemannian
metric on A/G can formally be written in terms of these vectors:

Jop = /d3x Tr (504,054, - (6.137)

The n-monopole moduli space M,, is a subspace of the configuration space
A/G. Tt is parameterized by the collective coordinates X,. However, there
is a close relation between the zero modes and the tangent vectors d,A,,.
Indeed, an arbitrary tangent vector to M,, can be written as Au = X‘X&aAu
and we can write the moduli space effective Lagrangian as

1 ..
L =3gas XexP, (6.138)

An important observation is that the equations of the zero modes (6.131),
together with Gauss law (6.132), have a quaternionic structure. Indeed, let us
introduce the basis of the real four-dimensional space for the unit quaternions
{ex} = (1,en), as in Appendix B. Then a vector 0, A = do A, et, which is tan-
gent to the moduli space, satisfies the equation (compare (B.4) in Appendix
B):

D*6,A=0,
which in component notation exactly reproduces (6.132) and (6.131):
D, 0,4, =0,
1
D, 0, A, — D)0 A, — §€WpaDp5aAa =0. (6.139)

Clearly, the former equation is the condition of orthogonality of the tan-
gent vector and the gauge orbits, while the latter is exactly the linearized
Bogomol’'nyi equation for a zero mode. Thus, the metric on the moduli space
M,, is given by the restriction of the metric (6.137) to the subspace of the
zero modes.

As was noted by Taubes [490], the moduli space M,, is by definition a
hyper-Kihler manifold. This means its Riemannian metric is Kéihlerian'! with

1 Recall that a Kihler manifold is a complex manifold equipped with a non-
singular, positive Hermitian metric, which can be locally written as a second
derivative of some scalar function, see p. 89.
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respect to three almost complex structures'? 1™ m = 1,2, 3, which satisfy
the algebra of quaternions (see Appendix B). The almost complex structures
are covariantly constant and obey the quaternionic algebra generating rela-
tions

110 = 5, + i L r) - (6.140)

In terms of the collective coordinates z, on M,, they can be represented
as matrices (I(™)),5, which satisfy

—€agys = (1) ag(I™)ys + (I™) 0 (1055 + (1) 06 (1) 5, .

Indeed, the quaternionic structure of the zero mode equations (6.139) means
that there are three covariantly constant tensors acting on the tangent bundle:

10554 = 5,4 e, (6.141)

such that if A# is a tangent vector to M,,, then I(m)Au is also a vector of
the tangent space. Thus, I("™) are precisely the three complex structures we
defined above.

Recall that in Chap. 3 we briefly mentioned an important property: if
the complex space X© is a Kéhler manifold with complex dimension n (that
is, real dimension 2n), the holonomy group of the metric is reduced to the
unitary group U(n). If M,, is a hyper-Kéhler manifold with real dimension
4n, the holonomy group of the metric on the moduli space M,, is reduced from
SO(4n) to SP(2n). Actually, a hyper-Kéahler manifold is always characterized
by the self-dual Riemann curvature.

It is beyond the scope of this book to discuss these topics in more de-
tail. Here, we only note that there is a remarkable connection between the
equations of the zero modes, the quaternionic structures, which act on the
tangent bundle of the moduli space, and the property of the multi-monopole
moduli space being hyper-Kéhlerian, and refer the reader to [39].

6.5.2 Metric on the Space M,

We reduced the original Lagrangian of the Yang—Mills—Higgs system to
(6.138) dealing with a finite number of degrees of freedom. Now the problem
is to find the explicit form of the metric on the moduli space. There are three
ways of doing this [519].

12 Generally, an almost complex structure I on a manifold M is defined as an iso-
morphism of the tangent space I : Tay — T such that I? = —I. Furthermore,
by analogy with the standard differential geometry of the complex manifolds
(cf. Chap. 3), these almost complex structures allow us to define complex differ-
ential forms on M for each tangent space. The metric is Kahlerian with respect
to these structures, if the corresponding two-forms are closed [39].
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e The simplest method is just to substitute the exact solutions of the zero
mode equation into the definition of the metric tensor (6.137). Actually,
we already did this to obtain the flat metric of the one-monopole moduli
space (6.135). Unfortunately, this approach does not work for an arbitrary
n-monopole configuration, because we are not able to solve the BPS equa-
tions analytically. Thus, the explicit form of the n-monopole zero modes
is, in general, not known.

e Another way was also considered above, when an asymptotic form of
the metric on the two-monopole moduli space (6.64) was recovered from
knowledge of the low-energy monopole dynamics [369]. However, this
method works only for well-separated monopoles and can only give in-
formation about the asymptotic form of the metric.

e The restrictions imposed by the symmetries of the moduli space can in
some particular cases completely determine the metric [39].

Let us briefly discuss the last approach, which is due to Atiyah and
Hitchin. Recall that an arbitrary n-monopole configuration has 4n parame-
ters. However, one can separate three parameters (X, Xo, X3) € R?, which
correspond to the position of the center of the mass of the system, one an-
gular parameter that specifies the global U(1) phase angle on S*, whose
time-dependence determines the total electric charge of all monopoles. Thus,
the moduli space can be factorized as [39,81,82]

Stx M2

n :R3
M X z

(6.142)

Here, the factor Z,, reflects that the monopoles cannot be distinguished.
The metric on R3 x S is, as before, a flat one. Therefore, all non-trivial in-
formation about the low-energy dynamics of the monopoles is encoded in the
(4n — 4)-dimensional curved manifold M2 . This is the most interesting part
of the moduli space: the space of parameters describing relative positions and
orientations of the monopoles, as well as their relative phases. Furthermore,
because the metric on R3 x S! is flat and M,, is a hyper-Kihler manifold,
the metric on MY is also hyper-Kihler.

Let us consider the case n = 2. Then the space M3 is a four-dimensional
space. Since the holonomy group of a hyper-Kéhler metric in d = 4is SU(2) €
SO(4), the hyper-Kéhler manifold is just an Einstein self-dual space. Its
Ricci tensor is proportional to the metric tensor, i.e., the scalar curvature
of this space is zero. The isometry of this space is SO(3): there are only
rotations left from the complete symmetry group of Euclidean space when
we separate the translations. Therefore, a proper parameterization of MY
can be given by a radial coordinate r and three Euler angles 6, ¢ and 1 (see
Appendix A). The physical meaning of these parameters is that the radial
coordinate determines the separation between the two monopoles, the angles
0 and ¢ give the orientation of the axis joining the monopoles and v is the
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rotation angle about this axis [238]. This angle is associated with the relative
electric charge of the monopoles.

The symmetry requirements on MY are rather restrictive [39]. Indeed,
an SO(3)-invariant metric on a self-dual Euclidean space, which is a four-
dimensional hyper-Kahler manifold, has the unique form

ds* = f(r)> + a(r)*R? + b(r)?R3 + ¢(r)*R3, (6.143)

where R,, are the one-forms on SO(3) = S3/Zs, whose definition and basic
properties are described in Appendix A, and f(r), a(r), b(r) and c(r) are
functions of the radial coordinate r.

Furthermore, the self-duality of the metric implies that these functions
obey a set of first-order ordinary differential equations [237]:

2bc d

T‘Cdij =0+ —a® — 2)\be,

2

fic? = +a%-b* -2\,
”

2ab d

%dj = a? 4+ - * —2)ab, (6.144)
.

where A =1 or A =0.

Of course, the last case is the simplest one. This solution corresponds to
the Eguchi-Hanson gravitational instanton [206]. The analysis of the system
(6.144) in the case A = 1 shows that there are only three solutions corre-
sponding to the complete non-singular manifolds [39]:

e a=b=c: Flat metric on R* ,
e a=107# c: Taub-NUT space ,
e a #b# c: The Atiyah—Hitchin metric.

The first situation is trivial, because it implies that there is no interac-
tion between the monopoles. Let us analyze the two remaining possibilities.
First, note that the function f(r) is defined up to a redefinition of the radial
coordinate, that is, it can be chosen arbitrarily, assuming, for example, that
f = abc [39,81,82]. The second of these situations corresponds to the situation
when two of three functions a, b, ¢ coincide. As a result, the configuration will
have an additional SO(2) symmetry. This is the Taub-NUT metric [381] that
already appears in the consideration of the low-energy dynamics of two dyons
in Sect. 6.3.3. This metric is also an asymptotic limit of the third solution:
the Atiyah—Hitchin metric discussed below, which asymptotically approaches
the form a ~ b. The only difference is that in the last case, the function ¢ has
opposite sign as compared with the signs of a and b.
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An alternative choice, f = —b/r [238], taken together with the parame-
terization

r=2K(p), with p:sing ,

where K is an elliptic integral (compare with (6.97))

1
d
Ko = [ =2 | (6.145)
V1 — p2s?
0
makes it possible to find the solution of the system (6.144):
d 2
be = —rsinﬁé — % (1+cosf) ,
d
ca = —rsin b’é , (6.146)
d 2
ab = —rsinﬁé + % (1 —cosf) .

The result of the numerical solutions of this set of equations can be found in
[39,238]. However, their asymptotic behavior can be determined analytically.
For large monopole separation r — oo, the variable § tends to 7 and we can
make use of the asymptotic expansion of the elliptic integral (6.145). The
result, up to exponentially suppressed terms, is [39,238]

a(r) = b(r) =ry/1— % +0(e™"), c(r) = 2112 +0(e™).

(6.147)

In the opposite limit 7 — 7 (which corresponds to § — 0), one can use

the approximate expansion of the elliptic integral K (p) = 7(1/2+p%/8+...).
This yields

a(r) = 2(r — 1) (1—417r(r—7r)) +o.
br) = (1 i m) b (6.148)

Let us return now to the metric on the moduli space. Substituting the
asymptotic (6.147) into the general formula (6.143), one finds the asymptotic
metric on MY:

2 4
ds? = (1 - 7‘) (dr® + r?do® + r? sin® 0dp?) + T2 (dip + cos Odyp)? .
' (6.149)
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In this expression one can recognize, up to the obvious re-definitions, the clas-
sical Taub-NUT metric (6.64) that we have already encountered above. Thus,
in this limit the Atiyah—Hitchin geometry describes two widely separated
spherically symmetric monopoles, the inner structure of which is negligible
(compare this with (6.96)). Since asymptotically a(r) = b(r), an “acciden-
tal” SO(2) symmetry appears. The physical content behind this symmetry is
that the relative electric charge of well-separated dyons must be conserved,
in addition to the total electric charge.

Let us consider the opposite limit » = 7. Since the singularity of the
metric (6.149) at » = 2 lies out of the range of r, which is 7 < r < oo,
this singularity has no physical meaning. However, if r = m, using (6.148)
one can see that in this limit ¢ = 0. This is a coordinate singularity, which
corresponds to the collapse of three-dimensional orbits of SO(3) to a two-
dimensional sphere S? [39,238]. In the theory of gravity, this singularity is
called a “Bolt”. The corresponding limit of the Atiyah—Hitchin metric on the
“Bolt” describes the axially symmetric Ward configuration [507] with charge
n = 2 and double zero of the Higgs field as the origin, which we discussed
above.

To describe the geometry close to the “Bolt”, Gibbons and Manton [238]
make use of the general form of the Atiyah-Hitchin metric (6.143) as be-
fore, but introduce a new set of angular coordinates ¢, 6, ¢ on SO(3), which
parameterize the rotation matrices as

U(.0,9) = Ui(@)Us(0)UL() = Ulp,0,9) = U.(p)Uy (0)U. ().

In terms of the right one-forms on the group SO(3), which we describe in
Appendix A, the metric close to the “Bolt” can be written as

ds® = dr? + (4r — 7)? (dzZ; + cos éd¢)2 + 72 (d§2 + sin? éd@Z) . (6.150)
If we introduce the relative coordinate 7 = r — 7w, simple algebra gives
ds® = di* + 472 dY? + dsdy
where the metric on the “Bolt” itself, that is on the sphere S2, is

dsto = 7 (dé2 + sin? édaﬁQ) .

6.5.3 Low-Energy Scattering of Two Monopoles

The most interesting application of the Atiyah—Hitchin metric is connected
with the problem of low-energy geodesic scattering of monopoles. Using
(6.135) and (6.143), we can write the complete Lagrangian of a two-monopole
system in terms of 8 collective coordinates. This Lagrangian is a sum of terms,
each one proportional to the square of the velocity in configuration space:
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M
+ T [f(r)27*2 + a(r)12 + b(r)212 + c(r)ng] . (6.151)
Here, M is the mass of the monopole. The components of the vector of
angular velocity [,, are defined via the rotation one-forms R,, on SO(3) that
are defined in Appendix A:

[y = —sinYf + cospsinfp , Iy = cospf +sinhsinfg , Iy =) + cos ¢ .

(6.152)
As we saw in the case of the Nahm equations, (6.106), there is an obvious
analogy between the monopole motion and the problem of rotation of a clas-
sical asymmetric rigid body. The difference is that this “top” is no longer a
solid: in the case under consideration the analog of the principal momentum
of inertia has the components

L:M(X?H’f?)

I = a(r)?l I = b(r)?ly I3 = c(r)?l3, (6.153)

which vary with monopole separation r, i.e., our “top” looks like a jelly
changing its shape on the way. In the limit » — oo, this is a very long and
thin rod with the monopoles at the ends (compare to the comment on page 7).

Indeed, the equations of motion corresponding to the Lagrangian (6.151)
in the flat part of the moduli space R? x S are trivial [238]

X, =0, 7T=o0, (6.154)

which corresponds to the above-mentioned conservation of the total momen-
tum P, = v2M X; and the total electric charge Q = v2M7Y .
As for the relative motion in MY, we have

dl; 1 1
o (z)z‘cz)fﬂ?ﬂ
dls 1 1
ot (a—az)fﬂl’

dls 11
@ <a2_l)2)]1]2’
d(fdr) lda o, 1db 1 de

— (=) ===I g —I2 1
at gt + = (6.155)
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which are the standard Euler-Poinsot equations (6.115). One can see that
the last equation of the set (6.155) corresponds to the conservation of the
energy of the relative motion. Indeed, multiplication of it by v = 7 yields

E M 22T
th:jt{?(fzuur%r 3)}20. (6.156)

In the same manner, one can easily prove that the vector of angular mo-
mentum of the relative motion J7 = M?(I + I3 + I3) is another integral of
motion.
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We saw above from the asymptotics of the solutions (6.147) that there is
an additional SO(2) symmetry in the limit 7 — oo. An analogy with the clas-
sical top in this case corresponds to the rotation about the symmetry axis.
Then the projection of angular momentum onto this axis is also an integral of
motion. In our case, this additional symmetry reflects the conservation of the
component of angular momentum J; = M3 [238,369]. The corresponding
integral of motion can be identified with the relative electric charge of the
monopoles. Since in this limit, both relative and total charges of the mono-
poles are conserved, the individual electric charge of each monopole is also a
constant. Furthermore, if the component .J3 is conserved, the square of the
orbital angular momentum LZ = M?(I? + I2) is also an integral of motion.
Obviously, this is the case of the classical monopole scattering that we briefly
discussed before.

Some other interesting cases of monopole scattering, which are analogous
to rigid body rotations about a principal axis, were analyzed in [39,238]. In
such a motion, only one of the three components of the vector of angular
momentum Ji does not vanish. For example, if we set Jo = J3 = 0, then the
monopoles have no electric charge and I; = const. Then, the conservation of
energy (6.156) implies that the radial motion is described by an equation

L, 1 (2E I?
= —=-=].
2\ M a

Recall that at r = 7, the function a(r) has a zero, i.e., the radial component
of the relative velocity vanishes at some distance rq > 7. The physical inter-
pretation is that the monopoles approach each other down to some minimal
distance 7y and then scatter to spatial infinity. The scattering angle can be
found from the metric around the “Bolt” (6.150). Since we set Jo = J3 = 0,
the angular variables 6 and q~5 are constants and J; = M 2a2d1/~1/ dt. Thus, the

scattering angle is
o0

t=o00
dt
=171 _—
! / a(r)?

— 00

0 = Ay

Numerical calculations show that as the impact parameter decreases to zero,
the scattering angle increases monotonously up to the limiting value ©g = 7 /2
[39,238].

In the case of head-on collision, we have J; = J, = J3 = 0. The equation
of motion (6.155) shows that in this case all the angular variables remain
constant until the radial variable reaches the value » = 7. Projected onto the
plane 7, 1/;, this motion corresponds to the passing of the monopole through
the origin, where the derivative d7/dt changes its sign. Since the integrals
of motion are unchanged, that means the angular variable ¢ on the “Bolt”
must jump by 7/2. Thus, in head-on collisions the monopoles are scattered
through a right-angle in the plane perpendicular to the axis 1 [39, 81, 82].
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Note that this is a typical feature of soliton scattering, which also appears in
the scattering of skyrmions or of vortices in 2 + 1-dimensional models.

Recently, more complicated processes of multimonopole scattering have
been discussed [58,294]. For example, a nice process of three-monopole scat-
tering into a one-monopole and a two-monopole final state was investigated
numerically in [294]. Another kind of monopole scattering was considered
in [282]. During these processes, axial symmetry of the configuration is in-
stantaneously attained and, in some, monopoles with discrete symmetries
are formed. An interesting phenomenon is observed: the structure of nodes
of the Higgs field varies during the scattering. Evidently, this corresponds to
the monopole-antimonopole pair contributions.

Let us mention in conclusion that there is another approach to the com-
putation of the monopole moduli space metric, which is formulated in terms
of Nahm data [54, 394]. The idea is to calculate a metric on the space of
Nahm data, i.e., to define a tangent vector to the point 7}, = (T*,T%). It
was proved [394] that the metric on the moduli space of SU(2) monopoles is
equivalent to the metric on the space of Nahm data, since the transformation
that relates these metrics is an isometry. For a two-monopole system, the so-
lutions of the Nahm equation (6.114) are the elliptic functions (6.119). Thus,
one can find the tangent vectors explicitly and then the Atiyah—Hitchin met-
ric (6.143) is recovered in terms of elliptic integrals. However, a generalization
of this approach to an arbitrary case of charge n multimonopoles is possible
only if Nahm’s equations can be solved.
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7.1 Field Fluctuations on Monopole Background

So far we have discussed the classical monopole solutions of the non-Abelian
Yang-Mills-Higgs system that correspond to the nontrivial vacuum states
of the model. It is well-known, however, that if we move one step further
and consider such a solution in quantum field theory, neither mass nor any
other parameter of classical configuration is an observable quantity, since
at the quantum level only the sum of classical and quantum components is
experimentally observable. Moreover, the separation into the quantum and
classical parts is rather subtle, because the relation between them usually
depends on the scale of energy. Only in some limiting cases are the quantum
corrections negligible. Thus, the consistent consideration of the ’t Hooft—
Polyakov monopole solutions (5.41) is related to analysis of the corresponding
quantum effects.

When we promote a non-Abelian monopole to the quantum field theory,
the following set of problems needs to be investigated

e How can the quantum correction affect the mass of a non-Abelian mono-
pole. If a monopole becomes heavier or it becomes lighter?

e What is the spectrum of quantum fluctuations on the monopole back-
ground? If there are bound states?

e What are the quantum numbers of the monopole sector? If a monopole
is a scalar or if it is a fermion?

e Is the conjecture by Montonen and Olive [384] about the duality between
topological and perturbative sectors of the gauge theory well-founded on
a quantum level?

In this chapter, we will concern ourselves with only first two of these ques-
tions. Anticipating the following discussion, we shall mention here that the
complete answer to the third question comes if we consider also the spectrum
of fermionic fluctuations on the monopole background (see Chap. 10). The
problem of Montonen—Olive duality can be solved in the supersymmetric the-
ory, where all quantum corrections are under the control of supersymmetry.
We shall discuss this situation in the last chapter.

Since in a weak coupling regime, a monopole is a very heavy object, it
seems quite natural to apply the method of quasiclassical quantization (see,
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e.g., [68,299] and references therein). Let us consider the quantum correc-
tions to the SU(2) Georgi-Glashow model with the Lagrangian (5.7) given
in Chap. 5

L= —JFi, F 4 L (DHg) (D)~ V(9). (71)

Recall that the covariant derivative and the gauge field strength tensor are
defined as

Dyu¢" = 00" — eapc A0, Ff, = 0,A%L — 9,A% — egqp AV AL, (7.2)

respectively, and the Higgs field potential is

V(9) = J(6°6" —0?)”. 73)

The standard procedure of the quasiclassical quantization can be imple-
mented, if we define the explicit form of the propagators. It can be derived if
we consider one-particle equations, which describe the perturbative fluctua-
tions of different fields in the background of a classical non-Abelian monopole.
However, because of the non-linearity of the classical non-Abelian Yang—-Mill-
Higgs system, this problem is rather complicated and the consistent analysis
is forced to be numerical almost everywhere. Nevertheless, some important
features of the quantum processes in a monopole field can be studied analyt-
ically.

As a first step, we consider small fluctuations of the vector and scalar
fields around the classical spherically symmetrical 't Hooft—Polyakov solution
(5.41)

a ,},.m
6" = L3 H(wer) + X (o), AL = amn (1 — K (ver)] + a(z)
45 = ai(z,). (7.4)

The problem becomes even simpler, if we consider only the fluctuations out-
side the monopole core, where the fields take asymptotic values
[t x T

A=-"" =t (7.5)

Here we make use of the vector-isovector notations, A, ¢, to write the expres-
sions in a compact form.

The assumption of smallness of the quantum corrections is justified in
the weak coupling regime, where the gauge coupling e < 1 and the mono-
pole is definitely much heavier than all the other excitations in the spectrum.
However, the coupling constant dynamically depends on the scale of energy
and, in an asymptotically free non-Abelian model of type (5.7), the infrared
regime would correspond to a massless monopole. Very interesting informa-
tion about the effects, which take place in the strong coupling regime, has
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been obtained recently in supersymmetric theories [469], where these light
monopoles play an important role.

Now let us derive the equations for small fluctuations of the scalar and
vector fields. The first variation of the action (7.1) vanishes and then the
second variation yields the fluctuation Lagrangian

25 = [t [ @500 080 + GO D)

2 2
Fecae P aha 4 o (620 — 9NN + G (60— 670
A a a L 1 Q (6]
-3 [(q§2 — %) 6ap + 26 (bb] x4x? — 2ecqpe(DH )aZX‘ . (7.6)

Here we make use of integration by parts. In particular, this yields

(Duag)(D"ak*) — €(¢*0ap — ¢ " )X X" + egapeF**abaf,

v

if we assume the standard background gauge condition
DH*al — eeapcd”x° = 0. (7.7)

We shall explain the physical meaning of this condition in Sect. 7.2 be-
low, when we analyse the separation of physical degrees of freedom in such
a system of interacting fields. This is a crucial step in the construction of a
consistent scheme of the Hamiltonian quantization of a non-Abelian mono-
pole.

Clearly, there is a vacuum outside the monopole core where D, ¢ = 0.
Then, the variables describing the fluctuations of scalar and vector fields
in the background gauge are decoupled and the second variation of action
becomes diagonal (recall that the metric is given by g, = diag(—1,1,1,1)):

75 =5 [t [ ala (03), 0 (02,0

1 )
= 5 /dt/d5x |:—a8 {(DuDﬂ)ab + U262(5ab _ ,,:a,,qb)} ag
+ 2eabeasy, Frpay, + aj { (DuD")ap + v*e* (dap — 77") } ay,

mT mn-Tn

— X* {(DuD")ap — 30%€? (Sap — 77) + 2X0%7977) } Xb] . (7.8)

Here we introduce the covariant operator of second derivatives

10 (,0\ L241) 2 rarb

o 2 Te
(DpD*)ab = dap (30 T a3y <7” 87“) 2 ) - ﬁsabcL RARwRE
(7.9)
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and make use of the standard angular momentum operator (cf. definition
(2.11)):
Lk = _iekmnrman .

Thus, the problem of the calculation of the spectrum of the quantum fluctu-
ations of the 't Hooft—Polyakov monopole on the spacial asymptotic is now
reduced to the standard eigenvalue problem of radial and angular operators.

Let us identify the physical degrees of freedom. The gauge conditions
(7.7) fix only three out of the 15 degrees of freedom that are presented in the
second variation of action above. Six more degrees of freedom are eliminated
if, in accordance with the familiar Faddeev—Popov procedure, we add to the
action of the model the ghost term?!

1
Sghost = _5 /dt/dgl‘ [(Dwa)(D“Ua) + 62(¢25ab - ¢a¢b)"7a77b . (7'10)

The nine physical degrees of freedom left correspond to the scalar and vec-
tor fields interacting with a monopole: six degrees of freedom for two mas-
sive spin-1 bosons in combinations AF = (1/v/2)(a} +ia2) and two degrees
of freedom that correspond to a massless photon in two polarization states
(Ay = a? + ia3), respectively. The last remaining degree of freedom corre-
sponds to the fluctuation of the scalar field x* (the Higgs boson).

Now we are ready to consider the equations on eigenvalues of the operators
D? and D?. Actually, they are one-particle relativistic wave equations for a
vector and for a scalar particle that are interacting with a monopole outside
of its core. The structure of the operator of second derivatives (7.9) clearly
suggests that the spatial and temporal dependence of all such modes can be
factorized and, therefore,

U = (1) €0 x = x(r) et
Then the equations for the quantum fluctuations on a monopole background
may be written, for a change, in vector-isovector notations as

DmDman - 62 [¢7 [¢7an]] - 26[Fnk; ak] = _wgana
D DX + 3¢%[9, [8, x]] + 2)8(¢ - X) = —w’x. (7.11)

These equations, which describe the vector and the scalar particles in a 't
Hooft—Polyakov monopole background field, were considered from different
points of view in many papers (see, for example, [121,131,182,442,444 481]).
The simplest way to analyze these equations is to transfrom the variables to

the Abelian gauge ¢ = (0,0, v). Rewriting the second variation of the action

! Recall that the contribution of the ghost fields to the vacuum-to-vacuum tran-
sition amplitude contains a factor -2, compared to the contribution from the
fluctuations ay,, x*. Thus, three ghost fields cancel six degrees of freedom.
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(7.8) in physical variables, we obtain the terms that decribe the fluctuations
of the Higgs particle and the vector bosons A, respectively:

+ A} [(DD" + €*v?)6pm + 2ieF3 ] Ay,
+ x* [DuD" + v + 2007 X°. (7.12)

A, [(DuD" + €v%)8pm — 2ieF3 ] Al

We thus find the equations of motion for the Higgs scalar and for the vector
bosons A, respectively:

(DD + E3)X? =0,
[(Din Dy, + k2)04n F 2ieF, | A =0. (7.13)

Clearly, these equations are equivalent to the one-particle equations (7.11).
Here k2 = w? + m?2, k2 = w? + m?2 and m? = 2\v?, m?2 = e*v? are masses of
the scalar and the vector particles, respectively.

As one might expect, the first of the equations (7.13) is the Klein-Gordon
equation in a monopole external field. The meaning of the other equation
becomes more transparent, if we note that the operator of unit spin is repre-
sented by a 3 x 3 matrix

(Sn)” = iEnij 5 (714)

and the second of the equations (7.13) may be written in a form that is
standard for a massive spin-1 particle in an external magnetic field B [176]:

(D Dy + k2 F 2¢(S - B))AL = 0. (7.15)

Moreover, since these fields are characterized both by the vectors of spin S
and isospin T, their motion in a non-Abelian monopole external field has
a very special character [71,213,527]. Neither isospin nor angular momen-
tum are integrals of motion of that system. It is a total generalized angular
momentum J = L + T + S that conserved for the fluctuations around the
classical monopole.

7.1.1 Generalized Angular Momentum and the Spectrum
of Fluctuations

We start with a simple consideration of the scalar field, that is we set S = 0.
Let us recall that the 't Hooft—Polyakov ansatz (5.41) is invariant with re-
spect to the transformations of diagonal SO(3)-subgroup, which mix together
the spatial and group rotations. In other words, a non-Abelian monopole
is spherically symmetric up to gauge transformations, which whirl up the
configuration at the usual spatial SO(3)-rotations. The generator of former
transformation is the isospin operator T. Thus, the generalized angular mo-
mentum is made up of the conventional angular momentum L = —ir x V
and isospin:
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J=L+T. (7.16)

Let us consider the situation in more detail. The covariant derivative operator
in monopole presence is given by (7.2) and, therefore, the operator of rotation
Ly = —ickmnrm Dy no longer satisfies the standard algebra of the operator
of angular momentum. Indeed, outside the monopole core we can make use
of the asymptotic (7.5), which yields

1
L = —ifr x D] = —i[r x (V —i—[r x TJ]
r
—L-[fx[FxT]]=L+T—%F-T). (7.17)
Straightforward calculation shows that

[Lim, Ly] = i€mni L — i€mricnijriri[Di, D;]
== iemnkLk + igmnkfk(fi : Tz) 5 (718)

and we can see that not L but rather the operator
J=L+T=—irxD|+#F -T), (7.19)
obeys the standard commutation relations of the angular momentum
[T In] = i€ mnk i - (7.20)

Nontriviality of this definition is that such an angular momentum includes the
isospin operator, which makes it possible to generate a “spin from isospin”
[261, 298]. Indeed, if we do not take into account a possible Grassmanian
deformation of a static monopole configuration (we do it later when we con-
sider the fermionic modes in a monopole external field), the 't Hooft—Polyakov
monopole itself has no intrinsic moment of rotation. Although it is a localized
field configuration, its spatial rotations can be exactly compensated by the
corresponding gauge transformations. However, the relation (7.20) implies
that a (half)-integer angular momentum can be generated in a bound system
monopole-isoscalar particle.

Recall that the operator of an electric charge (5.23) far away from a
monopole core takes the asymptotic form

Q=T +=J-t. (7.21)

In general, unlike J, this operator does not commute with the Hamiltonian of
a particle in a monopole external field, thus, a quantum mechanical scattering
with non-conservation of electric charge is possible. However, on the spatial
boundary, the eigenstates of the asymptotic Hamiltonian may be classified
according to the eigenvalues of Q.

The generalized operator of angular momentum obviously appears in the
angular part of the operator of second derivatives (7.9) above. Indeed, in the
adjoint representation of SU(2), we have (T%)p. = i€qp and, therefore,
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10 /(,0 L2+1 2 ~ rord
(DmDm)ab = Oab |f"267ﬂ (T 87") - 2 - ﬁ(T : L)ab - A
1 0 0 J2 - (T . f'>2
= ab I:TQ(?T (T26T> I ] . (7.22)

Then the equation for a scalar particle in a monopole field can be written as

2 212
(DD + k2)X* = {7}2; (1"265;> - .]7(A7'2I‘r) + kf} x¢=0, (7.23)
in accordance? with the corresponding Hamiltonian of the Abelian problem
(2.21). Clearly, the separation of the angular and radial variables in the Klein—
Gordon equation (7.23) occurs.

The correspondence between (7.23) and the equation of motion of a scalar
particle in an Abelian monopole external field is obvious, since asymptotically
the 't Hooft—Polyakov configuration is identical, up to a local gauge transfor-
mation, to the Dirac monopole. Indeed, SU(2) transformation (3.88) rotates
the configuration from the hedgehog gauge to the Abelian gauge. Generalized
angular momentum operator J then transforms as

U™ 0,9)(L+T)U(0,p) = [r x (p — eATs)] — #T5

- (7.24)
:Lfe[I'XATg] 7IA‘T3,
where A is an Abelian potential (cf. the definition of the angular momentum
operator (2.11) in Chap. 2). Furthermore, the electric charge operator in the
Abelian gauge is
U71(07 QO) Q U(07 QO) = T3 P

that is, up to a gauge transformation, the operator of second derivatives
(7.9) in a non-relativistic limit coincides with the Hamiltonian of the Abelian
problem (2.21).

Now, an analysis of the spectrum of scalar excitations can be performed
analogously to the corresponding Abelian problem considered above [131,
244]. We are looking for the solutions x*(r), which are eigenfunctions of the
commuting operators J2, J3, T2, as well as the charge operator Q = T - #:

() =G+ DX (), Jax*(r) = mx“(x),
T2 (r) = t(t+ x(r),  Qx"(r) = qx“(x). (7.25)

Let us factorize the eigenfunction x®(r) into radial, angular and isospin com-
ponents, respectively:

2 Similarly, the Hamiltonian of the Abelian theory was considered by A. Goldhaber
as early as in 1965 [244]. The only difference from (7.23) there is that, instead
of the operator of isospin T, an additional term of interaction between the spin
S and an extra-momentum egrt is introduced.
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X*(r) = VaX(T)ijq(aa ©),

where the isovector v is an eigenfunction of the operators T? and @, and the
angular dependence of isoscalar excitations is given by the generalized angular
harmonics (2.31) that we defined above [131]. Thus, the radial equation again
has a structure of a standard Coulomb problem with a “corrupted” centrifugal
potential (j(j + 1) — ¢%)/r? and there is no bound state of a scalar particle
and a monopole.

The situation is different for a vector particle in a monopole background
field. The presence of the intrinsic spin S = 1 now modifies the operator of
generalized angular momentum, which is made up of three components

J=L+T+S=L+S+#@F T). (7.26)

Thus, the problem is to find corresponding eigenfunctions of the operators 72
and J3. In general, these functions, so-called monopole vector spherical har-
monics, can be constructed by making use of the standard Clebsch—Gordan
technique of addition of momenta [407]. However, there is an ambiguity, since
the composition of three vectors can be constructed on two different ways,
depending on the choice of the two vectors to be composed first. If the ortho-
normal monopole vector spherical harmonics are supposed to be eigenfunc-
tions of the operator J = L+ T and the magnitude of the orbital momentum,
the procedure is similar to the one we used above for the construction of the
generalized spinor harmonics in Chap. 2. Moreover, since the operator J is
the generalized angular momentum of a scalar particle in a monopole exter-
nal field, and both scalar and vector fluctuations contribute to the quantum
corrections to the 't Hooft—Polyakov monopole, this approach naturally sim-
plifies the calculations. Another way [247] is to construct the monopole vector
harmonics that are eigenfunctions of the operator T + S, but there is very
little advantage of such a choice.

Thus, separating the spin part of the wave function ys, which is supposed
to be an eigenfunction of the operators S2, S3, defined by the matrix (7.14):

S%Xs = 2Xs, S3xs = Sxs, where s=(-1,0,1),

we can define the generalized monopole vector harmonics by [407]

Y(2(0,0) = (j1ms | 3m)Yjmg (0, ©)xs (7.27)

m,s

where (jlms | jm) are the standard Clebsch-Gordan coefficients and
Yimq(0, @) are the monopole harmonics (2.31). In the limiting case ¢ = 0,
the functions (7.27) reduce to the ordinary vector spherical harmonics.

An alternative approach is to construct the vector monopole harmonics
by applying vector differential operators to the scalar harmonics [516]. By
definition, these vector harmonics can be introduced as eigenfunctions of the
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operator of the radial component of the spin S - 1, which directly appears in
(7.15).

We shall not go into the details of the calculations, which are rather
involved and, on the other hand, have little difference from the construction
of the Kazama—Yang—Goldhaber generalized spinor harmonics described in
Sect. 2.6. A similar argumentation can be applied to the case of the spin-1
particle in a monopole field.

Let us consider the structure of the spectrum of a vector particle in
a monopole field. As before, we are considering the states that are eigen-
functions of the commuting operators J2, J3,J? and the operator of charge
Q@ = T - ¢, which appears in the definition (7.19) of the generalized angular
momentum J:

PG UYL, Y ey
PYW =iG+)Y, QY =gyl (7.28)

Then the total angular momentum of the vector particle takes the values
j=j*1orj=j. However, if the eigenvalues of the charge operator @) are
g =0 and g = 1/2, only states with j = j + 1 and j = j are acceptable. If
g > 1, a minimal possible value of the total angular momentum is j = g — 1.
Thus, the structure of states according to the algebra of angular momenta
is [407,516]:

j=¢q—12>0:amultiplet with j = j +1;

j = q = 0: a spherically symmetrical trivial multiplet with j = 1;

j = ¢ > 0: two multiplets with j = j + 1 and j = j, respectively;

j > g: three multiplets with j = j +1, j = j and j = j — 1, respectively.

Note that there is a spherically symmetric state j = 0 besides the trivial
one (¢ = 0), the excitation of the first type with ¢ = 1 [138,251]. Such a
mode may be interpreted as a charged vector boson, thus it is a fluctuation
that does not break down the initial symmetry of the monopole background
configuration. Moreover, the charge quantization condition then makes it pos-
sible to preserve the spherical symmetry only if the topological charge of the
monopole is unity. This is exactly the argumentation that was applied to
prove the instability of the spherically symmetrical monopole with a topo-
logical charge n > 1 [138]. A very detailed investigation of the problem of
stability of the 't Hooft—Polyakov monopole was given in [84].

As was pointed out by different authors (see, e.g., [138, 184, 251, 481]),
for the states with j = ¢ — 1, the centrifugal potential becomes attractive
and there is a bound state of a monopole and a charged vector boson in the
spectrum. the simplest way to see it is to consider (7.15), which by analogy
with (7.23) can be written as

10,0\ —(T-D2+2S%) L] .4
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Here we substitute the explicit form of the Coulomb magnetic field B =
gt/r? and use the charge quantization condition for a 't Hooft—Polyakov
monopole with unit topological charge. Separating the variables, we obtain
the centrifugal potential of the radial equation

P F2s—j([+1)

Vientr = :
centr TQ
For vector bosons AF, we have ¢> = 1, and if we consider a spherically

symmetric state j = 0, with third components of spin s = F1, respectively,
the angular momentum is j = 1. Certainly, for such a state the potential
is attractive: Veensr = —1/r%. As we shall see, this effect leads to serious
consequences, because, from the point of view of quantum field theory, these
fluctuations of the charged vector field on a monopole background actually
correspond to the generation of the quantized electric charge of the monopole.
In other words, they transform a monopole into a dyon with an electric charge
q. Then there is a gap in the spectrum and the mass of such a quantum dyon
differs from the mass of a monopole on the mass of a vector boson m,,.

7.1.2 Quantum Correction to the Mass of a Monopole

Returning to the system of (7.11), which describes the system of an interact-
ing scalar (or vector) particle and a monopole, we sketched the method how it
can be solved above, at least outside of the monopole core. In order to do this,
we must separate the angular, isotopic and radial parts of the corresponding
wavefuctions and then solve the remaining radial equation. Then, making
use of the solutions we can apply the standard technology to construct the
explicit form of the propagators of scalar and vector fields on a monopole
background [443] and estimate the quantum corrections to monopole by qua-
siclassical methods [312,313,543]. A disadvantage of this procedure is the
very cumbersome structure of the solutions even far away from the mono-
pole. However, in some limiting cases, the results become rather transparent.
As an example of such calculation, we estimate here a quantum correction to
the mass of a non-Abelian monopole.

Let us recall that a standard approach to the calculation of a quantum
correction to the mass of a topologically non-trivial field configuration is
to apply the quasiclassical expansion about the solution of the classical field
equation (see, for example, [25] and references therein). Since we already have
written the second variation of the action of the 't Hooft—Polyakov monopole
(7.8), and have proved that outside of the monopole core it is decomposed
into two diagonal matrix operators, which describe independent fluctuations
of scalar and vector fields, respectively, we can try to evaluate the functional
determinant by “brute force”. However, this is a rather non-trivial problem,
even in such a simplified case, where we neglect the internal structure of the
non-Abelian monopole. Further simplification comes if we move toward the
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Bogomol'nyi limit, that is if we suppose that the vector particle m, is much
heavier than the scalar particle mg. In this approximation, the fluctuations of
the vector field are frozen out and the quantum correction to the monopole
mass can be estimated by calculation of the scalar functional determinant
only [312].

Indeed, there are rather compact expressions for propagators of the fields
on the monopole background in the Bogomol’'nyi limit [66,67,391,443]. Again,
the underlying reason for this simplification is the relation between the Bo-
gomol’'nyi equations and the reduced Yang—Mills self-duality equations; for
the self-dual theory the contribution, which comes to the partition function
of a Yang—Mills field from a vector field, as well as from a spinor field, can be
expressed via a functional determinant of the scalar field alone, and therefore,
this determinant is a primary quantity that completely defines the quantum
corrections [146].

A very detailed calculation of the scalar determinant in the BPS monopole
background field, taking into account the finite temperature effects, was given
in the paper [543]. We shall not discuss these calculations here, because in
order to illustrate the effect caused by quantum fluctuations of the scalar field,
it is enough to restrict our consideration to the limiting case ms << m,,. Then,

a
the scalar field ¢ = %H (m,r) rather slowly approaches its asymptotic
value (5.65)3
o, Moz 1% —mor
Pt — o o2 + O(e ), (7.30)

which is very close to the Bogomol'nyi limit, but still differs from it [313]. In
other words, we are considering a very special configuration of the 't Hooft—
Polyakov monopole type, where the vector field almost takes its asymptotic
value on a very short distance from the origin, while the shape function of the
scalar field of the monopole H (m,r) is very slowly approaching its asymptotic
value, see Fig. 7.1.

The reason for making use of such a very rough approximation is that in
this case, the one-loop correction to the monopole functional integral reduces
to the well-known effective potential of the scalar field [170]

1 3
Vers(#) = V(9) + 5 Indet(=0) + m3) + 5 Indet(=0; + m7)
2

3 472 m 3\, 2.9 o\ 4,4, €207
3272 [(362m% a 2>(6 o7 —my) ¢ m2
—m(e*¢” — mﬁ)} 7 (7.31)

3 Because here and hereinafter we discuss the quantum effects, it would be con-
venient to write all the relations by making use of the characteristic scales,
which are the masses ms and m,. Then, the dimensionless variable becomes
& = ver = m,r, where e is the gauge coupling.
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Fig. 7.1. The monopole profile functions near the Bogomol’'nyi limit, ms < m,

where |¢%| = ¢ and the classical potential of the scalar field V(¢) is given
by (5.11). Here, we take the renormalization point in such a way that the
following conditions are satisfied:

V:a/ff(mv/e) =0, e/,f(mv/e) =m3. (7.32)

The vacuum value of the scalar field as before corresponds to ¢yq. = m,/e.

Now we can write the energy functional in the form similar to its classical
counterpart (5.57), but trading the potential of the scalar field for the effective
potential (7.31):

ElH(myr)] = / PrBLD + / @ (B2 — D) + Vs (6)

dmm, 1 3 1 & (H(myr)\\”
e2 +2/dx(er2 8r< er

+ Veff[H(mq,r)] . (733)

%

The expansion of the effective potential into functional series in powers of
deviation of the scalar field from its asymptotic vacuum value ¢y, = my /e,
that is, in powers of difference 1(H/r —m,) yields:
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47m, 4 1/1 0 ([ H(myr 2
E[H(m,r)] = = +§/dr 7"2[2 (7"2 ~ 5 <(r )>)

m2 (H 21 meN (H 3 (7.34)
Yy ( B mv) +acVein (77) ( B m) }
+ O(my),

where we take into account the renormalization conditions (7.32) and separate
the third functional derivative of the effective potential (7.31), which is

3em?  3e3m,
My 82

efp(mo/e) = (7.35)
Clearly, the first term in the expression (7.34) corresponds to the classical
mass of a monopole in the Bogomol'nyi limit, while the quantum corrections
are given by all the other terms. In order to evaluate these corrections, let us
substitute into (7.34) the asymptotic form of the shape function of the scalar
field H(m,r) ~ m,r — 1 in agreement with expression (7.30) above. Then,
the first term in the integrand in (7.34) vanishes, as we could expect, as we
approach the Bogomol'nyi limit.

Let us recall that all the estimations above can be justified only if we
restrict our consideration to the very tail of the monopole field, that is we
are at large distances from the monopole core and 7 > m, 1. Therefore, the
lower integration limit in (7.34) must be restricted by the value m,*. Then,
the second term in the integrand, which is proportional to m?, yields

1/ms
27
62
1/m,

2
drm? ~ —ﬂ-ms. (7.36)
e

This is obviously the contribution to the monopole mass that originates from
the scalar field with a small, but still non-zero mass my. In our consideration,
this corresponds to a tiny difference between the masses of the 't Hooft—
Polyakov monopole and the BPS monopole, respectively. Thus, it is not the
quantum correction we are looking for.

Now we can consider the contribution of the third derivative of the effec-
tive potential (7.35), which also appears in the integrand in (7.34). The first
term in ch}’ ¢ is clearly proportional to m? as well, and, therefore, it will be ab-
sorbed into the physical mass of the scalar particle after the renormalization
procedure. Thus, only the last term in (7.35) yields the quantum correction
to the monopole mass [313]:

1/ms

m dr m m2
AM = -2 — =——""In—2. .
47 / r 27 nm§ (7.37)
1/my
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We already mentioned above that we could come to the same conclusion also
by straightforward evaluation of the functional determinant of the scalar field
(for further details of such rather involved calculations see [312]).

To conclude this section, let us briefly comment on two features of the
quantum correction (7.37) to the ’t Hooft—Polyakov monopole mass above.
First, it is obvious that it results in a decrease of the monopole classical
mass, that is the quantum corrections inflate the monopole a bit. Note that,
although our approximation was very rough, it still provides some informa-
tion about the effect caused by the quantum corrections in a more consistent
consideration. For example, here we do not even take into account the renor-
malization of the gauge coupling constant e. However, it is known that the
Georgi—Glashow model is an asymptotically free theory. Therefore, the cor-
responding (-function describes the increase of the gauge coupling in the
low-energy limit and the classical expression for the monopole mass (5.42)
is justified for a weak coupling regime only. As we start to approach the
non-perturbative low-energy scale of energy, the monopole mass begins to
decrease. Thus, we can expect massless monopoles at the scale of the Landau
pole, where the coupling constant blows up. We shall see how this mechanism
works in the supersymmetric theory.

Second, note that the expression (7.37) is logarithmically divergent in the
limit mg = 0, which is due to the long-range character of the scalar field there.
Certainly, this singularity is of the same nature as the well-known infrared
singularity of the Abelian electrodynamics. The analysis of such divergences
and their treatment is far beyond the scope of our review. Let us note only
that the one-loop correction to the BPS monopole at the final temperature
is finite [543].

7.2 Non-Abelian Monopole: Quasiclassical Quantization

7.2.1 Collective Coordinates and Constraints

The standard scheme of quasiclassical quantization around topologically non-
trivial field configurations is related to the Hamiltonian formulation of the
theory that was modified to this aim in the papers [149, 166,212, 236, 281,
350,410, 499, 525]. Let us consider how this formalism works in the case of
the non-Abelian monopole. A starting point here is the expression for the
monopole energy (5.16), which can be written as

E= % / dgx{EﬁEfi + BLBY + (Do) (Do) + (Dn¢“)(Dn¢“)}
T V().

In order to construct the canonical Hamiltonian of this configuration, we have
to rewrite this expression via canonical momenta conjugated to the dynamical
variables Af and ¢

(7.38)
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9L pyge, me = 9L g (7.39)
D oAz

a

Recall that the gauge model under consideration is singular and its treat-
ment is a classical example of the quantization of a system with constraints
[202]. The singularity of the model means that the Lagrangian (7.1) does
not depend on the time derivative AS and the primary constraint must be
imposed on the corresponding momenta: Gy = 7§ = 0. The variable that is
canonically conjugated to A§ is A = 0y A§. Thus, the density of the Hamilton
function takes the following form

H =ntA% + 1% — L (7.40)

1
3 (Tams 70 BB + (Do) (D))

+ 74(D, A) — ecapem® AS0¢ + Al + V(9).

Furthermore, the variation of the action with respect to the variable Af yields
not an equation of motion, but a secondary constraint, which then must be
imposed on the physical states of quantized theory (the Gauss law):

Gy = Dy E® + ecapep®Doo® = 0. (7.41)
Hence, the Hamiltonian of the system may be written as

H= ;/d?’z{ﬂ'gﬂ'z + 7%n® + By By + (Dn¢a)(Dn¢“)} V(). (742)

In the following, it will be convenient to fix the Hamiltonian (or temporal)
gauge A§ = 0, since then we may make use of the canonical equal time
commutators.

Recall that even if we fix such a gauge, some degrees of freedom still
remain, since the fields are defined up to the gauge transformations

A, = U@)AU () +iU(r)0,U " (r), ¢ — U(r)pU (r), (7.43)

with the time-independent matrix of the transformation U(r) = ) =
1+ dw(r). We will use both the local and the infinitesimal form of it.

Now we can apply the procedure of canonical quantization. A standard
formalism of the quasiclassical quantization is connected with the expansion
(7.4) of the quantum fields of a monopole (A% +a%, p*+x) about the classical
configuration (A%, ¢%). The latter is given by the 't Hooft—Polyakov ansatz
(5.41). However, as we already mentioned in Sect. 6.5.1, a peculiarity of the
situation is that there are four normalizable zero modes in the spectrum of
quantum fluctuations around a monopole of unit topological charge. We shall
denote these modes as (Z(”‘) = (Cg(o), Cﬁ(l)), where the index a labels the col-
lective coordinates X = (X(¢),7(¢)) that parameterize the four-dimensional
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moduli space M; = R3 x S! of a single monopole. The compact abbreviation
(i composes zero modes of scalar and vector fields, where y is the Lorentz
index of each mode.

The origination of three translation zero modes C,‘j(l) = (x*®, a2®)y ig
quite clear. They are defined according to (6.133) as special solutions of the
equations (7.11) with zero eigenvalues w® = 0. Thus, they appear because a
localized monopole configuration breaks down the initial translation invari-
ance of the Georgi-Glashow model. Translations of a monopole in any three
directions of Euclidean space R? restore this symmetry on a quantum level.
Indeed, the configuartion will be displaced on a distance X, if we act on a
monopole by the operator of translation Uy, (X) = exp{—X - V}:

U (X)A () = A (c = X)), Up(X)6"(r) = 6°(r — X(1)). (7.44)

Clearly this operator commutes with the Hamiltonian of the system.

In Sect. 5.2.1 we also considered the fourth zero mode CZ(O), which is
related to time-dependent gauge transformations of the ’t Hooft—Polyakov
monopole configuration. Recall that this gauge mode is a cyclic variable. Ex-
citation of such a mode leads to the generation of an electric charge of a mono-
pole (cf. discussion on p. 163). Indeed, the classical solution (5.41) is invariant
with respect to the time-dependent transformations Uy (1) = exp{T'(t) ¢(r)}.
The particular choice T = 0, which clearly corresponds to the purely mono-
pole configuration with zero electric charge, breaks this invariance in the same
manner as the translation symmetry became broken by a monopole localized
in R3.

As is well-known, the presence of zero modes in the spectrum leads to
some trouble with the calculation of the functional determinant. If we to
naively consider these modes on an equal footing with all other fluctuations,
the functional integration over them would result in a meaningless infin-
ity*. These modes need a special treatment, that is, we must separate the
corresponding collective coordinates from all normal oscillations of the fields
around some classical background. Then, in order to discard these zero modes
completely, we must impose the orthogonality condition between them and
all other fluctuations.

Thus, we should restrict the integration domain in the functional space by
some subspace orthogonal to (j;. The situation looks similar to that of the case
of the gauge fields quantization, where infinity appears from the functional
integration over gauge equivalent configurations. There the Faddeev—Popov
procedure is used to separate the integration over the group volume and

4 However, the trouble caused by zero modes does not, in fact, affect the approx-
imate evaluation of the quantum correction to the monopole mass above, if we
suppose that zero modes are completely decoupled from other parts of the spec-
trum, the normal vector and scalar modes. In other words, we have to neglect
the effects of bremsstrahlung of scalar and vector fields, and radiative friction of
the monopole.
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pull it out from the functional integral. Therefore, taking this analogue into
account, we can say that to exclude the zero modes from the path integral,
it is necessary to extract the integration over the collective coordinates in
R3 x S explicitly.

Specific to the quasiclassical quantuzation of 't Hooft—Polyakov monopole
is that we are dealing with gauge theory, that is the constraints of two different
types must be imposed together and both the Faddeev—Popov procedure and
the separation of the zero modes must be implemented. Doing that, we must
fix some special gauge keeping zero mode to be orthogonal to the gauge
transformation. The background gauge (7.7) exactly satisfies this condition.

Let us make use of the freedom that we still have in our choice of the gauge.
The quantum dynamical variables now are the fluctuations of the monopole
field (a%(r,t), x*(r,t)) and the conjugated canonical momenta (I7%,II%). As
before, the Lagrangian describing these quantum fluctuations is singular and
we impose the first-order constraint

Gy =12 =0. (7.45)

Again, we can fix the Hamiltonian gauge for the fluctuations: a§ = 0. The
Gauss law, therefore, is the secondary constraint, which we shall impose on
the quantum canonical momenta

Ef = B+ Doal,  Dod® = Do¢® + Dox* . (7.46)

If, in addition, we still want the same Gauss law (7.41) to hold for the classical
variables E, %, Do¢?, the straightforward substitution of the expansion (7.46)
into (7.41) yields the condition of the background gauge (7.7) already familiar
to us:

Gy = Dpa; — esabc¢bxc =0.

Clearly, this secondary constraint can be also derived from the canonical
equations of motion.

Note that the compact four-dimensional notations that we used to label
zero modes of scalar and gauge fields are also useful to compose the corre-
sponding canonical momenta in an abbreviated multiplet

e = (11°,112). (7.47)

Then, the Gauss law and the background gauge conditions (7.7) take very
simple forms

D=0,  Dyal=0. (7.48)

Here we actually make use of the Julia—Zee correspondence ¢* = A§. Indeed,
since the Hamiltonian gauge is imposed, the fluctuations of the scalar and
vector fields can be composed into the four-component field aj, = (x%,a%), as
well as the fields: Af = (¢¢, Ay). This notation will be used in the following.
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7.2.2 Quantum Mechanics on the Moduli Space

We have mentioned already that a standard treatment of the zero modes is
to extract the integration over corresponding collective coordinates from the
functional integral and then to impose the condition of orthogonality between
these modes and all other fluctuations as a constraint. For the moment, let
us ignore the presence of the gauge zero mode, that is we first consider how
to treat the translational zero modes.

The collective coordinates describing the displacements of a monopole are
X(t) and the expansion (7.4) can be written in the form

Al = Aj(r — X(1)) + ay(t,r). (7.49)

Since the set of orthonormal eigenfunctions of the operator of second deriva-
tives (7.9) forms a complete basis, an arbitrary quantum fluctuations a (t, r)
can be expanded in a series

ag(t,r) = Ci(t)al(r). (7.50)
i=1

Note that the shift of radial variable r — r — X(¢) excludes the contribu-
tion of the translational zero mode

a(l)
¢r = Co(t)ag ™ (x) = Co(t) (;‘ (l)) ) (7.51)

from the sum (7.50). Separating also the integration over the remaining gauge
zero mode, and substituting the decomposition (7.50) back into the functional
of the second variation of action (7.8), yields a structure that is identical to
the action of an infinite set of weakly coupled harmonic oscillators. Hence,
the problem is reduced to the calculation of the functional integral over these
normal modes, which can easily be evaluated according to the usual formal-
ism.
Thus the problem is to evaluate the integral over the collective coordi-
nates X(t), which are defined implicitly. The standard trick is to change the
variable of integration to be the coefficient of the expansion Cj, rather than
X(t). However, the corresponding Jacobian is unknown and it is generally
a very complicated mathematical problem to calculate it. The procedure of
separation of the translation zero modes becomes much easier, if we consider
the functional integral over the entire phase space, that is, we have to in-
tegrate over both dynamical variables and canonical momenta. In this case,
the Hamiltonian should be expressed in terms of collective coordinates X(t),
canonically conjugated vector of momentum P(¢) and all the residual phase
space variables.

According to definition of the canonical momentum, the vector P(¢) must
satisfy the commutation relation
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[Utr, Pl = iU - V. (7.52)

The physical meaning of this variable is clear: the canonical momentum P (t)
corresponds to the motion of the monopole center of mass. In other words,
it describes the motion of a monopole as a point-like particle of mass M. We
can see this immediately, if we recall that the translational zero modes arise
as a result of the infinitesimal displacement of a monopole:

AL = AT+ (QADX, 9" = ¢ + (99X

However, it would be a misleading conclusion, if we were to identify the
monopole translational zero modes with these simple displacements, since
they do not satisfy the gauge condition (7.7). The proper thing to do is to
complement such a pure translation in R? with a gauge transformation with
a special choice of the parameter, which is the classical gauge potential A%
itself:

a(l a a a
n()zalAn_DnA = I,

~ (7.53)
XY = 016" — eeapeAVd° = Dy .

We can check that, defined in such a way, translational zero modes Cgl) =
(a2® x*D) satisfy the gauge condition (7.7).

Note that these modes are orthogonal and normalizable. Moreover, the
corresponding normalization factor is directly related to the monopole mass
m. Indeed, a straightforward calculation gives the result® [314,410]

() /d3x<-a Ca(l /d3 al k) a l)+Xa(k)Xa(l)>
= / Pz (F, FL + Dp¢®Dig™) = M6y . (7.54)

We can now separate the contribution of the translational zero modes and
write the time derivative of the monopole field as®

Do AL ~ X(t) ¢y - (7.55)

Therefore the Lagrangian of the system includes the kinetic term

5 Hereafter, we consider the BPS monopole. Recall also that there is no summation
over the indices (1).

6 This approximation can be justified, if the monopole of classical mass M is much
heavier than the excitations around it. As we mentioned above, in this case, the
normal oscillation modes are decoupled, that is, we neglect the effects of radiative
friction and bremsstrahlung.
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2

_ X];Xl /d3.’IJ (az(k)az(l) +Xa(k)xa(l)) _ M;(ZQ . (756)

1
Ly== /de (ECE® 4 Do¢" Do®)

The canonical momentum, which is conjugated to the collective coordinates
X(t), is, therefore

oL .
P=——=MX, (7.57)
0X
and we obtain the Hamiltonian of the translational zero modes
P2

which obviously describes a free moving classical particle of mass M.

Since the complete set of the eigenfunctions of the operator of second
derivatives includes one more gauge zero mode 42(0)7 we cannot just for-
get about it. By analogy with translational zero modes, we must separate
the integration over the corresponding cyclic collective coordinate 7" and its
conjugated momentum.

