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The Earth and the Moon. Montage of separate images recorded in 1992 by the spacecraft Galileo on its way to
the Jupiter system (Image PTIA 00342, courtesy of NASA/JPL-Caltech)



Preface

This textbook is intended to be used in a lecture course for college
students majoring in the Earth Sciences. Planetary science provides
an opportunity for these students to apply a wide range of subject
matter pertaining to the Earth to the study of other planets of the solar
system and their principal satellites. As a result, students gain a wider
perspective of the different worlds that are accessible to us and they
are led to recognize the Earth as the only oasis in space where we can
live without life-support systems. In addition, planetary science tends
to unify subjects in the Earth Sciences that are customarily taught
separately: geophysics, volcanology, igneous petrology, mineralogy,
geomorphology, geochemistry, hydrogeology, glacialogy, tectonics,
economic geology, historical geology, as well as meteoritics, microbi-
ology, physics, astronomy, atmospheric science, and even geopolitics
and international relations. Clearly, planetary science is well suited
to be taught as a capstone course for senior undergraduates and
beginning graduate students at universities everywhere. The explo-
ration of space is by necessity a cooperative enterprise in which
national borders, cultural differences, and even language barriers fade.
Therefore, we propose that planetary science should be incorporated into
the Earth Science curriculum even atinstitutions that donothave an active
research program in planetary science. Students will benefit from such a
course because it will expand their intellectual horizons and will prepare
them to contribute to the on-going exploration of the solar system.

This book evolved from a popular course we taught from 1988 until
2005 in the Department of Geological Sciences of The Ohio State
University. The course combined lectures with class discussions and
fieldtrips to the planets via videotapes. In addition, students solved
numerical homework problems and wrote short essays on assigned
topics which required them to use their own resources and to form
their own opinions based on factual information. As a result of the
progress in the exploration of the solar system that has already been
made, the planets of the solar system and their satellites are no longer
faint points of light in the night sky. Instead, they have become real
worlds with surfaces that contain records of their histories and of
their present environmental conditions. The data that are pouring in
from robotic spacecraft that are exploring different parts of the solar
system need to be interpreted by Earth scientists who are accustomed
to constructing realistic hypotheses from large sets of numerical data
and visual information.

XVii
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PREFACE

Our current knowledge about the Earth and the solar system is
expressed in the form of theories that explain the interactions of matter
and energy in a way that is consistent with all relevant observations
available to us at the present time. Accordingly, we emphasize the
importance of the scientific method in the exploration of the solar
system. In addition, we demonstrate the consistency of the physical and
chemical properties of the planets and their satellites with the current
theory of the origin and evolution of the solar system. In this way, the
differences in the properties of planets and satellites can be viewed as
a consequence of the processes that produced the solar system and that
continue to cause the evolution of its many components. Instead of
treating each body in the solar system as a unique entity, we emphasize
the patterns of variation among them. In this way, we demonstrate that
the solar system is a unit that has many parts with properties that vary
in predictable ways based primarily on their distances from the Sun.

For this reason, we begin this presentation with the Sun which
dominates the solar system and exemplifies the processes that cause
stars in the Milky Way galaxy to continue to form and evolve. In
addition, we relate the evolution of stars to the synthesis of chemical
elements by the nuclear reactions which release the energy that stars
radiate into interstellar space. We simplify this complex subject by
emphasizing the main events in the evolution of stars and stress that
the origin of the Earth and of the other planets of the solar system is
part of an ongoing process that started with the creation of the Universe
and that will continue until the end of time.

Next, we present Kepler’s Laws and demonstrate how they govern
the motions of all objects that orbit the Sun or any other massive body
in space. The motions of the Earth around the Sun are the basis for the
way we measure time and for the seasonal changes in the climate of the
Earth. The discussion of celestial mechanics also introduces students
to basic information about the geometries of ellipses and circles. In
addition, we demonstrate that the bulk densities of the terrestrial planets
decrease with increasing distance from the Sun in agreement with the
prevailing theory of the formation of the solar system.

The next six chapters deal with the terrestrial planets starting with
meteorites, followed by the Earth-Moon system, Mercury, Venus,
Mars, and the asteroids. Meteorites and the Earth-Moon system are
discussed first because they are familiar to us and because they
contain information about the early history of the solar system. For
example, the cratered surface of the Moon records a period of intense
bombardment by solid objects like those that still reside in the aster-
oidal belt. In addition, the gravitational interaction between the Moon
and Earth gives rise to the tides in the oceans, generates heat, and
causes the period of rotation of the Moon to be locked to the period of
its revolution around the Earth. Such gravitational interactions occur
also between Mercury and the Sun and between all of the planets and
their principal satellites including Jupiter and its Galilean satellites.

The descriptions of the terrestrial planets provide information on
their orbital parameters, their masses and volumes, the presence or
absence of magnetic fields and atmospheres, and their bulk chemical
compositions. These properties can be used to deduce their internal



PREFACE

XiX

structure, their geologic history and present activity, and the presence
or absence of water or other volatile compounds in solid, liquid, or
gaseous form. We emphasize that the present surfaces of the terrestrial
planets are shaped by the geological processes that have occurred in
the past or are still occurring at the present time.

The so-called gaseous planets and their satellites are alien worlds
with properties that are radically different from those of the Earth and
the other terrestrial planets. We pay particular attention to Jupiter and
its Galilean satellites because they exemplify the bizarre properties
of Saturn, Uranus, and Neptune and their major satellites. Each one
of these giant planets is unique and yet all of these planets and their
satellites fit the mold provided by the theory of the solar system.

Until quite recently, very little information was available about
the Pluto-Charon system on the outer fringes of the solar system.
Pluto is now known to be a member of a newly-defined group of
objects composed primarily of ices of several volatile compounds. The
largest members of this group, including Pluto, are now classified as
dwarf planets. In addition, the entire solar system is surrounded by
a “cloud” of icy bodies whose highly eccentric orbits take them far
into interstellar space. When these small solar-system bodies return to
the inner solar system, they may either collide with the gaseous and
terrestrial planets or they may swing around the Sun as comets.

The discussion of comets returns our attention to the inner solar
system and thus to the Earth, which is the only planet we know well.
Therefore, the next to last chapter contains a review of the dominant
planetary processes and of the way these processes are manifested
on Earth. The principal point of these comparisons is to recognize
the uniqueness of the Earth as “an abode fitted for life”. In the final
chapter we take note of the existence of planets in orbit around other
stars in our galactic neighborhood. Most of the planets that have been
discovered so far are more massive than Jupiter and some of them orbit
close to their central star. Although none of the 160 extrasolar planets
known at the present time are likely to harbor life, we are beginning
to consider the possibility that alien organisms may occur on other
planets in the galaxy. We are at a critical juncture in the history of
humankind because our scouts are about to leave the “cradle of life”
to venture forth to other planets of the solar system and beyond.

The teaching aids used in this textbook include black-and-white
diagrams that illustrate and clarify the text. We also provide numerous
and carefully chosen color pictures of planetary surfaces and extrater-
restrial objects. All of the diagrams and color pictures have extensive
explanatory captions that complement the information provided in the
text. This textbook also includes end-of-chapter problems by means
of which students can test their understanding of the principles of
planetary science and can verify statements made in the text. In
addition, we provide subject and author indexes, and appendices
containing relevant formulae and lists of the properties of the planets
and their satellites. In conclusion, we reiterate our basic premise that
the Earth scientists in training today will benefit from a capstone course
that unifies what they have learned about the Earth and that broadens
their intellectual horizon to include the solar system in which we live.
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On May 25, 1961, President John F. Kennedy
of the USA (Figure [LT) made a speech before
a joint session of Congress concerning urgent
national needs. In this speech, he proposed to
send an American astronaut to the Moon before
the end of the decade and to bring him back
alive:

“...I believe that this nation should commit itself to
achieving the goal, before this decade is out, of landing
a man on the moon and returning him safely to
the earth. No single space project in this period will
be more impressive to mankind, or more important
for the long-range exploration of space; and none
will be so difficult or expensive to accomplish...”
<http://www.cs.umb.edu/jtklibrary/j05256/ htm>

This bold proposal immediately captured the
support of the American people who were
concerned at the time because the USA had fallen
behind the Soviet Union in launching spacecraft
into Earth orbit (Im, .

The accomplishments of the Soviet Union in
the exploration of space at that time included
the launching of Sputnik 1 into Earth orbit
on October 4, 1957, followed by Sputnik 2
on November 2 of the same year. During this
period, several American rockets exploded on
the launch pad until the Explorer 1 satellite
was launched on January 31, 1958, by a
rocket built by Wernher von Braun and his
team of engineers at the Redstone Arsenal
near Huntsville, Alabama (Ward, 2003). Subse-
quently, the USA launched seven Pioneer space-
craft between October 11, 1958 and December
15, 1960 from Cape Canaveral, Florida, for
planned flybys of the Moon, but all of them either
missed the Moon or malfunctioned after launch
(Weissman et all, [1999).

The Soviet Union also had its share of failures
with the Luna program designed to explore the
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Moon. However, Luna 3, launched on October
4, 1959, did reach the Moon and photographed
the farside, which had never before been seen
by human eyes. The Soviet Union achieved
another important success when Yuri Gagarin
orbited the Earth on April 12, 1961, and returned
safely.

In the meantime, the National Aeronautics and
Space Administration (NASA) had designed and
built a spacecraft for Project Mercury whose goal
it was to put humans into space. On April 1,
1959, seven military test pilots were selected to
be the first Mercury astronauts, including Alan
Shepard who carried out a 15 minute suborbital
flight on May 5, 1961, followed by a second
suborbital flight on July 21, 1961, by Virgil
“Guss” Grissom. Finally, on February 20, 1962,
John Glenn orbited the Earth three times in a
Mercury capsule (Glend, [1999).

When viewed in this perspective, President
Kennedy’s dramatic proposal of May 25, 1961, to
put a man on the Moon was a giant leap forward.
It was intended to rouse the American people
from their depression and to demonstrate to the
world that the USA possessed the technology to
achieve this goal and that it had the collective will
to carry it out. Therefore, President Kennedy’s
proposal was primarily motivated by political
considerations related to the Cold War with the
USSR. He did not say that the astronauts should
explore the Moon by taking photographs and by
collecting rocks, nor did he mention how many
flights should take place. These matters were
advocated later by geologists at academic insti-
tutions and by members of the United States
Geological Survey and were adopted by NASA
with some reluctance (Wilhelmd, [1993).

The American effort to put a man on the Moon
succeeded brilliantly when Neil Armstrong and




Figure 1.1. John F. Kennedy, 35th President of the USA
from 1961 to 1963. (John F. Kennedy Presidential Library
and Museum, Boston, MA)

Edwin Aldrin landed in the Sea of Tranquillity
on July 20, 1969, in accordance with President
Kennedy’s challenge ; Aldrin and
McConnell, ; , ). The lunar
landing of Apollo 11 was followed by six
additional flights, the last of which (Apollo 17)
returned to Earth on December 19, 1972 (Cernan
and Davis, ). The Soviet space program also
succeeded by landing robotic spacecraft on the
Moon starting with Luna 9 (launched on January
31, 1966) followed later by several additional
flights, some of which returned samples of lunar
soil (e.g., Luna 20, 1972; Luna 24, 1976).

These landings on the surface of the Moon
achieved a long-standing desire of humans to
explore the Moon and the planets whose motions
in the night sky they had observed for many
thousands of years. Some people considered the
exploration of the Moon by American astronauts
and by Soviet robotic landers to be a violation of
the sanctity of a heavenly body, but most viewed
it as an important milestone in the history of
mankind.

CHAPTER 1
1.1 The Exploration of Planet Earth

The exploration of the Earth began more than
one million years ago as groups of human hunter-
gatherers (Homo erectus) roamed across the
plains of Africa and Asia in search of food.
More recently, at the end of the last ice age
between about 20,000 and 10,000 years ago,
when sealevel was about 120 meters lower than
it is today, hunting parties from Siberia crossed
the Bering Strait on foot to Alaska. These people
subsequently explored the new territory they had
discovered and eventually populated all of North
and South America. When the continental ice
sheet started to recede about 20,000 years ago,
sealevel increased and eventually flooded the
Bering Strait about 10,000 years ago (m
[1993, Figure 24.9).

In a much more recent period of time,
starting in 1415 AD, Portuguese mariners began
a sustained and state-supported effort to sail
south along the coast of West Africa (Im,

). Their goal was to find a direct route
to the Far East, which was the source of
silk, spices, and other high-priced goods that
reached the Mediterranean region primarily by
land via slow-moving caravans. In the process,
the Portuguese navigators disproved much misin-
formation about the perils of crossing the equator
of the Earth, they constructed accurate maps,
improved navigational techniques, and designed
more seaworthy sailing ships. After 83 years
of effort by many successive expeditions, the
Portuguese explorer Vasco da Gama in 1498 AD
reached the city of Calicut (Kozhikode) in India.
Fourteen years later, in 1512 AD, the Portuguese
arrived in the Spice Islands (Moluccas) and, in
1515 AD, they “discovered” China. Actually, the
Portuguese were by no means the only explorers
at that time because Chinese navigators had
already reached the east coast of Africa, Marco
Polo had lived in China from 1276 to 1292 AD,
and Alexander the Great crossed the Himalayas
into India in 326 BC, or 1824 years before Vasco
da Gama sighted the Malabar coast of India.

While the Portuguese were seeking a direct
route to China by sailing east, Christopher
Columbus proposed to Queen Isabella of Spain
that China could be reached more directly by
sailing west. In 1486 the Queen appointed a
Commission to evaluate this proposal. After
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deliberating for four years, the Commission
declared that Columbus’ proposal was nonsense.
However, the defeat of the Moors by the Spanish
armies in the battle of Granada in 1492 caused the
Queen to reconsider. Columbus was recalled to
the Spanish court and his proposal was approved
on April 17 of 1492. Six months later, on October
12, Columbus sighted land after sailing west
across the Atlantic Ocean six years before Vasco
da Gama reached India.

Christopher Columbus had, in effect, redis-
covered North America which had been
populated thousands of years earlier by people
from Siberia and which had also been visited
by Vikings led by Leif Eriksson, son of Erik
the Red, who had established a settlement in
Greenland in 986 AD. In fact, all of the conti-
nents (except Antarctica) and most of the large
islands contained human populations in the 15th
century when the Portuguese began their quest
to find a way to India, China, and the islands in
the Molucca Sea of Indonesia.

In spite of the discoveries Christopher
Columbus had made, he had not actually reached
China or the Moluccas. Therefore, Emperor
Charles V of Spain authorized the Portuguese
nobleman Ferdinand Magellan to reach the
Moluccas by sailing around the southern end
of the landmass that Columbus had discovered.
A small fleet of five ships sailed on September
20, 1519, with 200 people on board. One year
later, on November 28, 1520, the three remaining
ships sailed through a narrow passage (now
known as the Straits of Magellan) and entered
a new ocean on a calm and sunny day. Accord-
ingly, Magellan and his surviving associates
named it the Pacific Ocean. However, the
voyage across the Pacific Ocean was a nightmare
because of the lack of fresh food and water. Many
crew members died of scurvy and Magellan
himself was killed in a battle with natives in the
Philippines. The 18 survivors completed the first
circumnavigation of the Earth and returned to
Seville in 1522 AD after three years at sea.

All of the expeditions of the fifteenth to the
seventeenth centuries were motivated primarily
by the desire for wealth and power. The explo-
ration of the Earth that resulted from these
voyages was an unintended byproduct. Not until
the eighteenth century did scientific exploration
become a factor in motivating the expeditions
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organized by England and France. Noteworthy
among the leaders of these extended voyages
of discovery were Captain Louis Antoine de
Bougainville of France (1729-1811) and Captain
James Cook of Britain (1728-1779).

Captain de Bougainville had an illustrious
career in the service of France. He first served as
aide-de-camp to General Louis-Joseph Montcalm
in Canada during the French and Indian War
(1756-1763) described by [Andersod (2009). In
1763, he led an expedition to the South Atlantic
Ocean and set up a French colony on the
Falkland Islands. Next, he sailed around the
world between 1766 and 1769 accompanied by
a group of scientists. In 1772, de Bougainville
became the secretary to King Louis XV of France
and served as the Commodore of the French
fleet which supported the American Revolution
(1779-1782). After the French Revolution in
1792, he settled on his estate in Normandy. Later,
Napoleon I appointed him to be a Senator, made
him a Count, and a Member of the Legion of
Honor. He died on August 31, 1811, in Paris at
the age of 82.

James Cook learned his craft as a seaman on
wooden sailing ships that hauled cargo along
the North-Sea coast of England. In 1752 he
enlisted in the Royal Navy and participated in
the siege of Louisburg in Nova Scotia during the
Seven-Years War (1756-1763) between Great
Britain and France (Anderson, 200d). He also
helped General Wolfe to cross the St. Lawrence
River for an attack on the city of Quebec.
The British army commanded by General Wolfe
scaled the rocky cliff along the northern bank of
the river under cover of darkness and defeated
the French army of General Montcalm on the
Plain of Abraham on September 13, 1759.

In 1768 the Royal Society of England selected
James Cook to command the first scientific
expedition to the Pacific Ocean. His orders were
to transport a group of British scientists led by
Joseph Banks to the island of Tahiti in order
to observe the transit of Venus across the face
of the Sun on June 3, 1769. Subsequently, he
was ordered to sail south to explore the so-
called Terra Australis. During this leg of the
expedition Cook discovered and circumnavigated
New Zealand. He then crossed the Tasman Sea
and, on April 19,1770, discovered the east coast
of Australia. On this voyage he mapped not only
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the coast of New Zealand but also the Great
Barrier Reef which is still considered to be a
serious navigational hazard. On his way back
to England, Cook passed through the Torres
Strait between Timor and the York peninsula
of Australia, stopped briefly in Batavia (i.e.,
Jakarta) and arrived in England in 1771 without
losing a single member of his crew to scurvy,
although 30 men died of fever and dysentery
contracted in Batavia.

James Cook led two additional scientific
expeditions to the Pacific Ocean. During the
second voyage (1772-1775) he entered the
Pacific Ocean from the west and approached
the coast of East Antarctica before turning
north. He mapped Easter Island and Tonga and
discovered New Caledonia before continuing to
cross the Pacific Ocean. By sailing east around
the tip of South America he entered the Atlantic
Ocean where he discovered the South Sandwich
Islands and South Georgia Island. During this
voyage Cook concluded that the hypothetical
Terra Australis existed only in the form of
New Zealand and Australia and that Antarctica
was not the hoped-for oasis of the southern
hemisphere.

During his third and last cruise (1776-1779)
Cook again entered the Pacific Ocean from the
west, passed New Zealand and Tahiti before
turning north to the Hawaiian Islands. From there
he sailed north along the west coast of North
America into the Bering Strait and entered the
Chukchi Sea. On his return to Hawaii Captain
Cook was killed on February 14, 1779, during a
skirmish with native Hawaiians on the beach at
Kealakekua Bay on the Big Island.

During his three expeditions between 1768 and
1779 Cook mapped large areas of the Pacific
Ocean from the coast of Antarctica to the Bering
Strait. In addition, the scientists on his ships
contributed greatly to the advancement of botany,
zoology, anthropology, and astronomy. Cook’s
expeditions were motivated primarily by the
desire to explore the Earth and thereby set a
precedent for the current exploration of the solar
system.

We may have inherited the urge to explore
from our distant ancestors (i.e., Homo erectus)
who had to keep moving to survive. Those
who were bold and took risks were occasionally
rewarded by finding new places to hunt and
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to gather food. The more recent voyages of
discovery by Vasco da Gama, Christopher
Columbus, and Ferdinand Magellan, and many
others were motivated primarily by the hope
of becoming rich and famous. These explorers
endured great hardships and many lives were
lost. Nevertheless, the voyages did stimulate
world trade and increased the wealth and power
of certain European nations. The voyages also
led to advances in science and to improvements
in the technology of the time as exemplified by
the expeditions of Louis Antoine de Bougainville
of France and of Captain James Cook of Great
Britain.

When the 20th century ended a few years ago,
the exploration of the Earth had been success-
fully concluded. In the meantime, advances in
science and technology had prepared the way for
the exploration of the space around the Earth and
of the Moon, our nearest celestial neighbor. In
addition, robotic spacecraft are now providing
increasingly detailed views of the planets of the
solar system and their satellites. As a result,
we are contemplating a future when humans
may live in space stations orbiting the Earth
and in settlements on the Moon, on Mars, and
perhaps elsewhere. This giant leap for mankind
has become possible because of the development
of powerful rocket engines and of sophisticated
electronic computers.

1.2 Visionaries and Rocket Scientists

One of the technological prerequisites for
the exploration of the solar system was the
development of the rocket engine. In addition,
the people of the world had to be made aware
of the possibility that space travel by humans is
feasible. Therefore, the exploration of the solar
system was first popularized by visionaries and
then realized by rocket scientists.

The first proposal for space travel was written
in the seventeenth century by Johannes Kepler
(1571-1630 AD) who was both a scientists and a
visionary. He published a story called Somnium
(The Dream) in which he described a trip to
the Moon by means of his mother’s spells. The
authorities were not amused and accused his
mother of being a witch. She was imprisoned
for six years before Kepler was able to secure
her release. Although Kepler’s science fiction did
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not catch on, he did explain the motions of the
planets in their orbits around the Sun and thereby
provided the foundation for modern astronomy.
However, two centuries passed before the people
of the world were ready to think about space
travel again.

The science fiction novels of Jules Verne
(1828-1905) and later those of H. G. Wells
(1866—1946) generated interest in space travel and
inspired some of the pioneers whose scientific
contributions have made the exploration of the
solar system a reality. In addition, the paintings of
Chesley Bonestell, Ron Miller, W. K. Hartmann,
Pamela Lee, and other space artists have let us see
places in the solar system and in the Milky Way
galaxy we have not yet been able to reach. Chesley
Bonestell’s images, which appeared in numerous
books, magazine articles and movies starting in the
early 1940s, inspired an entire generation of future
explorers of the solar system including Wernher
von Braun, Arthur C. Clarke, Carl Sagan, Fred
Whipple, and Neil Armstron i ,
2001);Hartmann etal],[1984;[Mi :
M) The individuals to be considered here
include Konstantin E. Tsiolkovsky (1857-1935),
Robert H. Goddard (1882-1945), and Wernher
von Braun (1912-1977).

Konstantin Eduardovitch Tsiolkovsky
(Figure [L2) became interested in space travel
as a young man after reading novels by Jules
Verne (e.g., De la Terre a la Lune; From the
Earth to the Moon, published in 1865). In
1880 Tsiolkovsky took a job as a mathematics
teacher in Borovsk, Kaluga Province of Russia,
where he began to think seriously about how
humans could live in space. In 1892 he moved
to the town of Kaluga where he designed
liquid-fueled, steerable rockets, and spacecraft
that included gyroscopes for attitude control and
airlocks through which astronauts could exit for
extra-vehicular activity (EVA) in free space. He
also designed an orbiting space station which
contained a greenhouse to provide food and
oxygen for the occupants. These plans were
included in a scientific paper which Tsiolkovsky
wrote in 1903: “Investigations of space by
means of rockets”.

Tsiolkovsky was convinced that humans
would eventually colonize the solar system and
then move on to planets orbiting other stars in
the Milky Way galaxy:

Figure 1.2. Konstantin Eduardovitch Tsiolkovsky (1857-
1935) was a Russian rocket scientist and pioneer of
cosmonautics

“Men are weak now, and yet they transform the Earth’s
surface. In millions of years their might will increase to the
extent that they will change the surface of the Earth, its
oceans, the atmosphere, and themselves. They will control
the climate and the Solar System just as they control the
Earth. They will travel beyond the limits of our planetary
system; they will reach other Suns and use their fresh
energy instead of the energy of their dying luminary.” (i.e.,
our Sun).

Although Tsiolkovsky did not actually build
rockets or spacecraft, he influenced many young
Russian engineers including Sergey Korolev who
later became the “Chief Designer” of the Soviet
space program. Korolev led the team of engineers
that designed and built the rockets that launched
Sputniks 1 and 2 in 1957 and which put Yuri
Gagarin in orbit around the Earth in 1961.
<http://www.informatics.org/museum/tsiol.html>.

Robert Hutchings Goddard (Figure [L3)), like
Tsiolkovsky, became interested in space flight
as a young man after reading the science fiction
novel: “War of the Worlds” by H.G. Wells. He
studied physics at Clark University in Worcester,
Massachusetts, and received his doctorate in
1908. Subsequently, he joined the faculty of
Clark University and started to experiment with



Figure 1.3. Robert H. Goddard (1882—-1945). (Courtesy of
NASA)

rockets in a small basement laboratory. His
results demonstrated that rockets can generate
forward thrust in a vacuum and he invented
a rocket engine that burned liquid oxygen
and gasoline. Finally, on March 16, 1926, he
successfully tested such a rocket in Auburn,
Massachusetts.

Goddard’s research was funded by the Smith-
sonian Institution of Washington, D.C., which
published a report he had submitted in 1919 in
which he mentioned the possibility that rockets
could be used to reach the Moon. Much to
Goddard’s dismay, this idea was ridiculed by
newspaper reporters, which caused him to avoid
publicity of any kind in the future. However,
copies of Goddard’s report were read with great
interest in Europe and may have encouraged the
founding of the German Rocket Society in 1927.

In spite of the unfavorable publicity in the
USA, Goddard continued to improve the rockets
he was building with new funding arranged
for him by Charles Lindbergh. He moved his
operation to Roswell, New Mexico, where he
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could launch his rockets in secret. In the 1930s
his rockets first broke the sound barrier and
reached an altitude of 1.6km (i.e., one mile)
above the surface of the Earth. Goddard’s inven-
tions were used after his death in 1945 to build
intercontinental ballistic missiles (ICBMs) as
well as the multi-stage rockets that put a man on
the Moon in 1969.

The contributions Goddard made to rocketry
were officially recognized in 1959 when
the Congress of the USA authorized the
issuance of a gold medal in his honor
and established the Goddard Space Flight
Center in Greenbelt, Maryland. In addition,
the Federal Government agreed to pay
$1,000,000 for the use of Goddard’s patents.
(<http://www.gfsc.nasa.gov/gsfc/service/gallery
/fact-sheets/general/goddard/goddard.htlm>)

Wernher von Braun (Figure [L4) grew up in
Germany and, like Tsiolkovsky and Goddard,
became an enthusiastic advocate of space travel
after reading the science fiction novels of Jules
Verne and H.G. Wells , 2003). He also
studied a seminal scientific report by Hermann
Oberth published in 1923: “Die Rakete zu den
Planetenrdumen” (The rocket into interplanetary
space). The desire to understand the technical
details of Oberth’s report motivated von Braun
to learn physics and mathematics when he
was still in highschool. In 1930, he joined the
German Society for Space Travel and assisted
Oberth in testing liquid-fueled rocket engines.
After receiving a B.S.degree in mechanical
engineering in 1932 from the Technical Institute
of Berlin, von Braun enrolled in the University of
Berlin and received his Ph.D. degree in physics
in 1934. His dissertation was a theoretical and
experimental study of the thrust developed by
rocket engines.

When the Society for Space Travel experi-
enced financial difficulties during the worldwide
economic depression in the early 1930s, von
Braun went to work for Captain Walter
R. Dornberger who was in charge of solid-
fuel rockets in the Ordnance Department of
the German Army (Reichswehr). Within two
years, von Braun’s team successfully launched
two liquid-fueled rockets that achieved an
altitude of more than 2.4 kilometers (1.4 miles).
Because the original test site was too close
to Berlin, the Army built a new facility near
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Figure 1.4. Wernher von Braun (1912-1977), Director of
the NASA Marshall Space Flight Center. (Courtesy of
NASA)

the village of Peenemiinde on the coast of the
Baltic Sea in northeastern Germany. Dornberger
was the military commander and von Braun
was the civilian technical director of the new
rocket-research center. One of the rockets that
was developed there was the A-4, which became
known as the V-2 when it was used by the
German Army to strike targets in Great Britain
during World War II (1939-1945). At that time,
the German rockets developed in Peenemiinde
were superior to those of any other country,
although von Braun acknowledged the impor-
tance of Robert Goddard’s work in the devel-
opment of rocket technology.

When the Russian Army approached
Peenemiinde during the winter of 1944/45, von
Braun moved his entire staff and a large number
of rockets to western Germany and surrendered
to the advancing American forces. Within a few
months, he and about 100 of his engineers were
taken to Fort Bliss in Texas. From there they
traveled to White Sands, New Mexico, where
they launched V-2 rockets for high-altitude
research. In 1952, von Braun and his team
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moved to Huntsville, Alabama, where von
Braun was the technical director and later chief
of the U.S. Army ballistic-weapons program.

Even though he was designing and testing
rockets for the US Army, von Braun published
several popular books between 1952 and 1956 in
which he advocated space travel and developed
plans for landing astronauts on the Moon and
Mars (See Section [L7] Further Reading). After
the Soviet Union launched the Sputniks in
October and November of 1957, von Braun
was asked to use one of his rockets to launch
an American satellite into orbit. The launch of
Explorer 1 by a Redstone rocket took place on
January 31, 1958, and thereby initiated the explo-
ration of space by the USA. As a result, von
Braun who had become a naturalized citizen of
the USA in 1955, became a national hero and
leading advocate of the exploration of the solar
system.

The organization that von Braun had built up
in Huntsville was later transferred to NASA and
was renamed the C. Marshall Space Flight Center
with von Braun as its first director. The Center
developed the Saturn rockets, which were used
between 1969 and 1971 to launch spacecraft to
the Moon in response to President Kennedy’s
directive. These rockets performed flawlessly
and enabled astronauts to set foot upon the Moon.
As a result, we now have the technological
capability to explore the solar system and, in
time, to establish human settlements in space
and on other planets, as Konstantin Tsiolkovsky
envisioned more than 100 years ago.

1.3 Principles of Rocketry and Space
Navigation

Before a spacecraft built on Earth can travel
anywhere in the solar system it must have a
powerful engine that can lift it far enough above
the surface so that it can escape from the gravi-
tational force the Earth exerts on all objects on
its surface. The engine that is required for this
purpose must also be able to function in the upper
atmosphere of the Earth where the air gets very
“thin” and where the amount of oxygen is insuf-
ficient to operate internal combustion engines
powered by gasoline. The only propulsion system
that can provide the necessary power and that
can operate in the vacuum of space is the rocket
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engine. Therefore, space travel and the explo-
ration of the solar system were not possible
until after Robert Goddard, Wernher von Braun,
and Sergey Korolev designed and tested rocket
engines that could lift a spacecraft, the rocket
engine itself, and the necessary fuel into orbit
around the Earth.

The principle of operation of the rocket engine
is derived from a law of nature discovered by
Isaac Newton (1642-1727), which states that
to every action there is an equal and opposite
reaction. In the rockets in Figure a jet of hot
gas is expelled through a nozzle at the rear which
causes the rocket itself to move forward. The hot
gas is generated by combustion of either a solid
or a liquid fuel. The solid fuel burns even in the
vacuum of space because the fuel contains the
oxygen that is needed for its combustion. Liquid-
fueled rockets carry oxygen and fuel in liquid
form. Both are pumped into the combustion

Rocket Using Solid and
Liquid Fuel
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Figure 1.5. Schematic diagrams of rockets powered by solid
and liquid fuel. Both derive forward thrust from the jets of
hot gas expelled through the nozzles in the rear. The nose
cone contains the payload, which is small compared to the
weight of the body of the rocket and the fuel it contains.
The arrows extending from the nose cones represent the
magnitude and direction of the force exerted by the rocket
engines. (Adapted from Figure B2 of Wagnel, @l)
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chamber where they burn to form the hot gas that
is expelled through the nozzle of the engine.

The force of gravity exerted by the Earth on
all objects decreases with increasing distance
from its center in accordance with Newton’s law
of gravity (Science Brief 1.5.1). According to
this law, the force exerted by the Earth on an
object on its surface decreases when that object is
moved farther away from the Earth (i.e., into the
space between the planets). Figure [LG demon-
strates that the force of gravity exerted by the
Earth decreases from “one” when the object is
located on the surface of the Earth to only 0.01
when the object is moved to a point located ten
Earth radii from its center. At that distance, the
object is nearly weightless and therefore could
remain in free space without falling back to the
surface of the Earth.

Figure also demonstrates that a spacecraft
launched from the surface of the Earth has to
climb out of the gravitational hole into free space
before it can start its journey to the Moon, or
Mars, or to other more distant locations. At the
present time, rocket engines burning solid or
liquid fuel are the only way a spacecraft can
escape from the gravitational force of the Earth.