Recall” that this normalizable zero mode is defined as

oA —Dw
al0) — (07 " 7.59
CIL (a() (z)a ) (egabc¢bwc> ’ ( )

where w?(r) is a parameter of the time-dependent gauge transformation
Ug(T) (5.84). As we have seen in Chap. 5, such a transformation induces an
electric charge of the field configuration, which is proportional to the velocity
of collective motion along cyclic collective coordinate 7, that is, Q = g7". The
boundary conditions on the spatial asymptotic then allows us to define

Q

w(r) = E

¢

Straightforward calculation of the normalization factor by analogy with (7.54)
now yields

Nioy0) = / &z (10O = / &’z {(9047)" + (006")°}
2 2
_ 3 a\2 __ Q 3 a\2 __ Q
= /d z(Dpw®)* = g—z/d z(Dyo%) —Mg—2. (7.60)
Once again, separating the contribution of this mode, we arrive at the already

known kinetic term (5.86) of the Lagrangian of collective motion along the
cyclic collective coordinate, which supplements the term (7.56):

7 ¢f. the discussion in Sect. 5.2.1.
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L (s e T2 o MY MQ?

Then the canonical momentum F,, which is conjugated to the collective co-
ordinate Y'(t) is
0Ly . M
Ph=——=MY =—Q =vQ, 7.62
0= ,@=ve (7.62)
and the corresponding Hamiltonian describes the free motion of a classical
particle of mass M along the cyclic coordinate 7:

Py?
Hy = 5N (7.63)
The physical meaning of such a motion can be clarified, if we note that the
contribution of the gauge zero mode to the kinetic energy can be represented
as Ly = 172 /2, where the monopole mass M set into correspondence with
the moment of inertia I of a “quasi rigid body”.

Both the zero modes, which we described above, and all normal oscil-
lations are supposed to be perturbative fluctuations around a classical field
configuration. The separation of the contribution of zero modes into the total

energy functional yields

p;  p? M?X2 + 02Q?
E=M+_ 2t —=M[1+—"——F
Ton o ( MY

~ /M2 + P2+ 02Q2. (7.64)

Here, the electric charge of a dyon is considered as a fourth component of the
generalized four-momentum of collective coordinates P, .

Although we discuss the spectrum of quantum fluctuations of the fields
around a monopole, the Hamiltonian of collective coordinates (7.64) has a
classical form. Thus, we can establish a correspondence between the for-
malism of quantization in terms of one-particle excitations and a classical
motion over the moduli space M. Clearly, the next step is to quantize the
Hamiltonian of collective coordinates, which would correspond to the second
quantization of the original theory [238,370]. In this picture, the quantum
mechanical wave function ¥(X,7") corresponds to the wave functional of the
quantum field theory.

Quantum mechanics on the moduli space can be constructed by a stan-
dard procedure of replacing the collective coordinates X,7 and momenta
P, Py with corresponding quantum mechanical operators. Here it would be
convenient to define these operators as

0
P—>_187X, P0—>_277
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where m,, = ve is a mass of the vector particle. Then the quantum mechanical

Hamiltonian operator on the moduli space is®:

1 (8 m? o
== (3X2 e arz) : (7.65)

Such a structure of the Hamiltonian operator implies that its eigenfunctions
can be factorized as ¥(X,T) = ¥(X)¥(T"). We can easily see that the eigen-
values of the operator P are components of momentum in R3. Also, the cor-
responding component of the factorized wave function is just a plane wave
¥U(X) = P X. However, the situation with eigenfunctions of the operator
P,, which describes a periodic motion along a circle S! parameterized by
a coordinate 7', is a little bit more subtle. Of course, we may write it as
U(Y) = e?™T where n is an integer. Then, making use of the charge quan-
tization condition which, since a minimal electric charge in the SU(2) theory
is go = €/2, now takes the form 47n = eg, we can write

P(T) = —iT D gamind () — iJ\M(lf) (7.66)
0 T2 or o T 4r ' '
Now observe that this operator of momentum P, is proportional to the op-

erator of the electric charge of a dyon that has the eigenvalues ¢ = ne:
1 .
Q=-P, QUY)=—i——e*"T = new(T), (7.67)
v

which is, of course, not a coincidence. Thus, the eigenvalues of the operators
Py and @ are as before related by the relation (7.62), but the electric charge
of a dyon is no longer an arbitrary parameter. According to (7.67), by second
quantization it is promoted to be quantizible in the units of the vector boson
charge.

Let us note that the eigenvalues of the operator of the kinetic energy of
internal rotation, associated with gauge zero mode, are given by

P} v%?n?  wed

By = -0 — =2 .
YT oM T oM 8 (7.68)

Hence, the energy of the dyon excitation is quantized and the non-relativistic
correction to the energy of the classical ground state is AM = m,e?/(87).
Taking into account that the relativistic correction is given by the relation
(7.64), we can conclude that the energy of the first excited state is different
from the classical monopole mass on vQ = ve = my,.

Thus, the excitation of the cyclic gauge collective coordinate associated
with the quantizable electric charge of a dyon can be interpreted as the for-
mation of a bound system monopole-charged vector boson. Indeed, in the

8 Note that an obvious reparameterization makes it identical to the Laplacian on
the space M1 [238,370,373]



7.2 Non-Abelian Monopole: Quasiclassical Quantization 263

previous section, we have seen that there is such a spherically symmetric
bound state in the spectrum of charged vector bosons coupled with a mono-
pole of unit topological charge (cf. the discussion on page 250).

In the secondary quantized theory, we have to consider not only one-
particle excitations of that type, but all possible processes of creation and
annihilation of different particles and interaction between them. Usually, the
computation of the amplitudes of these processes is rather involved. However,
if we restrict our consideration to the transitions between dyonic excitations
within the same topological sector of the model, the quantum field theory may
be truncated to the quantum mechanics on the moduli space, and then the
corresponding amplitudes may be evaluated by making use of simple quantum
mechanical description. The moduli space approach becomes tailor-made to
describe these processes. For example, the effect of radiation at the scattering
of two monopoles was considered in the papers [296,372].

To complete our discussion, let us recall that the Lagrangian of the
Georgi—Glashow model can be modified by including the #-term, which also
changes the electric charge of a dyon in accordance with Witten formula
(5.110), which in our case becomes

el

Q=en+ 5 (7.69)
where n, m are integers. Clearly, the first term here still arises as the contri-
bution of a one-particle boson excitation coupled with a monopole. As for the
second term, it also admits a similar interpretation in quantum field theory,
if we extend the Georgi—Glashow model by incorporation of the spinor fields
coupled with a non-Abelian monopole. Then the shift of the electric charge
of a dyon given by (7.69) is caused by the contribution of the fermionic zero
modes on the monopole background, which appears in accordance with the
index theorem. We shall discuss this very interesting effect in Chap. 10.

7.2.3 Evaluation of the Generating Functional

Let us return to the evaluation of the generating functional for the Green
functions on a monopole background. Note that when we extract from the
functional integral the explicit integration over four collective coordinates
and corresponding canonically conjugated momenta, the total number of dy-
namical variables does increase. If we wish our formulation to be equal to the
initial model, we have to impose some additional constraints to compliment
the conditions G (7.45) and G5 (7.41). Therefore, extracting the integration
over the collective coordinates from the functional integral, we must impose
the orthogonality condition between the zero modes and all other normal
oscillatatory modes:

3 a a
FI(O‘) /d3:r aaga(a) fd 3()(,25 )+a (aoAn)] N
I f B X Xa(l +a® aa (l)]
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Moreover, since we are integrating over the entire configuration space of vari-
ables (p, q), we must also redefine the canonical momenta in such a way that
they will be orthogonal to the momenta of zero modes. For this purpose, we
write [410]

I8 =115, + PoN5¢a (7.70)
where we compose the normalization factors Ny (7.54) and Ng)(o) (7.60)
into the normalization matrix

_ | Bacat@a® _ (Noyoy 0
Na,p —/d xC e = ( 0 N(k)(l)> . (7.71)
Here the orthogonality condition holds:
J dPx [119(009) + 11} (Do A7)

(o) 3 a rala) — _
F2 —/d ZH#LC# = fd3 [ l)+Ha ()} =0. (7.72)
According to the classification by Dirac [202], the constraints F;, i = 1,2
are primary constraints, since in quantum theory all dynamical variables,
including collective coordinates X, and the momenta conjugated to them,
obey the canonical equal time commutation relations

[T (x,t), al (v’ t)] = —i0ap0,,0(r — 1'), [P, Xg] = —idag,
[T} (x, 1), T (x' 1)) = lag,(x, ), a (x', )] = 0. (7.73)
Then it is easy to check that the relations holds
[FiaFj]:O; [Heff,Fi]:Oa (774)

where Hepr(I1,a, P, X) is the Hamiltonian operator that we redefined by
separating the collective coordinates. The canonical commutation relations
for the orthogonal momenta I7j;, that we defined above take the form [410]

TS (v, ), a (x',6)] = —i6a0,8(r — 1) + C2 @O N H¢t (7.75)

) is a projector onto the space of collective

where the operator Ca(o‘)N B 1¢h
coordinates.

Hence, in order to write the generating functional of our system,
by analogy with the Faddeev—-Popov procedure we apply a similar trick

(166,236,410, 499):
2
/DaDHDXDPH(S Hé[ ;] det{F;,G;}

xexp{ /dt PX + P,T /d3xdt [ as, H(a,n,X)]},
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where we suppose that the constraints are taken in such a way that the
determinant of the extended matrix of Poisson brackets det{F;,G,} is not
singular.

We may simplify the form of the effective Hamiltonian, if we take into
account some physical arguments. Indeed, separation of the zero modes in
(7.70) actually means that the term of interaction between these modes and
all other normal oscillations is suppressed by the factor N~ ~ 1/M. There-
fore, the canonical momenta P, that is conjugated to the collective coor-
dinates of a monopole X(,), can be represented as an expansion about the
space of collective coordinates with a metric Nog, the moduli space:

P(a) — ]3(1 = Pg(l — N‘lO)ﬁa . (776)

Here we make use of the auxiliary matrix

9 a(B)
Oup = /d% 6@5() al, (7.77)

which describes the interaction between the zero modes and all other excita-
tions.

As the next step, let us go to the reference frame moving with a mono-
pole. Then the argument of the quantum fluctuations is shifted as af,(¢,r) —
aj,(t,r—X). Substitution of the expansion (7.49) into expression (7.42) yields
the following form of the effective Hamiltonian [410,499]:

H=H,+Hx+H,. (7.78)

Here H, corresponds to the classical component (7.42) of the Hamiltonian
operator, thus its eigenvalue is simply the monopole mass M. The second
term in (7.78) is the Hamiltonian of the collective coordinates

Hx = zP,(1-=N"'0) ANz (1= N"'0) ] P;. (7.79)

| =

Clearly, if the zero modes are completely separated from all other massive
fluctuations, the low-energy dynamics of a monopole lies entirely within the
moduli space. In such a case, the monopole motion is described by the Hamil-
tonian

1 -~ -
Hx ~ 5PaN;Pg, (7.80)

in agreement with (7.64). This delightfully simple form of the Hamiltonian
actually tells us that the low-energy monopole dynamics is completely defined
by some metric on the moduli space (cf. the discussion in Sect. 6.3.3).

The last term in (7.78) is due to the contribution of the quantum fluctu-
ations

1
Hy =3 / dPx (I3 105+ agDival) (7.81)
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where the explicit form of the matrix of the second variation of the action
Dab is given by (7.8).

Note that the effective Hamiltonian (7.78) is not manifestly Lorentz-
invariant, although that was an initial property of the Lagrangian (5.7).
However, relation (7.64) shows that in each order of expansion in parameter
P/M, the relativistic invariance must actually be restored.

To complete the quasiclassical quantization of a monopole, we must con-
sider the elimination of the non-physical degrees of freedom of the quantum
fluctuations, which is a common problem of any gauge field theory. Actually
we already did this when we incorporated the constraints G; and G into
the generating functional (7.76); they may be sent back to the exponent to
reproduce the ghost Lagrangian (7.10) that we considered above.

The scheme of quasiclassical quantization, which we briefly sketched
above, can be applied to calculate different quantum effects in a monopole
external field. The renormalization of the divergences there is quite standard
and we shall not discuss the details. For example, the renormalization of
quantum correction to the mass of a monopole can be done if we introduce
the counterterm [312]

1 1
0H,.; = —§5m2/d3a§6Lc,t, = —§6m2/d3$(62q’>2 — mz)7 (7.82)

where the quantity ém? is defined by the condition

d
(5Lct+5v:sjf)‘ =0,
do $=v
with §V, s being a one-loop correction to the effective potential of the scalar

field (7.31).

Recall that the physical meaning of such counterterms” consists in the
subtraction of the divergent energy of the trivial vacuum without a monopole.
Indeed, we have seen that under the assumption that we neglect the structure
of the monopole core, the second variation of action becomes diagonal and
the contribution of the quantum fluctuations (7.81) can be written as

1 a,i a2 a z a 2
= 5/de % (HJ_ —|—w2xZ /d3x E > —|—u12anZ ) .
(7.83)

In this case, taking into account the contribution of the collective coordinates
(7.64), the ground state energy is

9

P2 P2 3
ErxM+ —+ — —|— wj 7.84
2M  2M — (7.84)
9 The structure of the Lagrangian (5.7) suggests that, generally speaking, in this
model we have to consider four types of counterterms, namely (F,)?, (D.¢%)?,
¢? and ¢*. To simplify our brief overview we do not go into details here.
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where the coefficient 3 corresponds to the number of physical degrees of
freedom.

To complete the calculation of the finite quantum correction to the mono-
pole mass AM, we need to subtract the energy of the vacuum fluctuations
of the scalar and vector fields with eigenfrequencies wgo) from the divergent
expression (7.84). This is the effect of the counterterm (7.82). Then we can
write the one-loop correction to the monopole energy as

E~/(M+ AM)2 4+ P2 +2Q2, (7.85)

where 3

AM =33 (wi - w§0>) . (7.86)

K3

Here we run into a problem of purely technical nature. Clearly, further cal-
culations would be possible only if we know the spectrum of the quantum
fluctuations on a monopole background, that is, if we can perform an explicit
summation over all quantum numbers in (7.86) by analogy with the calcu-
lation of the vacuum polarization by an Abelian dyon in Sect. 4.5. However,
there is no general analytical solution of this problem, and therefore, such a
straightforward calculation of the quantum correction to the monopole mass
can be done only numerically. This is why we choose a bypass to evaluate
the quantity AM (7.37) above. Moreover, although the scheme of the quasi-
classical quantization about the topologically non-trivial field configurations
has been known since the 1970s, it was actually applied in very few models,
basically in (14 1) dimensions, like, e.g., quantization of the kink solutions of
the sin-Gordon model [212]. Even the question about the renormalization of
the magnetic charge of the non-Abelian monopole, which seems to be prin-
cipal from many points of view, was analyzed only in a qualitative way [43].
Actually, with respect to a monopole, besides the estimation of the quantum
correction to the monopole mass above, there is maybe one more interesting
application of the quasiclassical quantization. This is the process of monopole
pair creation in an external magnetic field, which was analyzed by N. Manton
and J. Affleck [68].

7.3 Quasiclassical Quantization and Evaluation
of the Monopole Pair Creation Amplitude
in an External Magnetic Field

7.3.1 Dynamics of Non-Abelian Monopole
in Weak External Field

Before considering of the creation of monopoles in an external magnetic field,
we consider the mechanism of excitation of the translational zero modes C;j(l)
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by an external homogeneous magnetic field Bg** [314]. We can use the explicit
form (6.40) of the Lagrangian of interaction:

1
Lint = ?5abc QSaBext :
v
Then the field equations of the Georgi-Glashow model (5.14) are modified as
DVFOWV = _egabc(bbDM(bc + fs ;

(7.87)
D, DH¢* = =Ag* (9" — v*) + F*,

where the perturbation is related to a weak external force acting on the

configuration:

1 1
61 =0, fs = ;EnmkDm(baB]iZty F = % Eacha Bemt .

Thus, the system of equations (7.8) on the eigenfunctions of the operator of
second variations of the action outside of the monopole core becomes

D2)ay O b Fe
(( O) b (Di)ab> (j;%) _ (f;;) , (7.88)

We may make use of the expansion (7.50) in eigenfunctions of the operator
of second functional derivatives (7.9) again, but now we will not separate the
contribution of zero modes:

Substitution of this expansion into (7.88) gives the system

S (Gt 22C,) aile), = 26Dy = 7o),
i=0

<.

Z (C’ + w? ) X*(r); + 2ecapeal, Dy ¢ = }"“(r)(l) ) (7.89)

=0

where the index (1) labels direction of the external magnetic field. Thus, the
monopole dynamics in external magnetic field B¢** is completely defined by
the time evolution of the expansion coefficients C;(t).

Now we can employ the orthogonality of the eigenfunctions a® pi- Projection
of the (7.89) onto the translational zero modes () = (a a (k) ya(k)y which
describe a displacement of the configuration, gives

C’ON(l)(k) :/ {]:a( ) a(k _’_]_—a( )l) ?L(k)} ) (7.90)
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Evaluation of the integrals on the right-hand side of this expression then
yields

/dsl‘ f'a(r)(l)xa(k) _ l /ddJC Bze:rtBlaDkqsa _ lgBleztakl ,
v 3

‘ ) ) (7.91)
/ d’x Fi(r)Vap® = o / d*x B B}, D" = SgB{" o
Thus, making use of the relation (7.54), we finally arrive at the quite ex-
pectable conclusion: Cy = 9Bt /M = w, where w is the acceleration of a
monopole. In other words, the 't Hooft—Polyakov monopole interacts with an
external field, as it should in the case of a point-like magnetic charge of mass
M and the magnetic counterpart of the Lorentz force is just F' = gB°**. Cor-
rections to this simple expressions arise as a result of the radiative friction
effects. They can be evaluated in the next order of perturbation expansion
in external field B¢*t,

Generalization of this classical formula to the relativistic case immediately
yields the relation (4.1), which we already introduced ad hoc on a level of
quantum electrodynamics in Chap. 4:

du ~
M—"L =gF,u”. 7.92
dr gty ( )
Recall that u,, = dx,/ds is the relativistic 4-velocity of a monopole whose tra-
jectory x,,(7) is parameterized by a proper time 7. We take the homogeneous
magnetic field to be directed along the z-axis, that is we have non-vanishing
components of the dual field strength tensor Fsq = B¢*t.

7.3.2 Metastable Vacuum Decay and Monopole Pair Creation
in an External Field

Let us discuss further the quantum effects related to monopoles. As is known,
evaluation of the functional integral can be simplified in Euclidean formula-
tion of the theory. Thus, we shall consider the Euclidean vacuum-to-vacuum
transition amplitude for a monopole in a homogeneous magnetic field. This
problem was analyzed by I. Affleck and N. Manton in [68].

The starting point of the discussion is the observation about the net re-
sult of the consideration above. This is actually the replacing of the electric
notations with magnetic ones in the standard problem of motion of an elec-
tric charge in a homogeneous electric field. The solution of this problem is
well-known: a world line of such a particle moving in Minkowski space is
a hyperbola (see, e.g., [19]). This is also a trajectory of a monopole in a
homogeneous magnetic field.

For our purposes, it is sufficient to regard the Euclidean time x4 replacing
Minkowski time as t — x4 = it. Then the monopole trajectory is a closed
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circular world line, which lies entirely in a plane formed by the direction of
the external field and the Euclidean time:

1 1
1 =129 =0, T3 = — COS WS, T4 = —sinws. (7.93)
w w

Let us recall now that there is a one-to-one correspondence between the
classical solution of the Euclidean equations of motion and quantum mecha-
nical tunnelling through a barrier in Minkowski space. In other words, inter-
pretation of the solution (7.93) in Minkowski space is as follows: the circular
world line corresponds to the creation of a monopole-antimonopole pair at
the moment of Euclidean time 24 = —w~! = —M/(gB®*"). Then monopole
and anti-monopole are moving away from each other along the z-axis, up to
the maximal separation D = 2R = 2M/(gB®*"), which corresponds to the
moment of time x4 = 0. The radius of this circle is just the inverse monopole

acceleration:
M _q

= gBea:t =

Since we suppose that the magnetic field is weak, this distance is very big,
at least much bigger than the classical radius of a monopole g2 /M.

There is a difference from the axially symmetric magnetic dipole configu-
ration that we considered above (cf. the discussion in Chap. 6, p. 185). In the
latter case, the separation parameter D remains relative small; it corresponds
to the scale of a few inverse vacuum expectation values of the Higgs field,
thus the magnitude of the related external field B¢** then has to be of the
same order to create such an equilibrium state The analysis by Affleck and
Manton is given for the different case | B! |< v? [68].

We can easily see that the modified field equations (7.87) really describe
the motion of a monopole on the circular trajectory (7.93). To simplify our
consideration, let us consider the Bogomol'nyi limit when these equations,
being written in Euclidean space, have an especially simple form [314,366]:

(7.94)

1
D4F4an + DmFytylln - 7Byenthmn = _e€abc¢bDn¢c )
v
D Fr, = _egabc¢bD4¢c )
1
DyDy¢% + D,y Dy — ;Bf,ftDmd)a =0. (7.95)

We supposed that the external magnetic field is directed along the negative
direction of the z-axis. Since in the Bogomol'nyi limit a monopole mass is
simply M = gv and for a particle moving along the classical trajectory (7.93)
the relation (7.94) is fulfilled, the solution for an accelerated monopole must
satisfy the relations'®

10 Recall that the Gauss law (7.41) and the background gauge conditions (7.7) are
here imposed as constraints.
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D, F? . + %an = —eeaqped’ Dy, DD, d® + %ngba =0. (7.96)
In the first-order of the expansion in 1/R, these equations coincide with the
system obtained in [68]'!.

Clearly, the solution of this system can be obtained by making use of the
perturbation expansion in 1/R. Here the zero-order equation corresponds to
the static monopole with vanishing non-Abelian electric field E¢ = 0 and, in
principle, we can evaluate the first-order corrections as above. However, if we
neglect the internal structure of a monopole and consider only the asymptotic
form of the monopole fields, the solution that describes a monopole moving
along circular world line (7.93) can be constructed via simple rotation of the
static solution on the angle

x4 gBemt
o = arctan — = arctan T,
I3 M

in the two-dimensional x3,z4-plane fixed by the directions of the external
magnetic field and Euclidean time, respectively.

It is convenient to use the auxiliary three-dimensional coordinates, intro-
duced in [68]: p = (z,y,2) = (z1, 22,7 — R), where r = /a5 + x3. Then the
Euclidean components of the Abelian electric and magnetic field of a moving
monopole are

Elz%sina, Blz%cosa,
p p
Eg:—%sina, BQZ%COSQ,
P p
gz
E3 = 0, Bg = E . (797)

Let us return now to the analysis of the mechanism of interaction between
a monopole and an external Abelian homogeneous magnetic field (see expres-
sion (6.40) above). We have already pointed out that there is a clear analogy
between the monopole dynamics and evolution of a metastable system after
the false vacuum decay: the external magnetic field lifts the degeneration of
the Higgs vacuum and the accelerated motion of a monopole is related with
its asymptotic approach to the unique true minimum of the potential:

' Recall that the monopole loop radius is related to the magnitude of the external
magnetic field according to (7.94). This relation can be obtained, if we promote
R to be a parameter of the system that is included in the Lagrangian. The first
variation of action with respect to R vanishes if the relation (7.94) is fulfilled (cf.
the discussion in [68] and relation (7.99) below).



272 7 SU(2) Monopole in Quantum Theory

which lies in the direction of the external perturbation. In other words, a
ground state of the monopole field configuration that interacts with a weak
external magnetic field turns out to be a metastable vacuum, whose energy
can be decreased via the simultaneous creation of a monopole-antimonopole
pair, provided that they are strongly separated to avoid possible annihilation.
Since we suppose that the monopole cores do not overlap, we can neglect
the short-range non-Abelian character of the interaction, thus the height of
the barrier in that approximation is just a double of the monopole mass
M [68,483].

The problem of metastable vacuum decay was originally investigated in
the pioneering paper by Langer [342] and then considered in the quantum
field theory context in [173,505]. The observation of the paper [68] is that
a monopole loop (7.93) can also be considered as a bubble of true vacuum
| #% ., | in a false vacuum | ¢ |= v. Static energy of such a bubble is composed
of the energy of the transitional domain (so-called wall), where the scalar field
interpolates between false and true vacua, the energy of the domain inside
the bubble (that is, the energy of interaction with external magnetic field)
and the energy of Coulomb magnetic interaction between the monopoles. In
the case under consideration, we can clearly write the energy of the wall as
27 RM and the energy of interaction with external field as —gB®®!7 R2.

The Coulomb energy piece is a bit subtle, since it diverges logarithmi-
cally for point-like magnetic charges with a naive potential of interaction
Veoutomb = g/ R. However, the finiteness of the core improves the situation,
since then the contribution of the Coulomb interaction to the static energy
of the bubble becomes —g?/4 [68]. Nontrivial independence of this result on
the loop radius R appears, because the integral of the Coulomb energy of
the monopole interaction along the loop is proportional to ¢g?/R, while the
consequent integration over the Euclidean time yields a period proportional
to R.

Thus, the classical action of the monopole loop on the circular trajectory
(7.93) is

g2

S =21RM — gB“"'nR? — T (7.98)

We can now consider the loop radius R as a variational parameter. Variation
over it yields the saddle point of the action and we can see that it corresponds
to the values

M 1 wM?
= gBemt =w and SOZS(RCT):W

2
Re, ~ 9 (7.99)
4
Let us make some remarks here. First, note that the second derivative of
the action S (7.98) with respect to the loop radius R is negative. Therefore,
the solution is unstable, the sphaleron-like trajectory (7.93) in the functional
space corresponds to the top of the barrier between the vacua. Evidently,
the monopole-antimonopole pair solution [327,448], that we constructed by
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making use of the ansatz (6.15) and (6.16) in the previous chapter, also
corresponds to such a configuration. The appearance of the negative mode in
the spectrum of fluctuation reflects in the imaginary phase of the functional
integral at the saddle point. Therefore, depending on the value of R, the
configuration either returns to the original false vacuum, or a monopole pair
is created (true vacuum). Then the amplitude of the metastable vacuum
decay, which actually defines the probability of the monopole pair creation,
can in the leading order of WKB approximation be evaluated as an exponent
of Euclidean action on the classical trajectory:

2 2
_ S0 M g
I'=Ke O_Kexp{—gBEIt+4} )

where the pre-exponential factor K is connected with the one-loop quantum
correction.

Second, the problem of metastable vacuum decay has an analytical so-
lution in the thin wall limit, when the difference between values of true
and false vacua is small in comparison with other parameters of the model
[173]. Clearly, in our case, this approximation is justified in the limit of the
weak external magnetic field, namely when | B** |< v2. Then the pre-
exponential factor can be evaluated by making use of standard methods (see,
e.g., [24,68,430]):

(52
g L g det (629)

2 “ det (628,) (7.100)

where 625 and 625 are the second variations of the action in the mono-
pole and vacuum sectors, respectively. The notation ¢’ here means that the
contribution of zero modes is excluded from the functional determinant of
a monopole. This is reflected in the coefficient J, which stands for the cor-
responding normalization factor of zero modes and arises when we integrate
them out.

There is another difference from standard calculation, since there is a
negative mode in the spectrum of fluctuations. Therefore, the relation of two
functional determinants in (7.100) must be modified in order to take into
account the effect of the corresponding fluctuations of the loop radius R.
From a technical point of view, the appearance of an imaginary phase of the
functional integral leads to a shift of the integration contour in the complex
plane. This yields an additional coefficient 1/2 in expression (7.100).

Without going into detail, let us give the result obtained in [68]:

M2
K = m@ 2 RAJW, (7101)

where AM is the quantum correction to the monopole mass (7.37) that we
evaluated above. Thus, the amplitude of the monopole pair creation in the
external homogeneous magnetic field is
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ext)2 2 2
o WBT) —md
83 ’

(7.102)

where M is now a monopole physical mass including the one-loop correction
AM.

Clearly, this formula can immediately be introduced by analogy with its
electrodynamical counterpart, which corresponds to the process of creation of
two charged scalar particles ete™ in an external homogeneous electric field:

(B)? _un2

T TeE

Fe+e— = 873 (&

Thus, the good news is that one more time we have proved the naive argu-
mentation of duality. The bad news is that the probability of the monopole
pair creation is totally suppressed for any physical values of the magnetic
field, since in a weak coupling regime a monopole mass must be huge.



8 Monopoles Beyond SU (2) Group

So far, we have discussed the monopole field configurations that arise as
solutions of the classical field equations of the simple non-Abelian Yang—
Mills-Higgs SU(2) theory. However, it was realized, almost immediately af-
ter discovering the 't Hooft—Polyakov solution that there are other possibili-
ties beyond the simplest non-Abelian model. Indeed, the topological analysis
shows [383,502] that the existence of monopole solutions is a general property
of a gauge theory with a semi-simple gauge group G, which becomes sponta-
neously broken down by the Higgs mechanism to a residual vacuum subgroup
H containing an explicit U(1) factor. Thus, in general case, the unbroken sub-
group H is non-Abelian, that is, in addition to the standard electric charge,
which is associated with the generator of U(1) subgroup, such a monopole
should also possess some non-Abelian charges.

In the series of papers by E. Weinberg [513-515] (see also reviews [518,519]
and recent publications [344-346,517]), many of the aspects of the monopole
solutions in the gauge theory with a gauge group of higher rank were dis-
cussed. Unexpectedly, it turns out that some of these solutions correspond
to massless monopoles. On the other hand, the description of monopoles
with non-Abelian charges provides a new understanding of the duality be-
tween electric charges and monopoles; it becomes transformed into the idea
of Montonen—Olive duality, which would establish a correspondence between
two different gauge theories, with conventional electrically charged particles
being treated as physical degrees of freedom within one of these models, and
monopoles, being considered as fundamental objects within its dual.

The obvious possibility of moving one step beyond the SU(2) gauge the-
ory is to consider an extended SU(3) model [161,177,279,374]. This is a very
interesting subject, because the corresponding non-Abelian pure gauge the-
ory, the QCD, is generally accepted as a theory of strong interactions. The
topologically nontrivial solutions here could in some way be related to non-
perturbative effects, which may drive the model to the confinement phase.

Another very interesting possibility is connected with the group of unifi-
cation SU(5) [203]. This is the simplest possible way to unite the electroweak
and strong interactions!. A special interest in the monopole solutions in this

! Unfortunately, for some still unknown reasons, Nature did not choose such a
primitive way of unification.
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model caused the process of interaction of the monopole with fermions. The
point is that, because of the non-trivial topology of the fields, there is a fermi-
onic condensate on the monopole background [151,445]. Since the fermionic
multiplet of SU(5) theory includes both quarks and leptons, the interaction
of such a condensate with quarks, confined into the nucleon, effectively may
lead to the proton decay into mesons. This is the so-called Rubakov—Callan
effect or monopole catalysis of the proton decay. We shall discuss this effect
in Chap. 10.

There are many other generalizations of the monopoles connected with
the further extension of the gauge group. It is an interesting fact that there
are monopole solutions of supersymmetrical models, like, for example, the
N = 2 SUSY Yang-Mills theory [65]. In the following we will discuss this
remarkable model in more detail.

8.1 SU(N) Monopoles

8.1.1 Generalization of the Charge Quantization Condition

Generalization of the theory of monopoles to the case of a higher rank gauge
group, say SU(N), immediately poses the following question. What does the
corresponding charge quantization condition, which will generalize the Dirac
condition (2.6), look like? Indeed, let us consider the SU(3) model. For the
states of the fundamental triplet, the minimal electric charge is e/3. Does
this mean that the minimal charge of the magnetic monopole must be triple
the minimal magnetic charge of Abelian electrodynamics?

A naive answer to this question is that the phase factor of the quark wave
function, which may be defined by analogy with (2.8), is

exp {i;fdxA} :exp{?eg} :exp{%;m} #1, (8.1)

if the standard Dirac quantization condition is satisfied. Thus, we would have
to modify it as eg = 3n/2.

However, the situation is not so trivial, because there are no quarks
around — they are confined inside the hadrons. As we move toward a cor-
responding scale, we cannot neglect the color degrees of freedom that are
related with a non-Abelian (color) charge of quarks ecoor. This is a coupling
constant, which describes an interaction between a quark and the short-range
color fields A .o inside of monopole core. Thus, in addition to (8.1), we have
to take into account an additional phase factor

2imn’
exXp {iecolor%dx Acolor} = exp{ zgn } : (82>

If the integers n,n’ are connected as n+n’ = 0 mod 3, the phase factors
(8.1) and (8.2) equilibrate each other.
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Thus, in the SU(3) gauge theory, which describes a quark interacting with
a non-Abelian monopole, the charge quantization condition becomes self-
consistent by taking into consideration an additional integer chromo-magnetic
charge of a monopole, rather than by increasing of Abelian magnetic charge
[177,273]. Such a color field must be screened by some non-perturbative
effects on the distance larger than the hadronic mass scale [43,274]. We shall
consider this conclusion in this chapter.

8.1.2 Towards Higher Rank Gauge Groups

Before we start to consider any particular model, let us make some general
remarks about a generalization of the Georgi—Glashow model. We are working
with a Yang-Mills-Higgs theory with an arbitrary simple gauge group G and
the scalar field in the adjoint representation. The corresponding Lagrangian
(5.7) has been written before in Chap. 5

1
L= —3TxF, F" +Tr D,¢D"¢ — V(9) (8.3)

1 1
~TFL P 4 5D )(D,) =V (6).

where Fy,, = Fj,T ¢ = ¢*T“, and we use the standard normalization
of the Hermitian generators of the gauge group: Tr(T%T?) = %6@. The Lie
algebra of the generators reads

[T, T% = ifapcT. (8.4)

The non-zero vacuum expectation value of the scalar field corresponds to
the symmetry breaking Higgs potential V' (¢), which generalizes the structure
of (5.11)

V(9) = Ao —v*)?, (8.5)

where the group norm of the scalar field is defined as |¢|? = 2 Tr ¢? = ¢%¢°.

Thus, the vacuum manifold M is defined by the relation |¢g|? = v?. The
stationary subgroup of invariance of the vacuum is H and the topological
classification of the solutions is connected with a map of the space boundary
S? onto the coset space M = G/H. In other words, the topological charge
of a magnetic monopole is given by the elements of the homotopy group
mo(G/H). The problem is to define the stationary subgroup of the vacuum.

Let us recall that in the simplest case G = SU(2), the residual U(1)
symmetry was fixed by the asymptotic of the scalar field; in the unitary
gauge we have ¢ — ¢g = vT>® = vQ. This subgroup is identified as an
electromagnetic one, i.e., the generator of the diagonal Cartan subgroup 73
is set to be identical to the operator of the electric charge @. Indeed, recall
that the potential of the SU(2) monopole could be constructed by simple
embedding of the Dirac potential into a non-Abelian gauge group (cf. (5.51))
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— cos 9

A = Q QADzTaC

sin 0
and the color magnetic field of a non-Abelian monopole on the spatial as-
ymptotic is given by

T'n

B, = 5
Therefore, the problem of the construction of monopole solutions for a higher
rank gauge group could be re-formulated as the problem of the definition of
the matrix @ for a given group [177].

For G = SU(N), the solution of this problem seems to be rather
obvious, because one can choose the U(1l) charge operator from the ele-
ments of the corresponding Cartan subalgebra generated by the operators
H = (Hy,Hy...Hy_1) [241]. In other words, the vacuum value of the scalar
field in some fixed direction, for example, in the direction of the z-axis, can
be taken to lie in the diagonal Cartan subalgebra of SU(N) [241,514]. In this
case, =
o =vh-H, (8.6)

where £ is some N — 1 component vector in the space of Cartan subalgebra.
Thus, the boundary condition on the Higgs field on infinity is that up to a
gauge transformation it is equal to a diagonal matrix of the form

oo = diag (v1,vs,...vN). (8.7)

Sometimes, this matrix is called a mass matriz, since the vacuum expectation
value for the scalar field defines the monopole mass. Note that because of the
definition of the trace of generators of the SU(N) group, the sum of all
elements v; is zero.

Let us consider the pattern of spontaneous symmetry breaking, which
is determined by the entries of the mass matrix v;. Indeed, the invariant
subgroup H consists of the transformations that do not change the vacuum
¢o. If all the values v; are different, the gauge symmetry is mazimally broken
and the residual symmetry group is a maximal torus U(1)V~1. In this case,
it can be thought that in the vacuum we have N — 1 “electrodynamics”,
not just a single one. We can see that (see the corresponding description in
Sect. 5.3.2)

N
o <Usg)(N_)1> =m UMV =21, (8.8)
thus, these monopoles are classified by the topological charge? n = 0,1...
N —1.

Another limiting case is the so-called minimal symmetry breaking. This
corresponds to the situation when all but one element of the mass matrix
coincide. Then the group of invariance of the Higgs vacuum is the unitary

2 Compare this with the result for the case n = 2 given on page 165.
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group U (N —1) and one can see that there is a single topological charge given

by
. (m) _7. (8.9)

Nevertheless, in the Bogomol’'nyi limit, such a configuration also possesses a
set of N — 1 integers, whose origination could be clarified by a more detailed
analysis of the asymptotic behavior of the scalar field [241,514]. Indeed, the
long-range character of this field means that its asymptotic behavior, which
generalizes (8.7) in some gauge, is of the form

1
¢0 = diag (’Ul,Ug, . ..UN) — ; diag (kl,kg, . ]43]\1) + 0(7“_2) . (810)

Here the matrix diag (k1, ke, ... ky) is called the charge matriz.
In the case of maximal symmetry breaking, all the numbers k; can be
m
connected with the topological charges as g,, = > k;. However, in the case

i=1
of minimal symmetry breaking, only the first such number corresponds to

the topological charge g = k1. All other integers are called magnetic weights
or holomorphic charges. We shall explain the meaning of these additional
charges below, in a particular example of SU(3) monopoles

An intermediate case of symmetry breaking is that some of the entries
of the mass matrix are identical. Then the gauge group G is spontaneously
broken to K xU(1)", where K is a rank N —1—r semi-simple Lie group. Such
a monopole has r topological charges associated with each U(1) subgroup,
respectively.

8.1.3 Montonen—Olive Conjecture

Shortly after discovering the monopole solutions of non-Abelian gauge theory,
Montonen and Olive proposed a new and highly non-trivial idea [384]. They
pointed out that in the Bogomol’nyi limit, all the particles from the spectrum
of states of the Georgi—Glashow model can be composed into the table

Particle| Mass | Charges (¢,g9) | Spin
Higgs 0 (0,0) 0
5 0 (0,0) 1
Ayx ve (e,0) 1
g vg (0,9) 0

Moreover, all these states are saturated the Bogomol’nyi bound (5.60)

M=vv¢®+g¢>=v]qg+ig|.

The vacuum expectation value of the Higgs field v provides a natural scale
of the model. Therefore, because the magnetic charge of a 't Hooft—Polyakov
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monopole is g = 1/e, in a weak coupling regime (i.e., such as e < 1), it is
a very heavy object: M = vg > v. At the same time, the gauge bosons AL
are very light: m, = ve < v. Thus, there are two different sectors in the
spectrum of states: heavy monopoles, which are non-perturbative large-scale
topological configurations of the fields, and “conventional” light particles,
which are perturbative excitations over the vacuum, respectively.

Montonen and Olive noted that under the transformation of duality, the
coupling constant transforms as e — 47 /e. Thus, the dual symmetry could
be considered as a way to connect the regimes of weak and strong coupling
by permutation of the topological and perturbative sectors. Indeed, in the
strong coupling non-perturbative regime, where e > 1, the gauge bosons
become very heavy objects, while the monopole states from the topological
sector are light. Thus, the idea is that the latter probably may be considered
as perturbative fluctuations of some dual fields, whereas the “conventional”
particles are related with the non-perturbative sector of such a dual theory.
Sometimes, the strong coupling regime is called a “magnetic” formulation of
the theory and the weak coupling regime is called an “electric” one.

Thus, we may believe that there are two, maybe even completely differ-
ent Lagrangians, which describe strong and weak coupling regimes in terms
of different sets of fundamental fields. The theory is called self-dual, if the
Lagrangian remains invariant by permutation of the solitons and elementary
excitations. As we shall see, this is the case of the Georgi—Glashow model we
are considering here.

Another argument to back up the idea of duality is that the energy of
interaction of all the states that saturate the Bogomol'nyi bound is zero.
We already mentioned that a two-monopole configuration is static, because
there are two long-range forces mediated by electromagnetic and scalar fields,
respectively. In the dual sector, an analog of this effect would be a static state
of two A4+ bosons.

Unlike the monopole pair, in the weak coupling regime we cannot apply
the semi-classical expansion, but the standard perturbative calculation of
the scattering amplitude can be performed [519]. There are two graphs that
contribute at the Born approximation, one with a massless scalar exchange
(recall that in the Bogomol'nyi limit, the scalar field is massless), and one
with a photon exchange. The result of the calculation shows that there is an
exact cancellation of both forces in the static limit.

One could imagine the duality transformation being the rotation on a
complex plane of charges ¢ + ig (see Fig. 8.1)

Note that all the states, both from the soliton and the perturbative spec-
trum, have found a place on this plane; particles that correspond to the
fundamental quanta in the electric formulation are placed on the real axis,
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Fig. 8.1. Transformations of duality as rotations in a complex charge plane

and monopoles are placed on the imaginary axes®. Because all these states
saturate the Bogomol’nyi bound (5.60), the mass of any state in units of
the vacuum value of the scalar field in Fig. 8.1 can be defined as a length
of the radius-vector. Thus, Montonen—Olive duality corresponds to the sim-
ple SO(2) rotation on such a plane by the angle § = 7/2. We have already
discussed this discrete transformation in Sect. 1.6.

There is no doubt that the Montonen—Olive conjecture anticipated the
modern development decades ago. However, at the end of 70s it caused a lot
of objections, well-known to the authors of the paper [384] themselves. The
most important in this list of questions are the following

e The gauge bosons have a spin 1. However, the rotational invariance of the
't Hooft—Polyakov solution means that the monopoles are scalars. If the
duality conjecture is correct, what about the monopole spin?

Which role do the dyons play in this picture?

What do we have to do about the Coleman—Weinberg effect? Even if
the potential of the model is vanishing on a classical level, quantum cor-
rections could generate a non-zero effective potential of the scalar field.
Therefore, there is no obvious reason to believe that the dual invariance
manages to survive in a quantum theory.

e What are the consequences of the dual invariance? Can the Noether the-
orem be applied in this case?

We will see that the self-consistent solution of all these problems about
Montonen—Olive duality can be obtained within the framework of teh super-
symmetrical Yang—Mills theory. As for the last question, the answer is rather

3 We do not consider dyons here because, on a classical level, their electric charge
is not quantized. However, in quantum theory we shall consider Fig. 2.1 instead
of Fig. 8.1.
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non-trivial. It looks like it is impossible to consider the duality as a standard
symmetry at all, because it is not a symmetry of a single theory, but rather a
way to connect two different theories that describe weak and strong coupling
constant regimes, respectively.

Thus, if we suppose that the group of gauge symmetry of the original the-
ory is G and that a dual theory will be invariant with respect to a dual group
G*, there has to be a way to establish a correspondence between these two
groups by making use of some transformation of duality. This approach was
formulated in the paper [241] and related to transformations of the Cartan—
Weyl basis of G in the space of simple roots.

8.1.4 Cartan—Weyl Basis and the Simple Roots

The discussion of the properties of monopoles in a gauge theory of higher
rank is closely connected with notion of the Cartan—Weyl basis [11,241]. Let
us introduce some notations for the Lie algebra of an arbitrary?, simple Lie
group of the rank » > 1 and the dimension d. The Cartan—Weyl basis is
constructed by addition d — r raising and lowering generators Ej; to the r

commuting generators H of the diagonal Cartan subalgebra, each for one of
the roots 3; = (b1, B2, - - - Ba—r):

[Hi,Ej| = iEgz; Bz E_g=26-H. (8.11)

Here we make use of the internal (vector) product operation in r dimensional
Euclidean root space R".

The advantage of this approach is to put a simple Euclidean geometry
into correspondence to the algebra of Lie group generators. The roots §;
correspond to the structure constants of a Lie group. These roots, being
considered as vectors in R”, form a lattice with the following properties [11,
515].

e A semisimple Lie algebra corresponds to every root system.
The set of roots ﬁz is finite, it spans the entire space R” and does not
contain zero elements.
If 5 and & are the roots, the quantity 25- 62/52 is an integer number.
If & is a root, the only multiplies of & that are roots are +&
For a root E from the set ﬂ_; and an arbitrary positive root @ # 5, the
Weyl transformation is defined as

@
Q1

3-3@) =-F-a where @) =a-205%—. (8.12)

sV
@y

4 Recall, that in the case under consideration G = SU(N), thus the rank of G is
r=N—1andd= N(N?—1), thatisd —r = N(N —1).
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The set of roots is invariant with respect to this transformation. Geo-
metrically, the Weyl transformations is a reflection in the hyperplane
orthogonal to 3.

For non-simple Lie algebra, the roots are split into sets that are orthogonal
to each other. Thus, it is sufficient to restrict the consideration to the case of
simple Lie groups.

The third property essentially restricts the ambiguities with the choice of
the root vectors. Indeed, if & and 5 are any two roots with a2 < 52, then the
angle v between these vectors is no longer arbitrary, because we have

n 16|
2|al’
This is possible only if (i) 3% = @2, (i) §% = 2a2, and (i) (2 = 3a2
Therefore, the root diagram for a sunple Lie group consists of the vectors
of different lengths with possible values of the angle between these vectors
/6, /4, 2n/3, m, 37/4, and 57/6.

Note that all these roots can be separated into positive and negative ones,
according to the sign in (8.13). One can choose a suitable basis that spans

cosy = :t nez. (8.13)

the root system in such a way that any root ﬂ: can be represented as a linear
combination of simple roots with integer coefficients of the same sign, positive
or negative. Thus, the commutative relations of the algebra are determined
by the system of the corresponding simple roots.

The properties of simple roots can be depicted graphically in the form of
a flat graph® as Fig. 8.2. The circles here depict the simple roots. For any
pair of simple roots, we have ,6’1 ,6’] < 0. Therefore, there are four possibilities
for the angle between the simple roots: v = /2 (no lines on the graph), 27/3
(one line), 37/4 (two lines) and 57/6 (three lines). The sign “>” indicates
the length of the simple roots, on one side of it they are /2 times longer than
on the other.

Note that the properties of the simple root basis is related with the sym-
metry of the model. If the group of symmetry G is broken down to the maxi-
mal Cartan subalgebra, the choice of the simple root basis is unique. However,
in the case of non-maximal symmetry breaking, an alternative basis may be
obtained by action of the Weyl reflection. This reflection is actually a global
gauge transformation from an unbroken non-Abelian subgroup.

A particular choice of the simple roots basis can be specified by means of
a vector h that lies on the root lattice. If this vector is not orthogonal to any
of the simple roots ﬂ_;», the basis is fixed by the condition h- ﬁ_; > 0.

5 It is hard to resist the temptation to quote V.I. Arnold who coined a very nice
comment concerning the origination of the related terminology: “Diagrams of
this kind were certainly used by Cozeter and Witt, that is why they are usually
called Dynkin diagrams” [77].
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Fig. 8.2. Root diagrams

To sum up, the problem of the classification of complex simple (and hence,
semi-simple) algebras is reduced to the problem of the classification of all
non-splittable linearly independent r-dimensional systems of root vectors.
This allows us to define a dual Lie algebra by means of dual transformation
of the root lattice.

The dual of a root E is defined as 5* = 3/52 and the duals of the entire
set of simple roots form a dual root lattice of a dual Lie group G*. The
dual lattice is isomorphic to the initial lattice. It is easy to see from the
root diagram (Fig. 8.2) that, up to rescaling of the root length, the groups
SU(N), SO(2N) and all the exceptional groups are self dual. The only non-
trivial exceptions are the groups SO(2N + 1) = Sp(N), which are dual to
each other.

We illustrate this general description on a particular example of the SU(3)
group below.

8.1.5 SU(3) Cartan Algebra

Let us briefly review the basic elements of the su(3) Lie algebra. It is given
by a set of traceless Hermitian 3 x 3 matrices

T* =\*/2, a=1,2...8,
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Fig. 8.3. SU(3) simple root self-dual basis

where A\ are the standard Gell-Mann matrices. Recall that they are nor-
malized as 2 Tr T%T? = §%°. The structure constants of the Lie algebra are
febe = LTr[A?, AP]A¢ and in the adjoint representation (7). = f%°.

In the following, we will be especially interested in the diagonal, or Cartan
subalgebra of SU(3). It is given by two generators

L (1 0 0 . (10 0
H=T=-(0 -1 0/, ngTszm 01 0 |, (814
0 0 0 00 -2

which are composed into the vector H = (H1, H3). Because the dimension
of the group is d = 8, the number of positive roots is 3. Taking into account
the restrictions on the angle between the vectors B; and their length, we can
take the basis of simple roots as (see Fig. 8.3)

/(;,1 = (130)3 32 = (71/27 \/5/2) . (815)

The third positive root is given by the composition of the first two roots
By =61+ B2 = (1/2,4/3/2). Since all these roots have a unit length, our
choice corresponds to the self-dual basis: 5:‘ = ﬁ_; This allows us to simplify
the following consideration.

Note that for any given root 3; the generators 3 - H, E, g, form an su(2)
algebra. The generators Fig, are mentioned above the raising and lowering
operators. Let us write these generators explicitly in the above-defined basis
of the simple roots (8.15). For 51, we have
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L1 1 0 0
T(y = AiH = (0 -1 o], (8.16)
0 0 0
010 0 0 0
Ez={00 0], Egz=(100
0 0 0 0 0 0
For the second simple root ﬁg, we have
.1 00 O
Tiy = PoH = 5 01 0|, (8.17)
00 -1
0 0 0 0 0 0
Ez; =100 1], E =000
0 00 010

The generators of the su(2) subalgebra that correspond to the third composite
root are given by the set of matrices

.. 1f{r 00
Té):ﬁgHzi 00 0|, (8.18)
00 —1
00 1 00 0
Ez =100 0|, Ez=[000
00 0 100

Clearly, the set of matrices Ty k = 1,2,3, which includes T(?’k) of (8.16),
(8.17) and (8.18), and

1 1
1 — - - 2 = —
Ty =35 (Eﬁk + Ef,@k) v I =3

7

(Eﬁk —E gk) (8.19)

satisfy the commutation relations of the su(2) algebras associated with the
simple roots 51, 52 and 53, respectively.

Let us consider the su(2) subalgebra associated with the first simple root.
If we supplement it by the U(1) hypercharge operator, which is connected
with the element of the Cartan subalgebra as

10 0
2 1

Y=-"T=-[0 1 0 |,
V3o 3\ 0 -2

we arrive to the u(2) algebra generated by operators T (0‘1), Y. By analogy with

the Euler parameterization of the SU(2) group, an element of corresponding
U(2) transformation can be written as



8.1 SU(N) Monopoles 287

R, (7,,0,9) = Ry (7) Rs () Ra(0) Ry (1)) = 7Y #T00 ¢10T 00 1T

eli 0 0 cos Sed (e tv) sin fede=0)
=] 0 ¢ Om —sinZe3(0=¢)  coslemiletY) 0 |
0 0 e 3 0 0 1

(8.20)

where the angular variables are changing within the intervals 0 < v < 2,
0<p<2m,0<60 <7 and 0 < < 4x. Here the points corresponding to the
values v and v+ 7; ¥ and ¥ + 27 are pairwise identified, which corresponds
to the Zs subgroup.

An alternative choice is

Rp, (7,,0,1) = 7Y #7170 T (8.21)
e’ 0 0 1 0 0
= 0 e 0 0 cos geé(“"*lp) sin ge%(w,w)
0 0 & 0 —sin geé(w’“") cos gef%(ww)

In other words, the basis of the simple roots 51, 52 corresponds to two
different ways to embed the SU(2) subgroup into SU(3). The upper left and
lower right 2 x 2 blocks correspond to the subgroups generated by the simple
roots (1 and (o, respectively. The third composite root 53 generates the
SU(2) subgroup, which lies in the corner elements of the 3 x 3 matrices of
SU(3).

Note that there is also so-called maximal embedding, which is given by
the set of matrices

. (010 o (0 =i 0
T = 101, Th=—|i 0 —i],
V210 1 0 V2 \o i o0

1 0

Ts5=(0 0 0 |,
0 0 -1

which satisfy the usual su(2) algebra, as well as the relations (T})3 = T;. Up

to unitary transformation these matrices are equivalent to the vector repre-

sentation of SU(2). A very detailed analysis of the corresponding monopole

solutions is presented in [341]. We shall not consider the maximal embedding
here.

8.1.6 SU(3) Monopoles

We consider the Yang-Mills-Higgs system, that is governed by the Lagran-
gian (8.3) with a gauge group SU(3), as an explicit example of construction
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of the monopole solutions in a model with a large symmetry group. Thus, the
Higgs field ¢ = ¢*T® is taken in the adjoint representation of SU(3), which
is given by the set of Hermitian matrices 7.

Unlike the original SU(2) 't Hooft—Polyakov monopole solution, the vac-
uum manifold M of the SU(3) Yang—Mills-Higgs theory is a sphere S7 . in
eight-dimensional space. Thus, the topological classification of the solutions
is related with the mapping of the spatial asymptotic S? onto coset space
M = SU(3)/H, where H is a residual symmetry of the vacuum. Another,
not so obvious, difference is that now all the points of the vacuum manifold
M are not identical up to a gauge transformation, because the action of the
gauge group SU(3) is not transitive.

Thus, in order to classify the solutions, we have to define the unbroken
subgroup H. According the general relation (8.6), the asymptotic value of
the scalar field in some fixed direction can be chosen to lie in the Cartan
subalgebra, i.e.,

¢o=vh-H. (8.22)

Clearly, this is a generalization of the SU(2) boundary condition ¢g = vos/2.
To fix the basis of simple roots, we suppose that all these roots have a positive
inner product with h.

Furthermore, if the monopole solution obeys the Bogomol’'nyi equations,
in the direction chosen to define ¢g, the asymptotic magnetic field of a BPS
monopole is also of the form

B, =g -H-

w‘ﬁ

. (8.23)

Here the magnetic charge g = ¢ - H is defined as a vector in the root space
[210,241].

The principal difference from the SU(2) model is that the magnetic charge
and the topological charge are now no longer identical. Indeed, it is seen that
the SU(3) magnetic charge is labeled by two integers. The charge quantiza-
tion condition may be obtained from the requirement of topological stability
in the way already discussed in Chap. 5 [210,241]. In other words, the phase
factor must be restricted by

explieg-HY =1. (8.24)

General solution of this equation is given by a condition that the vector
charge ¢ lies on the dual root lattice [178,210,241]:

T

— ot 471— o % ot a7

9=~ an@* = (n1ﬁ1 + 71252) =181 + 9203, (8.25)
i=1

where ny and ns are non-negative integers, and g1, go are the magnetic charges

associated with the corresponding simple roots.
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Recall that a special feature of the basis of simple roots (8.15) is that it
is self-dual: ﬁ{ = ﬁl; 55‘ = 52. Thus, in terms of the explicitly defined roots
(8.15), we have

g:§~ﬁ:4£ [(nl—w) H1+\/§n2H2‘| . (826)
e 2 2
These relations show that a magnetic charge is not so trivially quantized
as in the SU(2) model; the latter has a little bit too much symmetry. Thus,
the question is, if both of the numbers nq,ns can be set into correspondence
with some topological charges. Evidently, the answer depends on the pattern
of the symmetry breaking.

SU(3) — U(1) x U(1): Maximal Symmetry Breaking

Let us consider two situations that are possible for the G = SU(3) [514]. If
the Higgs vector h is not orthogonal to any of the simple roots B; (8.15), there
is a unique set of simple roots with positive inner product with h. Thus, the
symmetry is maximally broken to the maximal Abelian torus U(1) x U(1)
(see the root diagram of Fig. 8.4, left).

If the inner product of h and either of the simple roots is vanishing (see
Fig. 8.4, right, where h-B = 0), there are two choices of the basis of simple
roots with positive inner product with f_i, which are related by Weyl reflec-
tions. We shall discuss this type of minimal symmetry breaking below.

In the case of maximal symmetry breaking, the topological consideration
shows that

ia By bl

Fig. 8.4. Orientation of the Higgs field in the SU(3) root space, which corresponds
to the pattern of the maximal symmetry breaking SU(3) — U(1) x U(1) (left) and
minimal symmetry breaking SU(3) — U(2) (right)
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SUB) Y\ _

Thus, both of the numbers nq,ns have the meaning of topological charges.
Indeed, we define a magnetic charge as a winding number given by the map-
ping from a loop in an arbitrary Lie group into the circle on the spatial
asymptotic [355]. Then the topological charge of a non-Abelian monopole is
given by the integral over the surface of sphere S? (cf. the definition (5.46))

—

G = %/dSnTr(Bn%) =G-h. (8.28)

Therefore, if h is orthogonal to the root 51, only one component of § may be
associated with the topological charge. Otherwise, there are two topological
integers that are associated with a monopole.

The definition of topological charge (8.28) can be used to generalize the
Bogomol'nyi bound (5.60) for the SU(N) monopoles. If we do not consider
degrees of freedom that are related with electric charges of the configuration,
it becomes i, ,

M:’U|G‘ :471'7’11 n; (hﬁj) :izlniMi, (829)

i=1
where M; = 4% h- ﬂ:* and we suppose that the orientation of the Higgs field

uniquely determines a set of simple roots that satisfies the condition A- ﬁ_;* >0
for all 4. Thus, it looks like there are r individual monopoles of masses M.
Moreover, there is an obvious analogy between the relation (8.25) and the
definition of a magnetic charge of a multimonopole configuration of the SU(2)
model, which is given by the sum over separate monopoles with a minimal
charge. Thus, the question arises, if the monopole solutions of a higher rank
gauge theory may also be understood as a composite system of a few single
monopoles with a minimal charge, masses M; and characteristic sizes of cores

R, ~ (veh - )~ (8.30)

correspondingly. A very strong argument in support of this conclusion is
given by a direct calculation of the number of zero modes on the monopole
background [513-515].