The Force of Gravity Exerted
by the Earth on a Spacecraft
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Figure 1.6. This diagram illustrates that the force of gravity
acting on an object of constant mass decreases from 1.0 on
the surface of the Earth to near zero when that object is
transported into interplanetary space. The distance between
the center of the Earth and the object is expressed in
multiples of the radius of the Earth, which has a value of
6378 kilometers. The scale of the vertical axis was inverted
in order to make the point that a rocket must “climb” out
of a gravitational hole in order to reach free space where it
becomes weightless because the force of gravity exerted on
it by the Earth approaches zero (See Science Brief 1.5.1)
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After a spacecraft has arrived in free space, a
comparatively small push from a rocket motor
can move it in the direction of its desired desti-
nation.

When a spacecraft approaches its destination,
it is acted upon by the force of gravity exerted
by the target planet which pulls it into a gravita-
tional hole like that which surrounds the Earth.
To avoid a crash landing, the spacecraft must
go into orbit around the planet and then descend
gradually for a controlled landing.

A spacecraft in a stable circular orbit around
a planet is acted upon by two forces identified in
Figure [L71 The gravitational force (F,) exerted
by the planet is pulling the spacecraft toward
itself. This is opposed by the centrifugal force
(F,) that is generated by the velocity (v) of the
spacecraft in its circular orbit around the planet.

A Spacecraft in Orbit Around a Planet

Spacecraft

Planet

™

Distance in radii

Figure 1.7. Forces acting on a spacecraft or satellite that is
“in orbit” around a planet. The velocity (v) of the spacecraft
generates a centrifugal force (F,) which must be equal in
magnitude but opposite in direction to the gravitational force
(F,). When F, =F,, the spacecraft is in a stable circular
orbit above the surface of the planet. When the velocity
(v) decreases, F, decreases, whereas F; remains constant.
Consequently, the radius of the orbit decreases which causes
F, to increase as the spacecraft approaches the surface of
the planet in accord with Figure [[6] When a spacecraft
descends to a lower circular orbit, its velocity must increase
in order to raise the centrifugal force sufficiently to balance
the increase in the gravitational force. (See Science Brief
1.5.2 and 1.5.3)
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When the two opposing forces are equal, the
spacecraft is weightless and can remain in orbit
unless its velocity is decreased by an external
process (i.e., the firing of a “retrorocket”). When
that happens, the centrifugal force (F,) decreases
while the force of gravity that acts on the space-
craft remains constant. As a result, the altitude
of the spacecraft begins to decrease. Therefore, a
spacecraft in orbit around a planet can be made
to land by gradually reducing its orbital velocity
(See also Science Brief 1.5.2).

1.4 Summary

The modern era of space exploration can be
traced to the work of four individuals: Konstantin
E. Tsiolkovsky and Sergey Korolev of Russia,
Robert H. Goddard of the USA, and Wernher von
Braun of Germany and the USA. These rocket
scientists were inspired by the science-fiction
novels of Jules Verne and H.G. Wells to design
the rocket engines that are required to place
artificial satellites in orbit around the Earth and
to propel robotic or manned spacecraft from the
Earth to the Moon and to the planets of the solar
system.

The exploration of the solar system actually
began thousands of years ago with the explo-
ration of the Earth. Early humans (Homo erectus)
in Africa and Asia were hunter/gatherers who
needed to keep moving in order to survive. Some
groups of hunters from Siberia walked across
the Bering Strait during the last ice age more
than about 10,000 years ago and discovered new
land on the other side which was uninhabited by
humans.

Still more recently, in 1415 AD, the rulers
of Portugal on the Iberian peninsula of Europe
attempted to find a sea-route to India, China,
and the so-called spice islands in order to gain
wealth and political power. Many hundreds of
sailors died on the expeditions that attempted
to sail around the southern tip of Africa and
across the Indian Ocean. In spite of the losses,
the Portuguese mariners ultimately established a
highly profitable trade in silk, spices, and other
valuable commodities.

The success of the Portuguese merchants
motivated other countries to participate in the
search for wealth: Spain, The Netherlands,
Britain, and France. Expeditions sent by Britain
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and France included scientists who wrote reports
about their discoveries, which substantially
increased knowledge of the Earth. During the
20th century, the exploration of the Earth
progressed rapidly with the result that all conti-
nents were mapped and thoroughly investigated
from the air and on the ground.

The exploration of the Earth has now evolved
to the exploration of the other planets and their
satellites in the solar system made possible by
the development of the rocket engine. Seven of
the eight planets of the solar system have been
examined by remote sensing from robotic space-
craft. Only Pluto has not yet been visited by
a spacecraft from Earth, but a robotic space-
craft called New Horizons will arrive in its
vicinity in 2015. In addition, several spaceships
from Earth have landed on Mars and Venus and
twelve humans have walked on the Moon. The
modern era of exploration of the solar system
has begun and will continue with the active
participation of many nations including the USA,
Russia, the European Union, Japan, and China.
In addition, India, Pakistan, Iran and North Korea
have rocket-powered ballistic missiles that could
be used for space exploration.

1.5 Science Briefs
1.5.1 Force of Gravity

The force of gravity exerted by a planet of mass
(M) on another body of mass (m) is expressed
by Newton’s Law of gravitation:
M xm
r2

F=G (1.1)
where F = force of gravity in newtons (N)
M = mass of the planet in kilograms (kg)
m = mass of the other object in kilograms
r = distance between the object and the
center of the planet in meters (m)
G = gravitational constant
= 6.67 x 107" N x m?/kg’
Let M = 5.98 x 10** kg (mass of the Earth)
r = 6.378 x 10°m (one Earth radius)
m= 1.0kg

Fo 6.67 x 1071 x5.98 x 10** x 1.0
N (6.378 x 106)?

=9.805N

CHAPTER 1

Let r = 10 x 6.378 x 10°m (10 Earth radii)

g 6:67x 107" % 5.98 x 10** x 1.0
N (63.78 x 106)2

F=0.09805N

The results indicate that, if the force of gravity
acting on the object on the surface of the Earth is
equal to 1.0, the force acting on the same object
10 radii from the center of the Earth is equal to
0.09805/9.805 = 0.01 and the units cancel.

1.5.2 Stable Circular Orbit

A spacecraft of mass (m) in orbit about a planet
of mass (M) is acted upon by the gravitational
force (F,) expressed by equation [L1]

A spacecraft in circular orbit around a planet
is also acted upon by the centrifugal force (F,)
depending on its velocity (v):

F,= — (1.2)

If the spacecraft is in a stable circular orbit:
F, =F, (1.3)

In case the velocity of a spacecraft in a
stable circular orbit is decreased by external
means (e.g., by firing an on-board rocket),
the centrifugal force (F,) in equation
decreases, whereas the gravitational force (F,) in
equation [LT] is unaffected. Therefore, the gravi-
tational force (F,) becomes stronger than the
centrifugal force (F,) and the spacecraft begins
to spiral toward the surface of the planet.

In case the velocity of a spacecraft in a stable
orbit is increased (e.g., by firing an on-board
rocket), the centrifugal force (F,) becomes
stronger than the gravitational force (F,). As a
result, the orbit of the spacecraft changes from
a circle to an ellipse. If the spacecraft is accel-
erated sufficiently, its orbit ultimately changes
from an ellipse into a parabola, which causes the
spacecraft to move away from the planet without
returning.
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1.5.3 Average Velocity of an Object
in Circular Orbit

The condition for a circular orbit expressed by
equation [[3is: F, =F;:
Substituting equations [[LT] and

GMm mv?
2 r
GM\ 2
= (T) (1.4)

This result indicates that the velocity of a space-
craft in a circular orbit is inversely proportional
to the square root of the radius of the orbit. Alter-
natively, equation [L4] can be solved for r:

Note that equations [[4] and [L3 apply only to
spacecraft in stable circular orbits as required by
equation [[3]

1.6 Problems

1. Exploration has always been a risky business
that has caused great hardship and death.
The polar regions of the Earth, in some
respects, resemble the surface environment of
the planet Mars. Select one of the several polar
explorers and write a short report about him
(2 pages double-spaced). Identify what aspect
of the planning and execution led to success
or failure of the expedition:

1. Roald Amundsen
2. Robert F. Scott
3. Ernest Shackleton

4. Fridtjof Nansen
5. Lauge Koch
6. Peter Freuchen

2. Science Brief 1.5.3 contains the equation:

GMm _ mv’
2
Solve this equation first for the velocity (v)
and then for the orbital radius (r).

3. Calculate the velocity of the Earth in its orbit
around the Sun given that:
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M = 1.99 x 10*°kg (mass of the Sun)
r= 149.6 x 10° m (radius of the orbit of the
Earth)
G = 6.67 x 107" Nm?/kg’
constant)
Express the orbital velocity in km/s. (Answer:
v =29.78km/s).
4. What important assumption underlies the
calculation in problem 3 above?
5. Calculate the average orbital velocity of the
Earth given that:
r = 149.6 x 10°km (radius of the orbit of
the Earth)
p = 365.25days (time required for the Earth
to complete one orbit around the Sun)
C = 2mr (circumference of a circle).
m=3.14
Express the velocity in km/s. (Answer:
v =129.77km/s).
6. Does the good agreement of the orbital veloc-
ities obtained in problems 3 and 5 prove that
the orbit of the Earth is a circle?

(gravitational
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From Speculation to Understanding

Since time beyond reckoning, humans have
observed the daily motions of the Sun and
the Moon and wondered about this important
spectacle. They were also vitally concerned about
the weather, the growth of plants and the ripening
of fruits and seeds, the migration of animals, and
about many other environmental phenomena that
affected their survival. The early humans lived in
constant fear because they did not understand and
therefore could not predict natural phenomena
in their environment. For this reason, humans
everywhere invented stories that explained where
the Sun went at night, what caused the face of
the Moon to change in a regular pattern, and
why it rained at certain times and not at others.
These stories were passed by the parents to their
children and gradually evolved into a coherent
body of mythology that gave these people a
sense of security because it explained the natural
phenomena that governed their lives. Mythology
explained not only the movement of the Sun and
the Moon, but also provided answers about life
and death and established rules of conduct which
allowed the people to live in harmony with their
environment.

2.1 The Geocentric Cosmology
of Ancient Greece

Science began during the early Stone Age
(Paleolithic Period: 2,500,000 to 200,000 years
ago) when humans picked up stones and
considered whether they could be used to make
a hand ax, or blades for scraping and cutting.
Good stones were valuable and therefore were
collected and traded. Individuals who knew
where good stones could be found and who could
make tools of good quality gained the respect of
their less knowledgeable companions and thus
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rose in the hierarchy of their Stone-Age clans
(Faul and Faul, [1983).

From these ancient roots evolved a new way
of explaining natural phenomena that was based
on observations and deductive reasoning. In
time, the accumulated information was inter-
preted by gifted individuals who passed their
insights to their students. The scholars among
the Sumerians, the Chinese, the Babylonians, the
Egyptians, and the Greeks studied the stars and
planets as a basis for tracking the progress of the
seasons and as an aid to navigation. For example,
Homer (9th or 8th century BC) stated that the
Bear never bathes, meaning that the constellation
Ursa Major (Big Dipper) in Figure 2] never
sinks into the water of the Mediterranean Sea,
which means that it does not set and therefore can
be relied upon to identify the North star Polaris.

Later, Greek philosophers developed rational
explanations about the apparent motions of
heavenly bodies based on their knowledge that
the Earth is a sphere and on Plato’s requirement
that the explanations be geometrically pleasing.
For example, the Greek geometer Eudoxus
(440-350 BC) proposed in 385 BC that the
Universe consists of 27 concentric translucent
spheres that surround the Earth. This model
provided rational explanations for the observable
motions of the planets. However, the model of
Eudoxus failed to explain the more extensive
astronomical observations of the Babylonians,
who were defeated by Alexander the Great in
330 BC.

Nevertheless, Aristotle (384 to 322 BC)
adopted Eudoxus’ model and elaborated it by
increasing the number of transparent spheres
to 55 with the Earth positioned at the center.
This geocentric model of the Universe was later
refined by the astronomer Claudius Ptolemy who
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Figure 2.1. The constellation Ursa Major (Big Dipper) is a well known feature of the northern sky at night. The stars that form
this constellation are located at different distances from the Earth within the Milky Way galaxy. (Reproduced by permission

of Paolo Candy)

incorporated it into his book entitled: Almagest
published about 150 AD (Science Brief 2.5.1).
The final version of this theory included
epicycles and eccentrics as well as off-center
motions of the spheres with the result that the
entire contraption reproduced all of the available
data concerning stars and planets, not perfectly,
but pretty well. A rival theory, which placed
the Sun at the center of the Universe, advocated
by Aristarchus (310 to 230 BC) and a few
other Greek astronomers, failed to convince the
geocentrists and was forgotten.

This episode in the history of astronomy illus-
trates how science was done at the time of
the Greeks between 2000 and 2500 years ago.
Eudoxus had gone to Egypt to study geometry
and applied his knowledge to the study of the
stars. He set up an astronomical observatory
where he mapped the night sky. His obser-
vations were crude by present-day standards,
but they were state-of-the art about 2500 years
ago. He then used these observations and those
of his predecessors to construct a hypothesis
about the way the Universe is organized. The
hypothesis was subsequently tested and was
found to be inadequate, especially when the
astronomical observations of the Babylonians

became available. Nevertheless, Aristotle and
others improved the hypothesis of Eudoxus,
which caused Claudius Ptolemy to adopt it
(Science Brief 2.5.1). In this way, the geocentric
model of the Universe became the leading
cosmological theory until the 16th century AD
when Nicolaus Copernicus (1473 to 1543)
reinstated the heliocentric (Sun-centered) model
of the Universe. Although the geocentric theory
of Eudoxus, Aristotle, and Ptolemy turned out
to be wrong, it was originally based on a set
of factual observations and measurements that
were available in their lifetimes. Similarly, the
cosmological theories we accept today may be
replaced by better theories in the future if new
observations about the Universe indicate that
the Ere% t)heories are inadequate (Gald, [1979;

2.2 The Scientific Method

The process by means of which Eudoxus
devised his hypothesis is an early example of
the scientific method, which was later demon-
strated even more clearly by Johannes Kepler
(1571-1630 AD) who is widely regarded as the
first true scientist. The scientific method is based
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on the accumulation of precise and accurate
measurements concerning the phenomenon under
investigation. These measurements must be
reproducible and their reliability must be beyond
question. The measurements are then used to
invent an explanation (called a hypothesis) that
must take into account all of the available infor-
mation, but it may differ from the scientific
knowledge existing at the time. A given set
of data may be explainable by two or more
hypotheses, all of which satisfy the existing data.
For example, light can be treated as an electro-
magnetic wave or as a stream of particles called
photons (Science Brief 2.5.2, 3).

A hypothesis concerning a particular pheno-
menon must be tested to determine whether it is
an acceptable explanation of the relevant facts.
These tests generally arise from predictions made
by extrapolating the hypothesis. The predictions
are tested either by experiments in the laboratory
or by additional measurements, or both. The
testing of a hypothesis is carried out in an adver-
sarial manner in order to demonstrate that the
hypothesis is incorrect. This phase of the investi-
gation may last several years or even decades and
ends only when a general consensus is reached
that the hypothesis is, in fact, a valid explanation
of the available information. At this point in
the process, a hypothesis becomes a theory that
is added to the fabric of scientific knowledge
(Careyl, (1998, [Cleland, R0Q1)).

The theories that constitute scientific
knowledge are judged to be acceptable because
they are successful in explaining all known
facts concerning natural phenomena even if
previously accepted theories pertaining to related
phenomena have to be discarded. The beauty of
scientific theories is their internal consistency
and their success in explaining the world around
us, including the nuclei of atoms, the Earth, the
solar system, the galaxy in which we live, and
the Universe at large. In spite of their success, all
scientific theories are subject to change as new
observations become available. Therefore, they
represent our present understanding concerning
natural phenomena rather than the ultimate truth
about them (Sagan, [1996; [Wong, 2003).

Theories that appear to explain fundamental
properties of matter are elevated to the stature
of natural laws. For example, Isaac Newton
expressed the movement of bodies under the
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influence of gravitational forces by means of
three statements that are universally applicable
and are therefore known as Newton’s laws of
motion. Similarly, Johannes Kepler described
the movement of the planets orbiting the Sun
by three laws that govern such motions every-
where in the entire Universe. However, even
Newton’s and Kepler’s laws need to be modified
by the theory of relativity of Albert Einstein
(1879-1955) in cases where the velocities
approach the speed of light or where very large
masses are present.

The scientific method demands a high degree
of honesty from scientists engaged in research.
Observations may not be altered to fit a precon-
ceived hypothesis and all relevant facts must be
disclosed , [1999). Similarly, the hypo-
thesis that is derived from a body of data must
follow logically from these data even when
it contradicts some strongly held convictions
of the investigator, or of the sponsor, or of
contemporary society. In some cases, scientists
have suffered the consequences of expressing
unpopular ideas arising from the results of their
research.

An example of the conflict between the
formal teachings of the Catholic Church of the
16th century and astronomy is the execution of
Giordano Bruno (1548-1600 AD) by burning at
the stake on February 17 of 1600 in Rome. Bruno
had openly advocated the heliocentric model of
the Universe proposed by Copernicus and had
stated that the Earth moves around the Sun. In
addition, he claimed that the Universe is infinite.
During his trial, which lasted seven years, he
refused to retract these and other heretical ideas
he had published in his turbulent life. Finally,
Pope Clement VIII declared him to be an “impen-
itent and pertinacious heretic”’. When he was
sentenced to death on February 8 of 1600, he
is reported to have told the judges of the inqui-
sition: ‘“Perhaps your fear in passing judgement
on me is greater than mine in receiving it.”

Even the great Galileo Galilei (1564—1642
AD) was not spared (Figure 2.2)). He invented
the astronomical telescope and used it to make
observations in 1610 that proved that the
Earth moves around the Sun as Copernicus
had stated. Subsequently, he wrote a book in
which he presented persuasive arguments in
favor of Copernican cosmology. Although he
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Figure 2.2. Galileo Galilei (1564-1642) was prose-
cuted for having taught the Copernican doctrine
that the Earth and the planets of the solar system

revolve around the Sun. (http://www-gap.dcs.st-
and.ac.uk/~historyPictDisplay/Galileo.html)

also discussed Ptolemy’s geocentric cosmology
and although his final conclusions favored
Ptolemy (as the Pope had ordered), Galileo’s
arguments in favor of Copernicus were clearly
more persuasive than his token consideration of
Ptolemy. Consequently, Galileo was prosecuted
in 1633 on suspicion of heresy. He was convicted
of having taught the Copernican doctrine and
sentenced to serve time in jail, even though
he had recanted his teachings, and even though
he was 69 years old at the time. Fortunately,
Pope Urban VIII commuted his sentence to
house arrest at his small estate at Arcetri near
Florence. Galileo continued his work on physics
and astronomy while under house arrest for eight
more years until his final illness and death on
January 8, 164W0’C0nnor
and Robertson, ). Galileo’s heretical views
on the solar system were partially vindicated on
October 31 of 1992 when Pope John Paul 11
officially stated that errors had been made in his
trial. The Vatican now has an active astronomical
observatory staffed by scientists who are free to
publish the results of their research.

CHAPTER 2
2.3 Units of Measurement

Before we can properly describe the Sun and the
planets of the solar system, we need to define
the units of distance, mass, time, and temper-
ature we will use. These units are in use in
most countries in order to facilitate international
commerce, standardize manufacturing, simplify
global communication, and permit scientific
research. The USA is one of the few remaining
countries that still uses the traditional measures
of distance, mass, volume, and temperature.
A summary of units and equations used in

astronomy is provided in Appendix
2.3.1 Distance

The standard international (SI) unit of distance is
the meter (m). The meter was originally defined
in 1791 by the French Academy of Sciences as
one ten millionth of the length of the meridian
(line of longitude) which extends from the North
Pole to the South Pole of the Earth and passes
through the city of Paris. Subsequently, the Inter-
national Bureau of Weights and Measures in
1889 redefined the meter as the distance between
two lines on a bar composed of an alloy of
platinum (90%) and iridium (10%). In the SI
system of units the meter is defined as the
distance traveled by light in a vacuum in a time
interval of one 299 792 458 th of one second. In
spite of the different ways in which the meter has
been defined, its length has not changed signifi-
cantly.

The meter is subdivided or expanded in
multiples of ten defined by standard prefixes:

kilo (k) = 10°
deci = 10"
centi (¢) =102

milli (m) = 107"

micro () =107°
nano (n) = 107"

Accordingly, the hierarchy of units of length

based on the meter (m) consists of the following
derived units:

1 kilometer (km) = 10°m 1 millimeter (mm) = 10> m
1 decimeter = 10~'m 1 micrometer (wm) = 10™%m

1 centimeter (cm) = 10~ m 1 nanometer (nm) = 10~ m
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The conversion of statute miles, feet, and inches

used in the USA into SI units of length is based
on the relation between inches and centimeters:
1 inch = 2.54cm, 1 foot (12 inches) = 2.54 x
12 =30.48 cm, and

1 mile(5280 feet) = 30.48 x 5280 = 160, 934 cm
= 1609.34m = 1.60934 km.

The basic unit of distance in studies of the solar
system is the Astronomical Unit (AU), which
is defined as the average distance between the
center of the Earth and the center of the Sun.
The astronomical unit is equal to 149.6 million
kilometers (i.e., 1 AU = 149.6 x 10°km). (See
also Glossary). Distances from the Earth to the
stars of the Milky Way galaxy and to the other
galaxies of the Universe are expressed in units of
lightyears (ly). One light year is the distance that
light travels through the vacuum of interstellar
and intergalactic space in one sidereal year at a
speed (c) of 2.9979 x 103 m/s.

11y =2.9979 x 10® x 365.25 x 24 x 60 x 60
=9460 x 10" m
11y =9.46 x 102 km. (See Glossary).

When distances are expressed in units of
lightyears, they indicate how long the light we
see has traveled through space to reach the Earth.
Therefore, we see stars and galaxies how they
were in the past. In other words, when we look
at stars and galaxies in the sky at night, we are
looking into the past. For example, the distance to
the Andromeda galaxy is 2.3 x 10°1y. Therefore
we see it today the way it was 2.3 x 10° years
ago.

2.3.2 Time

The basic unit of time in the SI system (as well as
in the cgs and mks systems) is the second defined
as the duration of 9,192,631,770 periods of the
radiation corresponding to the transition between
the two hyperfine levels of the ground state of the
atom of cesium -133. This definition was adopted
by the 13th Conference on Weights and Measures
in order to ensure that the second defined in
this way is indistinguishable from the so-called
ephemeris second which is based on the motions
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of the Earth in its orbit around the Sun (Science
Brief 2.5.4). The ephemeris second is defined as
1/31,556,925.9747 of the tropical year January O,
1900 AD, 12h ET. Therefore, 1 tropical year =
31,556,925.9747 s. The tropical year is the time
that elapses between two passes of the vernal
equinox by the Earth in its orbit. The precession
of the vernal equinox causes the tropical year to
be slightly less than the time it takes the Earth to
complete one orbit about the Sun.

In everyday life, time is measured in years,
days, hours, and minutes which are defined as
follows (Science Brief 2.5.4):

1 minute (min) = 60 s
1 hour (h) =60 min =3600 s
1 day (d) =24h =86,400s

Therefore, if 1d = 86,400s, one tropical year
has:

31, 556, 925.9947
86, 400

= 365.242199 days.

By adding one extra day every four years and by
other manipulations the calender (Section [Z.4),
the year is held to 365 days.

The length of the sidereal year, during which
the Earth completes one orbit around the Sun and
returns to the same place in its orbit as deter-
mined with reference to fixed background stars,
is:

Isidereal year = 365.256366 days.

The periods of revolution of planets around the
Sun and of satellites around their planets are
expressed in sidereal years.

2.3.3 Velocity and Speed

The rate of motion of a body can be described
by the distance traversed in one second, which
is a statement of its velocity or speed. The two
words do not have the same meaning because
“velocity” has both magnitude and direction,
whereas “speed” has magnitude but not direction.
For example, a bullet fired out of a gun has
velocity because it has direction, while light
emitted by a lightbulb travels in all directions at
the same speed (Science Brief 2.5.2).
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The units of velocity or speed are distance
divided by time (e.g., miles per hour, centimeters
per second, or meters per second). The rates of
motion of bodies in space are expressed in terms
of kilometers per second (km/s).

Albert Einstein determined that the speed
of light (c) in a vacuum cannot be exceeded
by any body traveling in space because the
mass of the body increases and becomes infinite
when its velocity approaches the speed of light
(Section 24.4.3). Therefore, the speed of light is
an important fundamental constant of nature. It
has been measured carefully and is known to be:

Speed of light (c) = 2.99792458 x 10° m/s

In other words, light travels 299.79 million
meters in one second and nothing can move
faster than this. We begin to appreciate the
vast distances between stars in the Milky Way
Galaxy from the fact that the distance to the star
Proxima Centauri, the Sun’s nearest neighbor, is

4.2 lightyears (Section Z4.4.73)).
2.3.4 Mass

All objects composed of matter posses a property
called mass. The mass of an object on the surface
of the Earth is expressed by its weight, which
depends on the magnitude of the gravitational
force the Earth exerts on it. Figure demon-
strates that the weight of an object decreases
when it is moved away from the Earth, whereas
its mass remains constant regardless of where the
object is located.

The basic unit of mass in the cgs system
is the gram (g), which is the weight of one
cubic centimeter of pure water at the temper-
ature of 4°C at a place where the acceler-
ation due to gravity is 980.655 cm/sec/sec. In
the SI system of units, mass is expressed in
kilograms (kg). The Bureau of Weights and
Measures in Paris actually maintains an object
composed of platinum whose weight is one
kilogram. The gram and kilogram are related
by the statement: 1kg = 10°g. In addition, the
metric tonne is defined as : 1.0 tonne = 10° kg.

The gram is subdivided into:

milligrams (mg) = 10~ g  nanograms (ng) = 10 g

micrograms (ug) = 107%g  picograms (pg) = 107" g
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These weights are used in geochemistry to
express the concentrations of trace elements in
solids such as meteorites (e.g., Spg/g). By the
way, one pound (Ib) avoirdupois is equal to
453.59 g, whereas one metric pound is defined
as 500.00 g.

2.3.5 Temperature

Under normal circumstances, such as on the
surface of the Earth, the temperature is a measure
of the amount of heat an object contains. In thermo-
dynamics heat is defined as a form of energy that
is convertible into work. Heat behaves like an
invisible fluid that always flows from a point of
higher to a point of lower temperature. Temper-
ature is expressed on the Celsius scale (°C),
which has been adopted in virtually all countries
exceptinthe USA where the Fahrenheit scale (°F)
is still in use.

On the Celsius scale, the temperature of
pure water in contact with ice is set equal to
0°C (i.e., the freezing temperature of water)
and the temperature of pure boiling water at
sealevel is 100°C. The boiling temperature of
pure water increases with increasing pressure
and it decreases with decreasing pressure
(Section 12.8.2). This relationship is the reason
why food cooks faster in a pressure cooker
than in an open pot (i.e., boiling water reaches
temperatures above 100°C when the pressure is
greater than one atmosphere). Similarly, on the
summits of high mountains, water boils at less
than 100°C because the pressure exerted on it by
the atmosphere is lower than it is at sealevel.

The conversion of temperatures measured in
Fahrenheit to the Celsius scale is expressed by
the equation:

(F —932)5 @)

For example, the temperature on the Celsius scale
of 95°F is: 95-32 =63; 63/9=7; 7x5=35°C.

A third temperature scale called the Kelvin
scale (K) is used in physical chemistry. The
conversion of kelvins to °C is based on the
equation:

C=

C=K-273.15 (2.2)

This equation indicates that if K = 0,
C = —273.15°. In other words, “absolute zero”
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(K =0) occurs at —273.15°C. The equation also
indicates that C = 0° is equivalent to 273.15 K.

A very different situation occurs in the
measurement of temperatures in dilute gases that
exist in the space around the Sun and other stars.
In such environments the temperature is related
to the velocities of the molecules that make up the
gas. When the density of the gas is very low, the
molecules reach high velocities before colliding
with another molecule. The high average veloc-
ities of the molecules cause the dilute gas to
have a high temperature even though the total
amount of heat energy of the gas is low. The
so-called kinetic theory of gases also implies that
the molecules of a gas (or of any other form of
matter) at absolute zero stop moving (i.e., their
velocities are equal to 0 m/s).

2.3.6 Pressure

The pressure that is exerted by the atmosphere
on the surface of the Earth is measured
in atmospheres (atm), where 1atm is the
atmospheric pressure at sealevel at the equator.
Actually, pressure is expressed more precisely in
bars where:

1 bar = 0.987 atm (2.3)

One atmosphere is also equal to 759.968 mm of
mercury (Hg) or 29.92 inches of Hg, which is the
unit of pressure used in barometers in the USA.

The unit of pressure in the SI system of units is
the pascal (Pa) which is defined by the relation:

1 Pa=10""bar (2.4)

The pascal is the preferred unit of pressure
in science, but pressure is still expressed in
atmospheres in planetary science because it is
easy to visualize what it means. The nature of
light and its wavelength spectrum are presented
in Science Briefs 2.5.2 and 2.5.3.

2.4 Summary

Science has evolved from the efforts of some
of the oldest human civilizations to explain
the world by developing natural philosophies
about important aspects of their environment.
Geometry and astronomy were among the first
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subjects to be investigated because they were
useful to the people at the time. For example, the
philosophers of ancient Greece, more than 2000
years ago, developed the geocentric model of the
Universe. This model was later adopted by the
Catholic Church, which thereby stifled research
in astronomy for nearly 1500 years.

The scientific method, by means of which
knowledge is generated, evolved in the 16th
century AD from the work of Nicolaus
Copernicus, Tycho Brahe, Johannes Kepler, and
Galileo Galilei who derived conclusions by the
rational interpretation of their own measure-
ments, or of those of their contemporaries,
instead of relying on the teachings of Aristotle
and Ptolemy, as was customary at that time. The
reinterpretation of the movement of the planets
of the solar system by the heliocentric model of
Copernicus caused a revolution that led to the
rebirth of science and of the arts (i.e., the Renais-
sance).

The scientific method is based on factual obser-
vations and accurate measurements of natural
phenomena. These observations and measure-
ments concerning a particular phenomenon must
be reproducible and therefore are not in dispute.
The explanations that are proposed to explain the
observations (hypotheses) are tested by means
of experiments, or by additional measurements,
or both. The goal of testing hypotheses is to
falsify them by demonstrating that they are
wrong. This process continues until a consensus
develops in the community of scientists that one
of the original hypotheses cannot be falsified
and therefore is acceptable as a theory. Such
theories may be revised later when new obser-
vations or measurements become available.
Therefore, scientific knowledge consist of a
body of theories each of which is an acceptable
explanation of a set of factual observations
and measurements at any given time.

The observations from which new hypotheses
and theories are derived are expressed in terms of
units of measurements. Scientists in all countries
use a set of carefully defined standard interna-
tional (ST) units which enable scientists from all
countries to communicate their results unambigu-
ously.

The journals in which reports about the
solar system are published include: Meteoritics
and Planetary Science, Journal of Geophysical
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Research, Reviews of Geophysics and Space
Physics, Nature, Geochimica et Cosmochimica
Acta, Earth and Planetary Science Letters, Space
Science Reviews, Icarus, Science, as well as
Astronomy and Sky and Telescope.

2.5 Science Briefs
2.5.1 The Cosmology of Ptolemy

Ptolemy was born during the second century
AD in Ptolemais on the river Nile. He became
an astronomer and mathematician at the astro-
nomical observatory in Canopus located about
24km east of the city of Alexandria in Egypt.
Ptolemy published a book in which he presented
an elaborate model of the motions of the
Sun, the Moon, and the planets based on the
geocentric cosmology of the Greek astronomers.
In the 9th century AD the Arab astronomers
who used Ptolemy’s book referred to it by the
Greek word “megiste”, which means “greatest”.
Therefore, the book became known as “al
megiste” which was eventually corrupted to
“Almagest”, meaning “The Greatest.” Ptolemy’s
statement that the Earth is fixed at the center
of the Universe was adopted as dogma by the
Catholic Church.

2.5.2 The Nature of Light

Electromagnetic waves have certain properties
such as wavelength, period, and speed, where
the wavelength is the distance between two
successive peaks in the wave, the period is the
time required for two successive peaks to pass a
fixed point, and the velocity of the wave is the
ratio of the wavelength divided by the period. All
kinds of waves transport energy as they travel
away from their source. The energy of a ray of
light is equivalent to a certain quantity of mass
in accordance with Einstein’s famous equation:

E =mc

where (E) is the energy, (m) is the mass, and
(c) is the speed of light. Therefore, a quantum
of energy of an electromagnetic wave can be
expressed as the equivalent mass of a photon.
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2.5.3 Electromagnetic Wavelength
Spectrum

The wavelengths of electromagnetic waves
range continuously from hundreds of meters to
fractions of one nanometer (nm). Light that is
visible to human eyes has a narrow range of
wavelengths between 400 (blue) and 750 (red)
nanometers. The characteristics of electromag-
netic waves whose wavelengths are longer and
shorter than those of visible light are indicated
in Table 2.J] The energy of electromagnetic
radiation increases in proportion to the reciprocal
of the wavelength. In other words, the shorter the
wavelength the higher is the energy. Therefore,
gamma rays are much more energetic than
x-rays, and ultraviolet light is more energetic
than visible light.

2.5.4 Origin of the Divisions of Time

About 4400 years ago, the Sumerians who lived
in Mesopotamia (presently southern Iraq) deter-
mined that a year had approximately 360 days.
Consequently, they divided the year into 12
months of 30 days each for a total of 360 days.
About 900 years later, the Egyptians divided the
day into 24 hours. Still later, between 300 and
100 BC, the Babylonians divided hours into 60
minutes and minutes into 60 seconds.

The sexagesimal system of numbers used
by the Babylonians has the advantage that the
number 60 is divisible by 12 different numbers:
1, 2, 3, 4,5, 6, 10, 12, 15, 20, 30, and 60.
Therefore, when 60 is divided by any of these
numbers, the result is a whole number: 60/2 = 30,
60/3 =20,60/4 =15,60/5 = 12, etc.

Table 2.1. The wavelength spectrum of electro-
magnetic waves

Wavelength Character
>10° - 1m radio
1-0.1m television
10 - 0.1cm microwave
100 — 0.75 pm infrared
750 — 400 nm visible
400 — 10nm ultraviolet
10 - 0.1nm X-rays
0.1 — 0.001 nm gamma rays

One nanometer is equal to one billionth of a meter
(Inm = 10~°m).
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Accordingly, the roots of the units of time in
use today extend about 4400 years into the past
(i.e., 2400 BC) to the culture of the Sumerians
and to later civilizations of the Egyptians,
Babylonians, and Greeks who introduced these
units to the peoples living in the Mediterranean
region. Subsequently, the Romans continued to
use the ancient units of time throughout their
empire.

2.6 Problems

. Express 1 kilometer in terms of millimeters.

. Convert 1 light year into the corresponding
number of astronomical units. (Answer:
63,235 AU).

3. How long would it take a spacecraft to reach
the star Proxima Centauri assuming that the
speed of the spacecraft is 1000 km/s and that
the distance to Proxima Centauri is 4.21y?
Express the result in sidereal years. (Answer:
1259 years).

4. Derive an equation for the conversion of
temperatures on the Fahrenheit to the Kelvin
scale.

5. Write a brief essay about the life and scientific

contributions of one of the following pioneers

of astronomy.

N —
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a. Galileo Galilei
b. Johannes Kepler
c. Isaac Newton

d. Albert Einstein
e. Edwin Hubble
f. Carl Sagan
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The Planets of the Solar System

The solar system is dominated in all respects by
the Sun, which actually is a fairly ordinary star
among the hundreds of billions of stars that make
up the Milky Way galaxy. Our galaxy is one of
untold billions of galaxies and star clusters that
populate the Universe. These statements make
clear that our Sun and the planets of the solar
system comprise only a very small part of the
Milky Way galaxy and that our galaxy itself is
like a grain of sand on a beach that stretches as far
as we can see, and beyond. These statements also
tell us that the Earth and all of us who live here
are a part of the Universe. In other words, the
Universe is not just an immense entity composed
of space and galaxies of stars, but it also includes
our living rooms and backyards were we live.
In fact, the Universe includes us and all living
organisms on the Earth.

When viewed from the Earth, the Sun is a
radiant disk that rises every morning across the
eastern horizon, moves in an arc across the sky,
and sets in the evening by appearing to sink
below the western horizon. These motions give
the mistaken impression that the Sun orbits the
Earth. In reality, the Earth and all of the other
planets of the solar system orbit the Sun. The
familiar daily motions of the Sun across the sky
are caused by the rotation of the Earth about a
virtual axis that is located at the North and South
geographic poles. Many other aspects of the solar
system that are apparent to a casual observer are
also not the way they appear to be.

Our experiences on the Earth have given
us a sense of scale regarding size, distance,
and time that is completely misleading in the
context of the solar system, not to mention
the Milky Way galaxy, and the Universe as
a whole. For example, we consider the Earth
to be a large planet, but its volume is more
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than one million times smaller than the volume
of the Sun. The average distance between the
Sun and the Earth is 149.6 million kilometers,
which sounds like a long distance, but it actually
places the Earth very close to the Sun within the
solar system which extends to more than 50 AU
from the Sun, not to mention the Oort cloud
which extends to 100,000 AU. We also think
that 100 years is a long time and celebrate the
fact that we now live in the twenty-first century.
Even if we consider that recorded history began
about 10,000 years ago, only 100 centuries have
passed. Actually, one century is an insignificant
length of time compared to the age of the solar
system, which is 46 million centuries old (i.e., 4.6
billion years). Even our distant ancestors (Homo
erectus), mentioned in Section [T} lived 18,000
centuries ago.

Although the 20 centuries of the most recent
human history represent only a tiny fraction
of time in the history of the solar system, the
population of the Earth has increased to more
than six billion during this period of time. In
addition, we have explored the Earth and are
now exploring the solar system. Humans have
certainly accomplished a lot in the past 2000
years! Visionaries like Konstantin Tsiolkovsky
of Russia predicted that in the fullness of time
humans will not only explore and occupy the
solar system, but will colonize other planets that
orbit “nearby” stars located several lightyears
from the Sun. (See Chapter R4J).

3.1 The Sun and the Planets
of the Solar System

The celestial bodies that populate the solar
system have been classified into three categories
that were defined on August 24, 2006, by the
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International Astronomical Union (TAU) at an
assembly in Prague:

Planets are celestial bodies that orbit the Sun,
have sufficient mass for their self-gravity
to overcome rigid-body forces so that they
assume a spherical shape, and they have
“cleared the neighborhood around their
orbits.”

Dwarf planets are less massive than planets
although they do have spherical shapes, they
have not “cleared the neighborhood around
their orbits,” and they are not satellites.

Small Solar-System Bodies orbit the Sun
but do not have sufficient mass to achieve
spherical shapes and they have not “cleared
the neighborhood around their orbits.”

The practical consequences of these new defini-
tions are that the solar system has only eight
planets: Mercury, Venus, Earth, Mars, Jupiter,
Saturn, Uranus, and Neptune.

Pluto and the asteroid Ceres are now classified
as dwarf planets, which is a new category that
will eventually include the largest of the spherical
ice bodies that occur in the Edgeworth-Kuiper
belt in the space beyond the orbit of Neptune
(e.g., 2003 UB 313 described in Chapter 2.

All of the asteroids (except Ceres), centaurs,
comets, and the small ice objects that occur in
the Edgeworth-Kuiper belt and in the Oort cloud
are now classified as small solar-system objects.

The new definitions adopted by the IAU do
not specifically address objects that orbit the
planets of the solar system except to exclude
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them from the category of dwarf plants because
they do not orbit the Sun. However, several satel-
lites of Jupiter and Saturn have larger diameters
than the planet Mercury. Therefore, we will
continue to use the term “satellite” to describe
celestial bodies of any size and shape that orbit
any of the eight regular planets of the solar
system and we reserve the name “Moon” for the
satellite of the Earth. The orbits of the planets
and asteroids are confined to a narrow region of
space aligned approximately with the equator of
the Sun and with the plane of the orbit of the
Earth. The orientations of the orbits of the comets
range more widely than those of the planets such
that comets may enter the solar system both
from above and from below the planetary disk.

Mercury and Venus are the only planets that
do not have at least one satellite. The number
of known satellites in the solar system has
increased from 59 in 1991 R m) to
more than 120 because many additional satellites
of Jupiter, Saturn, Uranus, and Neptune have
been discovered recently with modern astro-
nomical telescopes and by robotic spacecraft
(e.g, the Voyagers, Galileo, and Cassini). The
newly discovered satellites have small diameters,
are far removed from their home planets, and
have irregular orbits.

The best way to describe the solar system is by
examining certain physical properties (Table 3.1])
that characterize each of the planets. The physical
properties to be considered here are the distances
of the planets from the Sun, the bulk densities

Table 3.1. Physical properties of the planets (Beatty et all, [1999; [Hartmand, 2003; [Hester et all, 2002)

Planet Distance Radius, km Mass, Density, Average surface
from Sun, 10 kg g/cm? temperature, °C
AU

Sun - 695,510 1,989,000 1.410 +5507

Mercury 0.3871 2440 0.3302 5.43 +167 (—173 to +452)

Venus 0.7233 6052 4.865 5.20 +464

Earth 1.0000 6378 5.974 5.52 415 (—90 to +58)

Mars 1.5237 3396 0.6419 391 —33 (—140 to +20)

Ceres 2.768 457 0.0012 2.3

Jupiter 5.2026 71,492 1898 1.33 —123 to —153

Saturn 9.5549 60,268 568.5 0.69 —113 to —153

Uranus 19.2184 25,559 86.83 1.318 —195*

Neptune 30.1100 24,766 102.4 1.638 —204*

Pluto 39.5447 1150 0.0132 2.0 —236

* Temperature where the atmospheric pressure is 1.0 bar. Pluto and Ceres are included in this table even though they are dwarf planets.
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Figure 3.1. Comparison between the diameter of the Sun and those of the planets of the solar system (including Pluto) drawn
to scale. The planets and their diameters expressed in kilometers are : Me = Mercury (4880); V = Venus (12,104); E = Earth
(12,756); Ma = Mars (6792); J = Jupiter (142,984); S = Saturn (120,536); U = Uranus (51,118); N = Neptune (49,532);

P = Pluto (2,300). The diameter of the Sun is 1,391,020 km

of the planets, their average orbital velocities,
and their surface temperatures. The existence of
patterns in these properties implies the operation
of a process that has affected all of the planets
in the solar system. In addition, these patterns
provide a basis for recognizing deviations from
the norm, which are clues to the occurrence
of events that may have locally disturbed the
patterns.

The data in Table Bl indicate that the
radius of the Sun is 695,510km, that its mass
is 1,989,000 x 10**kg, its bulk density is
1.410 g/cm?, and its surface temperature (photo-
sphere) is 5507°C. Although the Earth is the
most massive terrestrial planet (5.974 x 10**kg),
its mass is only a tiny fraction of the mass of the
Sun (i.e., 0.00030 %). Even Jupiter, the largest of
all the planets in the solar system with a mass of
1898 x 10** kg, pales by comparison with the Sun
(i.e., 0.0954%). The sum of the masses of all of
the planets of the solar system (2667.5 x 10**kg)
comprises only 0.134 % of the mass of the Sun.
Evidently, the planets of the solar system are

mere crumbs left over during the formation of
the Sun. This point is illustrated in Figure B.I]
which shows the planets in relation of the Sun
drawn to the same scale.

3.2 The Titius-Bode Rule

The Titius-Bode rule generates a series of

numbers that appear to match the average

distances of the planets from the Sun expressed

in astronomical units. The rule was published

in 1772 by two German astronomers named

Johann Titius and Johann Bode. The procedure

for generating this series of numbers is:

1. Write a string of numbers starting with zero:
0, 3, 6, 12, 24, 48, 96, 192, 384, 768...

2. Add 4 to each number and divide by 10.

3. The result is: 0.4, 0.7, 1.0, 1.6, 2.8, 5.2, 10.0,
19.6, 38.8, and 77.2.

The actual distances of the planets (i.e. the

average radii of their orbits) are compared to

the Titius-Bode predictions in Table and

Figure 3.2
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Table 3.2. Average radii of planetary orbits compared
to values predicted by the Titius-Bode rule published in
1772

Planet Avg. radius Titius-Bode Year of
of orbit, AU radius, AU discovery
Mercury 0.39 0.4 antiquity
Venus 0.72 0.7 antiquity
Earth 1.00 1.0 antiquity
Mars 1.52 1.6 antiquity
Ceres 2.77 2.8 1801
Jupiter 5.20 5.2 antiquity
Saturn 9.56 10.0 antiquity
Uranus 19.22 19.6 1781
Neptune 30.11 38.8 1846
Pluto* 39.54 77.2 1930

* Pluto was reclassified as a dwarf planet in August of 2006.

The Titius-Bode rule predicted the existence
of a planet at a distance of 2.8 AU from the
Sun between the orbits of Mars and Jupiter.
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At the time the rule was published, no such
planet was known to exist in this region of the
solar system. However, when the asteroid Ceres
was discovered on January 1, 1801, by Giuseppe
Piazza at the predicted distance from the Sun,
the Titius-Bode rule appeared to be confirmed.
However, the solar distances of Uranus, Neptune,
and Pluto, which were discovered later (e.g.,
Uranus in 1781) deviate significantly from their
predicted values.

The good agreement between the predicted
and observed solar distances of the inner planets
in Figure suggests that they formed by a
process that caused the spacing of their orbits
to follow a pattern that is duplicated by the
Titius-Bode rule. However, the rule does not
identify this process. The discrepancies between
the actual radii of the orbits of Uranus, Neptune,
and Pluto and their radii predicted by the
Titius-Bode rule may indicate that the orbits of
these planets were altered after their formation.
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Figure 3.2. The observed radii of the orbits of the terrestrial planets (Mercury, Venus, Earth, Mars, and Ceres) as well as
those of Jupiter and Saturn agree with the distances predicted by the Titius-Bode rule. However, the observed average radii
of the orbits of Uranus, Neptune, and of the dwarf planet Pluto are progressively shorter than the radii predicted by the

Titius-Bode rule
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However, it is probably best not to read too much
into the deviations from the Titius-Bode rule
because the rule is not considered to be a valid
description of the spacing of planets in the solar
system.

3.3 Average Orbital Velocities

A planet in a stable circular orbit around the
Sun must move with a velocity which is suffi-
ciently large to generate a centrifugal force that
is equal to the force of gravity exerted by the
Sun (Section [[3)). Since the gravitational force
acting on a planet located close to the Sun is
greater than the force acting on a more distant
planet, the average orbital velocity of planets
close to the Sun must be higher than the orbital
velocity of more distant planets. An equation
based on this principle was derived in Science
Brief 1.5.3.

The average orbital velocities of the planets of
the solar system in Figure 3.3 vary as expected
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because Mercury (0.3871 AU) has the highest
average orbital velocity of 47.87 km/s, whereas
the dwarf planet Pluto (39.5447 AU) moves
at the lowest velocity of only 4.75km/s. The
average orbital velocity of the Earth (1.0 AU) is
29.79 km/s, which is equivalent to 107,244 km/h
or 67,027.5 miles per hour. That is more than
one thousand times faster than the speed limit
for cars on the Interstate Highways of the USA
(65 miles/h).

The observed pattern of variation of the
average orbital velocities of the planets in the
solar system in Figure 3.3] applies to all objects
in stable circular orbits around the Sun. The
velocity of any object orbiting the Sun depends
only on the average radius of the orbit and on the
mass of the Sun but not on the mass of the orbiter.
For example, the average velocity of Ceres,
which has a much smaller mass than Jupiter, is
17.87 km/s as expected for an object orbiting the
Sun at an average distance of 2.768 AU. (Science
Brief 3.7.1).
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Figure 3.3. The average orbital velocities of the planets decrease with increasing distance from the Sun. All objects in stable
circular orbits around the Sun obey this relationship demonstrated in Section [[3]
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3.4 Surface Temperatures

The surface temperature of a planet depends
primarily on its distance from the Sun and on the
presence of an atmosphere containing so-called
greenhouse gases such as carbon dioxide (CO,),
water vapor (H,0), and methane (CH,). In
addition, minor amounts of heat originate in the
interiors of some of the planets and are brought to
the surface by volcanic activity (e.g., Earth) and
by convection of the atmosphere (e.g., Jupiter).
The average surface temperatures of the terres-
trial planets in Table Bl and in Figure B.4A
decrease with distance from the Sun as expected
and range from +167°C on Mercury to —33°C
on Mars. The average surface temperature of
Venus (+464°C) is anomalously high because
this planet has a dense atmosphere composed
primarily of carbon dioxide which absorbs
infrared radiation. The pattern of temperature
variations suggests that, without greenhouse
warming, the temperature of Venus should only
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Figure 3.4. A. The average surface temperatures of the
terrestrial planets decrease with increasing distance from
the Sun. The surface temperature of Venus (4464 °C)
deviates from the pattern because the carbon dioxide of its
atmosphere absorbs infrared radiation (i.e., extreme green-
house warming). B. The temperatures at a pressure of 1.0
bar in the atmospheres of the gas planets likewise decrease
with distance from the Sun and reach very low values. The
surface temperature of the dwarf planet is —236°C which
is only 37 degrees above absolute zero
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be about +75°C. The surface temperature of
Mercury has an extreme range of 625 degrees
(from +452° to —173°C) because Mercury
lacks an atmosphere and rotates slowly on its
axis allowing extreme heating and cooling. The
observed range of surface temperatures on Earth
is 148 degrees between extremes of +58° and
—90°C. The range of temperatures on Mars is
160 degrees ranging from +20° to —140°C. The
average temperature of Ceres can be inferred
from the average radius of its orbit (2.768 AU)
in Figure B.4B to be about —75°C.

The surface temperatures of the gas planets in
Table B.1] and in Figure B.4B refer to the level
in their atmospheres where the pressure is 1.0
bar. These temperatures decrease with increasing
distance from the Sun starting with —138°C on
Jupiter, —139°C on Saturn, —195°C on Uranus,
and —204°C on Neptune. The temperature on
the surface of the dwarf planet Pluto is —236°.

3.5 Bulk Densities

The density of a solid object is defined by the
relation:

M
ﬂkg/m3 or g/cm’. (3.1)

Density = Volume

The density of an object is the weight in grams of
one cubic centimeter of the material of which the
object is composed. Consequently, the density
of celestial object depends on its chemical
composition and on the minerals of which it
is composed. The specific gravity is defined in
Science Brief 3.7.4 and in the Glossary.

For example, igneous, sedimentary, and meta-
morphic rocks on the Earth are composed
of certain minerals having a wide range of
densities depending on their chemical compo-
sitions. The minerals listed in Table B.3] have
densities that range from 0.917 g/cm® for water
ice to 5.26g/cm’ for hematite (Fe,O;). The
densities of metals range even more widely
from 2.69g/cm® for aluminum (Al) to 19.3
for gold (Au). Accordingly, a planet having a
bulk density of 3.91 g/cm?® could be composed
of a core of metallic iron (Fe) surrounded by
a rocky mantle of peridotite rocks (augite +
olivine + magnetite). The significant aspect of
this deduction is that the planet in question has a
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Table 3.3. Densities of common terrestrial minerals and
selected metals

Mineral Composition Density,
g/cm?
Minerals
Ice H,0 0.917
Quartz SiO, 2.65
Orthoclase KAISi;O4 2.57
Albite NaAlSi;Og 2.62
Anorthite CaAlSi,Oq4 2.76
Olivine (Mg, Fe),SiO, 3.27-3.37
Augite Ca,Mg,Fe,Al silicate 32-34
Pyrite FeS, 5.02
Magnetite Fe,0, 5.18
Hematite Fe,04 5.26
Metals
Aluminum Al 2.69
Iron Fe 7.87
Nickel Ni 8.90
Copper Cu 8.96
Lead Pb 11.35
Gold Au 19.3

core of metallic iron (or of iron sulfide) because
its density exceeds that of peridotite. This line of
reasoning indicates that the Moon in Table 3.4
can only have a small iron core because its
bulk density of 3.34g/cm® is within the range
of the minerals that form peridotite (i.e., augite
+ olivine + minor amounts of magnetite). The
volume and radius of the rocky core of Pluto are
estimated in Science Briefs 3.7.2 and 3 based on
the planetary bulk density of 2.0 g/cm? and on
some plausible assumptions.

Table 3.4. Comparison between observed bulk densities
and uncomaressed densities of the terrestrial planets

, p. 418; [Ereedman and Kaufmanr, )

Planet Density, g/cm?

Bulk Uncompressed
Mercury 5.44 5.4
Venus 5.24 4.2
Earth 5.52 4.2
Moon 3.34 3.35
Mars 3.93 3.75
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The density of matter depends not only on its
chemical composition but also on the temper-
ature and pressure to which it is subjected.
An increase in temperature causes the volume
of most materials to increase, whereas pressure
reduces the volume of even seemingly incom-
pressible materials such as rocks and metallic
iron. Therefore, an increase in pressure causes
the density of matter to rise while an increase
in temperature causes it to decrease. The net
increase of the density of the interior of the
Earth in Figure B3 reflects the increases of both
pressure and temperature as well as changes in
the chemical composition of the material. In
addition, the minerals that make up the rocks of
the mantle of the Earth recrystallize under the
influence of pressure to form new minerals that
have smaller volumes and greater densities than
the minerals that are stable at the surface of the
Earth.

Figure[3.3]also demonstrates the abrupt change
in density at the boundary between the rocks of
the mantle and the liquid iron of the outer core of
the Earth. The pressure exerted by the weight of
the overlying mantle and crust causes the density
of iron in the core of the Earth to rise to more
than 12g/cm® compared to only 7.87 g/cm?® at
20°C at the surface of the Earth. Consequently,
the bulk density of the Earth (5.52 g/cm?) calcu-
lated from its mass and its volume is higher than
its so-called uncompressed density (4.2 g/cm?),
which has been corrected for the compression of
the mantle and core. For the same reason, the
uncompressed densities of the terrestrial planets
and the Moon in Table 3.4 are all lower than
their bulk densities. Although the uncompressed
densities are more representative of the internal
structure and chemical composition of planets,
the bulk densities of the planets are based on
direct observations of their masses and volumes.

The bulk densities of the terrestrial planets
(Mercury, Venus, Earth, Mars, and Ceres) in
Figure B.6A decrease in a regular pattern with
increasing distance from the Sun expressed
in astronomical units (AU). The differences
in the bulk densities of these planets are
caused by corresponding differences in the
chemical compositions of the terrestrial planets.
In addition, the pattern of density variation
suggests that the terrestrial planets originally
formed in orbit around the Sun (i.e., they were
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Figure 3.5. The density of the mantle and outer core of the Earth are caused by the increasing pressure as well as by changes
in the chemical composition (e.g., rocky mantle and metallic iron core) and by pressure-induced recrystallization of minerals
in the mantle to form new minerals having lower volumes and higher densities than the common rock-forming minerals at
the surface of the Earth (e.g., plagioclase feldspar, olivine, and pyroxene). Adapted from [Bulled (1963)

not captured by the Sun after having originated

elsewhere in the solar system).

The pattern of density variations of the terres-
trial planets in Figure B.6A also reveals the
existence of three anomalies:

1. The bulk density of the Earth (5.52g/cm?) is
greater than expected for a planet located at a
distance of 1.0 AU from the Sun.

2. The density of the Moon (3.34 g/cm?) is less
than that of the Earth and lower than expected
for a body that formed in orbit around the
Earth.

3. The densities of the satellites of Mars (Phobos,
1.9g/cm® and Deimos, 1.8g/cm?®) are less
than those of Mars (3.91g/cm?) and deviate
from the pattern of planetary densities in
Figure B.6A, but their densities are consistent
with those of stony asteroids.

The anomalously high bulk density of the Earth

and the comparatively low density of the Moon

imply a significant difference in their chemical
compositions. A reasonable hypothesis for the
low density of the Moon would be that it formed
in the space between the orbits of Mars and
Jupiter (as suggested in Figure[3.61A) and was later
captured by the Earth. This hypothesis has been
rejected because the Earth and the Moon would
have broken up by gravitational interaction (i.e.,
tides). Although the resulting fragments could
have reassembled to reform the Earth, it is by no
means certain that the reassembly of the Earth
would have allowed a satellite to form, or that
such a satellite, if it formed, would have had the
chemical composition and internal structure of the
Moon as we know it. The question concerning
the origin of the Moon and the reason for the
anomalously high density of the Earth will be
considered in Chapter[0l

The satellites of Mars consist of rocks
composed of silicate minerals, they have small
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Figure 3.6. A. The bulk densities of the terrestrial planets decrease with increasing distance from the Sun. The bulk density
of Earth is anomalously high, whereas that of the Moon is anomalously low as are the densities of the satellites of Mars
(Phobos and Deimos). The bulk density of the gas planet Jupiter is noticeably lower than that of the terrestrial planets. B. The
bulk densities of the gas planets are similar to that of Jupiter and vary only within narrow limits. Pluto is a solid object with
a bulk density of about 2g/cm? and has been reclassified as a dwarf planet

masses compared to Mars (Phobos: 1.08 x
10" kg; Deimos: 1.80 x 10" kg; Mars: 6.419 x
10%kg), and they have irregular shapes. Their
low masses and irregular shapes combined with
their low densities can be explained by the
hypothesis that they are asteroids that were
captured by Mars.

The bulk densities of Jupiter, Saturn, Uranus
and Neptune in Figure B.6B are all less than
1.64g/cm® and vary only from 0.69g/cm?
(Saturn) to 1.638g/cm® (Neptune). The low
bulk densities arise from the thick atmospheres

composed of hydrogen (H) and helium (He) that
surround the comparatively small cores of rocky
material of these planets. The low densities and
thick atmospheres of the gas planets distinguish
them from the terrestrial planets which have high
bulk densities characteristic of the presence of
iron cores.

Pluto, located at an average distance of
39.54 AU from the Sun, differs from the planets
of the solar system because it is a solid body
composed primarily of water ice (H,0). Its
density of about 2.0 g/cm?® indicates that it has a
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core, which is presumed to be composed of rocky
material having a density of about 3.0g/cm?
(Table B.I). The radius of the rocky core of
Pluto can be estimated from the densities of ice
(0.917 g/cm?) and rocks (3.0g/cm?) and from
the known bulk density of Pluto. (Science Brief,
3.7.2 and 3).

3.6 Summary

The masses and volumes of the planets of the
solar system are very small compared to the
mass and volume of the Sun. All of the planets
are under the gravitational influence of the Sun
even though some of the planets are very far
from it. The spacing of the orbits of the planets
is represented by a series of numbers generated
by the Titius-Bode rule. The match between the
predicted and observed radii for the terrestrial
planets is remarkably good, but discrepancies of
increasing magnitude occur for Uranus, Neptune,
and Pluto because the observed orbital radii are
shorter than the predicted values. Therefore, the
Titius-Bode rule is probably not valid although it
suggests that the spacing of the planets in the solar
system reflects the process by which they formed.

The average orbital velocities of the planets
likewise decrease with increasing average radii
of their orbits as required by dynamical consid-
erations in Section [L3l This relationship results
from the requirement that an object in a stable
circular orbit must move with a velocity that
generates a centrifugal force large enough to
balance the gravitational force of attraction
exerted by the Sun.

The surface temperatures of the planets in
the solar system also decrease with increasing
distance from the Sun. This relationship is
modified in the case of the terrestrial planets
(except Mercury) by the presence of atmospheres
and by greenhouse warming. The temperatures
of the gas planets refer to the surface where the
atmospheric pressure is equal to 1.0 bar. These
temperatures decline to low values and reach
—204°C in the atmosphere of Neptune.

The bulk densities of the planets decrease
with increasing distance from the Sun. This
pattern of variation indicates that the chemical
compositions of the planets differ because of
the chemical differentiation of the solar system
during its formation. The terrestrial planets as a
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group are enriched in heavy metals (e.g., iron),
whereas the gas planets have thick atmospheres
composed primarily of hydrogen and helium. The
bulk density of the dwarf planet Pluto (2 g/cm?)
indicates that it contains a core of rocky material
(about 3 g/cm?) surrounded by a thick mantle of
water ice (0.917 g/cm?).

The patterns of variations of the parameters
considered in this chapter relate the planets of
the solar system to each other and to the Sun
and thereby promote the thesis that the solar
system is a coherent unit rather than a collection
of individual objects.

3.7 Science Briefs
3.7.1 Average Orbital Velocity of Ceres

Before we demonstrate how the average orbital
velocity of Ceres (or of any other planet in the
solar system) is calculated, we briefly review
the geometry of circles: A circle is a geometric
figure consisting of a line (the circumference)
that maintains a constant distance (r) from a point
located at its center. The length of the circum-
ference of a circle divided by its diameter (2r)
is a constant known as 7 (pi) whose value is
3.14159.... (7 = circumference/diameter).

Consequently, the circumference of a circle is
2rm and the area (A) of a circle is A = r’m.

In order to calculate the orbital velocity of
Ceres, we make the simplifying assumption that
the orbit of Ceres is a circle. Therefore, the
average orbital velocity (v) is:

S (32)
t
where r = radius of the orbit in kilometers
t = period of revolution in seconds
The radius (r) of the orbit of Ceres is 2.768 AU or
414.09 x 10°km and its period of revolution (t)
is 4.61 years or 4.61 x 365.256 x 24 x 60 x 60 =
1.4548 x 108s.
Therefore, the average velocity (v) of Ceres in
its orbit around the Sun is:

_ 2x414.09x 10° x 3.14
o 1.4548 x 108

The average orbital velocity of Ceres is
consistent with the pattern of variation of the

=17.87km/s
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average orbital velocities of the planets in the
solar system in Figure B3

3.7.2 The Volume of the Rocky Core
of Pluto

A sphere is a three-dimensional body whose
surface maintains a constant distance (r) from
its center. The volume (V) of a sphere is
V = (4/3)wr? and its surface (S) is S = 4mwr?
(Appendix [Appendix T).

The mass of Pluto (M,) is the sum of the
masses of the core (M,) and the mantle (M,,):

M, =M, +M,, (3.3)

The mass of an object is related to its density (d)
and volume (V) by equation 311

Therefore, the mass of an object is equal to its
volume multiplied by its density:

Mass = Volume x Density

LetV, = volume of Pluto
V. = volume of the core of Pluto,
d, = bulk density of Pluto (2.0g/cm?),

d, = density of the core (3.0 g/cm?),

d,=density of the ice mantle
(0.917 g/cm?),
and M, =V, d,M,=V.d,and M,, =V d,.
Substituting into equation 3.3 :
V,d,=V.d.+V,d, (34)

Note that V,, =V, —V_, which allows us to
eliminate V,, from equation 3.4

V,d,=V.d.+(V,-V))d,
Solving for V,_ yields:
_ v, (d,—d,)
¢ (dc - dm)

The volume of Pluto (V) can be calculated from
its radius (r = 1150 km, Table B.1)):

(3.5)

4 5 4x3.14x(1150)°
A% :§7Tr = 3

p

367 x 10° km®
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Substituting this value into equation B.3] yields:

6367 x10°(2.0-0.917)

3.31 x 10° km®
¢ (3.0—0.917) x

Therefore, the volume of the rocky core of Pluto
is Vo =3.31 x 10°km’

3.7.3 The Radius of the Rocky Core
of Pluto

The volume of Pluto’s core (V. = 3.31 x
10°km’) can be set equal to the volume of a
sphere:

C

4

from which it follows that:

3V /3x3.310x 10\
r.= = _—_—
¢ 4ar 4x3.14
=(0.790 x 10%)'/3

log 0.790 x 10°
3

logr, = =12.9658; r, = 924km

Therefore, the radius of the core of Pluto is
924 km and the radius of its ice mantle (r,,) is:

r, =1,—1,= 1150 — 924 = 226 km

The numerical results of these calculations
depend primarily on the densities of the core
and mantle of Pluto and hence on their assumed
chemical compositions. [Stern and Yelld (1999)
considered a three-component model of Pluto in
which the mantle is assumed to be composed of
a mixture of water and methane ices.

3.7.4 Definition of Specific Gravity

The specific gravity of a body is its density in
g/cm? divided by the density of pure water at
4°C which is 1.00 g/cm?. Therefore, the specific
gravity is the ratio of two densities and it is
dimensionless because the units cancel. (See
Glossary).



34
3.8 Problems

1. Calculate the volumes of the Earth (Vy) and
the Sun (V) and compare them to each other
by dividing the volume of the Sun by the
volume of the Earth. Express the result in
words.

Radius of the Sun: 695,700 km
Radius of the Earth: 6378 km
Volume of a sphere: ‘3—‘11' r
(Answer: V¢/Vg = 1.3 x 10°)

2. Express the average distance between the Sun
and the Earth as a percent of the average
distance between the Sun and Pluto. State the
result in words. Orbital radii: Earth: 149.6 x
10° km; Pluto: 39.53 AU. (Answer: 2.5 %).