To analyse the situation better, let us return to a system of spherically
symmetric SU(3) monopoles in the basis of simple roots (8.15). Such a con-
figuration can be constructed by a simple embedding [87,177,341]. The recipe
is obvious: we have to choose one of the simple roots having a positive inner
product with the scalar field, e.g., 51, and embed the 't Hooft—Polyakov so-
lution into the corresponding SU(2) subgroup. For example, embedding into
the left upper corner SU(2) subgroup defines the §;-monopole that is charac-
terised by the vector charge § = (1,0) and the mass M7, while the embedding
into the lower right corner SU(2) subgroup defines the S3-monopole with the
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vector charge ¢ = (0,1) and the mass M. Similarly, one can embed the
SU(2) axially symmetric monopole-antimonopole saddle point configuration
of [327,448], which yields the state § = (0,0), or the two SU(2) monopoles
configuration of [507] which, depending on the root we choose, yields the
states § = (2,0) or § = (0, 2), respectively.

Embedding of the spherically symmetric SU(2) monopole along composite
root (3 gives a § = (1,1) monopole with the magnetic charge

- 1 3
g:§-H:§H1+§H2.

Moreover, its mass is equal to the sum of masses of the (;-monopole and
(B2-monopole: My + Ms.

The analysis based on the index theorem shows [514] that this configu-
ration is a simple superposition of two other fundamental solutions and can
be continuously deformed into a solution that describes two well-separated
single 31 and B2 monopoles. We shall check this conclusion by making use of
another arguments below. Note that if the Higgs field is oriented along the
composite root, i.e., if h = 53, two fundamental BPS monopoles have the

same mass: 9
s
Ml = M2 == ? 5

which is half of the mass of the 83 monopole. In all other cases, this degen-
eration is lifted and one of the monopoles is heavier than the other one.

Spherically Symmetric SU(3) Non-BPS Monopoles

To construct the embedded monopoles, we must take into account that the
generators T, of an SU(2) subgroup commute with the invariant component
of the Higgs field

— H C Mg = 7 a
¢(h) _ (h _ @) H, [T(i)7¢(h)] =0.

Thus, an embedded SU(2) monopole is defined as [87]:
Ap = ASTE, = TG +ve™ . (8.31)

The additional invariant term ¢ is added to the Higgs field to satisfy the
boundary conditions on the spatial asymptotic. In our basis of the simple
roots, we can write
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) Chy (100
B oW ==20 1 0|,
2v3\0 0 —2
L By (200
: == = -1 32
for o =1 (m+22) 0 10 ), (832)
1 0 0
= 1 ha
Bs : ¢<h>=<h1—) 0 -2 0
4 v3/\o 0 1

Clearly, the embedding (8.31) is very convenient for obtaining spherically
symmetric monopoles [515]. It is also helpful for examing the fields and low-
energy dynamics of the charge two BPS monopoles [295]. Depending on the
boundary conditions and pattern of the symmetry, some other ansétze can be
implemented to investigate static monopole solutions, such as, for example,
the harmonic map ansatz [294] that was used to construct non-Bogomol'nyi
SU(N) BPS monopoles.

In our consideration [467], which is not restricted to the case of BPS
limit, we shall consider ansétze for the Higgs field of a spherically symmetric
B; monopole configuration. Depending on the way of the SU(2)-embedding,
it can be taken® as a generalization of the the embedding (8.31)

—

Bii or) = ou(r)r® + LoD,

(8.33)
A =0; Ag=[1-K@®, A,=—sing[l - K(r)ry",
where 7 = 1,2,3, and we make use of the su(2) matrices 7'7@ = (T&)fa)a

Te(i) = (T&)éa) and 7'9(:) = (T&)¢a>. The diagonal matrices D@, which
define the embedding along the corresponding simple root, are just the SU(3)

hypercharge
2

V3

the SU(3) electric charge operator

1
pW=y="H,= 5 diag(1,1,-2) (8.34)

Y H.
DA =Q=T3+==H + 2

1.
5 573 diag(2,—-1,-1), (8.35)

6 The first of these ansiitze (in a different basis of the simple roots) was already
used in [142,341].
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and its conjugated operator
~ Yy 1
DB =Q=1%— 5 = g diag(1,-2,1).

The normalization of the ansétze (8.33) corresponds to the su(3)-norm of the
Higgs field |¢|? = &% + &3 for any embedding.

Inserting the ansatz (8.33) into the rescaled Lagrangian (8.3), we can
obtain the variational equations in terms of the profile functions:

K(K?-1)

= —PK =0,

0=0°K —
0 =20, K2 + 42y (P2 + D2 — 1) — r202Py — 20, D1,  (8.36)
0 = 4\r? Py (D} + B3 — 1) — r202Dy — 210, D5 .

Clearly, these equations are identical for any SU(2) embedding. However, the
boundary conditions that we have to impose on the Higgs field, depend on

the type of the embedding.
Let us consider the behavior of the scalar field of the configurations (8.33)

along the positive direction of the z-axis. We obtain

G o(r,0) =& Hy +$oHy = (h- H),
6=0

B o(r0)| = % {(\/§q52 — @) H, + (V3P + qBQ)HQ} = (h-H),
6=0

Bs: o(r0)| = % {(\/5@ + @) H + (V3P — qﬁz)Hg} = (h-H).
6=0

This yields the components of the vector h, which determines the nature of

the symmetry breaking.

The boundary conditions that we can impose on configurations, which
minimize the action (8.3) are of different types. First, the rescaled Higgs
potential vanishes on the spatial asymptotic, that is, as r — oo

o = &%+ 0% 1.

Second, the inner product of the vector h with all roots has to be non-negative
for any embedding. This yields
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—

Gi: (B-h)=0,>0,
o o V3 S JEERVE]

)= L 4 Y2 >0 )= L4 Yoh, >
(62 h) 2+2¢2_07 (ﬂ3 h) 2+2¢2_03
. o o b V3
Ba (ﬁ1'h)=—71+7¢2207
o . e, 3 (8.37)
(Be-h)= @120, (Fs-h) = + 59220,
- S o 7)) V3
B3 : (61'}1):71“‘7@220»
2 > P V3

= 220,20, (fh) =0 >0.

(B2 - h) 5 5

Third, the covariant derivatives of the Higgs field have to vanish at spatial
infinity, that is

. 3 _
Dy = ro, b1 + ga@gD(” —0,

Dy = (K — 1)y 7s? =0, (8.38)
Dy =sinf(K — 1)Kd17{) =0.

Finally, the solution has to be regular at the origin. The condition on the
short distance behavior implies

K(r)—1, &:(r)—0, 0,P5(r)—0,

as r — 0. The energy density also goes to 0 in this limit.

The solution of (8.36) becomes very simple in the BPS limit. Then the
third equation is decoupled and its solution, which is regular at the origin, is
just a constant @3 = C where C' € [0; 1]. The shape functions of the scalar and
gauge field are well-known rescaled Bogomol’'nyi solutions with a long-range
field &4

7,,/

K(r') = T D1(r') = /1 —C? cothr’ — % , (8.39)
where 1’ = rv/1 — C2,

For a non-zero scalar coupling A, the system of equations (8.36) may
be solved numerically for the range of values of vacuum expectation values
(P2)vac- According to the boundary conditions (8.37), the increasing constant
(P2)vac results in rotation of the vector h in the root space, as shown in
Fig. 8.5. However, for a single fundamental (3; monopole, (ﬁ . ﬁ,) > 0 if
(P2)vac > 1/2, and in this case (P2)yqac have to be restricted as (P2)yac €
[1/2;1], whereas for a configuration embedded along the composite root 53,
we have (P2)yac < 1/2 [467].
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Fig. 8.5. Domains of rotations of the vector h for fundamental and composite
SU(3) monopoles

The physical meaning of the third of the ansétze for the scalar field (8.33)
becomes clearer, if we note that on the spatial asymptotic this configuration
really corresponds to the Higgs field of two distinct fundamental monopoles,
(1,0) and (0,1), respectively. Indeed, outside of cores of these monopoles in
the Abelian gauge, the scalar field can be written as the superposition:

1 U1 0 0
o(r — o0) = vlT(?’l) + ngé) =3 0 vy —w 0 ,
0 0 —7V2

where the Higgs field of the 5, and (B> monopoles takes the vacuum expecta-
tion values vy, vo respectively.

Rotation of this configuration by the matrices of the SU(2) subgroup,
which is defined by the third composite root 53

cos g 0 sin ge_i‘f’
U = 0 1 0 ;
—sin geid’ 0 cos g
yields
1 3 -
U loU = Sl + vo] 73 + Sl — 2@ (8.40)

Up to the obvious reparameterization of the shape functions of the scalar
field

) — % [FL(r) 4+ Fo(r)], &y — ? [Fi(r) — Fy(r)] (8.41)

where the functions Fi, Fb have the vacuum expectation values vy, vs, re-
spectively, the configuration (8.41) precisely corresponds to the third of the
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ansétze (8.33). Because the su(3)-norm of the scalar field is set to be unity,
the vacuum values must satisfy the condition v? + v3 — vive = v.

Moreover, the reparameterization (8.41) allows us to write the scalar field
of the (3 monopole along positive direction of the z-axis as

—

B3 ¢(r— 00,0) = ("Ulf%) H1+£”U2H2

2
= (0151 +0252)'ﬁ: (ﬁﬁ) )

0=0

and we conclude that the asymptotic values v; and vy are the coefficients
of the expansion of the vector h in the basis of the simple roots and on the
spatial asymptotic, the fields Fy (El .FT) and Fg(ﬁg . ﬁ) can be identified with
the Higgs fields of the first and second fundamental monopoles, respectively.

Thus, the embedding along the composite simple root 53 gives two fun-
damental monopoles, which in the case of maximal symmetry breaking, are
charged with respect to different U(1) subgroups and are on top of each other.
The configuration with minimal energy corresponds to the boundary condi-
tion (@1)pae = 1, (P2)vac = 0. We can interpret it by making use of (8.41), as
two identical monopoles of the same mass. This degeneration is lifted as the
value of the constant solution @, = C increases, the vector of the Higgs field
h smoothly rotates in the root space and the boundary conditions begin to
vary.

According to the parameterization (8.41), increasing of (P2)yq. results in
the splitting of the vacuum values of the scalar fields of the first and second
fundamental monopoles; the f;-monopole is becoming heavier than the (o-
monopole. The maximal vacuum expectation value of the second component
of the Higgs field of the S3-monopole is (P2)yee = 1/2 or vy = v1/2. This
is a border value which, according to (8.37), separates the composite fs-
monopole from a single fundamental §;-monopole, for which (i_i . 51) > 0if
((152)1)(10 Z 1/2

As (P2)yac varies from (P2)ypac = 1/2 to (DP2)yac = 1, the vector h rotates
clockwise for the G2-monopole and anti-clockwise for the §;-monopole within
the same domain of the root space (Fig. 8.5, left). The configuration smoothly
moves to the limit ($2)y4. = 1 when the vector h becomes orthogonal to one
of the simple roots. The numerical solution of the system of equations (8.36)
is displayed in Figs. 8.6, and 8.7.

Let us consider the behavior of a single fundamental monopole solution as
the vacuum expectation value (P3),q. approaches this limit [341,467]. Then,
the “hedgehog” component (®2),q. tends to vanish and the monopole core
spreads out as (Pa)yqc is approaches the limit C = 1. This is the case of
minimal symmetry breaking.
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Single fundamental monopole: ®,(r) at A=1

Single fundamental monopole: ®,(r) at A=1
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Fig. 8.6. Structure functions of the Higgs field components @1 (r) and P2(r) of the
single fundamental monopole with different vacuum expectation values (92)vyqc = C
at A=1

SU(3) — U(2): Minimal Symmetry Breaking

Let us analyze what happens if the scalar ﬁeld_,bec_’omes orthogonal to one of
the simple roots. Suppose, for example, that h - 5 = 0, that is, h = (0, 1).
Then, as 7 — o0,
v 1 0 0
¢p—¢o=vHy=—2(0 1 0 |. (8.42)
23\ o o0 -2
As we have already mentioned, in this case, two eigenvalues of the mass
matrix coincide. Clearly, the mass matrix then commutes with the generators
of SU(2) subalgebra T4, which correspond to the 5; simple root and mixes
the degenerated eigenvalues of ¢g:
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Single fundamental monopole: K (r) at A=1
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Fig. 8.7. Structure function of the gauge field K(r) of the single fundamental
monopole for different vacuum expectation values (®2)pee = C at A =1

[$0, T}y = 0. (8.43)

Furthermore, there is the U(1) invariant subgroup. Indeed, the diagonal ma-
trix ¢g (8.42), as before, commutes with the electric charge operator Q.

Let us comment on the last statement. Recall that the electromagnetic
subgroup of SU(3) is not just one of the Abelian subgroups generated by the
elements of Cartan subalgebra H. The electric charge operator @ is defined
by (8.35) as Q = Hy + Ho/v/3 = diag(2/3,—1/3,—1/3) and the eigenvalues
of the matrix @ correspond to the electric charges of the fundamental SU(3)
triplet (quarks). Thus, the electromagnetic subgroup of spontaneously broken
SU(N) theory is compact. Indeed, the elements of this subgroup are given
by U = €*?, and there are two points of the group manifold parameterized
by the angles a and o + 27N, where N = 3, which are identical”.

However it would be not correct to conclude that the invariant subgroup
H of the minimally broken SU(3) model is a direct product SU(2) x U(1).
This is correct only with respect to the local structure of H, because the

" There is a principal difference between the SU(3) gauge theory and the SU(2) x

U(1) unified model of electroweak interaction. In the latter, the electric charge
operator is defined as a linear combination

Qew = sin Oy T? + cosOwY, sin? Oy = 0.230,

i.e., the electromagnetic subgroup of the Standard Model is non-compact. There-
fore, there is no topologically stable monopole solution within electroweak theory.
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transformation of the electromagnetic U(1) subgroup generated by the elec-
tric charge operator contains the elements of the center Zo = [—1,1] of the
SU(2) subgroup:

4 1 0 0
ST =10 -1 0
0 0 -1

Hence, the group of residual symmetry of the vacuum is H = SU(2) x
U(1)/Zy =~ U(2), and there are two different classes of the topologically
non-trivial paths in H: the closed contours that encircle the U(1) subgroup
of H and the loops, which are traveling from the identity to the element of
center Zo through the U(1) subgroup, and back to the identity through the
SU(2) subgroup [55]. The monopoles with a minimal U (1) magnetic charge
correspond to the contour travel only half-way around the U(1) subgroup,
from the identity to the unit element of the center of SU(2). Such a monopole
has a non-Abelian Zy charge, as well as a non-Abelian SU(2) charge [55].
Thus, unlike (8.27), the second homotopy group for minimal symmetry

breaking is
SU@)Y _
= (Tw) -2

and there is only one topological charge. Indeed, for given orientation of the
Higgs field in the simple root basis, the topological charge, which is defined
by formula (8.28), becomes

L »  4rm >, 2\ 7 41 /3
G:g~h:—(n151+ngﬁz)~h:n2—7.

Thus, only the integer ng, which corresponds to the non-orthogonal to
the vector h simple root Bg, is associated with the topological charge G [488].

As was pointed out by E. Weinberg, one can understand the origin of
this reduction by taking into account the residual gauge freedom, which still
exists within the chosen Cartan subalgebra H. The point is that the vector
magnetic charge g is defined up to a transformation from the Weyl subgroup,
which does not take the vacuum ¢¢ out of the Cartan subgroup [514]. In the
case of maximal SU(3) symmetry breaking to H = U(1) x U(1), there is
just one fixed basis of simple roots given by the vector h and both integers
ny,ng are topological charges (8.25). If the symmetry is broken minimally
to H = SU(2) x U(1), the condition that requires the inner product of the
simple roots with h to be positive, does not uniquely determine the basis of
the roots. There are two possible sets related by the Weyl reflection of the root
diagram that result from the global gauge transformatlons of the unbroken
SU (2) subgroup. In the case under consideration, his orthogonal to 51 and we
can choose between two possibilities: (31, 82) and (3], 35) = (=51, B1 + Ba).

In the alternative self-dual basis, the vector magnetic charge reads

4 - .
g= 2 (i +mah) . (8.44)
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where n] = ny — ny; nhy = ng. Therefore, only the invariant component of
the vector magnetic charge Tr(g- ﬁqbo) = 4mvngy/e, labeled by the integer no,
has a topological interpretation. Values of another integer ny =0 or ny = 1
are related to two possible orientations in the root space, which correspond
to the two choices of the basis, or the two possible ways to embed the SU(2)
subgroup that we described above [514].

Indeed, in the case of minimal symmetry breaking, the magnetic charge
g=g- H is no longer invariant under the transformation generated by the
elements of the unbroken U(2) subgroup. The explicit form of this transfor-
mation is given by the matrix R (see (8.20)). Such a transformation defines
the so-called magnetic orbit of the charge G [89,387]. An arbitrary point of
the orbit could be obtained by the transformation

V3

- 4
g—Rg-HR™ === [nQZHQ (=) RTwt | (s49)

where the components of the non-Abelian magnetic charge are connected
with the unit vector

7, = (sin @ cos @, sin 0 sin ¢, cos p) ,

which defines a sphere S? in the group space of SU(3).

The magnetic orbit on the group space travels through the Cartan sub-
algebra in two different points, which are connected by the Weyl reflection.
For the given topological charge ns, each orbit is characterized by the radius
|n1 — no/2| [89]. According to the general terminology we described above,
a pair of integers ni,no — n1 have to be connected with magnetic weights®.
Configurations with a holomorphic charge [n1] = 0 correspond to a simple
embedding of a SU(2) monopole configuration with an arbitrary topological
charge ng into the SU(3) group [510]. Nontrivial, spherically symmetrical
solutions with n; # 0 were considered in [88,229,348, 349,509, 526].

Thus, in the case under consideration, the fundamental monopoles are
the states labeled by topological charge ne = 0,1 and a holomorphic charge
[nl] e 7.

Finally, let us briefly comment on the statement we made at the beginning
of this chapter (cf. (8.1) and (8.2)), concerning the possible contribution of a
non-Abelian magnetic charge of a monopole to the charge quantization con-
dition. Indeed, the first term in (8.45) corresponds to the topological charge,
which is quantizable according to the charge quantization condition, whereas
the second term may be associated with a non-Abelian charge of the mono-
pole. However, this interpretation is not quite clear due to some ambiguities,
which we discuss below.

8 The integer n1 is also called a holomorphic charge [387]. To distinguish it from
a topological charge, the notation in square brackets is used. For example, a
state with a unit topological charge and a unit holomorphic charge is labeled as

(1, [1]).
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8.2 Massive and Massless Monopoles

The question as to what could be the physical meaning of the components
of the non-Abelian magnetic charge, which are abundant at non-maximal
symmetry breaking, has been discussed for years. We refer the reader to the
papers [89,138,387]. Rather convincing seems to be the argument that there
is no topological restriction that forbids decay of an arbitrary configuration
into the state with minimal energy, that is, with a minimal possible value of
the non-Abelian magnetic charge [43,138].

However, in the BPS limit this argument is no longer valid, because all the
states, including the states with non-Abelian magnetic charge, correspond to
the same absolute minimum of energy. Thus, we have to understand what
happens with a massive state in the limiting case of minimal symmetry break-
ing.

Let us return to the SU(3) model. We argued above that there are two
different monopoles corresponding to the two simple roots 51 and 52, respec-
tively. However, it follows from the Bogomol'nyi bound (8.29) that only one
configuration with a non-zero topological charge ny, remains massive in the
minimal symmetry breaking case (ﬁ . ﬁl =0):

47rv e - V3 4o
M:T(nlﬂl-h—}—nzﬁz’h) =M2:n277~ (8.46)

Another monopole turns out to be massless:

This agrees with the results of our numerical calculations above; a single
isolated fundamental monopole spreads out in space, its core radius increases
as vector approaches the limit where it becomes orthogonal to one of the
simple roots (see Fig 8.7). The mass of such an “inflated” monopole decreases
and tends to zero.

However, the pattern of symmetry breaking becomes more complicated
for a B3-monopole, which is a composite state of two fundamental monopoles
on top of each other [467]. Recall that the idea is to treat minimal SU(3)
symmetry breaking as a special case of maximal symmetry breaking, i.e.,
to analyse the rotation of the vector h in the root space. Indeed, it yields
the splitting of the fundamental monopole masses as (P2 )yq. increases. One
would expect that in the limiting case of minimal symmetry breaking, the
(B2 monopole is becoming massless, that is, in that limit the vacuum value of
the field F3 should vanish, v — 0. However, two monopoles are overlapped
and the presence of the massive monopole changes the situation. Indeed, the
symmetry outside the core of the $;-monopole is broken down to U (1), which
also changes the pattern of the symmetry breaking by the scalar field of the
second monopole. One can see that the vector h becomes orthogonal to the
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simple root 52, when (®1)pae = V3/2, (P2)vae = 1/2, or vo = v1/2. Going
back to (8.42), we can see that, in this case on the spatial asymptotic the
scalar field along the z-axis is

b —o0,0)|  =5nQ,

0=0

where @ is the electric charge matrix (8.35). Thus, the symmetry is still
maximally broken and both monopoles are massive.

Equatlon (8.42) indicates that the symmetry is minimally broken if the
vector h becomes orthogonal to the simple root ﬁl and v; = vy/2. Then,
the eigenvalues of the scalar field are the same as Hs, that is, the unbroken
symmetry group is really U(2). However, for the third composite root, such a
situation corresponds to the negative value of the inner product (f_i . 52) and
it has to be excluded. Thus, the maximal value of the second component of
the Higgs field of the f3-monopole is (P2)yqc = 1/2.

This conclusion allows us to understand what happens if we consider two
distinct fundamental monopoles well-separated by a distance Ry > R.. As
the vector h approaches to the direction orthogonal to either of the sim-
ple roots, the core of the corresponding monopole tends to expand until its
characteristic size approaches the scale of Rg [344,352]. At this stage, this
monopole loses its identity as a localized field configuration. We have seen
that, if this monopole were isolated, it would spread out and disappear, dis-
solving into the topologically trivial sector. However, as its core overlaps with
the second massive monopole, it ceases to expand [185,186, 295, 354].

Because at this stage the topological charge is resolved, this state is no
longer a topological soliton. E. Weinberg [344, 517] suggested that such a
configuration be interpreted as a “non-Abelian cloud” of characteristic size
Ry, surrounding the massive monopole. The Coulomb magnetic field inside
this cloud includes components that correspond to both Abelian and non-
Abelian charges. However, on distances larger than Ry, only the Abelian
component is presented. The zero modes, which correspond to the massless
monopole, are transformed into the parameters of the non-Abelian global
orientation and the parameter characterizing the radii of these clouds [295].

This situation leads to some modification of the Montonen—Olive conjec-
ture. If the symmetry is maximally broken the formal difference from the
situation that we discussed in Sect. 8.1.3 is that the spectrum of the states
is redoubled: there are two self-dual massless photons corresponding to the
two simple roots and two monopoles forming the dual pairs of massive mono-
poles and vector bosons, one for each simple root: (Mg, = Ag,). In the case
of minimal symmetry breaking, the state dual to a massless monopole has
to be a gauge boson with mass zero. If the symmetry is broken down to the
subgroup SU(3), we could say that such a massless monopole are states dual
to gluons.
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Because these massless monopoles are not connected with any topological
charges, there is the problem of interpretation of such a state, or, generally
speaking, the problem of interpretation of the magnetic weights. The answer
can be obtained similarly to the case of maximal symmetry breaking, by
analysis of the spectrum of the fluctuations on this background [513-515].
However, in this way, we have to confront some trouble connected with the
problem of the definition of the global non-Abelian gauge transformations
[62,106,396-398].

8.2.1 Pathologies of Non-Abelian Gauge Transformations

Let us recall that in the SU(2) model with the unbroken Abelian subgroup,
the gauge zero mode appears as a result of a time-dependent gauge trans-
formation, which generates an electric charge of the configuration. In other
words, an excitation of the Abelian gauge zero mode transforms a monopole
into a dyon (see the related discussion in Sect. 5.2.1 above).

A naive generalization of the result for the case of the unbroken non-
Abelian subgroup is that there are corresponding time-dependent gauge
transformations that generate some set of non-Abelian zero modes. The exci-
tation of these modes would transform a monopole into a non-Abelian dyon
and it appears plausible that, in the case of minimal symmetry breaking, a
configuration can possess both a non-Abelian magnetic and a non-Abelian
electric charge.

However, this conclusion is not quite correct, because some of these
non-Abelian gauge zero modes turn out to be non-normalizable excitations
[62,396]. The reason is that a global non-Abelian gauge transformation in
principle cannot be well-defined in the presence of a monopole [106,397,398].

To see this, let us consider the above example minimal symmetry breaking
of the SU(3) model. For the sake of simplicity, we take the vector h to be
orthogonal to the simple root 51 once again. The vacuum expectation value
of the Higgs field ¢y (8.42) is proportional to the element of the Cartan
subalgebra Hy and commutes with the generators of the SU(2) subalgebra
T(@“l)7 as well as with the second generator of the Cartan subalgebra Hj.

Note that there is a transformation given by the matrices R (8.20) of the
unbroken U(2) subgroup, which rotates the vacuum ¢g from a singular to the
“hedgehog” gauge [397]:

2 0
— R¢yR'=-L - . 8.47
¢0 SU®G) (bO \/g (0 30.ka _ 1) ( )

This is a generalization of the vacuum asymptotic of SU(2) model that we

discussed in Chap. 5:
v

SU—>(2) §O'k’f'k .
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The diagonal operators T(31) and H,, which commute with ¢q, transform
in the same way:

1/2 0
3 3 p-1_
1/2 0
-1 _ +
By = RIVE =7 (0 3akfk—1> '

Clearly, these matrices are regular on the sphere 52 given by the unit vector
7. The problem is that there are two other SU(2) generators, which commute
with ¢g, but do not have such a property. Indeed, for example, rotation of
the generator T(ll) to the “hedgehog” gauge yields

1 0 cos(0/2)  sin(6/2)e” ¥
Thy — RTHR™ == | cos(6/2) 0 0 . (8.49)
sin(6/2)et? 0 0

Evidently, this matrix possesses a singularity at the south pole:
T+ 1y

sin(f/2)e™ = ——2_
( / ) 2(]_ +Z) cos —m

We may check in a similar way that in the spherical gauge, the generator
T(21) is not regular at the north pole. More generally, it is impossible to define
a regular global gauge transformation that is generated by the non-diagonal
operators Ty and T7).

An outline of the proof of this statement is rather simple [55, 63, 397].
Note that on the spatial asymptotic S?, we can neglect all fields but those
that are related to the unbroken symmetry subgroup. Then, we may make
use of some generalization of the Wu—Yang formalism once again, i.e., we can
cover the sphere S? by two hemispheres S? = RY U R®. Both on the north
and on the south hemispheres smooth functions )5 and g (the section of
the bundle) are defined, which are connected on the equator S* = RN N R®
(the overlap region) by the transition functions U(y):

YN (0 =7/2,0) = U(p)ps(0 = m/2,0)U " (p). (8.50)

Thus, the gauge transformation U(p) relates the sections of the bundle
and defines a closed contour on the group space. Indeed, we may write
U(p) = exp{iQep}, where Q is the electric charge generator (8.35) and the
identification of the points ¢ and ¢ + 27N is supposed. The map of this loop
on the equator defines the first homotopy group, which yields the magnetic
charge of the non-Abelian monopole.

The local gauge transformations defined within each of the hemispheres
have to be consistent with the compatibility condition (8.50), that is,

wN(gaQD) - UN(QP)Q/}N(GNP)UI\;l(QP) ) as 0< 0 < 7T/27
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¥s(0,0) = Us(p)¥s(0,9)Us ' (9), as 7/2<6<m,
Un(0=7/2,0) = U(p)Us(0 = 7/2,0)U () - (8.51)

To define a gauge transformation on the sphere S2 globally, the algebra
of generators T of unbroken symmetry subgroup H must be independent
of the angular variables 6, ¢ up to an inner authomorphism, which preserves
the Lie algebra of H:

TR0, 0) = gn(0,0)T g5 (0, 0), as 0<6<m/2,
T&(0,¢) = gs(0,0)T g5 (0, ), as m/2<60<T,

where g € H. The compatibility condition (8.50) means that

T (0 =7/2,0) = U(p)T§(0 = m/2,0)U " (),

or

T* = g5 (7/2,0)U()gs(n/2, )T g5 (7/2,0)U~ (@)gn (7/2, )
= 2T (8.52)

Therefore, the transformation 2y = gy (7/2,9)U(¢)gs(7/2,¢) defines a
trivial authomprphism that is an element of the center of H. Recall that in
the case under consideration, H = U(2) ~ SU(2) x U(1)/Z2 and the center
consists of two elements® 2y = [—1,1]. Thus, the gauge function that defines
the first fundamental homotopy group is

Up) = gn (0 =7/2,0) 095" (0 =7/2,0).

Now we can see that, if the angle 6 varies from 0 = /2 (equator) to
6§ = 0 or § = 7w (north and south poles of the sphere, respectively), the
closed contour on the group space can be continuously deformed to a point,
that is, the corresponding winding number is zero. This means that in the
theory with non-Abelian monopoles, the global gauge transformations are ill-
defined in general. The only exception is the trivial case when the function
U(yp) = exp{iQy} is homotopically equivalent to the zero element [397]. This
condition can be satisfied for an arbitrary charge matrix @, if the charge
quantization condition is fulfilled and the transition function U(y) maps an
even number of loops on the group space, while the azimuthal variable ¢ on
the equator S* varies from 0 to 27. In other words, the generators of the U(2)
invariant subgroup, which commute with the vacuum of the Higgs field, can
be defined globally only if the topological charge of the configuration takes
even values.

On the other hand, it is impossible to define normalizable zero modes
which would correspond to the generators of the non-Abelian subgroup that

9 Of course, this argumentation could be easily applied to an arbitrary semi-simple
group.
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do not commute with the vector magnetic charge g = § -H. The reason is that
such a fluctuation of the fields is not compatible with the restrictions imposed
by the Gauss law [62,398]. This contradiction can be removed by introducing
an additional constraint on the vector magnetic charge to be parallel to the
scalar field: .

g-8i=0, (8.53)

for all simple roots orthogonal to h. The physical meaning of this constraint
is that all long-range forces are restricted to be Abelian.
In our basis of simple SU(3) roots, the constraint (8.53) yields

nl—n2/2:O.

Thus, the simplest non-pathological configuration with a non-zero holomor-
phic charge [n1] = 1 consists of two massive monopoles.

Thus, we conclude that we have the famous “no go theorem”, which states
that there are no colored dyons [106,397,398]. However, this theorem does
not exclude another possibility, namely that we can consider the dual non-
Abelian Lie group G* as a gauge group of the configuration. Then there could
be non-Abelian monopoles that transform according to some representation
of the dual group [89,90,334].

8.3 SU(3) Monopole Moduli Space

The conclusion that the multimonopole configurations appear in a rather
natural way in a model with the gauge group rank greater than one caused a
special interest in the investigation of the moduli space of these monopoles.

Let us recall that the idea of the moduli space approximation is to truncate
the infinite-dimensional configuration space of a system to the subspace of
n collective coordinates involving the final number of degrees of freedom.
The low-energy dynamics of the configuration is then described as a geodesic
motion of a point particle on this moduli space.

A straight way to construct a moduli space metric is to analyze the zero
modes around of the full family of solutions for a given magnetic charge. This
metric describes the low-energy interaction between the monopoles. However,
in some cases, an explicit solution is not available. Then we can invert this
logic, namely we can try to make use of the knowledge of low-energy dynamics
to restore, at least asymptotically, the moduli space metric.

To contract the metric on SU(3) moduli space, we make use of an analogy
with the discussion of Sect. 6.3.3, where we considered the classical Lagran-
gian of point-like well-separated SU(2) dyons. Again, we imply a naive picture
of the classical interaction of two fundamental monopoles, which are obtained
by embedding of the single SU(2) monopole configuration along the compos-
ite root 31 + ﬁg. However, since these monopoles are charged with respect to
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different Abelian subgroups, the character of interaction between the SU(3)
BPS monopoles depends on the type of embedding [346]. This is also correct
for the non-BPS extension [467].

Indeed, then there is only a long-range electromagnetic field that me-
diates the interaction between two widely separated non-BPS monopoles,
that is, they are considered as classical point-like particles with magnetic
charges g; = g - H= ﬁl H. For a non-zero scalar coupling A, the contribu-
tion of the scalar field is exponentially suppressed. The energy of the elec-
tromagnetic interaction then originates from the kinetic term of the gauge
field ~ Tr F,, F* in the Lagrangian (8.3). Therefore, an additional factor
Te[(G; - ﬁ)(ﬁj CH) = (G- ,63) appears in the formula for the energy of elec-
tromagnetic interaction. In the case under consideration, (ﬁl . 52) = —-1/2,
while (/6_’; . ﬁ_;) = 1. This corresponds to the attraction of two different funda-
mental SU(3) monopoles and repulsion of two monopoles of the same SU(2)
subalgebra due to the non-trivial group structure. The energy of interaction
between the 51 and Eg monopoles is then:

(ryrs)

‘/int:_ 33
Tira

We can check this conclusion by making use of an analogy with the classi-
cal electrodynamics of point-like charges. Let us suppose that both monopoles
are located on the z-axis at the points (0,0, £R).

The electromagnetic field of this configuration can be calculated in the
Abelian gauge, where the gauge field becomes additive [76]. If the mono-
poles are embedded along the same simple root, say 51, we can write the
components of the gauge field as

ey o
A=Ay =0, Acp2(1—5-00891)%—5-(14-00892)%. (8.54)

Simple calculation yields the components of the electromagnetic field strength
tensor

(1) (1)
1o 1o
S _ .2 3 3
F.9=0; F,, =rRsin”0 (T:f 5 —Tg 5 ) ,
(8.55)

T—Rcosﬁil)_i_ T-i—RCOSQil)
r3 2 rs 2 ’

2
Fy, = rsm@( 3 3

where 71, 79 are the distances of the point r to the points at which monopoles
are placed. The field energy becomes

1 1
E=Tr (| ——-F? + ———F} )
(r2 sin20 " priginZg

8.56
CLf(mY () 2 52
2|\ rd rs rirs |’
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that is, the potential energy of the electromagnetic interaction of two 3
monopoles is repulsive. However, for a (3 configuration with vector charge
g = (1,1), the components of the gauge fields are

e e
A=Ay =0; Aq,:(1+cos91)%+(1+cos92)%, (8.57)

and, because Tr (oél)aéz)) = —1, the field energy is

o L) () ) (8.58)
2 [\ 3 r3ry |’ '

that is the 51 and ﬁg monopoles attract each other with a half-force compared
to the case of the repulsion of two 61 monopoles.

Let us now consider the BPS monopoles. To derive the metric on the
SU(3) moduli space, we shall analyze the situation in more detail [239].
Again, suppose that there are two fundamental monopoles at the points
r;, i = 1,2, separated by a large distance r. The idea is to exploit an anal-
ogy with a classical picture of the non-relativistic interaction between two
point-like charges, moving with small velocities v;. Thus, we consider a clas-
sic, long-range interaction between two particles with magnetic charges g1, g>
associated with the corresponding simple roots,

gi= (G H)=""(5, H). (359
Because we considering the fundamental monopoles, the charge quantization
condition yields g1 = go = g = 47 /e.

Recall that some of the collective coordinates of the multi-monopole sys-
tem correspond to the dyonic degrees of freedom. These excitations shall
transform a monopole into a dyon (see Sect. 6.5.1). Other collective coordi-
nates correspond to the spatial translations of the configuration. We make
an assumption that the electric charges of the dyons are also vectors in the
root space, that is [346],

Qi=q(G:-H). (8.60)

Thus, the potential of interaction of two identical dyons remains proportional
to the inner product (5; - 3;), as in the case of a purely magnetically charged
configuration.

The canonical momentum of one of the dyons, which is moving in the
external field of another static dyon, is given by

P=Mv,+qA+gA, (8.61)

where the vector potentials of the electromagnetic field generated by the
static dyon are
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A:g2a7 ;&quQaa

and we again make use of the definition a of the rescaled Dirac potential (see
(6.53)) :
[V xa]=r/r®=-V(1/r).

Thus, far away from each of the dyons their electric and magnetic fields are

; —T; N e
B0 =g~ = (G, H)m
g Ir —r;|3 e < )|r—ri\3
ED =, Y _ (F Bt 62
Q |r—ri|3 q(ﬁ )|I'—I‘i|37 (86 )
which correspond to the scalar potentials
. 3. . f s 3. .
AP =GB g _ B H)
|I‘*I'1'| ‘I'*I‘i|

In the evaluation of the energy of interaction between the two fundamental
monopoles considered above, we take into account only the electromagnetic
part and neglect the contribution of scalar fields. However, in the BPS limit,
the Higgs field also becomes long-ranged and the mass of the dyon is defined

N M = (B Br) \Ja? + g2 (8.63)

which is a generalization of (8.29). However, this formula is only correct for
a single isolated dyon.

An external field of another dyon modifies the Coulomb-like tail of the
scalar field (cf. (8.10)) as

Lo 5, - H
¢i =vh-H —\/q? + g*\/1 —V? (lf_r_?. (8.64)

As in the previous consideration of Sect. 6.3.3, we neglect here the differ-
ence between the masses of the monopole and the dyon, i.e., we assume for
simplicity that both the velocities and the electric charges of the dyons are
relatively small.

We also have to take into account the Coulomb-like potential associated
with the dilatonic charge of the Higgs field, which is similar to the minimal

SU(2) model:
=B B)a? + 97 (8.65)

The long-range tail of the Higgs field yields some distortion of the vacuum
expectation value of the scalar field in the neighborhood of another monopole
(see (8.64)). As a result, the size of its core is increasing a bit, whereas the
mass is decreasing:
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M—>M—w\/l—vg\/(qf+92)(qg+92)~ (8.66)

To sum up, the formal difference from the calculations we presented in
Sect. 6.3.3 consists in an additional factor A = —2(31 -[?2), which appears as a
coefficient at all terms of interactions. Thus, by making use of simple analogy
with (6.59), we can immediately write the Lagrangian of relative motion of
two widely separated SU(3) BPS dyons of the same mass'® M as [346]:

1 )\2 2 by
L:4(M+f> (f.f—cjz)—Qng-a, (8.67)

where a relative charge of the pair of dyons is @ = |¢1 — ¢2| and the relative
position is defined by the vector r =r; — rs.

Recall that in the SU(2) theory, the relative electric charge is connected
with the gauge cyclic collective coordinate 7°(¢), which parameterizes the U(1)
subgroup. In the case of the SU(3) model, the electric charges ¢; and ¢y are
related to two different U(1) subgroups, which can be parameterized by two
cyclic variables, the angles a; and as, respectively. Then we may interpret
the charges q1, g2 as conserved momenta conjugated to these variables. In the
basis of a self-dual simple root that we are using, the period of the variables
«; is T = 2me for both subgroups. The relative phase T = a; — s is a variable
conjugated to the relative charge Q.

The moduli space Lagrangian of relative motion must be written in
terms of the generalized velocities. Thus, by analogy with our discussion
in Sect. 6.3.3, we perform the Legendre transformation

L(r,7)=L(r,Q) + gQT.'7

where
2 g3

Q= m (T +(B1-B2) (a- r)) . (8.68)
Thus, we finally obtain the transformed Lagrangian of the relative motion of
two widely separated SU(3) dyons [239,346],

1 A2\ .. gt A RS

As before, this expression does not depend explicitly on the collective
coordinate 7. This means that the corresponding equation of motion is just
the condition of conservation of the relative electric charge (8.68), rather than
a dynamical equation.

From this form of the Lagrangian (8.69), we can read the asymptotic
metric for the moduli space of two widely separated SU(3) BPS monopoles

10 Of course, one may make use of the reduced mass M = (M1 + Mz) /M1 M,, where
M, My are the masses of the dyons.
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2\ 2
)\92 (ﬁ) . 2
= (14 30 ) % S (4 + - A o) 70

Mr

that is, the metric of Taub-NUT space with the length parameter Ag?/M.

The principal difference from the asymptotic metric, which describes two
SU(2) dyons, is that the parameter A remains negative only if both of these
fundamental monopoles correspond to the same simple root. We can expect
this, because in this case, there are two widely separated SU(2) monopoles,
and the corresponding moduli space is described by the singular Taub-NUT
metric (6.64). However, we have seen that, if these two monopoles correspond
to the different simple roots, 5 and 3s, we have [346]:

A= =2(f1 - fo) = =2[(1,0) - (—1/2,V3/2)] = 1.

Note that the conservation of both the total and relative electric charges
results from the conservation of the individual electric charges ¢, g2 of each
monopole. This yields a U(1) symmetry of the metric of relative motion,
which is not a symmetry of the Atiyah—Hitchin metric (6.143), where relative
charge, in general, is not an integral of motion. This symmetry simplifies the
low-energy dynamics of two distinct SU(3) monopoles; there is no right-angle
scattering, but bounce trajectory in a head-on collision.

A generalization to the case of arbitrary numbers of interacting dyons is
rather obvious [346]. Each BPS dyon is associated with a simple root ﬁn and
possess electric and magnetic charges g;, @; defined as by (8.59) and (8.60),
respectively. Moreover, they also have a dilatonic charge Q%) given by (8.65)
and all the long-range forces are proportional to the inner product of the
corresponding simple roots. Thus, we may write the Lagrangian of relative
motion of a system of N well-separated BPS dyons as

1 4 , )

(8.71)
where n,m € [1, N], the mass'! of an n-th dyon M,, is defined according to
(8.63) and the matrix M,,,, which has the physical meaning of a reduced
mass matrix, is defined as

1

My, = M, — Z 92(62 62) ’ Mym = 92(62 . 6;%) : (8'72)
k

Here the electromagnetic piece of interaction between these widely separated
monopoles is given by the superposition of the Dirac potentials a,,

' As before we neglect the difference between the mass of a monopole and that of
a dyon.
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Wnn = Z(ﬂ: . ﬂ:) Ank, an = _(ﬁ:; ' ﬂ;kn) Anm -
k#n

1
[ty — 1] .

Let us consider the example of a SU(3) configuration consisting of three
monopoles with different masses and topological charges (2,1) in the case of
maximal symmetry breaking. With our choice of the simple root basis 31, G2
given by (8.15), the corresponding mass matrix can then be written as [285]

For each individual potential we have [V x a,;] =V

2 2 2 2
_ 9 g 9 __9
M, T12 + 2713 T12 2r13
2 2 2 2
M. = 9 _ 9 g _ 9
mmn T12 M2 T12 + 2793 2ro3
2 2 2 2
_ 9 __9 . g9 g
27’13 27”13 M‘S + 27’13 + 27’23

Some approximations can be imposed to this system to investigate limiting
cases. For example, if one of the monopoles is very heavy, say Mz > M; ~
Mo, its position in the frame of the center of the mass of two other monopoles
is fixed. Then, the Taub-NUT metric, which is singular in the limit r15 = 0,
could be recovered from (8.71) [285].

There is very convincing argumentation in support of the conclusion that
the asymptotic metric is exact, if all the interacting monopoles are associ-
ated with different roots [122,175,231,345,518,519]. In the above example,
this condition if not satisfied and, when two monopoles that are associated
with the same simple root, approach each other, the moduli space metric
(8.70) develops a singularity. Generally, at small monopole separation we
have to take into account the interaction connected with the short-range
non-Abelian fields inside of monopoles. This interaction could modify the
Lagrangian (8.71).

Obviously, the complete information about the geometry of the moduli
space is much more important than the asymptotic metric of the system of
widely separated monopoles. There is some difference from the case of the
moduli space of SU(2) monopoles, which can be seen, if we consider the
particular case of two distinct interacting SU(3) monopoles.

Clearly, such a moduli space is eight-dimensional and it contains a three-
dimensional center-of-mass subspace R? spanned by the translation collective

coordinates
N M11‘1 —+ M2r2

My + M,

However, in general, the moduli space of a higher rank gauge group does not
factorize onto a circle S*, since for the distinct fundamental SU (3) monopoles,
the total electric charge of the configuration is not associated with a periodic
collective coordinate.

Indeed, in the case under consideration, the total charge is defined as a
linear combination

R
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_ Miq1 + Mage 7 (8.73)
My + My

where ¢1,q2 denote the quantized electric charges associated with two dif-
ferent U(1) subgroups. Thus, the relative charge @ = |¢1 — ¢2| is quantized,
but the total charge (8.73) is not quantized, unless the ratio M7 /Ms is ratio-
nal [231,345].

Thus, the collective variable v, which is conjugated to the total charge
g, is defined on the R' subspace. Then the moduli space of two distinct
fundamental monopoles is of the form [231,345]

L=}

R! XMO

=R3
M X Z ,

where My is the relative moduli space parameterized by the relative positions
and phases. The Z factoring over the infinite discrete group appears due to
an identification on gauge variables v and 7", which correspond to the total
and relative charges ¢ and @, respectively [345]. In general, it is a discrete
subgroup of the isometry group of R! x M.

It has been shown that for two distinct fundamental monopoles, the four-
dimensional subspace of relative motion My is a Taub-NUT manifold with
a positive length parameter. In general, the properties and dimension of the
manifold Mg essentially depend on the character of the long-range fields. The
simplest case is the maximal symmetry breaking [162]. Then the monopole
vector charge is g = (1,1) and we have the system of two separated SU(2)
monopoles, which we discussed above in Chap. 6. Its relative moduli space
M(()l’l) is four-dimensional and the moduli space metric must be hyperkéhler,
thus its geometry is shown to be smooth Taub-NUT space [175,231, 345].

The situation is more complicated in the case of minimal symmetry break-
ing, due to two different possibilities that correspond to the holomorphic
charges [0] and [1], respectively.

A two-monopole configuration with the magnetic charge g = (2,[0]) can
be constructed by simple embedding of the charge two axially symmetric
SU(2) monopole into the SU(3) theory. The corresponding moduli space
/\/182’[0]) is the charge 2 SU(2) monopole moduli space fibred over S2. The fac-

tor S2 here corresponds to the unbroken SU(2) subgroup, thus, the Mé27[0})
is a six-dimensional manifold. However in this case, there are long-range non-
Abelian magnetic fields associated with the unbroken SU(2) subgroup and
the global gauge transformations are ill-defined

If the holomorphic charge is equal to [1], the condition (8.53) is satisfied
and all the long-range fields are Abelian. Then the pathology of the global
gauge transformation disappears and the moduli space obtains additional
degrees of freedom. Indeed, a direct calculation of the number of zero modes
on the g = (2,[1]) monopole background shows that ./\/162’[1])
eight [132,514].

is of dimension
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This example shows that although, the asymptotic form of the moduli
space metric is given by (8.70), its general construction is a very complicated
problem. As mentioned earlier, in Sect. 6.4.5, the metric on the monopole
moduli space and the metric on the space of Nahm data (6.106) are related
by an isometry. Thus, solution of Nahm equations for the SU(3) monopoles
provides a simple way of finding the metric on the SU(3) monopole moduli
space.

8.3.1 SU(3) Monopoles: Nahm Equations

The Nahm approach to the SU(2) multimonopoles can be generalized for
a general SU(N) theory [392,393]. Moreover, the matrix-valued functions
T*(s), which satisfy the system of non-linear ordinary differential equations
(6.106), must be modified to describe both the cases of minimal and maximal
symmetry breaking.

Let us briefly describe the case of the SU(3) theory. In the simplest pos-
sible case, the symmetry is broken to the maximal torus U(1) x U(1). For
a single fundamental monopole, § = (1,0) or § = (0,1), embedded along
corresponding simple root, the Nahm data T%(s) (6.104) are defined over the
interval s € [0,1]. Thus, it is a triplet of real numbers associated with the
position of the monopole, as we discussed in Sect. 6.4.5 above.

For a composite § = (1,1) monopole, the solution of the Nahm equa-
tions was constructed in [175]. Then the one-dimensional functions T*(s) in
the interval s € [—1,1] are given by two triplets T%(s;) and T%(sq), which
are defined over the sub-intervals s; € [—1,0] and so € [0, 1], respectively.
The Nahm data must be regular inside each sub-interval and some boundary
conditions between these sub-intervals are imposed at s = 0 to provide an-
alyticity over the whole interval [—1,1]. The corresponding Nahm equations
are satisfied by a trivial solution, thus, these two triplets of real numbers
correspond to the positions of two monopoles and the boundary condition at
s = 0 fixes the relative phase.

Knowledge of the Nahm data for the charge § = (1,1) SU(3) monopoles
makes it possible to obtain the metric on the relative moduli space [175,231,
345], which is the Taub-NUT metric with a positive length parameter (8.70).

The example of the § = (2,1) monopoles, which we discussed above, is
more complicated. A very detailed study of the SU(3) monopole moduli space
have been done by Dancer [185-188], who also analyzed this particular case.
Further consideration of the SU(3) monopoles was presented in [295].

The Nahm matrices of these SU(3) monopoles are defined over the inter-
val'? s € [-2,1] with two subintervals, one for each of the monopoles and
some complicated boundary condition at s = 0.

!2 Tn the works by A. Dancer [185,186] they were defined over the “shifted” interval
s €10,3].
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The experience that we have already gained from the discussion of the
Nahm data of the SU(2) monopoles, suggest that the Nahm data in the
first subinterval, s; € [—2,0], are Hermitian matrices of dimension 2 x 2. The
rotation invariance means that the proper ansatz is T*(s1) = f*(s1)o%/2. On
the second subinterval s, € [0, 1], the Nahm data 7% (s3) have the dimension
1 x 1, that is, they are of the form T*(sy) = r* /2, where the vector r;, defines
the position of the (0,1) monopole.

For a minimal symmetry breaking SU(3) to U(2) the situation is different.
Let us briefly describe the properties of the twelve-dimensional moduli space
M of the § = (2,[1]) monopole. Dancer showed [185,186] that M is a hyper-
Kéhler manifold with commuting actions of Spin (3) (which is the double
cover of the SO(3) group of spatial rotations), U(2) (the unbroken gauge
group that we discussed above), and the group of translation of the center of
mass R3.

Let us separate the collective coordinates of the center of mass and the
coordinates of the relative motion. Then the relative moduli space My is an
eight-dimensional irreducible hyper-Kéahler manifold obtained by quotation
of M by R? x U(1), where U(1) is the center of U(2). Therefore, the manifold
My has the free commuting action of SO(3) and SU(2)/Z,.

By quotienting M further by SU(2)/Zs, one obtains a five-dimensional
space N°, which has a non-free action of rotations SO(3) [186]. This space
describes monopoles with fixed center of mass, quotiented by the action of the
unbroken gauge group. By analogy with the case of the SU(2) monopoles, the
information about the isometries of the moduli spaces allows us to write an
explicit expression for the metric on My in terms of invariant one-forms [295].

Further simplification is possible, if we take the quotient of the space N°®
by the SO(3) action. The rotational SO(3) symmetry leads to the corre-
sponding ansatz for the Nahm data: T%(s) = f*(s)o./2. The Nahm equa-
tions (6.106) have a general solution (6.117), which, taking into account the
boundary conditions on the boundaries of the interval s € [—2,1], are [186]

D cny (Ds) D dny (Ds) D

sny (Ds) fs = (8.74)

hi= sng (Ds) ' " sny (Ds)

f2=

Thus, after removal of all the possible symmetries of the monopole mod-
uli space we are left with a two-dimensional submanifold, a quotient space
N%/SO(3). However, the isotropy group is not the same at all points of the
space N; its quotient by the SO(3) group is not a manifold [187]. There are
six copies of the space N°/SO(3), which form the totally geodesic Dancer
space Y depicted in the Fig 8.8. This space is symmetric under reflection
in each of the three Cartesian axes. The metric and geodesic flow on Y,
corresponding to the monopole scattering, was studied in [187,188].

As follows from (8.74), a proper parameterization of a two-dimensional
subspace N°/SO(3) is given by the parameters k, D, where 0 < k < 1,
0 < D < 2K(k), and K(k) is the complete elliptic integral (6.97). The
parameter D has the interpretation of the separation between the monopoles.



316 8 Monopoles Beyond SU(2) Group

VI

m2/9

v II
I

Fig. 8.8. Geodesic space Y of SU(3) monopoles (Dancer space)

In each of the regions of Y, local (non-orthogonal) coordinates x, y can be
introduced. For example, in the region I, the local coordinates are [187,295]

r=(1-k*D?*  y=k>D?.

Points of this sector of Y correspond to the different monopole configu-
rations. Some of them we have already discussed. For example, the particular
value of the separation parameter D = ( corresponds to the origin of the coor-
dinates x = 0, y = 0. This yields the spherically symmetric monopole studied
in [88,526]. If the parameter D approaches another limit D = 2K (k)/3, the
configuration consists of two embedded SU(2) monopoles.

In the limiting case k = 0, the elliptic integral takes value K = 7/2 and
the separation parameter is defined over the interval 0 < D < /3. This
corresponds to the border on the sector I defined by 0 < x < 72/9, y = 0.
Because in this limit the elliptic Jacobi integrals become simple trigonometric
functions, the corresponding Nahm data define the trigonometric monopoles
[185]. They are actually the axially symmetric monopoles found by Ward
[509].

In the opposite limit k = 1, the elliptic integral K diverges logarithmically
and the elliptic integrals approach the hyperbolic functions. These are the
so-called hyperbolic monopoles. They correspond to another border of the
segment I defined by the line segment x = 0,0 < y < oco. The analysis of
this configuration shows that these monopoles are also axially symmetric.
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This family interpolates between the case of two widely separated embedded
SU(2) monopoles of charge one (y — 00) and a spherically symmetric charge
two monopole at the origin.

The geodesic on Y corresponds to the monopole scattering. For example,
the two line segments of the border of the sector I together correspond to
the geodesic on the space Y. As we move along it, two well-separated axially
symmetric SU(2) monopoles approach each other, collide to form the spheri-
cally symmetrical configuration, which then deforms to the axially symmetric
Ward monopoles [185]. This a generalization of the monopole scattering that
we considered in Sect. 6.5.1.

There are some interesting features of the SU(3) monopole scattering [187,
188]. For example, there can be double scattering of two monopoles at right-
angles in two orthogonal planes. In turns out that among the geodesics are
unusual ones that do not describe a trivial scattering of two monopoles, but
a process where two colliding monopoles form a bound state asymptotically
moving together to the border of Y characterized by D = 2K (k)/3. This is the
case when two charge one monopoles in initial state (§ = (1,1)) scatter into
the final state g = (2, [1]). Thus, there are two SU(2) embedded monopoles
and a massless monopole state, excitation of which carries off the kinetic
energy when the monopoles stick together [58]. The parameter D in this
picture corresponds to the radius of such a non-Abelian cloud [295].

From the point of view of the Montonen—Olive duality, such a process is a
very intriguing dual analog of the confinement in the dual SU(3) theory, that
is, the Quantum Chromodynamics. Indeed, there is some obvious evidence
that quark binding into colorless states, baryons and mesons, is associated
with a number of non-perturbative effects. As we shall see in the next chapter,
here the monopoles can really play an outstanding role.



9 Monopoles and the Problem of Confinement

9.1 Quark Confinement in QCD

One of the reasons why nowadays there is such a strong interest in the mono-
pole problem is a subject that we have not discussed yet, namely the problem
of confinement. It has been quite popular since the beginning of the 1980s
to believe that monopoles in the QCD vacuum could be related with this
remarkable phenomenon, which still remains one of the very few Big Un-
solved Problems of the theoretical physics of the XXI-st century. Moreover,
this is the “classic question that has resisted solution over the years”, which
was included by the Clay Mathematics Institute in the list of seven Millen-
nium Prize Problems [14]. The award will amount to $1,000,000, thus, it is
worth-while to account for more information about the matter.

We consider the well-known Lagrangian of the SU(3) gauge theory in-
volving three flavors of fermions in some representation of the gauge group;
the quarks:

1 — .
L= 7ZF;L1VFMUG‘ + (iD= mi)s (9-1)

where 1); is the spinor field and the index i = 1,2, 3 labels the flavors'. This
is Quantum Chromodynamics, the renormalizable asymptotically free gauge
theory, which is generally accepted as a correct theory of strong interactions.
This is a very remarkable theory, since the corresponding QCD Landau pole,
i.e., the dynamically generated mass scale Agcp at which the running cou-
pling constant blows up and the model becomes completely useless, in con-
trast to QED lies in a low-energy domain. In other words, Nature gives us
the rare possibility of seeing what happens with a theory as we approach a
non-perturbative regime.

The answer is known from the experiment: on large distances (or small
scales of momenta) there are neither quarks nor gluons, but colorless bound
states, baryons and mesons, as physical variables. That is the so-called weak
definition of confinement: there are no color states in the physical spectrum.
Thus, the drastic difference from Abelian theory is that the quarks and gluons
are no longer proper degrees of freedom of QCD over the entire range of scales.

! In the next chapter we shall discuss the structure of the fermionic action in more
detail.
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Weak definition of confinement of colour, which is common in popular
literature, is not quite satisfactory because the mechanism of quarks binding
into the hadrons remains a black box. Again, experiment tells us that the
character of the gluon-mediated quark-antiquark interaction becomes differ-
ent as we approach the strong coupling regime; the confining potential is
linear, which can be explained by formation of a flux tube connecting quark
and antiquark.

There are many phenomenological models that have successfully used this
observation to describe the spectrum of hadrons. Thus, the strong definition
of confinement is to explain, starting from conventional perturbative QCD,
the origination of the linear potential between the quarks, and that is a real
challenge. Actually, there are two different regimes of QCD, the perturbative
region and the confinement phase, where the strong interaction forces the
quarks and gluons to condense. The problem of strong confinement is the
problem of phase transition between the confinement phase and deconfine-
ment phase of QCD.

We can try to understand what happens, if we notice that a hierarchy of
scales of QCD is provided by two quantities: the characteristic scale of chiral
symmetry breaking A, ~ 1 GeV and Agcp ~ 180 MeV. The perturbative
QCD governs the scales of momenta above the A, . In this domain, the quarks
and transverse gluons are physical asymptotic states in an exact analogy with
QED, where asymptotic states are electrons and transverse photons. On the
scale of the mass of the W-boson, the QCD coupling constant is ~ 0.11 and
the theory irreproachably agrees with experimental data.

However, the situation is more subtle because the coupling quarks with
gluons becomes non-perturbative at the scale of A,. This is the scale of an-
other remarkable phenomenon: spontaneous chiral symmetry breaking. Note
that, if we neglect the quark mass term, the Lagrangian (9.1) turns out to
be invariant not only with respect to the SU(3) gauge transformations. Since
the Lagrangian (9.1) in the massless limit decomposes into two disconnected
parts, which correspond to the left and right fermions coupled to the gauge
field, it is also invariant under the global unitary transformations U (3) x U (3),
which independently rotate these left- and right-hand components:

Vr(z) = Yr(x)Ux", Yr(z) — UrYr(z),
dr(@) = dr(@ULY,  Yrle) = Urgpr(e) . (92)

This is so-called chiral symmetry, which is specific for QCD. Note that
this symmetry does not survive completely on a quantum level, since clas-
sical invariance with respect to the Abelian transformations of the chiral
components 1y, — e’ Yr — Yre @ is destroyed by an anomaly. Thus,
the global symmetry of QCD in the perturbative domain, above the scale of
A, ~1 GeV, remains SU(3) x SU(3) x U(1).

The problem is that the chiral transformations mix the states with oppo-
site P-parities. Therefore in the chiral-invariant world, the masses of two
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states having the same set of quantum numbers, but P-parity, are iden-
tical. Naively, we could expect that a small masses of the bare quarks
(my, ~4 MeV,my ~ 7 MeV') are responsible for some tiny splitting in the
spectrum of mesons. However, the experimental data tells us that the real
mass splitting is huge. Indeed, let us consider two states with the same quan-
tum numbers but opposite parity, the vector p-meson, which has the same
quark content as pions, and the light axial vector a;-mesons. They have the
masses m, = 770 MeV and m, = 1260 MeV, respectively. Therefore, the
chiral symmetry must be broken spontaneously by some mechanism.

Experimental values of the phenomenological parameters of the QCD sum
rules, which characterize the QCD vacuum, provide some clue to the mystery
of non-perturbative QCD [196]. There is a quantity that can be associated
with an order parameter describing the spontaneous chiral symmetry break-
ing, the chiral condensate < ) >~ —(240 MeV)3. By definition, it is a
closed quark loop and its non-zero value means that a nearly massless quark
propagating in QCD vacuum for some reason obtains a dynamical mass.

Another important characteristic of the QCD vacuum is the so-called
gluon condensate

32—1%2 < F, F' > (200 MeV)*.

One may consider the non-zero value of this condensate as a signature of
the non-trivial structure of the QCD vacuum [196]. Indeed, if we consider
zero-point oscillations over a trivial vacuum, such a quantity vanishes, since
the average potential energy of zero-point oscillations < (B%)? > is equal to
the average kinetic energy < (E¢)? > and, therefore, < F,, F" >= 2 <
(E2)? — (B%)? >= 0. Thus, perturbative fluctuations cannot be responsible
for a non-zero value of the gluon condensate. This parameter indicates that
there are some large-scale non-perturbative fluctuations of the gauge field in
the QCD vacuum.

On the other hand, a non-zero value of the chiral condensate indicates
that there are fermionic zero modes in the QCD vacuum, because [112]

<) >= —75(0), (9.3)

where 7()) is an averaged spectral density of the Dirac operator: iy*D 1) =
M. However, according to the index theorem (cf. the following discussion in
Chap. 10) this means that the background gauge field must be characterized
by some non-trivial topological number.

A very elegant description of the mechanism of chiral symmetry breaking
by instantons was developed in 80’s (the so-called instanton liquid model,
see [195,196,452] and references therein). The remarkable conclusion is that
although both spontaneous chiral symmetry breaking and phase transition of
QCD into the confinement phase take place approximately at the same non-
perturbative scale, the mechanisms of those phenomena may be completely
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different. Moreover, the weak confinement, that is the binding of quarks into
hadrons, can be explained entirely as an effect of the instanton-induced ef-
fective interaction between light quarks [196,452]. At the same time, it looks
as thought the instanton liquid model cannot generate a linear potential of
interaction between quarks that can fit the experimental dates. Thus, the
problem of strong confinement remains unsolved. Actually, one must find a
consistent way to combine two completely different pictures, the perturbative
QCD and a low energy effective theory, e.g., the Skyrme model, which deal
with quarks and gluons and hadronic degrees of freedoms, respectively. The
underlying description must interpolate dynamically between these limiting
cases and all non-perturbative effects must vanish into thin air as we move
above A, in the energy scale.

There is a quantity that describes the interaction between the quarks and
can be associated with a non-local order parameter that characterizes the
phases of QCD. This is the Wilson loop operator, the trace of the parallel
transport along a finite closed path in space-time:

W(C) =Tr{ Pexp ijI{AM(g)dé““ (9.4)
c

(P marks the path ordering along the contour C). If the contour is closed, the
Wilson loop is a gauge invariant quantity. The Wilson loop can be interpreted
as an amplitude of propagation of a quark-antiquark static pair along time
direction. The quarks are separated by the distance R and, for a large value
of time T, we can write

W(C) ~exp [-V(R)T] ,

where V(R) is the energy of static interaction between the quarks. If this
energy for a large quark separation grows linearly, that is, V(R) = o R, then
the Wilson rectangle loop behaves as follows

W(C) ~ e BT (9.5)

This relation is known as the area law and it is a signature of confinement.
The parameter o is called the string tension.

Note that in quenched QCD, that is, in the limit of infinitely heavy
quarks, the string tension is a good order parameter that characterizes the
confinement-deconfinement phase transition. On the other hand, the chiral
condensate is a proper order parameter in the chiral limit (zero quark mass).
However, current lattice calculations suggest that the chiral condensate and
the string tension are non-vanishing in both phases (although both these
quantities are suppressed in the deconfinement phase). Thus, the realistic
QCD experiences not a phase transition, but the crossover.

Obviously, in the deconfinement phase, the exponent in the Wilson loop
depends on the distance R in a different way. It tends to the limit that is
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just double the quark mass (no interaction at all). However, even if we have
introduced a proper order parameter to describe the QCD phase transition,
the question still remains: what is the mechanism of the confinement?

Nowadays, a common point of view is that there are some non-
perturbative configurations of the gauge field that play a crucial role in the
confinement of color degrees of freedom, the quarks do not have much to do
with it2. Thus, confinement is considered to be a property of pure gluody-
namics.

There are several phenomenological approaches to model non-
perturbative properties of the Yang—Mills vacuum, for example, the instan-
ton liquid model, or the stochastic QCD vacuum model, etc. (for a review
see [452,475]). Probably one of the most popular versions of the confinement
model on the market today is a direction that was initiated in seventies by
Mandelstam [362,364], 't Hooft [271,276] and Nambu [395]. This approach
is based on a direct analogy with the theory of superconductivity. In this
simple qualitative picture, the confinement is explained as a dual Meissner
effect that prevents the electric color flux from spreading out.

The basic idea is that in the infrared limit QCD takes the form of the
effective dual Abelian Higgs model. Then the confinement of color can be
understood as the effect of monopole condensation in the QCD vacuum. By
analogy with the Cooper condensation in a superconductor sample, the cor-
responding order parameter is a monopole condensate < ¢ >z 0, whose
non-zero value yields squeezing of the chromoelectric field into a flux tube,
just as the Abrikosov string is formed in a superconductor. That would imply
a linear confining potential between quarks.

There are two subtle points in this very popular picture. First, the idea
about equivalence between low-energy QCD and a dual superconductor model
still remains highly speculative3. Second, there really are electric charges in
a normal superconductor that may condense into the Cooper pairs. In the
monopole condensation model, the monopoles have to be created first. This
needs an additional energy. Therefore, such a model can work if the monopoles
are almost massless. This is in agreement with our discussion of the properties
of the non-Abelian monopole solution of the Georgi—Glashow model above:
the monopole mass M is proportional to the inverse gauge coupling constant
e and, therefore, M tends to zero as we approach the scale of Agcp.

However, the worrisome question is that now we have to deal with glu-
odynamics and it is not clear how monopoles could appear in a pure gauge
theory. Indeed, we have seen that without a contribution of the scalar field,
the monopole-like solutions are singular. The approach designed to discover

2 Note that Gribov argued against this paradigm [248].

3 This type of duality can be proved in some supersymmetric generalization of
QCD which, alas, is not realized in our real world. We shall consider this model
in the last part of this book.
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monopoles in a theory, where they cannot exist, is called Abelian projection.
We shall discuss this technique in this chapter.

9.1.1 Dual Superconductor

Before proceeding with the description of Abelian projection, let us consider
the physical content of the idea of dual superconductivity. First, we explain
qualitatively what the dual superconductor itself is and what happens if we
put a test charge (quark) into such a medium.

In the simplest Abelian case, we can summarize our description above in
the following low-energy phenomenological form of the model

15 ~,, 1 A 2
L= _*FMVFM =+ *|DMD‘2 - = (\(,0|2 - '02) ) (9.6)
4 2 4
where the covariant derivative of the complex scalar field ¢ is defined as
D,p = 8M<p+iggucp, (9.7)

and the dual field strength tensor is written via dual potential ﬁ# as follows:

~ ~ ~ 1
Py = 0,4, — 0,4, = =£,,0 F"° .

2 nvpo

Note that the Lagrangian (9.6) is invariant with respect to U(1) gauge trans-
formation ¢ — e?*®¢p.

Clearly, this theory differs little from standard Landau—Ginzburg model.
The only point is the permutation of the magnetic and electric fields, which
can be considered as a result of the discrete transformation (1.81). The scalar
complex order parameter field < ¢ > in this dual picture must be treated
as a many-particle macroscopic wave function that describes a hypothetic
monopole condensate. Even although the properties of such a system are
well-known, we will briefly recapitulate them. B

Let us consider the static configuration dpp = 0, 0pA, = 0 in the
Hamiltonian gauge Ao = 0. Then the energy of the system (9.6) reads

2
E= %[&jkajAk]Q + % (31#7 - igAk@) (Bkw* + @'QAW*) + %|@|2 + %|90\4~

(9.8)
It is well-known that if the parameter m? = Mv? is positive, the minimum
of the energy (9.8) is characterized by a vanishing condensate < ¢ >= 0.
In this phase, the vacuum expectation value of the monopole current j, =
—%(gp*amp — ©0*) vanishes, if the condensate field slowly varies in space.

Meanwhile, the dual photon associated with the fluctuations of the field Ay,
remains massless.

However, if m* < 0, the vacuum state is completely different, because
the minimum of the functional (9.8) corresponds to < ¢ >= v. Here, we en-
counter the spontaneous symmetry breaking mechanism once again. Indeed,

2
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if the vacuum would be U(1) invariant, a vacuum expectation value of any
magnetically charged field, such as ¢, would vanish. Otherwise, the symmetry
of the action is no longer a symmetry of the vacuum, that is, the symmetry
is spontaneously broken.

It is convenient to represent ¢ as ¢ = p explia]. The phase, a massless
field «, is actually an unphysical Goldstone mode. It may be eliminated by
the gauge transformation

—ia 1

~ 1
p—e Ty, Ay — Au(x) = —Oua.
g

The energy then becomes

1 ~ ~ A 2
E = 5[61‘3‘1«3]‘1%]2 + (9kp)® + " A + 1 (p* =),
and for the small excitations about the non-trivial vacuum, x = p — v and

Ay, we have the equations

(0% +29°v) A =0, (9.9)
(02 4+ Hx =0, (9.10)

where, as usual, the Lorenz condition for a dual vector potential has been
used. Thus, we are dealing with one Higgs field with the mass m = v/Av and
one massive vector field with the mass m, = \/igv. The Goldstone mode
disappears, having been transformed into the longitudinal component of the
gauge field and the U(1) symmetry is broken.

We can treat the (9.9) as a dual analog of the London equation. Phe-
nomenologically, it implies the existence of a steady magnetic current at zero
magnetic field. Clearly, (9.9) means that the electric field in a dual supercon-
ductor should vanish exponentially within the sample as exp{—m,r}. Thus,
an external electric field does not penetrate into a dual superconducting sam-
ple beyond a thin boundary layer, whose thickness is about the inverse mass
of the vector field: A\; = m, . This is the so-called dual Meissner effect. It
the context of field theory, we can say that the broken gauge symmetry of the
QCD vacuum in a dual superconducting phase leads to massive dual photons.

Note that we actually have two length scales in (9.9): the second scale is
given by the inverse mass of the scalar field as Ay = m;!. A superconductor
is called type I if Ay < Ao, otherwise we have a superconductor of type II.

Let us recall that the dual Higgs model (9.6) contains the Abrikosov—
Nielsen—Olesen string solution [64,399], which, in the context of our consid-
eration, describes a finite electric flux tube. The topological analyses again
helps us. Indeed, for the energy to be finite, it is necessary that the field
¢ minimizes V]g] at the two-dimensional spatial infinity. This means that
¢(|r] = 00) may take vacuum values on the S' circle |p| = v. However, the
spatial infinity of two-dimensional space is also the circle S*. As a point moves
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around this circle, the value of ¢ can wind an integer number of times n € Z
around the circle |¢| = v, that is, we have a homotopic mapping ¢ : ST — S,
which was considered in Chap. 3 (cf. discussion on page 79). A solution that
is characterized by a winding number n is possible for a configuration with
the boundary conditions at r — oo

o(r,0) — vexp(inh), Ay — Eék, (9.11)
gr

where r and « are the polar radius and the angle in the cylindrical coordi-
nates in the two-dimensional plane, and éi, is the unitary vector tangential to
the circle of radius r. Thus, we relate the orientation of ¢(x) on the complex
plane with spatial coordinates, just as in the case of the 't Hooft—Polyakov
monopole, and the covariant derivative of the scalar field vanishes asymptot-
ically again:

Drp — 0, M@HE%WHMW
i:w mnuv (9-12)
= — exp(inf) — — exp(inf) = 0.
T T
As we have already mentioned, any deviation from an integer value of n
results in a discontinuity of ¢, which leads to an infinite energy of the con-
figuration. The winding number is simply the topological charge.
The boundary condition (9.11) results in remarkable properties of the
solution. Let us calculate the flux @ of the electric field in the z-direction.
According to the Stokes theorem, it reads

. 2
@:%Am@:lﬂ, (9.13)
S g

This is the dual version of the famous condition for flur quantization. It
states that there is a nontrivial vortex solution that describes the electric
field penetrating the superconductor along a line, the so-called flux tube.

In order to describe this object better, let us find the localization of the
electric field. It cannot be distributed over the whole area R?/{0} of the
two-dimensional plane, because the potential (9.11) does not produce any
electric field for any point but the origin {0}, where it is singular. Thus,
the electric field should be present near the core of the solution, where the
dual potential deviates from the boundary conditions (9.12). At some point
of this region, the field ¢ must vanish, since the homotopic classification is
equivalent to the description in terms of the two-dimensional Poincaré—Hopf
index. The latter is defined as a mapping of a circle surrounding an isolated
point 7, where the scalar field is vanishing, ¢(r¢) = 0, onto a sphere of unit
radius S'. Thus, the winding number is equal to the sum of non-degenerated
zeros of the scalar field. To prove this, we have to shrink the contour S*
on the spatial boundary down to a very small one, quite near the core. The
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winding number is n = 1 for the former and n = 0 for the latter. Because the
winding number is an integer, the abrupt change of n can occur only at the
moment when the contour crosses the point where ¢ = 0, at which the phase
of ¢ is undefined. The nulling of ¢ means that the superconducting state is
destroyed. In physical terms, we say that the electric field penetrates into the
dual superconductor along the flux tube where the dual superconductivity is
destroyed. The tube thickness is a result of the balance between the surface
tension of the interface between the normal and the superconducting phases
(which tries to compress the tube) and the pressure of fields compressed in
the tube.

To complete our discussion, we recall that the relation between the char-
acteristic scales of the vector and the scalar fields, A; and Ay, respectively,
defines the dynamical properties of the system [127]. By analogy with ex-
pression (5.57), the linear energy density of the vortex, the so-called string
tension, can be expressed as a sum of a surface term equal to 72m?/g* and
an integral term, the minimization of which allows us to find the solution. For
|n| > 2, this still allows a choice between a “fat” single vortex with flux n®,
and a multi-vortice configuration composed of n widely separated vortices
with unitary flux @;. As to which possibility is realized depends on the ratio
A1/A2. In type I superconductors, a vortex with |n| > 2 has a lower energy
than n vortices with unitary winding number. These vortices tend to merge
together. The situation is reversed in the type II dual superconductor, where
the vortices with large n decay into many vortices with @) = 1.

Coming back to the properties of QCD vacuum, we can refer to the numer-
ical calculations that were performed in the case of pure SU(2) gluodynamics
on a lattice [456]. The result shows that there probably the second possibility
is realized, but there is also a possibility that Ay = Ay is not excluded (see
the discussion in the review [165]).

So far, we have discussed the properties of a hypothetic medium: a dual
superconductor. Now let us suppose that, in addition to the dual photon
and a collective macroscopic field ¢, which describe a monopole condensate,
our model also includes massive electrically charged spinors ¢. Since the cor-
responding particles, the quarks, are very heavy, they do not destroy the
collective dynamics of the monopole condensate. However, the properties of
the vacuum state would strongly affect the character of interaction between
the quarks. In a normal phase, the field of two electrically charged test parti-
cles with opposite charges is the standard electric field of a dipole. However,
in the superconducting phase, monopoles condense and there are monopole
currents, which form the flux tube between the quarks (see Fig. 9.1). The
energy of the flux tube is proportional to its length, that is, we have a linear
potential of quark-antiquark interaction.

Further development of this formalism was presented in [98,99,101, 102,
359]. This is a more realistic model of the dual description of long-distance
QCD which, in the absence of quarks, is given by the Lagrangian of the



328 9 Monopoles and the Problem of Confinement

ESY
=

<gg>=0

Fig. 9.1. Formation of the chromoelectric flux tube as a dual Meissner effect

non-Abelian vector SU(3) field (dual gluons) coupled with the isoscalar Higgs
field. In this model the latter must carry color magnetic charge. These fields
are weakly coupled at long distances, in contrast to original quark-gluon
interaction. The spontaneous symmetry breaking mechanism produces the
mass of the dual gluons.

The model can be extended to incorporate classical heavy quarks at finite
separation. Since dual coupling is weak and quarks supposed to be very heavy,
the dual Lagrangian can be expanded in inverse powers of the quark mass
and then various calculations can be performed to estimate the form of the
potential of interquark interaction. This matter is, however, out of the scope
of the present book and we refer the reader to the original papers for a
detailed description of this approach. Here, we only note that it would be very
interesting to see whether such a dual QCD has something in common with
the low-energy effective theory of massive and massless SU(3) monopoles,
which we discussed in Chap. 8. The dual superconductivity will remain only a
phenomenological model until it is explicitly derived from QCD. Moreover, so
far we have no analytic proof of the appearance of the monopole condensate,
neither in realistic QCD nor in pure gluodynamics.

Probably the reason why the model of dual superconductivity has become
so popular, is mainly due to an interesting observation: at our present state
of knowledge in all theories that allow us to prove the strong confinement
analytically, this phenomen appears as an effect caused by the monopole
condensation! Unfortunately, all these models, compact QED [429], the SO(3)
Georgi—-Glashow model [430] and the N = 2 SUSY Yang-Mills theory [469]
differ a lot from the realistic QCD. However, there are some evidences that
may suggest that the QCD vacuum does behave as a dual superconductor.
The most convincing arguments came from the lattice formulation of QCD.

9.2 Monopoles in the Lattice QCD

The most successful non-perturbative approach to QCD is the lattice for-
mulation due to Wilson [521]. The original motivation was to construct a
gauge-invariant formulation of a field theory, where the fundamental notion
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is the partition function®
Z= / DA, DYDpe SAw ¥l (9.14)

rather than an action functional S[A,),v]. The functional integration here
involves both the gauge A, and the Grassmann variables ), 1.

A consistent operational definition of the partition function can be given,
if we discretize the Euclidean space in a gauge invariant way. This allows us
to replace the integration over the gauge connection A,, which takes values
in the Lie algebra, by functional integration over the group space.

Wilson used a discrete version of the path ordered phase factor that a
fermion wave function 1 picks up when a fermion is moving from a point z
to y in the presence of a gauge field A,:

Y

Y(y) =P exp /ieAudm“ Y(x).

x

Clearly, for a closed path this phase factor is the Wilson loop (9.4).

In the lattice formulation, the fermions, which are labelled by an integer
n, are placed at the nodes of a four-dimensional hypercubical lattice. The
gauge fields are associated with the links joining the nearest neighbor sites.
Then a parallel transport along a link is given by a unitary matrix

Uu(n) =U(n,n+e,) = exp{iaeA,(n)} € SU(N), (9.15)

where a is a lattice spacing, e; = (1,0,0,0), etc., and the vector field A, lies
in some representation of the gauge group. In the following, we shall use the
shorthand aeA,(n) = 6,(n).

The local gauge SU(3) transformation of the field variables on a lattice
are defined on each link as

b(n) = V(n)(n), $(n) —dn)Vin),
UM (TL) - V(n)Uu (n)VT (TL + eu) 5

where a unitary matrix V(n) belongs to the same representation as U,(n).
Note that the path ordering of the phase factor after discretization transforms
into the relation

U_,(n) =U(n,n—e,) =exp{—iaed,(n—e,)} = U/]:(n —ey,n).
There are two types of gauge invariant quantities on a lattice:

e A path-ordered string of products such as

4 Here we use the Euclidean form of the action.
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Tr z/;(n)Uu(n)UV(n +eyu)...Un(m—ex)yp(m),

where the trace is the usual matrix trace over the group indices. The fermionic
part of the lattice action

a’ - -
Sferm = ) Z [w(n + eu)'YuUu(n)w(n) - w(n)Ul(n)Wiﬁ(n + eu)] (9-16)

N,

has such a form. Note that if we set up a periodic boundary condition on a
lattice, such a string will be closed by the periodicity and we do not need to
cap the string by the fermions. These strings are called Polyakov lines.

o Let us consider a plaquette I1,,(n) an elementary square of the lattice
labelled by the corner site n and two unit vectors e, e,,. Then the lattice coun-
terpart of the Wilson loop operator (9.4) is the operator of parallel transport
around the elementary plaquette

I,,(n)="Tr {Uu(n) Us(n+eu) Ul(n+e) U,,T(n)}
=Tr {U(mn—i— e ) Un+eu,n+e +e)U(n+e, +e,,n+ e,,)U(n—l—el,,n)} .

The action of the gauge field has to be built up of the set of these loops.
Indeed, let us consider the integral over the group variables

z- / l‘[ dU () exp {—Qg Re{1 — Hm,(n)}} . 9.17)

Here dU is the Haar measure of the integration, which is invariant with
respect to the left action of the group, namely d(VU) = dU and is supposed
to be normalized to unity, that is, f dU = 1. The summation over the links
@ < v must be taken under the exponent to avoid double counting.

If the lattice spacing a is small compared with the characteristic scales of
the theory, the continuum limit can be recovered from the expansion of the
link variable (9.15), U, (n) & 1 + iaeA, + O(a?). Indeed, in the lowest order
in lattice spacing we have

> Re To{l — M (n)} ma* > % > %TrFH,,F”” +0(a®),

n pu<v n w,v

where, for a given plaquette, we trade the sum over directions pu < v from

a point n for half of the sum over all directions: Y. — 3 3. Thus, in the
u<v o,V

continuum limit a standard gauge action is recovered:

1

4 v

Sgauge — — [ dzTr F, F".
a—0 e
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9.2.1 Compact QED and Lattice Monopoles

Thus, the functional integral of the lattice Yang—Mills theory can be written
as

Z= /DU@’NSWWE,

where the Euclidean lattice action of the gauge field is
Sgauge = —5 Z ZT&« )+ I} (n)] (9.18)

For the sake of simplicity, let us consider the Abelian electrodynamics
on a lattice. Polyakov pointed out [429] that there is a qualitative difference
between such a theory formulated in terms of periodic variables U, (n), the
elements of the Lie group, and the conventional QED, where the dynamical
variable is a connection A,, an element of the corresponding Lie algebra.
Consequently, unlike the continuum QED, its lattice counterpart has mono-
poles built into it. Moreover, there is a confinement phase of lattice QED
associated with the monopole condensation.

The U(1) theory on the lattice is called the compact QED, because the
corresponding action can be written in terms of angular variables. Indeed, we
now have U, (n) = (") where 6 is a phase that can be integrated over the
compact domain [—m; 7r]. Moreover, each plaquette can also be characterized
by an angular variable (cf. Fig. 9.2)

Hﬂy(n) — ei(eu (n)+0, (n+eu)—0,(nte,)—0,(n)) = ew/W(") ,

and the theory is compact, since the range of functional integration is finite.

Let us prove that the lattice compact QED contains Abelian monopoles.
Note that the plaquette variable 6, (n) describes a field flux through the
plaquette. Indeed, in the limit of small lattice spacing, we have

0, = ae(AL0, — A,b,) ~ —a’eF,, , (9.19)
—0,(n+e)
L 4 L
0 (n)
0,(n+e) @ —0,(n)
n+e; - n
6 ®

Fig. 9.2. Plaquette variables of the lattice QED
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where the operator of the nearest-neighbour finite differences A replaces the
usual derivative:

A0,(n) =0, (n+e)) —0u(n) = ad,b,(n). (9.20)
We can also define the operator of backward differences
AL, (n) = 0,(n) — 0,0 — €., (9.21)

with the property A? = —Af
Thus, the Wilson—Polyakov action of compact electrodynamics can be
represented in so-called “cosine” form:

1
Sgauge = _672 Z ZCOS Hw,(n) . (922)

n o p,v

The very simple structure of this expression was used by Villain to apply
a remarkable transformation of the partition function (9.17) [504]. Indeed, in
the Abelian theory, the integrand is a periodic function of variable 6,,,,, so we
may expand it in Fourier series. In the weak coupling limit, this procedure
yields the Villian approximation [24,111,423|

My =00
1 < 1
exXp {62 Cos e,uu} - Z €xXp {_262 |(9W, — 27me,|2} . (923)

e—0
My =—00

The partition function with the action in the Villain form has the same
symmetry properties as for the Wilson action. Moreover, it was proved that
the phase structure of both models is similar.

The antisymmetric tensor m,, appears in the Villain action due to peri-
odicity of the cosine in the initial formulation. It is a set of six independent
integers at each lattice site, which does not contribute to the action since they
are integer multiplies of 2. However, it is possible to redefine a compact pla-
quette field 6, — O_W =0, — 2mny, G_W € [-m, 7|, p < v, where n,, is an
independent plaquette variable. Thus, the physical field §W is composed of
two pieces: the contribution of the electromagnetic gauge field living on the
links and the field of the string penetrating the plaquette.

Indeed, the parallel transport over the plaquette II,,,, which encloses a
string, contributes a phase 27n,, which remains invisible due to the com-
pactness of the model. Note that for a static monopole field, this is a lattice
analog of the continuum formula (1.49), the sum of the Coulomb field of a
monopole and the quantized singular flux. In the continuum limit, m,,, be-
comes a singular two-dimensional structure that represents the Dirac string
world sheet.

Let us consider the Maxwell equations of the compact QED in the Villain
form corresponding to the action in (9.23):
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A0, = A, —2mm,,,) =0, (9.24)

and ) )
isuupaAuepa = §E,uupaAu(9pa - 27Tnpa) = 27'('].# ) (925)
where we take into account that €,,,0A,0,0 < €4vpc AL A0, = 0 and use
the definition of the magnetic current

1

ju = §6uupaA1/npa . (926)

Thus, the Bianchi identity is violated on the lattice. Note that the magnetic
current is conserved in the sense that A,j, = 0. Then, the monopole current
forms a closed loop on the periodic lattice.

The magnetic charge can be calculated if we integrate the magnetic cur-
rent j, over three-dimensional volume V. Let us choose the time direction
to be p = 4 and consider an elementary three-dimensional cube V(n) at a
fixed moment of time. Then the Abelian magnetic charge is defined by the
flux through the surface §V, which consists of the six plaquettes IT;; (see
Fig. 9.3):

g=— Z nij(n), (9.27)
6V (n)
where integers n;; correspond to the number of strings passing through the
plaquette I1;;. In Fig. 9.3 only n;2 = 1. Clearly, the unit magnetic charge is
placed at the centre of the cube V(n).

Finally, let us note that, unlike the conventional QED, there is no problem
with singularities or the physical interpretation of the solution, since both the
monopoles and the string fields are defined not on the original lattice, where
the fermions and the gauge fields are living, but on the dual lattice, where
the variable m,, corresponds to the monopoles on the dual links.

17,

Fig. 9.3. Lattice monopoles and strings in the compact QED
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9.2.2 Lattice Duality

It turns out that the idea of duality, which arose in the context of Maxwell
electrodynamics, can be generalized to other models. From a modern point
of view, the notion of duality means that there are two (or even more) com-
pletely equivalent formulations of the same theory, which use different sets of
fundamental variables. Moreover, these dual formulations are usually related
by the interchange of some parameters, such as, for example, the coupling
constant e?, and its inverse 1/e%. Historically this interpretation of duality
goes back to the work by Kramers and Wannier [338], who introduced the
transformation of the lattice duality to evaluate the temperature of the phase
transition of the two-dimensional Ising model.

Dual formulation of the compact QED was first investigated by Banks,
Myerson and Kogut [111]. They found a transformation that brings the lattice
theory to the form describing a monopole gas with magnetic Coulomb inter-
action®. In fact we can perform a duality transformation that transforms the
compact U(1) gauge theory into a non-compact Abelian Higgs model [427].
The scalar field in this model describes monopoles that are condensed in the
superconducting phase, where a dual photon becomes massive. This picture
obviously is in a perfect agreement with the phenomenological discussion of
the previous section.

Recall that at the end of Chap. 1 we briefly mentioned that a usual
electromagnetic duality can be considered as a transformation that changes
the variables of the functional integration. In particular, we may make use of
a Gaussian integration over an auxiliary field that can be promoted to the
dual variable (see the discussion on page 24). We can apply this idea to the
partition function of the compact QED in the Villain form with the action
(9.23) [319]

ST

n,pu,v y=—00

nm, 00

exp {—;ezww(n) —27rn#,,(n)|2] . (9.28)

The starting point here is the Gaussian integration over an auxiliary ten-
sor field ©,,,, which, up to a normalization factor, allows us to represent the
Villain partition function as

oo

Z~ /H / d6,.,(n / pn) > (9.29)

n,u<v “r Ny =—00

5 A very nice and compact geometrical description in terms of the differential
forms on the lattice was constructed by Frohlich and Marchetti [227] (see also
[165,427]).
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Note that, unlike 8,,,, the field @, is defined on the plaquette, not on the
links. Now the summation over integer numbers in (9.29) can be performed
using the Poisson sum formulae:

Z 5(1,71): Z 627rimz’ Z f(l): Z /daf(a)ewrima.

l=—0c0 m=—o00 l=—0c0 m=-—00
(9.30)

Thus, the field 6, is forced to take integer values. Furthermore, integra-
tion over 6, yields the equation AZ@W = 0, which is satisfied automatically,
if we define a dual vector potential (cf. definition (9.19)) as

1 - -
B (1) = 521900 o () = (Afﬂy(*n) - A‘i&u(*n)) , (9.31)
where %(*n) € Z. . Thus, the dual transformation of the partition function

vields [111,319]
e ~
Z o~ E H exp [—2(9,2“/(*71)] . (9.32)

B, €Z ¥l

Clearly, the weak coupling limit of the model (9.29) corresponds to the
strong coupling limit of the model (9.32), that is, the duality maps these
limits again. Thus, the four-dimensional compact gauge theory is dual to a
Z gauge theory. _

However, the dual variables 6, are defined not on the links of original
lattice A%, but on the cubes of the dual lattice xA*, whose sites are labeled
by an integer *n (see Fig. 9.5).

The dual lattice *A* is obtained by a shift of the original lattice by
half of the lattice spacing a in all four dimensions (cf.the shift of the three-
dimensional analog as in Fig. 9.4). Sites of the dual lattice are set into cor-
respondence to the original hypercubes, their links are dual to the original
three-cubes, the plaquettes are dual to the original plaquettes and the sites
correspond to the dual hypercubes. Clearly, if we introduce differential forms
both on the original and dual lattices, this definition precisely corresponds
to the Hodge star duality (3.31) of these forms.

Thus, the lattice duality supposes not only transformations of the pla-
quette field variables 6,,,(n) — ©,,,(*n), but also transition from A* to xA*.
The operator A, is defined on the links of the original lattice, while the
operator AZ acts on the links of dual lattice. Furthermore, the lattice mono-
poles are described by the magnetic current m,(+¥n) (9.26), which is dual to
three-tensor A,n,, (n). While the former current is defined on the links of
the dual lattice, the integers n,, (n) are defined on the original lattice A%.

By analogy with (9.15), we can define the dual Abelian group matrices

U,(*n) = €900 (+n)
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I
n+e n ‘
I
I
I
I

’n-e2

Fig. 9.5. The original lattice and the definition of the lattice dual plaquette vari-
ables O, (*n) of the dual lattice
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Then the dual action in (9.32) can be represented as a sum over dual plaque-
ttes:

5d = 5 ZZTr {ﬁ#(*n) + ﬁl(*n)] ) (9.33)
where the dual plaquette field is
ﬁu(*n) =Tr {ﬁ#(*n)ﬁu(*n + e#)ﬁ;(*n + e,,)(NJJ(*n)} .

Let us return to the evaluation of the partition function (9.32). We can

transform the summation over the integers 5# into an integral by making use
of the second of the Poisson identities (9.30) above. This yields

Z o~ /’Dgu exp [_e; ( Z éfw(*n)> + 2mi Z gﬂm#} , (9.34)

K1, L,V *7,

where m,,(*n) is the integer-valued magnetic current (9.26), which is coupled
with a dual photon 6, (¥n).

Since the integral over the dual gauge potential @(*n) is Gaussian, taking
into account (9.31), we finally obtain [111,319]

Z o~
A 27T2 -1 U /
(z:) . H5( umy) | exp — Z my(¥n) D™ (kn — *«n)m,(+n') |,
n,(*n)e *n *n,kn’

(9.35)

where D~!(¥n — xn') is the lattice version of four-dimensional massless prop-
agator that satisfies OD~(n — n') = 0y, and O = AuAZ is the lattice
Laplace operator.

The partition function (9.35) describes integer-valued ring currents of
massless monopoles that propagate along the links of dual lattice. Actu-
ally, this is a three-dimensional lattice Coulomb gas in a plasma phase. The
problem is now to sum over such configurations to take into account their
contribution to the Wilson loop operator.

Thus, there is a disordering mechanism connected with monopole loops
because the monopole density changes as the coupling constant varies. In
the perturbative domain, the monopole ring currents are strongly suppressed
and we can drop it. However, when e? becomes large, there are macroscopic
monopole loops that disorder the system. In his pioneering work, Polyakov
showed [429] that, in this case, the Wilson loop operator satisfies the area law
and there is confinement in the compact QED due to monopole condensation.
To check this conclusion, we must define on the links of the original lattice
an external integer-valued electric current with a charge ¢ € Z [111]
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q if link  (n,n+e,) lies in the contour C,
Ju = —q if link (n+ey,n) lies in the contour C, (9.36)
0 otherwise.

This current represents a Wilson loop. In other words, we have a monopole
gas interacting with an external magnetic field generated by the stationary
ring current J,, and the corresponding terms must be included into the action
(9.35). This is a picture of dual electrodynamics in the superconducting phase,
where a linear force between two well-separated charges arises due to the flux
formation.

However, we have to remember that the confinement here is no more than
an artifact of the model, the compact lattice QED. Indeed, in the continuum
limit we are forced to take e? — 0. Then the Coulomb self-energy of mono-
poles blows up, their density goes to zero exponentially and no trace of the
monopoles remains [111].

Another way to establish a relation between the Polyakov result and our
phenomenological understanding of confinement as a dual Meissner effect,
was discussed by Frohlich and Marchetti [227], who pointed out that the
partition function (9.32) can be represented as a limit of the non-compact
dual Abelian Higgs model

Z ~ / Do / Dgoexp{z Sd 4 3 Z ‘(p(*n) —U(*n)p(xn +e,)
o g EX O EX O

+ 1 0ol Il (9.37)

where S? is the dual gauge action (9.33), which is defined via dual plaquette
matrices U(*n). The dual scalar field is parametrized as usual: o(xn) =
p(x¥n)e®*™) Tt carries a magnetic charge g and this is the magnetic order
parameter that we discussed in the previous section. Now we note that in the
London limit A — oo, the scalar field becomes infinitely heavy and its radial
dependence is completely frozen out: p = |po| for all sites of the dual lattice
*n € Z. Now only the phase a(+n) € [—m,n] of the Higgs field remains a
physical degree of freedom of the scalar field. In other words, in the London
limit, the action of the model (9.37) is defined in terms of the compact angular
variable a(*n). In the unitary gauge a(xn) = 0, the angular dependence of
the dual Higgs field can also be gauged out and the partition function reduces
to the form

i ~ ) ¢, leol ~ 2
Jim 2~ /Deexp{;LS +2;‘1—U(*n)) } (9.38)

It is clear now that, in the limit of infinite dual photon mass |¢g| — oo, the
dominating contribution to the partition function comes from the vicinity of
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the configurations U(n) = 1, that is, glt(*n) = 2mm,,(*n), where m,,(xn)
are integers that we identify with the magnetic current (9.26). Performing
Gaussian integration over the dual gauge field g(*n), we finally recover the
dual Z field theory in the form (9.32) [227,427]. Thus, we may conclude that
the compact QED is equivalent to the dual Abelian Higgs model in the double

limit of infinite dual photon mass and infinite dual Higgs mass.

9.3 Abelian Projection

9.3.1 “Monopoles” from Abelian Projection

So far we have discussed a model that is very different from conventional
QCD. Although a lattice model of such a type can be generalized for the case
of a compact non-Abelian gauge theory, it still remains a rather phenomeno-
logical model, which, however is in fairly good agreement with phenomeno-
logical QCD (see, e.g., [98,99]). The crucial point is that the idea of duality
between the Abelian Higgs model and low-energy QCD remains a speculation
that must be proved.

Indeed, a sensitive spot of the dual superconductor picture is that there
are no monopoles in the gluodynamics. Moreover, there is no Higgs field that
would break the symmetry spontaneously to the Abelian subgroup. Therefore
a monopole “4 la 't Hooft—Polyakov”, that is, a localized solution of the
classical field equations, does not exist in a pure gauge theory. However,
there might exist some large-scale field configurations that, in some gauge,
could look “like a monopole”.

The idea to consider such configurations as a driving force of the confine-
ment, was pushed forward by 't Hooft [275], who in 1981 suggested a strategy
of separation of these “monopoles” in gluodynamics. The guiding idea comes
from the observation that a proper treatment of any gauge theory is con-
nected with a procedure of separation of the physical degrees of freedom. In
other words, we have to fix some particular gauge that can be considered as
a constraint imposed on the model.

It is quite possible, however, that, in some isolated points, the correspond-
ing gauge condition turns out to be singular. For example, a non-physical
degree of freedom of the Abelian Higgs model (9.8), the phase of the scalar
field, can be eliminated by imposing the unitary gauge, as above:

L
o —=Up=lp|, U=exp(—ina), A,— A,— gaua. (9.39)

So far, we have paid little attention to the singularity at the origin of the
corresponding parameter, an azimuthal angle of polar coordinates. At this
point, the gauge fixing condition becomes ill-defined. However, this is pre-
cisely the point where such a transformation creates a singular magnetic flux
that penetrates the plane.
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This singularity, of course, is not physical and such a vortex is no more
than an artifact of the gauge condition that we fixed. However, we have to
remember that the Abelian Higgs model contains stable topologically non-
trivial solutions of the field equations, the Abrikosov—Nielsen—Olesen vortices.
The scalar field determines the thickness of the string, which becomes infi-
nitely thin in the London limit. These configurations are regular everywhere
on the plane and they are located precisely at the points where a singularity
of the gauge fixing condition (9.39) occurs. Thus, the guess by ’t Hooft was
that these singularities might be a signature of the topologically non-trivial
field configuration.

Let us consider how this idea can be implemented in an non-Abelian gauge
theory [275,276]. The dynamical variables are now the Yang—Mills vector
potentials A, (z,), the elements of the Lie algebra. A gauge fixing condition
must be imposed as a constraint on the physical states in the Hilbert space.
This is an important step since the physical situation becomes much clearer
in a proper gauge. One example is the background gauge condition that we
imposed in Chap. 6 to quantize the monopoles. However, we are free to choose
instead the Lorentz gauge 9,4, = 0, or the unitary gauge as above, or any
other gauge fixing condition.

At the same time, the partition function must be independent of an ex-
plicit form of the gauge condition. This is the step where Faddeev—Popov
ghosts appear (see, e.g., Chap. 12 of [15]). Despite their bizarre properties
(they are scalars but do anticommute), the ghost fields are harmless, since
they are not propagating and the only effect of the ghosts is to provide the
invariance of the partition function under variation of the gauge condition.
However, there is no guarantee that the separation between the physical states
and ghosts, which exists in the perturbative domain, remains unchanged in
the strong coupling regime. On the other hand, some gauge fixing conditions
may have degenerated solutions, the Gribov copies. The latter ambiguity
arises in the Yang—Mills theory. Thus, we have to analyze the gauge fixing
procedure in more detail.

The conjecture by 't Hooft is to make use of the gauge fixing procedure as
an instrument to trace up the monopole-like configurations in gluodynamics.
Let us consider the SU(N) Yang-Mills theory. Unlike the above considered
Georgi—Glashow model, there is no scalar field that provides the spontaneous
symmetry breaking to U(1). However, there are Abelian subgroups given by
the elements of the diagonal Cartan subalgebra. We may try to separate
related degrees of freedom by imposing some condition that does not affect
the diagonal subgroup of SU(N), thus the gauge shall be not fixed completely.

Let us consider a fairly general gauge non-invariant field X (z,) in the
adjoint representation of SU(N). This is an N x N traceless matrix, which
under local gauge transformations U(x,) transforms as

X () = U)X (20U (). (9.40)
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The explicit meaning of the field X can be different. For example, it might
be the Polyakov loop operator or the Wilson loop (9.4). The composite field
operators are also possible. For example, in a model with the spinor matter
field, we may consider (X);; = "7, where 4, j are the group indices. In the
pure gluodynamics with the gauge group SU(N) with N > 2, we may also
consider (X);; = F{" F}".

Moreover, in general, such a field X does not need to be a Lorentz scalar,
thus the choice (X);; = (F'2);; is also acceptable. Only the transformation
law (9.40) is essential for our choice, and therefore, the gauge potential (A*),;
must be ruled out due to the affine character of the corresponding transfor-
mation. The trick of the Abelian projection is to treat X as an ersatz that
would substitute the Higgs field.

Clearly, the proper choice of a matrix U(z,) € SU(NN) makes it possible
to diagonalize X:

Ar...0
X->UXU "= |: - : (9.41)
0 0 Ay
where we suppose some ordering for the eigenvalues \;. If, for example, the

field X lies in the Lie algebra of SU(N), that is, (X);; = (X%)(T*);;, where
(T*);; are the SU(N) generators in the adjoint representation, the eigenvalues

N

may be ordered as A1 > Ay > -+ > Ay, with [ A\; = 1. If the field X lies in
i=1

the group SU(N), we have

N
)‘i:ei¢i7 Z¢Z:07 |¢i7¢j|§2ﬂ-a v iaja
=1

and then the ordering ¢1 > ¢ > -+ > ¢ is natural [339]. Evidently, such a
field X resembles the definition (8.7).

However, if we make use of the transformations (9.40) as a special gauge
condition, we see that this does not fix the gauge completely. Indeed, the
matrix U is defined up to the left multiplication by a diagonal SU(N) matrix

because X = VXV ™! and [X,V] = 0. The matrix V, therefore, lies in the
diagonal Cartan subgroup of SU(N). Recall (see the discussion on page 278)
that the corresponding subalgebra of dimension N — 1 is generated by the
operators H = (Hy,Hs ... Hy_1). These transformations are just rotations
about the axis 73,78, 715 .. ..
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Thus, the residual local gauge group is U(1)Y !, which justifies the notion
of Abelian projection. Indeed, in the gauge, where the field X is diagonal,
the vector-potential becomes

1, 0 _
A, — A, =UA U+ SUoU Y (9.42)
and its diagonal components a, = (A’H)“ transform as N — 1 “photons”:
; N ;o
¢ T T 9.43
a, = (a,) =a, + oo (9.43)

The condition of tracelessness of the SU(N) matrix Tr A, = 0 yields the
constraint on these fields N

S —0.

i=1

The remaining N (N — 1) off-diagonal components of the matrix (A,),; trans-
form as the charged matter fields, that is,

(A#)q;j — elwimes) (Al—L)ij .
We shall refer to them as “gluons” [339].

However, these “gluons” in such an Abelian projected gluodynamics are
not massless. Indeed, recall that the matrix X, which we are trying to diag-
onalize, is treated as is it were an ersatz of the Higgs field. Then the mass
term of the “gluons” as usual arises from the square of the covariant derivative
Tr(D,,X)?, which contains the mass term e?(w; — w;) (AN)?].. These massive
states are charged with respect to the Cartan subgroup of SU(N) and their
electric charges are q; = 1. The separation between the massless “photons”
and the massive “gluons” is, of course, completely artificial since it depends
on the way we fixed the gauge.

Let us return to the gauge fixing condition, which can be included into the
Lagrangian of the theory. In order to do this, we shall introduce the Lagrange
multipliers b;; for the off-diagonal components of the field X and fix the
remaining N — 1 Abelian degrees of freedom via some standard condition,
e.g., the Lorentz gauge [275,277]:

N N-—-1
Lgauge = Zblez] + Z Ciap,ai . (944)
i=1

i<j

Recall that the gauge fixing procedure must not destroy the gauge in-
variance of the partition function, which has to include the Faddeev—Popov
determinant. Thus, the ghosts term also appears in the Lagrangian. This con-
ventional procedure is self-consistent also in the Abelian projected gluody-
namics, where massless ghost fields are not propagating as they should [275].
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The procedure of Abelian projection makes it possible to separate so-
called “QEDN~1" from the original non-Abelian gluodynamics. However,
by analogy with the singularity of the gauge fixing condition of the Abelian
Higgs model (9.39) at the origin, the gauge in which the “Higgs” field X (z,,)

is diagonalized may also be singular at some isolated points xff), where the

matrix of the local gauge transformation U(x,) rotates X (xff)) to the form
(9.41) with two degenerated eigenvalues:

)\1' = )\7;4_1 =\ (945)

If X is an element of the group SU(N), that is, \; = €*®¢, this relation leads
to identification of the phases ¢; = ¢;+1 + 27n.

This is the precisely the point where “would-be monopoles” arise. Indeed,
let us consider the neighborhood around x,(f), where the matrix of the Abelian
projection has a singularity. In order to do this we shall not diagonalize the
matrix X completely, taking the 2 x 2 Hermitian submatrix into considera-
tion, where two adjacent eigenvalues come close to being degenerated. In this
intermediate gauge we have

Dy : 0 0
_ A + €3 &1 — i€2
X = €1+ieg A —e3 0 XA+ ea(Tp)00 - (9.46)
0 : 0 D,

Here Dy, are diagonal blocks with non-coinciding eigenvalues other than A
and we use a standard parameterization of an SU(2) matrix by the set of
Pauli matrices.

Clearly, the singularity arises if all the components ¢,(x,) — 0 as we
approach the point xﬁf). These three constraints define a world line or a point
in the three-dimensional space where a “would-be monopole” is located. On
the other hand, the degeneration of the eigenvalues means that at x,(f) the
residual group of symmetry is no longer the Cartan subgroup U(1)V =1, but
the non-Abelian group U(1)N¥—3 x U(2).

Note that in the neighborhood of the singularity xff), the non-Abelian
components £*(z) of the “Higgs” field X may be written as an expansion
into a series

e (z) = (x — a:(i))b e (2D ~ (3: - x(i))a .

Clearly, this resembles the “hedgehog” asymptotic of the scalar field in the
Georgi—Glashow model.
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The last step in the diagonalization of the matrix X is to rotate this
“Higgs” field within the SU(2) subspace to the unitary gauge (5.50). This
can be done if we apply the already familiar singular gauge transformation
(5.3)

[ i 0 —ip
A R coss —singe
U(e,(p) — e'08% 023 0085 — 2_ 2 , (947)
singew cosg

which is ill-defined at the south pole of the S? sphere in the SU(2) subspace.
We can decompose the matrix of this transformation as U = U,..,U (8, ¢),
where a regular matrix U,y € SU(N) is constant in the neighborhood
around xff). This is a singularity of U(0, ¢) that is responsible for the non-
vanishing of the magnetic current (cf. definition (5.33) in Chap. 5):

i1 i
mp, = iguupaal/fpg 5 (948)
where the “clectromagnetic” field strength fi, = 9d,ai, — 9,aj,. Indeed, in

terms of the original fields this tensor can be written as

i, = <UFM,U1 + [U (A, +i0,) U U (A, +1i0,) U1]> . (9.49)
Since the tensor F),, is supposed to be regular everywhere, the singularities
in (9.49) could only originate from terms ~ U9, U~ .

Using the definition of the current m?, we may evaluate the magnetic

w :
charge given by the volume integration over the region around the point xﬁ):

; 1 - 1 .
T d3 i d2Sn nm 7
PR R U
)
4

i -
- / d*Sy EnmrOm [UOU ] . (9.50)

i

/d2sn Enmk [U0n U™, UOU™!]

The integrand in the last line is written as a total derivative. However, the
singularities of the matrices U(z,,) do not allow us to apply the Gauss theorem
naively.

Let us note that the magnetic currents vanish everywhere except at the
point xff) where two eigenvalues coincide. Hence we may restrict the area
of integration to be the infinitesimal sphere S2 (xff)) surrounding this point.
Then only the singularity of the SU(2) matrix U(f, ¢) matters and we have
[339]

g' = % /dSW Epvpe0p(1 — cos )0, (03], - (9.51)
52
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This expression can be considered by analogy with the definition of the topo-
logical charge (5.37) as a counterpart of the Brouwer index of the “genuine”
monopole configuration in the Georgi-Glashow model. In the latter case, the
zeros of the scalar field are associated with the positions of the monopoles.
Indeed, the integrand in (9.51) is the Jacobian of the transformation from lo-
cal coordinates on sphere S?(xff)) to group coordinates 6, . In other words,
it defines the map S2(x() — S2(6, ), which is characterized by the sec-
ond group of homotopy 72(S?) = Z. Thus, our “would-be monopoles” are
carrying the charges g = 4+1/2 with respect to the Abelian subgroup.
Generalization of this scheme to a “multimonopole” configuration is ob-
vious: now two eigenvalues \; and A;+1 become degenerated in a number of

points {J:,(f)}, where label i takes any values from 0 to N. Then we have

to sum over all monopole locations in a volume V. The constraint, which
N .

follows from our definition of the magnetic charge, is that > ¢* = 0. Fur-
i=1

thermore, because there are U(N)V~1 electric charges of massive “gluons”

q; = £1, a generalization of the charge quantization condition with respect

to the Abelian subgroup is

n
Zeigi:§, n €.

Let us recall once again that the “monopoles” that we are discussing
are not real field configurations, but rather fictive objects that appear as an
artifact of the formalism of the gauge fixing and Abelian projection. The con-
jecture by 't Hooft and others is that the proper choice of the gauge fixing
condition may separate such field configurations that dominate in the par-
tition function of gluodynamics in the strong coupling regime. Then these
configurations look like U(1) “monopoles” in the Abelian gauge, but actu-
ally they are rather the large scale fluctuations of the non-Abelian gauge
field. In the Landau gauge, for example, the dual Meissner effect is observed
without monopole condensation, but an operator of mass dimension 2 ap-
pears instead, providing the gluon condensate and the mass generation of
the Abelian electric fields [485].

Indeed, we know already that an infinite chain of instantons along the
Euclidean time direction is identical to a single BPS monopole. Other field
configurations can also produce a similar effect. This conjecture can be proved
numerically, if we apply the scheme of Abelian projection to the gluodynamics
on a lattice [339]. These calculations showed (see, e.g., [265,464,484] or [165]
and references therein) that the monopole currents appear in the Abelian
projected gluodynamics. However, we are not so optimistic to claim that
monopoles were really copiously observed. More likely we have to say that
these monopoles are artifacts of the gauge fixing condition that was imposed
to reduce gluodynamics to the Abelian gauge theory. Moreover, the monopole
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dominance in the confinement phase of gluodynamics was observed up to now
only in the special case of the so-called mazimal Abelian gauge.

9.3.2 Maximal Abelian Gauge

Clearly, the formalism of the Abelian projection has many ambiguities. There
is no natural candidate that could play the role of the “Higgs” field X. More-
over, it is not clear what is supposed to be the right choice of the gauge fixing
condition. An argument of renormalizability of the gauge fixing condition was
used by 't Hooft [275], when he introduced the maximal Abelian gauge, which
is both Lorentz covariant and gauge covariant, with respect to the Cartan
subgroup. Let us introduce such a condition as follows: we decompose the
gauge field into purely diagonal and purely off-diagonal parts:
Ay =a,+ AT

L

The maximal Abelian gauge is defined as [275,339]
Dy (a)AS! = 0,A51T +ie [A%T a,] =0. (9.52)

Thus, this is a differential equation rather than a straightforward condition
of diagonalization. However, it also separates a residual U(1)V~! symmetry
with respect to the transformations from the Cartan subgroup, since the
diagonal elements (ay,);; transform as a massless “photon” field, whereas A%/f
corresponds to the massive charged “gluons”. For example, in the simplest
case of SU(2) gauge theory the gauge condition (9.52) is

(0, £ieA%) Ay =0, where Ay = Al +iA2. (9.53)

This equation can be treated as a condition of minimization of the functional
F[A®] = [d*z[(A})? + (A2)?], that is, it makes the non-Abelian field 4, as
diagonal as possible.

The disadvantage of the gauge fixing condition (9.52) is that in such
a gauge, the massless ghosts shall propagate [275] and this problem is not
resolved yet. Another problem is that for a fixed configuration A,,, there could
be Gribov’s copies among solutions of the equations (9.53), which must be
excluded [109,255]. As yet there is no clear understanding of how to deal with
this problem in a continuum theory, although in the lattice model Gribov’s
copies can be eliminated [255].

Moreover, we can see that the regular 't Hooft—Polyakov monopole solu-
tion in the hedgehog gauge itself does not satisfy the maximal Abelian gauge
condition. Indeed, let us consider its spatial asymptotic A% = eqmrzr/(er?).

Then we have
cos 0 otiv

(0 ieA}) AL = F—

Thus, the 't Hooft—Polyakov monopole has too many non-Abelian degrees of
freedom to fit the condition (9.53). However, in the unitary gauge (5.50) it has
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only the Abelian component Ai, that is, the unitary gauge for a monopole

is the maximal Abelian gauge as well.
The maximal Abelian gauge is becoming very popular, since it makes
possible to discover monopoles in a number of unusual places. Indeed, we can
expect in advance that the field of an infinite chain of instantons satisfies
the maximal Abelian projection, since this configuration, up to the gauge
transformation, is identical to the BPS monopole. However, the miracle of
Abelian projection allows us to produce a monopole current even from a
single instanton!
Following [163], let us consider the field of an SU(2) instanton, a topo-
logically nontrivial solution of the pure Yang-Mills self-duality equations:
2 NapTy

Ao ==

—_— 9.54
1 e 7,.2_|_7-2+p2’ ( )

where 7 is Euclidean time and an arbitrary parameter p is called the size of
an instanton. The self-dual 't Hooft tensor 74, is defined as

1 Eapvy, MV = 1,2,3
ig,uupo'napo' = Napv = 6(11/7 H= 4
—Oqu, v =14

The field of an instanton can be written in components as

1 (T0k — Ekma®m0a)

Ap = ——
k e 72 4+ 12+ p2 )
1 L0
Aj==- ——2<¢ 9.55
4 e 12472 4 p? ( )

Now recall that this solution is defined up to the gauge transformations
(5.2)

A, — UTAU - U 10,U, (9.56)
e
which particularly can be used to set the gauge A4 = 0 [27]. We may consider
the general form of SU(2) transformation
_ e
N

which rotates the instanton field (9.54) to the form

U =ngy+in;o;, where n, =

Aa _ 2p2 ﬁa,uuxl/
(2 e (r2+72)(r2+72+p2)’

(9.57)

where 7,,, is the anti-selfdual 't Hooft tensor with the properties

1 _ _
5€uvpoTlapec = ~Napv- . ;

Recall that the instanton is defined as a mapping S — S3. Thus, such a
transformation unwinds the singularity at infinity, but creates a singularity at
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the origin [163]. Clearly, this field obeys the condition of the maximal Abelian
projection (9.53), but the gauge transformation produces a singularity whose
origination is discussed in Appendix C in detail.

We already know that a bit more careful treatment of such a singularity
allows us to see that the field strength tensor F),, does not change under
these transformations. However, in the formalism of the Abelian projection,
we restrict our consideration to the diagonal components of the potential Ai
only. Then the “Abelian” field strength fﬁy = 0,43 — ayAi contains the
singularity of string type and monopole current jl’; (9.48) does not vanish. In
the case of a single instanton, placed at the origin of a coordinate system,
this current is a straight line that passes through the center of the instanton.