3. Calculate the travel time for light emitted by
the Sun to reach the Earth. Express the result
in seconds, minutes, hours, and days. The
speed of light (c) is 2.99 x 10'° cm/s. Look up
the length of one AU in Appendix Appendix
1. (Answer: t =500.3 s = 8.33 min, etc).

4. Halley’s comet was first observed in 240 BC
by Chinese astronomers and was also in the sky
in the year 1066 AD at the Battle of Hastings.
Calculate the number of years that elapsed
between these dates and determine how many
times this comet reappeared in this interval of
time, given that its period of revolution is 76
years but excluding the appearances at 240 BC.
(Answer: 1306y, 16 times).

5. Calculate the density of a rock composed of
the four minerals listed below together with
their abundances and densities.
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Mineral Abundance, % Density,
by volume g/cm?
Olivine 15 3.30
Augite 50 3.20
Plagioclase 25 2.68
Magnetite 10 5.18

Hint: The total mass of the rock is the sum
of the masses of its minerals. (Answer: d, =
3.28 g/cm?).
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An acceptable theory of the origin of the Earth
must also explain the origin of the other planets
of the solar system and of the Sun. Moreover,
such a theory must account for the origin of
the different kinds of stars that exist in the
Milky Way galaxy. When we attempt to explain
the origin of galaxies, we enter the realm of
cosmology, which is the study of the Universe
including its history, its present state, and its
evolution in the future. In modern cosmology
the origin of the Earth is intimately related to
the origin of the Sun and hence to the origin of
the Milky Way galaxy and to the origin of the
Universe itself.

We are naturally preoccupied with objects
in the Universe that consist of the same kind
of matter of which stars, planets, and humans
are composed. Actually, the Universe contains
far more space than galaxies and stars and
the kind of matter that forms the stars and
planets of the galaxies makes up only a small
fraction of the total amount of matter and energy
in the Universe. Modern cosmology indicates
that galaxies are embedded within dark matter
that is invisible and the Universe also contains
dark energy which opposes the force of gravity.
The most recent estimates in Table E.]] indicate
that ordinary matter contributes only 5% of the
total amount of matter and energy contained
in the Universe, dark matter makes up 25%,
and dark energy 70%. The properties of dark
matter and dark energy can only be determined
indirectly from the effects they have on the
objects in the Universe that are visible to us.
Even though we are just beginning to appreciate
the complexity of the Universe as a whole, the
origin and evolution of stars like the Sun are well
understood.
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Life and Death of Stars

4.1 The Big Bang

During the first two decades of the 20th
century the Universe was assumed to be
static. For example, when the equations of
Einstein’s general theory of relativity indicated
that the Universe could expand, he modified
them by adding a “cosmological constant” in
order to maintain the Universe in a steady
state. The theory of the steady-state Universe
was challenged when the American astronomer
Edwin P. Hubble (1889-1953) concluded
from his observations of distant galaxies that
the Universe is actually expanding. Hubble
discovered the existence of galaxies located far
beyond the limits of the Milky Way galaxy and
demonstrated by use of the Doppler effect that
these galaxies are receding from the Earth at
high velocities. (Science Brief 11.7.3). Moreover,
in 1929 he showed that the recessional veloc-
ities of these distant galaxies are proportional to
their distances from the Earth. In other words,
the higher the recessional velocity of a distant
galaxy, the greater the distance between it and
the Earth.

This proportionality is expressed by the
so-called Hubble equation:

velocity = H x distance

(4.1)

where H = Hubble constant. The Hubble
equation implies that the distances between the
Milky Way galaxy and other galaxies in the
Universe have increased with time in such a
way that galaxies with high recessional veloc-
ities have moved farther away than galaxies that
have low velocities. This means that five billion
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Table 4.1. T&Ees of matter and energy contained within the

Universe R003)

Type of matter Abundance,
% (mass)

Ordinary matter: 5

(stars, planets, etc.)

Cold dark matter: 25

Hot dark matter: 0.3

Dark energy: 70

Radiation (photons) 0.005

years ago, these distant galaxies were closer to
the Milky Way galaxy than they are at the present
time. Ten billion years ago the distances between
galaxies were still smaller. The farther back in
time we go, the smaller the Universe becomes
until ultimately, at a certain time in the past, all
of the galaxies come together in a point.

The consequence of the Hubble equation is
that the Universe originated at a certain time in
the past when all of its mass and space were
contained in a small particle. The expansion
of the Universe presumably started when this
particle exploded, thereby creating a fireball that
subsequently cooled as it expanded to form the
Universe we know today. The British cosmol-
ogist Sir Fred Hoyle, who supported the rival
steady-state hypothesis of the Universe, referred
to the explosion that started the expansion of the
Universe as the “Big Bang.” He actually meant
to ridicule the new hypothesis, but the name
was quickly adopted by cosmologists. The Big
Bang hypothesis has been confirmed by several
independent lines of evidence and has become

the accegted theory of cosmology (Riordan and
Zajc, ).

The age of the Universe, which is the time that
has elapsed since the Big Bang, can be calculated
from the Hubble equation:

velocity = H x distance

The velocity (v) is related to the distance (d) by
the equation that defines velocity:

vV=-—
t
Substituting into the Hubble equation yields:

d
V:zszd
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By dividing both sides of this equation by d we
obtain:

Evidently the expansion age (t) of the Universe
is equal to the reciprocal at the Hubble constant.
The numerical value of this constant is the
slope of the straight line that is defined by the
recessional velocities of galaxies (y-coordinate)
and the corresponding distances from the earth
(x-coordinate).

The recessional velocities of more than 50
galaxies and their distances from the Earth define
the straight line in Figure LIl The slope of
this line yields a value of 22km/s/10° ly for
the Hubble constant (ly = lightyear). The calcu-
lation of the corresponding expansion age of the
Universe is illustrated in Science Brief 4.6.1. The
best presently available estimate of the expansion
age of the Universe is:

t =13.6 x 10° years

with an uncertainty of about =+1.4 x 10%y.
Therefore, the Universe came into existence
(13.6+1.4) x 10” years ago by the explosion of
an unimaginably small particle and it has evolved
from this beginning to its present state.

The Big Bang hypothesis was confirmed in
1964 when Arno A. Penzias and Robert W.
Wilson discovered a microwave radiation that
originates from space surrounding the Earth and
which was identified by Robert H. Dicke as
the remnant of the fireball of the Big Bang.
The wavelength of this background radiation
is equivalent to a temperature of about 2.73
kelvins, which is the present temperature of the
Universe.

The third piece of evidence that supports the
Big Bang theory is the abundance of hydrogen
and helium in the Universe. The expansion of the
Universe proceeded so rapidly that only atoms
of hydrogen and helium (with minor amounts of
lithium, beryllium, and boron) could form. The
observed abundances of hydrogen and helium
in stars agree with the predicted abundances of
these elements (Anders and Grevessd, [1989):

Hydrogen = 76% by weight

Helium = 24% by weight
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Figure 4.1. The measurements of the recessional velocities (v) and the distances (d) between the Earth and distant galaxies
define a straight line whose slope is the Hubble constant (H) defined by the relation: H=v/d or v=H x d as stated
in equation EETl A statistical interpretation of these data yields a value of 2242.2km/s/10° ly for the Hubble constant.
The asterisk identifies the most distant galaxy included in this survey, which is located at almost 1300+ 10%1ly from

Earth (1.22 x 10?2km) and which has a recessional velocity close to 26,500 km/s (8.8% of the speed of liiht%. These
modern measurements extend and confirm the results Edwin Hubble published in 1929. Adapted from

Figure [[9.6)

The agreement between the predicted and
observed abundances of hydrogen and helium
supports the hypothesis that the Universe did start
with a Big Bang (Science Brief 4.6.2).

The physical properties of the Universe immedi-
ately following the Big Bang have been inves-
tigated by the application of certain theories
of nuclear physics. All matter in the Universe
immediately following the Big Bang was in its
most primitive state consisting of a mixture of
free quarks and leptons, which are identified by
name in Table When the Universe cooled
because of the expansion following the Big
Bang, the quarks combined with each other to
become protons and neutrons, which subsequently
formed the nuclei of hydrogen and helium. The
timing of these events was controlled by the
temperature, which has been calculated based on
the expansion of the fireball m,m)

The resulting evolution of the Universe is
depicted in Figure by a line which traces the

>

decrease of the temperature of the Universe as
a function of its age expressed in seconds. The
values of both temperature and age in Figure
were plotted in powers of 10 in order to encompass
the enormous ranges of these parameters. As a
result of this choice of scales, the first second
of time in the history of the Universe is greatly
expanded in Figure compared to all of the
time that followed. Nevertheless, the diagram
illustrates the conclusion of cosmologists that
atomic nuclei of hydrogen and helium (with minor
amounts of lithium, beryllium, and boron) formed
about three minutes after the Big Bang. Subse-
quently, these nuclei became electrically neutral
atoms by attracting electrons to themselves when
the temperature had decreased to about 4000 K
and the Universe was about 100,000 years old.
Another milestone in the evolution of the Universe
occurred several hundred million years later when
stars began to form from large clouds of hydrogen
and helium gas, which eventually evolved into
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Table 4.2. The basic constituents of ordinary matter. (Liss and Tiptod, [1997)

Types of Quarks Leptons
particles
Names Up Charm Top Electron Muon Tau
of
particles
Down Strange Bottom Electron Muon Tau
neutrino neutrino neutrino

galaxies. For example, some of the stars of the
Milky Way galaxy are about 13 billion years old
and presumably formed about 600 million years
after the Big Bang.

The data in Table K3] indicate that the
density of the Universe also decreased from an
estimated value of 106 g/cm? at 10~* seconds to
1073 g/cm? at the present time. The decrease of

the density of the Universe is primarily caused by
the increase in the volume of space between the
galaxies. Space and time increase together and are
referred to as the “space-time continuum.” In other
words, the Universe is not expanding into existing
space, but it is actually creating space and time as
it expands. Evidence obtained recently indicates
that the expansion of the Universe is accelerating.
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Table 4.3. Decrease of temperature and density of the
Universe as a result of expansion Mﬁ ooz,
Figure 20.14)

Time, as Temperature, K Density, g/cm?
indicated

1074 1032 10%
10735 1028 10%°
107135 1016 10%

155 3x10° 10*

3 min' 10° 102

10°y? 4000 10-20
10°y? 18 10777

13.6 x 10° 2.73 10730

I'Nuclei of hydrogen, deuterium, helium, lithium, beryllium, and
boron atoms formed in about 2 minutes between 3 and 5 minutes
after the Big Bang.

2 Atomic nuclei combined with electrons to form neutral atoms of
hydrogen and of the other elements listed above.

3 Several hundred million years after the Big Bang, clouds of
hydrogen and helium atoms began to form stars within galaxies.

As a result, the Universe will become colder,
darker, and emptier in the course of billions of

ears in the future ([Eerrid, [1997; IChristiansod,
@)

4.2 Stellar Evolution

The Big Bang and its immediate aftermath
caused clouds of hydrogen and helium to be
scattered into the space that was unfolding with
the expansion of the Universe. A few hundred
million years after the Big Bang, stars began to
form within these clouds, which later evolved
into clusters of galaxies each of which contained
hundreds of billions of stars. The early-formed
first-generation stars were composed only of
hydrogen and helium (and small amounts of
lithium, beryllium, and boron) because, at that
time, the Universe did not yet contain any of the
other elements of which the planets of our solar
system are composed. Typical stars in the Milky
Way galaxy today are still composed primarily of
hydrogen and helium but also contain elements
having higher atomic numbers (numbers of
protons) such as carbon (Z = 6), nitrogen
(Z=17), oxygen (Z =38), fluorine (Z=9), and
neon (Z = 10), where (Z) is the atomic number.

The properties of the light that stars radiate
into space are used to determine certain important

39

properties of these stars, such as their chemical
composition, their surface temperature, and the
“color” of the light they emit, as well as their
luminosity, which is defined as the total amount
of energy a star radiates into space in one
second (Glossary). These measurable properties
are used to construct the Hertzsprung-Russell
(H-R) diagram that is used to categorize stars
on the basis of their masses and to track their
evolution. The stars in a relatively young galaxy
are represented by points within a band called
the main sequence. The luminosity of these stars
relative to the luminosity of the Sun ranges over
seven orders of magnitude from 10° to 107%.
The most luminous stars emit blue light, which
implies that they have a high surface temper-
ature (~ 40,000K), whereas the least luminous
stars emit red light because they have low surface
temperatures (~ 2000K). Stars having a high
luminosity and a high surface temperature are
more massive than stars with low luminosity and
low surface temperature. Therefore, the high-
luminosity stars are called blue giants and the
low-luminosity stars on the main sequence are
the red dwarfs. The very smallest stars called
brown dwarfs are described in Section

The light radiated by stars on the main
sequence is generated by nuclear fusion reactions
by means of which two protons (nuclei of
hydrogen) and two neutrons are combined to
form the nucleus of helium. This process releases
large amounts of energy in the form of heat
that is transported by radiation and convection
from the core of the star to its surface where
some of it is converted into electromagnetic
radiation (light) that is radiated into the space.
Stars can also lose energy by ejecting hot
ionized gas in the form of flares. Such flares
are primarily composed of protons (hydrogen
nuclei), alpha particles (helium nuclei), and
electrons.

The very first stars of the Milky Way galaxy
formed by the contraction of clouds of hydrogen
and helium under the influence of gravity and
other forces. When the core temperature of such
a H-He star reached about 12 million kelvins, the
hydrogen-fusion reaction started and a star was
born. The luminosity and surface temperature of
the new star placed it on the main sequence at
a point depending on the mass of the star. For
example, the Sun is located roughly in the middle
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Figure 4.3. The Hertzsprung-Russell diagram is constructed
by plotting the luminosity of stars (divided by the luminosity
of the Sun) in powers of 10 versus their surface temperature
(or color). Most of the stars of an active galaxy plot in the
area labeled main sequence. The blue giants are the largest
stars with about 60 solar masses, whereas red dwarfs have
less mass than the Sun. Stars on the main sequence generate
energy in their cores by a nuclear reaction that fuses two
protons (nuclei of hydrogen atoms) with two neutrons to
form a nucleus of helium. After the hydrogen in the core is
exhausted, stars leave the main sequence and become red
giants which ultimately eject their gas envelopes leaving
their cores, which take the form of white dwarfs, neutron

stars, or a black holes depending on the original mass of
the star. Adapted fromm @002, Figure [Z13)

of the main sequence in Figure 3] at a relative
luminosity of 1.

The masses of stars on the main sequence
range widely from about 0.2 to 60 solar masses.
Consequently, the massive stars (blue giants)
contain more hydrogen fuel for the H-He fusion
reaction than the less massive stars (red dwarfs).
We might expect therefore, that blue giants can
sustain the H-fusion reaction much longer than
red dwarfs because they contain so much more
fuel. However, the opposite is true because blue
giants “burn” the hydrogen in their cores far
more rapidly than red dwarfs do and therefore
they spend much less time on the main sequence
than red dwarfs. The longevity of red dwarfs
arises from the fact that convection in their
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interiors is continually replenishing the hydrogen
in their cores. Blue giants are short-lived because
convection in their interiors does not allow the
hydrogen in their cores to be replaced.

The relationship between the masses of stars
and their life expectancies on the main sequence
in Figure .4l indicates that the most massive stars
(60 solar masses) spend only about 360,000 years
on the main sequence, whereas the Sun (1 solar
mass) and other stars of similar mass stay on the
main sequence for about 10 billion years. Stars
with masses less than that of the Sun remain on
the main sequence longer than the age of the
Universe. Therefore, red dwarfs that formed in
the Milky Way galaxy during the initial burst
of star formation are still residing on the main
sequence, whereas stars more massive than the
Sun died earlier and completed their evolution
long before the present. The Sun, being a star of
modest size, will remain on the main sequence

Stars on the Main Sequence
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Figure 4.4. The life expectancies of stars on the main
sequence depend strongly on their masses. The most
massive stars (60 solar masses) “burn” the hydrogen in their
cores in less than one million years and complete their life
cycle soon thereafter. The least massive stars (less than one
solar mass) spend up to one thousand billion years on the
main sequence. As a result, the red dwarfs are the oldest and
most abundant stars in the Milky Way and other galaxies,
whereas blue giants are the youngest and least abundant
stars. The life expectancy of the Sun on the main sequence
is ten billion years. We also know that the Sun is 4.6 billion
years old which means that it will continue to shine for
about another 5.4 billion years before it becomes a red giant.
Data from , Table [23))
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for an additional 5.4 billion years, based on its
present age of the 4.6 billion years.

4.3 Nucleosynthesis

Stars on the main sequence can only convert
hydrogen in their cores into helium. All of
the other chemical elements are formed by
nuclear reactions that occur after a star has
left the main sequence and has evolved into
a red giant on the H-R diagram in Figure {3
When most of the hydrogen in the core of a
star on the main sequence has been converted
to helium, the rate of energy production initially
decreases, which causes the star to contract. The
resulting compression of the interior of the star
raises the temperature of the core and of the
shell around the core. Therefore, the site of the
hydrogen-fusion reaction shifts from the core
to a shell outside of the core, thereby causing
the luminosity of the star to increase. As a result,
the star moves off the main sequence and into the
region in Figure €3] occupied by red giant stars.

The heat generated by hydrogen-fusion in the
shell also increases the temperature of the core.
When the core temperature reaches about 100
million K, the helium in the core begins to form
nuclei of carbon atoms by the so-called triple-
alpha process, which occurs in two steps. First,
two helium nuclei collide with each other to form
a nucleus of beryllium (iBe):

“He +3He — ®Be +energy (4.3)

This beryllium nucleus is unstable and must
assimilate a third alpha particle almost immedi-
ately to produce a nucleus of carbon:

*Be +3He — ';C +energy (4.4)

The additional energy generated by the helium
fusion reaction causes the star to expand into a
red giant. The surface temperature of red giant
stars actually decreases because the energy is
spread over a larger surface area than before.
The transformation of a main-sequence star
into a red giant is an important event in the
evolution of stars because, at this stage, stars
can generate energy by synthesizing nuclei of
carbon and many other elements. As a result,
the chemical composition of red giants changes
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as they synthesize elements containing up to
92 protons in their nuclei. The elements that
contain more than two protons in their nuclei
are called “metals” by cosmologists even though
some of these elements are actually non-metals
such as carbon, nitrogen, oxygen, fluorine, sulfur,
and many others. Nevertheless, the synthesis
of nuclei of chemical elements by red giants
is said to increase their “metallicity.” The
synthesis of chemical elements in red giant
stars takes place by several different kinds of
nuclear reactions that occur at different stages in
their evolution. These reactions were originally
described by [Burbidge et all (1957) and have
since become an integral part of the theory of
stellar eﬁion and energy generation in stars
(Bethd, [1963).

The nucleosynthesis reactions occurring in
red giant stars are caused by the bombardment
of nuclei by alpha particles (alpha process)
and by the capture of neutrons (neutron-capture
process). For example, if the nucleus of carbon-
12 ('2C) collides with an alpha particle (3He), it
forms the stable nucleus of oxygen-16:

"2C +3He — 'SO + energy (4.5)

This process continues until the positive
electrical charges of the product nuclei repel
the positively charged alpha particles, because
particles having electrical charges of the same
polarity repel each other. The alpha process
becomes ineffective when the target nuclei
contain 26 or more protons, which characterizes
the nuclei of the atoms of iron and elements of
higher atomic number.

In addition to the alpha process described
above, nucleosynthesis in red giant stars occurs
by the capture of neutrons. This process is
not limited by electrostatic repulsion because
neutrons do not have an electrical charge.
Consider for example, the neutron capture by the
stable nucleus of iron-56 (3:Fe):

¥Fe+ !n — 3]Fe(stable) (4.6)
>7Fe+ ¢n — >5Fe(stable) 4.7
¥Fe + ¢n — >oFe(unstable) (4.8)

>eFe — 37Co + beta particle + neutrino + enzrlggy)
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The unstable nucleus of 3.Fe decays by the
spontaneous emission of a beta particle (an
electron emitted from the nucleus) to form
stable cobalt-59, which has 27 protons and
59 — 27 = 32 neutrons. The neutrino is a lepton
listed in Table which interacts sparingly
with matter but carries kinetic energy (Faure and
Mensing, 2005).

The decay of the nucleus of 5 Fe is an example
of radioactivity which occurs by the sponta-
neous emission of nuclear particles from an
unstable nucleus and of electromagnetic radiation
from the resulting product nucleus. The nuclei
of atoms in the cores of red giants and main-
sequence stars have positive electrical charges
(arising from the presence of protons) because the
nuclei are unable to interact with electrons at the
high temperatures (i.e., > 100 million K in red
giants and > 12 million K in main-sequence stars).

The hypothesis explaining the origin of the
chemical elements by nucleosynthesis in stars,
proposed by [Burbidge et all (1957), was fine-
tuned by comparing the predicted abundances
of the elements to the chemical composition of
the solar system revealed by optical spectroscopy
of sunlight and by chemical analyses of
meteorites which originated from the asteroids.
The abundances of the chemical elements
derived from these sources are displayed in
Figure

The abundances of the chemical elements
in the solar system are expressed in terms of
numbers of atoms of an element divided by 10°
atoms of the element silicon (Si). For example,
the abundance of hydrogen is 2.79 x 10'° atoms
of H per 10° atoms of Si, which can be restated
in terms of powers of 10:

2.79 x 10'0 = 10'0#

Therefore, the abundance of hydrogen in

Figure is expressed by a point whose coordi-

nates are: 10.44 and 1 (i.e., the nucleus of H

contains only one proton).

The abundances of the elements included in
Figure [.3] illustrate several important observa-
tions:

1. Hydrogen and helium, which formed during
the Big Bang, are more abundant than all other
elements.

2. Lithium, beryllium, and boron have low
abundances because only small amounts of
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these elements formed during the initial

expansion of the Universe.

3. Elements with even atomic numbers are more
abundant than elements with odd atomic
numbers. (Oddo-Harkins rule).

4. The abundances of the elements generally
decline as their atomic numbers increase.

5. Iron stands out by being more abundant than
expected from the pattern of abundances.
The chasm in Figure caused by the low
abundances of Li, Be, and B is bridged by
the triple-alpha process, which permits all of
the other elements to form by nucleosynthesis
reactions starting with carbon-12. Iron is the
end product of the alpha process, which may
explain the anomalously high abundance of this
element. Elements having higher atomic numbers
than iron formed by neutron capture and other
nuclear reactions during the red-giant stage and
its aftermath. The present theory of nucleosyn-
thesis successfully explains the abundances of
most of the elements in the solar system. The
good agreement between the theoretical predic-
tions and the measured abundances of chemical
elements in the solar system provides confidence
in the reliability of the theory of stellar nucle-

osynthesis.

The nuclear reactions that continue to
synthesize chemical elements enable red giant
stars to maintain their large size until eventually
all nuclear fuel is used up. Therefore, red giants
stars become increasingly unstable with age and
are ultimately destroyed in gigantic explosions
that occur after the central core collapses. The
resulting shockwave blows away the outer layers
of gas that contains not only residual hydrogen
and helium, but also the new elements whose
nuclei were synthesized by nuclear reactions
during the red giant stage. When a star more
massive than the Sun reaches the end of the red
giant stage it explodes as a supernova. The
gas ejected by a supernova into interstellar
space forms a planetary nebula, which in some
cases has the shape of a balloon with the
remnant of the stellar core at its center. The
fate of the stellar core depends on its mass.
Stars whose mass is similar to that of the
Sun become white dwarfs which are charac-
terized by low luminosities but high surface
temperatures (Figure [4.3]). These stellar corpses
gradually cool and ultimately fade from view
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Figure 4.5. The abundances of the chemical elements in the solar system are expressed in terms of numbers of atoms per
million atoms of silicon and were plotted in this diagram in powers of 10. The abundances of hydrogen and helium are
up to 1000 times higher than those of carbon and other elements of higher atomic number (i.e., number of protons). The
chemical symbols used to identify the elements are: H = hydrogen, He = helium, Li = lithium, Be = beryllium, B = boron,
C = carbon, N = nitrogen, O = oxygen, F = fluorine, Ne = neon, Na = sodium, Mg = magnesium, Al = aluminum,
Si = silicon, P = phosphorus, S = sulfur, Cl1 = chlorine, Ar = argon, K = potassium, Ca = calcium, Sc = scandium,
Ti = titanium, V = vanadium, Cr = chromium, Mn = manganese, Fe = iron, Co = cobalt, and Ni = nickel. Only the first
28 of the 92 naturally occurring chemical elements are included in this diagram. Data from |Anders and Grevessd )

when their surface temperature drops below
about 750 K.

The cores of stars that are significantly more
massive than the Sun collapse until all atomic
nuclei disintegrate and the protons are converted
into neutrons by interacting with electrons.
The resulting neutron stars are as dense as
atomic nuclei and hence are relatively small.
The contraction also increases their rate of
rotation up to about 60 rotations per second
although a few rotate much faster than this.
As a result, the rapidly spinning neutron stars
emit electromagnetic radiation in pulses, which

is why neutron stars are also called “pulsars”
(Ixiod, [1999).

The cores of the most massive stars collapse
until their gravitational force prevents even
photons of electromagnetic radiation to escape.
Therefore, they have the appearance of black holes
in the galaxy in which they occur. Black holes can
grow in mass by pulling matter from passing stars.
Before falling into the black hole, the material
forms a disk that orbits the hole and emits an
intense beam of x-rays as it disappears into the
black hole forever. The Milky Way and other
galaxies each contain a supermassive black hole
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in their central bulge. The mass of a superheavy
black hole can reach millions of solar masses.

4.4 The Milky Way Galaxy

Our galaxy in Figure has the shape of a flat
disk formed by spiral arms and is surrounded
by a halo containing numerous globular clusters
of stars and small satellite galaxies. The central

CHAPTER 4

region of the Milky Way galaxy is occupied
by a spherical bulge containing a large number
of bright stars. These features identify the
Milky Way galaxy as a barred spiral. Other
types of galaxies include ellipticals, spirals, and
irregulars.

The diameter of the disk of the Milky Way
galaxy is about 100 thousand light years and that
of the halo is 300 thousand light years. The Sun
is located within the galactic disk at a distance of

Milky Way Galaxy
Globular Galactic
star clusters ¢ halo
o oo f Galactic
Galactic . S disk
bulge ‘\““_;_
. .o. . . Sun

Magellanic O

"clouds" ’

200 100 100 200

Distance from the Galactic Center, 10° ly

Figure 4.6. Schematic diagram of the Milky Way galaxy. The galactic disk consists of spiral arms which are composed of
stars and clouds of gas and dust. The galactic bulge contains a large number of luminous stars as well as a supermassive
black hole. The galactic halo includes small satellite galaxies such as the Magellanic “clouds” and numerous globular clusters
of stars. The galactic halo also contains dark matter, which makes up most of the mass of the galaxy. Adapted from Hester

et al. (2003, Figure [8.6)
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27 thousand light years from the central bulge.
The entire Milky Way galaxy is rotating about its
central bulge with a radial velocity of 250 km/s
at a distance of 27 thousand lightyears from the
galactic center, which corresponds to a period
of revolution of 200 million years (Science
Brief 4.6¢).

The rotation of the Milky Way galaxy causes
it to have the structure of a two-armed spiral
and triggers star formation by compressing the
clouds of gas in the spiral arms. Therefore, the
spiral arms are illuminated by the light emitted
by massive young stars whose life expectancy
on the main sequence is so short that they do
not have time to drift far from the spiral arm in
which they formed.

The rotation of the Milky Way and other spiral
galaxies causes stars like the Sun to revolve
around the galactic center. If most of the mass of
the galaxy is concentrated in the central bulge,
as suggested by the amount of light that is
generated there, then the orbital velocities of stars
should decrease with increasing distance from
the galactic center like those of the planets of the
solar system in Figure B3 In actual fact, recent
measurements of the orbital velocities of stars in
spiral galaxies in Figure L7 indicate that their
orbital velocities are close to being constant and
independent of their distance from the galactic
center. Therefore, the mass of a spiral galaxy is
not concentrated in the central bulge as initially
assumed. The radial distribution of orbital veloc-
ities (called the rotation curve) of spiral galaxies
indicates that a large fraction of the total mass
of a galaxy resides in its halo in the form of
dark matter. The matter that is responsible for
the mass of the halo does not emit electromag-
netic radiation and therefore is not detectable
by optical telescopes or other kinds of radiation
detectors.

The halo of the Milky Way galaxy in
Figure [4.6 contains several small galaxies that
are being cannibalized by the host galaxy (e.g.,
the Magellanic “clouds”) or will collide with it
in the future (e.g., the Andromeda galaxy). As
a result, the Milky Way galaxy is gaining large
amounts of gas and dust from which new stars

will continue to form in the future (Wakker and
Richter, ).

Evidently, the Milky Way and other galaxies
in the Universe are growing in mass by assim-
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Figure 4.7. The rotation curve of the spiral galaxy NGC
3198 is flat indicating that the orbital velocities of stars
do not decrease with increasing distance from the galactic
center. The explanation is that the mass of this and other
spiral galaxies is not concentrated in its central bulge, but
resides primarily in the halo surrounding the disk of spiral
arms. The curves demonstrate that normal luminous matter
dominates only in the inner part of the galaxy within a radius
of about 32 x 1031y (point A) and that dark nonluminous
matter becomes increasingly abundant at greater distances
from the galactic center. The presence and distribution of
dark matter explains why the orbital velocities of stars in
this spiral galaxy remain constant at distances greater than
about 20 x 103 ly (point B) from the galactic center. Adapted
from @002, Figure 17.14)

ilating smaller galaxies and clouds of gas from
intergalactic space. Although the oldest known
stars in our galaxy formed about 13 billion years
ago and although billions of stars have formed
and died since then, the Milky Way galaxy
continues to grow and to form new stars with no
end in sight.

4.5 Summary

The observation that the Universe is expanding
implies that the distances between galaxies were
shorter in the past than they are at present and
that at some time in the past all of the matter
and energy of the Universe was concentrated in
a small particle. This particle exploded sponta-
neously thereby starting the Universe with a Big
Bang.
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About 10~* seconds later, the Universe was
composed of a mixture of elementary nuclear
particles which were interacting with each other
in accordance with theories of nuclear physics
and depending on the rapidly decreasing pressure
and temperature. About three minutes after the
Big Bang at a temperature of one billion kelvins,
nuclei of hydrogen and helium formed, as well
as much smaller amounts of lithium, beryllium,
and boron.

The first stars which began to form several
hundred million years later were initially
composed only of the elements that were synthe-
sized during a brief interval of time following
the Big Bang (i.e., hydrogen and helium). These
stars generated energy by the nuclear fusion
of hydrogen to helium while they resided on
the main sequence of the H-R diagram. The
largest stars consumed most of the hydrogen
in their cores in less than one million years
and subsequently sustained themselves for even
shorter periods of time by the energy derived
from the synthesis of atomic nuclei containing
more than two protons. These newly synthe-
sized nuclei were ejected when the aging stars
died by the collapse of their cores and the
explosive loss of the surrounding shells of gas
(i.e., supernova).

The resulting planetary nebulae allowed new
stars to form that were composed not only
of hydrogen and helium, but also contained
elements whose nuclei contained more than two
protons. Consequently, the Milky Way and all
other galaxies in the Universe have evolved by
the birth and death of stars and by the production
of chemical elements within these stars. The
theory of stellar evolution and nucleosynthesis
also leads to the insight that the stars of the Milky
Way galaxy have a range of ages and chemical
compositions. However, all stars are composed
of the same chemical elements that exist in the
Sun and in the planets of our solar system.

Another important insight is that the Sun,
which formed only 4.6 billion years ago, is a
relatively young star in the Milky Way galaxy.
We know this not only from the age of the solar
system, but also because of the presence in the
Sun of elements that did not form during the
Big Bang. In other words, the Sun is a second-
generation star that formed from the gas and
dust that had accumulated in our galactic neigh-
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borhood by the explosion of ancestral red giant
stars.

The presence of these “metallic” elements
in the cloud of gas and dust from which the
Sun formed, made possible the accumulation of
planets composed of solid compounds. These
planets include the Earth on which we live.
We see now that the Earth is composed of
chemical elements that were synthesized by
nuclear reactions in red giant stars that have since
exploded. Human beings and all other forms of
life on the Earth are likewise composed of the
“ashes” of the nuclear “fires” like those that are
still burning in all of the hundreds of billions of
stars in the Milky Way and all other galaxies of
the Universe.