Thus, the claim is that, in some gauge, the field of a single instanton after
the “Abelization” procedure produces singularities of monopole type [163].
It was shown that, in the case of the dilute gas of instantons, the mechanism
of Abelian projection produces ring monopole currents whose characteristic
scale is of order of instanton radius p [256]. However, the numerical calcu-
lations on the lattice showed [257] that the string tension is reproduced by
a single monopole current of another type that permeates the whole lattice
volume. Other monopole currents are localized and they do not contribute to
the Wilson loop operator. Since they are scale-invariant at small distances,
their connection to the instantons seems to be doubtful.

This looks a bit suspicious and suggests that these “monopoles” again do
not have much in common with the original field configuration, but rather
appear as an artifact of the gauge condition that transforms a non-Abelian
gauge theory into the model with Abelian electric and magnetic charges.
These configurations are not solutions of the field equations and their simi-
larity with a monopole is based only on the local behaviour of the fields in
the neighborhoods of the singularities.

Such a formalism can in principle produce a monopole current from a
very arbitrary configuration. However, we cannot exclude the possibility that
Abelian projection can be used as a practical tool to identify large scale
fluctuations in a non-perturbative regime. This point of view is supported
by numerical calculations, which show that the value of the string tension
in the confinement phase, the most important phenomenological parameter
of low-energy QCD, can be reproduced in the method of Abelian projection,
with an error smaller than 8 percent, if only the contribution of the monopole
currents into the Wilson loop operator is taken into account [465,482]. This
is so-called monopole dominance, which is probably the strongest argument
in favour of the formalism of Abelian projection. However, the monopole
dominance disappears if we change the gauge fixing condition [164,192].

To complete this section, we note that some modification of the gauge
fixing condition (9.52) can cure the problem of Gribov copies [463]. This
idea of dynamical Abelian projection is to make use of an analogy with the
Faddeev—Popov trick. We may insert an identity
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\Jdet(—D2) / Deet *ITHDu)* — 1

into the functional integral over the gauge fields, where an auxiliary real
scalar field ¢ lies in the adjoint representation of the gauge group. The inter-
action between this field and the gauge potential A, arises from the standard
covariant derivative D, ¢ and now we can select the diagonal components of
the gauge field if off-diagonal components of ¢ are set to zero.

9.4 Polyakov Solution of Confinement
in the d = 3 Georgi—Glashow Model

We have already seen in Sect. 9.2 how the mechanism of the strong confine-
ment in the compact QED is connected with the condensation of monopoles.
This conclusion supports the model of dual superconductivity even if the
realistic QCD is a much more complicated theory. On the other hand, the
compact QED is formulated on the lattice where a strong coupling regime is
natural and the existence of the phase transition into the confinement phase
can be proved numerically. However, Polyakov noted that in d = 3, similar
results can be obtained also in the continuum Georgi—Glashow model, where
condensation of monopoles also leads to the area-low behaviour of the Wilson
loop operator [430].

9.4.1 Dilute Gas of Monopoles in the d = 3
Georgi—Glashow Model

The phenomenon of confinement means that a parameter with the dimension
of mass somehow has to be generated in the model. This parameter actually
defines the string tension and, in the model of dual superconductivity, it is
precisely the vacuum expectation value of the monopole condensate. How-
ever, a qualitative description of the confinement is also possible in terms of
the Debye plasma screening of the Coulomb potential. Indeed, the Poisson
equation for an electrostatic potential Aq is

N
V2A0 = —471'261‘711', (958)

i=1

where the sum is taken over all particles with a charge e;, which are distrib-
uted with a density n;. If the dilute gas of these charges is in equilibrium
state, the density is given by the well-known Boltzmann formula

7E7; kT — 781'14 kT
n; =mni e E =y e o/KT
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where n;q is the density of charges with no potential. Because plasma as a

N

whole is neutral, we have Y e;n;o = 0. If we suppose now that e; Ag/kT < 1,
i=1

the Poisson equation becomes

V2Ay— p?Ag =0, (9.59)

N
where p? = 41 3" nyo €2 /kT defines the so-called Debye mass. Clearly, the
i=1

solution for the potential then becomes Ag ~ r~le™#", that is a photon,
propagating in plasma, obtains the magnetic, or so-called Debye mass, and
a standard Coulomb potential becomes screened by a short-range exponent.

As was shown by Polyakov in the 70s, a similar effect of screening by dilute
gas of monopoles yields a magnetic mass of photon in the 3d Georgi—Glashow
model [429,430].

Let us begin a brief review of Polyakov’s work by considering the trun-
cated Lagrangian (5.7) of the Georgi-Glashow model in d = 3 Euclidean
space:

1 a a 1 a\2 A a ja 2\2
Here both Lorentz and group indices take the values m,n,a = 1,2, 3.

Note that the expression (9.60) is identical to the potential energy of
the original 3 + 1 Georgi-Glashow model. In other words, a static monopole
configuration, which is a solution of the system of the field equations (5.14),
corresponds to the motion of a classical particle in R?. The similarity of the
respective models suggests that the solitons of the theory (9.60) are instantons
in d = 3, rather than dynamical monopoles. The gauge field of the former
configuration is asymptotically decaying® as ~ r=2.

Other essential difference between the d = 3 Georgi-Glashow theory
(9.60) and its 4-dimensional version is that the gauge coupling constant e
of the former model already has dimension of mass. Thus, there is a char-
acteristic scale already on the classical level and the dynamically generated
mass is proportional to it. Furthermore, the classical Coulomb potential of
three-dimensional model is Voouioms ~ €2 Inr, that is the energy of interac-
tion between the charges increases with increasing r, although not linearly.
We shall see that quantum corrections could improve the situation and, for
a large separation, a linear potential V ~ ar is generated.

Let us consider the 't Hooft—Polyakov solution (5.41) outside the mono-
pole core, that is at the distances r > m; ! ~ (ve)~! where

r® ) r
P ~ v — ﬁe_m“; Al Eamnﬁ , (9.61)
6 Recall that in d = 4 there is also a difference between the field of a monopole,
which has the Coulomb asymptotic ~ =2, and the field of an instanton, which
decays as ~ r~*. Such a long-range asymptotic is used to identify the corre-
sponding field configurations in numerical lattice simulations.
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where we do not neglect the term which is exponentially suppressed by the
mass of the scalar field m,. As we have seen, this asymptotic behaviour
corresponds to the Abelian field of a monopole of unit topological charge
1 Tk
Bk = aeknm(banln ~ ? .

Suppose that there is a number of well separated monopoles and anti-
monopoles in the vacuum state”. Then the magnetic field is given by a simple
superposition of the Abelian fields of several monopoles with charges g;, which

are placed at the points rl(f):

e =) 9.62
Zgl EOIER (9.62)

where we suppose that for any pair of monopoles m; ! < |[r—r(|. The action
of the system then can be written as

S =NS1+ Sine, (963)

where the first term is the multiple of the classical static one-monopole action

(5.48)
S, — 47rm,,f (ms) ’

e? My

which we expressed via the masses of the vector and scalar fields. Recall that
the smooth function f(ms/m,) weakly depends on the scalar coupling and
in the Bogomol'nyi limit we have f(0) = 1.

The second term in (9.63) is the energy of interaction between the mono-
poles

7 In general, this assumption of dilute Abelian monopole gas may cause some
doubts and its correctness can be questioned. The point is that the vacuum
state by definition must yield the minimum of free energy of the system. Thus,
to prove if the picture of dilute monopole gas is valid, we have to account for
the effect of entropy and check if the interaction between the monopoles remains
weak. The most simple solution is, of course to consider the Bogomol’'nyi limit
where monopoles do not interact at all due to the long-range tail of the scalar
force and there are the multi-monopole solutions that we discussed in Chap. 6
above. It turns out, however, that in the limit of the vanishing mass of the scalar
field, the monopole gas undergoes the phase transition, which destroys the initial
approximation and kills the mechanism of the generation of magnetic mass [198].
On the other hand, the energy of interaction between non-BPS monopoles can be
large enough to produce a strong overlap of the cores of monopoles and destroy
the picture of dilute monopole gas. The same effect causes excitation of dyonic
degrees of freedom and, therefore, the Debye mass in a monopole plasma can be
generated only if there is some mechanism that keeps monopoles well-separated.
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o N e_ms‘r(i)_r(j)‘
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St = Z FO—r0] @ 2 o) - 6
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Here, unlike Polyakov’s original work [430], we still keep the exponentially
suppressed terms that describe the energy of the additional Yukawa interac-
tion mediated by the massive Higgs field quanta. In the Bogomol’'nyi limit,
the action (9.63) is reduced to

K3
S=NS5; + Z ‘Tigﬂ_ T (9.65)
As we have already seen (cf. discussion in Sect. 6.3), this corresponds to the
familiar effect of non-interaction between two BPS (anti)-monopoles (g; =
g; = £1) and doubling of the energy of attraction between a monopole and
an anti-monopole (g; = —g; = +1). Note that in the opposite limit of a very
heavy scalar field, the second term in (9.64) becomes negligible.

The problem is to define the photon propagator on the monopole back-
ground taking into account the quantum fluctuations of the fields. To evalu-
ate the corresponding functional integral we must separate the monopole zero
modes and diagonalize the second variation of the action. Actually, we have
to apply the technique discussed in Chap. 7. Moreover, it is not necessary to
evaluate the one-loop quantum correction explicitly.

Let us consider the one-monopole partition function Z; defined by (7.76).
Separating the integration over the coordinates of the position of a monopole

r,(cl), which are translational zero modes, we can write [430]

2 = / Dri) Ae S = / driV ¢, (9.66)

where the quantity ¢ absorbs both the measure of integration over the trans-
lational zero modes, the one-loop determinant A and the exponent of the
classical action of a monopole. This quantity can be calculated in principle,
at least numerically.

Using this definition, we can rewrite the partition function of the dilute
monopole gas in d = 3 as [24,430]

/ Hd3 ~Sint (9.67)
Ngl
N (i) 3)
27 27T e=malrt =
3,.(k) ig -
—Z /Hd eXp{ Z ) — r(y)| el }
i#£j

N.gi
Interpretation of this expression in terms of statistical physics is obvious: this
is the grand canonical partition sum of the Coulomb gas of charged particles
that is modified by an additional attractive Yukawa interaction.
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We can now see a direct correspondence to the effect of Debye screening:
the quantity ¢~/3, which corresponds to the density of the monopole gas,
is actually the finite correlation length that yields the scale of the magnetic
mass of the photon.

We can see that this effect really occurs by straightforward calculation of
the correlation functions of dilute monopole gas®. For the sake of simplicity,
we consider the limit of a very heavy Higgs field, where the second term in
(9.67) vanishes. By making use of a well-known trick, the partition function
(9.67) then may be written as a functional integral over an auxiliary field

&(r):
e? NS @)
Z:/Df exp{—327r2/d37“ (Vf)Q}%:%:N!Ed?’T()e @ )
(9.68)

However, recall that SU(2) monopoles with only the unit topological charge
g; = £1 are stable. Then the sum over magnetic charges takes the simple
form

1Y g :
e i = et e =2cos¢.

Now performing summation over all monopoles in (9.68), we have

7= / DE exp {3;; / &3r {(vg)2 — 2M2 cos g} } (9.69)

where the Debye mass is defined as

_ 3272
=

M? ¢. (9.70)

Indeed, expansion of cos¢ in the functional integral (9.69) yields the action
Se = /d3r [(VE)? — M2+ ag* + ...

and the equation of motion obtained by varying the auxiliary field £(r) is the
sin-Gordon equation
V2 —2M?siné = 0. (9.71)

This is a non-linear generalization of the Debye equation (9.59) for the di-
lute gas of monopoles. Its solution defines the parameters of the magnetic
screening by the monopole plasma.

The selfconsistency of the model is preserved by weakness of the non-linear
interaction in (9.71), since the contribution of the terms of all higher powers

8 Note that we are following here the original paper by Polyakov [430]. An al-
ternative and more simple description, based on the variational approach, was
presented in [331].
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in the field £ are negligible compared with the leading quadratic term [430].
Indeed, the coupling at &* is weak because
B 4m?

—@ Neisl<<1.

g

The correlation functions of the fields can be obtained from the functional
integral (9.69), if we introduce an external source n(z) that couples to the
monopoles as

Sy = /dgr Z gin(r)é(r —r®) = /dgr p(r)n(r). (9.72)

Here the density of monopole plasma is defined as p(r) = 3 g;0(r — r(®).

(2
Then evaluation of the partition function with external current n(x) yields

Z = /Dg exp {—35; /d% [(vg —vp)? - 2M2 cosg] } (9.73)

We can now evaluate average values of any function of the fields according
to the standard procedure. We are interested in the correlation function of
the field operator (9.62), which can be written as

Bu(r) = ¢ [ & M oY, (9.74)

or, performing the Fourier transformation,

4imk,y,
B (k) = ek?

p(k) .

Evidently, the expectation value of the operator of the electromagnetic field
strength is related to the vacuum average of £ as

1 (r—1"m
B. - 3,./ / .
<Bu(r) > = ¢ [ @ S <o) > (9.75)

A A 1 9z
- e/dr 8r’(|r—r’|) on

e
—zﬂam <E(r)> .

(9.76)

n=0

The procedure of the evaluation of other correlators appears very similar.
For example, the operator of monopole density reads [280]
< p(r) > et < V%(r) > 'M262 < siné(r) > (9.77)
r)>= r) >=iM*— <sin(r . .
r 1672 82

Then the Fourier transform yields
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2

1672

< p(k) >= E* < £(k) >,

and the two-point correlation function can be calculated by analogy with
(9.77):

<o) >= (1) B =k ()" < ee-h >

Since non-linearity of (9.71) is almost negligible, the propagator of the aux-
iliary field is simply < £(k)é(—k) >~ (k* + M?)~! and we can write

e \?2 k4 e\2 M?K?
< p(k)p(—Fk) > (E) (kQ T2 +M2> = (E) K2+ M2

Thus, the two-point correlation function of the operator of the electromag-
netic field is

< By(k) B (=) > = < Bu(k)Bon(—F) >0 +1622°750 < 51y p(—k) >

ekt
ki kn kmkn, M?
= <5mn - 52 ) + k2 k21 M2 (978)
_s . Fmkn
k2 + M2

Here < By, (k)Bm(—k) >o= (5mn — kzmkn/kQ) is the standard propagator
of a massless photon. The correction to it, which comes from the second
term, means that a photon, propagating in a dilute gas of monopoles, indeed
acquires the magnetic mass M of (9.70).

9.4.2 Wilson Loop Operator in d = 3
Georgi—Glashow Model

We have already mentioned that an order parameter for the strong confine-
ment phase transition may be associated with the expectation value of the
Wilson loop operator (9.4)

<W(C)> = <Tr {exp z‘z{AM(g)dgﬂ } > . (9.79)

In the confinement phase this operator satisfies the area-law behavior
<W(C)> =~ e 98T while the deconfinement phase is characterized by
perimeter law.

The Wilson loop can be written as an integral over the area S bounded
by the contour C"
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W(S) =< exp i/Bm(r)dSm > = <exp{in(r)«p(r)} >, (9.80)
S

where we make use of the definition (9.74) and introduce the external field
of a pair of external sources of unit electric charge as

The explicit form of the Wilson loop operator up to a normalization factor is

_ ()
3 B 9i9; r—r
w(s /Hd ) exp §‘T()_N)| /dS| — P
S

Ngl

(9.81)
The similarity of the corresponding functional integration in (9.81) and (9.67)
is obvious. Thus, by complete analogy with the calculation of the effective
action (9.69) above, we arrive at [430]

= /Df exp {3;; /d?’r {(V (€ —n))* —2M? cos 5} } ,  (9.82)

which corresponds to (9.73).

In spite of the similarity of (9.82) to (9.73), in the former case we do not
suppose that the non-linearity of the field £ is negligible, because an external
field n(r) can be strong. To calculate the Wilson loop operator (9.82) in such
a system, we note that the field of the test electric charges must satisfy the
Poisson equation

V2B(x) = 4md(2)0s ,

where 0 = 1 on the Wilson loop and 6g = 0 otherwise. Since the value of
W (S) does not depend on the form and orientation of the contour, it can
be chosen to be in the zy-plane. Then the non-linear Debye equation (9.71),
which is modified by the external sources

V2(€—n) —2M?*siné =0, (9.83)

far away from the loop C' turns out to be the one-dimensional sin-Gordon
equation with the kink solution [430]

£ = 4arctan (e*MZ) , as z>0,
¢ = —4arctan (e M%), as 2<0. (9.84)

From the exponent of the Wilson loop operator (9.82) we can now separate
the integral over the xy-plane, which gives the area of the loop. This leaves
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W(S) = e’ M? - _ —ORT
(S) =exp Ty dz (sin —2cosé) [ dedyp =e )

where the string tension is defined as

2 M?

_ der/2¢
3272 '

™

o /dz(sin§—2cos§)
Here we used the definition of the Debye mass (9.70).

Thus, the electric field of two test charges forms a string with tension given
by the one-loop monopole action ¢ (9.66). This conclusion can be proved by a
direct calculation of the expectation value of the electric field operator [280],
which shows that the electric string with unit flux is formed in the mono-
pole plasma. Evidently, we may conclude that there is strong confinement in
the d = 3 Georgi—-Glashow model under the assumption that the monopole
plasma vacuum state exists.

Finally, let us make some remarks. First, note that it is very instructive to
see the similarity of the discussion above to the dual description of the familiar
Josephson effect [280]. Recall that the Josephson effect appears in system of
two superconductors separated by a barrier. A quantity that characterizes
the effect is the change of the phase of the order parameter as we cross the
barrier. Its counterpart in the Polyakov solution is the field £, which defines
the character of interaction between monopoles. Further, the electric charge
of the Cooper pair is replaced by the topological charge of the monopole and
supercurrents of correlated electrons through the barrier correspond to the
density of monopoles in the dilute gas vacuum.

Second, embedding of the model into four-dimensional Euclidean space
changes the situation drastically [24]. The solution, which was localized in
d = 3, corresponds to the world line in d = 4. Since the magnetic flux is
conserved, these world lines can be either infinite or form the closed loops.
We may evaluate the contribution of the monopole-antimonopole loops to
the functional integral. The conclusion is that the loops of small size do not
introduce a disorder in the system and the electric field of two test charges
remains Coulomb-like.

The confinement phase is associated with the large-scale monopole loops,
their search is actually the main subject of works directed to evaluating the
string tension on the lattice. However, the correspondence between realistic
QCD in d = 4 and the Georgi—Glashow model in d = 3 remains questionable,
although the effect of finite temperature leads to the dimensional reduction
effectively truncating gluodynamics to be d = 3 theory [240].

We have already noted at the evaluation of the correlators above that
we make use the of form of the generating functional (9.67) with the scalar
field splitted out completely. This approximation fails as we approach the
Bogomol'nyi limit ms = 0, where the effect of additional long-range interac-
tion leads to the first-order phase transition in the monopole plasma. Then
the picture of the magnetic mass generation that we discussed above is not
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quite correct. Unfortunately, the same effect gives the excitation of dyonic
degrees of freedom of monopoles, because the strong interaction in a model
of d = 3 plasma of dyons [476,477] inevitably destroys the initial approxima-
tion of dilute gas. Thus, the model of confinement “& la Polyakov” remains
self-consistent only in the limit of a very massive Higgs field and zero electric
charge of monopoles.

Our last remark concerns the differences between the mechanism of con-
finement in the d = 3 Georgi-Glashow model and in the Seiberg—Witten
theory [469]. The most obvious difference is that the BPS limit is natural for
the latter supersymmetric theory, while the former model is not applicable
there. Although in both theories confinement is closely connected with con-
tributions of monopoles, in the Georgi-Glashow model, the monopoles are
not propagating and cannot condense. In contrast, the condensation of BPS
states is a key to the description of confinement within the N = 2 SUSY
model. We shall discuss this model at the end of Chap. 13.



10 Fermions in the Field of Non-Abelian
Monopole and Rubakov—Callan Effect

So far, we have restricted ourselves to a minimal set of bosonic fields entering
the initial Lagrangian of the Georgi-Glashow model. Including interaction
with fermionic fields modifies the theory in an essential way. Such an extended
system, can be, for example, a model of the unification of electroweak and
strong interactions, which includes both leptons and quarks. The monopole
solutions naturally arise in the bosonic sector of this theory as well.

As we shall see in this chapter, the coupling of fermions with a monopole
background field yields a number of highly non-trivial effects. On the other
hand, including the fermions in a model can be considered as a first step
toward a consistent analysis of the properties of monopoles in some super-
symmetrical models, for example, the N = 2 SUSY Yang—Mills theory that
we shall consider in the last part.

10.1 Dirac Hamiltonian
on the Non-Abelian Monopole Background

The difference between the problem under consideration and the simplest
model of the Abelian interaction between the fermions and the Dirac mono-
pole, which was considered in Chap. 2, is that from now on both the fermionic
and the bosonic fields lie in some Lie algebra of the gauge group.

Note that even in the simplest non-Abelian example of the SU(2) theory
coupled with fermions, the physical contents of the model depends on the
representation of the group. One may consider, for example, either the ad-
joint (isovector or triplet), or the fundamental (isospinor or complex-doublet)
representations of the SU(2) Lie-algebra-valued fermions.

Let us consider the isospinor fermions, that is, we define an eight-
component wavefunction ¢ labeled by two indices. The isotopic, or “colour”
index a, takes the values 1, 2 and the Lorentz index « takes the values 1,...,4.
Here the four-dimensional Dirac matrices v* act on the Lorentz components
of the wave function, while the isospinor Pauli matrices 7% are coupled via
the group indices:
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()e = (M) ap ¥, (FUY)o = (T U5 (10.1)

that is, the function ¢¢ is considered as a matrix of dimension 4 x 2.
The Lagrangian of interaction between a fermion and a monopole can be
written as! [27,298,373,376]

Ly = 9}, {i(y")ap [0:0 + ie(T*)i; A%] — ih(¥7)ap(T*)i;0" } 1% . (10.2)

The above expression describes both the Yukawa-type pseudoscalar interac-
tion with a coupling h between the fermions and the scalar fields, and the
interaction between the gauge and the isospinor fields, which are coupled in
the covariant derivative as:

Dyl = |6:50, + ie(T*)i; A% | 9], (10.3)

Hence the mass of the fermions is completely defined by the vacuum expec-
tation value of the Higgs field v. Evidently, the restoration of the original
symmetry means nullification of the fermionic mass term in (10.2). For the
sake of completeness, we do not drop out the indices in (10.2) and (10.3),
both the Lorentz and the isospinor ones. In the following, however, we shall
use compact matrix notations, although in some cases, the indices will be
written explicitly as above.

First, let us consider the solutions of the Dirac equation within the topo-
logically trivial sector, where the symmetry is spontaneously broken down to
the electromagnetic subgroup and the Higgs field is constant everywhere in
space and it is directed along the third axis in the isospace: ¢ = (0,0, v).

The two-dimensional fundamental representation of SU(2) is provided by
the set of familiar traceless Hermitian generators T = 7%/2 and only the
third component of the gauge potential Ai is involved:

' h
[v“ (a,t + Z;TSAi> - 7521’73} Y =0. (10.4)

Thus, the equations for the top and the bottom components of the isotopic
doublet in trivial vacuum are decoupled,respectively, as

ie hv
[,wau <8“ + 2Ai) — 2} V=0,

: h
[yw (a,t - Z;Ai> + ﬂzﬁ ~0. (10.5)

! Here we consider the pseudoscalar coupling between a Higgs field and fermions. It
is instructive for the reader to carry out the calculations with the conventional
choice of the scalar coupling (cf., for example, the related discussion in [27]).
Modifications of this Lagrangian also are possible. We can, for example, include
an extra term L,, = ma)1), which describes the bare fermion mass m. Henceforth
we suppose that m = 0.
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Thus it is seen that the electric charges of the components ' and 12
are q = de/2, respectively. At the same time, they are of the same mass?
m = hv/2.

To make our discussion correlated with the problem of the scattering of
a Dirac fermion on an Abelian monopole considered in Chap. 2, we shall use
the Dirac representation of the v matrices once again:

(10 (0 o /01

It is well known that the theory is invariant with respect to the fermion
number conjugation symmetry, or C-conjugation. The usual matrix of the
U(1) fermion charge conjugation in the Dirac representation (10.6) is

; 0 —¢ -
C:Z’y2’yoz<_80>:—c 17

where € = 109 is a 2 X 2 matrix with entries &;5, 91 = 1. Thus, for a standard
Dirac fermion we would have ¢ = C¥T up to a phase factor. However,
the fermionic field now carries a non-Abelian SU(2) charge and such an
operation must be supplemented by the multiplication of the wavefunction 2

by the matrix (72),5, which acts on the isotopic degrees of freedom. Indeed,

727972 = —(7%)T and the conjugated isospinor is defined as

@)a = (7*)avCap (")} - (10.7)

Let us consider now the Dirac equation for a fermion in the external field
of a 't Hooft—Polyakov monopole. This system is described by the Lagrangian
(10.2). Substituting (5.41) into (10.2) leaves the fermionic equation of motion
in the form of the Schrédinger equation (cf. its Abelian analog (2.105)):

2 (52) (). a0

where we introduce the operators

D =io*Dy — ihg*T* = o* (z‘aa + A(r)eakﬂw> — it F(r),
Tk

Pt =io® Dy +ih¢*T® = oF (%f; + A(r)saknT“f"> + it F(r),

(10.9)
and decompose the Dirac wavefunction into up and down spin-isospinor com-
ponents 1 = <§/)’ which are complex 2 x 2 matrices. For the sake of com-
pactness, we used here the shorthand

2 The unusual sign of the mass term in the second of the equations (10.5) can be
inverted by a unitary transformation [27].



362 10 Rubakov—Callan Effect

_ 1= K(r)
- 2r

In studying the behaviour of these fermions in the presence of the mono-
pole, we have to investigate the chiral properties of the fermions. For a given
representation of the Dirac matrices the left-hand and the right-hand fermi-
ons are defined, respectively, as

1+ C+n (1 1—7 C—n(1

_ h H(r)
T % r

A(r) E(r)

for those y5¢L =YL, V5VrR = —¢r.
The peculiarity of the dynamics of such a fermion is that its mass entirely

arises due to coupling with the Higgs field. Therefore, it varies with the
distance from the monopole core. Clearly, on the spatial asymptotic, where
the symmetry is spontaneously broken down to the U(1) subgroup, as a
limiting case we have the system (10.5) once again. However, if a fermion
somehow manages to filter down to the monopole centre, where the initial
gauge symmetry is completely restored, its mass there vanishes. The question
is, if there are such states in the spectrum of fluctuations for which the
centrifugal barrier is lifted. Thus, to prove if a fermion can fall down onto
the monopole centre, we must analyze the properties of the operator of an
angular momentum.

We have seen already in Sect. 7.1.1 that the corresponding integral of
motion is not a standard operator of the angular momentum of a fermion,
but the combination J = L + T 4+ S. Now the operator of spin is

1 Ok 0
Sk - 5 < 0 O'k> ’
where standard Pauli matrices (0%),s are coupled with the Lorentz indices
of the left and right components of the field ¢, and then the operator J acts

as
J=L+to®@I+I®T. (10.11)

Indeed, straightforward calculation of the commutator of this operator and
the radially symmetric Hamiltonian operator H, which we defined above in
(10.8), shows that they do commute3.

Clearly, there is a certain correspondence between this system and the
solutions of the Dirac equation, which describes an electron in the external
field of an Abelian monopole (cf. related discussion in Chap. 2). This analogy
is emphasized by the similarity between the definitions of the operator J and
its quantum-mechanical counterpart (2.61). Indeed, as before, the addition
of three components of the angular momentum J may yield a spherically
symmetric s-wave state in two possible cases:

3 For the axially symmetric multimonopole ansatz (6.15) and (6.16) the Dirac
Hamiltonian commutes with the operator J = L+0 ® I +nl ® T, where n is the
topological charge of the background configuration.
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e a state with zero orbital momentum ! = 0 and a vanishing sum of spin
and isospin momenta: S + T = 0;

e a state with unit orbital momentum [ = 1, which is compensated by the
total contribution of spin and isospin momenta.

However, a principal difference is that in the Abelian case, in order to
avoid the problem of self-adjointness of the spin 1/2 Dirac Hamiltonian over
the complete space of its eigenfunctions, we are forced to impose a very
special boundary condition (2.115) at the origin, which actually connects the
states with opposite chirality. In contrast to the Abelian theory, the 't Hooft—
Polyakov monopole is regular everywhere and there is no reason to believe
that the boundary condition of such type is unique.

Indeed, for an s-wave fermion, we have the condition ) = 7#*T* = —7#*5¢,
which relates the operator of the electric charge ) and the operator of spi-
rality. In other words, the interaction between the fermion and the monopole
may inverse the electric charge of the fermion. This inversion must of course,
be compensated by the excitation of the corresponding dyonic degrees of
freedom of a monopole:

¥4+ + Monopole — ¥_ + Dyon,

and there is no violation of the total electric charge conservation.

However, the situation is not so obvious because this naive picture is
definitely beyond the initial relativistic quantum mechanical approximation,
which supposes that the monopole field does not change in the course of the
fermion scattering. As we have seen above (cf. the discussion in Sect. 7.2.2)
in a quantum theory the electric charge of a monopole is quantized. This
quantization can be interpreted as the coupling of a monopole with a charged
vector boson. In other words, the excitation of the dyonic degrees of freedom
should be supplied with the increase of the monopole mass by ~ m, = ev.
Therefore, for a fermion falling down onto the monopole with an energy
lower than such a scale, this process is forbidden. Thus, the one-particle
approximation is no longer justified and we have to investigate the process
of monopole-fermion interaction within the complete quantum field theory
framework. The first step toward this description is to analyze zero modes of
the Dirac operator on the non-Abelian monopole background.

10.1.1 Fermionic Zero Modes

Since the operator of generalized angular momentum J does not mix the left
and the right chiral components of the spin-isospin wave function 1 neither
in the trivial nor in the monopole sectors, in order to solve the Dirac equation
(10.8), as before, we shall decompose it into two independent equations for
these components. Now it is convenient to make use of parameterization [27]

Yo = Ve (10.12)
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which is especially useful for the consideration of the interaction between the
fermions and an external non-Abelian bosonic field. An obvious advantage
of parameterization (10.12) is that we can get rid of the transposed Pauli
matrices via

(1908 = P(r)T = Prer;(19)i; = =k (19)ije0 = —07% . (10.13)

The structure of the Dirac Hamiltonian in (10.8) allows us to factorize the
time-dependent part of the wave function as ¢(z,) = ¥(r)e”F! again, so

this leads the system (10.8) to the pair of coupled equations

i T — A(F)earnt™ (*70®) +iF (r)i? (7o) = —EC,
io*OC — A(r)earni™ (akzaa) —iF(r)i® (ga ) — —E7.  (10.14)

Here we used the compact matrix notations and make no difference between
spin and isospin Pauli matrices: 7% = .

The system (10.14) was first considered by Jackiw and Rebbi [298] and
afterwards it was analyzed in [155]. Some modification of this system to
the case of the fermion of constant bare mass, which is not affected by the
interaction with the Higgs field, was investigated in [376]. Here we shall not
consider the latter situation.

The situation here is very similar to what happens with Dirac’s fermion
in the external field of an Abelian monopole. The analysis of the problem
is related with the usual rules for adding angular momenta according to the
standard Clebsch—Gordan technique.

Recall that there are different options to compose three terms L, S and T
into the vector of the generalized angular momentum J (cf. the discussion in
Chap. 7). In the case under consideration, it is more convenient to compose
first the spin and the isospin momenta of a fermion. Since for an SU(2)
fermion, the sum S + T can be equal either to 1, or 0, the corresponding
eigenfunctions of the Dirac Hamiltonian, the matrix-valued spin-isospinors 7
and ¢, can be decomposed into scalar and vector components as:

(i = 1(E)5i + 0 ()0 iy (€)= )i + 03 (0)(0 i

where u; 5(r) and v{ 5(r) are scalar and vector functions of spatial coordi-
nates, respectively. Substituting this decomposition into the system (10.14)
and comparing the expressions at d;,, and (6%);,, we obtain the following
set of two pairs of equations

{04 + [2A + Flqfur + eape{i0y — Fiytvf = iEvy
{04 — [2A — F)# v} = iEug,

{04 + [2A — F|Fq }us + €ape{i0p + Fiy Jvs = iEvT
{00 — [2A + F|f}v§ = iEuy .
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Subsequent analysis is related to the expansion of the functions u; » and
vf 5 in the scalar and vector spherical harmonics. We shall not go into details
of these calculations and refer the reader to the original publications [155,298].
Here, we only comment on the remarkable properties of the spherically sym-
metrical s-wave solutions with vanishing angular momentum. First, we shall
show that, if the coupling constant h is not vanishing, there is a normalizable
eigenfunction of the Dirac Hamiltonian (10.8) with zero eigenvalue E = 0,
the fermionic zero mode.

Evidently, the use of properties of symmetry considerably simplifies our
consideration. In principle, the above consideration suggests two possible s-
wave wavefinctions, (w)oo and ()01 with orbital momentum { = 0 and [ =
1, respectively. Note that the former function is obviously independent on
angular coordinates and corresponds to the state with zero sum of spin and
isospin momenta.

The operator J, according to the definition (10.11), acts on the spin-
isospinors (7)) and (¢) as

- —igijkriOn + 5 (0 — o
Jip = J; (é) = e 21( ) : (10.15)

n 7i€ijk7'jak77+ 5 (O’iﬁf 770'1)

This implies that an s-wave state with zero orbital momentum satisfies:
o'.{l=0, [0, =0.

Hence we conclude that (7)oo = g1(r) - I and (O)oo = g2(r) - I, where g1,2(7)
are some (complex) functions just of the radial variable.

Another s-wave state with unit orbital momentum must obviously be
proportional to the vector 7#¢. Since such a wavefunction has to be invariant
with respect to the combination of spatial and isotopical rotations, for both
spin-isospinor components we are left with (7)p1 = (6%7#%)h1(r) and (()o1 =
(c%7*)ha(r), where hy o(r) are some functions of the radial variable.

Thus, it is seen that in the sector with zero angular momentum, we obtain

i=g1(r) - T+ (0% (r), = ga(r) T+ (0“7 ha(r). (10.16)

We are interested in a regular, spherically symmetric solution of the Dirac
equation that describes a spin-isospin fermion falling down onto the center
of the monopole. For such a state, the ansatz (10.16) becomes particularly
simple because the symmetry is completely restored at the origin where the
Higgs field is vanishing and the Dirac Hamiltonian coincides with the Hamil-
tonian of free motion. Clearly, there is a centrifugal barrier for the states
with hq 2(r) # 0, since they depend on the angular coordinates. However,
this barrier is lifted for the spherically symmetric states with zero orbital
momentum of the reduced form
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n=g(r)-I  C=ga(r)-T. (10.17)

which are the s-wave functions that do not vanish at the origin.

Note that the system of equations (10.15) still contains an angular de-
pendence via vector 7*. Substitution of the ansatz (10.17) immediately yields
two equations

or r 2e

0 1-K h H
(837“ + 9% 7‘) 92 = (10.18)

0 1-K h H
ot t5 = )m =0,

(recall that we are considering the states with zero energy).
Evidently, there are two solutions of this system (10.18):

T

_ ’ ’
g1 = Cexp —/F K(r)+2heH(r)]dr’ ;

,r‘/ ,,1/
r11— K@ H(r'
go = Cexp —/{ ,(T)—ﬁ (T)]dr' , (10.19)
T 2e 1!
0

where C' is a normalization constant.

Thus it is seen from the asymptotic behaviour of the monopole pro-
file functions (5.44) that both these solutions are regular at the origin as
r — 0. However, as r — oo, the former solution exponentially decreases
as g1 ~ e ™" /r, whereas the latter wave function grows exponentially as
g2 ~ €™ [r. Here my = hv/2 is the mass of the fermion on the spatial
asymptotic. Hence there is a unique normalizable zero mode g; of the Dirac
Hamiltonian on the monopole background.

Such a mode must exist due to the Atiyah—Singer index theorem, which
we shall discuss in the next section. Clearly, if the coupling between Higgs
and spinor fields is switched off, that is, we set h = 0 everywhere, the system
(10.18) has no normalizable solutions.

Experience with the BPS monopoles would suggest that our description
becomes especially simple in the Bogomol’'nyi limit. Indeed, in this case we
can find an analytical solution for the fermionic zero mode of the BPS mono-
pole. Substituting the solutions (5.63)

S
"~ sinh¢’

H =¢cothé — 1, (10.20)

where the dimensionless variable & = wer is used again, into the system
(10.18), we obtain the ordinary differential equation for the normalizable
wave functions with correct asymptotic behaviour
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o 1 1 h [cosh¢ 1 B
(3 "¢ same "3 Lsome ~¢)) om0 (02

The solution depends on the relation between the Yukawa and gauge coupling
constants. For the sake of simplicity, let us set, for example, h = 2e, that is
mjs = m,. Then the (10.21) is solved by

o= 720 , (10.22)
cosh”(£/2)

with asymptotic behaviour g; ~ e~¢ at a large distance from the monopole
core. Here C' is a normalization constant. It can be seen that the wavefunction
of the zero mode is strongly localized around the origin, thus, we may inter-
pret it as a spherically symmetric bound state of a monopole and a fermion.
This conclusion leads to a number of non-trivial consequences.

Using a different parameterization A(r) — —A(r) and fixing the relation
between the couplings as h = e, that is, my = 2m,, Manton and Schroers
[373] obtained another analytical solution of the (10.21):

cosh(£/2)

— (¢3/2
9= e )

which decays asymptotically as g1 ~ £3/2e7¢/2. Clearly, this zero mode is
also localized at the origin.

In summary, we get the following expression for the explicit form of the
spherically symmetric fermionic zero mode (up to a normalization factor):

i 0 i 0 o
(%), 5 = , 10.23

Finally, let us note that the operation of C-conjugation (10.7) yields
i i —im/2,i
2/Jo[(o) - Cq/@(g) =e '/ ¢a(o) :

Thus, the zero mode is invariant with respect to C-conjugation.

10.1.2 Zero Modes and the Index Theorem

The existence of zero modes of the Dirac operator is closely related to the
topological properties of the background gauge field. This is a subject of the
Atiyah—Singer index theorem.

Let us consider the Dirac equation (10.8) again. We can write the system
of equations (10.14) as

Dn = (oD — ¢)n =1iEC,
D¢ = (oxDy+¢)C = iEn, (10.24)
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where we used the definition of the covariant derivative (10.3) and the rescaled
Higgs field is written as ¢ = h¢®T°.

We shall call the matrix
U
D= 10.2
(p 5) (10.25)

the Dirac operator. The first-order differential operators 2 and 7 that ap-
pear in these equations are acting on open space R* . Therefore, the Atiyah—
Singer index theorem [78], which was proved on the compact spaces, cannot
be used straightforwardly. Its modification for the system under considera-
tion was given by Callias [155]. He noted that the differential operator P is
elliptic and bounded with respect to the Sobolev norm [491]. Extended to
the Fredholm operator, it is adjoint to ET with respect to the inner product
in the Hilbert space.

For zero energy states, the equations (10.24) are decoupled and, as math-
ematicians say, the eigenfunction 7 lies in the kernel of the operator 12 and ¢
lies in the kernel of the operator T [373]. Thus, ker PT = {0}, but ker 0 is
non-zero on the monopole background.

Indeed, we can prove the first statement even without any knowledge
about the explicit zero-mode solution of the Dirac equation above. The analy-
sis is simplified by consideration of two Hermitian (self-adjoint) operators
PP and PP, which are elliptic too. Note that the zero modes of the oper-
ator ) are also zero modes of the operator lDTlD and vice versa. Indeed, on
the space of square integrable spinors v, which are the eigenfunctions of the
operator [P with the product

(G0 = [ do bl @iia),
we have
(n, lDTan) = (Pn, Pn) =0,

that is, ker J» = ker DT 1.
For a BPS monopole, we have Dy¢ = By, and then this quadratic elliptic
operator can be written as

D' =—-D? —0,B), — ¢*.

On the other hand,
ker P C ker PPT = {0},

because JDJDT is a positively defined operator with no normalizable zero
modes. For a BPS monopole it takes the form

pp' =-Di - ¢*.
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Now note that the two sets of non-zero eigenvalues of the operators JDET
and ETJD are identical. Indeed, let ¥ be an eigenfunction of the operator
EUD with eigenvalues \ # 0:

(DT D)hy = My -

The left action of the operator ) on this relation yields
PP = X,

where the eigenfunction ¢} = D1 corresponds to the same eigenvalue A. For
non-zero values of A this relation is invertible. However, in the case of zero
modes the situation is different.

The kernel of the elliptic operator DTE is a real vector space with inner
product. The dimension of this space is given by the number of zero modes
k. The following difference

k = dim ker (J) — dim ker (PT) (10.26)
= dim ker (PT)) — dim ker (PP7) = Ind (),

is a characteristic integer attached to the differential operator. It is called the
index of the operator .

Let us now outline the proof of the index theorem following the argumen-
tation by E. Weinberg [513]. To calculate the index of a differential operator
we need an explicit formula. The general idea is to set the index k into cor-
respondence to the functional trace in the Hilbert space [155,513] (here M?
is a non-negative real parameter)

(10.27)

I(M?)zTr[M2 MQ]

p'p ppt

Indeed, we can see that N}izm Z(M?) = Ind (). Now, taking into account
—0

the form of the Dirac operator D (10.25), we can write

2

D2 4 M?

2

M
= —/d3x tr (x| Yoz=s—5 | =), (10.28)

I(M?) = =Tr Y

where “tr” is now a standard matrix trace over both isotopic and Dirac
indices.

There is a certain similarity of this expression and the familiar procedure
of the Pauli-Villars regularization of propagators. E. Weinberg noted [513]
that the integrand in (10.28) can be written as divergence of the current

1 1 1 1
Ji(x) = 5 tr(z | 0% AT | z) = 5 tr(z | v D DE | z), (10.29)

that is,
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I(M?) = f/d% O Jr(z) = /dSka.
SZ
Here the last integration is over the sphere S? on the spatial infinity. An
analogy with the standard technique of evaluation of propagators of massive

scalar particle suggests to make use of the expansion in powers of external
field strength® G,

1 1

D2+ M2 D? + ¢2 + M?2

_i_; lﬂ e ;_A'_
Di+¢)2+M2 27’7 j224 D£+¢Q+M2

Substituting this expansion into the definition of the current (10.29), we
can see that the contribution from the first, free term vanishes when we take
the trace over the spinor indices. Furthermore, because the BPS monopole
fields decay asymptotically as G, ~ r~2, the only term that contributes to
the integral over the sphere S? on the spatial infinity is

1 G 1 |
"DZr R+ M T DI R M2

Jk = Ekpvp tr (x| D Y, (10.30)

where the trace is now taken over the group indices. The remaining step is
to substitute into this expression the asymptotic form of the monopole field

e Tk’l’a

From = Ek:mnTTTaa DkQSa = v Ta?

and evaluate the “propagator” by using the Fourier transformation [513].
The result of the calculation for the fields in two-dimensional fundamental
representation of SU(2) is

1 v

ok
Ji = _—
"k 4mr2 \/v2 + M2

)

where v is the vacuum expectation value of the Higgs field. It follows that
I(M?) = v/v/v?2 + M2 and, therefore, Ind ()?) = 1, that is, there is only one
fundamental fermionic zero mode in the background bosonic field of a single
SU(2) monopole.

The Callias index theorem [155] for the n-monopole configuration gen-
erally relates the index of the operator I to the topological charge of the
background field as

4 There is a certain inconsistency in notation here. Imposing the Hamiltonian
gauge, we adopt pseudo four-dimensional notations for the “field strength tensor”
G v, which actually composes the covariant derivative of the Higgs field (Dy¢ =
Gro) and spatial components of the electromagnetic field strength (Frm = Grm)-
In other words, we make use of the Julia—Zee correspondence Ag = ¢ once again.
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Ind () = dim ker (P'P) — dim ker (PP') = Cn,, (10.31)

where the constant C' depends on the representation of the fermion field. For
the fermions in the fundamental representation of SU(2), we have C' = 1 and
for the adjoint fermions C = 2.

To complete our brief discussion of the properties of fermionic zero modes,
let us note that the excitation of the fermionic zero mode does not change the
energy of the vacuum state of the SU(2) monopole. Therefore, these modes
can be interpreted as some kind of Grassmannian deformations of the bosonic
monopole configuration. In other words, such a mode may be considered as a
collective coordinate® alongside with four bosonic collective coordinates that
parameterize the one-monopole moduli space M;. An arbitrary fluctuation
of the isospinor field on the monopole background can be expanded in the
complete set of modes

¥ = apby + contribution of non — zero modes, (10.32)

where we separated the contribution of this Grassmannian collective coordi-
nate .

The anticommutation relations for the field 1 mean that the coefficient of
the zero mode expansion satisfies the algebra of fermionic harmonic oscillator:

{a(J_r)aa0} = 1; {a$>a$} = {(Zo,ao} =0.

To construct a vacuum state of a monopole we shall take into account that the
action of the operator of the creation of zero mode ag on the vacuum without
a fermion |{2) does not change the vacuum energy while it is annihilated by
ao|£2) = 0. Thus, there are two vacuum states: |§2) and ag\(b that correspond
to the two-fold degenerated monopole ground state.

However, the latter is obtained from the former by action of the operator
ag, which changes the fermionic charge of the vacuum as ANy = 1. On the
other hand, the invariance of the vacuum with respect to the C-conjugation
means that these two degenerated vacuum states must have opposite

® Recall that zero modes of the n-monopole configuration lie in the kernel of the
Dirac operator, which is an n-dimensional real vector space with inner product
[373]. It consists of n single zero modes localized at one of the monopoles with
unit topological charge. This allows us to define an O(n) vector bundle over the
moduli space M,,. For a single monopole the bundle O(1) is flat, but it has a
non-trivial holonomy around the gauge collective coordinate on S*. Thus, the
fermionic zero mode corresponds to the collective coordinate along the fibre.
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fermionic numbers. Therefore, we have to admit® that these vacuum states
have fermionic charges £1/2, respectively [298].

An even more interesting situation occurs if we consider a set of Ny fermi-
ons of different flavors coupled with a monopole. Then the initial U (1) ~ O(2)
invariance of the Lagrangian (10.2) related to the conservation of the fermi-
onic charge is extended up to the SO(2Ny) symmetry. To see this we must
represent the corresponding generalization of the Lagrangian (10.2) via 2Ny
Weyl fermions x*,i = 1,2...2N ¢ transforming according to the vector rep-
resentation of SO(2Ny). Hence the fluctuations of these fermionic fields on
the monopole background can be expanded as

x' = ajxo + contribution of non-zero modes. (10.33)

To understand the effect of this zero mode, let us note that, in the case of
just two Weyl fermions ( Ny = 1), the operators of annihilation and creation
of the zero mode, ap and ag, respectively, can be represented via a pair of
self-conjugated operators b, b3, as

1 1
a= s+t ah= =)~ i), (10.34)

where the operators b3, a = 1,2 satisfy the Clifford algebra {bé, b%} = 0¥,
Thus, the monopole vacuum state is isomorphic to the spinor that lies in the
two-dimensional representation of this algebra. Hence such a state is two-
fold degenerated and the background monopole configuration transforms as
a spinor.

Evidently, for an arbitrary number of flavors N¢, we have 2/N; operators

¢, which correspond to the 2"/-dimensional representation of the Clifford

algebra. Thus, the monopole ground state is promoted to be a spinor of
SO(2Ny).

Let us make one more comment. Recall that the starting point of our
analysis was to consider spin-isospinor fermions coupled to a monopole. If we
take the fermions in isovector representation of the gauge group [298], the
Callias index theorem tells us that there are two fermionic zero modes on the
monopole background. Another difference from the fundamental fermions is
that the angular momentum of the isovector fermions J = L+ S + T in
the vacuum state is not vanishing; it takes the values £1/2. Thus we have
two isovector fermionic zero modes that carry spin 1/2 and instead of the
expansion (10.32) we obtain

6 This argumentation remains correct if we restrict our consideration to the clas-
sical theory. However, the fermion number conjugation symmetry is anomalous
and becomes destroyed by the quantum anomaly. Then C'P invariance of the
full quantum theory, which exists if the vacuum instanton angle 6 is set equal to
zero, can be used to assign the fermionic numbers +1/2 to the monopole vacuum
states.
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P = a(lJ/2 3/2 + a(jl/QwO_l/Q + contribution of non-zero modes. (10.35)

Therefore the monopole vacuum state becomes four-fold degenerated:

Table 10.1. Quantum numbers of the monopole vacuum state

State Spin Fermionic charge
| £2) 0 -1
g1 /9 | £2) 1/2
ab 1| 9) -1/2
ag,l 2a$,—1 2 | £2) 0 1

Thus the Grassmannian deformations of the monopole configuration may
provide the monopole with a spin, in this particular case s = +1/2.

Let us mention in conclusion that the three bosonic zero modes arise
due to violation of the translational symmetry of the model by the local-
ized monopole configuration. A similar interpretation also has the gauge zero
mode of a monopole. It turns out that we may also interpret the fermionic
zero modes of a monopole in the same way. This is possible if we consider
a supersymmetric generalization of the Georgi-Glashow model. Then these
fermionic zero modes arise as a result of partial supersymmetry breaking by
the monopole configuration. We shall discuss this mechanism in Chap. 12.
Note only that this observation suggests that a self-consistent duality “&
la Montonen—Olive”, which is related with a consideration of the fermionic
degrees of freedom of a monopole, may be an intrinsic property of a super-
symmetric model.

10.1.3 S-Wave Fermion Scattering on a Monopole

We can proceed further by discussing the process of scattering of the fermions
on a non-Abelian monopole. For the sake of simplicity, let us consider first
the asymptotic states. In this case, we can neglect the processes that are
mediated by the non-Abelian short-range interactions inside of monopole
core. Our second approximation is to consider the massless fermions.

Let us recall that in the Dirac representation of the y-matrices that we

are using, the left-handed Dirac fermion is defined as ¥y = xr (}), while

the right-handed Dirac fermion is ¥r = xr (_11), where xr, = (C+1)/2

and xg = (¢ —1n)/2, respectively. Thus, ¢ = ¢, + g = (g)

Let us turn off the interaction between the scalar and the spinor fields,
that is we set the coupling h = 0 in the Lagrangian (10.2). Then the chiral
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components of the spin-isospin fermion wavefunction are decoupled, two of
the equations (10.14) become identical and we can consider the scattering of
just one, say left Weyl two-spinor y . For the sake of brevity, we shall drop
the chiral index below.

As in the previous section, we shall consider the spherically symmetric
fermionic states with zero angular momentum at the large distance from the
monopole core. In spite of the similarity of these scattering states to the
fermionic zero mode (10.22) and (10.23), the latter, unlike the former, is
localized at the monopole. On the other hand, we have seen that in the case
of the massless fermions, the Dirac Hamiltonian has no normalizable zero
mode.

Intuitively it is clear that for the fermions with zero angular momentum,
the Dirac operator reduces to two dimensions. Indeed, let us look at the Dirac
equation for a left-handed fermion in the background monopole field:

io" (0, +ieA,)Yr =0, where o, = (I,0%). (10.36)

Here the s-wave states of isospinor chiral fermions, which are coupled with
the gauge field on the non-Abelian monopole, are given by the Jackiw—Rebbi
ansatz (10.16) [298]. For the sake of completeness, let us finally write the
explicit normalized form of this spin-isospinor matrix:

1
= E = —
X=X V8T r
1 —Ugsinf e~ v1 + U9 cos 6 (10.37)
B V8 r ’

where the rows correspond to the isotopic indices and the lines correspond
to the Lorentz indices.

Now recall that on a large distance from a monopole its field is purely
electromagnetic. The operator of electric charge in a regular gauge is defined
as @ = (rj;“ - T%) and on the spatial asymptotic it takes the form @ =
(7* - 0*)/2. Tt acts on the wavefunction ¥ as QX = — (Xo®)7%/2 and we
shall see that its eigenfunctions, just as in the trivial vacuum, correspond to
the states with electric charges ¢ = 41/2, respectively.

However, the interaction with the charged non-Abelian vector fields inside
the monopole core mixes the states with different electric charges. Indeed,
substitution of the matrix (10.37) into the Dirac equation for the s-wave left
fermions (10.36) yields the system of two coupled equations, which obviously
corresponds to the reduced system (10.15):

[v1(ryt) + (0% - 7" )va(r, t)] e

—vy + vy cos b vy sin et

K
80’02 + 0,v1 — 71}1 =0,
i (10.38)
Ogv1 + Opvo + 71}2 =0.
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These equations may be written in a compact two-dimensional matrix form

K
(’7030 + 10, — . ’~Y5> v=0, (10.39)

where the scalar and the vector components of the spherically symmetric
wave function, v, and vg, respectively, are composed into the doublet

v= (‘i“1> , (10.40)

V2
and we introduced the notation for two-dimensional Dirac matrices
Yo = o3, Y1 = —i0o1, Y5 = Yoy1 = —10301 = 03 (10.41)

Clearly, with this identification (10.39) has the structure of the two-
dimensional Dirac equation for a fermion coupled with a gauge field and
having a space-dependent dynamical mass term [151]

K _
M(r) = 775.

Such an effective mass M (r) has nothing to do with the physical mass of the
fermion, which arises due to coupling with the scalar field.

Let us consider the two-dimensional Dirac equation (10.39) on the spatial
asymptotic. For large 7, the monopole profile function K ~ 0 and we have

(%000 +510) v = 0. (10.42)

Note that the corresponding action of the massless Weyl fermion is invariant
with respect to the chiral rotations, which in this case coincide with the U(1)

gauge transformations _ )
v — ety (10.43)

However, this symmetry is broken inside the monopole core.
The (10.42) has two linearly independent solutions

1 1
vy = ﬁeflw(th) (1) ’ v — ﬁeﬂw(tw) (—1i> , (10.44)

whose interpretation is quite obvious: the state v4 corresponds to the spheri-
cal wave that falls down to the monopole, while v_ corresponds to the outgo-
ing s-wave. Transitions between an incoming s-wave and an outgoing s-wave
are possible only inside the monopole core.

In the original notations of the ansatz (10.37), the asymptotic solutions
(10.44) may be written as

o —iw(t—r) i o—iw(t+T)
- ie o ~a - ie
L+ (-], X-=

X+ = d/Tr AT r
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It is straightforward to see that these wavefunctions are the eigenstates of
the electric charge operator () with the eigenvalues

g=- — X_, g=—= — X+ (10.46)

Furthermore, we have to consider also the states of opposite, right chirality,
which are also electrically charged doublets.

Thus, we have to conclude that the s-wave left-hand fermions with a
negative charge can only fall down on the monopole, while the left-hand
spherically symmetric fermions with a positive charge can only be emitted.
For the right-hand fermions the situation is reversed and generally we have
the following possibilities:

Table 10.2. Quantum numbers of the s-wave fermions asymptotic states

Charge Chirality Direction Fermion Number

-1/2 Left in —
+1/2 Left out —
-1/2 Right out —
+1/2 Right in

-1/2 Left out +
+1/2 Left in +
-1/2 Right in +
+1/2 Right out +

Not everything that we have discussed so far is related with the non-
Abelian nature of the monopole. Indeed, we can come to the same conclu-
sions by analyzing the spectrum of the Dirac Hamiltonian in the field of an
Abelian monopole [193,306] (cf. the discussion in Sect. 2.6). Indeed, the case
of the spherically symmetric wave functions of the third type (2.110) that
we considered there, exactly corresponds to our solutions of two-dimensional
Dirac equation (10.42). Recall that, as we have seen in Chap. 2, the Hamil-
tonian operator of an s-wave fermion coupled with an Abelian monopole can
be defined on a semi-infinite line 0 < r < oo only if we impose the special
boundary condition (2.115) x(0) = e®xx(0) at the origin. This boundary
condition breaks chirality of the massless fermion that passes through the
monopole”. An alternative can be a boundary condition

X7 (0) = €“x7(0), (10.47)

7 Since we are considering the massless left-handed fermions, the state xr is also
the wavefunction of an anti-fermion. Therefore, this condition also violates the
fermion number conservation.
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which conserves the chirality but does violate the electric charge [155, 246,
250, 533].

In the case of the 't Hooft—Polyakov monopole there is no singularity at the
origin and the Dirac operator is well-defined everywhere on the interval 0 <
r < oo. Therefore, the quantum-mechanical transition amplitude between
the in and out states can be straightforwardly evaluated. From this point of
view, the boundary condition at the origin can be considered as a result of
some processes taking place inside the monopole core.

In the limiting case of the very heavy monopole M > A~!, where M is the
monopole mass and A is the Compton wavelength of a fermion, these processes
effectively give rise to the boundary conditions at the origin that summarize
the core effect. For example, the process mediated by the charged vector
boson obviously may yield the charge exchange inside the core. Moreover, if
we are discussing the processes at the quantum mechanical level, both the
chirality and the fermion number cannot be violated and only the charge
exchange process is acceptable.

Indeed, the boundary condition at the origin that we have to impose
on the two-dimensional action functional, which corresponds to the Dirac
equation (10.39), means that Kv/r is regular as r — 0. Because K(0) = 1,
this implies that

v(0)=0. (10.48)

Evidently, this boundary condition mixes the left chiral states (10.44) with
positive and negative electric charges and it agrees with (10.47) for 8 = 0.

To understand heuristically what is a physical interpretation of such a
boundary condition, recall that there is the monopole-charged boson bound
state in the spectrum of one-particle fluctuations around the monopole. This
state corresponds to the excitation of dyonic degrees of freedom of the mono-
pole. Thus, a charge exchange between the fermions and the monopole core
could be possible. However, we already have noted that such a process is for-
bidden unless the energy of the initial fermion, which scatters on the mono-
pole, is larger than the scale given by the mass of the vector boson m,.

Therefore, the one-particle quantum mechanical description of the low-
energy scattering of the s-wave fermion on the monopole is not self-consistent.
Nevertheless, it gives some clue to the character of the interaction. Indeed,
the Table 10.2 above implies that there could also be some processes in the
monopole core that may preserve the electric charge, but violate the chirality
or the fermion number.

Indeed, the remarkable observation by V. Rubakov and C. Callan
[151,152,445,446] is that in the quantum field theory, the non-perturbative
processes effectively give rise to the unsuppressed amplitude of the fermion
scattering on the monopole with non-conservation of the fermion number
or the chirality. Also, we shall see that a consistent quantum field theoretic
consideration of such a process shall restore the conservation of the electric
charge.
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10.2 Anomalous Non-Conservation
of the Fermion Number

10.2.1 Axial Anomaly and the Vacuum Structure

Let us proceed by recalling some facts about the vacuum of the classical
gauge theory. Recall that in Sect. 5.3.4 we already considered the topological
properties of the vacuum state in monopole (dyon) sectors of the Yang—Mills—
Higgs SU(2) theory. It has a non-trivial structure, which is rather typical for
any non-Abelian gauge theory (see, e.g., [25,299]). A key point is that the
gauge field Aj on the spatial asymptotic is defined up to a transformation
(5.95)

Ur) = X1 = gim®e” (10.49)
where we restrict our consideration to the case of a fundamental representa-
tion of the SU(2) group once again. Given the fact that our model is gauge
invariant, it is clear that the unitary operator of the corresponding time-
independent transformation

GU] A, G U] = UA U} (r) — éU&HU’l

commutes with the Hamiltonian operator. The action of the operator G[U]
on the trivial classical vacuum Ay = 0 generates an infinite tower of the gauge
equivalent degenerated vacuum states

|n) = G[UT[0),

which can be labeled by the Pontryagin index (5.96)
2

n=—
82

d*eTr Fy, F™ . (10.50)
However, the degeneration is lifted by the tunnelling transitions between
these states and the eigenfunctions of the Hamiltonian operator are not the
states | n) but the superposition

o0

)= > ¢ |n),

n=—oo

which is called the 8-vacuum. The vacuum angle § € [0,27] becomes one
of the parameters of the quantum theory and the different 6-sectors of the
theory are orthogonal to each other.

As we briefly mentioned in Sect. 5.4, this topologically non-trivial struc-
ture of the vacuum is reflected by adding the corresponding 6-term (5.104)
to the Lagrangian of the model:
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fe2 . ~
©_ po pon (10.51)

Ly =—
0 3272 T MY

The value of the tunnelling amplitude between the different topological sec-
tors defines how the physical observables depend on the vacuum angle 6.

On the other hand, in the theory with massless fermions, the Pontryagin
index is related to the effects of non-conservation of chirality or, depending
on the model, the anomalous non-conservation of the fermion number. The
well-known relation for the Adler—Bell-Jackiw triangle anomaly

2
3272

oy = Fi Fo (10.52)
shows, for example, that the axial current jﬁ = &%751# is not conserved in
the quantum field theory. Integration of this formula over the spatial volume
relates the Pontryagin index (5.96) to the difference between the numbers of
the left-handed fermionic modes and right-handed modes® n = N — Nkg.

The analysis by Rubakov and Callan [151,152,445,446] is closely related
to the fact that, by analogy with the anomalous non-conservation of the
axial current, in the SU(2) model with left-handed fermion doublet v, the
chiral rotations coincide with the gauge transformations. Hence the gauge
invariant current j, = W) LYu¥L is not conserved because of anomaly and the
Pontryagin index is related to the non-conservation of the fermion number
Nf = fdgl‘ jo:

e2

- 32m2
In other words, the eigenvalues of the Dirac operator in the monopole back-
ground field are not constant while this field varies between the different
topological sectors [27,150, 167]. The final and the initial spectra are the
same. However, the spectral flow is non-trivial, that is, there are some levels
that cross zero. The number of the levels that crosses zero from above, N,
is not equal to the number of levels N_ that crosses zero from below. Thus,
the difference ANy = Ny — N_ is not equal to zero. If there are fermions of
different flavors in the model, this picture is correct for each given flavor.

ANy / d>zdt Fo,F" . (10.53)

10.2.2 Effective Action of Massless Fermions

Coming back to the investigation of the fermionic states in the monopole
external field we shall concentrate our discussion on the dynamics of the
s-wave fermions that are responsible for the most interesting effects in the
interaction between the bosonic and the fermionic fields. Indeed, due to the
absence of the centrifugal barrier, the s-wave fermions easily feel the inner

8 Since we have seen that for a monopole configuration the Pontryagin index co-
incides with the topological charge of a monopole, this relation is just another
form of the Callias index theorem that we discussed above.
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structure of the monopole, while the higher partial waves are reflected long
before they approach the core.

At the level of quantum field theory we have to integrate out the fermi-
ons and derive an effective action of the bosonic fields. A natural zero-order
approximation to the monopole-fermion dynamics is to restrict our consid-
eration to the s-wave fermions and to consider the spherically symmetric
quantum fluctuations about the ’t Hooft—Polyakov static configuration in
the gauge sector, which are given by (7.4):

a m a

T T rnT
AS = EGO(rv t)a Agz = Eamni[l - K(f)] + er2 al(ﬁ t) ) (1054)

er?

with the boundary condition ag(r, £00) = a1(r,£o0) = 0. Here we use the
dimensionless rescaled radial variable & once again. We do not consider the
fluctuation of the Higgs field here, it remains decoupled from the fermionic
sector and, as before, the fermions are massless.
In fact, this configuration describes the quantum fluctuations of the elec-
tric field
rpr®

a 5na ’I’nT‘a
En = 67’2 (80(11 - c’%ao) - <’I“ - 67“3 > aoK. (1055)

Thus, the radial component of the electric field arises entirely due to the
quantum fluctuations, eE, = dya; — Jrag, while the transversal component
eE| = aoK/r depends on the monopole profile function K (§).

The magnetic field also is modified because of the quantum fluctuations
in the gauge sector. It becomes (cf. (5.45))

e dK dK San k
B% = T'nT <1—K2+§) —&— — — a1 K Eank(:?- (1056)

" ert d¢ d¢  er?

Then the kinetic term of the action becomes two-dimensional
1
S =S + 5 /d3xdt Tr F,, F* (10.57)
2T 2
=MT + = dtdr {rQ (oar — Orag)” + 2(ad +af)K?| .

We can also see that the Pontryagin index is entirely defined by the quan-
tum fluctuations in the gauge sector of the model:

2

e
T 3272

n / d*zdt FS, F"

(10.58)
= l T Qa, — 2 — a — 2
= /d dt<5'r[ o(1 = K*)] —dolar:(1 - K )])-

™

Further simplification occurs, if we neglect the structure of the monopole
core. This corresponds to the situation when the vacuum expectation value
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of the Higgs field is very large and the vector bosons are very heavy. Outside
the core the gauge profile function K (&) is vanishing, K = 0, but the action of
the quantum fluctuations of the gauge fields (10.57) remains finite. Moreover,
the normalized transition amplitude between the different topological sectors

(n|n|0) ; —(5—S(0))
7<0|0> —/DQZ)DwDA ne (0)

is not exponentially suppressed. This anomalous behavior does not occur, of
course, in the vacuum sector, where K(§) = 1 everywhere in space and the
action of the quantum fluctuations is divergent.

Let us now turn to the interaction of s-wave massless fermions (10.37)
with the background field of a monopole taking into account the quantum
fluctuations in the gauge sector. We shall consider, as before, the left-handed
Weyl fermions y parameterized by the Jackiw—Rebbi ansatz (10.37), but dis-
regard the effects of the monopole core. The boundary condition (10.48) has
to be imposed instead.

By analogy with the expression (10.39) above we can write the corre-
sponding two-dimensional fermionic action as

where i = 0,1 and 7;,7° are the two-dimensional y-matrices (10.41) intro-
duced above. Recall that the gauge transformation (10.43) acts on the spinor
v like a chiral rotation.

Evidently, in this simplified consideration only the radial component of
the electric field contributes to the action of the fluctuations in the gauge
sector (10.57):

a

rnT
(80&1 — 81&0) = 2761']'61@]‘ . (1060)

a

B — Tt
n 2
er

A key point is that such a reduced two-dimensional model with the action
(10.59), the massless axial electrodynamics, is analogous to the Schwinger
model and, like the latter, it admits an exact solution [151, 152,445, 446].
The only difference is that now the system is defined on the semi-infinite
line r € ]0,00], that is, the field equations must be supplemented by the
boundary condition (10.48). Thus, the Rubakov—Callan model can be solved
by analogy with two-dimensional electrodynamics.

To see this, let us decompose the fluctuations of the gauge field as

a; = Ez-j@jp + @)\, (1061)

where the scalar function p(r,t) is related to the magnitude of the radial
electric field

O.a,,,"a
E =| E iy |=| BT |= ?%‘3@‘% ,
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as
1
E = 2—[!,0, where O=02+07.
e

Furthermore, A(r,t) is obviously a pure gauge function because under the

gauge transformation (10.43) the fields transform as

v — e*i’\:ysv, a; — a; + O;\. (10.62)
Thus, this function does not enter any observable quantity and should be
expressed in terms of p after gauge fixing.

Note that neither the function A\ nor the function p are defined uniquely.
Some freedom still remains in addition to the gauge rotation, because we can
add to A an arbitrary harmonic function a(r,t) and simultaneously add to p
a function B(r,t) such that 0y = 01« [56,445,446]:

A= A+a, p—p+F, where Oa=0.

One can easily show that this transformation does not change the radial
electric field (10.60). This allows us to impose an extra condition on the
gauge function A(r,t):

A(0,t) =0,

which eliminates the problem of the singularity of the gauge transforma-
tion (10.62) at the origin and provides a smooth definition of the topological
charge (10.58). Note that this relation can also be obtained as a condition
that we have to impose to establish a correspondence between the asymptotic
states of s-wave fermions on the one hand, for which neuther of the compo-
nents of the spin-isospinor (10.40) are equal to zero, and, on the other hand,
the spherically symmetric fermionic zero mode (10.23), which is localized at
the monopole [45].

The well-known Schwinger trick, which allows us to evaluate the func-
tional integral over the fermions, is to make a change of the fermionic vari-
ables: i )

v — e P yy, T — ToeP ", (10.63)

This transformation effectively absorbs the term of interaction and brings the
fermionic action (10.59) to the form of free theory:

Sf — i/drdt'ljo {'7182 - i’?i’sﬁ (ai - 8ZA - 2’7582p) } Vo
=i / drdtvgF;0ive = i / drdttoG v, (10.64)
where we take into account that i5°9;p = £,;;0;p and make use of the decom-
position (10.61). Thus, the spinor v satisfies the free Weyl equation and the

functional integration over the fermions becomes trivial. The only problem
is to check whether the proper boundary condition, which is independent
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of A\ and p, is imposed on the fields vg. Actually, we already consider this
when we set the condition of nullification of the gauge function A\(0,¢) at the
origin. Then the boundary condition (10.48) holds also for the free fermions:
iPv0(0) = 0.

Let us now evaluate the functional integral over the fluctuations of the
gauge fields a;. The regularity at the origin requires special care once again; to
satisfy this condition we can set ag(0) = 0. Then the decomposition (10.61)
means that the action functional is regular as » — 0 if 0,p(0,¢) = 0. The
combined gauge and chiral transformation (10.63) significantly simplifies the
integration over the gauge fields, since in terms of the remaining physical
variable p(r,t), the action S, reads

1
So=3 / d*xdt trF,, F" (10.65)
2 4
= —7; dtdrr?® (Opay — 37410)2 = —;T/dtdrpDTQDp,
(& (&

(10.66)

where we integrated by parts taking into account the boundary conditions
on the variable p.

To complete our evaluation of the effective action of the model, we must
also consider the contribution that comes from the measure of the functional
integration over the fermions, which is not invariant with respect to the trans-
formation (10.63). The Jacobian of this transformation,

- 1
J = det [’yz (i@i — ﬁsai)} = exp {2 /drdtpr} ,
™
can be evaluated in the standard way, for example, by the Fujikawa method
[45,56] or by the point-splitting method by analogy with the Schwinger model

[445,446]. Note that this Jacobian is related to the topological charge of the
background field. Indeed, Op = 2eE, where F = E,7, and, therefore,

2
InJ = f/drdt pE = i/d%dt E,Bn =n.
™ 82
Thus the bosonic part of the action is diagonal in the fields p:
1 1 8T _ 4 1 1
Seff:2/drdtp<—7TD+e2Dr D)p:Q/drdt pG,p,  (10.67)

as well as the fermionic part, which is diagonal in fermions v, and the model
is solved. Furthermore, a simple transformation yields

gmr2 1. \ ' 1 N .
= (0O O—-—0O = — O+ — [ 10.
G, ( = - ) W{( +r2> + : (10.68)
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where k = e2/(87). This decomposition tells as that the corresponding prop-

agator can be evaluated as the sum of two components: the two-dimensional
propagator of the free massless scalar field

OD(r,t) = 6(r)d(t), D(r,t) = % In[p?(r? +t%)],

which we make dimensionless by introducing the parameter p having a di-
mension of mass?, and the Green function Ry(r,t,7’,#') of the equation

(D + 7{2) Ri(r—r't—t')=d(r—1")o(t —t). (10.69)

Its solution is the Legendre function Qg

(r—r)2+ (- t’)2> ’

2rr!

1
Ri(r—1' t — t/) = %Qd(k) (1 + (10.70)

where d(k) = 3 (v/1+4k? — 1). The asymptotic behavior of this function as
z — 1 and as z — oo is, respectively,

s I'd+1) —(1+d)
Qd(z)—> ﬁ2d+1f(d+3/2)z +...,
z—1 1 z+1
~ =1 10.71
Qa(z) — g m—— (10.71)
The boundary conditions on the function Ry (r — 7/, t — t') are
ORi(r—r't—t)=0, as r—0,
a ) -~ (10.72)

Ri(r—r',t—t')—0, as r— oo.

The explicit expression for the Legendre function for d(k) = 0 also tells us
that

1 (r+7r)2+(t—t)?
R(rt,r",t) — ~—— )
(ry 8.0, t) d(k)—0 4 n(r—r’)2—|—(t—t’)2

Thus, we finally can write the propagators of the spherically symmetrical
left-handed massless fermions and gauge field, respectively [445,446],

Gy(r,t;r' t') = (—i7°0 + i7" 0) <D(r 7't =t =D+t — t’)’yl),
Gy(r t;r' t') = —W(D(T—r',t—t')—|—D(r—|—7",t—t')—R(r,t,r’,t’)) .

Clearly, these functions satisfy the boundary conditions that we imposed
above.

9 Actually, this parameter plays the role of an infrared regulator, which does not
enter the gauge invariant Green function.
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Recall that, for the sake of simplicity, we restrict our consideration to
the SU(2) model with just one left-handed doublet of the Weyl fermions.
However, it turns out that on a quantum level such a model is not self-
consistent because of the global anomaly. To get rid of this anomaly, we must
consider an extended model with two or more flavors of fermions. In this case,
the model describes an anomalous non-conservation of the fermion number
again, but all the results are modified by picking up a dependence on the
number of the fermion flavors [151, 152,445, 446].

10.2.3 Properties of the Anomalous Fermion Condensate

The explicit form of the bosonic and the fermionic Green functions of the
spherically symmetric massless excitations in the system of fermions coupled
to a monopole allows us to evaluate the anomalous fermion number violating
matrix element. As usual, the problem is to calculate the vacuum-to-vacuum
transition amplitude in the monopole background field. In the model with
two left-handed SU(2) doublets of fermions

we can consider, for example, the vacuum average of the gauge-invariant
bilocal operator

F(r,t) = ol (r, )0 () + 0 (r, )02 (r, 1) (10.73)

between the gauge invariant monopole states | M, 6) (here the index M com-
poses the monopole quantum numbers). Coming back to the parameterization
(10.37) we can represent this operator in terms of the physical left-handed

spinors 2, @ as

1 2
k)= EiapX ol (XS (1) . (10.74)

Clearly, this correlation function describes the process that violates the
fermion number. In other words, the anomalous condensate

F = (M| F(rt)| M,0) (10.75)

is related to the transitions between the various fermionic doublets.

In order to understand the situation better, let us consider the s-wave
fermion scattering on the monopole that we already discussed above on page
e

(@)

376. We now have two SU(2) doublets ¢() = < - ) , ©=1,2. The eigen-
L

1
values of the operator of the electric charge are positive for the states X%l), )Z(f)

and negative for the states )‘(?), Xii)~
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The anomaly in the sector with unit topological charge means that the
fermion number of both doublets changes in the same way: AN }i) = —1.
Thus, the conservation of the electric charge means that the allowed process
is [153,470]

w%l)L + Monopole — ﬂlz):z + Monopole,,

although the scattering into the final state 1;521)% + pairs of @Ei)wy) is also

possible. The fermion in the initial state ©¥(?) scatters in a similar way and
all these processes are described by the matrix element (10.74).

Consistent evaluation of the amplitude (10.74) is related with the func-
tional integration over the s-wave fermion fields in an arbitrary topolog-
ically non-trivial background field [183]. The two-dimensional model un-
der consideration is solvable and 2n-point fermionic correlation functions
F(ri,t1,...7,t) can be directly calculated as follows

n’»'n

Froty, vt oot vl )

ny'nsn

2
- / Dp [ Dol Du§ i (1, t0)08" (11, 11) - .08 (1) 08 (7, 81)
=1
X eXP{—P(Thtl) — iA(r1, 1)F° A+ p(r], 1) — AL )AL

= p(Tnstn) — iA(Ty, tn)'f) + ,0(7";, t;L) - Z.)‘(T;wt;)'f)} eXp{_(Seff + Sf)} .
(10.76)

However, the calculation of correlation function F (10.75) in such a way
is technically rather complicated because we must sum over all sectors with
different values of the #-angle. To avoid this problem, Rubakov suggested to
apply the cluster decomposition [446]. The idea is to consider not the vacuum
average (10.75), but a composite two-point correlator

f(?’l,tl;’l"g,tg) = <M79 | F(T‘htl)FT(’r‘g,tQ) | M, 9>7 (1077)

where the operator F(r,t) is given by the relation (10.74). The advantage
of this construction is that the gauge invariant operator F(ry,t1)FT(rq,t5)
carries zero fermion number and its vacuum expectation value in the sector
with an arbitrary vacuum angle 6 coincides with the vacuum average in the
sector 6 = 0.

In this case, the general formula (10.76) yields

F(ri,t1;re,ta) = /Dp e~ Serrlpl=2p(r1,t1)+2p(r2,t2)

2 4 o , (10.78)
X H Do DuSI 0 (rasta) .. 08 () )e 57
i,a=1
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where the bosonic (Scfy) and the fermionic (Sy) parts of the effective ac-
tion are given by the expressions (10.64) and (10.67), respectively. Since the
fermionic action is free, that is, there is no interaction between bosonic and
fermionic sectors, such a two-point correlation function can be written as

f(rlatl; T23t2)

=Tr {Gf(rl,tl; ro,t2)Gy(re, ta;r1, tl)} /Dpe—seff[p]—2p(r17t1)+2p(rz,tz) )
The remaining integration over the field p is Gaussian and we can see that
F(ristisre,t2) =Tr |:Gf(7"1a t1;72,12)Gy(re, to; 7“1,731)}

X exp{—SGg(rl,tl;T27t2) +4Gy(r1,t1;m1,t1) + 4Gg(r2,t2;7"27t2)} .
(10.79)

The leading order contribution to the functional integral comes from the
neighborhood of the saddle point configuration, which can be splitted out as

Psaddie(Tst) = p+ + p— = 2G4(r t;r1,t1) — 2Gg(r,t5 72, t2) .

Because the explicit forms of the Green functions of the gauge and fermion
fields are already known, we can just substitute these propagators in (10.79).
Making use of the asymptotic behaviour of the functions G¢ and G, in the
limit | ¢t; — to |— o0, we can see that the contribution of the fermionic
factor decreases as ~ (t; — t2)~2, while the contribution of the bosonic fields
increases as (t; — t2)?. Thus, in this approximation, these two factors cancel
each other and the final result is [445,446]:

1
lim  F(ri,t1;7re,t2) = —/———.
[t1—t2]|—o00 ( L2 2) 1677'2’)"17'2

(10.80)

We can now return to the evaluation of the amplitude of the process
(10.75) with non-conservation of the fermion number. The sectors with dif-
ferent values of the vacuum angle 6 are splitted out, so we have

lim f(rl,tl;rg,tg) = <M,9 ‘ F(T‘l,tl) | M,0><M,0 | FT(TQ,tQ) | M,0> .

|t1—t2]— o0

(10.81)
Here the leading contribution to the matrix elements F and F' comes from
the neighborhood of the saddle points values p, and p_ respectively.

Since the field p is related with the radial electric field of a monopole FE,
we can estimate its value on the saddle point of the functional integration.
The calculation shows that these values correspond to the Pontryagin index
n[p+] = %1, that is, such configurations describe the instanton transitions
between the distinct monopole vacuum states, | M, 0) and | M, 27), which are
localized around the core [445,446].
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It is interesting to compare the two-point correlation function (10.80)
with its analog in the original Schwinger model [400]. In the latter case, the
saddle point configuration is saturated by a superposition of a vortex and an
antivortex located at rq,t; and rs, to, respectively, so the non-zero fermionic
condensate appears non-perturbatively as well.

Thus, the anomalous fermion-number violating condensate in the mono-
pole external field on the large distances is

eié’

F=(M,0|F(rt)|M,0) = (10.82)

Ay’
This matrix element is not suppressed by a standard exponential factor, such
a behavior is quite typical for a non-perturbative process. Therefore, we con-
clude that the fermion number is not conserved in the monopole background.

10.2.4 Properties of Other Condensates

Let us return to the analysis of the boundary conditions that we imposed

on the states of the s-wave fermions coupled to the monopole. Not only

the fermion number, but, in principle, all the quantum numbers, which are

different for the up and down components of the massless Dirac doublets of
(4)

fermions 1) = Z%), may change due to interaction with the monopole.

!
For these fermions, the boundary conditions above can be reformulated as

the conditions that fix the values of the 4i¢ chiral and vector charges of the
final fermion state [471]

C%i) _ /d3m,¢*}Ti)70w%i)7 Cfi) _ /d?’:vij“v%j”, (10.83)
e = [ @i, 007 = [ @),

Each of these charges may change in the course of fermion scattering on the
monopole.

However, the qualitative discussion above suggests that some of the cor-
responding matrix elements may vanish, in particular the electric-charge vio-
lating fermion condensate must be equal to zero. Let us discuss the situation
in more detail [211,309,538]. In the Abelian gauge we can write the operator
of the electric charge of the s-wave fermions as

Qs =53 (8%00) = [ @23 (57200 - 500(”)

- ;Z (o -cf) = 7%‘ Xi:/dr 0050550, (10.84)
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where in the last step we change the notations from two-dimensional v ma-
trices (10.41).

Obviously, if we have two left-handed fermionic doublets, the problem is
to evaluate the vacuum expectation value of the two-point operator

Q(r,t) = U§1)(7“, t)véZ)(r, t)+ Uél)(r, t)v§2) (r,t), (10.85)

which could break the conservation of the electric charge.

However, if we want to interpret the corresponding condensate as an order
parameter, which is related with non-conservation of the electric charge, we
have to consider the gauge invariance of such a quantity. Unfortunately, the
operator @) (10.85) is not gauge invariant.

To see how this happens, let us recall that a correct definition of the
operator product of the bilocal functions of type (10.83) needs some regu-
larization scheme, for example, the well-known point-splitting method. From
this point of view, the gauge invariance of the operator (10.85) can be effec-
tively restored if we trade the “bare” function ¢ (z) for the so-called “dressed”
fermion wave functions in the external gauge field [211]

vla) = wiz)exp 3 [ iAW) § = V@V(a).
0

The price we have to pay is that now the operator V(z) will also contribute
to the matrix element of the charge operator (10.85):

(M, 0| Qpnys | M,0) oc (M, 0] 9(i)3°5°0!) | M,0)(M,0 | V2| M,0).
(10.86)
We can interpret this modification as a contribution of the Coulomb energy
of interaction. Since in the two-dimensional model the potential is decaying
as U(r) ~ Inr, this energy is infinite and the contribution of the phase factor
is supressed as ~ Tli)rglo exp{— Inr}. Therefore, the gauge-invariant condensate

with non-conservation of the electric charge is vanishing [211, 309,538, 540].
This conclusion was confirmed by a more detailed investigation, which takes
into account the effects of excitation of charged fields inside the monopole
core [107,108,310,426].

However, there are many other non-trivial processes with fermions cou-
pled to the monopole apart from the appearance of the fermion number vi-
olating condensate (10.82). The triangle anomaly in the conservation of the
fermionic current is significant only for that particular condensate, while all
other amplitudes appear entirely due to interaction of the s-wave fermions
with the non-Abelian fields in the monopole core. Actually, the monopole
presence catalysts the processes, which, in principle, are not forbidden, but
are related to an exchange of a heavy vector boson and, therefore, suppressed
by the inverse power of its mass m,,.
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3

As an example, let us consider the scattering of a zero charge “meson”

state )Z%Q)Xgl) on the monopole in the SU(2) model with two chiral fermions.
The boundary conditions of the fermion wave functions, which we imposed

at the origin, mean that the process
W) + 9% + Monopole — ') +9*) + Monopole  (10.87)

without violation of the fermion number is allowed. Clearly, such a process
can also be mediated by the exchange of a “normal” charged vector boson.
The difference is that the presence of a monopole removes the corresponding
suppressing factor, that is, we can talk about the monopole catalysis of such a
process. Indeed, let us consider the gauge-invariant operator that corresponds
to the non-anomalous flavour-mixed process (10.87) [309]

I(r,t) = oD, )1+ 32D (r, )o@ (r, 6)(1 — 32)0P(r,t) . (10.88)

In this case, both the initial and the final states are electrically neutral and
there is no transition between the vacua with different values of the #-angle.
Thus, this matrix element can be evaluated in the pure monopole sector

(M,0| I'(r,t) | M,0).

The calculations of this amplitude can be performed by making use of the de-
finition (10.76) in complete analogy with the evaluation of the matrix element
(10.82) above. The cluster decomposition then yields [56,309]

. 1
tll)I?o<Ma0 | F(T,t) | M7O> ~ ,,176’

that is, there is indeed no suppression by the mass of the vector boson.

10.3 Monopole-Fermion Scattering
in the Bosonisation Technique

A number of simplifications that we assumed in the calculations of the previ-
ous section may cause some doubts as to whether the Rubakov—Callan effect
could survive in a more realistic picture of the monopole-fermion interaction.
Recall that the fermion-number violating correlator (10.82) was evaluated
under the following assumptions:

e the effect of the monopole core is reduced to some boundary conditions
on the fermion wave functions at the origin;
only s-wave excitations are taking into consideration;
the fermions are supposed to be massless.
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Thus, a consistent investigation of the problem is related with the analysis
of the contribution of higher partial waves, the contribution of the processes
of interaction with non-Abelian fields of the monopole core and the effect
of the fermion mass. Note that the bare masses of the fermions of different
flavors are different.

Let us briefly describe some of the results. As we mentioned above, the
effects of the monopole core excitations and their contribution to the vacuum
condensates were investigated in a few papers, see, e.g., [107,108,183,297,310,
426]. The conclusion is that the contribution of the non-Abelian interaction
to the Green function of the S-wave massless fermion does not eliminate the
condensate, which violates the conservation of the fermion-number, yet some
novel features appears.

Already in his pioneering work [446] (see also the discussion in the re-
view [56]) Rubakov considered the effect of the corrections to the s-wave
approximation. He demonstrated that the contribution to the effective ac-
tion of the higher partial waves, which was estimated as a correction to the
saddle point value of the action, is proportional to e, that is, it is almost
negligible in a weak coupling regime. Also negligible is the one-loop correc-
tion to the s-wave fermion propagator, which can be related to the inversion
of the chirality of the fermion: evidently such a process leads to reflection
of the incoming wave from the monopole at the distances far away from the
core [418,446]. Actually, this is the mechanism that generates the anomalous
magnetic moment and that precisely corresponds to our discussion in Chap. 2,
where such an effective term in the Dirac Abelian Hamiltonian was used as
a regulator of the theory [306].

The group of problems which is related to the effect of the fermion mass
seems to be most complicated in the Green function formalism, especially if
we would like to take into consideration the processes inside the monopole
core. However, if we restrict our consideration to the pure electromagnetic
interaction, the massive fermion condensates can be easily evaluated by mak-
ing use of the well-known trick of bosonization [363], which was modified by
Callan to the case of the monopole-fermion system [151,152].

10.3.1 Vertex Operator and Bosonization of the Free Model

Let us recall that the dynamics of the spherically symmetric fermions cou-
pled to the monopole can be reduced to some form of the two-dimensional
Schwinger model. Callan used the fact that this model can be represented
as a bosonic theory where the relation between the chiral fermion doublet
x(r,t) and the scalar field ¢(r,t) is given by the vertex operator'®

10 In all relations of this type we suppose the normal ordering with respect to the
normalization parameter .
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o= ()= | {iv (ot - o )
Ug 27 iexp {Zﬁ (¢(rv t)+ g‘dr’ao(b(fl, t)> }

where a is some constant and p is an arbitrary parameter having the dimen-
sion of mass, which is used as a normalization point at the normal ordering
of operators, and for the sake of compactness, we have omitted the anti-
commuting Klein factors, which must be introduced to provide the correct
commutation relations for the left- and right-handed fermions [253].

The difference from the original model considered by Coleman [172] and
Mandelstam [363] is that we have to impose the boundary conditions!! on
the scalar field ¢(r,t), which correspond to the boundary conditions on the
fermion field v(r,t) above:

8,6(0,1) = 0.

The vertex operator (10.89) provides a one-to-one correspondence be-
tween the set of correlation functions of the scalar field ¢(r,t) and the Green
functions of the free fermions v(r, t). One can verify directly that the action of
the massless fermions (10.64) then transforms to the two-dimensional action
of free bosons

Sy = % / drdt [(908)? — (8,6)?] . (10.89)

This action obviously corresponds to the free field equation
O¢(r,t) =0. (10.90)

Other bilocal fermionic operators, in particular the charges (10.83) and
corresponding currents, can also be expressed in terms of the boson field. For
example, we can consider the fermionic current j? = ©9;9°v, which corre-
sponds to the charge C'¥). This current is coupled with the vector field of a
monopole a;(r,t) in the two-dimensional action (10.59). After some calcula-
tions, in which take into account the normal ordering of the operators'?, this
current can be rewritten locally as

1
Ji = —=¢€;0;9. (10.91)
m

7

In the language of the scalar field ¢(r, t), the operators of the densities of the
states with positive (CT(Z)) and negative (Cfl)) electric charge are, respectively,

1 In general, the consistent scheme of bosonization of the model with massless
fermions is related to the consideration of the model on the line of finite length
r € [ro, R]. Then we can take the limit ro — 0, R — oo. In this case, the boundary
conditions must be implemented both at the point » = r¢ and at the point r = R.
To simplify our discussion we shall not discuss this procedure.

12° A possible alternative to this approach is to apply the well-known point-splitting
method.
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1 1
Z\f Q\f
Since the canonical momentum of the bosonized model is m = Jy¢, these
densities may also be written as

= —— (9,0 +0p0), CP =

(0rg — 0o9) - (10.92)

@ _ 1 i _ L
= — r 5 = — r - 9 ]. .
Cy Qﬁ(8¢+w) C 2ﬁ(8¢ ) (10.93)
and the free scalar Hamiltonian is H, = 1 (72 + (0,¢)?).
The fermion number density exmtatlons can also be separated, if we note
that a general solution of the free field (10.90) can be decomposed as (cf.
(10.44))

d(rt) =gr(r+t)+ o (r—1).
The chiral components ¢1(r +¢t) and ¢ (r —t) correspond to the operators
of the charge densities

1 ) 1
—0,01, C\'=—,0,
Tz ey ad

respectively. Thus, the total electric and fermion charges in the boson lan-
guage are

o = (10.94)

1

Qs = [ar(c}? = cf?) = (s = o) =6 = 0)].

0
00

Ny = / (] + 0 = lolr = 00+ 6(r =0)). (10.95)
0

Clearly, we can interpret these charges as a kink-like configuration of the
bosonized model on a semi-infinite line, which interpolates between the vac-
uum values /7 and 0, as shown in Fig. 10.1. Indeed, the fermion number is
conserved on the spatial asymptotic, and we have to fix ¢(r = oo) = const.
However, the value ¢(r = 0) can change in the course of the scattering and
the corresponding fermion number may change when the fermion penetrates
the monopole. For example, the process

wT 1. + Monopole — ¢ )+ Monopole,

which we discussed above, is shown in Fig. 10.1.

The form of the operator of the electric charge (10.95) may suggest that
the value ¢(r = 0)/4/m could have a meaning of the electric charge at the
monopole core, that is, a charge exchange between the core and fermions is
possible. This is correct until the interaction with the gauge field is included;
as we have seen above, it has a very large Coulomb energy, which is infinite
in the limit of the point-like monopole.
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T T

Fig. 10.1. Fermion-monopole scattering in the bosonized theory

The peculiarity of the bosonized model is that, according to the definition
(10.95), it contains the asymptotic states with fractional fermion number
Ny which do not appear in the spectrum of the original fermion-monopole
system. However, these states disappear from the model, if we introduce the
mass term of the fermions.

Indeed, let us now discuss the effect of the bare fermion mass. Here we
have to recover the index of helicity. In the model with Dirac fermions, we
have to deal both with the left-handed (¢, (r,t)) and right-handed (¥ g(r,t))
components'® of the Dirac field ¢, which can be bosonized by introducing
two boson fields

- 1 o 1
ULyvL = ﬁai(éL; URYiUR = ﬁ8i¢R~

The contribution to the mass term of the fermionic action comes from the
operators

Dpur = p exp { iV/(dr — ¢R)Cosﬁ/drl[3o¢R(T/7t) + oo (r',1)] ¢,
0

oRPuL = i exp d iv/A(dr — dr)sin VT / A [obr(r 1) + Bodr (v, 1)
0

The somewhat awkward form of this expression becomes more transparent if
we recall that the canonical momenta that are conjugated to ¢ and ¢g are
w, = Og@r; ™r = Op@dr, respectively. Then a canonical transformation of the
dynamical variables yields [152]

13 Recall that we are working in non-diagonal representation of 7.
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(s

/dr’(ﬂL +7R),

0

N |

(oL — ¢r) +

N |

o1 =

T

01 =—3 G —on) +3 [ @' n ).

0
1 1
I = 3 (rp —7wR) + 3 (Orpr + 0rdR)
1 1
I, = ) (rp —7R) + 5 (Oror + OroR) - (10.96)

This transformation does not change the free part of the boson action (10.89),
which in the case under consideration can be written as

Sp = %/drdt [(I11)? + (1})* — (9:01)* = (0r01)?] - (10.97)

Then the mass term takes an especially simple form

Sy = %/drdt [(1— cos2y/mdr) + (1 — cos2v/mpy)] . (10.98)

Thus, the bosonized version of the original model takes the form of a
direct sum of two sin-Gordon models, which are related by the boundary
conditions on the fields ¢

8T¢T(0, t) = ar¢l(0,t) .

The fermionic states are now represented by the kink solitons of the sin-
Gordon model, which are the only asymptotic states in the spectrum of the
massive theory. The pathological states with fractional fermion numbers are
eliminated because now they have infinite energy.

Let us now return to the interaction of the fermions with the gauge field
in the bosonized theory. In the model with one left-handed doublet and one
right-handed doublet the fermionic current, which generalizes (10.91), is

i = \/1;%‘5]‘(% - ¢r),

and, because the potential of the gauge field a; (10.61), which is coupled
with this current, in the gauge d,A = 0 can be expressed as a; = €;;0;p, the
corresponding interaction term becomes

S’Lnt = % /drdt 8zp 81(¢L — (;5]:3) = % /d’l’dt Dp (¢L — (1)3) .
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We can now add this term to the kinetic part of the effective action of the
gauge field (10.67), which is quadratic in the fields p:

1 1
Sg + Sint = 5 /drdt |:p <—7TD + 8672TDT2D> P+ Dp(¢L — qu) . (1099)

Performing Gaussian integration over the field p and making use of the canon-
ical transformations (10.96), we obtain the bosonized form of the effective
action of the massive theory

Sepy = ;/drdt[(anm)? + (Ondr)? + mu(1 — cos 2y/Thr)

2
+ mp(l — cos 2v/m)) — 8;7@ — ). (10.100)

The last term here has an interpretation of the Coulomb energy of the in-
teraction of the fermions with the fluctuation of the gauge field. According
to (10.95), the electric charge density in the units of the charge of the gauge
boson e/2 is Qs (r) = (¢1 — ¢,)/+/7. However, in a self-consistent theory, the
energy functional must be finite everywhere in space. This means that the
Coulomb energy of interaction must vanish at the origin, that is,

CbT(Oat) = ¢l(0’t) :

Thus, there is no charge exchange inside the monopole core and the electric
charge of fermions is conserved.

However, the effect of the vacuum angle changes the situation. Indeed, we
can add to the bosonic part of the action (10.67) the 6-term (5.104)

fe? 3 a papv fe’ 2
59:3271'2 /d .’I)thNVF'I :E/dTT Ean
Since the magnetic field of the ’t Hooft—Polyakov monopole of unit topological
charge is B,, = r—"?’, and the radial electric field can be expressed as F =
er

Op/(2e), the inclusion of the -term leads to the shift of the linear in Op term
in (10.99):

1 1 8w 0
Sg+Sint+Se = i/drdt {P <7TD + eQDTQD) p+0p ([¢T — ¢+ 277)] .

(10.101)
Therefore, the Coulomb energy becomes

2

e 0 \°
Ecou = o) <¢T — ¢+ M) .

The physical interpretation of this result is quite clear: it takes into account
the energy of interaction with the electric charge of the monopole generated
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by the instanton transitions. Thus, the boundary condition at r = 0 also

changes,
0

AV

which corresponds to the definition of the electric charge of the system (5.110)
el

% .

¢T(O7t) = ¢l(0at) +

above with contribution of the Witten angle : ¢ = en +

10.3.2 Monopole Catalysis of the Proton Decay

Without any doubt, the catalysis of proton decay by a monopole, which a
is known as the Rubakov—Callan effect [151,152,445,446], is one of the most
interesting phenomena, that may be possible in the presence of a monopole.
If such a process is detected experimentally (and there are many different
groups of scientists working in this direction), it will be one of the most
important discoveries that can lift the veil from the very fundamental laws
of our universe.

The possibility that the monopole catalysis mechanism of the proton de-
cay may really work, was initially proved within the framework of the minimal
SU(5) model of unification in the processes of the type

+

p + Monopole — €™ + Monopole 4+ mesons.

Although we know that, for some unclear reasons, this type of unification
was not the first choice of Nature, the Rubakov—Callan effect is also inherent
in the SO(10) GUT [435] and some other, more realistic models. In our
discussion, we shall consider the SU(5) model, which is a simpler example.

Let us briefly recapitulate some basic information about the structure
of the SU(5) model of unification. First generation of fermions is composed
of 15 particles, leptons and quarks, which are placed in two multiplets, the
quintet state

(W) = (d{,dS,dS e, V),  (Yr)a = (d1,da,ds, e, v R, (10.102)

where upper and lower indices a = 1,...5 refer to the representation 5 and
its conjugated 5, respectively, and index C labels the charge conjugation. The
decouplet is formed as the antisymmetrized product of two quintets

0 uf —uf —u; —d*

—u§ 0 uf —uy —d?

a,.b b a\ __ C C 3
iy — ¢L¢L) = uy —uy 0 —uz —d
u  upy us 0 —et

di dy ds et 0

ab 1
P

There are 24 generators of the gauge group SU(5), which include four
diagonal generators of the Cartan subalgebra. These correspond to the three
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operators of hypercharges and one operator of the electric charge. Thus, the
adjoint representation of the gauge sector of the SU(5) model includes 24
vector bosons:

An - % Az A Xt Y
Ay A — ?gg Az X§ Yy
Ab = Az Azp Asz — ?g% xg vy
X, X, X, % — %
7 Yo Ys w- - 3

Here 8 gauge bosons A;j, 7,7 = 1,2,3 mediate the interaction between the
quarks within the SU(3) subgroup, that is, they are the usual gluons. Three
vector bosons W=, W3 are responsible for the interactions in the lepton sector
and the By-boson corresponds to the U(1) subgroup of the electroweak part
of the model.

The most interesting components of the model are the two color triplets
of vector bosons X;,Y; with electric charges +4/3 and +1/3, respectively.
The transitions between the quarks and the lepton states becomes possible
due to the exchange of these bosons, which makes the proton unstable with
respect to decay into mesons and leptons. Thus, in the SU(5) model neither
baryonic nor leptonic numbers are conserved separately, but their difference
is conserving. However, these processes are strongly suppressed by the masses
of X,Y-bosons, which are of the order of Mx ~ My > 104 GeV.

Note that the spectrum of the model is not completed by these perturba-
tive states. The non-perturbative sector of the model with the SU(5) group
of symmetry contains the monopole solutions and, therefore, the presence
of a monopole can catalyse the proton decay, effectively removing the X, Y-
boson mass-depending factor in the corresponding amplitudes. We have to
note that, to our knowledge, there is no complete analysis of the interaction
between the fermions and the different types of monopole configurations,
even within the minimal SU(5) gauge theory. Recall that, depending on the
pattern of the symmetry breaking, these monopoles can be both massive and
massless. The simplest possibility, which was considered in [203], is to analyze
the situation when the SU(5) is spontaneously broken to SU(3) x U(1) and
the monopole solution is actually the 't Hooft—Polyakov monopole, which is
embedded in the leptoquark SU(2)ys subgroup of SU(5) as

%

i T
TSU(2)M = (0707 an) .

In this case, the only generator of the unbroken subgroup of SU(5) is given
by the composition of the elements of the Cartan subalgebra (cf. expression

(8.35)): .

T 1 1
TSU(2)A{ = (0,07 ?,O) = _§Q + §Y7
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where @ = diag (1/3,1/3,1/3,—1,0) is the electric charge generator and
Y = diag (1/3,1/3,—2/3,0,0) is the matrix of the color hypercharge. In other
words, the monopole configuration has both the usual magnetic charge and
the chromo-magnetic charge. Thus, there are both the color and the Abelian
magnetic fields outside the core and the interaction of the monopole with the
quarks and the leptons, which also have both the usual electric charge and
the color charges, is characterized by an effective charge, which is actually the
isospin of the SU(2)y leptoquark subgroup. Thus, all fermionic states from
the 5-plet and 10-plet are labeled by the eigenvalue g of the operator TgU(Q)M'
We can see that the states uy,us,dS, et have the same isospin ¢ = 1, while
the states u§, u$, ds,e™ correspond to § = —1. Other fermions presented in
the model have zero isospin with respect to the SU(2) s leptoquark subgroup,
that is, they do not interact with the monopole.

In this case, the model is reduced to the familiar SU(2) theory with four
left-handed doublets of the fermions of the first generation

i) _ (& e uf —u§
wa - 6+ La 7d30 La ’LL2 L7 ul . )

where a = 1,2,3,4. Then we can make use of the analysis of the s-wave
interaction between the fermions and the 't Hooft—Polyakov monopole, as
described in the previous section. By analogy with (10.74), the problem is to
evaluate the vacuum average of the operator!'#

1 a .
ﬁF(T’) = cijeaphy é%)€mn€pa¢,(m)z¢% ; (10.103)

which corresponds to the anomalous condensates

((e*e” — d*dg)(uf u' —ug'u?)) ~

((uPe” —ufdf)(u'd® —ufe™)) ~

(u§dS + ule™)(ul et +ud®)) ~ (10.104)

ﬁm‘ = ﬁc:‘ = ﬁm‘ =

These matrix elements do not violate either the electric charge or the dif-
ference between the baryon and the lepton numbers. However, the baryon
number itself is no longer conserved. Indeed, there is the baryon number

violating condensate
1

(ufu§d§et) ~ —, (10.105)
T
whose quantum numbers correspond to the Rubakov—Callan process of the

proton decay

14 Note that the vacuum average (10.103) is not invariant with respect to the trans-
formations of the color subgroup SU(3). Here, we again encounter the pathology
of the global color transformation that we briefly discussed in Chap. 8.
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p + Monopole — e + Monopole + (pions).

Other condensates, which are unsuppressed in the presence of the mono-
pole, can be evaluated on the same way. Note that the non-anomalous con-
densates also contribute to the amplitude of the monopole-induced proton
decay. An analog of the process (10.87), for example is

d? 4+ uk + Monopole — uSp + e} + Monopole,

which obviously violates the baryon number.

10.3.3 Monopole Catalysis of the Proton Decay:
Semiclassical Model

So far we discuss the microscopic picture of the monopole catalysis and evalu-
ate the related cross-sections for monopole induced processes. We mentioned
that there are a lot of assumptions in these calculations, in particular, we ne-
glect the structure of the monopole core which in the Grand Unified Theory,
has a very tiny size of the order of 10716 GeV. However, a realistic calculation
of the cross-section of the monopole catalysis should involve several widely
separated scales, the smallest of which is the size of the monopole core. The
largest scale is given by the hadronic scale associated with the pion decay
constant fr = 93 MeV, also the electroweak anomaly may be related to the
monopole catalysis, the corresponding length scale is given by the vacuum ex-
pectation value of the Standard Model ~ 100 GeV. The consideration above
concentrated only around the smallest size of the core. Moreover, the core
itself was replaced by the boundary conditions (10.48) at the origin.

Actually, it was proposed that the monopole catalyzed decay of a nucleon
may occur already at a long distance associated with hadronic scale [154]. In
other words, one can consider not a quantum field theory of quarks coupled
with a monopole, but a classical effective model of a nucleon interacting with
the ’t Hooft—Polyakov monopole [143,144, 154, 326].

Callan and Witten suggested to invoke the Skyrme-type model, which
describes a baryon as a soliton configuration of the low-energy effective theory
[154]. In the simplest situation of the SU(2) flavor group, the effective action
of the model is given by the Lagrangian [478]:

2 ;2

Lsp = 7 Tr (RuR) + §TI«([RM,RV])2 : (10.106)
where £ is a dimensionless constant and the current R, = iU ~'9,U is related
to the Cartan SU(2) one-forms (A.3). The first term here corresponds to
the non-linear sigma model and the second term stabilizes the solution. The
matrix U stands for the pion chiral field:

U =exp {;aaqﬁa} ,
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which represents a topological mapping S® — S2 from coordinate space to
the SU(2) group space'®. The scalar field ¢ = ¢%c®/2 represents the triplet
of pions. This mapping can be characterized by the third homotopy group
73(S?) = Z, and the stability of the configuration is guaranteed by the wind-
ing number, which within this framework is associated with the baryon num-
ber:
- 2%’;/(13:5 Tr (R;R;Ry) . (10.107)

The nucleon is defined by yet another static hedgehog ansatz U =
exp{if(r)(c®r®)}, which defines a chiral angle f(r). It runs from f(0) =0 to
f(o0) =, which corresponds to the simplest spherically symmetric soliton,
a skyrmion with baryon number B = 1. We do not discuss the properties of
the Skyrme model here. The curious reader may find a full account of the
theory and applications of the model in the low-energy hadron physics, e.g.,
n [20].

Because R, ~ U(9,¢)U, in terms of the su(2) algebra-valued rescaled
scalar field ¢, the Skyrme Lagrangian (10.106) takes the form of the non-
linear sigma-model

Lvsw = 3T | (0,0)0°6) + 30,0, 0,0P|. (10.108)

A monopole can be incorporated in this model, if we consider a gauged Skyrme
model [154, 249, 326], which describes a gauge invariant system of coupled
scalar and vector fields with a fourth-order Skyrme term with derivatives
replaced by covariant derivatives D,,:

L:—%T (FM,,F“”+D#¢D“¢+ (D¢, u¢}2>—V(¢)- (10.109)

Evidently, this is a generalization of (5.7). The solutions of this model are
referred to as Skyrmed monopoles [249]. Briefly speaking, the presence of the
Skyrme term leads to additional attraction between the skyrmed monopoles,
thus, in contrast to skyrmions, the lowest energy bound states possess the
axial symmetry. A similar model was proposed in [154], where the gauge field
was taken to be the Abelian potential of the static Dirac monopole and the
electric charge matrix @ = diag(2/3, —1/3) corresponds to the doublet of the
light quarks.

Recall that for a scalar particle in the field of a point-like monopole the
centrifugal potential is ~ (j(j+1)—e?)/r? (see page 248). Thus, the boundary
conditions we have to impose at the origin on the isotopic components of
the pion field ¢ in the monopole are different; while the wavefunction of

15 Since the finite energy solution satisfies U(r) — 1 as r — oo, all the points of
the spatial infinity are identified, thus, the space R® is compactified to a sphere
S5,
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the charged pions has to vanish there, the neutral component my ~ ¢303/2
may penetrate the monopole. In other words, at the monopole location the
boundary condition on the neutral chiral field becomes [154]

U(0) = exp{if(0)a®/2}, (10.110)

where the function f(0) is not necessarily constrained.
On the other hand, the presence of the electromagnetic potential A, mod-
ifies the baryonic current, which may be explicitly written as

_ Euupa -1 v -1 —1pno
By =5 5T {v7'D*'U UT'D’U UT'D U}
Epvpo o1 1w

+W’H {F” (D'UU~"4+U DU)},

(10.111)

where the non-zero component of the electromagnetic field strength tensor is
Fy, = 1/er?. This gauge invariant conserved current includes a second term
that is a total divergence and represents the anomaly (10.52).

It was suggested in [154] that the neutral pion field may vary with time.
Evidently, this corresponds to the physical picture of wrapping a skyrmion
around a monopole, which is a model of monopole-proton scattering. Then
the radial component of the baryonic current (10.111) on the monopole back-
ground becomes _

i)

= 10.112
8m2r2’ ( )

.
that is, there is a flux of the baryon number of magnitude f /27 into the
monopole. Since in the SU(5) Grand Unified Theory, the non-conservation
of the baryon number comes with the non-conservation of the lepton number
together, the leptons must be radiated out while the nucleon is squeezed
down into a monopole. Indeed, the boundary condition at the origin (10.110)
cannot prevent the skyrmion from decaying.

A disadvantage of such a model is that the monopole is treated as point-
like and the non-conservation of the baryon number is entirely related to
the boundary condition on the pion field at the origin. It was suggested
[143,144,326] to consider an extendend model that has SU(2); x SU(2)r
global symmetry and contains the gauged Skyrme field coupled both with
the left and right sectors. Thus, monopole and skyrmion are regular classical
solutions of such a model. Numerical analysis shows that there is a radial
baryonic current that coincides with (10.112) at large distances and there are
no static solutions with baryon number one on top of the monopole [143,144].
A more refined analysis, which takes into acocunt the properties of the system
at short distances, reveals a sequence of skyrmion-monopole bound states
separated by finite energy barriers. Thus, this picture resembles the periodic
structure of the topological vacua [144]. However, the barrier height is very
small compared to the nucleon mass and the monopole catalysis takes place
semiclassically.
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Let us mention in conclusion that the experimental observation of the
monopole catalysis of the proton decay would be a very remarkable event
that could touch the very basis of QFT. If this process is discovered, the
consequences may be unpredictable. For example, some optimists mentioned
that the energy of the monopole-induced baryon decay could be used to
solve the future energy crisis [209] and, maybe, the power stations of the
XXII century would produce not dirty nuclear energy, but would use just a
“pinch” of monopoles as a power element. However, the monopole catalysis
is not a general property of any theory of Grand Unification, but it is a
strongly model-dependent phenomenon [56,189,190,454,455]. Since it is not
clear today as to which of the models of unification could become a “Standard
GUT”, the beautiful monopole catalysis remains endangered.
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11 Construction of Supersymmetric
Yang—Mills Theories

The discussion of the different aspects of the non-Abelian magnetic mono-
poles in the previous chapters becomes very transparent in the wider class
of four-dimensional supersymmetric (SUSY) gauge theories. As we shall see
below, these models yield a very nice frame to reveal most of the remarkable
features of the monopoles from a single point point of view.

Indeed, a supersymmetrical theory by very definition includes both
bosonic and fermionic variables. Thus, there is a nice natural interplay be-
tween the localized monopole configuration and the fermions in such a model.
Also the Montonen—Olive conjecture of duality turns out to be proved in su-
persymmetric models. A clue to the latter solution is the observation that
an exact duality on a quantum level could only survive if the Bogomol'nyi
bound is not violated by the quantum corrections. This becomes possible if
the bosonic and fermionic loop diagrams, which could affect the effective po-
tential, are mutually cancelling. This mechanism of cancellation is a familiar
property of supersymmetric models.

Although the monopole solutions of the supersymmetric extension of the
simple SU(2) Yang-Mills-Higgs model were discussed as early as in 1978 [65],
it was the celebrated work by N. Seiberg and E. Witten [469] that revitalized
the real interest in the properties of SUSY monopoles and provide a significant
progress in the understanding of non-perturbative dynamics in these theories.

This fascinating development initiated by N. Seiberg and E. Witten
caused a real burst of interest. Although the original paper [469] is writ-
ten very explicitly and clearly, one could trace out a special genre in the vast
flow of publications related to this subject, the “Pedagogical introduction to
the work of Seiberg and Witten” [123], see, e.g., [73,199,311,347,424,473].
Our presentation follows the line of these excellent reviews.

11.1 What is Supersymmetry?

In this chapter, we would like to discuss some technical aspects of supersym-
metry that are relevant to our discussion. Actually, our goal is to provide an
introduction, which is necessary to understand recent exciting developments
in supersymmetric gauge theories. There are many good reviews on super-
symmetry that give a thorough introduction into the basis of supersymmetry.
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We refer the reader, for example, to [29,124,357,480] and references therein.
Here, we only comment on the basics of supersymmetry.

11.1.1 Poincaré Group and Algebra of Generators

The direct way to introduce supersymmetry is to consider an extension of
the usual space-time symmetries. Let us consider a conventional change of
coordinates under action of the Poincaré group:

li
at — ah = ABx” 4+ ot

where A# is an ordinary Lorentz transformation (or its Euclidean counterpart,
a matrix of SO(4) rotations) and a* is a vector of space-time translation.
Thus, the infinitesimal generators of the Poincaré group, which act on the
space of fields, are six components of the antisymmetric momentum tensor

MM = MHO = ghPY — gV PH + M = LM + SH

(cf. (4.26) in Chap. 4) and four components of the vector of momentum
P# = —ij0". Here, we decomposed the tensor of momentum into the orbital
and the spin parts, L*” and S*", respectively. These generators form a Lie
algebra, which is defined by the commutation relations

[V, MP7) = i(g"P MV + gh7 M¥7 — gHP M7 — g7 M),

11.1
(PHP) =0, M, PY] = i(g" P — g P, -y

where we use, as before, the convention g,, = ¢g"* = (—1,1,1,1) for the
Minkowski metric in the flat space.

Recall some properties of the Lorentz subgroup SO(3,1) of the Poincaré
group. First, let us show that its covering group is SL(2,C). Indeed, because
the spin generators S*” commute both with P* and L*”, they generate the
finite dimensional representations of the Lorentz group. Then the spin oper-
ators S; = %Eiijjk and the operators of the Lorentz boost K* = S% form
the algebra

[S%,89] =ik Sk [K' K] = —igk Sk K 87) = iR K (11.2)

which reproduces the third set of the commutation relations (11.1) in a non-
covariant form.
Let us consider the complex combinations

1 1
J+:§(S,;+iK,;), J_ = E(Si—iKi).
Then the relations (11.2) can be rewritten in the form that coincides with
two commuting algebras of SU(2) group!:

L Actually we are now not discussing a full Lorentz group, but its so-called or-
thochronous part defined by A% > 0, det A = 1. Of course, the Lorentz group is
not compact and its local structure is not SU(2) x SU(2), because the operators
J are not Hermitian: (J5)" = J&.
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5, Jh) = ieVR Ik L, JE] =0,

Clearly, JJQr and the J? are two Casimir operators of the Lorentz group
with half-integer eigenvalues j; (j; + 1) and j_(j_ + 1), respectively. Thus,
a finite dimension irreducible representation of dimension (254 +1)(2j- + 1)
can be labeled by (j+,7j—). In other words, unlike the generators M*", the
operators Ji can be represented by finite dimensional Hermitian matrices.
For the fundamental representations we can write

1 . i
(5,0) J+ — 50’,

1 , P P
(0,5) : Jo = %52:%01, (11.3)

where ¢ is dual to ¢ in the sense that

(ai)a[;(ﬁj)ﬂa =Tr(c'57) = 26;; -
Thus, we have two basis vectors in the space of complex 2 x 2 matrices:
ot = (o) 5 = (L"),
ot = (6")ap = (I, —0"), (11.4)
and we can define (4, 0) generators of the covering SL(2,C) group as

v i ~V\% v =\
()0 = 5 [(")a3 (3")77 = (0¥)as (6")77] . (11.5)
while (0, §) generators of the covering SL(2,C) are

(@) 5 = 5 [(@)(0"),5 = (3" (0), 4] - (11.6)
A spinor may be introduced as a two-component field that lies in the
fundamental representation of SL(2,C). However, as we have seen, unlike for
the SU(2) group, for SL(2,C) a matrix of representation and its conjugated
are not equivalent. This implies that there are two types of Weyl spinors:
the left-handed ), that transforms according to the fundamental represen-
tation (%, 0), while the right-handed spinors )¢ transform according to the
fundamental representation (0, %) (here a, & = 1,2). Clearly, 9% = (¢4)*.
The four-component Dirac bispinor in four-dimensional space consists of
both chiral components:
-(5)

Actually, we already made use of these notations in the previous chapter. The
Dirac bispinor evidently lies in the reducible (3,0) & (0, 3) representation.