The Milky Way galaxy is classified as a barred
spiral because it contains a bar-shaped central
bulge connected to two arms composed of stars
and clouds of gas and dust. The arms are being
wound into a trailing spiral by the rotation of the
central bulge. The rotation curve of the Milky
Way galaxy indicates that the orbital veloc-
ities of stars are constant and do not decrease
with increasing distance from the galactic center.
This anomalous property of spiral galaxies is
attributable to the presence of large amounts of
dark matter in the halo surrounding the galactic
disk. The halo also contains numerous dwarf
galaxies and globular clusters which are being
assimilated by the Milky Way galaxy. The clouds
of gas and dust entering the Milky Way galaxy
are causing new stars to form and are thereby
rejuvenating the galaxy.

4.6 Science Briefs

4.6.1 The Hubble Constant and the Age
of the Universe

The data points in Figure LTl define a straight line
in coordinates of the distance to other galaxies
and their recessional velocities. The distance
is expressed in units of millions of lightyears
while the velocity is expressed in kilometers per
second. According to equation EL.1] the Hubble

constant is equal to the slope of this line (Hester
et al., ).

_ velocity - km/s
~ distance 1001y
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The expansion age (t) of the Universe expressed
by equation is the reciprocal of the Hubble
constant:

1 101y

H  22km/s

We calculated in Section 23] that one lightyear
is equal to 9.460 x 102 km.
Therefore:
~9.460 x 10" x 10°km
N 22km/s

Note that the distance in kilometers cancels,
leaving:

o 9.460 x 10'8
o 22

S

Converting to years:

o 9.460 x 108
22 %60 x 60 x 24 x 365.26
=0.01362 x 10"y

t=13.62x10%y

This result is the best available estimate of the
age of the Universe. The scatter of data points
above and below the straight line in Figure F.]]
allows the value of the Hubble constant to vary
from 20 to 25km/s/10%ly. The corresponding
values of the age of the Universe range from
15 billion (H = 20km/s/10°ly) to 12 billion
years (H = 25km/s/10%ly). Astronomers are
still working to reduce the uncertainty of the best
estimate of the age of the Universe.

4.6.2 The Atomic Nuclei of Hydrogen
and Helium

The atoms of hydrogen consist of only
one proton, which forms the nucleus, and
one electron. The nuclei of a small fraction
of the hydrogen atoms (0.015 % by number)
contain both a proton and a neutron giving them
a mass number of two. Therefore, this atomic
variety of hydrogen is known as deuterium after
the Greek word for “two.” In contrast to the
nucleus of hydrogen atoms, all nuclei of helium
atoms contain two protons and most of them
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also contain two neutrons, although a few helium
atoms (0.000138 % by number) contain only one
neutron. The make-up of the atomic nuclei of
hydrogen and helium is indicated by the way
these atoms are identified in atomic physics:

Hydrogen :; H and | H

Helium :} He and ] He

where the subscript identifies the number of
protons (atomic number) and the superscript
indicates the number of protons and neutrons
(mass number).

4.6.3 The Period of Revolution of the Sun
Information provided by [Hester et all (2002)

indicates that the Sun is located at a distance
of 27 x 10° ly from the central bulge of the
Milky Way galaxy and that the radial velocity at
that distance is 250 km/s. Therefore, the circum-
ference (d) of the orbit of the Sun around the
center of the galaxy is:

d=2rmr=2x27x10*x9.460 x 10"* x 3.14
= 1604 x 10" km

where 11y =9.460 x 10'> km (Section23.T)). The
period (t) of revolution of the Sun is:

d 1604 x 10"
t=—=—— =641 10"
v 250 6.416 x 107 s

Converting from seconds to years:
(= 6.416 x 10"
60 x 60 x 24 x 365.26

The period of revolution of the Sun around the
center of the Milky Way galaxy is about 200
million years.

=203 x 10%y

4.7 Problems

1. Calculate the diameter of the Milky Way
galaxy in kilometers assuming that its radius
is 501y. (Answer: 9.46 x 10 km).

2. Calculate the period of revolution of a star that
is located 351y from the center of the galaxy
assuming that its radial velocity is 150 km/s.
(Answer: 4.39 x 10°y).
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3. Calculate the age of an expanding universe
characterized by a Hubble constant
H = 15km/s/10° ly. (Answer: 19.98 x 10°y).

4. According to the Oddo-Harkins rule, chemical
elements with even atomic numbers are
more abundant than elements that have odd
atomic numbers. Examine Figure [.3] and
note the elements Al, Si, and P. Determine
whether these elements obey the Oddo-
Harkins rule and suggest an explanation for
this phenomenon. (See [Faurd, @)

5. Write an essay about one of the following
scientists who contributed significantly to the
theory of cosmology and stellar evolution.

a. George Gamow c. Hans Bethe
b. Fred Hoyle d. Edwin Hubble
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The Milky Way galaxy contains clouds of gas
and dust that occupy large regions of interstellar
space. These clouds are composed primarily of
hydrogen and helium, but they also contain all
of the other chemical elements that were synthe-
sized by red giant stars prior to and during
their final explosions as novae or supernovae.
Therefore, the clouds of gas and dust in the
galaxy are the remnants of planetary nebulae
that formed when the envelopes of hot gas of
red giant stars were blown into interstellar space
following the collapse of their cores.

The gases of planetary nebulae are initially
hot enough to cause the atoms to lose some or
all of their extranuclear electrons. Consequently,
the planetary nebulae are initially composed of
electrically charged atoms called ions (Science
Brief5.5.1). Gases composed of ions and electrons
represent a state of aggregation called plasma.
Matter in the form of plasma in interstellar
space responds to differences in the electrical
potential and can contain magnetic fields
inherited from the ancestral red giant stars in..

The hot and ionized gas of a planetary
nebula produced by a supernova expands at high
velocities approaching the speed of light until
it collides and mixes with interstellar gas of
previous supernovae. The Sun and the planets of
the solar system originated by contraction of such
a cloud of gas and dust called the solar nebula
which contained not only hydrogen and helium
but also chemical elements that were ejected by
ancestral red giant stars in our neighborhood of
the Milky Way galaxy.

5.1 The Solar Nebula

The gases of planetary nebulae cooled as a result
of expansion and by emitting electromagnetic
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radiation. Consequently, the ions that were
present when the gas was still hot attracted
electrons to themselves and thus became neutral
atoms of the chemical elements. These atoms
continued to move along random paths at high
velocities depending on the temperature. Conse-
quently, the atoms of different chemical elements
collided with each other, which permitted
covalent bonds to form by “sharing” of electrons.
Chemical bonds that result from the electrostatic
attraction between positively and negatively
charged ions are called “ionic” bonds. In reality,
covalent bonds between atoms in a molecule
in most cases have a certain amount of ionic
character because the electrons are not shared
equally by the atoms that form a particular
molecule.

The collisions among atoms in a cloud
of gas composed of neutral atoms produced
a large number of different molecules. The
most abundant molecule in the solar nebula
was diatomic hydrogen (H,), which formed by
covalent bonding of two hydrogen atoms. The
solar nebula also contained individual atoms of
helium, which is a noble gas and therefore does
not form bonds with other atoms. The other noble
gases (neon, argon, krypton, xenon, and radon)
in the solar nebula also did not form bonds for
the same reason as helium.

The atoms of the other elements, some of
which are listed in Table 3.1l formed covalently
bonded molecules when their atoms in the solar
nebula collided with each other. For example, an
atom of carbon (C) that collided with an atom
of oxygen (O) produced the molecule CO, which
we know as carbon monoxide:

C+0 — CO+ energy (5.1)
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Table 5.1. The periodic table of the chemical elements having atomic numbers from 1 to 18
Groups
1 2 3 4 5 6 7 8
Period 1 H(1) He(2)
Period 2 Li(3) Be(4) B(5) C(6) N(7) 0o(8) F(9) Ne(10)
Period 3 Na(11) Mg(12) Al(13) Si(14) P(15) S(16) CI(17) Ar(18)

Notes: The elements are arranged in order of increasing atomic number (number of protons in the nuclei of
their atoms). Elements in the same group have similar chemical properties. The horizontal sequences (periods)
reflect the progressive filling of the available electron orbitals with increasing atomic numbers. The elements
are identified by their chemical symbols: H = hydrogen, He = helium, Li = lithium, Be = beryllium,
B = boron, C = carbon, N = nitrogen, O = oxygen, F = fluorine, Ne = neon, Na = sodium,
Mg = magnesium, Al = aluminum, Si = silicon, P = phosphorus, S = sulfur, CI = chlorine, Ar = argon.

The complete periodic table contains 92 chemical elements.

The energy released by this process is called the
“heat of the reaction” which caused the temper-
ature of the solar nebula to rise. However, the
heats of chemical reactions are much lower than
those of nuclear reactions.

Molecules of CO may have collided with
another atom of oxygen to form CO,, which is
carbon dioxide (CO,):

CO+ 0 — CO, +energy (5.2)

Carbon monoxide (CO) and carbon dioxide
(CO,) are gases at the temperature and pressure
that prevail on the surface of the Earth. However,
at the low temperature of interstellar space, CO
and CO, form solids we call ice.

Another example of compound formation
involved atoms of hydrogen (H) and oxygen (O):

H+ O — HO + energy (5.3)
H+HO — H,0 +energy (5.4)

H,O0 is the chemical formula for water ice which
melts at 0°C on the surface of the Earth. Liquid
water can be converted into a gas by raising
its temperature to 100°C at a pressure of 1 atm.
The important point here is that water molecules
formed spontaneously in the solar nebula as a
result of collisions of atoms of H and O and that
the water molecules existed in the form of small
particles of ice.

Reactions between atoms of carbon (C) and
hydrogen (H) in solar nebula formed so-called
organic molecules, such as methane (CH,) and
other hydrocarbons. In addition, the solar nebula,
like other clouds in interstellar space, contained

a large number of different complex organic
compounds such as methanol (CH;OH), acetone
[(CH,),CO], formaldehyde (H,CO), and about
one hundred others. Some of these compounds
have been detected in comets where they have
been preserved at low temperature for 4.6 billion
years (Hartmanu, 2003).

The atoms of metallic elements such as
calcium (Ca), magnesium (Mg), and iron (Fe)
interacted with atoms of oxygen in the solar
nebula to form the oxides CaO, MgO, and FeO.
These compounds formed small solid particles
at the low pressure and temperature of the solar
nebula. In this way, the hot plasma ejected
by the ancestral supernovae evolved into the
solar nebula which was composed of molecular
hydrogen, helium atoms, organic molecules, as
well as solid particles of ice, oxides of metals,
and other kinds of solids (e.g., graphite).

5.2 Origin of the Sun and Planets

The Sun and the planets of the solar system
formed as a result of the contraction of gas
and dust of the solar nebula which took place
in accordance with the laws of physics and
chemistry. However, the sequence of events
and the present make-up of the solar system
are, in general, unpredictable because the
process is strongly affected by feedback loops
which magnify minor perturbations into major
differences in the final outcome. For example,
attempts to reproduce the formation of the
solar system by computational methods do not
necessarily yield the solar system we know. In
some cases, two stars can form instead of one
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and the number of planets and their satellites
may vary unpredictably.

The solar nebula was part of amuch larger cloud
of gas and dust which had accumulated in our
galactic neighborhood during a long period of time
that preceded the comparatively rapid formation
of our solar system. The Elephant’s Trunk nebula
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in Figure B.1l is an example of such a cloud of
gas and dust in which stars are forming at the
present time. Another example is the Orion nebula
described by (M). Therefore, other stars
may have originated from the same cloud of gas
and dust in which the Sun formed and these sister
stars may still reside in our galactic neighborhood.

Figure 5.1. The Elephant’s Trunk nebula in the Milky Way galaxy, seen here in false-color infrared light by the Spitzer
Space-Telescope. The nebula is a stellar nursery in which several young stars glowed brightly when the light was emitted
about 2450 years ago. This nebula also contained dust particles and molecules of hydrogen and of complex polycyclic aromatic
hydrocarbons (PAHs). (Courtesy of NASA/JPL-Caltech/W. Reach (SSC/Caltech). (http://ipac.jpl.nasa.gov/media_images/

$s¢2003-06b1.jpg)
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The contraction of the solar nebula under the
influence of gravity may have been initiated
by the passage of a shockwave caused by the
explosion of a nearby red giant star, or by
the pressure of photons emitted by stars in the
galaxy, or by random motions of atoms and
dust particles, or by other causes. The resulting
contraction of the solar nebula caused most of
its mass to be concentrated in the form of the
protosun. The subsequent compression of the gas
and dust caused the temperature of the interior of
the protosun to increase. As a result, all solid dust
particles and molecules that were incorporated
into the protosun disintegrated into atoms and
ultimately into ions. When the core temperature
of the protosun reached about 12 million kelvins,
the hydrogen-fusion reaction started to produce
energy, thereby causing the newly-formed Sun
to radiate light. The contraction of the protosun
until ignition of the hydrogen-fusion reaction
lasted only about 30 million years. Protostars
that are more massive than the Sun contract
faster, whereas less massive protostars contract
more slowly than the Sun (e.g., 0.16 million
years for 15 solar masses and 100 million years
for 0.5 solar masses). The resulting star then
takes its place on the main sequence on the H-
R diagram depending on its mass and hence on
its luminosity and surface temperature or color
(Section E2)).

The contraction of the solar nebula also
increased its rate of rotation and caused the
left-over gas and dust to be spun out into the
protoplanetary disk surrounding the protosun.
This disk extended 50 AU or more from the
center of the protosun. The temperature of
the protoplanetary disk nearest the young Sun
increased substantially primarily because of the
transfer of heat by infrared radiation from the
Sun. As a result, the ice particles in the proto-
planetary disk closest to the Sun sublimated and
only particles composed of refractory compounds
survived, such as the oxides of metals. At a
distance of greater than about 5 AU from the Sun,
the protoplanetary disk remained cold enough for
ice particles to survive. In this way, the temper-
ature gradient altered the chemical composition
of the protoplanetary disk because only particles
of refractory compounds (i.e., those having high
melting temperatures) survived near the Sun,
whereas all kinds of particles and molecules of
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the solar nebula survived in the disk at distances
greater than about 5 AU (i.e., the radius of the
orbit of Jupiter).

During the final stages of contraction of
the Sun, the solar wind (to be discussed in
Section 5.3.2] and B.3.4)) blew away most of the
gas of the protoplanetary disk close to the Sun.
As a result, the refractory dust particles in the
inner part of the solar system could stick together
and thereby formed larger particles which had a
wide range of diameters from one millimeter or
less to several hundred kilometers or more. The
resulting objects called planetesimals continued
to grow in mass by colliding with each other to
form the terrestrial planets in the inner part of
the solar system and the rocky cores of the large
gas planets.

The planetesimals near the outer edge of
the protoplanetary disk were composed of
mixtures of refractory dust particles and ices
(e.g., water, carbon dioxide, methane, ammonia,
etc.), whereas the planetesimals in the inner
(hot) part of the protoplanetary disk contained
only small amounts of ice. A large number of
ice planetesimals have survived in the outer
fringe of the present solar system in the form
of Kuiper-belt objects (Chapter RI)) whose orbits
occasionally take them into the inner part of the
solar system as comets (Chapter R2J).

The scenario outlined above explains the
existence of the terrestrial planets in the inner
part of the solar system. In addition, the
systematic decrease of the bulk densities of
these planets (Figure B.6A) is a consequence
of the chemical fractionation of the protoplan-
etary disk by the temperature gradient that was
imposed on it. The high temperature nearest the
Sun not only caused ice particles to sublimate
but also enriched the remaining solid particles
in iron and other refractory metal oxides such
that the planetesimals that ultimately formed the
planet Mercury contained more iron than the
planetesimals that formed Mars. However, the
theory of the origin of the solar system does not
explain the anomalously high density of the Earth
and the low density of the Moon discussed in
Section B3 and documented in Table 3.4l These
anomalies will be considered in Chapter @ on the
Earth-Moon system.

The bulk densities of the gas planets in
Figure B.GB, considered in the context of the
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theory of the origin of the solar system, indicate
that these planets have rocky cores surrounded
by thick atmospheres of hydrogen, helium, and
molecular compounds like CO, CO,, CH,, H,O,
NH;, and others. The chemical compositions of
the atmospheres of the gas planets are similar
to the chemical composition of the Sun because
these gases originally existed in the solar nebula.
However, the Sun does not contain molecular
compounds because they have disintegrated at
the high temperatures that prevail in the Sun.
On the other hand, the atmospheres of the
terrestrial planets: Venus, Earth, and Mars
contain only trace amounts of hydrogen and
helium because these gases were expelled from
the inner part of the protoplanetary disk by the
solar wind. In addition, the masses of these
planets are not large enough to hold hydrogen
and helium (Appendix 1)). Consequently, the
atmospheres of the terrestrial planets had a
different origin than the atmospheres of the gas
planets. Another point to be made here is that
Jupiter may have captured a lion’s share of the
gas expelled from the inner part of the solar
system, which may explain why it is the most

massive planet in the solar system (Freedman
and Kaufmann, ; , ;m,

[£993).

5.3 The Sun

An obvious property of the Milky Way and other
galaxies is that the stars are separated from each
other by large distances. Consequently, the stars
in our galactic neighborhood appear as mere
points of light in the sky at night. The resulting
isolation of the solar system from neighboring
stars protects life on the Earth from the dangerous
explosions that can occur during the evolution
of stars and from the ultraviolet light and x-rays
they emit.

The remoteness of the solar system from the
nearest stars in the Milky Way galaxy also
increases the difficulties astronomers experience
who try to study stars at different stages in their
evolution in order to determine their internal
structure and to understand the processes that
occur in their interiors. Much of what is known
about stars on the main sequence of the H-R
diagram is based on observations of the Sun,
which rules the solar system. The very existence
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of the Earth and all other objects in the solar
system resulted from the origin of the Sun,
which also holds the planets in their orbits and
warms their surfaces by irradiating them with
light (Section[6.)). If the Sun were to be replaced
by a black hole of equal mass, the planets would
revolve around it in total darkness and their
surface temperatures would be far too low for
life to exist anywhere in the solar system. The
Sun has sustained life on Earth for close to four
billion years and has enabled sentient beings on
the Earth to ask questions about how it all works.
(See also Chapter 23).

5.3.1 Internal Structure

The data in Table B.1lindicate that the Sun has a
radius of 695,510km, a mass of 1.989 x 10*°kg,
a bulk density of 1.410g/cm?, and a surface
temperature of 5507°C. We also know that the
average distance between the Earth and the Sun
is 149.6 x 10° km, which allows us to observe the
Sun with a delay of only 8.3 minutes caused by
the time it takes light emitted by the Sun to reach
the Earth. However, observers must be careful
never to look directly at the Sun in order to avoid
permanent damage to the eyes.

The interior of the Sun in Figure [5.2] consists
of a core from which prodigious amounts of
energy are released by the hydrogen-fusion
reaction. The temperature at the center of the core
exceeds 15 x 10°K, the pressure is greater than
225 x 10° atmospheres, and the density is about
150g/cm?® even though the core of the Sun is
composed primarily of hydrogen and helium. The
graphs in Figure [3.3] demonstrate that temper-
ature, pressure, and density of the interior of the
Sun decrease toward the surface.

The energy released by hydrogen fusion in
the core is transported toward the surface in
the form of radiation rather than by conduction
because gas is an inefficient conductor of heat.
However, when the temperature decreases to
about 2.2 millionK at 0.71R from the center of
the Sun, the gas becomes opaque which reduces
the efficiency of heatflow by radiation. For this
reason, the heat is transported the rest of the way
to the surface by convection, which occurs when
hot gas rises to the surface, cools, and then sinks
back into the interior of the Sun.
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The Sun

Q

Radiative Zone

)

Convective Zone

Corona

Figure 5.2. The interior of the Sun contains the core (0 to 0.2R) where energy is released by the hydrogen-fusion reaction.
The energy is transported towards the surface in the form of radiation (0.2R to 0.8R) and by convection (0.8R to 1.0R), where
R is the radius of the Sun (695,510km). The energy is then radiated into space through the corona, which extends irregularly

for millions of kilometers into space. Adapted from

The hot gas at the top of the convective zone
radiates light into the atmosphere of the Sun
which consists of the basal photosphere, the
overlying chromosphere, and the corona. The
density and temperature of matter in these layers
of the solar atmosphere vary systematically with
height above the base of the photosphere. The

@003, Figure 13.6) and from

(1991, Figure 612)

graphs in Figure B4 indicate that the density
decreases from less than 107®g/cm? at the base
of the photosphere to less than 10~*g/cm? at
the base of the corona about 2250 km above
the top of the convective zone. The temper-
ature of the Sun’s atmosphere rises from about
5780 K in the photosphere to about 10,000K in
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Figure 5.3. Variation of temperature, pressure, and density
in the interior of the Sun, which is subdivided into
the core (0 to 0.2R), the radiation zone (0.2R to
0.8R) , and the convection zone (0.8R to 1.0R)
where R is the radius of the Sun (695,510km) and
0.2R = 139, 102km. All three parameters have maximum

values in the center of the core (R = 0? and decline
toward the surface. Adapted from 003,
Figure [[32))
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Figure 5.4. Profiles of density and temperature of the solar

atmosphere expressed in powers of 10. For example, “—10”

on the scale of densities is 107'° g/cm? and “5” on the scale

of temperatures is 10° K. The light emitted by the surface

of the Sun originates from the photosphere. Adapted from
, Figure

the chromosphere. It then rises abruptly to values
between 2 and 3 million kelvins in the overlying
corona. The temperature increase of the corona
which coincides with the decrease of its density,
has been attributed to heating by the magnetic
field of the Sun (Lang, [1999). The high temper-
ature of the corona causes atoms to lose electrons
and to acquire positive electrical charges. The
resulting ions emit ultraviolet light and x-rays
when electrons enter vacant orbitals in ions such
as Fe®" and Ca'*" (Hester et all, 2002). The
corona becomes visible when the Sun is eclipsed
by the Moon or when the direct light of the Sun
is blocked by a coronagraph. The solar wind,
which consists of protons, electrons, and ionized
atoms, originates deep within the corona and
blows continually at 350 to 700 km/s throughout
the solar system to the outermost boundary of

the heliosphere (Schrijvei, [2006; [Human, 2000).
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5.3.2 Energy Production

The luminosity and surface temperature place the
Sun on the main sequence in the H-R diagram
as shown in Figure B3l Like all other stars on
the main sequence, the Sun generates energy by
the nuclear fusion of hydrogen to helium called
the proton-proton chain and represented by the
equations:

'H+ !H — ?H + positron(e*) + neutrino()

(5.5)

e’ +e~ — 2 gamma rays(y) (5.6)
iH+ H— jHe+y (5.7)
3He +3He — He +!H+!'H (5.8)

The first step in the process (equation [5.3)
requires the collision of two hydrogen nuclei
(protons) with sufficient energy to overcome the
electrostatic repulsion of the two protons and thus
to form the nucleus of deuterium composed of
one proton and one neutron as well as a positron
(positively charged electron) and a neutrino
which are released from the product nucleus
(Science Brief 5.5.2). The positron is annihilated
by interacting with a negatively charged electron
as shown in equation This antimatter-
matter reaction converts the positron and the
electron into two gamma rays, which have equal
energy but travel in opposite directions. The
deuterium nucleus collides with another proton
(equation B7) to form the nucleus of stable
helium-3 @He), which de-excites by emitting
a gamma ray. The final step in the process
(equation B.8) occurs when two helium-3 nuclei
collide with sufficient energy to form the nucleus
of stable helium-4 (‘Z‘He) thereby releasing two
protons, which return to the hydrogen reservoir
in the core of the Sun. The fusion of four
protons into one nucleus of jHe releases energy
because the four protons have more mass than
the product nucleus of jHe and the excess mass
is converted into energy in accordance with
Einstein’s equation:

E =mc’ (5.9

where E = energy, m = mass, and ¢ = speed
of light. The total amount of energy released
by this process is 19.794 million electron volts
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(MeV) per atom of helium produced. (Note
that 1 MeV = 1.60207 x 10~%erg). The rate of
conversion of hydrogen into helium is approx-
imately equal to 600 million metric tons per
second (Hester et all, 2002). These facts justify
the statement that the Sun generates prodigious
amounts of energy by the nuclear reactions in its
core.

The energy released by the proton-proton
chain explains why stars on the main sequence
are able to radiate energy in the form of
light. However, when hydrogen fusion was first
proposed in 1920 by Sir Arthur Eddington, some
of his colleagues complained that the temperature
inside stars is not high enough to overcome the
electrostatic repulsion between two protons. Sir
Arthur refuted this argument with the statement:

“We do not argue with the critic who urges that the stars
are not hot enough for this process; we tell him to go and
find a hotter place.”

The proton-proton chain actually contributes
only about 85% of the total amount of energy
released by hydrogen fusion in the Sun. The
remaining 15% arises from the production
of helium by the CNO cycle discovered by
Hans Bethe. The CNO cycle depends on the
presence of nuclei of carbon-12 in the Sun and
other second-generation stars. The sequence of
reactions that constitute the CNO cycle starts
with the addition of a proton (}H) to the nucleus
of carbon-12 ({*C):

2C+H — 2N + y(unstable) (5.10)
BN — 3C+e' + v(stable) (5.11)
BC+H — "IN+ y(stable) (5.12)

“N+H — 30+ y(unstable) (5.13)

B0 — UN+et +v (5.14)

"N+ H — '2C +3He (stable) (5.15)

where N = nitrogen, O = oxygen, y = gamma
ray, et = positron, and v = neutrino.

The nucleus of SN produced in reaction
5.10 is unstable and decays to stable '?C by
emitting a positron (equation 3.1T]). Carbon-13 is
stable and absorbs an additional proton to form
stable 4N (equation[3.12)). The process continues
when SN absorbs a proton to form unstable
120 (equation [B.13), which decays by positron
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emission to stable N (equation B.14). The last
reaction in the CNO cycle (equation B.13)) occurs
when >N absorbs a proton and then disintegrates
into '3C and jHe.

In this way, the CNO cycle converts four
hydrogen nuclei (}H) into one nucleus of helium
(‘Z‘He) and releases the same amount of energy as
the proton-proton chain (i.e., 19.794 MeV). The
positrons (e™) are annihilated by interacting with
extranuclear electrons (e~) and the neutrinos
escape from the Sun without interacting with it
in any way. (Science Briefs, 5.5.2). The nucleus
of '2C acts as the catalyst that facilitates the
fusion of four protons into a helium nucleus. It is
released at the end of the process and is available
for another passage through the CNO cycle.

5.3.3 Magnetism and Sunspots

All stars act like giant magnets because they
extend lines of magnetic force into the space
around them (Science Brief 5.5.3). The lines of
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magnetic force that surround a star constitute
its magnetic field. The magnetism of stars is
induced by electrical currents that are activated
when hot plasma in their interiors is made to
flow in closed loops. The flow of hot plasma is
probably related to the fact that all stars rotate
about a virtual axis. For example the period of
rotation of the photosphere of the Sun ranges
from 25.7 days at the equator to 33.4 days at
a solar latitude of 75°. In addition, the rates of
rotation of the Sun change with depth below
the surface but converge to about 28 days at
the boundary between the top of the core and
the bottom of the radiative zone. The magnetic
field of the Sun is probably generated in a layer
about 20,000 km thick that is located between the
radiative and convective zones (Lang, [1999).
The lines of magnetic force extend from the
surface of the Sun into space in the form of closed
loops. The geometry of the solar magnetic field
in Figure 3.3 reflects the fact that the Sun has
magnetic poles of opposite polarity located close

Slow

wind

Magnetic Field of the Sun

Figure 5.5. The Sun acts like a bar magnet by extending lines of magnetic force into the space around it. These lines of
force form closed loops that are anchored within the Sun. Recent data obtained by the spacecraft Ulysses indicate that the
lines of magnetic force are spaced fairly evenly over the surface of the Sun. The fast solar wind (700 km/s) follows the field
lines emanating from the poles, whereas the low-velocity particles (350 km/s) escape from the equatorial region of the Sun.

Adapted from , Figure 21)
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to the axis of rotation. The pattern of lines of
magnetic force is disturbed by the rotation of the
Sun which causes the loops of the magnetic field
to be twisted. In addition, the magnetic field of
the Sun interacts with the solar wind and forces
the ions to flow along lines of magnetic force.
When large amounts of hot plasma called solar
flares erupt from the surface of the Sun as in
Figure the magnetic field shapes the flares
into arches and loops.

In the seventeenth century AD, astronomers
studying the Sun observed the occurrence of
dark spots in the photosphere. These sunspots are
cooler than the surrounding photosphere by about
1500K and are caused by localized increases
of the strength of the magnetic field caused by
the convective currents of plasma in the Sun
[Bynd, 2003). Individual sunspots have a dark
center called the umbra, which is surrounded by
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a region that is less dark called the penumbra.
Sunspots occur in pairs connected by arches of
magnetic lines of force. The existence of these
arches indicates that the sunspots that form a
pair have opposite magnetic polarity. Although
individual sunspots fade in a few days, the
intensity of sunspot activity and its location on
the surface of the Sun in Figure 5.7 vary in
cycles of about 11 years. At the start of a new
cycle, sunspots first appear at about 30° north
and south latitude on the surface of the Sun. In
the following years, the sites of sunspot activity
move towards the equator where the activity ends
11 years after it started.

The sunspot cycle has been observed for about
400 years. The records indicate that the period
of the sunspot cycles has actually varied from
9.7 to 10.8 years and that their intensity has also
fluctuated. For example, during the Little Ice

Figure 5.6. Image of the Sun taken on September 14, 1999, with the Extreme Ultraviolet Imaging Telescope (EIT). This
view shows the upper chromosphere/lower corona of the Sun at a temperature of about 60,000 K. The large prominence is
composed of protons and electrons that are being ejected by the Sun into the corona where the temperature typically exceeds
one million kelvins. When a solar flare like this is directed toward the Earth, it can disturb its magnetic field and cause a
spectacular aurora in the polar regions. Courtesy of the SOHO/EIT consortium. SOHO is a project of international cooperation
between ESA (European Space Agency) and NASA. (http://soho.nasc om.nasa.gov/)
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Figure 5.7. A large group of sunspots was observed by SOHO on March 30, 2001. The area encompassed by these sunspots
is equivalent to 13 times the surface of the Earth. Several large flares and coronal mass ejections occurred in this area of the
Sun, including one on April 2, 2001, which was the largest flare recorded in 25 years. The number of sunspots varies with a
period of about 11 years. The sunspots in this image consist of dark centers (umbra) surrounded by lighter rims (penumbra).
Time-dependent variations in the number of sunspots correlate with variations in the frequency and magnitude of solar flares
which disrupt the reception of radio and television broadcasts on the Earth and affect global weather. The images of the Sun
in Figures and B7] reinforce the point that the surface environment of the Earth is affected by the activity of the Sun.

Courtesy of SOHO (ESA & NASA)

Age (Maunder Minimum) from 1645 to 1715 AD
almost no sunspots were observed. In addition,
the polarity of the magnetic field associated with
sunspots changes from cycle to cycle with a
periodicity of 22 years.

5.3.4 Effect on Space

The Sun affects the surrounding interstellar space
by its gravitational and magnetic fields, as well
as by the solar wind. The strength of the two
force fields and of the solar wind decreases with
increasing distance from the Sun by the recip-
rocal of the distance squared. Therefore, at a
distance of about 150 AU from the Sun the solar
wind is no longer able to displace the gas and
dust in the space between the stars and therefore
it piles up against the interstellar medium. This
phenomenon defines the boundary of a bubble of
space in Figure 5.8] within which the solar wind
blows unhindered. This boundary is called the
termination shock. The bubble of space, defined
by the termination shock, forces the gas and
dust of the interstellar medium to flow around
it and thereby defines the heliopause which is
the surface of the heliosphere. The heliosphere
is not a perfect sphere because the front is
compressed by the resistance of the interstellar
medium against the forward motion of the Sun
in its orbit around the center of the Milky Way
galaxy and the backside of the heliosphere trails
behind the Sun as shown in Figure The

heliopause is not the outer limit of the solar
system because the gravitational field of the Sun
extends to about 150,000 AU, which includes the
ice bodies of the Oort cloud to be discussed in
Section 21.3 (Weissma, [1999, 25-26).

The Voyager 1 spacecraft, which was launched
from Earth in 1977, approached the termination
shock boundary in August of 2002. It will
eventually cross the boundary of the heliopause
and will then become the first man-made object
to leave the heliosphere and thus to enter inter-
stellar space. Present estimates place the distance
between the Sun and the heliopause at between
153 and 158 AU. Voyager 1 may reach this
final frontier at about 2020 AD to be followed
by Voyager 2, its sister spacecraft, which is 29
million kilometers behind Voyager 1.