There is another possibility of composing two chiral spinors into the four-
component Majorana bispinor:
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_ (S
().

that is, the Majorana spinor can be thought of as a Dirac spinor with { = 7.

The indices of the right-handed spinors are traditionally dotted to em-
phasize the difference between those transformation laws. The raising and
lowering of the indices is given by the action of the Levi-Civita tensor
e = (6)* = ioy, €71 = (€)ap, which in the spinor space plays an analo-
gous role to the metric tensor in Minkowski space:

Yo =Py, =%, (11.7)
The usual conventions are
0B = gof , &3 =105 ,
e I g2 =¢€j5=—1, (11.8)

50, P = ] and N -
()" = xa¥® = xvb = ¥x.
By analogy with the common matrix indices, the spinor indices can be

dropped out in the widely used shorthand notations. Then we can write, for
instance for the Lorentz scalars

1/)X = Q/JGXQ = EaﬁwﬁXa = _EaﬁwaXB = _waxa = X¢7

and . .

VX=X =V Na =X V.
The ordering of anticommuting Grassmanian variables is important. In con-
volving the undotted indices we write first the spinor with the upper index,
while for the dotted indices we write first the spinor with the lower index.

The vector and tensor quantities can also be constructed from these Grass-
manian variables. For example, 1 x4 in the (%, 1) representation transforms
as a Lorentz vector.

Let us say a few worlds about two Casimir operators of the Poincaré
group, which commute with all ten generators of the latter. They are the
operator of square mass m? = P? = P,P" and the square of the Pauli-
Lubanski spin vector

WH = —%EWWP,,MPU = —%EW”"P,,SM.
Clearly, W2 = W,W# = —m?2S,;S°. Hence this operator has eigenvalues
—m?s(s+1) and W, = AP, for the massive and massless states, respectively,
where the corresponding half-integer quantum number X is the helicity. In
the rest frame of a massive state we have P, = (m,0,0,0). For the massless
states we obviously have P? = W? = 0.
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So far we have discussed the Lorentz transformations. However, we are not
finished yet with the description of the symmetries of a consistent physical
theory. Besides the space-time symmetry, there also are some internal sym-
metries, like, for example, gauge or flavor symmetry. Moreover, we suppose
that the Lorentz invariant theory must be invariant with respect to the dis-
crete C'PT transformations, otherwise we shall get a lot of problems related
with non-locality and violation of the spin-statistics theorem?.

In 1967 Coleman and Mandula showed [169] that in a local relativistic
quantum field theory the most general symmetry group of the S-matrix must
be a direct product of the Poincaré group and a compact internal Lie group,
provided that: (i) there is only one zero-mass state and a finite number of
excitations associated with a massive one-particle states; and (ii) the vacuum
state is unique and there is a finite energy gap between it and lowest one-
particle state.

The latter assumption is introduced to avoid infrared problem, while the
former allows us to exclude the models with spontaneous symmetry breaking
from consideration. Actually, the first restriction can be relaxed, that is, we
can consider a tower of massless one-particle excitations over the ground state
[252]. The price paid for such an extension is that now the extended group
of conformal symmetry must be admitted instead of the Poincaré group.

However, the Coleman—Mandula theorem involves only bosonic symme-
tries, that is, the algebra of generators of symmetry, namely four momenta
P* | six Lorenz generators M*" and generators of Hermitian internal symme-
try T%, involves only commutators. Moreover, the direct product structure
means that

[T¢ PH] =[T*, M*] =0,

and, therefore, the Lie algebra generators T are scalars with respect to the
Lorentz group.

Furthermore, the Casimir operators commute not only with all generators
of the Poincaré group, but also with the generators of internal symmetry:

[T, P?| = [T, W?] =0.

The consequences of these relations are:
(i) O’Raifeartaigh theorem: all particles belonging to an irreducible multiplet
of the internal symmetry group must have the same mass.
(ii) These particles must have the same spin.

Clearly, for the massless excitations we have [T'%, P,| = [T%, W,,] = 0, that
is, the transformations of the internal symmetry cannot change the helicity.

2 Actually we are restricting our consideration to the conventional local QFT. We
are not discussing here the recent idea that there might be minuscule violations
of Lorentz and CPT invariance, which would arise as suppressed effects from a
more fundamental theory.
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The idea of supersymmetry is to extend the Lie algebra, which is formed
by the conventional generators P*, M, in order to include anticommuting
generators on an equal footing with these commuting generators.

11.1.2 Algebra of Generators of Supersymmetry

Let us see how this approach works. Speaking more formally, we must sup-
plement the set of the bosonic generators by a set of N anticommuting gener-
ators QL, Q% , which transform as spin-half operators in the (%7 0) and (0, %)
representations of the Lorentz group, respectively, that is,

Qi = Qal = cap(@™)" .

Here the index I = 1,2,..., N labels all the different spinors Q!. It is the
total number of supersymmetries of the model. The case N = 1 corresponds
to simple supersymmetry, whereas N > 1 is referred to as extended super-
symmetry.

Since these generators are not scalars with respect to the Lorentz group,
they cannot be introduced as some operators of an internal symmetry. They
rather represent an extension of the Poincaré space-time symmetry algebra
by anticommuting generators?.

The uniqueness of such an extension is related to the so-called Haag—
Lopuszariski-Sohnius theorem [252], which states that under the assumption
of positivity of the metric of the underlying Hilbert space*, no representa-
tion with the spin higher than 1/2 is possible for fermionic supersymmetry
generators.

To define the supersymmetry algebra we have to consider the anticom-
mutator {Q, Q}, which transforms as (é, 0) ® (0, %) = (%, %) and, therefore,
must be proportional to the only spin-1 operator, P*:

{QL.QJ) = 267", . (1L.9)

The factor of two is introduced here as a convention and the minus sign is
due to the metric signature.
Note that the SUSY generators @’ satisfy the commutation relations

M, QL) = i(o") QL. (MM, Q] = i(6")* 4Q) . (11.10)

These relations clarify the physical meaning of the generators of supersymme-
try. Indeed, let us consider the component of the momentum tensor M5 = S3.
Then, the commutation relations (11.10) yield

3 From a mathematical point of view, the key idea of supersymmetry is to promote
the Lie algebra of the Poincaré generators to a graded Lie algebra.

4 That is, the anticommutator of the operators {QQ,Q(“} is supposed to be a
positively defined operator. This condition excludes the states of negative mass
(tachyons) from all possible irreducible representations of the SUSY algebra.
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1 8 1
I 3 1 I
[S3,Q1] = 5(0 )1 Qﬁ = 5@1 )

1 5 1 (11.11)
[53,Q£] = 5(03)2 Qé = —5(% )
and we also have similar relations for the operators Q% = Q(Ij. In other words,
the operators Q! and Qg raise the z-component of the spin by a half, while
the operators Q% and Q{T lower it by a half.
On the other hand, the generators of supersymmetry commute with the
operators of translations [480]:

[QL, P*] = [Qar, P*] =0, (11.12)

which can be proved by making use of the Jacobi identities for the operators
of the graded Lie algebra

[Qa, P"], P+ [[P¥, Q). P + [[P*, P"], Q] = 0,

(11.13)
[{QLQ%},P“] + {[Pani]vQé} - {[QéP“LQg‘} =0.
which supplement the usual bosonic and fermionic Jacobi identities
P® PY], PPl + [[P¥, PP], P*] + [[P?, P*],P"] =0,
[l L, PPT+ 1 L PHI I I, P"] (11.14)

{QL, Q%1 Q) + {{QF, Q5 Y, QL) + {{RX, QL) @l = 0.

Here, the operator of translation P* and the generator of supersymmetry Q)
can be replaced by an arbitrary bosonic and a fermionic generator, respec-
tively.

To prove the relations (11.12), let us note that the commutator [QZ, P¥]
must transform as (3,0) ® (3, 3) = (0,3) ® (1, 3) under the Lorentz group.
Since spin-3/2 generators are excluded due to the Haag—Lopuszariski-Sohnius
theorem, the only possibility is

QL. P"]=C" (o"),sQ% QL P" = (CT)Q}a")L |

where C17 are complex Lorentz scalar coefficients. Substitution of this rela-
tions into the first of the Jacobi identities (11.13) yields

(CC)(o")aQp =0,

where C' is a matrix with matrix elements C!7. Thus, the matrix (CC*) van-
ishes. However, it is not enough to conclude that the entries C77 themselves
must be equal to zero. To see this we have to consider the anti-commutator
{Qf, Qg}, which enters second of the Jacobi identities (11.13). It lies in the

representation (1,0) ® (0,4) = (0,0) & (1,0) and generally can be written as

{QL. Q3 =2e0p2" + e, My (™)1 X1, (11.15)
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where Z17 and X'/ are anti-symmetric and symmetric Lorentz scalars, re-
spectively. Therefore, they may be represented via some linear combinations
of the generators of internal symmetries.

Now, contracting the second of the Jacobi identities (11.13) with e,g, we
can see that, because Z// commutes with P*, the matrix C is symmetric:

(¢! —c/pr=o0.

Since CC* = CCt = 0, this condition implies that all numbers C!7 are
vanishing and we can now see that the relation (11.12) is fulfilled. Its physical
meaning is quite clear: the space-time translations do not affect the spin
degrees of freedom. Furthermore, the nullification of the commutator [Q , P#]
excludes the symmetric term in the right-hand side of the anti-commutator
(11.15), because M, do not commute with P#, whereas the anti-commutator
{Q, Q} does. Thus, X'/ = 0 and the algebra of the supersymmetry operators
becomes simply

{in Qé} = 25&BZIJ7 {Qéa Qé} = 25@BZ*IJ . (1116)

The complex coefficients Z7/ = —Z77 are called central charges because they
actually commute with all the generators, both bosonic and fermionic. The
usual convention is Z17 = —Z; ;.

The situation becomes even simpler for N = 1 SUSY algebra, because
the symmetry of the anti-commutator {Q?, Qé} with respect to permutation
of pairs of indices («,I) = (8, J), together with the antisymmetry of the
Levi-Civita tensor £,3, mean that the central charges are excluded for N =1
supersymmetry.

Let us note that the relations (11.9) and (11.16) are invariant under U(N)
transformations

QL — U,Q., QL — QO{U}LJ'
We can see that, if the central charges are vanishing, this internal symmetry of
the supersymmetry generators, which does not change the algebra of SUSY,
is higher degree — the presence of the central charges reduces this unitary
symmetry to a smaller subgroup.

Clearly, for N = 1 SUSY, there is only one supercharge Q),. Then the
internal global symmetry group is U(1), which is known as R-symmetry:

Qs Rl = Qas  [Qa,R]=—Qa- (11.17)

Actually, this is the familiar chiral symmetry of the spinor field, since under
the transformations of parity @ — @, Q@ — @ and the Abelian charge R
transforms as R — —R. Thus, the N = 1 SUSY generators have a chiral
charge +1 and —1, respectively.

We shall see how the central charges are related with the topology of the
supersymmetric Yang-Mills theory, in particular with the magnetic charge
of the field configurations.
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11.2 Representations of SUSY Algebra

Let us consider the unitary irreducible representation of SUSY algebra, which
is constructed by analogy with the representation theory of the Poincaré
group. One can think that, since any representation of the SUSY algebra
contains a representation of the Poincaré algebra, its representations (that is,
the multiplets of asymptotic on-shell physical states) as before may be labeled
by eigenvalues of the mass-square operator P*P,, = m? and the square of the
Pauli-Lubanski vector WH#W,,. However, the SUSY generators commute only
with former operator, whereas W?2 is no longer a Casimir operator (Q,Q do
not commute with M*#¥). Therefore, representations of SUSY algebra contain
states of the same mass but different spins (or helicities in the massless case).

11.2.1 N = 1 Massive Multiplets

Let us now examine the simple N = 1 SUSY with one supercharge Q. From
the consideration above, it is clear that we have to consider two different
cases of massive and massless states.

Unlike the classification of irreducible multiplets of the Poincaré group,
the square of the Pauli-Lubanski vector W, has to be replaced by the second
Casimir operator of superalgebra [357]

G?*=G6"G,,, G.=V,P,-V,P,, (11.18)

where 1
V=W, - sz(ﬁu)‘mQa.

Let us consider the massive N = 1 supermultiplets first. To construct the
representations of SUSY algebra, we can use the Wigner trick, namely go to
the fixed Lorentz frame, which is characterized by a certain value of momenta
P* and study the “little group” of this vector. For the massive states, we can
always choose the rest frame, where P* = (m,0,0,0) , m # 0. In this frame,
the N = 1 supersymmetry algebra (11.9) is reduced to

~ 10
{Qa,Qﬁ'}:Qmogg =2m<0 1) ; (11.19)
and the Casimir operators can be written as
P? =m?, G? =2m*J?, (11.20)

where 1
Jip =Sk — m@a@?“@a .

Since both the spin vector Sy and the Pauli matrices ¢ satisfy the SU(2)
algebra, the operator .J2 has eigenvalues j(j+1), integer or half-integer. Thus,
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a state of an N = 1 SUSY multiplet can be labeled by the quantum numbers,
m7j7 j3- _

The operators of N = 1 supersymmetry QmQB are actually two pairs
of creation and annihilation operators that act on the vacuum state | £2).
Indeed, a simple rescaling

Qo — aq = %, Q4 — aL = \?%, (11.21)

reduces the algebra of supercharges (11.19) to the conventional Clifford alge-
bra of the ordinary fermionic creation/annihilation operators

{aa,al} = bap .- (11.22)

Recall that there are no central charges in N = 1 SUSY, thus, all other
anti-commutators vanish, which completely defines the N = 1 superalgebra.

The Clifford vacuum | 2) can be defined with respect to consequent action
of the fermionic annihilation operators @), on any state of definite m and j:

|‘Q>:Q1Q2|maj>a Q1|Q>:Q2|Q>:O

Evidently, the state | 2) is (25 + 1)-fold degenerated. Note that the Clifford
vacuum is not a vacuum of field theory, since |{2) is a one-particle state with
a mass m and a given spin (helicity), but not a ground state.

This definition allows us to label the states of the SUSY multiplets by
spin s rather than the eigenvalues j. Indeed, making use of the algebra of
the supersymmetry generators Q,(Q, it is straightforward to see that the
action of the corresponding operator Ji on the state |§2) reduces to the spin
operator Sy, that is, the Clifford vacuum is an eigenstate of spin rather than
Ji: |2) = |m, s, s3).

Action of two creation operators on such a vacuum state yields four in-
dependent states of the same mass:

12), al|2), ab|Q), alad|0).

Taking into account the (25 + 1)-fold degeneration of each state, we conclude
that there are a total of 4 - (25 + 1) states in the massive N = 1 SUSY
multiplet.

Because the SUSY generators have spin 1/2, these four states are different
in spin. For |2) =| m, s, s3), we have the states of spin s3 = j3,j3—%,j3—|—%,j3.

Let us consider the 7 = 0 vacuum state first. The corresponding fun-
damental massive multiplet includes two bosonic and two fermionic degrees
of freedom, namely one real scalar, one massive Weyl fermion and one real
pseudoscalar. Indeed, the parity operator interchanges aJ{ with ag and one of
the spin-0 states has to be a pseudoscalar. This irreducible representation of
N =1 SUSY is known as chiral massive multiplet. In the simplest supersym-
metrical generalization of QCD this multiplet includes the left-handed quark
and its superpartner, the squark.
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In this simple example we can see a very universal result: the number
of fermionic states in each SUSY multiplet must be equal to the number of
bosonic states.

Indeed, let us consider j = 1/2, N = 1 massive vector multiplet . ar-
guments similar to those considered above allow us to conclude that this
multiplet contains four bosonic and four fermionic degrees of freedom. The
corresponding particle spectrum can be defined by using standard momen-
tum addition rules. It corresponds to a gauge field, a Dirac fermion and a
scalar field, all having the same mass.

Finally, let us note that formally there are no algebraic restrictions on
the number of generators of SUSY. However, the consideration above tells
us that increasing N leads to the appearance of higher spin states in the
corresponding SUSY multiplets. Thus, there is a physical condition of renor-
malizability of any consistent quantum field theory that does not admit any
spin states greater than one. This restricts the number of supersymmetries
N < 4.

11.2.2 N = 1 Massless Multiplets

Let us proceed further by considering the massless irreducible SUSY multi-
plets. For this special case, we fix a time-like reference frame where P* =
(E,0,0, E). Then the second Casimir operator of the SUSY algebra (11.18)
vanishes, because

2
G? = 2E*(Vy — V3)? = %QQQQQQ@ =0. (11.23)

()n lhe O(hel“ ha.nd, we Obtain
s « 21 12 [e7e7 0 bl 112

that is, one of the anticommutators in the algebra of the operators {Q1,Q;}
is vanishing in the massless case.

Let us recall that a norm of a physical state in a unitary theory has
to be positive. Requiring that this condition be satisfied, we must set the
corresponding creation operator ai = Qi / V2E equal to zero. Therefore, only
one generator of supersymmetry survives and, rescaling it as ay = Q2/v/2F,
ag = Q2 / V2E, we are left with only two independent physical states in the
Clifford vacuum rather than four, as in the massive case:

102), al|Q). (11.25)

Thus, there is a tower of states of the massless multiplets, each of which is
labeled by the helicity A. One may suppose that, by analogy with the funda-
mental massive SUSY multiplet, the fundamental massless vacuum state | {2)
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may have zero helicity. However, the operator ag transforms as (0, 2) that

is, it increases the helicity A of the vacuum state | £2) by 1/2. In this case, a
doublet (11.25) is not an eigenstate of a CPT symmetry operator. Thus, we
conclude that in any Lorentz invariant local quantum field theory we have to
consider the massless multiplets formed by the doublet of states with oppo-
site helicities, for example, pairing two doublets with helicities A\, \+1/2 and
=\, —A — 1/2, respectively. The N = 1 massless A = 1/2 doublet contains a
vector particle and a Majorana spinor. In the SUSY QCD this is the so-called
gauge multiplet and these one-particle states are set into correspondence with
a gluon and its superpartner, the gluino.

11.2.3 N = 2 Extended SUSY

We can proceed further by generalization of the scheme considered above to
the case of N =2 SUSY irreducible multiplets. For the sake of simplicity, let
us consider first the algebra (11.16) without central charge, Z = 0.

In the massive case, we now have four annihilation operators al, I =
1,2, which are set into correspondence with supercharges. Hence there are
22N . (2 + 1) states in a massive irreducible multiplet. The fundamental
(j = 0) multiplet therefore contains 16 one-particle states. If the vacuum
state | £2) has spin zero, these states transform as five scalars, eight spinors
and three spin-1 states.

As before, the number of states of the massless multiplet is reduced, since
we have N creation operators a!f, which generate a total of 2V states. For
the N = 2 SUSY we have four massless states

192), (a2)"192), ()" 2), (a)'(a3)" [02).

If the vacuum state | £2y) has the helicity 0, the states of A\ = 0 massless super-
multiplet have helicities 0,1/2 and 1, respectively. To form a CPT eigenstate,
it has to be supplemented by its partner, the conjugated multiplet, which cor-
responds to the helicity —1 vacuum state |{2_1). The latter multiplet includes
the states of helicity —1, —1/2,0.

These two multiplets 2y and {2_; form the so-called N = 2 on-shell vec-
tor multiplet. In the QCD context, it is also referred to as the N = 2 gauge
multiplet, which includes a massless gluon (2 vector states) and its super-
partners, two Weyl spinors (four spin-1/2 states) and a complex scalar (two
spin-0 states). Note that N = 1 on-shell scalar multiplet and N = 1 vector
multiplet together contain the same set of fields as an N = 2 on-shell vector
multiplet.

The A = 1/2 N = 2 multiplet, which corresponds to the vacuum state
0 1 with helicity A = 1/2, is CPT self-conjugated. It includes two scalars
and two fermionic states. This is the so-called massless N = 2 on-shell hyper-
multiplet, which consists of two copies of the N = 1 massless scalar multiplet.

In the presence of central charges, the situation changes. In particular,
the algebra of N =2 SUSY (11.16) with with central charge Z possesses an
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internal global SU(2) x U(1) symmetry. This is R-symmetry, where the U(1)
subgroup is related with the unitary rotations of the operators (11.17), while
the matrix of the transformation of the SU(2) subgroup acts on the spinor
indices of the operators Q%.

We can make use of this symmetry to diagonalize the annihila-
tion/creation operators. Indeed, in the presence of the central charges, the
algebra of supersymmetry (11.16) in the rest frame is

I AJy 1J_0
{Qa,Qﬁ}—Qm(s O'aﬂ',

_ (11.26)
{Ql, Qé} = 250432“; {Qar, Q,@'J} = 72%32}“],
and the generators of supersymmetry Q!, Q! cannot be treated as the cre-
ation and annihilation operators, respectively. One has to diagonalize the
matrix Z77 to the form where its eigenvalues are real and non-negative.
Indeed, in the N = 2 theory, the antisymmetric matrix of central charges
Z'7 has the off-diagonal element Z = Z'2. Then the diagonalization of the
basis is given by an appropriate unitary transformation of the generators of
supersymmetry to the linear combinations

= % (QL +eap(@)1), by = % (QL —cap(@)T),  (11.27)

and their conjugated (aq)', (by)'. These operators create a state of defi-
nite spin and, making use of (11.16), in the rest frame we have the anti-
commutation relations

Qo

{aa,al} = 20a(m+Z), {ba,bl} = 200s(m — Z), (11.28)

whereas all other anti-commutators vanish.

Let us recall now that all physical states must have a positive norm.
Since the anticommutators of (11.28) are positively defined operators, for
the massless states the central charge of any SUSY irreducible representation
must be equal to zero, Z = 0. However, for the massive case, this relation
means that the mass of the states m of a given multiplet must be bounded
below by the central charge as

| Z|<m. (11.29)

The corresponding massive multiplets contain the same set of states as the
N = 2 multiplets without central charges.

If the boundary is saturated, m =| Z |, one set of the creation opera-
tors becomes projections onto states of zero norm, that is, we actually have
lost half of the generators of SUSY. Then the situation becomes completely
identical to the case of massless multiplets that we discussed above. In other
words, there are 4 - (25 + 1) reduced massive N = 2 SUSY multiplets, which
are referred as short multiplets.
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Let us mention in conclusion that the relation (11.29) is nothing but a
supersymmetric generalization of the Bogomol'nyi equation (5.60), which we
have already encountered in the various chapters of this book. In fact, the cen-
tral charges of the supersymmetric extension of the Georgi—Glashow model
are related with magnetic and electric charges of the configuration [523].
However, before considering such an extension, we would like to discuss how
a field theory can be constructed from the representation of supersymmetry.

11.3 Local Representations of SUSY

Armed with the results of the previous section, we are now prepared to formu-
late the supersymmetric field theory, that is, to construct a supersymmetric
Lagrangian in terms of the multiplets of fields, which form the off-shell rep-
resentations of the SUSY algebra discussed above.

There is a very elegant and straightforward way to obtain such a theory.
This is related with a generalization of the Poincaré group acting on the
space-time coordinates. The key idea of the related conception of superspace
is to define an extension of the conventional space-time by consideration of a
manifold on which the transformations of supersymmetry act. Then we may
introduce the superfields, which are defined as functions of the coordinates of
such a superspace.

11.3.1 N = 1 Superspace

Let us now consider the simple N = 1 supersymmetry. Since N = 1 super-
fields must lie in some representation of a graded Lie group, the first step is
to turn from the SUSY algebra to a Lie group by exponentiating the gener-
ators of supersymmetry. However, the action of elements of the graded Lie
group by definition must not leave the group manifold, that is a SUSY Lie
algebra must be written entirely in terms of commutators. This can be done
if we introduce two space-time independent Grassmann spinors 6, 05 = 67,
which satisfy the algebra

{00, 05} = {04, 05} = {60,031 =0 (11.30)

and commute with all bosonic SUSY generators and anticommute with all
fermionic generators. Clearly, 0, is a left-handed spinor, while 6, is a right-
handed spinor.

The advantage of the introduction of these Grassmann variables is that
contracting them with the SUSY generators Q,, Q4, we may replace the
anticommutators of the N = 1 SUSY algebra (11.9) and (11.16) with the
commutators:

[0°Qa, 0°Qs) = [02 Q4,0 Q°] =0,

L . (11.31)
6°Qas 0 Q°) = 26" (0"),5 0” P,
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As mentioned above, it is convenient to use shorthand notations for the
spinor multiplication. We can write, for example, 6* = 00 = 0%0, =
—20'6% = 20,6,, and similarly, 82 = 00 = 6,6 = 25192. For the sake of
brevity, we shall employ this spinor summation convention.

In addition, there are some other useful spinor identities:

(04)(0) = ~5 (60)(0x),  (608)(05"8) = 59" (66)(7D).

(B0)(0X) = 5 (GR)E8),  (94)(0) = 5 (65 ) (w0, %),

(08)(0578) — %g’“’&a(é@_) — i(0™6),(86), (11.32)

(#0)(6x) = 5(60)(x0,5) = (6x)(B0)

These are the basic relations for deriving well-known Fierz identities.

The advantage of such a reformulation of the SUSY algebra in terms
of only commutators (11.31) is that now the Baker—Campbell-Hausdorff
formula

1
oA B — oA+B+AB]+...

can be used to define the action of SUSY Lie algebra group element:
_ _ 1
G(xz,0,0,w) = exp(ibQ + 10Q + iz" P,,) exp(—iw””M,w) ) (11.33)

Clearly, this is a unitary operator, since (0Q)" =6 Q.

The set of coordinates (x#,ﬂ,ﬂ_) parameterize the coset space, which is
defined as N = 1 super Poincaré group mod Lorentz group. This space is ac-
tually a direct sum of four-dimensional Minkowski space and four-dimensional
space spanned by the Grassmann coordinates 6, 6. It is referred to as N = 1
rigid superspace, since the supersymmetry is global.

Then the Baker—Campbell-Hausdorff formula allows us to define the
transformation of these coordinates under action of the left multiplication
with a group element G(a, ¢, &'):

G(2',0,0") = G(a,&,6)G(x,0,0), (11.34)
which determines the translations in N = 1 rigid superspace:
ot =2k 4 a¥ +ifohE — it
0 =60+¢, (11.35)
0= 0+¢.
where a, &, € are the parameters of the transformation.
We can now define a superfield as a function on the N = 1 rigid superspace

X(x,0,0). According to (11.35), a SUSY transformation of a superfield is
given by the left multiplication of a generator of supertranslations:



422 11 Supersymmetric Yang-Mills Theories

G(a7 57 g) E(:Z:’ 0’ 6_) = E(x,7 0’7 0_/) *

For the infinitesimal SUSY transformation, an expansion in Taylor series
yields an explicit linear representation of the generators of N = 1 SUSY as
differential operators acting on the superspace:

P, = —id,,

Qu = 7,8% — (0"),50°0,. (11.36)
~ 0

Qd:Z%—‘reﬁ(Uu) 8H.

The generator @ and its Hermitian conjugated @Q, therefore, generate both
translations in # and translations in = as well. We can easily see that these
operators enjoy the SUSY algebra. Indeed, we can check that, for example,
{Qu, Qa} = 2i(0")0a0, = —20" P, as in (11.9).

However, using the chain rule, we can see that the usual operator of
translation i9,, is not invariant® with respect to the transformation (11.35).
The super-covariant fermionic derivatives are
0

+i(o"), 5078, Da= 7 +i6°(0")pady | (11.37)

D =
« BIE

0
00«
where Dy, = D} . These derivatives satisfy the algebra
{DOHDﬁ} = {DO'MDB} =0,
{DQ,DB} = 2i(a”)a68M = 72(0“)QBPM, (11.38)
and anticommute with all generators of supersymmetry Q, Q.
For the sake of completeness, let us briefly recapitulate the basic relations

of the analysis on the N = 1 superspace. The derivatives in 6 and 6 are
defined as®

008

N 205 = 88, 9°0° = —e*0,0° = —*F

0., ' (11.39)
G, = 272 76¥ 0. = _—¢c..970. — _cB
0 GB = 39@ 6 aaeﬁ = 5(17879[3 = —",
respectively. Other useful relations, for example, are
000" = 6507 — 6707, 0a(0705) =200, 0a(030”) = 204,

N . (11.40)

00> = 0°0a(0°05) =4, 007 = 0,0%(0;0") = —
5 The underlying reason is that the flat N = 1 rigid superspace has non-zero

torsion.
5 To simplify our discussion, we do not make a difference between the definitions
of the left and the right derivatives.



11.3 Local Representations of SUSY 423

These derivatives anticommute and, therefore, the operation of differentiation
over the coordinates of the superspace is nilpotent:

Thus, there is no inverse operation and an integration over the anticommut-
ing variables cannot be defined by analogy with conventional integration.
Furthermore, there is no notion of distance between two elements of the
Grassmann algebra. In other words, we cannot define an appropriate topol-
ogy and so it is not reasonable to speak about definite integrals, because it
is impossible to construct the corresponding integral sum.

Nevertheless, one can introduce integration axiomatically as an algebraic
operation. This is the so-called Berezin integration, which is defined from the
requirement that the Grassmannian integration must be close to the usual
one in some sense. For instance, since in quantum theory we usually deal
with integrals with infinite limits, it is natural to require that the integral we
are constructing is invariant with respect to shifts of the single integration
variable 6:

/dof(9+§):/daf(9).

Since a function of one variable is linear, f(0) = a + b6, we immediately
obtain a formal integration rule for Grassmannian variables

/dG:O, /d00:1, (11.42)

afo) _
/dé)W =0.

In other words, Berezin integration is identical to differentiation:
of(0)
——= = [ dOf(0).
L= [aesie)
These definitions can be easily generalized for the case of N = 1 super-
space. Clearly,

and

/daa 05 =0% and /d01d929291 =1.
Since 09 = —26'62%, we can define

1. _ |
d* = —Zda d6® enp5, d*0 = —Zdadd% g8

/d2909:/d29‘§§:1.

Evidently, we also have d*0 = d*0d*@ and [ d*0 6060 = 1.

so that
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11.3.2 N = 1 Superfields

An ordinary field is defined as a function of the space-time coordinates .
Similarly, an N = 1 superfield is a function of the superspace coordinates
:17#,9,9. Hence, it is a function of anticommuting Grassmann coordinates
and, therefore, its expansion into a power series in 6,6 is restricted to be
finite, because 0?7 = 03 = 912 = 922 = 0. Thus, a most general scalar N =1
superfield can always be written as an expansion in components

X(2,0,0) = f(z) + 0¢(x) + 0x + 00m(z) + 00n(z) (11.43)
+ 00”0 A, () + 000X(z) + 000y (x) + (69)(00)D(x),

where some redundant terms, for example, é&“@AM, are removed by making
use of the Fierz identities (11.32).

Thus, the superfield X' contains the complex scalar fields f(x), m(z),
n(x) and D(z), two (3,0)-spinors ¢(x) and 1(z), two (0, §)-spinors x(z) and
A(z) and the complex vector field A, (z), altogether 16 degrees of freedom,
8 bosonic and 8 fermionic. The leading component of the expansion is the
scalar filed f(z). However, to describe a physical system we do not need all
these components, because some constraint on the superfield can be imposed.
Indeed, a general superfield lies in a reducible representation of the SUSY
algebra. An irreducible off-shell representation can be selected, if we impose
a certain set of constraints that eliminates some of the components.

First consider the so-called N = 1 chiral superfield @, which is defined by
the covariant superspace constraint

Ds®(z,6,0) =0. (11.44)

This equation can be solved in shifted bosonic coordinates y* = x# + i0ot6.
Indeed, then Dyy* = D0 = 0 and the constraint (11.44) takes the form

0 _
f@ 5 9, H = 0 .
554 2,0.0)
A general solution of (11.44), then, is an arbitrary function @(y, ) of the
variables y* and 6,, but not of 6. Thus, the expansion in 6 yields the N =1
chiral scalar superfield

D(y,0) = o(y) + V204(y) + 69F (y), (11.45)

where the factor v/2 is a convention. Its components, therefore, are two com-
plex scalar fields ¢(y) and F(y) and a complex left-handed Weyl spinor,
altogether 4+4 real off-shell components.

Recovering now the original coordinates of the superspace (z,6,0), we see
that the full expansion of the chiral superfield is given by
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®(y,0,0) = d(x) + V20 (x) + 00F (x) + i05"00,,¢(x)

) ui 1 (o
= 50000200 — 70 0)(00)0,0"6(x),  (11.46)

where the leading component of the expansion is the usual scalar field ¢(x).
Let us consider the supersymmetry variations (11.36), which are generated
by the operator
b = i€ Qa +1iaQ” .
Then the chiral superfield @ transforms as ¢ — @+ 0.9. Using the definition
of the SUSY generators (11.36) and the component expansion (11.46), we
obtain the supersymmetry variations of the components

6¢ = \/iga'@[]a y
5o = V2o F +iV2(0")0c0ue (11.47)
OF = —iv/2E%(5M) 40 0,00° .

The common factor of v/2 can be eliminated by rescaling the constant spinors,
the parameters of the transformation ¢ and £.

Thus, the transformation of supersymmetry maps a scalar field into a
spinor field and vice versa.

Note that F'(x) is an auxiliary field and the corresponding term in the
expansion of the chiral superfield transforms into a space-time derivative
under the transformations of supersymmetry. This field is required to close
off-shell SUSY algebra, i.e., only the whole set of the fields ¢, v, F' forms a
representation of the superalgebra.

The anti-chiral scalar superfield is defined by analogy with (11.44) by the
constraint

D, 9" (2,60,0) =0, (11.48)

which is the Hermitian conjugate of ®@. Generally speaking, chiral superfields
and anti-chiral superfields are annihilated by D4 and D,,, respectively. We can
consider, for example, a spinor chiral superfield @, which is defined similarly
to (11.44).

Clearly, any product of (anti)-chiral superfields is also an (anti)-chiral
superfield and any arbitrary function of an (anti)-chiral superfield is an (anti)-
chiral superfield. However, the Hermitian operators given by the product @
and the sum @ + @' are not (anti)-chiral superfields.

Let us consider now the N = 1 vector superfield, which is defined by the
covariant reality constraint:

V(x,0,0) =VT(x,0,0). (11.49)

Taking into account the general form of the expansion (11.43), we can easily
see that this constraint restricts the vector field A,,, as well as the scalar fields
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f(z) and D(z), to being real. Other consequences of (11.49) are ¥ = ¢*,m =
n*, A=

Thus, N = 1 vector superfield has 16 real components, which corresponds
to four real scalars, two complex Weyl spinors and one real vector field. There
are too many of them to describe a single supermultiplet. However, there is
a possibility of eliminating some degrees of freedom by making use of the
supersymmetric generalization of a gauge transformation.

To see how this works, let us note that the vector superfield may be viewed
as the reducible representation of supersymmetry, since it contains the chiral
and anti-chiral superfields. Indeed, the particular case of the vector field is
just a combination i(® — @') of the given chiral (#) and anti-chiral (&)
superfields. Moreover, any vector field can be decomposed as

V(x,@,é) =Vwz + i(@T - 45) .

Indeed, we can define an infinitesimal U(1) gauge transformation of a
vector superfield V' to be

V(x,0,0) — V(z,0,0) +i(d — &), (11.50)

since it gives an expected form of the infinitesimal gauge transformation of
the vector field components in (11.43): A, — A, + i0,A, where the gauge
function is defined by the scalar components of the expansion (11.46): A =
¢(x) — ¢*(x) = 2iIm ¢. Thus, we can gauge out some of the components.

In the Wess—Zumino gauge, the N = 1 vector superfield reduces to the
simple form”

Vi (2,0,0) = 00*0A,(x) + 000 (x) — 000X () + 3 (00)(00) D(x) . (11.51)

Thus, the Wess—Zumino superfield Vyy 7z contains an Abelian massless gauge
field A,, that is the leading component of the expansion, its superpartner
gaugino A and a real auxiliary field D(z).

It is clear that the vector superfield V' may be considered as a super-
symmetrical generalization of the conventional vector-potential. Note that
all powers of the N = 1 Wess—Zumino superfield other than squared, are
vanishing because each term in (11.51) contains at least one 6:

_ 1 __
Vivz = 001000 04,4, = 5 (09)(09) Au(2) A" ()

(11.52)
Let us consider now the supersymmetry transformation of the vector su-
perfield V' — V 4+ 6.V. We read the transformations of the component fields:

” Note that fixing the Wess—Zumino gauge breaks supersymmetry, but still allows
the conventional gauge transformations.
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5A, = iXa(5,)%

Shg = %(aﬂ&”)aﬂgﬁFﬂy +iaD, (11.53)
6D = E4(5")¥Opra + Opha () ¥, .

where F,, = 0,4, — 0, A, is the familiar Abelian field strength.

These transformations supplement the SUSY variations of the component
of the scalar superfield given by (11.47). Note that the variation of the aux-
iliary D-field, which has the highest mass dimension among the components
of the vector superfield, turns out to be a total derivative by analogy with
the variation of the auxiliary field F' in (11.47). Note that the latter field is
also a component of highest dimension two in the scalar multiplet. This is
quite a general property of a supersymmetric theory, for any given multiplet
the component of highest dimension is an auxiliary field that transforms into
a space derivative.

However, the transformation of supersymmetry (11.53) does not respect
the Wess—Zumino gauge fixing decomposition. Therefore, the vector super-
field V, a generalization of the conventional Yang—Mills vector potential, is
not a proper object in superfield formalism.

In accordance with the ordinary gauge field theory, we can introduce a
counterpart of the field strength tensor, which allows us to construct ki-
netic terms for the vector field. The supersymmetric field strength is defined
as a superfield that is invariant with respect to the gauge transformations
(11.50) and contains only the components of the Wess—Zumino superfield
Au(x), Nz), D(x).

Let us consider the left-handed and the right-handed spinor superfields

1 _ 1 -
Wa = _ZDﬁ Dﬁ.Da, Wd = _ZDaDa DdV‘ (1154)

Clearly, W, is a chiral superfield

1 - _ .
DaWo = =3 Da(Dy DD,V =0, (11.55)

since the product of three operators D vanishes, whereas Wy, is an anti-chiral
superfield.

Note that the definition (11.54) means that the fields W, and Wy are
related by the additional covariant constraint

Dy W& = D°W,, (11.56)
which in particular means that
Im(D*W,) =0. (11.57)

Using the algebra of the super-covariant derivatives (11.38) and the con-
straint on the chiral superfields @, we can easily see that the spinor superfield
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W, satisfies the condition of invariance with respect to the Abelian gauge
transformations (11.50). Thus, changing the variables to the shifted coordi-
nates y, as above, we can write the component representation of this chiral
field in the Wess—Zumino gauge as

Wo = —iXa(y) + 0aD(y) + (0" 0) 0 Flu(y) + 00(c* 0N (y))a . (11.58)

Thus, the irreducible off-shell spinor multiplet, or field strength multiplet
contains eight real components. We can see that the superspace constraint
(11.57) for a component F),, is just the Bianci identity for the field strength
tensor.

11.3.3 Non-Abelian Multiplets

First, we shall define the supersymmetric generalization of the gauge trans-
formations. Indeed, in the non-Abelian case, the vector superfield necessar-
ily belongs to the adjoint representation of the gauge group: V = VeI,
[T TP = ifupeTC, where (T%)p. = —ifape are Hermitian generators of the
Lie algebra and fo° are real structure constants. It is now convenient to
normalize these generators by tr(T¢T?) = §%°.

Since the fields take values in the Lie algebra, the basic object is an
exponential e~V rather than V. It transforms as

e™V — emiA eV id , (11.59)

where A is a chiral superfield.
Note that in the Wess—Zumino gauge the expansion of the exponent yields

V2
eV=1+V+7, (11.60)
since all terms of powers higher than two are vanishing. Evidently, to first
order in A the (11.59) reproduces the infinitesimal Abelian gauge transfor-
mation (11.50) with identification @ = A.
A natural requirement for the non-Abelian field strength is that it must
be covariant with respect to this transformation. To define such an object,
we consider the transformation properties of the expression

eVDae*V — 67iA(€VDa€7V)6iA +67iA(Da€iA),

where we used the constraint D, A" = 0 (see, for example, [480]). The first
term in the r.h.s. transforms covariantly, whereas the second term can be
annihilated by action of the operator Dg, which commutes with A. Thus, the
non-Abelian generalization of the supersymmetric field strength (11.54) is
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1 5 - 1 _
W, = —ZDﬁ- DPe VD, ev: Wy = ZDO‘DQ eV Dge V', (11.61)
which transforms as
Wy — e W, e, W, — efMTVT/O-[eMT . (11.62)

To obtain the component expansion of the non-Abelian superfield
strength, we substitute (11.60) into the definition (11.61):

1. -~ 1- -
—_-D. DB ~D. DB
Wao = 4Dﬁ DD,V + SDB DPV,D,V].

Clearly, the first term here is identical to the Abelian case, while the second
term yields

[V, Do V] = 08(0*#8)a[A,, A, +i0608(c™) 5[ A, V]
Then the non-Abelian superfield strength takes a form similar to (11.58):
Wa = —ida(y) +0aD(y) +i(0"0)aFu (y) +00(c"V,A(y))a,  (11.63)

where

Fuw = 0, A, — 0,4, — <[Au, A

i
2
can be recognized as the familiar non-Abelian field strength tensor, whereas

is the YangMills covariant derivative®. Since the fields take values in the Lie
algebra with the structure constants f,p., we can write F| o = O A — BVAz +
% fabcAZAg. To restore the standard form of the non-Abelian field strength
(5.12) and covariant derivative (5.10) we can introduce the gauge coupling
constant e and rescale the vector superfield V as V' — 2eV. Then all the
components A,, A and D must be rescaled in the same way.

11.4 N =1 SUSY Lagrangians

So far we have discussed the superfields that are defined on the superspace;
the component content of these corresponds to some representations of the

8 Recall that all the fields of the vector multiplet, including fermions, belong to
the same adjoint representation of the gauge group, that is, A = \*T*. To avoid
possible misunderstanding let us also note that in this chapter we denote the
usual gauge covariant derivative as V,, whereas the symbol D, is reserved for
the super-derivative. The standard notation for the auxiliary field D(x) can only
complete the mess.
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superalgebra. Since we would like to construct a supersymmetric quantum
field theory, the next step, of course, is to find the corresponding N = 1
SUSY Lagrangians for the scalar and vector superfields, respectively.

Some clue to the explicit structure of the proper Lagrange densities may
be given by the observation that the F-term in the component expansion of
an arbitrary chiral scalar superfield, and the D-term in the component ex-
pansion of an arbitrary vector superfield, are invariant with respect to the
transformations of supersymmetry (up to a total derivative). Therefore, these
terms can be considered as prototypes of the Lagrangians of the correspond-
ing superfields.

The related components can be projected out by the integration over the
Grassmann variables as:

/d29 &(z,0,0) = F(x), /d29d29‘ V(z,0,0) = D(x).

We also have to take into account the conjugated component F'f. Thus, we
are interested in the combination FFT, which appears as the 8008-component
in the expansion of an appropriate superfield.

Let us consider the chiral scalar supermultiplets. The product of chiral
and anti-chiral scalar superfields #&' is a Hermitian real superfield that con-
tains such a component. Indeed, substitution of the expansion (11.46) and
subsequent integration over the Grassmann variables yields

/ d*zd*0d’0 1P = / d*z (0,0'0"¢ + ip5, 0" + F1F) , (11.64)

where the total derivatives are dropped out. This is the free Lagrangian
for a massless scalar field ¢(z), a massless fermion and an auxiliary non-
propagating field F'(x). The latter components can be eliminated from the
Lagrangian. Indeed, such an action contains no derivatives of F' and the
equation of motion sets it identically to zero. As mentioned above, auxiliary
fields are needed in supersymmetric theories to provide a manifestly covariant
formulation.

Thus, we have obtained the kinetic term of a single chiral superfield.
More generally, we may consider a model with several different superfields
@;. Evidently, the corresponding generalization of (11.64) is

/ dizd?0d20 b, = / d' (0,0]0"9: + i0:0,0" i + F{ F;) . (11.65)

Apart from the kinetic term (11.65), a general SUSY invariant Lagrangian
of the chiral superfield also includes supersymmetric terms of non-derivative
self-interaction. Most generally they can be constructed in terms of the su-
perpotential W(®;), which is defined as an arbitrary holomorphic function of
chiral superfields ;.
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Clearly, the superpotential is also a chiral superfield. It can be written,
for example, as®

1 1

where the coefficients b, m,g are invariant symmetric tensors of the given,
say, fundamental representation, that is, the superpotential is gauge invariant
quantity. Higher powers of @ are not taken into account, since they would
have a mass dimension greater than four, which would lead us to a non-
renormalizable theory.

Because

/d29 P:P; = ¢iFj + ¢ Fi — Pinhy
[ 6 00,00 = 656,Fi + 6:Fs0 + Fidjon (11.67
— hihjdr — Yird; — Vi,
the potential part of the Lagrangian is of the form [29]
1
/d20 W( /d29 W(B!) = by Fy + my; i F — Gmigit;

+ gzjquzQS]Fk - gzjk¢zw]¢k + h.C. (1168)

Therefore, the equation of motion for the auxiliary field F', which has no
kinetic term, is simple

Fl = ildd

R

We can substitute this algebraic equation back into the action in order

to eliminate F'. Then we obtain the scalar potential, which is determined in
terms of the superpotential W as

Uboson Z ’ adh 3¢>

If there is a single superfield @, we have the simplest case of a cubic

=bi +Mijd; + Gijk®j Pr - (11.69)

(11.70)

superpotential W(P) = %@2 + %@3. Then the scalar potential becomes

Uboson = mP+ g¢3 and the action of the Wess—Zumino model can be written
as

/ d%{@,@@“qﬁ +i9G,0M) — mPppt — % (¥ ¥+ v)

—mglé @ + (61°6] + 961 B + du) — 92<¢¢*>2} |
(11.71)

9 This corresponds to the simple Wess—Zumino model.
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Thus, we can see that this model describes the Yukawa interaction between
the scalar and spinor fields.

In general, an N = 1 SUSY Lagrangian of chiral superfield can be written
as

_ 2 20 t 2 20 A T
L= /d 0d%0 K(qﬁi,qﬁj)+/d 6 W(@Z—)—k/d o W(!), (11.72)

where a general real function K (@i,éj) of an arbitrary number of chiral
superfields is called the Kahler potential. Clearly, this is a vector superfield.

The structure of the kinetic term in (11.72) is typical for the supersym-
metrical version of the four-dimensional N = 1 non-linear sigma-model (see,
e.g., [16]). Indeed, a bosonic sigma-model is defined by the action

S— / 2 gi;(6) 005

where ¢; are real scalar fields and the functional g;; is defined as a metric of
a Riemannian manifold that is parameterized by these fields.

In the case of the model (11.72), the component expansion gives the ki-
netic term of the leading bosonic component precisely of this form with the
metric on the field space given by the Kahler potential in a similar way:

2K
Gij = 50: 607 . (11.73)
Thus, the chiral superfields can be thought of as coordinates on a complex
Kéhler manifold (see (3.39) in Chap. 3 and the related discussion). Recall
that the condition of kahlerity is very restrictive, in particular the Kéahler
structure of the metric (11.73) means that it is invariant with respect to
transformations

K(®;,01) — K(;, 1) + A(®;) + A1(2])

where A is an arbitrary holomorphic function of @,.

The advantage of this property of the supersymmetric action is that its
monstrous structure with a frightening amount of component fields can now
be described in terms of algebraic geometry. Actually, this conception is al-
ready familiar to us, because exactly the same formalism was already used in
Chap. 6, where the dynamics of the multimonopoles was described in terms
of the metric on the moduli space M,, (see the discussion on page 89). Recall
that the condition of kdhlerity defines the group of holonomy of the manifold
with real dimension 2n to be U(n). This restriction, together with the con-
dition of holomorphicity of supersymmetric structures, like for example the
coupling constant and superpotential, allows us to obtain a variety of very
strong and non-trivial results.
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To complete our construction of the N =1 SUSY Lagrangian, we have to
write the Lagrangian of the vector multiplet. Making use of the non-Abelian
superfield strength of (11.63), we can choose a gauge invariant supersymmet-
ric Lagrangian

L= /429 Tr WeW, (11.74)
. 1 ; ~
=Tr (—ma(au)ade + D" Do = 5P Fpy + ;F“”FW> .

Let us now rescale the vector superfield, as mentioned at the end of the
previous section to recover the usual form of the gauge covariant derivative
and the gauge field strength: V' — 2eV. Then the factor 4e? appears in the
Lagrangian WW,, — 4e>W*W,. It can be eliminated by the redefinition
L — L/4e?. From now on we adopt the rescaled notations.

Evidently, we can get rid of the F’ F-term if we consider another, slightly
more symmetric definition!?

1 o
L= 5T (/ d?0 WoW,, + /d29 dea) , (11.75)

which in the Abelian case corresponds to the well-known Maxwell electrody-
namics:

_ 1 T o< 1
LYot et = — g I + 5z A" 0 A+ @DQ .
However, in the non-Abelian theory the subject of interest is rather the Yang—
Mills Lagrangian of the form (11.74), because it can be related with the #-term
(5.104).

Indeed, so far we have paid little attention on the gauge coupling. In
supersymmetric theory we shall use the same complex coupling 7 (3.17) that
was introduced in Chap. 2 and was used to represent the whole Lagrangian
of the Georgi-Glashow model in the form (5.111):

0 +4m'
om0 e?

Thus, by complete analogy with (5.111), the N = 1 SUSY Yang-Mills La-
grangian can be written as

T (11.76)

_ 1
LY = o (r Tr /d20 W“Wa> (11.77)

10 Another possible Hermitian combination is of the form

L\ /dQGW“Wa —/d29_I7VdW"’ 4
4e2

It contains the Fﬁ—term, but breaks the parity explicitly and has to be excluded.
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fe? _  ~ 1 N\ oo 3
—F" F,W+§D2—ma/ vm) :

1
=Tr|(-—-F"F,,
8 ( ot 327

4
This is one of the miracles of the supersymmetry: a single term W*W, in the
supersymmetric Lagrangian generates both the gauge kinetic term, which is
normalized on the gauge coupling constant, and the topological term, which
multiplies the 6-angle.

The last step in the procedure of the construction of N = 1 SUSY is
to define the term of interaction between the chiral scalar superfield ¢ =
&*(t*);; and the vector field V. Clearly, this has to be done in a gauge-
invariant way. However, the kinetic term of the Wess—Zumino Lagrangian of
the free scalar superfield (11.64) is not invariant with respect to the local
gauge transformations

e D, Bt @l (11.78)
where A = A*(T%);;. It is easy to see that this transforms as

d'p — pip (A=)

However, taking into account the transformation properties of e~2V

(11.59), we can check that the combination #Te~V @ is gauge invariant. Thus,
we can write the kinetic term of the Lagrangian of scalar superfield as

_ _ 1
/ d?0d%0 ote Vo = / d20d*0(d'd — BV + 5@*1/2@)
= (Vud) (VHp) — ipa"V b + FTF (11.79)

lTaa_iTaa Lfafa
+2¢Dt¢ \/i¢t)\1/’+\/§¢t¢)\,

1
where the covariant derivative is V,¢ = 0,¢ + §A/‘jt“¢, the total space

derivative terms are dropped out and we make use of the shorthand notations
for the coupling terms, e.g., ¢T3 \) = ¢*T (1), A)C, ete.

Note that we have not yet rescaled the vector superfield as V' — 2eV. It
is necessary to do such a scaling if we would like to treat the Lagrangians of
the scalar chiral superfield @ and the vector superfield V' on the same footing.
Then the Lagrangian (11.79) takes the form

/ d?0d%0 dTe VP — / d*0d%0 e 2Vd = (V,0)1(VF ¢) — iha"V .0

+ FYF 4 et D — iev/20Tt° N\ + iev/ 20t
(11.80)

where the covariant derivative is now redefined as V*¢ = 0¢ + ieAjjt"¢.
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Collecting together all the terms (11.68) and (11.74) and (11.79), we fi-
nally arrive at the whole N =1 SUSY Lagrangian that describes the super-
Yang—Mills field minimally coupled to a chiral field &:

1 ~
LN=1 = 37Im (T tr/d29 Wew,, +/d29d29 dle Ve

+ /d29 W(®) +/d2é W(@T)) :

It should be noted that the N = 1 superfields V' and & in this expression
belong to different supermultiplets and transform separately. Moreover, they
are taken in different representations of the gauge group whose generators
are the matrices T* and t®, respectively. We shall refer to the scalar super-
multiplet as the matter multiplet of the N = 1 gauge theory. Usually such a
field transforms in the fundamental representation of the gauge group.

In component notation, the rescaled supersymmetrical and gauge invari-
ant N =1 Lagrangian can be written as

N1 L 0 i Lpe inerva
ST e gt e T AT

+ (V,.0) (V4 0) — i9a"V ) + F} Fy, + e¢" D*96
ow oW

— ieV20TtNY + ieV/ 20t PN + %Fk + i F
k
1 0%°Ww 1 82W
) 8¢18¢J 1;[}177[}] B 3¢T8¢Tw 1/’] (11.81)

Note that the gauge kinetic part of this Lagrangian contains the term
¢T D¢, which describes coupling of the D-field with the scalar field. Thus, we
can eliminate the auxiliary field D by solving the corresponding algebraical
equation. This gives

= —ept®ol, (11.82)

and there is a contribution to the effective potential of the scalar field other
than (11.70). If the superpotential is set to be vanishing, the scalar potential,
which appears in the action instead of the auxiliary non-propagating fields,
becomes

2
+ % |gTt2g)” . (11.83)

1
Ulgl = F] Fy + 2D2 Z ‘aqsk

With all this information about the structure of the supersymmetric the-
ories, we can examine the classical spectrum of the topologically non-trivial
configurations that are present there.



12 Magnetic Monopoles in the N = 2
Supersymmetric Yang—Mills Theory

So far, we have described the N = 1 scalar and vector multiplets that contain
particles of spin (0,1/2) and spin (1/2, 1), respectively. This particle content
may be employed to extend our consideration to the supersymmetrical gen-
eralization of the SU(2) Yang—Mills—Higgs theory coupled with spinor fields
ind=4.

Actually, this model can be considered as a supersymmetric cousin of the
Georgi—Glashow theory. The elegant and beautiful structure of the N = 2
SUSY Yang-Mills theory has very little difference from the conventional
model, but there is the miracle of supersymmetry, which makes the model
exactly solvable. The hope of theoreticians is that there be some properties
of the SUSY Yang—Mills theory that in the non-perturbative regime can shed
a new light on the problem of QCD confinement. Therefore, it looks very in-
teresting that the monopole-like configuration plays a crucial role in the low-
energy supersymmetric dynamics. Moreover, the Montonen—Olive conjecture
of duality becomes an exact property of such a theory, where the gauge and
the monopole sectors are related to each other by some transformation of
duality. However, before we briefly describe the low-energy non-perturbative
dynamics of the N = 2 SUSY gauge theory, we have to consider the Lagran-
gian structure of this theory on the classical level.

12.1 N = 2 Supersymmetric Lagrangian

First, let us recall that there are two N = 1 on-shell multiplets, the scalar
multiplet (spins 0 and 1/2) and the vector multiplet (spins 1/2 and 1). The
corresponding fields, which appear in the N = 1 SUSY Yang—Mills Lagran-
gian (11.81), are the chiral scalar superfield ¢ and the real vector superfield
V', respectively.

Let us note that these two N = 1 multiplets together contain the same
set of fields as N = 2 massless vector multiplet. However, the Lagrangian
(11.81) is not yet N = 2 supersymmetric, although the extended symmetry
can be restored.

A first step toward this higher supersymmetry is to take all the component
fields that appear in the Lagrangian (11.81), both the N = 1 vector and the
scalar multiplets, in the same adjoint representation of the gauge group. Then,
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these fields can be considered as the components of the single N = 2 vector
supermultiplet, which necessarily lies in the adjoint representation. Thus, we
set

(Ta)bc = (ta)bc = _ifabca

where fu5. are the group structure constants. Then the Yukawa coupling
terms in the Lagrangian (11.79) can be represented as

(ﬁTtaAa’(/) _ _i(ébeabc)\awc

= @"TA%C tr T[T, T = tr (¢'{\,¥}), (12.1)

etc.

Second, the invariance of the theory with respect to the transformations of
N = 2 supersymmetry means that both generators of the SUSY algebra enter
the model equally. In other words, there is a rotational SU(2) g symmetry of
the Lagrangian that relates the supercharges Q. and Q2. However, the same
symmetry transformation relates the spinor components of the N = 1 scalar
and the IV = 1 vector multiplets, A and v, respectively. On the other hand,
the superpotential W that appears in (11.81) is only coupled with ). Hence
extended N = 2 supersymmetry of the model is possible, if the superpotential
is vanishing, thus we have to set W = 0.

Finally, the kinetic energy terms of both N = 1 components must have the
same normalization. We encountered this condition already, when we rescaled
the vector superfield! as V' — 2eV. Then there is no difference between
the normalization of the Yang—Mills component and the scalar part of the
Lagrangian (11.81), and the complete N = 2 SUSY Yang—Mills Lagrangian
can be written as

V=2 — 3%1111 [T tr ( / d*0 WoW,, + 2 / d29d26@e_26v45ﬂ
vy

1 fe?

_ 2
= tr(F’“’FW + 5 F"E,, + (VF) (V,.9) — %

1 3972 (", 61"

— ATV N — TV i 1p — ieV20T{N, ¥} + ieV/2{y, J\}¢>) ,
(12.2)
where the trace is taken in the adjoint representation of the gauge group

SU(2). In this expression, the auxiliary fields have been eliminated by solving
the corresponding algebraic equations of motion. Recall that this procedure

2
yields the scalar self-coupling term U = %[QST,(b]Q. The structure of the

! An alternative would be an overall factor 1/e? multiplying the Lagrangian of the
gauge fields and the consequent rescaling of the scalar superfield as & — @/e.
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Lagrangian (12.2) is highly balanced by the condition of SU(2)r symmetry,
which guarantees it to be N = 2 supersymmetric.