5.3.5 Life and Death of the Sun

The theory of stellar evolution can be used to
explain the past history of the Sun and to predict
its future. For example, the luminosity of the
Sun soon after its formation 4.6 billion years ago
was only about 70% of its present value and has
been increasing gradually. The luminosity will
continue to increase until about 1.4 billion years
from now, when the Sun will be hot enough to
cause the oceans to boil thus turning the Earth
into a lifeless desert (Hayded, 200d). Four billion
years later, when the age of the Sun approaches
11 billion years, the Sun will leave the main
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Figure 5.8. The solar wind forms an asymmetric bubble around the Sun. The boundary surface of this bubble is defined by
the termination shock which occurs about 150 AU from the Sun when the nuclear particles of the solar wind pile up against
the gas and dust of the interstellar medium through which the Sun is moving (large arrow). The bubble of solar wind forces
the interstellar medium to flow around it, thereby defining the heliosphere which is bounded by the heliopause. Adapted from

[Hester et al] @003, Figure 13.17)

sequence and will evolve into a red giant. At an
age of 12.25 billion years (about 7.7 billion years
from now), the Sun’s luminosity will be about
2000 times its present value and its diameter
will increase until it reaches the orbit of Venus.
At this time, the planet Mercury will have been
assimilated into the body of the red giant Sun.
The mass of the Sun will actually decline at this
stage, which will cause the radii of the orbits of
Venus, Earth, and Mars to increase and thereby
prevent their assimilation by the red giant Sun.
After the Sun’s age reaches 12.33 billion years,
it will become increasingly unstable because of
repeated explosive helium-fusion events in shells
around the core. Finally, 12.3655 billion years
after its arrival on the main sequence, the Sun’s

core will collapse into a white dwarf and the
remaining envelope of gas will be blown into
interstellar space as a planetary nebula m,
[1999). The evolution of the Sun follows the same
pattern as that of other stars of similar mass
and chemical composition which start on the
main sequence and eventually become red giants
that last less than one billion years before they
explode as supernovae or die as white dwarfs,
depending on their masses.

In this way, the fate of the planets of the solar
system is directly linked to the evolution of the
Sun. The planets originated during the formation
of the Sun, the conditions of their existence is
governed by the Sun, and they will be destroyed
when the Sun dies in a gigantic explosion. This
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drama has occurred billions of times in the Milky
Way and other galaxies since the Universe came
into existence.

5.4 Summary

The Milky Way galaxy contains large clouds
of gas and dust which formed from mixtures
of primordial hydrogen and helium with other
chemical elements that were ejected into inter-
stellar space during the violent explosions of
red giant stars. Parts of these interstellar clouds
contract to form new generations of stars, some
of which may have planets in orbit around them.
The Sun is such a second-generation star that
formed from a cloud of interstellar gas and dust
by a process that has caused stars to form in the
Milky Way galaxy throughout its history.

The gas of a planetary nebula ejected by a
supernova is initially composed of positively-
charged ions and electrons because the atoms
of the chemical elements do not retain all
of their electrons at the high temperature the
gas inherits from the supernova. As the gas
cools, the ions attract electrons to themselves
until their positive charges are neutralized. The
resulting atoms of different elements then form
covalently bonded molecules of a large number
of compounds, including: water, carbon dioxide,
methane, hydrocarbons, oxides of metals, and
many others. Some of these compounds form
small crystals of ice (e.g., water, carbon dioxide,
methane, and others) or solid dust particles (e.g.,
FeO, MgO, CaO, graphite, and others). As a
result, the cloud of hot gas ejected by a supernova
cools and becomes a mixture of gas (H,, He) and
dust.

The solar nebula, which contracted to form the
Sun and the planets of the solar system, was part
of a much larger cloud from which several stars
in our galactic neighborhood may have formed.
The compression of the solar nebula increased
the temperature of the resulting protosun. When
the core temperature of the protosun reached 12
million kelvins, the nuclear fusion reaction by
the proton-proton chain and by the CNO cycle
started. The luminosity and surface temperature
of the newly-formed star placed it on the main
sequence of the Hertzsprung-Russell diagram.
The Sun has resided on the main sequence for the
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past 4.6 billion years and is expected to remain
there for a total of about 10 billion years.

The contraction of the solar nebula resulted
in an enormous decrease of its volume and
caused a corresponding increase in the rate of
rotation of the protosun. As a result, small
amounts of gas and dust that were left behind
were spun into the protoplanetary disk which
surrounded the protosun. The temperature of the
disk closest to the protosun increased primarily
by heat radiated by the protosun and caused
ice particles to evaporate. More distant parts of
the protoplanetary disk remained cold enough
to allow ice particles to survive. The refractory
dust particles that remained in the inner part of
the disk agglomerated into solid planetesimals
composed primarily of refractory compounds of
iron, magnesium, and calcium. The planetesimals
in the inner part of the protoplanetary disk were
composed of refractory particles and formed the
terrestrial planets. The planetesimals in the outer
part of the protoplanetary disk were composed
of both ices and refractory particles and formed
the rocky cores of the gas planets.

When the protosun began to generate heat
by nuclear reactions in its core, the resulting
Sun began to emit a strong wind, which pushed
the hydrogen and helium gas in the protoplan-
etary disk to the outer part of the disk where
it was captured by the gravitational fields of
the large rocky cores of Jupiter, Saturn, Uranus,
and Neptune. The terrestrial planets (Mercury,
Venus, Earth, Mars, and Ceres) inherited very
little of the primordial hydrogen and helium
because their gravitational fields are not strong
enough to hold the atoms of these elements. The
evolution of the protoplanetary disk into a set of
planets and their satellites occurred in less than
one hundred million years.

The ultimate fate of the Earth is closely tied to
the future evolution of the Sun whose luminosity
will continue to increase even while it continues
to reside on the main sequence. About 1.4 billion
years from now, the surface temperature of the
Earth will have increased sufficiently to cause the
water in the oceans to boil. Still later, about 5.4
billion years from now, the luminosity and the
diameter of the Sun will increase dramatically as
it evolves into a red giant. The planet Mercury
will be assimilated by the Sun at this time, but
Venus, Earth, and Mars may be spared because
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the radii of their orbits will increase as the Sun
loses mass by a series of explosions. Finally,
the red giant Sun will explode and its core will
collapse into a white dwarf star. The origin of
the Sun and of the Earth, their evolution through
time, and their ultimate destruction are all part of
the ongoing evolution of stars in the Milky Way
galaxy.

The Sun is the only star that is accessible to
close observation and therefore has been studied
intensively. The internal structure of the Sun
arises from the way in which heat is transported
from the core towards the surface. The major
units are: the core (0.20R), the radiative zone
(0.20-0.71)R, and the convective zone (0.71-1.0)
R, where R is the radius of the Sun. The heat
is then radiated from the photosphere through
the chromosphere and the corona into interstellar
space in the form of electromagnetic radiation
(i.e., visible, ultraviolet, and infrared light). In
addition, the Sun emits a flux of ions and
electrons called the solar wind which follows
lines of magnetic force emanating from the Sun.

The magnetic field of the Sun arises by
induction resulting from electrical currents
caused by currents of plasma that flow in
its interior. The plasma currents may locally
compress the magnetic field of the Sun and cause
the appearance of sunspots. The number and
location of sunspots varies in cycles with a period
of about 11 years.

The so-called solar wind forms a bubble
around the solar system whose boundary surface
(termination shock) is located about 150 AU
from the Sun. As the Sun moves through inter-
stellar space, the gas and dust of the interstellar
medium are forced to flow around it, thereby
defining a volume of space called the helio-
sphere. The two Voyager spacecraft, which were
launched from Earth in 1977, approached the
termination shock boundary in 2002 and will
leave the heliosphere around 2020 when they
pass through the heliopause.

5.5 Science Briefs
5.5.1 Atoms and lons
Atoms consist of positively charged nuclei

surrounded by a sufficient number of negatively
charged electrons to make the atoms electrically
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neutral. We know from the study of electrical
charges that opposite charges (positive and
negative) attract each other, whereas identical
charges repel each other. When neutral atoms are
exposed to heat energy (as in the Sun), some of
the electrons may break away from their atoms.
As a result, atoms that have lost electrons have
a positive charge. The magnitude of the charge
depends on the number of electrons that were
lost. If two electrons are lost by a neutral atom,
the resulting ion has a charge of +2.

5.5.2 Neutrinos

Neutrinos are low-mass nuclear particles that
are released by unstable nuclei undergoing beta
decay. They carry varying amounts of kinetic
energy but interact sparingly with matter. Recent
research indicates that neutrinos can assume
three different forms identified in Table B2l
In spite of their elusive properties, neutrinos
can be detected and are being used to monitor
the nuclear reactions in the Sun. In addition,
neutrinos were released by the supernova 1987A
which occurred in the Large Magellanic Cloud

(Figure [L6)).
5.5.3 Magnetic Fields

Magnetism is a force that is exerted by certain
types of materials such as the mineral magnetite
or objects composed of metallic iron or certain
ceramic materials that were magnetized during
manufacture. Magnetism has polarity similar
to electrical charges. Therefore, the ends of
a magnetized iron bar (i.e., a bar magnet)
have opposite magnetic polarity, which causes
a magnetic force field to form between them as
shown in Figure B3 (See also Science Briefs
6.7.3, 6.7.4, and 6.7.5).

5.6 Problems

1. The average speed of the solar wind
is 850,000 miles per hour. Convert that
speed to kilometers per second (Answer:
v =380km/s).

2. Interstellar space contains about one atom (or
ion) per cubic centimeter of space. Calculate
the number of atoms (or ions) in one cubic
kilometer of space. (Answer: 10 atoms).
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3. The fusion of four protons into one nucleus
of jHe releases energy in the amount of
19.794 MeV. Convert this amount of energy
into the equivalent energy expressed in joules
(1eV =1.6020 x 107"7J). (Answer: 31.709 x
107137).

4. Calculate the number of jHe atoms that must
be produced in the Sun each second to provide
enough energy to equal the solar luminosity
of 3.9 x 10* J/s. (Answer: 1.229 x 10°*® atoms
of $He per second).

5. Calculate the number of hydrogen nuclei that
exist in the Sun based on the following infor-
mation:

Mass of the Sun =1.99 x 10°°kg
Concentration of hydrogen = 74% by mass
Atomic weight of hydrogen = 1.00797
Number of atoms per mole = 6.022 x 10%

(Answer: 8.79 x 10°® atoms)

6. Given that the rate of helium production is
1.229 x 10°® atom/s and that the number of
hydrogen nuclei in the Sun is 8.79 x 10°¢
atoms, estimate how much time in years
is required to convert all of the hydrogen
in the Sun into helium. Remember that
four hydrogen atoms form one helium atom.
(Answer: 57 x 10°y).

7. Refine the calculations of the life expectancy
of the Sun by considering that hydrogen
fusion in the Sun occurs only in its core and
that the density of the core is greater than the
bulk density of the Sun as a whole.

a. Calculate the mass of the core of the
Sun given that its radius is 140,00 km and
that its density is 150g/cm®. (Answer:
1.72x 10¥g)
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b. Calculate the number of atoms of hydrogen
in the core of the Sun assuming that
its concentration is 74 % (mass). (See
problem 5) (Answer: 7.62 x 10° atoms).

c. Estimate how much time in years is
required to convert all of the hydrogen in
the core of the Sun into helium. (Answer:
49 x 10%y).

d. How does this result compare to the
accepted life expectance of the Sun
and consider possible reasons for the
discrepancy.
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Earth: Model of Planetary Evolution

The Earth in Figure is the most massive
of the four terrestrial planets that formed in the
inner part of the solar system from planetesimals
composed primarily of refractory compounds
of oxygen, silicon, aluminum, iron, calcium,
magnesium, sodium, potassium, and titanium.
These planetesimals contained only small amounts
of ice composed of volatile compounds such as
water, carbon dioxide, methane, and ammonia
because the ice particles in the inner part of
the protoplanetary disk sublimated when heat
emanating from the protosun caused the temper-
ature in its vicinity to rise. In spite of the loss
of these volatile compounds from the inner part
of the solar system, the Earth has a large volume
of water on its surface. Water is also present
on Mars in the form of ice in the polar regions.
Therefore, questions arise about the sources of
water on Earth and Mars and about whether
Mercury, Venus, and the Moon may also have
contained water at the time of their formation.

Other significant properties that characterize
the Earth include the presence of an atmosphere
containing molecular oxygen, the presence of a
magnetic field, and a narrow range of surface
temperatures within which water can exist in
liquid form. Even more important is the fact that
some of the surface features of the Earth are
still controlled by dynamic processes that are
energized by heat that continues to be generated
in its interior by the radioactivity of the atoms of
uranium, thorium, and potassium.

6.1 Growth from Planetesimals

The solid dust particles in the inner region of the
protoplanetary disk (i.e., less than 5 AU from
the Sun) were composed primarily of refractory
compounds because the elevated temperature in
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this region caused ice particles to sublimate.
These refractory dust particles accreted to form
the terrestrial planets of the solar system. The
details of this process remain obscure because
it was dominated by random events that are not
reproducible. Initially, a large number of small
bodies may have formed which continued to
grow by attracting dust particles from the disk.
The rate of growth at this stage depended on
the masses of the growing bodies, such that
the most massive bodies grew faster than less
massive objects. The resulting gravitational inter-
actions eventually caused the smaller objects to
impact on the largest bodies, thereby acceler-
ating the growth and raising the internal temper-
atures of the large bodies that were destined to
become t%ﬂhlike planets of the solar system
(Kenyod, ).

The rate of accretion of the terrestrial planets
was slow at first but accelerated and became
violent at the end when the protoplanetary bodies
were bombarded by the impacts of solid objects
that had not grown as rapidly as the protoplanets.
At this stage, the protoplanets were heated by the
impacts, by the continuing decay of radioactive
atoms that had been produced in the ancestral
stars, and by the compression of the increasing
amount of matter of which they were composed.

The accretion of dust particles in the outer region
of the protoplanetary disk proceeded similarly,
except that both refractory and ice particles were
present. The largest bodies that formed became
the rocky cores of the giant planets: Jupiter,
Saturn, Uranus, and Neptune. The strong force of
gravity exerted by the rocky cores of these planets
attracted hydrogen, helium, and other volatile
compounds from the protoplanetary disk to form
the atmospheres that characterize these giant gas
planets. The extent of the “outer region” of the
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Figure 6.1. This picture of the “Visible Earth” is one of the most important images ever recorded in human history because it
confirms that the Earth is a spherical body suspended in space by the force of gravity exerted by the Sun (Science Brief 1.5.2,3;
Appendix [Appendix T)). The water vapor of the atmosphere condenses to form clouds which reveal the movement of air masses
that determine the local weather. Most of the surface of the Earth is covered by an ocean of liquid water that surrounds the
continents and islands where we live. This view of the Earth shows the continent of North America, including the peninsulas
of Florida, Yucatdn, and Baja, as well as most of the southwestern region of the USA and Canada. The unique feature of this
view is that the Earth is revealed to be an oasis in the vastness of space. Although the Earth is affected by extraterrestrial
forces and processes (e.g., the amount of solar energy), its surface environment is largely controlled by the dynamics of its
own mantle, crust, hydrosphere, and atmosphere. Courtesy of NASA/visible Earth. (http://visibleearth.nasa.gov/)

solar system is far greater than that of the “inner
region” both in terms of the volume of space
and in terms of the mass it contains (Problem 1,
Section [6.8)). The smaller objects that formed in
this vast region of space either impacted on the
protoplanets that were forming, or were captured

by them into orbit, or were deflected into the inner
region of the solar system, or were ejected to
the outermost reaches of the protoplanetary disk.
All of these bodies were initially composed
of random mixtures of refractory particles and
ice consisting of volatile compounds (e.g., water,
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oxides of carbon, methane, and ammonia).
The largest of these bodies generated enough
internal heat to differentiate into a rocky core
surrounded by an ice mantle and crust. The heat
required for this internal differentiation origi-
nated from the decay of radioactive atoms, from
the compression of the material of which they
were composed, and as a result of tidal interac-
tions with the large planets in this region and
with each other.

The ice-bearing bodies that were deflected into
the inner region of the solar system eventually
collided with the terrestrial protoplanets and
released water and other volatile compounds
they contained. As a result, all of the terrestrial
planets initially developed atmosphere composed
of the volatile compounds that were delivered
by ice-bearing impactors from the outer region
of the solar system. In addition, ices of volatile
compounds were occluded in the impactors that
had formed in the inner region and had survived
within these bodies.

The protoplanetary disk and all of the objects
of whatever size and composition continued to
orbit the Sun. The contraction of the solar nebula
into the Sun and the protoplanetary disk and the
subsequent evolution of that disk into the planets
and their satellites occurred in less than about
100 million years, which is rapid on the timescale
of the Universe (i.e., 13.6 x 10°y). The accretion
of the Earth took only about 10 million years or
less which is also rapid compared to its age of
4.56 x 10%y.

The processes that caused the formation of
the planets of the solar system described above
are an extension of the theory of star formation
supplemented by information derived from the
study of meteorites and the Moon. In addition,
the sequence of events is consistent with the
applicable laws of physics and chemistry with
due allowance for the chaotic nature of this
process. By adopting this hypothesis of the
origin of the planets, we can recognize the
unique set of circumstances that affected not only
the origin of each planet but also shaped its
subsequent evolution. For example, the chemical
differentiation of the protoplanetary disk is a
plausible explanation for the differences between
the masses and compositions of the planets in the
inner and outer solar system. Even the regular
decrease of the bulk densities of the terrestrial
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planets with increasing distance from the Sun
fits into this framework. However, it does not
account for the anomalously high density of
the Earth and for the equally anomalous low
density of the Moon. Therefore, we conclude
from this example that the properties of the
planets are not necessarily attributable to the
process by which they formed and that special
circumstances in their subsequent history have
intervened to produce the planets in their present
form. This subject was discussed in complete
detail and with excellent clarity by [Taylod )
and in an issue of the journal “Elements” (vol. 2,
No. 4, 2006).

6.2 Internal Differentiation

The impact of planetesimals upon the Earth
released large amounts of energy primarily in
the form of heat. The planetesimals impacted at
a rapid rate such that the heat generated in this
way was sufficient to melt the Earth. Therefore,
the Earth was initially composed of a mixture of
molten silicates, molten sulfide, and molten iron.
In geology a body of molten silicate that may
form in the crust and upper mantle of the Earth is
called a magma. Therefore, when the Earth was
completely or even partially molten, it is said to
have had a magma ocean shown in Figure [6.2]
(Miller et all,2001l). Metallurgists who smelt ores
in order to recover the metals they contain have
known for many centuries that silicate melts,
sulfide melts, and liquid iron are immiscible in
each other and separate from each other based on
their densities. Accordingly, globules of molten
iron coalesced into larger masses which sank
through the magma ocean towards the center of
the Earth where they collected to form its iron
core. The globules of molten sulfide likewise
sank through the magma ocean but moved more
slowly than the molten iron because iron sulfide
has a lower density than metallic iron (Table B3)).

At the end of the period of accretion, the
Earth began to cool which caused silicate
minerals to crystallize from the silicate magma.
The sequence of minerals that crystallize from
magma at decreasing temperatures depends
on environmental factors (e.g., temperature
and pressure) as well as on the chemical
composition of the magma. In general, minerals
can crystallize from a melt of the appropriate
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Figure 6.2. This painting by Chesley Bonestell shows the Earth at an early stage of its evolution about 4.6 to 4.5 billion
years ago. At that time, minerals were crystallizing in a global ocean of molten silicate as the Earth differentiated into a core
composed of liquid iron and nickel, a mantle consisting of olivine and pyroxene crystals, and a primordial crust of anorthite
crystals that floated in the magma ocean. At that time, the Earth already had a primordial atmosphere containing clouds that
formed when water vapor condensed as the temperature of the atmosphere was decreasing even though the surface of the
Earth was still being bombarded by impacts of solid objects. The Moon appears large on the horizon because it was closer to
the Earth when it first formed than it is today (Section [0.@). This view of the early Earth is a realistic visualization of a stage
in the evolution of the Earth. This and other images by Bonestell popularized the exploration of the solar system many years
before the technology became available that has enabled the current exploration of the planets and their satellites (Miller

et al.,[2001). (Reproduced by permission of Ron Miller)

chemical composition when the temperature of
the melt has decreased to the melting temper-
ature of the minerals under consideration. This
simple rule must be modified in case the magma
contains water and other compounds that can
lower the melting temperatures of minerals.
Nevertheless, in the simplest case, the minerals
crystallize in the order of their decreasing
melting temperatures as expressed by Bowen’s
reaction series in Figure According to this
scheme, olivine [(Mg, Fe),Si0,] and the Ca-
plagioclase anorthite (CaAl,Si,Og) crystallize
at temperatures between 1880 and 1535°C. The
early-formed olivine crystals may react with the
residual magma to form pyroxenes which are
silicates of magnesium, iron, and calcium with
varying amounts of aluminum. The important
point is that olivine and pyroxene have high
densities of about 3.4g/cm’ that exceed the
density of basalt magma (ie., 3.0g/cm?®).
Consequently, the early-formed crystals of
olivine and pyroxene sank in the magma ocean
of the early Earth and were deposited around the

iron core thereby forming the peridotite rocks
of the mantle of the Earth.

The anorthite that crystallized from the magma
at about the same high temperature as olivine and
pyroxene has a low density of only 2.76 g/cm?
and therefore floated toward the top of the
magma ocean where it accumulated as a solid
crust composed of the rock anorthosite. This
crust continued to be broken up by violent explo-
sions caused by the impact of planetesimals that
collided with the Earth for about 600 to 800
million years after its formation. In addition, the
surface of the Earth was disrupted by volcanic
activity which occurred more frequently and
was more violent than at present because the
Earth contained more heat, because the crust was
thinner than it is today, and because the impacts
of planetesimals triggered large-scale melting in
the mantle. The evolution of the Earth at this
time in_the past was discussed by |
(1983), %X [Lunind (1999). Wilde et all

001)), (2009). and | (2009

During this time, conditions on the surface of
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Bowen's Reaction Series
Olivine Anorthite (1553°C)

Pyroxene

Amphibole

Biotite

K-feldspar

Muscovite

Quartz (867°C)

Figure 6.3. Bowen’s reaction series indicates the sequence
of silicate minerals that crystalize from a cooling magma
of basaltic composition. Olivine [(Mg, Fe),SiO,] and the
calcium-rich plagioclase anorthite (CaAl,Si,Oy) crystallize
first at the highest temperature of 1553°C. Olivine has a
high density between 3.27 and 3.37 g/cm® depending on
its iron content, whereas anorthite has a low density of
2.76 g/cm?. Therefore, olivine crystals forming from basalt
magma (density = 3.0 g/cm?) sink, while anorthite crystals
float. The removal of early-formed crystals of olivine,
pyroxene, and Ca-rich plagioclase depletes the remaining
magma in magnesium, iron, and calcium and enriches it
in sodium, potassium, and silica (SiO,). Adapted from
[Press and Sievel (1984, Figure Imgl) anzgm% (992,
Tables 10.4 and 10.5)

the Earth and of the other terrestrial planets
were quite different than the tranquillity of
the present solar system. Therefore, geologists
refer to the time interval between 4.6 and 3.8
billion years in the past as the Hadean Eon (i.e.,
hades = hell).

The separation of immiscible iron and sulfide
liquids and the crystallization of the silicate
liquid can account for the large-scale features of
the internal structure of the Earth in Figure [6.4]
The iron core at the center of the Earth consists
of an inner solid core (radius = 1329km) and
an outer liquid core giving the combined core
a radius of 3471km. The core is overlain by
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the mantle which is composed of peridotite and
its high-pressure equivalent called pyrolite for a
combined thickness of 2883 km.

The mantle of the Earth is subdivided into
the asthenosphere and the lithosphere. The two
subdivisions of the mantle differ primarily in
their mechanical properties which depend largely
on the temperature. The rocks of the astheno-
sphere can deform plastically when they are
subjected to stress because the minerals are so
close to their melting temperatures that a small
amount of melt may be present. The lithosphere
is rigid and forms a hard shell about 120 km thick
around the underlying asthenosphere. In addition,
the Earth has continents which are about 40 km
thick and are composed primarily of silicate
minerals that have low densities, such as: ortho-
clase, the mica minerals biotite and muscovite,
and quartz. The average density of the rocks of
the continental crust is about 2.7 g/cm?, which
means that the continents are actually floating in
the underlying lithospheric mantle whose density
is 3.2g/cm?® in accordance with Archimedes’
Principle (Science Brief 6.7.1).

The differentiation of the Earth as a result of
the segregation of immiscible liquids caused the
chemical elements to be partitioned into those
with an affinity for metallic iron (siderophile),
those which associate with sulfur (chalcophile),
and the elements that enter the silicate melt
(lithophile). The preferential association of the
chemical elements with the three immiscible
liquids is the basis for the geochemical classi-
fication of the elements developed by the
%eochemist V.M. Goldschmidt (1888—1947). (See

[1998)

6.3 Atmosphere

Goldschmidt’s geochemical classification also
includes the atmophile elements: hydrogen,
nitrogen, helium, neon, argon, krypton, xenon,
and radon. These elements as well as certain
volatile compounds (e.g., water, oxides of
carbon, methane, ammonia, and hydrogen
sulfide) were present in the planetesimals that
formed the Earth. When the planetesimals
exploded on impact or fell into the magma
ocean, the gases were released and formed
an atmosphere that enveloped the Earth. Any
residual hydrogen and helium leaked away
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Internal Structure of the Earth

Mantle: asthenosphere

Lithosphere

Radius, thousands of km

Figure 6.4. The interior of the Earth consists of an iron core, the outer part of which is liquid, a solid mantle composed of
silicate rocks, and a thin oceanic and continental crust (not shown). The upper part of the mantle and the overlying crust form
a rigid shell called the lithosphere which is about 120 km thick. The rest of the mantle called the asthenosphere is solid but
can deform plastically when subjected to stress acting over long periods of time. The variation of the density of the mantle

and core at increasing depth is illustrated in Figure|3__5,l Adapted fromm

because the force of gravity of the Earth is
not strong enough to retain these elements in
the atmosphere. The violent explosions caused
by the impacts of large planetesimals disrupted
the primordial atmosphere, but the resulting
losses were offset by the impact of late-arriving
ice planetesimals from the outer fringes of
the solar system which released water and the
other volatile compounds into the primordial
atmosphere of Earth. In addition, the vigorous
volcanic activity that occurred during the period
of intense bombardment allowed gases to escape
from the interior of the Earth.

As the main phase of the accretionary period
of the Earth ended, the atmosphere contained
most of the water and other volatile compounds
listed above as well as diatomic nitrogen
molecules (N,) and the noble gases because
the Earth was still too hot to contain them.
However, molecular oxygen (O,) was present

{999, Figure 1)

only in trace amounts because most of the
oxygen in the planetesimals was bonded to other
chemical elements. Small amounts of oxygen and
hydrogen were released by the decomposition of
water molecules by ultraviolet light emitted by
the Sun. The hydrogen molecules escaped into
interplanetary space, but the oxygen reacted with
methane (CH,) to form carbon dioxide (CO,):

CH, + 0, — CO, +2H, (6.1)

Carbon dioxide, water vapor, and methane are
so-called greenhouse gases because they absorb
infrared radiation and thereby cause the temper-
ature of the atmosphere to rise. Therefore, the
presence of these gases in the atmosphere may
have prevented the Earth from lapsing into a
deep freeze at a time when the luminosity of
the Sun was only 70% of its present value.
However, after the anorthosite crust insulated the
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atmosphere from the hot interior of the Earth, the
temperature of the atmosphere decreased, which
caused water vapor to condense and rain started
falling all over the Earth (Science Brief 6.7.2).
As the atmosphere continued to cool, most of the
water it contained was transferred to the surface
of the Earth in the form of rain and became
a global ocean. The raindrops that formed in
the atmosphere dissolved carbon dioxide and
other volatile compounds and thus removed these
greenhouse gases from the atmosphere, which
moderated the global climate of the Earth and
prevented the water in the global ocean from
boiling, as it may have done on Venus.

Although the details of the evolution of
the atmosphere are still uncertain, geological
evidence proves that liquid water existed on
the surface of the Earth more than 3.8 billion
years ago and may have been present much
earlier (MoorbatH, 2003). In addition, evidence
derived from the study of the Moon indicates
that the terrestrial planets, including the Earth,
continued to be bombarded by objects from space
until about 3.8 billion years ago. Nevertheless,
geological processes began to shape the surface
of the Earth as soon as liquid water could exist
on its surface.

The geological activity during the Hadean
Eon (4.6 to 3.8 billion years) included volcanic
eruptions and the formation of volcanic islands
in the global ocean. The lava flows that were
extruded were composed of pyroxene, olivine,
calcium-rich plagioclase, and magnetite (Fe;0,)
which identifies them as varieties of basalt
known as komatiite and tholeiite (Eaurd, 2001).
The water in the ocean, which was not yet
salty at this time, dissolved these minerals in a
process known as chemical weathering. The ions
of magnesium, iron, and calcium that entered
the ocean reacted with the dissolved carbon
dioxide to form solid precipitates of sedimentary
carbonate minerals:

Fe’* 4 CO, +H,0 — FeCO,+2H"  (6.2)

(siderite)

Mg** +CO, +H,0+ — MgCO, +2H*
(magnesite)

(6.3)
Ca’™ +CO,+H,0 — CaCO,+2H"  (6.4)

(calcite)
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The deposition of carbonate minerals removed
carbon dioxide dissolved in the water and trans-
ferred it into the rock reservoir, from which
it could only escape when the rocks were
later exposed to chemical weathering at the
surface of the Earth. This was the start of
geological activity and the beginning of the
continuing modulation of the global climate by
the storage of carbon dioxide in rock reser-
voirs, including not only carbonate rocks but
also fossil fuel (coal, petroleum, and natural gas),
amorphous carbon particles, and solid hydro-
carbon molecules (kerogen) in shale m
(1984; [Lewis and Prinn, [1984).

The chemical composition of the present
atmosphere in Table [6.I] indicates that dry
air consists primarily of diatomic molecular
nitrogen (78.084 %) and oxygen (20.946 %),
and that the concentration of carbon dioxide
(CO,) is only 0.033 %. These data demonstrate
that geological and biological processes have
profoundly changed the chemical composition of
the primordial atmosphere by removing carbon
dioxide and by releasing oxygen. The removal
of carbon dioxide by chemical weathering of
silicate minerals followed by the precipitation of
solid carbonates in the oceans is augmented by
photosynthesis of green plants which combine
carbon dioxide and water molecules to form
glucose (C4H;,04) and molecular oxygen:

6CO, + 6H,0 — C,H,,0 + 60, (6.5)

i)

The reaction is energized by sunlight which is
absorbed by chlorophyll (i.e., the molecule that

Table 6.1. Chemical composition of dry air (Faurd, [998)

Constituent Concentration by volume
% wL/L
Nitrogen (N,) 78.084 —
Oxygen (O,) 20.946 —
Carbon dioxide 0.033 —
Argon (Ar) 0.934 —
Neon (Ne) — 18.18
Helium (He) — 5.24
Krypton (Kr) — 1.14
Xenon (Xe) — 0.087
Hydrogen (H,) — 0.5
Methane (CH,) — 2
Nitrogen oxide — 0.5
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colors green plants). Accordingly, some of the
carbon dioxide of the primordial atmosphere
was later converted into molecular oxygen after
photosynthetic lifeforms had evolved in the
ocean prior to about 3.5 billion years ago.

6.4 Interior of the Earth

The continuing tectonic activity of the Earth is
driven by the convection of the asthenospheric
part of the mantle in response to differences in the
temperature. In other words, the basic cause for
the tectonic activity of the Earth is the unequal
distribution of heat in the mantle. At the time of
its formation, the Earth received increments of
heat from several sources:

1. Conversion of the kinetic energy of planetes-
imals into heat at the time of impact upon the
Earth.

2. Decay of naturally occurring radioactive
elements which were more abundant 4.6
billion years ago, but which still generate heat
in the Earth at the present time.

3. Compression of the FEarth as its mass
continued to rise.

4. Release of gravitational potential energy by
molten iron sinking toward the center of the
Earth.

5. Heat generated by the gravitational interac-
tions between the Earth and the Moon.

The last-mentioned source of heat (lunar tides)
has contributed to the heat budget of the Earth
only after the Moon formed following the initial
accretion of the Earth. The heat sources listed
above apply to all of the terrestrial and gaseous
planets of the solar system.

The variation of density in the interior of the
Earth was discussed in Section B3] and is illus-
trated in Figure B3] which shows that the density
of rocks and minerals increases when they are
compressed by rising pressure with increasing
depth in the Earth. The information we have
about the variation of density of the interior of
the Earth is derived largely from the interpre-
tation of earthquake records because the velocity
of seismic waves depends on the mechanical
properties of the rocks, which in turn are affected
by the density and the temperature of the rocks
in the interior of the Earth.

CHAPTER 6
6.4.1 Temperature

The present temperature distribution in the
mantle of the Earth is not known with certainty,
although seismic data do indicate that the
rocks that compose the mantle are solid, which
constrains the temperature to be less than the
melting temperatures of peridotite and pyrolite.
Limited experimental data indicate that the
melting temperature of dry peridotite rises with
increasing pressure from about 1090°C at the
surface of the Earth (pressure = 0.001 kilobars)
to 1340°C at a depth of 100 km (pressure = 34
kilobars). Extrapolation of these data to a depth
of 400 km (pressure = 132 kilobars) in Figure [6.3]
yields an estimated melting temperature for dry

eridotite of about 1700°C (Press and Siever,
@ Additional estimates referred to bym
) suggest a temperature of 1770°C at a
depth of 700 km. This means that the rocks of the
mantle of the Earth are “white hot” but remain
solid as indicated by the fact that they transmit
seismic waves (i.e., S-waves).

The iron of the outer part of the core is liquid
because the temperature at that depth exceeds
the melting temperature of iron in spite of the
high pressure. However, the pressure close to the
center of the Earth causes the melting point of
iron to rise above the prevailing temperature of
about 5000 to 6000 °C. Therefore, the inner core
of the Earth is solid.

6.4.2 Melting of Peridotite

The melting curve of dry peridotite in Figure
is significant because it illustrates how hot
peridotite in the mantle of the Earth can melt to
form basalt magma. Consider a volume of hot
peridotite at point P where the temperature is
1500°C and the pressure is 140 kilobars. In this
environment, dry peridotite does not melt, which
is indicated by the location of point P in the
field labeled “solid.” In order to cause the rock
to melt, either the temperature must increase to
1720°C at point R or the pressure must decrease
to 70 kilobars at point Q. The peridotite at point
P in Figure [6.3] can also melt in case water or
other volatile compounds are present, because
such compounds act as a flux that lowers the
melting temperature of solid rocks. However,
for the purpose of the present discussion, the
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Figure 6.5. The melting curve of dry peridotite constrains
the temperature of the mantle of the Earth, which remains
solid even though its temperature rises to 1700 °C at a depth
of 400 km where the pressure is 132 kilobars. In addition,
the melting curve illustrates how peridotite at point P can
melt either by increasing the temperature to 1740°C at point
R or by lowering the pressure from 140 to 70 kilobars at
point Q. Melting of rocks in the mantle by decompression is
an important process that leads to the formation of magma,
which can either cause volcanic eruptions on the surface
of the Earth or can result in the formation of plutonic
igneous rocks in the continental crust. Adapted from Press

and Siever (1984, Figure [[3.12)

peridotite at point P is considered to be “dry”
which means that it can only melt in response
to an increase in temperature or a decrease in
pressure.

The rocks of the mantle of the Earth do
contain radioactive elements (uranium, thorium,
and potassium) that generate heat when the nuclei
of their atoms decay spontaneously. However,
the data in Table demonstrate that peridotite
generates only small amounts of heat (0.021 x
10=%cal/g/y) by this process compared to
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Table 6.2. Production rates of heat by the decay of
radioactive atoms of uranium (U), thorium (Th), and
otassium (K) in different kinds of plutonic igneous rocks

, , Table 11.8)
Rock type Heat production, 10~ cal/g/y
U Th K Total
Granite 3.4 4 1.08 8.48
Diorite 1.9 1.8 0.67 4.37
Gabbro 0.66 0.5 0.12 1.28
Peridotite 0.011 0.002 0.008 0.021

granite (8.48 x 107%cal/g/y) because peridotites
have much lower concentrations of radioactive
elements than granite. Consequently, peridotite
in the mantle of the Earth is more likely to melt
as a result of a decrease in pressure than because
of an increase in temperature.

Rocks composed of silicate minerals do not
melt completely at a unique temperature the
way ice does. In contrast to ice which melts
congruently, silicate minerals such as olivine,
plagioclase, and pyroxene melt incongruently
over a range of temperature to form a melt
and residual solids. The chemical composition
of the melt depends on the extent of melting
and differs from the chemical composition of
the rock before any melting occurred. Therefore,
the partial melting of peridotite in the mantle
can produce a wide range of melt composi-
tions depending on the extent of melting. Small
degrees of melting (e.g., 1% or less) yield melts
that are enriched in alkali metals such as sodium,
potassium, and rubidium, whereas large degrees
of partial melting (e.g., 20 to 30%) produce melts
of basaltic composition with elevated concentra-
tions of iron, magnesium, and calcium,

6.4.3 Mantle Plumes

The volcanic activity on oceanic islands, along
mid-ocean ridges, and along continental rift
zones is caused by decompression melting that
occurs when plumes or diapirs of hot rock rise
through the asthenospheric mantle until they
encounter the underside of the rigid lithosphere
(Eaurd, R001)). Plumes arise at depth in the
asthenosphere where the irregular distribution of
radioactive elements (explained in Section [6.4.4)
causes localized increases of the temperature.
As a result, the density of the affected rocks
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decreases which causes them to become buoyant
relative to the surrounding rocks. Therefore,
these rocks start to move upward through the
asthenospheric mantle. Such mantle plumes can
develop a head and a tail having diameters of
several tens to hundreds of kilometers as they
slowly rise to the top of the asthenosphere.
When plumes encounter the rigid lithospheric

layer at the top of the asthenospheric mantle, their
heads spread radially and can reach diameters of
up to 1000 km. Such large plumes exist under
Iceland, under the island of Tristan da Cuiiha in
the South Atlantic Ocean, and under the Afar
depression at the entrance to the Red Sea and
at many other places on the Earth. The impact
of an asthenospheric plume on the underside of
the lithosphere has significant geological conse-
quences especially in case the plume is located
beneath continental crust:

1. The outward flow of the head of the plume
causes fractures to form in the overlying litho-
sphere. These fractures can propagate to the
surface and cause rifts in the oceanic or conti-
nental crust.

2. The development of fractures reduces the
pressure in the head of the plume and in the
lithospheric mantle directly above it.

3. The resulting decompression causes large-
scale partial melting of the rocks in the head
of the plume and in the overlying lithospheric
mantle.

4. The basalt magma produced by decom-
pression melting follows the fractures upward
and may cause volcanic eruptions on the
surface of the Earth.

5. Magma that crystallizes before reaching the
surface forms sills and dikes or large-scale
bodies of plutonic igneous rocks in the
oceanic and continental crust.

6. The upward flow of hot magma transports
heat from the lower asthenosphere into the
oceanic and continental crust and thereby
makes the crustal rocks more susceptible to
partial melting to form magmas ranging in
composition from andesite to rhyolite.

7. The increase of the temperature of the litho-
spheric mantle adjacent to a plume and of the
overlying crust causes expansion of the rocks,
which manifests itself by uplift at the surface.

8. The rifts that form in the continental crust
may widen in the course of geologic time to
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form ocean basins exemplified by the Atlantic

Ocean and the Red Sea.
The theory of mantle convection presented
above explains how heat generated by radioac-
tivity causes the upward movement of plumes
of hot peridotite and how the interaction of
these plumes with the rigid lithospheric layer
at the top of the mantle causes many of the
geologic phenomena we observe at the surface
of the Earth. In order to complete the presen-
tation of this theory we next explain why the
radioactive elements are irregularly distributed in
the asthenospheric mantle.

6.4.4 Plate Tectonics

The lithosphere of the Earth consists of about
20 plates, some of which are quite small (e.g.,
the Gorda/Juan de Fuca, Caroline, Bismarck, and
Solomon plates in the Pacific Ocean). The plates
are bounded by spreading ridges, rift valleys,
strike-slip faults, and subduction zones. Some
plates consist entirely of suboceanic lithosphere
with the corresponding overlying oceanic crust
(e.g., the Pacific, Scotia, Philippine, Cocos, and
Nazca plates), while others contain both conti-
nental and oceanic crust underlain by the corre-
sponding lithosphere (e.g., the Antarctic, African,
Somali/Eurasian, North American, Caribbean,
South American, and Indian/Australian plates).
A few of the smaller plates include only conti-
nental crust and lithosphere (e.g., Arabian and
Anatolian plates).

Plates form by volcanic activity at oceanic
spreading ridges (e.g., the Mid-Atlantic Ridge
and East-Pacific Rise) and are transported away
from these ridges by convection currents in the
underlying asthenosphere caused by the motions
of plumes. For example, the Pacific plate in
Figure [6.6l moves in a northwesterly direction at
a rate of up to 11 cm/y and carries along with
it all of the chains of volcanic islands that have
formed on it (e.g., the Hawaiian islands). The
Pacific plate is consumed in subduction zones
that extend from the west coast of North America
across the North Pacific Ocean and along the
eastern margin of Asia all the way south to the
South-East Indian Ridge.

The down-going Pacific plate consists of a
thin layer of terrigenous sediment, basaltic rocks
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Figure 6.6. The Pacific plate originates by volcanic activity on the seafloor along the East Pacific rise and the Pacific-Antarctic
ridge. The plate moves in a northwesterly direction at up to 11 cm/y and is subducted along the system of deep-sea trenches
along the northern and western margin of the Pacific basin. The subducted marine sediment and underlying basalt of the
oceanic crust are dehydrated, chemically altered, and recrystallized. Several hundred million years after subduction, these
rocks form plumes that manifest their presence by volcanic activity within the Pacific basin. The Hawaiian Islands are an

)

examples of this phenomenon. Adapted from
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of the oceanic crust, and the underlying litho-
spheric mantle. The sediment and the basaltic
rocks contain uranium, thorium, and potassium
derived by weathering of crustal rocks and
by the alteration of sediment and basalt by
seawater. When the sediment and basaltic rocks
are subducted into the mantle along deep-sea
trenches, most of the water escapes into the
wedge of mantle rocks above the down-going
plate. The addition of water to the peridotite
of the mantle wedge decreases its melting
temperature and therefore causes partial melting.
The resulting magmas of basaltic and andesitic
composition rise to the surface and are erupted by
volcanoes located behind the deep-sea trenches
that mark the subduction zone. The resulting
island arcs along the northern and western margin
of the Pacific Ocean include the Aleutian Islands
of North America and the Kuril, Japanese,
Ryukyu, and the Philippine islands. The feature
continues as the Bismarck Archipelago and the
Solomon, Vanuatu, and the Tonga-Kermadec
islands, as well as the North and South Islands of
New Zealand. This system of deep-sea trenches
(subduction zones) in Figure [6.6] and volcanic
island arcs is one of the largest topographic
features on the surface of the Earth. The theory
of plate tectonics, which was developed between
about 1950 and 1970, explains this and many
other aspects of global geology. Examples of
volcanic activity caused by rising plumes and
descending plates are illsturated in Figure [6.7]
and [6.8

The theory of plate tectonics also explains the
origin of plumes in the asthenospheric mantle
because the subducted sediment and basalt
recycle the heat-producing elements back into the
mantle. The rocks that pass through the process
of subduction are dehydrated, their chemical
composition is altered, and the minerals recrys-
tallize at the elevated pressure and temperature of
the asthenosphere. These changes also increase
the density of the subducted rocks allowing them
to sink to a level where they are in buoyant
equilibrium.

The radioactive elements in the subducted
rocks produce heat as they continue to decay
for hundreds of millions of years. The heat so
generated accumulates and causes the temper-
ature of the subducted rocks to rise above that of
the surrounding rocks of the asthenosphere. The
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increase in temperature causes expansion, which
lowers the density, and thereby creates a buoyant
force that is directed upward. As a result, a body
of subducted rocks that has been incubated for a
sufficient period of time begins to move upward
through the surrounding asthenosphere.

The rising body of hot rock becomes a plume
that slowly forces its way upward through the
solid rocks of the asthenosphere, which yield
by plastic deformation. Similarly, the rocks of
the plume itself also remain solid because the
temperature of the plume initially is only one
or two hundred degrees higher than that of
the asthenosphere. When the plumehead reaches
the underside of the overlying lithospheric shell
of the Earth, it spreads laterally and thereby
causes fractures to form which may propagate
upward into the continental or oceanic crust. The
resulting decompression causes partial melting
of the rocks in the head of the plume and in the
overlying lithosphere as indicated previously in
Section [.4.3]

The arrival of a large plume under a continent
can cause uplift, rifting, volcanic activity, earth-
quakes, and may eventually lead to the formation
of a new ocean. The width of the ocean
increases as the crustal fragments move apart.
In this way, plumes explain continental drift
(e.g., the increasing separation between Africa
and South America). Continental drift may move
land masses into different climatic zone, which
affects the flora and fauna they carry. In addition,
the break-up of large continents may lead to
the dispersal of the resulting fragments. Subse-
quent changes in the movement of asthenospheric
convection currents may reassemble previously
dispersed continental fragments into larger conti-
nents. For example, the granitic crust of the
present continents is a mosaic of microcontinents
of differing ages, compositions, and geologic
histories that were swept together by the
convection currents of the asthenospheric mantle.

6.4.5 Magnetic Field

The Earth, like the Sun, acts like a bar magnet
in Figure [6.9] and extends a magnetic field into
the space around it. However, the Earth cannot
actually be a permanent bar magnet because
all materials lose their magnetic properties at
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Figure 6.7. The shield volcano Kilauea on the island of Hawaii has been erupting basalt lava from vents on its flank. The
braided lava flows in this image originated from the fountains on the slope of the Pu’u O’o cone. The lava erupted at this
site has a low viscosity and moves at an average speed of about 0.5 km/h as it flows to the coast where it is quenched by
the water of the Pacific Ocean. The magma originates by decompression melting of rocks in the head of a plume that is
currently located beneath Kilauea volcano. The volcanic eruptions will end in the future when the movement of the Pacific
plate (Figure [6.6) displaces Kilauea from its magma source and a new island called Loihi will emerge from the ocean south
of the present island of Hawaii. The entire chain of the Hawaiian islands and the related Emperor seamounts consists of
extinct volcanoes that originally formed above the “hot spot” beneath the present island of Hawaii starting about 65 million

years ago (Carr and Greeley,

: Rhodes and Tockwood, [1993; [Faurd, DOOT). Courtesy of the U.S. Geological Survey,

Department of the Interior. (http://hvo.wr.usgs.gov/hazards/dds24167_photocaption.html)

temperatures greater than about 500 °C, which is
their Curie temperature, named after Pierre Curie.

The existence of the magnetic field of the
Earth was discovered during the 12th century
AD and led to the construction of the magnetic
compass, which has been an important aid to
navigation ever since (Science Brief 6.7.3). The
magnetic compass points in the direction of
the magnetic pole located near the geographic
north pole. The magnetic poles of the Earth
wander randomly in the polar region and do
not coincide with the geographic north and
south poles (Science Brief 6.7.4). In addition,
the magnetic field of the Earth has varied in
terms of its strength and has actually changed
its polarity on a timescale of millions of years.
The history of polarity reversals during the past

five million years has been used to construct a
chronology presented in Table [63] The polarity
of the magnetic field of the Earth throughout its
history has been and continues to be recorded by
volcanic rocks during their crystallization from
cooling lava flows.

The magnetic field of the Earth is attributed to
induction caused by electrical currents flowing
in the liquid part of its iron core. However,
the details of the process that generates and
sustains the magnetic field of the Earth are not yet
completely understood. The simplest explanation
we can offer is that the magnetic field of the
Earth is generated by electrical currents that flow
around the circumference of the core, in which
case the Earth could be regarded as an electro-
magnet (Science Brief 6.7.5). Unfortunately, this
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Figure 6.8. Mt. Fuji-san (also called Fujiyama) is a typical stratovolcano near the Pacific coast of the island of Honshu, Japan.
Its summit rises to an elevation of 3,776 m, making it the highest mountain in Japan. Mt. Fuji is composed of interbedded
flows of andesite lava and layers of volcanic ash that were erupted explosively through the crater at the summit. Andesite
lava has higher concentrations of SiO, and is more viscous than basalt. Note that “SiO,” is a chemical component of lava and
does not represent the mineral quartz whose chemical formula is also SiO,. The andesite magma forms by partial melting of
ultramafic rocks of the lithospheric mantle above subduction zones that surround the Pacific basin in Figure Melting is
initiated when water is released by the rocks of the Pacific plate that is being subducted into the Japan deep-sea trench. The
addition of water (and other volatile compounds) to the rocks of the mantle wedge above the subduction zone lowers their
melting temperature and causes magma to form of basaltic to andesitic composition (Wilsor, [[989; [Faurd, ROOT). The image

of Mt. Fuji was taken at sunrise from Kawaguchiko, Yamanashi Prefecture, Japan. (http://commons.wikimedia.org)

hypothesis fails to explain the origin of the postu-
lated electrical current.

An alternative hypothesis is to compare the
Earth to a dynamo, which is a device for
generating an electrical current by rotating
magnets within coils of insulated copper wire
(Science Brief 6.7.6). The problem with this
hypothesis is that dynamos are designed to
generate electrical current rather than magnetism.
Therefore, the Earth cannot be a conventional
dynamo. Instead, Walter Elsasser and Edward
Bullard proposed that the magnetic field of the

Earth is generated by a self-exciting dynamo
operating in the liquid part of the iron core.

The hypothesis of Elsasser and Bullard
proposes that liquid iron, which is a good
electrical conductor, is stirred by thermal
convection, or by the rotation of the Earth, or
both. As a result, electrical currents are induced
in the streams of liquid iron by the presence of
a stray magnetic field. The electrical currents
in the liquid part of the iron core then induce
the magnetic field of the Earth. A small fraction
of the magnetic field of the Earth continues
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Bar Magnet

Figure 6.9. The polarity of a bar magnet is expressed in
terms of plus (4) and minus (—), where plus means “north”
and minus means “south” (See also Science Brief 6.7.7).
The lines of magnetic force outside of the bar magnet
extend from the positive pole to the negative pole but from
minus to plus inside the magnet. The magnetic field of the
Earth closely resembles that of a bar magnet. Adapted from
, Figure 11.28)

to induce the electrical currents in the streams
of liquid iron, thereby creating a self-exciting
dynamo in the core of the Earth.

The proposed process is highly unstable
which explains why the strength and polarity
of the magnetic field of the Earth vary sponta-
neously. In other words, the magnetic field of
the Earth is generated by a chaotic process in

Table 6.3. Chronology of the reversals of the polarity of
the magnetic field of the Earth m, Iﬁ;
[Mankinen and Dalrympld, [1979)

>

Epoch Polarity Age, Million
years
Brunhes Normal 0to 0.72
Matuyama Reversed 0.72 to 2.47
Gauss Normal 2.47 to 3.40
Gilbert Reversed 3.17 to 5.41
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which cause and effect are not closely related.

However, the process is feasible and does explain

why the magnetic poles are located in the

vicinity of the geographic poles of the Earth
iever, [1986).

Accordingly, the necessary conditions for the
existence of planetary magnetic fields include but
may not be limited to:

1. The presence of an electrically conducting
fluid, which, in the case of the Earth, is the
molten iron in the outer core of the Earth.

2. The flow of the electrical conductor must be
activated either by a rapid rate of rotation of
the planet, or by thermally driven convection
currents, or both.

3. A magnetic field of unspecified origin must
exist in order to induce the electrical current
in the liquid part of the core.

Accordingly, planets that do not rotate as rapidly
as the Earth, or whose core has solidified, are
not expected to have a magnetic field. These
statements provide a frame of reference that will
enable us to explain why some planets in the
solar system have magnetic fields and why some
do not. As we progress in the exploration of
the planets and their satellites, we will discover
that magnetic fields can be generated by quite
different processes, which we cannot anticipate
from a consideration of the Earth alone.

6.5 Interactions with the Solar Wind

The magnetic field of the Earth resembles that of
a bar magnet depicted in Figure[6.91and described
in Science Brief 6.7.7. However, the resemblance
is only superficial because the interior of the
Earth is too hot to be permanently magnetized
and because a bar magnet cannot spontaneously
reverse its polarity as the magnetic field of the
Earth has done many times throughout geologic
time. In addition, the magnetic field of the Earth
in Figure [&10lis not symmetrical like that of the
bar magnet in Figure [6.9] Instead, the magnetic
field is distorted by interacting with the solar
wind which blows with a speed of about 450 km/s
as it approaches the Earth. The speed of the solar
wind decreases abruptly at the boundary called
the shock wave where the motion of the particles
becomes turbulent as they are deflected by the
magnetic field of the Earth. The magnetopause
in Figure [6.10] is a second boundary where the
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Magnetic Field of the Earth

Shock wave

Magnetopause

—

Magnetic field

Solar wind

e

e

Solar wind

Figure 6.10. The magnetic field of the Earth is distorted by
the solar wind composed of protons and electrons. As the
Earth revolves around the Sun, the magnetic field facing
the Sun is compressed by the solar wind while the magnetic

tail trails away from the Sun. Adapted from Freedman and
Kaufmann 1]22 ii;i Figure 8.20)

pressure exerted by the solar wind is exactly
balanced by the strength of the magnetic field.
In this way, the magnetic field shields the Earth
from the protons and electrons of the solar wind
by forcing them to flow around the magneto-
sphere, which is the volume of space within the
magnetopause.

Some of the charged particles of the solar wind
leak across the magnetopause and are then trapped
by the magnetic field within the magnetosphere
in the form of two donut-shaped equatorial rings
known as the Van Allen belts in Figure
The inner belt is located between about 2000
and 5000 km above the equator of the Earth and
is composed primarily of protons. The second
belt consists mostly of electrons and extends
farther north and south above the equator than
the first (lower) belt. The second belt lies about
16,000 km above the surface of the Earth and is
about 6,000 km thick. These so-called radiation
belts are hazardous to astronauts and to electronic
equipment in spacecraft that are outward bound
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Figure 6.11. The Van Allen radiation belts were discovered
in 1958 during the flight of Explorer I, which was the first
American satellite launched into space by Wernher von
Braun (Section[[2). James Van Allen, a physics professor at
the University of lowa, insisted that the satellite should carry
a detector of energetic charged particles (Geiger counter)
and subsequently discovered the radiation belts that bear his
name. Adapted from , Figure [0.6) and from

, Figure 8.20)

to the Moon or to other destinations in the solar
system (Van Allen and Bagenall1999).

When the Sun ejects unusually large amounts
of protons and electrons in the form of solar
flares, the magnetosphere of the Earth is
overloaded with nuclear particles that follow the
lines of the magnetic field to the region above
the magnetic poles of the Earth where they
descend towards the surface. As they enter the
atmosphere, the particles collide with molecules
of nitrogen and oxygen and thereby transfer
their energy to them. These energized atoms lose
the excess energy by emitting electromagnetic
radiation with wavelengths in the visible part of
the spectrum (Science Brief 2.5.3, Table 2.T)).
The resulting displays of light in Figure
seen at night in the polar regions are known as
the northern lights (aurora borealis) or southern
lights (aurora australis) and originate about
80 to 160km above the surface of the Earth.
Auroral displays in the northern hemisphere are
accompanied by simultaneous displays in the
southern hemisphere. The most common colors
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Figure 6.12. Spectacular view of the aurora borealis over
the frozen Mackenzie River at Fort Simpson in the
Northwest Territories of Canada. The red dot on the distant
horizon is a microwave tower. The view is to the north with
the Mackenzie River in the foreground. Image courtesy of
Robert Postma. < http://www.distanthorizons.ca >

are red and green. Auroral displays are visual
evidence that the atmosphere of the Earth is
affected by energetic electrons (and protons) of
the solar wind that are trapped by the magnetic
field of the Earth. (lagd, I'25&_]).

6.6 Summary

The dust particles in the protoplanetary disk
accreted to form planetesimals having diameters
that ranged from a few centimeters or less to
hundreds of kilometers or more. The largest
planetesimals in the inner part of the disk grew
into the terrestrial planets by impacts of smaller
bodies. Computer models of this process indicate
that the time required to form the Earth was
between one and ten million years.
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The rate of accretion of the Earth by impacts
of planetesimals was sufficiently rapid to cause
the Earth to melt. The resulting magma ocean
contained three immiscible components: liquid
iron, liquid sulfides of iron, and molten silicates
of iron, magnesium, and calcium. Consequently,
the metallic iron sank to the center of the Earth
to form the core, the liquid sulfide also sank but
did not form a continuous layer around the iron
core, and the silicate melt began to crystallize in
accordance with Bowen’s reaction series.

Early-formed crystals of olivine and pyroxene
sank in the magma ocean, whereas crystals of
Ca-rich plagioclase floated toward the top of the
magma ocean. The olivine and pyroxene crystals
formed the peridotite of which the mantle of
the Earth is composed. The crystals of anorthite
accumulated in a layer at the surface of the
magma ocean to form a crust consisting of
anorthosite. The gases and volatile compounds
that were released by the impacting planetesimals
formed a dense atmosphere.

Most of the water and other volatile
compounds that had been delivered to the Earth
by the planetesimals formed the primordial
atmosphere. As time passed, the atmosphere
cooled sufficiently to become saturated with
water vapor which caused the water to rain out
to form a global ocean. The transfer of water
from the atmosphere to the ocean also caused
a major fraction of the carbon dioxide in the
atmosphere to dissolve in the water. The removal
of greenhouse gases such as water vapor and
carbon dioxide allowed the atmosphere to cool
further and prevented the water in the ocean
from boiling as it may have done on Venus. The
presence of liquid water on the surface of the
Earth initiated chemical weathering of volcanic
rocks in the ocean and resulted in the deposition
of marine carbonate rocks which sequestered
carbon dioxide and thereby stabilized the global
temperature on the surface of the Earth.

The interior of the Earth at the present
time includes an iron core, the outer part of
which is liquid, whereas the inner core is
solid. The mantle, composed of peridotite and
pyrolite, is solid even though it is very hot
because the high pressure prevents the rocks from
melting. The outer layer of the mantle forms a
brittle shell about 120 km thick called the litho-
sphere, whereas the underlying mantle, called the
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asthenosphere, responds to stress by deforming
plastically.

The subduction of lithospheric plates with the
associated oceanic crust and marine sediment
recycles the radioactive elements back into the
asthenospheric mantle where these elements
release heat as their atomic nuclei decay. After a
period of incubation lasting hundreds of millions
of years, the subducted rocks become buoyant
and form a plume that slowly rises toward the
top of the mantle. When a large plume reaches
the underside of the lithosphere, the diameter of
the head increases. As a result, fractures form
in the overlying lithospheric plate which leads
to a decrease of the lithostatic pressure and
thereby causes basalt magma to form by partial
melting of the rocks in the head of the plume
and in the adjacent lithospheric mantle. The
geological phenomena that result from the inter-
action of mantle plumes with the lithospheric
plate include: uplift, volcanic activity, earth-
quakes, rifting, seafloor spreading, continental
drift, and climate change.

The magnetic field of the Earth resembles that
of a bar magnet but actually originates by electro-
magnetic induction associated with convection
of liquid iron in the outer core. This process
is unstable, which explains why the strength of
the magnetic field and its polarity have changed
unpredictably throughout geologic time. The
magnetic field deflects the protons and electrons
of the solar wind except during episodes of
intense solar flares. At these times, some of the
charged particles leak into the magnetosphere
and descend toward the surface of the Earth in
the polar regions. The energy of the protons and
electrons is transferred to molecules of oxygen
and nitrogen which re-radiate the excess energy
in the form of visible light. The resulting display
gives rise to the northern and southern lights.

The theories of the origin of the solar system
(Chapter Bl) and of the Earth (Chapter [@) are
direct extensions of the Big Bang cosmology
and of stellar evolution. Therefore, planets and
their satellites, like those of our solar system,
can form every time a star arises by contraction
of a large volume of diffuse gas and dust. The
only constraints on the development of solar
systems are that elements able to form refractory
compounds were present and that the process was
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allowed to run its course without disruption by
the violent activities of nearby stars.

6.7 Science Briefs
6.7.1 Archimedes’ Principle

According to the Law of Buoyancy, discovered
by the Greek mathematician Archimedes (290-
212 BC), a body that is completely or partially
submerged in a fluid at rest is acted upon
by an upward-directed or buoyant force. The
magnitude of this force is equal to the weight of
the fluid displaced by the body. Another way of
expressing this principle is to say that a body will
float in a liquid if the weight of the body is less
than the weight of the liquid the body displaces.
For example, a ship constructed of steel sinks
into the water until the weight of the water the
ship displaces is equal to the weight of the ship.
If the ship weighs less than the water it displaces,
then the ship will have freeboard (i.e., it will
stick out of the water). If the weight of the ship
is greater than the weight of an equal volume
of water, the ship will have no freeboard and
therefore will sink.

Archimedes’ Principle applies to blocks of
continental crust floating in the mantle of the
Earth. Even though the rocks of the mantle are
solid, they are able to yield to long-term stress by
deforming plastically. A volume of continental
crust weighs less than the same volume of the
mantle because the density of the continental
crust (d =2.9g/cm?) is less than the density of
the mantle (d = 3.2 g/cm?). Therefore, blocks of
continental crust have freeboard (i.e., they stick
out of the mantle) as illustrated in Figure

If the crust is floating in the mantle (i.e., is in
isostatic equilibrium), the weight of the crustal
block is equal to the weight of the mantle
it displaces. If f = freeboard and the average
thickness of the crust is 40 km, the ratio of the
weight of the crustal block (W) divided by
the weight of the mantle displaced by the crustal
block (W,,) is equal to one:

W,  40x29
W,  (40-1)32

m

1.0

Solving for the freeboard (f):
f =3.75km
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Crustal Block Floating
in the Mantle

Continental crust
density = 2.9 g/em?

[« 40km —>|

Mantle
density = 3.2 g/em3

Figure 6.13. Blocks of continental crust float in the upper
mantle because crustal rocks are less dense than the rocks
of the mantle. In this illustration, the crust is assumed to be
40km thick, and (f) is the “freeboard” in kilometers. The
result of the calculation in the text (f = 3.75km) agrees
with the average depth of the oceans

According to this calculation, the average depth
of the ocean basins is 3.75km which is in
good agreement with the actual average depth of

3.73 km (Emiliani, [1992, Table [Z1).
6.7.2 Relative Humidity

Liquid water and ice form vapor composed of
water molecules. When the rate of evaporation of
water molecules from the surface of liquid water
or ice is equal to its rate of condensation, the
vapor is said to be saturated, which means that
a state of equilibrium exists between the vapor
and the liquid water or ice.

The concentration of water vapor in air is
expressed in units of grams of water per cubic
meter (g/m?). Alternatively, the concentration of
water vapor can also be expressed in terms of
the pressure it exerts measured in mm of Hg.
The concentration of water vapor or its pressure
in Figure [6.14 increases with rising temper-
ature regardless of whether the vapor exists in a
vacuum or in a mixture of other gases such as
air in accordance with Dalton’s Law.

The relative humidity of air is the ratio of
the measured concentration or pressure of water
vapor at a specified temperature divided by the
concentration or pressure of saturated vapor at
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Figure 6.14. The curve represents the increase of the vapor
pressure of water with increasing temperature. This curve is
used to illustrate the effect of cooling an air mass at point P
whose coordinates are a vapor pressure of 200 mm of Hg and
a temperature of 90°C. As shown in the text, this air mass
is undersaturated with respect to water and has a relative
humidity of 39.2%. As the temperature decreases to about
66°C, the relative humidity rises to 100% and therefore
raindrops start forming by condensation. The air remains
at 100% relative humidity as the temperature continues to
decline to 15°C at point S. Data from m (@,
Table 13.6)

the same temperature. For example, point P in
Figure represents air at 90°C having a
vapor pressure of 200 mm of Hg. The air repre-
sented by point P is undersaturated with respect
to water vapor because saturated vapor at 90°C
(point Q) has a pressure of about 510 mm of Hg.
Therefore, the relative humidity (RH) of the air at
point P is:

2
RH = 200 x 100 =39.2%
510

If the air is cooled from 90°C at point P to
66°C at point R, the air becomes saturated even
though the vapor pressure of water has not
changed. Therefore, water vapor condenses at
point R to form rain drops that fall out of the
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air mass. If the temperature continues to decline,
the vapor pressure of water remaining in the
air must decrease along the curve by continued
condensation of water. When the temperature
reaches 15°C at point S, the vapor pressure of
the water remaining is only about 10 mm of Hg.
As the air mass cooled from 66°C (point R)
to 15°C (point S), the relative humidity of the
air remained at 100%, provided that equilibrium
between the vapor and drops of liquid water was
maintained.