It looks natural now to extend the definition of N = 1 rigid superspace
above to N = 2 superspace by adding four Grassmannian degrees of freedom
0n,04 to the N = 1 anticommuting spinor coordinates 6, 6. The global
SU(2)r symmetry of the model is related with chiral rotations of these dou-
blets by opposite phases.

A generic N = 2 superfield is defined as a function on the N = 2 rigid
superspace F(x,6,0, 0, 5) We are interested in a particular N = 2 superfield
for which the component expansion in Grassmannian coordinates reproduces
the content of the N = 2 vector multiplet. By analogy with the definition
of the N = 1 chiral superfield ¢ (11.44), there is a set of constraints that
allows us to project these components out. Thus, the N = 2 chiral superfield
¥ is defined as a singlet with respect to the SU(2)g rotations that satisfy
the covariant constraints

DaW(z,0,0,0,0) =0,  Da¥(x,0,0,0,0) =0, (12.3)

where the superderivative D, is defined by analogy with D, up to a replace-
ment § — 6. Then, introducing the shifted bosonic coordinates by

gt =yH + iéo“é = 2" 4 ifcH6 + iéa“@

we can easily see that a general solution of the constraints (12.3) is an ar-
bitrary function of variable g# and Grassmann coordinates ¢,0. Then the
expansion of ¥ in powers of 0 yields (cf. (11.45)):

W = (,0) + V20 W (5,0) + 00 G(,0) .

This expansion relates the components of the N = 2 chiral superfield to the
N =1 chiral superfields.

Clearly, the component @(g,6) corresponds to the scalar superfield
(11.45), while dimensional arguments allows us to identify the component
W(g,0) with the N = 1 chiral spinor superfield (11.54). When this expan-
sion is substituted into the constraints (12.3), it leads to the identification
of the third component as a gauge-covariant chiral function of the coupled
N =1 scalar and vector superfields (see, e.g., [357]):

G(9,0) = / d*0 1 (§j — i00"8, 0, 0)e 2V (-100"0,0.0)

We have seen already that the IV = 2 chiral superfield ¥ has the same
field content as the off-shell vector multiplet: ¢, A,, and global SU(2) spinor
doublet ¥, A. All these fields are presented in the N = 2 SUSY Yang—Mills
Lagrangian (12.2), which becomes extremely compact when written in terms
of the superfield ¥:
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_ ~ 1
LN=2 = —_Im tr/d20d29 3 T? (12.4)
0

More generally, we can write the Lagrangian of the N = 2 superfield,
which satisfies the covariant constraints (12.3), as

IN=2 = — Tm [ d?04%0 trF (W 12.5
16
v

where the holomorphic function F(¥) is called the N = 2 prepotential. Actu-
ally, (12.4) is the only possible form of the classical prepotential that is fixed
by the condition of the renormalizability.

In terms of the component fields in N = 1 superspace, the Lagrangian
(12.5) can be represented as follows

LN=2 = ?Qiﬂlm ( / APOF o (D)WW 2 / d*0d*0 (@Te%v)afa(qs)) ,
(12.6)
where F,(®) = 0F /0D, Fup(P) = 0°F/0P*0®° and a,b are global SU(2)
gauge indices. Comparing this Lagrangian with its general N = 1 counterpart
(11.72), we conclude that the non-holomorphic Kéhler potential of the N = 2
SUSY Yang-Mills model becomes

K =Tm [(®Te2*V)F,(®)], (12.7)

and the Kéhler metric on the space of fields is given by g., = Im 9,0, F (D).

Let us note that the general structure of the action (12.5) can be consid-
ered as an effective macroscopic theory that is valid in the low-energy regime.
Then we may forget about the restriction of renormalizability and analyze
this effective model more closely. Evidently, the structure of the action (12.5)
precisely corresponds to the supersymmetric non-linear sigma model whose
Kahler potential is written in terms of a derivative of a holomorphic function.
The complex scalar fields ¢ are treated as the local complex coordinates on
a target space, a special Kahler manifold.

Having found the complete N = 2 Lagrangian (12.2), we can proceed
further by finding an explicit form of the supersymmetrical variations of
the component fields of the NV = 2 chiral superfield ¥ — ¥ 4 §¥. These
variations are similar to the infinitesimal transformations of the component
N =1 fields given by (11.47) and (11.53), up to a replacement of the usual
derivative by the covariant derivative. A rather involved calculation yields
the related N = 2 supercurrent which corresponds to these transformations
(for more details see, e.g., [73]):

i - _ _ _
Sty = —5 (M50 €+ Ea7751A) Fy, — (€0"X° + X'57€) 6 T7¢
+ V260" 5"V, 0" + V20 5 0" EV 0"

(12.8)
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There is another N = 2 supercurrent that can be easily written, if we take
into account the invariance of the model with respect to the Weyl reflection
considered above. This discrete transformation is an element of the SU(2)r
symmetry that acts on the spinor components as A — ¥ and ¢y — —A. It is
now straightforward to obtain the second supercurrent by a simple replace-
ment:

Sty = —5 (895407 + P o) Foy — (Gt +°0C) 6T
— V20" 5" NV, 0% — V2N G0V (V0%

(12.9)

where £, ( are the parameters of two sets of the N = 2 SUSY transformations.

12.1.1 Praise of Beauty of N = 2 SUSY Yang—Mills

Actually, there is nothing strange in the model with the action (12.2), whose
field content is already familiar to us. Indeed, let us compose the two-
component Weyl spinors A and ¢ that appear in the Lagrangian (12.2), into
the Dirac bispinor

_( Ve C — (A
X = <_Z)\a ’ X = (l)‘ 7wa) )

. . . 0 o*
and recall that the four-dimensional y-matrices are defined as v#* = 540 )
In this representation, 7° = iy%y'y?y3 = <01 (1)> Then the N = 2 SUSY
Yang-Mills Lagrangian (12.2) can be represented as
2

3272
(V) Je““ﬂf

~ 2
L Ff, + (9,00 (V96") = 5 (6 779)”

—75X
5 .

_ 1
LY== = FiVFy, +

5 *x+ ¢t (x “T“)l

Furthermore, the complex scalar field can be replaced by two real fields

1 a - 1a
ﬁ(% +1i¢3) . (12.10)

Hence, the Lagrangian (12.11) is takes the form

9" =

- 1 fe’ 1
LY== =2 FVFi, + 2 SFMES, + 5 (Vuot)® (12.11)

1 a et . . _ . _
+ 5 (Vud2)” - 5[%7@5312 — XYMV X — ePrXX — G5 PaXX -

Thus, this is a Lagrangian of the system of interacting bosonic and
fermionic fields that is very similar to the Georgi—Glashow model coupled
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with fermions. The condition of supersymmetry only imposes the restriction
on the masses of the particles of the same multiplet and requires the cou-
pling constant of the vector and scalar multiplets to be unique. So, there
is nothing strange in the model (12.11) and, as noted in short review [215],
what really looks unusual there, is the perfection and the universality of such
a model, which actually incorporates almost all non-trivial elements of the
modern quantum field theory and, therefore, deserves to be used as a “Model
to Teach Quantum Gauge Theory”. The properties of this very remarkable
theory include the following.

It describes non-Abelian gauge fields coupled with the matter fields.

It includes scalar and pseudoscalar fields with minimal Yukawa couplings
to the fermions.

It is renormalizable.

It is asymptotically free.

The Higgs mechanism is used to generate the masses of the particles softly.
The non-perturbative sector of the model contains both monopoles and
instantons.

e There is a chiral symmetry between scalar and pseudoscalar fields of the
classical Lagrangian. The global symmetries of the classical N =2 SUSY
Yang-Mills Lagrangian include the SU(2) g-symmetry, which arises from
the automorphism of the algebra of supersymmetry and an additional
U(1)r symmetry

0 — e0; 0 — e 0; W — Fov, (12.12)

Quantum anomaly breaks the latter symmetry to the discrete subgroup
Z4. The discussion in the next chapter will clarify this.
The corresponding algebra of SUSY contains the central charges.
The action of the model is scale-invariant but there is a quantum anomaly
in the trace of the energy-momentum tensor.

e The model provides a realization of the Montonen—Olive conjecture of
duality.

e The model arises from the string theory in the point-particle limit.

Let us choose SU(2) as the gauge group of the model. It makes it even
closer to the Georgi—Glashow model. The differences now are in the structure
of the scalar potential U[¢], which takes the form (11.83), and that all the
fields, including the fermions, take values in the adjoint representation of
the gauge group. However, unlike the genuine Georgi—Glashow model (5.7),
we are now dealing with the complex scalar field ¢* (12.10) and the main
difference is that the potential of the scalar field

2
U= % (fabc(lsbT ¢C)2

does not fix the Higgs vacuum uniquely . Indeed, this potential vanishes if ¢
and ¢ commute with each other.
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For a given choice of the SU(2) gauge group, this condition is satisfied if
these fields take values in the Abelian subgroup of SU(2):

o3
¢ = vT® = vy (12.13)
where v is now an arbitrary complex number. More generally, for a model
with the gauge group G, the Higgs vacuum is defined by the relation

(b0, D8] = caped” ¢ =0,

which means that ¢g lies in the diagonal Cartan subalgebra H =
(Hl, H2 e HN—l) of G.

Let us note that we already considered a similar definition of the Higgs
vacuum when we discussed the properties of the SU(/N) monopoles (cf. (8.6)
and the following discussion on page 278). Thus, the Higgs vacuum breaks
the gauge group to H and there is a set of gauge inequivalent classical vacua
of the N =2 SUSY Yang-Mills theory. However, the N = 2 SUSY is still in
force and it remains a symmetry of these vacua.

The very important point is that each of these vacua corresponds to a
different physical situation. Indeed, we know, for example, that the vacuum
value of the scalar field generates the masses of particles via the Higgs mech-
anism and the physical observables are, therefore, directly related with ¢q.
Thus, unlike the simple Georgi-Glashow model, there is a space of different
vacuum values of the scalar field of dimension equal to the rank r of the
gauge group G. We shall discuss this subject below, within the framework
of the full quantum theory, where the moduli space is parameterized by the
vacuum expectation values of the Higgs field < ¢ >. In the context of this
chapter, our primary subject is the spectrum of the monopole solutions of
the classical N = 2 SUSY Yang-Mills theory.

12.2 N = 2 Supersymmetric SU(2)
Magnetic Monopoles

12.2.1 Construction of N = 2 Supersymmetric SU(2) Monopoles

Let us show now that there are monopole solutions of the model with the ac-
tion (12.2). As before, in the case of the t Hooft—Polyakov monopole solution
of the Georgi-Glashow model, we can consider the static, time-independent
configurations first, and ignore the topological 6-term for a while.

Recall that the difference of the bosonic sector of the supersymmetric ac-
tion (12.2) from the Georgi-Glashow model is that there are two real scalar
fields, ¢1 and ¢2, which correspond to the scalar and pseudoscalar coupling
to the Dirac fermions. For the sake of simplicity, let us suppose that asymp-
totically the complex scalar field lies on the unit sphere, that is, |¢| = 1 as
r — 00.
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Then, by analogy with expression (5.57), the bosonic Hamiltonian of the
static SU(2) super Yang—Mills theory can be written in the form

B=y [ o (B4 (B2 + (V.8 + (708" + € emnethod)? )

= %/d?ax{[EvanabT Sin 60—V, 64 cos 8]% + [BE — Vot cos 6+ Vol sin5]2}

+2 / d%c{EZ (Vnoisind + Vipds cosd) + Bn(Vad] cosd — V¢35 sin 5)}

e’ 3 b c\2
+ 5 d’z (Eab6¢l¢2) s

where § is an arbitrary parameter and, according to our convention from the
previous chapter, the symbol V,, denotes a covariant derivative.

Thus, if the scalar potential is vanishing, the lower energy bound is given
by the system of equations

E% = V,¢%sind + V,,¢% cos§ = V,,4¢,
BY =V, ¢%cosd — V,,¢%sind = V,,43 (12.14)

where we define the linear combinations of the scalar fields
% = ¢%sin d + ¢4 cos 4, $% = ¢%cosd — ¢p3sind, (12.15)

which appear in this supersymmetric counterpart of the BPS equations (5.58).
On the other hand, a proper parameterization of the vacuum manifold of the
model is still given in terms of the asymptotic values of the fields ¢;, rather
than the rotated fields q[;i, because they are invariant with respect to the
transformations of the modular group SL(2,Z).

A particular representation of these two scalar fields as

@ = ¢* cosd, P53 = —¢%sind,

immediately yields the BPS equations (5.58) for the field 1 =0, ¢o=¢,up
to an obvious identification of the free angular parameters. Thus, the general
static spherically symmetric monopole solution in the bosonic sector may be
obtained as a generalization of the BPS solution:

r¢ T

o = ?H(T) cosd, @3 = —e?H(T') sind,
a Tm
Al = samnﬁ(l — K(r)), (12.16)

where the structure functions are the well-known analytical solutions (5.63),
which are expressed via the dimensionless parameter £ = er:
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__ £ _ _
K= qme  H=goothe— 1. (12.17)

Asymptotic behavior of the complex Higgs field is now

P — e0pe (1 — 1) as £ — 00. (12.18)

er
Let us note that the real components, ¢ and ¢, may have different behavior
while they are approaching this regime.

It is natural to define two-component electric and magnetic charges as
[224,232,233]:

q' = /d% On (ELHY), gt = /d?’x On (BL®Y) . (12.19)
Then the bound on the mass of N = 2 supersymmetric monopoles becomes
M > [(g* + ¢*) cosd + (¢* — g?)sind], (12.20)

which implies that the Bogomol'nyi bound is saturated if
(12.21)

and then E* = V,¢%, B% =V, ¢3.

So far, we brutally set ¢; to be identically zero and make use of the
straightforward analogy with construction of the BPS monopoles in the pre-
vious chapter. However, one can construct a wider class of monopoles by
relaxing this restriction. Indeed, the Gauss law (5.75) for such a static field
configuration with a two-component scalar field takes the form

VB, — ie[ﬁgla Voél;l] - ie[&% VO&Q} =0.

Let us now impose a gauge Ag = $1. Then the Gauss law becomes a covariant
Laplace equation for the field ¢q:

V261 — €2[pg, [d1, 2] = 0, (12.22)

which is referred to as the “secondary BPS equation” [232,233,353,501].
Certainly, this equation becomes even more restrictive if we only consider the
configurations that satisfy [@2, 1] = 0. .

The “primary BPS equation” is obviously B, = V,¢2. For a given so-
lution of this equation, the secondary BPS equation describes a large gauge
transformation of the fields of the BPS monopole Ay, o [353]. Thus, the
solution of the secondary BPS equation yields the gauge zero modes about
the original monopole configuration. This zero mode exists for each solution
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of the primary BPS equation. We already know that these gauge transfor-
mations generate an electric charge of the configuration that transforms a
monopole into a dyon.

Taking into account the Bianchi identity for the magnetic field and the
equation of motion for the electric field, we can now recover the lower bound
on the mass of dyon by analogy with our evaluation of the BPS mass bound
(5.60) in Chap. 5 [224,353]:

M>|(¢" = ¢*) +i(g" +d°) | - (12.23)

So far, we are discussing the model with the gauge group SU(2). In this
case, the vanishing of the scalar potential, [¢1, ¢2]> = 0, means that both ¢;
and ¢, belong to the unique Cartan subgroup of the gauge group. In other
words, ¢ must be proportional to ¢o and, therefore, the components of the
electric and magnetic charge vectors are also proportional to each other.
Thus, g'¢? = g?¢' and the bound (5.60) is recovered from (12.23):

M > Z \/qinrg?.

i=1,2

However, the principal difference from the Georgi-Glashow model is that
now the BPS bound is directly related with the algebra of supersymmetry.
Moreover, the electric and the magnetic charges (12.19) are the real and the
imaginary components of the N = 2 central charge Z, respectively [523].

12.3 Central Charges in the N = 2 SUSY Yang—Mills

We have mentioned already that the N = 2 SUSY algebra (11.16) includes a
complex central charge Z. Let us now construct this charge explicitly.

Note that the generators of N = 2 supersymmetry QL,Q% by definition
are the charges of the spinor components of the supercurrents (12.8) and
(12.9), respectively. Indeed, expanding these currents in the parameter of the
infinitesimal SUSY transformation £, we can write

S/L = Sﬁfa + S/Ldf_d )

and then

S = —(0")aa N (GEL, + F2) + V2(0,0,00") V76 + (0,)ac A" T,

S = —(0")aat " (F, + Ff,) = V20,000V 6" + (0,)aat 6 T,
(12.24)

Here we make use of the property eo#1p = —1pate and the following identities

involving the Pauli matrices
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ote"ol = g"of — g"’o” + g"P ot +igppwc® (12.25)
GHho Gl = g P — g'PGY + gV GH — i pw0 .

Recall that we use the metric g, = (—1,1,1,1).

Therefore, the anticommutator (11.16), which yields the central charge,
can be written as the equal-time anticommutator of the volume integrals over
the temporal components of these currents:

{QL.Q3} = {/d% S8Y (x),/d3x' S5 (x/)} =207 (12.26)

Olive and Witten noticed [523] that this commutator non-vanishes due to the
boundary terms, which are just the electric and the magnetic charges of the
configuration. Indeed, let us note that A\s = Al and

A= 8N, = i(oAT)*
It is clear that the temporal components of the supercurrents (12.24) are
S = —i(0koaA ) o (1FG, + F) + V2(0k)a Vo™ + (02306 T
St = —i(oro2t*a(iFg, + Fgi) — V20uA)a Vit +ilo2yN)ad T

To evaluate the central charge Z, we substitute these expressions into anti-
commutator (12.26) and make use of the anticommutation relations for the
fields ¢ and A. The relevant terms in (12.26) are

{QL, Q%) = i\/i/d% [(0i0207 ap — (0:0207 ) ga] (iFg, + Fii) Vi™ .

(12.27)
Next, making use of the algebra of the Pauli matrices
(Uz‘UzUjT)aﬁ = (o2(—6i; + igijkgg))aﬁ ;
we obtain
QL. Q3) = ~2iVE [ &% (o2)apbiy (iFy+ Fif) V1"
= —2\/§saﬁ/d3x (iFg, + F&) Vo™ . (12.28)

By complete analogy with our previous discussion of the definition of the
electric and magnetic charges (5.53) and (5.46) in Chap. 5, the volume inte-
grals here can be written as the integrals over the surface of the sphere S2
on the spatial infinity:

/ Bz F§ Vet = / d?Sy Bt = / 3z O (BT,
R (12.29)
/ dBx F§Vppt = / d?Sy B¢t = / d3z O (BLo"T).
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Hence, the anticommutator (12.26) is of the form
{QL, Q%) = —2\/§6a@/d3x O(iE: + B¢ = 26057 . (12.30)
By the same token, we find that
{Q:. Q%) = *2\@%5/6131: Ou(—iBf + BR)o® = 2e,52 . (12.31)

Here we make use of the definition of the complex central charge Z given by
(11.16). Thus the central charge satisfies

Z = \/E/d?’x Ok(iEf + BT . (12.32)

The final step is to recall that the electric and the magnetic charges are
given by (12.19), where the complex scalar field is decomposed into two real

components as ¢% = \ﬁ(gb’eriqﬁg). Therefore, the central charge of the N = 2
SUSY Yang-Mills theory is simply [523]

7 - / x Op(ER6S + BIGY) +i / B O (BT — BLds)

=[(¢" =) +ilg" + ).

(12.33)

Thus, the algebra of supersymmetry (11.16), which includes the central
charge, according to (11.29) yields a mass bound

2] =1(a" = ¢*) +ilg" +a*)| < M, (12.34)

which is precisely the BPS bound (12.23). Thus, in the N = 2 SUSY Yang-
Mills theory the magnetic and the electric charges of the bosonic monopole
configuration appear in the explicit form of the central charge of the N = 2
supersymmetry algebra and the Bogomol'nyi bound is a direct consequence
of the extended supersymmetry. There is a difference from its classical coun-
terpart (5.60), because if the N = 2 supersymmetry is not broken by the
one-loop quantum corrections, the Bogomol'nyi bound (12.34) is not modi-
fied. Note that in that case, the BPS states with magnetic and electric charges
will be presented in the spectrum of physical states of the quantum super-
symmetric theory.

It must be kept in mind, however, that this statement is correct if the
vacuum expectation value of the scalar field is large. Seiberg and Witten
pointed out [469] that in the strong coupling limit, the expression (12.23)
must be modified. We shall discuss this issue in the last chapter.
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12.4 Fermionic Zero Modes in Supersymmetric Theory

Let us consider the N = 2 Lagrangian (12.11), where for the sake of simplicity,
we choose 6§ = 0 first and make use of the relations of the type of (12.1):

_ 1 ! !
LN72 = tr{-4F“pr‘y + i(vﬂ¢1)2 + §(vl"¢2)2

, (12.35)

— XY Vux + ex[or, x| + iersx[¢2, x]} - %[dﬁ% $)?.
As we have seen, the BPS bound is saturated if the scalar field belongs to the
Cartan subalgebra of the gauge group. Then the potential of the scalar field
is vanishing for any particular value of the vacuum expectation value v. In
other words, there are flat directions in the configuration space of the scalar
field, a line of degenerated local minima for which the BPS bound is satu-
rated by definition. This is one more difference from the non-supersymmetric
non-Abelian monopole solutions for which the BPS limit corresponds to the
nullification of the scalar coupling A.

For the fields saturating the BPS bound (12.23), we can write the infini-
tesimal transformations of the NV = 2 supersymmetry with the parameter of
supertranslation &:

0 = (" EL, 4% 9,008+ ) ).

SAL = i€yux® — iX Y (12.36)
0t = i€x" —ix*¢,
3¢5 = i€ysx® —iX"5E .

It is instructive to apply these transformations to see that they change the
N = 2 Lagrangian (12.11) by a total derivative. Indeed, the transformations
(12.36) are actually the variations of the properly rescaled N = 1 Lagrangians
(11.47) and (11.53), where the auxiliary fields are eliminated.

Let us assume that the fields entering the expressions (12.36) satisfy the
BPS equations (12.14). Thus, we shall consider the supersymmetry variations
on the SU(2) monopole background. This is the classical solution of (12.16)
with no fermions, which we choose as an initial configuration.

Let us consider, how the trnsformations of supersymmetry act on a simple
static BPS monople. For such an intial configuration, we set ¢§ = 0 and there
are no ferminos around, i.e., x* = 0. Then the supersymmetry variations of
the bosonic fields in (12.36) are vanishing and the supersymmetry variation
of the spinor field becomes

S = (UWF;V o <vu¢%>)§.
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For a static field configuration (E2 = 0), the BPS equations become
simply BZ = V,,¢¢. Then the supersymmetry variation takes the form

i
oy = (5mnkom”B,‘§ + 7”3,‘;)5 = B! (25nmk’ym7k + 7”) £,
where we make use of the definition (11.5) and related properties of the -
matrices. Thus, we obtain

i ‘
X =~"B, <1 + S,snmm"vmv’“) £ =~"B (1 +iv7s) €. (12.37)

This means that if the parameter of the supersymmetry transformation &
satisfies the equation

(1+iv75) = (1-15)§ =0,
where

. 0 —i
I's = —ivoys = 717273 = io0 )

and I'? =1, I, g = I}y, the variation of the spinor field vanishes identically.
This corresponds to unbroken supersymmetry, since we suppose that there
are no fermions in the initial configuration. Evidently, if we decompose & =

&4+ &, where
5i=%(1if5)57

the transformation of the supersymmetry generated by the parameter £, acts
on the bosonic monopole background trivially, i.e., é¢, x* = 0. On the other
hand, the supersymmetry variation generated by £_ breaks down half of the
supersymmetry? and drives the configuration from y® = 0 to

de X" =X{o) = —27"Bpé- . (12.38)

These zero energy Grassmannian variations of the bosonic monopole solution
(12.16) are two fermionic zero modes whose properties we already discussed
in Chap. 10. One can prove that these modes are time-independent solutions
of the Dirac equation for a fermion coupled with a supersymmetric monopole.
Indeed, variation of the Lagrangian (12.35) with respect to the field y yields
the Dirac equation

iY'Vux —e[g1,x] = 0.

It is straightforward now to substitute the explicit form of the fermionic zero
modes (12.38) into this equation to ensure that they are the solutions with
zero eigenvalues.

2 This is why this solution sometimes is referred to as the 1/2-BPS monopole.
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Let us note that we can expect this effect in advance, since the Callias
index theorem [156] predicts exactly two fermion zero modes for the fermions
in the adjoint representation of the gauge group. Actually, from the N = 2
supersymmetry algebra with central charge, we already encounter the partial
breaking of supersymmetry for the states that belong to the short multiplets
and saturate the BPS bound (11.29) (see the discussion on page 419).

Recall that the presence of two fermionic zero modes on the monopole
bosonic background implies that there is N = 2 BPS monopole multiplet,
which can be constructed starting from the vacuum spin-0 state |£2) by con-
sequent action of the operators of creation of these zero modes aL /2 (cf.

our remarks on page 371). This monopole multiplet contains four states: two
scalars and two fermions [409]. Note that these states are dual to the states
of the massive short N = 2 chiral multiplet of four helicity states.

Furthermore, the remaining half of the supersymmetry of the NV = 2 BPS
monopoles allows us to set a correspondence between two fermionic zero
modes and four bosonic zero modes [230], which form a supermultiplet with
respect to the unbroken supersymmetry. Indeed, according to (12.36), for each
fermionic zero mode x (o) of (12.38) the remaining half of the supersymmetry
transformation generated by the supertranslations £ yields

SAg = i€t ymx{o) — iX(g) M+ » (1239

5% = i€t v0x{o) — iX(Er

12.5 Low Energy Dynamics
of Supersymmetric Monopoles

To establish a correspondence with our discussion of the collective coordi-
nates of a non-supersymmetric monopole, which we encountered before in
Chap. 6, let us recall that the Bogomol’'nyi equations are equivalent to the
self-duality equations of the pure Yang—Mills theory with identification of
the connection A, = (¢1, Ax). The moduli space approach? is to consider the
bosonic collective coordinates X, that parameterize the n-monopole moduli
space M,, (cf. Chap. 6).

The normalizable bosonic zero modes define the vector (d,4,) = a4, —
V Wa, which is tangent to the monopole moduli space M,,. Here, ordinary
translations are complemented by a gauge transformation with a parameter
wa, which is chosen to satisfy the relations (6.139), and the contribution of
the gauge zero mode is taken into account. Then the Riemannian metric on
M., takes the form (6.137):

3 To avoid possible misunderstanding, let us note that, in the context of this
section, the notion of the moduli space is not directly related to the properties
of the physical vacuum of the model. Here, we make use of it to describe the
low-energy dynamics of the monopoles as we did before.
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Gap = /dssc Tr (6o A05A,) .

It was mentioned previously that the moduli space M,, has a quaternionic
structure in the tangent space, that is, this manifold is hyper-Kahler. Geo-
metrically, the gauge parameter w,, defines a natural connection on M, with
the covariant derivative V&w). The Christoffel connection associated with the
Riemannian metric on the moduli space is

Tapy = /d3xTr <5aApV(ﬁ“’)67Ap) : (12.40)

As was already briefly mentioned, the presence of the fermions modifies
this picture [373]. In addition to the bosonic collective coordinates, we have to
introduce some set of fermionic collective coordinates, which are the complex
Grassmann numbers A, (t), and the time-dependent coefficients of the zero-
mode components of the expansion of the spinor field y = )\a(t)x‘()‘o). How-
ever, the relations (12.39) imply that the fermionic and the bosonic collective
coordinates of the supersymmetric monopole are no longer independent.

It is convenient to introduce Euclidean Hermitian matrices I,

Iy =%, ITu=n, I5=1I1113131},

which satisfy the algebra {I,,I,} = 20,,. Then the fermionic and bosonic
zero modes are paired as [230,260]

Xi) = (0aA%) I" €\", (12.41)

that is, two bosonic zero modes are paired with one fermionic zero mode [260].
Note that the gauge zero mode in this case is included automatically.

Following our earlier discussion, we can derive the effective Lagrangian
that governs the low-energy dynamics of the NV = 2 supersymmetric mono-
poles [230]:

M ..
Lxy= ?gag(xaxﬁ + 4\ TV %) (12.42)

where ' _
VoA =\ 4 Ig, XP\7

is the temporal component of the covariant derivative on the moduli space
with the Christoffel connection (12.40) acting on the fermionic collective co-
ordinates A, .

The presence of the fermionic degrees of freedom in the Lagrangian of the
collective coordinates reveals some novelty. Unlike its bosonic counterpart of
(6.138) of Chap. 6, the Lagrangian (12.42) now corresponds to the low-energy
quantum mechanical theory, rather than to a classical effective Lagrangian.
Nevertheless, the metric on the moduli space M,, of supersymmetric mono-
poles remains hyper-Kéahlerian and there are three almost complex structures
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(I™)) 45 on M,, that play the role of the imaginary units of quaternions. One
of these structures can be used to introduce the complex coordinates on the
moduli space. Thus, the effective Lagrangian (12.42) is invariant under trans-
formations of unbroken supersymmetry [230]

0X = igA™ + i€y (IM)*F g,
SAY = =X — &, (IM)*P Xy, (12.43)

where &gy, &, are four real Grassmannian parameters. Clearly, these four su-
persymmetries of the moduli space originate from the unbroken supersym-
metries of the field theory.

Since the pseudoscalar Higgs field was eliminated by chiral rotation, fur-
ther consideration is remarkably similar to the non-supersymmetric case. For
a single monopole, the moduli space M is simply R? x S with a flat metric,
but non-trivial group of holonomy again. The n-monopole moduli space M,,
is asymptotically isomorphic locally to the set of n copies of M1, which cor-
respond to the picture of n well-separated single monopoles. Separating the
collective coordinates of the centre of mass and the total electric charge of the
configuration by analogy with (6.142), we obtain the hyper-Kéhler manifold,
MY which determines the relative motion of the monopoles.

However, if the second component of the Higgs field has a non-vanishing
vacuum expectation value, the consideration turns out to be more involved.
If, in addition, the rank of the gauge group is greater than one, the low-energy
monopole dynamics becomes rather different from our discussion above. This
interesting situation was described in more detail recently [94,96,97,233,353,
441,501].

12.6 N = 2 Supersymmetric Monopoles beyond SU (2)

To generalize our previous discussion, let us analyze the properties of N = 2
supersymmetric monopoles in the model with gauge group G = SU(N).

Since we are considering the BPS monopoles, the classical potential of
the scalar field must vanish. Recall that for N = 2 SUSY, this condition is
satisfied, if the two components of the Higgs field ¢1,¢2 are in the Cartan
subalgebra of G and on the spatial asymptotic

¢i = (h; - H), (12.44)

where i_ii, i = 1,2, are vectors in the root space of the Cartan subalgebra
of dimension » = rank (G). Then, for a given vacuum, we can also define
the electric and magnetic charges as vectors in the root space (cf. (8.25) and
(12.19)) by
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0= [ & 0 (Eot) = @),
5= [0, (Bren = (3 F). (12.45)
In this notation, the BPS bound (12.23) can be written as
M = |y +ifio) - (§+i9)| = V2R (@+id)l,  (1246)

where, according to the definition (12.44), the complex vector of the Higgs
field is

I .
F=— (I +ihs)
V2

So far, we have paid little attention to the fact that the electric and
magnetic vectors lie on two different lattices: the former can be expanded
in the basis of simple roots 3; of the given Lie group G, while the latter is
defined in terms of the expansion in the basis of dual co-root vectors j; of

the dual lattice:
q= €zr:mzﬂ_;‘; g= ginzg* (12.47)
i=1 €= '

Here the integers m;,n; € Z are the electric* and the magnetic quantum
numbers®.
This expansion allows us to write the BPS mass bound in the form

r oL 4i
M =|e Y mi (V35 h) + ”an(\fﬁ h)
i=1 i=1
= Z(mi@i + n,P}) (12.48)
i=1
where we introduce the rescaled scalar field and its dual as
S 41
NG (ﬁi : h) ., =" (5 h) (12.49)
e

These fields are expanded over the basis of simple roots and co-roots, respec-
tively. This form of the BPS mass bound is evidently symmetric with respect
to the dual transformations. Actually this is the Seiberg—Witten form of the
BPS boundary, which appears in the quantum N = 2 supersymmetric theory.

4 If we restrict our consideration to the classical limit, the electric charge remains
non-quantizable and there is no charge lattice, which we discussed at the end of
Chap. 2.

5 For a spec1al mitary group, we can always choose the self-dual basis of the simple

roots: ﬂz ﬂz



12.6 N = 2 Supersymmetric Monopoles beyond SU (2) 455

We shall consider this remarkable relation in more detail when we discuss the
quantum vacuum moduli space of the N = 2 SUSY Yang—Mills theory.

Let us recall now that the BPS equation for the N = 2 supersymmetric
monopoles is written in terms of the SO(2) rotated Higgs fields ¢¢ (12.15).
Since the scalar fields lie in the root space of the Cartan subalgebra, we can
describe this transformation as a rotation of the vectors ﬁi, that is, ¢; —
b; = i_i; - H, where

Ry = hysind + hy cos 6, Ry = hycosd — hysind. (12.50)

Asymptotically, these fields decay as

_ . o |
oi(r) =Hy-H - 1072,

" (12.51)
- - L g-H
Galr) =Ty H = 5 4 0672),

and the angle of rotation of the Higgs fields is restricted by the constraint
(12.21)

Note that for a purely magnetically charged state, the long-range scalar inter-
action is entirely given by the asymptotic behavior of the field gi;g, while the
second component cz~51 (r) has no Coulomb tail at all. However, in the strong
coupling limit, the roles of the components of the Higgs field are inverted.

Taking into account the definitions of the charges (12.45), we can easily
see that the constraint on the angle of rotation becomes simply

g-hy=q-hy,
and the BPS mass formula (12.20) can be written as
M =| @R+ Hy |

These two contributions to the mass are referred to as the magnetic mass
(g - H’Q) and the electric mass (- Hﬁ), respectively. In the weak coupling
regime e < 1, the electric mass is obviously much smaller than the mag-
netic mass. This observation justifies the use of the semiclassical low-energy
approximation.

Let us consider the classical limiting case of vanishing electric mass. From
our previous discussion of the non-supersymmetric SU(N) monopoles de-
scribed in Chap. 8, we know that the physical situation strongly depends on
the character of the symmetry breaking. If the vector ﬁ'z is not orthogonal
to any of the simple co-roots ﬁ;‘, the vacuum expectation value of the scalar
field ¢y breaks the SU(N) symmetry down to the residual group U(1)V~1
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and each of the integers n; appearing in (12.47) has the meaning of a topo-
logical charge. In this classical limit, there are no electric charges of the BPS
states and the field gz~51 does not have a long-range Coulomb tail.

In the particular case of the N = 2 SUSY Yang-Mills theory with the
gauge group SU (3), this situation corresponds to the (ny, n2) 1/2-BPS mono-
pole discussed in [232,353]. In the more general case of the SU(N) gauge
group, there are r = N — 1 types of monopoles and the magnetic mass of the
corresponding configuration is of the form

S ACRALR

i=1

M =

Due to triangle inequality, this mass obeys
T
M < Z n; M;
i=1

where M; = 47r(5_;* . E'Q)/e and, as before, we suppose that the set of simple
co-roots satisfies the condition (57 - 1)) > 0 for all 7. This corresponds to the
expression (8.29) in Chap. 8.

Again, we can interpret M; as a mass of a single fundamental monopole
with a minimal magnetic charge. Indeed, let us recall that the magnetic charge
satisfies the condition of the topological quantization (8.24): exp{2i7re§-ﬁ} =
1 and the charge matrix is

an _;* = diag (k1,ko,...kn—1),

with non-negative integers k., which, in the case of the maximal symme-
try breaking, are related to the corresponding topological charges. Hence,
the configuration of the mass M is stable with respect to decay into N — 1
species of the fundamental monopoles, each of the mass M; which is associ-
ated with the simple co -ro0t ﬁ* Even in the special case of so-called marginal

stability, when M = Z n; M;, there is no phase space for a physical decay.
i=1
We are already familiar with a similar conclusion in the particular case of the

composite SU(3) monopole, which is also valid for non-BPS monopoles [467].

So far we have discussing the solutions of the primary BPS equation.
However, there are solutions of the secondary BPS equation (12.22), which
we can find for each solution of the primary BPS equation.

Let us recall now that the secondary BPS equation is actually the equa-
tions for the gauge-orthogonal zero modes, which corresponds to the large
gauge transformations of the fields of the BPS monopole. The latter solution
of the primary BPS equation corresponds to an electrically neutral config-
uration. If the gauge symmetry is broken maximally, there are N — 1 such
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gauge zero modes. Solving the secondary BPS equation (12.22), we can re-
cover the electric charges of the monopoles from the asymptotic of the Higgs
fields (12.51), in other words, we are “dressing the monopole electrically”.

However, the vacuum expectation value of the “electric” component of
the Higgs field ¢; is no longer obliged to be proportional to the “magnetic”
component ¢o, as happens in the case of the SU(2) supersymmetric Yang—
Mills theory. In other words, the electric charge vector ¢ of an SU(N) dyon
is no longer aligned with the magnetic charge vector g.

Typically, in theories with extended N = 4 supersymmetry, the dyonic
BPS states, which are solutions both of the primary and the secondary BPS
equations, break 3/4 of the supersymmetry, while in the model with N =
2 supersymmetry, they still preserve half of the supersymmetry [94, 96, 97,
233,353, 441, 501]. Nevertheless, somewhat inconsistently, they are referred
to as the 1/4-BPS states. The interpretation of the solutions of SU(N) BPS
equations as a composite system of N — 1 fundamental monopoles, suggests
that such a 1/4-BPS configuration can be thought of as a static system of a
few 1/2-BPS monopoles. These solutions correspond to the composite root
vectors of the Cartan—Weyl basis.

Indeed, a fundamental magnetic monopole, which corresponds to a simple
co-root ﬁ_;*, is a solution of the primary BPS equation. Each such a monopole
could have only its own type of electric charge, which corresponds to the
root ;. The self-duality of the basis means that for a fundamental SU(N)
monopole, the electric and the magnetic charge vectors are aligned.

The situation is different in the case of the composite monopoles, which
correspond to the composite roots: they consist of two or more fundamental
monopoles on top of each other. Recall that this configuration is static, be-
cause the electric (Coulomb) part of the interaction between the monopoles
is precisely compensated for by the long-range scalar force. Then the electric
charges of the different monopoles are functions of their relative orientation.
Hence the low-energy dynamics of these BPS states becomes more compli-
cated than in the case of the simple non-supersymmetric SU(2) gauge theory,
because the low-energy Lagrangian of the composite monopoles picks up an
additional term, which is associated with different orientations of two scalar
fields. We shall consider this situation below.

To recover the low-energy effective Lagrangian of the supersymmetric
monopoles we can make use of the same approach as in Sect. 8.3 above. It
was argued [96,353,501] that the corresponding potential is simply half of
the electric mass of the configuration, that is,

1/ -
Vers =5 (714) -

Recall that in the weak coupling regime this is a small correction to the mag-
netic mass. Taking into account the definition of the electric charge vector
(12.45) and the equation of motion of the field ¢¢ (the secondary BPS equa-
tion (12.22)), we can write the electric mass as [501]
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(7:75) = [ @2 0. (E231) = [ 0 0, (39.1)
/d3 { Vad1)? — 62[431,952]} :

However, (angl) is a large gauge transformation of the monopole field with
the gauge parameter ¢. These transformations correspond to the set of gauge
zero modes of the configuration:

(12.52)

64y = Vb = > (Ry - K*) ady = G200 Ay,

«

Opy = ie[d1, G = > (ﬁﬁ : KO‘) Sy = G*0at,

(e

(12.53)

where K® are the components of the Killing vector field G = (i} - K*) on the
moduli space M, which are generated by the U(1)" gauge transformations.
Thus, the electric mass of the 1/4-BPS state can be written as

(ci’- ﬁ’l) = gap (cf-l?“) (q'- I?B) : (12.54)

where g,p is the hyper-Kahler metric on M. If the form of this metric is
known, as in the particular case of the SU(3) 1/4-BPS monopole, the electric
mass can be calculated directly from the metric. An alternative approach is
to write the metric in terms of the Nahm data [287].

In the next section, we review the modification of the low-energy effective
Lagrangian, which describes the motion on the moduli space of the SU(3)
supersymmetric monopoles.

12.6.1 SU(3) N = 2 Supersymmetric Monopoles

We can proceed further by analogy with our previous discussion of Chap. 8,
where we concentrated on the particular case of the SU(3) gauge theory.
Then the corresponding Cartan subalgebra is given by two generators (8.14)

L{1 0 0 L (10 0
H=-(0 -1 0|, H=—1[01 0], (12.55)
2\0 0o o 23 \op 0 —2

and the self-dual basis of the simple roots can be chosen in the form (8.15)
as before:

B =(1,0),  fFp=(—1/2,V3/2). (12.56)
In addltlon there is the third, composite root, which is defined as ﬁg =
31 4 B2, as shown in Fig. 12.1. Thus, ﬂ =3;.

Let us consider the case of the maximal symmetry breaking: SU(3) —
H = U(1) x U(1). Then there are are two fundamental monopoles with
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T8
h2
V32
B, B, h,
B 1 i
1 172 0 12 1
-\V32

Fig. 12.1. Positive simple roots of the SU(3) supersymmetric theory. The vectors
}_ii define the orientation of two scalar fields

vector magnetic charges g = (1,0) and § = (0,1), which are aligned along
fundamental roots 61 and 52, respectively. The corresponding charge matrices
g- H are

1 1
5 dlag (17 _170)7 5 dlag (Oa 17_1)a

while the charge matrix of the composite (1,1) monopole is 1 diag (1,0, —1).
The latter state is the 1/4-BPS configuration that we would like to consider.

Let us take the electric numbers of these states to be m; = (q1/e, ¢2/¢),
where ¢; are arbitrary numbers. The magnetic charge of the fundamental
monopole is g = 47 /e and, according to (12.48), these states have the masses

M; = V2|(qi +ig)(B; - h)| = V2 |®i| /2 + g2, (12.57)

which evidently corresponds to (8.63) of Chap. 8. Recall that in the weak
coupling limit, the masses (12.57) are slightly different from the mass of a
fundamental electrically neutral BPS-state, which is now given by v/2g |&;].

The complex scalar fields ¢, and @9 defined as in (12.49) are now dis-
aligned, that is,

b; = 6\6’(@

where
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0] = V|G- )| = e\ (B R + (B2,

and the agrument of the complex Higgs field @; is

(@~%)

tanw; = =
(Bi - h1)

In addition, there is a dilatonic charge of the scalar field, which is defined

according to (8.65) as
B = (G H)\ g+ g2 (12:58)

Hence, the scalar part of the long-range interaction between the monopoles
depends on the relative orientation of the Higgs fields: it vanishes if the
fields ¢; and @, are anti-parallel, while its magnitude becomes maximal if
they are aligned. Thus, by analogy with (8.66), we can now write the total
Coulomb potential of the composite (1,1) monopole, which consists of two
static components [96,441]:

1
Vi =1 (w9 - cosor — @+ A+ 0)) . (1259)

Here we also take into account electrostatic and magnetostatic contributions.
Note that the mass of the composite § = (1,1) 1/4-BPS state

My = V2|(q1 +i9)(B1 - B) + (g2 +ig)(Ga - h)| (12.60)

becomes additive, i.e., My 1y = M1 + My, only if [441]

9(q1 — q2)

tan(wp —wg) = .
(w1 =) Qg2 + g°

(12.61)
In this case, the dilatonic part of the Coulomb interaction in (12.59) precisely
balances the long-range electromagnetic interaction and the potential van-
ishes. In other words, two constituent monopoles are static and the 1/4-BPS
configuration can be regarded as a superposition of two individual 1/2-BPS
states.

If the difference Aw = w1 —ws of the arguments of the complex fields @; is
small, we can easily see that the expansion of the Coulomb potential (12.59)
in g;/g yields

1
Verr = o [Q° — g (w1 —w2)?],

where a relative electric charge of the BPS states is @ = ¢q1 — g2. Clearly, this
potential is repulsive if [gAw/Q| < 1, that is, in this case the supersymmetric
1/4-BPS monopole does not exist. The net interaction is vanishing if
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Aw =wi —wg = —.

This is a condition of stability of the 1/4-BPS monopole, which evidently
agrees with (12.61).

Let us briefly describe the low-energy dynamics of the 1/4-BPS mono-
poles. We have seen that, for an arbitrary orientation of the component of
the Higgs field, there is a non-vanishing potential of the interaction V. ;. This
potential may be attractive and a 1/4-BPS monopole exists as a bounded sys-
tem of two fundamental monopoles. Thus, the low-energy approximation can
be applied only if the potential energy is small compared to the rest mass of
the fundamental monopole.

We now consider the low-energy dynamics of the (1,1) SU(3) monopole
[232,501]. Recall that the electrically neutral classical solution of the primary
Bogomol'nyi equation has a mass M 1y = M; + My (cf. our discussion
in Chap. 8) and the corresponding eight-dimensional moduli space can be
decomposed as [231,345]

Rl XM()

=R?
M X 7

The factor-space R? x R! is parameterized by the collective coordinates of
the center of mass and the global gauge transformation parameter 7, which
is related to the internal U(1) angles of the two fundamental monopoles «;
as:

? =1 + Qy.

The conjugated momentum along the internal coordinate 7" corresponds
to the overall charge (8.73):

O Mgy + Mage
My + M;
(in units of e(3; + G2)). The metric of the subspace R? x R! is flat.
The My is the relative moduli space with the positive Taub-NUT metric
(8.70)

ds? = gopdX*dX"

2 4
- (MT + g) 2+ —L (A +(a-dr))?,  (12.62)
T M, + HT
where M, = M1 Msy/(My + Ms) is the reduced mass of the monopole and a
is the vector potential of a static dyon (cf. our discussion on page 201). The
collective coordinates X* = (r,7") correspond to the relative position (r =
r; —ry) and the relative internal phase (") of two fundamental monopoles:

) M2a1 — Ml()éQ
My + M,
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The momentum along the internal coordinate 7" corresponds to the relative
charge @ = (¢1 — ¢2) in units of e(; — B2). Recall also that factor Z denotes
a discrete identification for the charge coordinates

47TM2

)= (r+ ,
( ) ( My + M,

T+ 27r) .
If the ratio M;/M> is rational, the asymptotic geometry has a compact fac-
tor S x S! that corresponds to the two completely separated fundamental
monopoles with the conserved electric charges ¢; and gs.

Thus, there are two isometries of the eight-dimensional moduli space
M(1,1) that are generated by the Killing vector fields, 9/97 and 8/8?, re-
spectively. Then a vector field on the moduli space M 1) can be decomposed
into two orthogonal components

R (O, 9
(hl -K) - (h+ 5t ) (12.63)

where hy = (l_i’1 (B £ 52))

Physically, this decomposition means that the potential associated with
the Killing vector §/07 is a constant. It corresponds to the total electric
energy of the configuration. The second Killing vector 9/97 gives rise to the
position dependent potential, which is responsible for the appearance of the
dyonic bound states [96,232,501].

To sum up, the long-distance tail of the Higgs field q~51, which is associated
with the electric charge vector ¢, gives rise to the potential of interaction V.
Then the low-energy effective Lagrangian which describe the relative bosonic
collective coordinates X of the 1/4-BPS state, besides the usual kinetic term
includes the potential piece: [96,501]

L= %g(w (XaXﬁ - GO‘GB) , (12.64)
where go4 is the Taub-NUT metric (12.62) and G* = (B} - K*) is the vector
field generated by the Killing vector 9/97". Thus, the interaction between two
fundamental monopoles is given in terms of the low-energy supersymmertic
quantum mechanics on the Taub—NUT space twisted by the vector field G
[232,233).

Note that the non-relativistic Lagrangian (12.64) has a “secondary” Bogo-
mol’'nyi bound for the 1/4-BPS state, which is saturated when X = G®. The
total energy of the corresponding states includes the magnetic mass (g - 5’2),
and we can write

M = gopGGP + (G- hh) . (12.65)

Indeed, the electric field of the monopole is E, = X®§,A,, and for the
configurations that saturate the “secondary” BPS bound, we have E, =
G0 Ay, = V1. Thus, the first term in (12.65) is simply the electric mass.
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So far, we have been concerned about maximal symmetry breaking. The
case of minimal SU(3) symmetry breaking was considered recently in the
paper [287]. Recall that then the Higgs field &} is orthogonal to one of the
simple roots, say 31, and its asymptotic value breaks the symmetry to U(2).
The corresponding spectrum of states includes the massive fundamental 52—
monopole with a topological charge n and the massless ﬁl—monopole, which
is labeled by the holomorphic charge [k].

The configuration of the (2, [1]) supersymmetric monopole was considered
in [287]. This is an example of two massive monopoles and one massless mono-
pole, which can be thought of as a non-Abelian cloud surrounding the two
massive monopoles. We briefly discussed this system at the end of Chap. 8.
The difference from the non-supersymmetric case is that there is now a long-
range tail of the second scalar field f_L"l, which breaks the symmetry further
to the minimal subgroup U(1) x U(1). It was shown that the potential of the
(2, [1]) supersymmetric monopole is attractive and the massless monopole is
confined to one of these two massive monopoles.

Let us stop our discussion at this point. Recent developments in the un-
derstanding of the low-energy dynamics of the supersymmetric monopoles,
which basically used the same simple picture of geodesic motion on the un-
derlying moduli space suggested by N. Manton in 1982 [368], have greatly
improved our understanding of the structure of the vacuum of supersymmet-
ric theories. The restricted volume of our review does not allow us to go into
detail of many remarkable works. In particular, the general description of the
low-energy dynamics of the supersymmetric monopoles was given recently
in [233], where the complete effective Lagrangian of bosonic and fermionic
collective coordinates was derived. We also do not discuss here the powerful
Nahm formalism, which allows us to obtain many results in a very simple
and elegant way [287,353]. In this rapidly developing situation, we direct the
reader to the original works [95-97,118,119,232,233,287,353,441,501].

Finally, let us note that the effective Lagrangian of the collective coor-
dinates can be treated as a first step towards a complete quantum theory.
The moduli space approximation is actually a truncation of the whole func-
tional space of the quantum monopole to the finite-dimension subspace of
zero modes. However, a supersymmetric theory has a great advantage over
all other models: in the former, due to the fine balance between the bosonic
and fermionic degrees of freedom, the quantum corrections are controlled.
Thus, one could expect that there is a possibility of seeing what happens
with a quantum supersymmetric theory in a low-energy limit where the non-
perturbative effects play a special role.



13 Seiberg—Witten Solution
of N = 2 SUSY Yang—Mills Theory

In the previous two chapters we briefly discussed the so-called microscopic
form of the N = 2 supersymmetric Yang-Mills theory which is formulated in
terms of the component fields of the N = 2 chiral superfield ¥. This theory
is renormalizable and it is asymptotically free. However, it is known that at
sufficiently low energy not all of the fields appear in the spectrum as physi-
cal asymptotic states. At this scale, one can try to construct a macroscopic
effective theory dealing with physical degrees of freedom that are (almost)
massless. Such a theory may have properties which are completely different
from those of the microscopic theory. A famous example is the chiral effec-
tive Lagrangian of the low-energy QCD, whose spectrum includes baryons
and pions rather than quarks and gluons, which are degrees of freedom of the
perturbative QCD.

Technically, the procedure is to perform the integration over the mas-
sive states of the microscopic theory in the corresponding functional integral.
In principle, this allows us to construct a low-energy effective action. How-
ever, the non-perturbative character of the fluctuations at the low-energy
scale makes this approach rather complicated, even in the supersymmetric
theories, where all quantum corrections are under control. In the real world
with no supersymmetry, the situation becomes much more complicated. We
mentioned already in Chap. 9 that the problem of strong confinement in the
conventional QCD remains unsolved.

In 1994, Seiberg and Witten suggested a new way to avoid the technically
complicated, direct procedure of the calculation of the low-energy effective
action of the supersymmetric theories [469]. This seminal work deserves to
be considered as one of the milestones of theoretical physics of the XX-th
century. The point is that the following breakthrough is not restricted to
the problem of the determination of the exact form of the four-dimensional
non-perturbative low-energy effective action of the N = 2 supersymmetrical
Yang—Mills theory, but it initiated quite a radical change of the paradigm of
theoretical physics.

For longer than a century, it was believed that all varieties of physical
theories can be in some way derived from the yet unknown, but absolutely
perfect, Theory of Everything, the Holy Grail of generations of physicists.
This mainstream was supported by the consequent successes of the unification
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approach, which spans from Maxwell electrodynamics to the united SU(3) x
SU(2) x U(1) theory of electroweak and strong interactions. The matter of
the “revolution of 1994” is that such an ideology has drastically changed:
nowadays it is common to believe that there is no unique fundamental (string)
theory operating with some fixed set of fields, but that there are different
formulations of it that are related by some transformations of duality.

We are not in the position to discuss here neither the aspects of the
dualities of strings and branes nor even the details of the Seiberg—Witten
solution of the N = 2 supersymmetric Yang—Mills theory. We recommend
many introductions to this subject, see, e.g., [73,123,199,311, 347, 378,401,
424,473] and the references therein. Our interest is restricted to the role of
the magnetic monopoles and the idea of duality in the Seiberg-Witten theory.

In the remaining part of our review, we shall discuss these topics, con-
sidering the pure N = 2 supersymmetric Yang—Mills theory with the gauge
group SU(2).

13.1 Moduli Space

13.1.1 Moduli Space and its Parameterization

“Fvery theory has a hole.
One has only to look for it carefully.”

Mark Twain!

We are looking for an effective action that describes the behavior of the
model at energies lower than a scale of some infrared cutoff. This parame-
ter has to be much smaller than the masses of the lightest particles in the
spectrum.

Note that there are two different definitions of the effective action.

(i) The conventional generating functional of the one-particle irreducible
diagrams I'[¥] that can be obtained by a straightforward summation of the
contributions of the loop diagrams of all orders, where the integration over
the loop momenta is performed over all ranges of values, from 0 to co. Clearly,
the effective action I'[¥] depends on the normalization point y. In the mod-
els with spontaneous symmetry breaking, the normalization point is usually
taken to be identical with the vacuum expectation value of the Higgs field.

(ii) The Wilsonian effective action Sy [¥] is defined in a similar way,
however, the integration domain in this case is restricted from below by the
scale of p, which is the infrared cut-off parameter.

L Attribution according to I.B. Khriplovich, who used this nice quotation in his
book Parity Nonconservation in Atomic Phenomena (Gordon and Breach, 1991).
I am thankful for his kind permission to reproduce the quotation here, in a
different context.
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If the spectrum of the model contains no massless states and the nor-
malization point is taken to be much smaller than the mass of the lightest
particle, there is no difference between I'|¥, u] and Sw [¥]. However, if mass-
less states are present, only the Wilsonian effective low-energy action remains
self-consistently defined, and this is the case that we are discussing here. Note
that the difference between these two definitions of the effective action exists
also in the supersymmetric gauge models, because of the Konishi anomaly,
which implies that the beta-function depends on the definition we are using.
The most important difference between the two types of the effective action
is that, unlike I'[¥, u], the Wilsonian effective action has a coupling which
holomorphically depends on the normalization point y. In the context of the
discussion below, we shall use well-defined Wilsonian effective action.

The object of our study is given by the microscopic N = 2 supersymmetric
Lagrangian (12.5):

9 1 fe?

LN= — FuVFa
4 ’“’+327r2

-1

FYEL, + §(Vu<b‘f)2 (13.1)
1 a2 € b2 o " - . _

+ 5(%%) - 5[%%] — iXY*V X — ed1XX — ieVsPaXX -

We have mentioned already that there is a continuous set of classical vacua
that corresponds to the nullification of the potential of the complex Higgs
field: tr [¢, ¢!]? = 0. In the context of the SU(2) gauge theory, this condition
is fulfilled if ¢9 = vo3/2 and the complex number v can be considered as a
coordinate along the flat direction in the functional space that parameterizes
physically inequivalent vacua.

This situation is remarkably similar in form to our consideration of the
moduli space of the monopoles. The latter manifold is parameterized by the
collective coordinates and the low-energy approximation allows us to truncate
the infinite dimensional functional space to the moduli space M. By analogy,
the space of all physically inequivalent vacua of the N = 2 SUSY Yang—
Mills theory also corresponds to the lowest energy bound and an effective
theory can be determined by consideration of the soft massless excitations,
which, at least in the low-energy approximation, can be separated from the
massive modes. This similarity justifies the reason why the former space is
also referred to as the moduli space. We hope that the reader can distinguish
between both notions from the context of our discussion. Generally, the notion
of the moduli is defined as a set of parameters labeling the geometry of a
manifold.

The analogy with the monopole moduli space can be broadened, because
in the N = 2 supersymmetric Yang-Mills theory, the quantum moduli space
turns out also to be hyper-Kahler, i.e., it reveals a quaternionic structure
in the tangent space and the corresponding metric is then of the form of
(11.73). This opens the possibility of applying the very powerful methods of
differential and algebraic geometry to solve the problem of the construction
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of the low-energy effective action of the N = 2 SUSY Yang-Mills theory. In
the following we shall discuss this remarkable approach.

Let us note that the classical moduli space of the N = 2 super Yang—Mills
theory M, which is defined as the space of vacua parameterized by the com-
plex coordinate v along a flat direction, the moduli, includes a special point
v = 0. To understand the physical meaning of this singularity, let us recall
that a non-zero vacuum expectation value of the scalar field breaks the SU(2)
gauge symmetry to the Abelian subgroup. The structure of the Lagrangian
(13.1) means that then two of the vector bosons, Ay = %(A1 +iA?%), be-

come massive, with a mass m, = v/2v. Furthermore, t