The example in Figure illustrates how
the primordial atmosphere reached saturation by
cooling and how most of the water it contained
rained out as the temperature decreased to the
present average global temperature of 15°C.

The graph in Figure [6.14] also demonstrates
that the vapor pressure of water at 100°C is
760 mm of Hg, which is equal to one atmosphere.
Consequently, water boils at 100°C because its
vapor pressure is equal to the total atmospheric
pressure of one atmosphere. On the summit of
Mt. Everest, where the pressure is only 236 mm
of Hg, water boils at 70°C and potatoes take
a lot longer to cook than they do at sealevel
where water has a higher boiling temperature.

(Emiliani, 1992, p. 274.)

6.7.3 Magnetic Compass

The magnetic compass consists of a magne-
tized iron or steel needle which is suspended
to allow it to move freely in a horizontal
plane. The needle therefore aligns itself with the
magnetic lines of force such that one end points
toward the magnetic pole located close to the
geographic north pole of the Earth, whereas the
other end points to the magnetic pole near the
geographic south pole. The magnetic poles do not
coincide exactly with the geographic poles whose
positions are fixed by the axis of rotation of
the Earth. Therefore, magnetic compasses must
be adjusted to compensate for the declination,
which is the angle between a line pointing to
“true” north and the direction indicated by the
magnetic compass. The magnitude of the decli-
nation depends on the locations of the observer
and also varies with time on a scale of centuries
because the magnetic poles wander randomly in
the polar regions.
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6.7.4 Magnetic Poles

Magnetism is associated with polarity similar
to the polarity of electrical charges. Objects
with opposite magnetic polarity attract each
other, whereas objects having the same magnetic
polarity repel each other. The polarity of the
magnetic poles of the Earth is determined by
the needle of a magnetic compass. The end
of the needle that points to geographic north
is identified as the north magnetic pole of the
needle. Therefore, the magnetic pole, which is
associated with geographic north pole of the
Earth, must actually be the south magnetic pole
because it attracts the north magnetic pole of
the compass needle. Similarly, the magnetic pole
in Antarctica is actually the north magnetic
pole because it attracts the south magnetic pole
of the compass needle. Accordingly, the south
magnetic pole of the Earth is located close to
the geographic north pole in the Canadian Arctic
at 77°18'N and 101°48'W. The north magnetic
pole is located in East Antarctica at 65°48’S and

139°0'E (Emiliani, [1992).
6.7.5 Electromagnet

An electromagnet consists of an iron core around
which insulated copper wire has been wound.
When a direct electrical current (i.e., DC rather
than AC) flows through the windings of the
copper wire, a magnetic field is induced in the
iron core which thereby becomes an electro-
magnet. The strength of the magnetism of an
electromagnet can be adjusted by selecting the
number of copper windings and by controlling
the magnitude of the electric current that passes
through them.

6.7.6 Dynamo

A dynamo is a device that generates electric
power by induction, which occurs when a magnet
is rotated within windings of insulated copper
wire. The energy required to rotate the magnet
is provided by turbines that are driven either
by steam, or by the flow of water, or by diesel
engines. The steam is made by heating water
either by burning fossil fuel (e.g., coal) or by
fissioning nuclei of atoms of *°U. Regardless
of the design of the dynamo and the power



EARTH: MODEL OF PLANETARY EVOLUTION

source, dynamos generate electricity rather than
magnetism.

6.7.7 Bar Magnets

The polarity of bar magnets is subject to the
convention that north is “plus” and south is
“minus”. The positive (north) pole of a bar
magnet repels the north magnetic pole of a
compass needle, whereas the negative (south)
pole of a bar magnet attracts the north magnetic
pole of a compass needle. The lines of magnetic
force that emerge from the poles of a bar magnet
in Figure [6.9] extend from the positive (north)
pole to the negative (south) pole.

6.8 Problems

1. Calculate the surface area (A,) of a disk
having a radius of 50 AU and compare it to the
area (A,) of a disk whose radius is only 5 AU.
Express the areas in units of square kilometers
and state the results in words with reference to
Section (Answer: A, = 1.75 x 10®km?;
A, = 1.7568 x 10'8km”.

2. Compare the volume (V) of the solid part of
the core of the Earth to the volume (V,) of
the whole core both by means of the percent
difference and by a factor (e.g., the volume of
the inner core is “x” % of the volume of the
whole core and is “x” times larger than the
inner core).

Radius of the inner 1329km Answer:
(solid) core: V, = 0.0561V,
Radius of the whole 3471km or:
core: V, =5.612%0fV,
Volume of a sphere:
V = 4/3mr?

3. Calculate the mass of the core of the Earth and
of its mantle (without the core) and interpret
the results by expressing their masses as a
percent of the total mass of the Earth.

4. Estimate the depth of the hypothetical global
ocean in kilometers before any continents or
oceanic islands had formed. Assume that the
total volume of water on the surface of the
Earth was 1.65 x 10°km’. (Answer: 3.23 km).
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Radius of the 3471 km Answer:

whole core: Core = 32.2%
Radius of the 6378 km

Earth: Mantle = 67.8%
Density of iron:  7.87g/cm?®  of the mass of the

Earth.

Density of 3.2g/cm?

peridotite:
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The Clockwork of the Solar System

The motion of the Earth in its orbit around
the Sun is profoundly important to all forms of
life including humans. Even the most primitive
people on Earth observed the daily rising and
setting of the Sun, the changing phases of the
Moon, and the motions of the planets in the sky
at night. In addition, most plants and animals
respond to the daily sequence of light and
dark periods and to the passage of the seasons
by automatic adjustments of their metabolic
functions. Throughout history, humans have
made careful measurements in order to under-
stand these matters and to predict celestial events
before they occurred. The contributions of the
ancient civilizations to astronomy have already
been mentioned in Section2.T]in connection with
cosmology. SectionZ.32]and Science Brief 2.5.4
relate the units of time to the period of rotation
of the Earth and to the period of its orbit around
the Sun.

The people of the Middle Ages also had
problems with the calendar they inherited from
the Romans. The problems with the calendar
became so serious that in 1514 AD the
astronomer Nicholaus Copernicus was asked by
the Lateran Council of the Catholic Church to
advise it on the reform of the calendar. Coper-
nicus declined to get involved at that time
because he thought that the motions of the Sun
and Moon were not understood well enough.
However, even at that time Copernicus had
become dissatisfied with Ptolemy’s cosmology.

7.1 The Pioneers of Astronomy

Nicolaus Copernicus (1473-1543) was a
nineteen-year-old student at the University of
Krakov in 1492 when Christopher Columbus
embarked on his first voyage west across

87

the Atlantic Ocean. Copernicus was also a
contemporary of Ferdinand Magellan whose
crew successfully circumnavigated the Earth and
returned to Spain in 1522 (Section [LLT)).

Copernicus devoted much of his professional
life to the improvement of the cosmological
model of Ptolemy and eventually came to the
conclusion that all of the planets of the solar
system revolve around the Sun rather than around
the Earth. He presented a detailed description
of the heliocentric model of the solar system
in his book entitled: De revolutionibus orbium
coelestium (On the revolutions of the celestial
spheres) but did not allow his work to be
published until 1543 when he was on his
deathbed because he did not want to incur the
sanctions of the Catholic Church R
2004). Copernicus proposed that the Sun is
located at the center of the solar system and
that the orbits of the six planets known at that
time are perfect circles. Unfortunately, the helio-
centric model of Copernicus did not predict the
motions of the planets any better than Ptolemy’s
model did because the orbits of the planets
are not circular and the Sun is not located at
the exact center of the solar system. Coper-
nicus tried to make adjustments similar to those
Ptolemy had used, but in the end he could
not reconcile the differences between his model
and astronomical observations of the motions
of the planets. Nevertheless, the resurrection of
the heliocentric concept by Copernicus initiated
a revolution in astronomy that contributed to
the liberation of the human spirit known as the
Renaissance , )

After Copernicus died in 1543, his model
was refined by the work of Tycho Brahe
(1546-1601) even though Brahe initially adhered
to the cosmology of Ptolemy. However, when
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his own work demonstrated the deficiencies of

Ptolemy’s cosmology, Brahe adopted a hybrid

model in which the Sun orbits the Earth (as

proposed by Ptolemy), but all other planets
orbit the Sun (as postulated by Copernicus).

More important for the future of astronomy

was Brahe’s resolve to map the stars and to

track the planets with the highest precision
possible. Fortunately, Tycho Brahe was a very
wealthy man thanks to grants he received from

King Frederick II of Denmark. He used these

funds to build two astronomical observatories

(Uraniborg and Stjerneborg) on the island of Ven

in Oresund between Denmark and Sweden. The

data that Brahe and his assistants accumulated

at these observatories between 1576 and 1597

were ultimately analyzed by Johannes Kepler

after Brahe had been forced to leave Denmark
upon the death of his royal patron.

Johannes Kepler (1571-1630) was educated
at a Lutheran seminary in Germany but failed to
be ordained. Instead, he became a mathematics
teacher at a highschool in Graz, Austria. Kepler
was an ardent Copernican and fervently believed
that the orbits of the planets are related to each
other in a simple and beautiful way. However,
his idealism was constrained by his rational mind
and by his intellectual honesty. Kepler knew that
Tycho Brahe possessed the data he needed to
test his ideas about the relationships among the
planetary orbits. Therefore, he contacted Brahe
at Benatek Castle near Prague where he lived
following his expulsion from Denmark. After
Kepler joined Brahe at Benatek Castle, they
repeatedly quarreled because Brahe hesitated to
give Kepler his data and because Kepler disap-
proved of Brahe’s excessive lifestyle. But when
Brahe died unexpectedly on October 24 in 1601,
Kepler took possession of his data and began a
lengthy series of calculations to determine the
shapes of planetary orbits. After many trials and
errors he eventually arrived at three conclusions
known to us as Kepler’s laws:

1. The orbit of a planet about the Sun is an ellipse
with the Sun at one focus (Figure [Z).

2. A line joining a planet in its orbit and the Sun
sweeps out equal areas in equal intervals of
time (Figure [Z2)).

3. The square of the period of an object orbiting
the Sun is equal to the cube of the average
radius of its orbit.
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Kepler was not pleased to acknowledge that
planetary orbits are ellipses rather than circles as
he and most astronomers of his time assumed.
However, his laws solved the problems that
afflicted the model of Copernicus. In addition, we
now know that Kepler’s laws apply to orbiting
bodies throughout the Universe including space-
craft orbiting a planet, to binary star systems
revolving around their common center of gravity,
and even to pairs of galaxies that orbit each other

When Kepler published his first two laws in
1609, Galileo Galilei (1564—1642) was 45 years
old. Although the two pioneers of astronomy
did not meet, Galileo supported the heliocentric
model of the solar system by his telescopic obser-
vations starting in 1610. For example, Galileo
noticed that the apparent size of Venus is related
to the phases of Venus as seen from Earth (to be
discussed in Chapter [[1)). He also discovered that
Jupiter has four satellites that revolve around it
like a miniature solar system (Chapter [[3)).

The final chapter in the quest to understand
the motions of the planets in the solar system
was written by Sir Isaac Newton (1642—1727)
who was born in the year Galileo Galilei passed
away. Newton experimented with the motions of
bodies when acted upon by a force and expressed
his conclusions in the form of the three laws of
motion that bear his name (Science Brief 7.6a).
Newton also recognized that the motions of the
planets around the Sun are caused by the force of
gravity described by the equation (Section [L3):

(7.1)

where F = gravitational force between two
objects expressed in newtons (N),
m, = mass of the first object (e.g., the Sun)
expressed in kilograms,
m, = mass of the second object (e.g., a planet)
expressed in kilograms,
r = distance between the centers of the two
objects expressed in meters,
G = universal constant of gravitation.
The value of the constant of gravity in the mks
system of units is:

Fo M Xm

2

G =6.67 x 107" newton m?/kg’

Newton demonstrated that Kepler’s laws follow
directly from his three laws of motion and from
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Figure 7.1. The orbits of the planets are ellipses with the Sun at one of the focal points: a = semi-major axis; b =

semi-minor axis; f = focal length; F, and F, = focal points; perihelion is the point on the orbit that is closest to the Sun;
aphelion is the farthest point on the orbit from the Sun. The planets revolve around the Sun in the prograde (counterclockwise)
direction when viewed from a point in space located above the plane of the orbit of the Earth. The planets also rotate about
imaginary axes and most do so in the prograde direction. Only Venus, Uranus, and Pluto have retrograde (clockwise) rotation

the equation describing the force of gravity. In
fact, he extended Kepler’s third law:

p’=a’ (7.2)

where p = period of revolution of the planet
expressed in years and

a = average distance between the planet and
the Sun measured in astronomical units, to make
it applicable to any two bodies that orbit each
other:

2
2 4m 3

= m a’ (73)

p

When this equation is used, time must be
expressed in seconds (s), the distance between
the objects must be in meters (m), and the masses
must be in kilograms (kg).

7.2 Elliptical Orbits of Planets

The geometry of an ellipse is defined by
certain parameters identified in Figure[Z] These
include the two focal points (F, and F,), the
focal length (f), the semi-major axis (a), the semi-
minor axis (b), as well as the perihelion and
aphelion (Science Brief 7.6.2).

7.2.1 Eccentricity

Ellipses differ from circles by their eccentricity
(e), which is defined by the equation:

e=- (7.4)

a
The eccentricity of circles is equal to zero
because circles have one center rather than two
focal points. Therefore, the focal length (f) of
circles is zero, which causes the eccentricity (e)
in equation [Z.4] to be zero. With the exception of
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Figure 7.2. According to Kepler’s second law, the areas of the triangles swept out in equal intervals of time by a planet in
its orbit are equal. The diagram illustrates the fact that a planet at perihelion moves faster in its orbit than it does at aphelion.
This law applies to all bodies that revolve around a second body because of the ellipticity of such orbits

Mercury and Pluto, the eccentricities of the orbits
of the planets in Table [Z ] are generally low and
range only from 0.0068 (Venus) to 0.093 (Mars).
The orbit of Mercury has an eccentricity of 0.206
whereas that of Pluto is 0.250. The eccentricity
of the orbit of the Earth is 0.017. Consequently,
the orbits of most planets are very nearly circular.

7.2.2 Average Distance

The distance between a planet moving in an
elliptical orbit and the Sun changes continu-
ously depending on the location of the planet.
Reference to Figure [Z1] demonstrates that at
perihelion the distance (d,) between the Sun and
a planet is:

whereas at aphelion the distance (d,) is:

Therefore, the average distance between the Sun
and a planet in its orbit is:

di+d, _a—f+atf 2a_ 75)

2 2 )

In other words, the semi-major axis (a) of the
orbit of a planet is equal to the average distance
between the planet and the Sun.

7.2.3 Revolution and Rotation

As the planets revolve around the Sun in their
elliptical orbits in Figure [Z]] they also rotate
about imaginary axes. The direction of the
revolution and rotation of the planets is deter-
mined from a vantage point in space above
the plane of the orbit of Earth (plane of the
ecliptic defined in Section [Z.2.4). The direction
of revolution and rotation of a planet is prograde
if it is counterclockwise when viewed from
above. Similarly, if the direction is clockwise, it
is called retrograde. All of the planets of the solar
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system in Table [Z1] revolve around the Sun in
the prograde (counterclockwise) direction. Most
also rotate in the prograde direction. The only
exceptions to this generalization are the planets
Venus, Uranus, and Pluto whose rotation is retro-
grade. The prevalence of prograde revolution
and rotation of the planets is consistent with the
prograde rotation of the Sun (Section B.3.3) and
implies that the protoplanetary disk also rotated
in the prograde direction. We will find out later
that some satellites of Jupiter, Saturn, Uranus,
and Neptune revolve in the retrograde direction.

7.2.4 Plane of the Ecliptic

The plane of the orbit of the Earth, called the
plane of the ecliptic, serves as a reference for the
orbits of the other planets in the solar system.
This relationship is expressed in Figure [Z3]by the
angle of inclination (i) between the plane of the
planetary orbit and the ecliptic. The inclinations
of the planetary orbits to the ecliptic in Table [Z]]
range from zero (Earth) to 3.39° (Venus) but rise
to 7.00° for the orbits of Mercury and 17.12°
for Pluto. The evident alignment of the orbits
of the planets with the plane of the ecliptic is
consistent with the theory that the planets of the
solar system formed within the protoplanetary
disk that surrounded the protosun following the
contraction of the solar nebula (Section 3.2)).
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7.2.5 Axial Obliquity

The theory of the origin of the planets within
the protoplanetary disk leads us to expect that
their axes of rotation should be oriented at right
angles to the planes of their orbits. However,
this expectation is not fulfilled as illustrated in
Figure [Z4] because the inclinations of the axes of
rotation (axial obliquity) relative to the vertical
vary widely from 0° (Mercury) to 178° (Venus).
Uranus and Pluto also have highly inclined axes
of rotation of 97.96° and 122.5°, respectively
(Hartmann, 2003).

The deviations of the axes of rotation of the
planets from the vertical direction may have
been caused by impacts of large bodies during
the early history of the solar system. Even the
axes of rotation of the gaseous planets may
have been affected by impacts on their rocky
cores before these planets accumulated their
large atmospheres of hydrogen and helium. The
present inclination of the axis of Uranus (97.9°)
indicates that this planet was actually “tipped
over” and that its north pole is now pointing in a
southerly direction. In that case, the direction of
rotation of Uranus, viewed from above, changed
from prograde to retrograde. Similar explana-
tions apply to Venus and Pluto whose present
retrograde rotation may be due to “tipping” of
their axes of rotation, thus causing their former
geographic north poles to point south.

Table 7.1. Physical properties of planetary orbits (Freedman and Kaufmand, )2)

Planet Semi-major Sidereal period Period of Eccentricity Inclination of ~ Average orbital
axis(AU) of revolution rotation (d,h) orbit to the speed (km/s)
(d,y) ecliptic (°)

Mercury 0.3871 87.969d 58.646d 0.206 7.00 47.9

Venus 0.7233 224.70d 243.018 d 0.0068 3.39 35.0

Earth 1.0000 365.256d 1.000d 0.017 0.00 29.77

Mars 1.5236 686.98 d 1.026d 0.093 1.85 24.1

Jupiter 5.2026 11.856y 9.936h 0.048 1.30 13.1

Saturn 9.5719 29.369 y 10.656h 0.053 2.48 9.64

Uranus 19.194 84.099y 17.232Rh 0.043 0.77 6.83
Neptune  30.066 164.86y 16.104h 0.010 1.77 55

Pluto* 39.537 248.60 y 6.387R d 0.250 17.12 4.7

R = retrograde
* Pluto has been reclassified as a dwarf planet (Section B.TJ).
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Orbital Inclination

Side view of planet

Angle of
inclination

Ecliptic plane

Figure 7.3. The orbital inclination (i) of a planet (or satellite) is the angle between the plane of the planetary orbit and the
plane of the ecliptic, which is the plane of the orbit of the Earth. In cases where the orbital inclination is greater than 90°, the
direction of revolution of the planet (or satellite) changes from prograde (anti-clockwise) to retrograde (clockwise)

7.2.6 Conjunctions and Oppositions

The systematic decrease of the average orbital
velocities of the planets with increasing distance
from the Sun (Figure B.3) causes them to
constantly change position relative to each other.
For example, the Earth moves faster in its orbit
than Mars and therefore regularly passes Mars.
Similarly, Venus catches up to the Earth and
passes it regularly because the average orbital
velocity of Venus is greater than that of the Earth.
The resulting alignments of the planets with the
Earth and the Sun in Figure [Z.3 are referred to
as conjunctions or oppositions. A conjunction
occurs when a planet is positioned on a straight
line between the Earth and Sun or its extension on
the other side of the Sun. If one of the so-called

inferior planets (Mercury and Venus) is located
between the Earth and the Sun, the resulting
alignment is called an inferior conjunction. If one
of the above-mentioned planets is positioned on
the other side of the Sun, a superior conjunction
results.

Conjunctions of the superior planets (i.e.,
Mars, Jupiter, Saturn, Uranus, Neptune, and
Pluto) occur when one of these planets is located
behind the Sun relative to the Earth. However,
when the alignment of a superior planet occurs
on the same side of the Sun as the Earth, that kind
of a conjunction is referred to as an opposition.
Note that only the “inferior’planets have what we
call “inferior” and “‘superior” conjunctions and
that “superior” planets have either conjunctions
or oppositions depending on whether they occur
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Figure 7.4. The axial obliquity of a planet (or satellite) is the inclination of its axis of rotation relative to the pole of the orbit,
which is the imaginary line drawn from the center of the planet at 90° to the plane of its orbit. The obliquity determines the
amount of sunlight received by the northern and southern hemispheres of a planet and thus causes seasonal changes of the
weather. In cases were the axial obliquity is greater than 90°, the sense of rotation changes from prograde (anti-clockwise)
to retrograde (clockwise). For example, Venus (178°), Uranus (97.9°), and Pluto (122.5°) rotate in the retrograde direction

because their obliquities are greater than 90°

behind the Sun as seen from the Earth or on the
same side of the Sun as the Earth. The reader can
verify by reference to Figure [Z3] that the inferior
planets cannot have oppositions.

When Mercury or Venus pass between the Earth
and the Sun, their images may be visible from
the Earth as dark disks that move across the face
of the Sun. Such an event, called a transit, is
not visible from the Earth in all cases because

of the inclinations of their orbits relative to the
plane of the ecliptic (i.e., the orbit of the Earth).
Similarly, superior planets that are in conjunction
are also not visible from the Earth because
the conjunctions take place behind the Sun.
However, when a superior planet is in opposition
in Figure[Z3] it is visible from the Earth at night.
The movement of the planets relative to the
Sun can also be expressed by the magnitude of
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Conjunctions and Oppositions

Greatest Eastern Elongation

Opposition Conjunction

Greatest Western Elongation

Mars, Jupiter,

Figure 7.5. The inferior planets (Mercury and Venus) have inferior and superior conjunctions when the Earth and the Sun
are aligned with either Mercury or Venus. The superior planets (Mars, Jupiter, Saturn, etc.) are in opposition when they are
aligned on the same side of the Sun as the Earth and they are in conjunction when they are located behind the Sun. The
elongation is the angle formed by a planet with the Sun. For example, the elongation of a planet at inferior conjunction or
opposition is equal to zero. When Mercury or Venus are at their greatest eastern elongation, they are visible in the evening in
the western sky. When either of these planets is at its greatest western elongation, it is visible in the morning in the eastern

sky. Adapted from Figure E.d of [Freedman and Kaufmand 002)
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the angle between the lines joining a planet to
the Sun and the Earth to the Sun. Astronomers
call this angle the elongation of the planet. The
elongation of an inferior planet (Mercury or
Venus) increase as it moves in its orbit from 0° at
inferior conjunction to the position of its greatest
elongation. When Mercury or Venus are in the
position of greatest western elongation, they
are visible from Earth in the morning. Hence,
Venus is called the “morning star.” However,
when Mercury or Venus are in the position of
greatest eastern elongation, they are visible in the
evening, which explains why Venus is also called
the “evening star”. The same could be said about
Mercury, but it is much closer to the Sun than
Venus and is therefore more difficult to see. In
addition, Mercury and Venus are planets rather
than stars, but a casual observer on Earth may
have difficulty distinguishing planets from stars.

7.2.7 Sidereal and Synodic Periods
of Revolution

The position of a planet in its orbit can also
be fixed with reference to background stars in
the Milky Way galaxy. The resulting reference
point is used to determine the sidereal period of
revolution of a planet, which is defined by the
statement: The sidereal period of revolution of
a planet (or any celestial object) is the time that
elapses during one revolution about the Sun with
respect to the stars.

An alternative method of describing the
revolution of planets is by means of their synodic
period, which is the time that elapses between
successive conjunctions with the Earth. The
synodic periods of revolution of Mercury, Venus,
and Mars in Table are longer than their
sidereal periods whereas the synodic periods
of Jupiter, Saturn, Uranus, Neptune, and Pluto
are shorter. The reason for the shortness of the
synodic periods of these planets is that they
move more slowly in their orbits than the Earth
(Table [Z1]), which causes the Earth to overtake
them before they have moved very far in their
own orbits.

The relation between the sidereal and synodic
periods of planets is expressed by equations that
are derived in Science Brief 7.6.3. For inferior
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Table 7.2. Sidereal and synodic periods of
revolution __of the planets (Freedman and

Kaufmann, 2002)

Planet Sidereal Synodic
period period
Mercury 88d 116d
Venus 225d 584d
Earth 365.256d -
Mars 686.98d 780d
Jupiter 119y 399d
Saturn 295y 378d
Uranus 84.0y 370d
Neptune 164.8y 368d
Pluto* 2485y 367d

*Pluto has been reclassified as a dwarf planet.

planets (Venus and Mercury):

1—1+1 (7.6)
P E S '

For superior planets (Mars, Jupiter, etc.):

I 1 1
P E S .7
Where P = sidereal period of a planet

E = sidereal period of the Earth

S = synodic period of the planet
and the periods must be expressed in the same
units of time.

For example, the synodic period of revolution
of Jupiter in Figure can be calculated from
equation [Z7] given that the sidereal period of
Jupiter (P) is 11.856 y:

111
11.856 1.0 S
1
—0.9156 =— —
S
S 59156 092y =398.9d

Rounding to three significant digits yields a value
of 399 days for the synodic period of Jupiter as
in Table

The synodic period of revolution of inferior
and superior planets indicates the length of
time between successive alignments with the
Earth when the distance between them is at a
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Figure 7.6. The synodic period of Jupiter is 398.9 days
which is the time that elapses between successive align-
ments of Jupiter, the Earth, and the Sun. While Jupiter
moves from opposition 1 to 2, the Earth has completed
one complete revolution of 360° and is starting on the
second revolution. Adapted from Box 4.1 of Freedman and
Kaufmann (2002). Not drawn to scale

minimum. For example, the Earth and Mars are
in conjunction every 780 days (2.13 years) which
defines the window of opportunity for travel from
the Earth to Mars and for the return to Earth.

7.2.8 Solar and Lunar Eclipses

The motion of the Moon around the Earth
occasionally places it between the Earth and the
Sun. During these occurrences, observers on the
day-side of the Earth see that a dark object (i.e.,
the Moon) passes across the face of the Sun and
causes temporary darkness. Such solar eclipses
greatly disturbed humans who lived thousands of
years ago. The fear caused by the darkening of
the Sun may have motivated them to build solar
observatories (e.g., Stonehenge in England) in
order to predict such solar eclipses and thereby
to lessen the fear that these events aroused.

The alignment of the Earth, Moon, and Sun
in Figure [Z71 demonstrates that a total solar
eclipse occurs only in those parts of the Earth that
pass through the dark shadow (umbra) which the
Moon casts upon the Earth. The diameter of the
Moon’s shadow is 269 km when the Earth-Moon
distance is at a minium and even less when it is
at a maximum caused by the eccentricity of the
Moon’s orbit. The shadow of the Moon sweeps
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across the surface of the Earth at a rapid rate
because of the orbital velocity of the Moon and
the rotational velocity of the Earth. As a result,
a total solar eclipse cannot last more than 7.5
minutes and, in many cases, takes even less time
than that (Hester et all, 2007).

The eclipse starts when only a part of the
Sun is obscured by the Moon (position 1 in
Figure [Z7), totality occurs at position 2, and
the phenomenon ends when the Sun re-emerges
from behind the Moon (position 3). When the
distance between the Earth and the Moon is at
its maximum, the area of the Moon as seen from
the Earth is less than the area of the Sun. On
these occasions, we see a bright ring of sunlight
around the shadow of the Moon in what is called
an annular eclipse (not shown).

The revolution of the Moon around the Earth
can also place it in the shadow of the Earth,
which results in a lunar eclipse visible at night
(not shown). The shadow of the Earth (umbra)
at the distance of the Moon is nearly 9200 km
wide or more than 2.5 times the diameter of the
Moon. Therefore, a total lunar eclipse can last up
to 100 minutes as the Moon slowly moves across
the shadow of the Earth before it re-merges into
sunlight.

7.2.9 Orbital Velocities

The velocity of a planet in a circular orbit around
the Sun was derived from basic principles in
Science Brief 1.5.2 and is expressed by the

equation:
GM)\ "
v, = (—) (7.8)
T

where M = mass of the Sun in kilograms
r = distance between the center of the planet

and the center of the Sun in meters.

G = gravitational constant (6.67 x 107!
Nm’/kg?)

v, = orbital velocity of the planet in m/s.

Equation applies to any body in the solar

system in orbit around another body provided

that the shape of its orbit is a circle.

In reality, Kepler’s first law states that the
orbits of the planets are ellipses rather than
circles, which means that equation does
not strictly apply to the planets of the solar
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Figure 7.7. When the Moon passes between the Earth and the Sun, it causes a solar eclipse, as a result of which the light
of the Sun is partially or completely blocked from reaching the Earth. A total eclipse occurs only in that part of the Earth
that actually passes through the umbra whose width decreases with increasing distance between the Moon and the Earth. The
diagram is not to scale and was adapted from Figure 2.24 of [Hester et al] )

system. Nevertheless, the orbital velocity of Mars lated by dividing the circumference of its orbit
(24.19 km/s), calculated by means of equation[Z§] by the period of its revolution.
in Science Brief 7.6.4, is in good agreement For example, the length of the semi-major axis
with the observed period of its orbit (Table [Z)) (a) of the orbit of the Earth (i.e., its average
because the eccentricity of its orbit (0.093) is distance from the center of the Sun) is a =
low, which means that the orbit of Mars is very 149.6 x 10°km (Section 23.1) and its period
nearly circular. of revolution is p = 365.256 days (Table [Z1).
According to Kepler’s second law, a planet The circumference of a circle is equal to 2rmw
in Figure sweeps out triangular areas of  yhere r is the radius of the circle and = 3.14.
equal area in equal intervals of time. This Therefore, the average orbital velocity (v,) of the
statement implies that the velocity of a planet Earth is:

at perihelion is greater than it is at aphelion.

Therefore, the velocity of a planet in its orbit

varies continuously depending on its position 2am 2x149.6 x 10° x 3.14
bet\.)ve.en perihelipn and aphelipn. However, if the Vo= P = 365256 x 24 % 60 x 60 /s
orbit is nearly circular (i.e., it has a low eccen-

tricity), the average orbital velocity can be calcu- Vo =29.77km/s.
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Nothing in our every-day experience approaches
velocities of this magnitude. For example, the
velocity of a rifle bullet is only about one
kilometer per second. Nevertheless, we are
unaware of the high orbital velocity of the
Earth because we experience velocities only with
respect to fixed points in our frame of reference.
The average orbital velocities of the planets in
the solar system are listed in Table [ZI] and are
illustrated in Figure B3]

The decrease of the average orbital velocities
with increasing distance of the planets from the
center of the Sun is explained in Science Brief
1.5.3 by the equation:

r=— (7.9)

where all symbols have the same meaning as
before. The equation indicates that the radii of
planetary orbits depend on the reciprocal of the
square of their orbital velocities, provided that
the orbits are circular. In other words, a planet
having a small circular orbit (small value of r)
must have a high velocity. Conversely, a planet
with a large circular orbit must have a low orbital
velocity, as shown in Figure B3]

7.2.10 Launching Satellites into Orbit

The laws that determine the average velocities
of the planets in their orbits around the Sun also
apply to artificial satellites launched from the
Earth or from any other body in the solar system.
The critical parameter that determines whether a
satellite launched from the Earth will achieve a
stable orbit is the so-called escape velocity which
is defined by the equation:

2GM )\ /2
=)
T

and is derived in Science Brief 7.6e. In this

equation:

M = mass of the Earth in kilograms,

G = universal gravitational constant (6.67 x
10" Nm?/kg?)

r = distance to the center of the Earth in meters

v, = escape velocity in units of meters per
second.

(7.10)

CHAPTER 7

The equation tells us that the escape velocity
depends on the mass of the Earth (M) and on the
distance (r) of the object being launched from the
center of the Earth. Given that the mass of the
Earth is M = 5.974 x 10** kg, that its radius is
r =6, 378 km, and that the gravitational constant
is G =6.67 x 10~'' Nm?/kg’, the escape velocity
of an object on the surface of the Earth is:

<2 % 6.67 x 1011 x 5.974 x 1024)“2
Ve =

6,378 x 10°
v = (1.249 x 10°)* = 1.117 x 10* m /s
1.117 x 10*
v,=———>—— =11.2km/s
10°

Evidently, the velocity of a rifle bullet (about
1.0km/s) is much less than the escape velocity,
which explains why rifle bullets fired into the air
always fall back to the surface of the Earth.

In order to increase the velocity of the
projectile, we decide to fire an iron ball out of an
old-fashioned cannon as shown in Figure [Z8A.
The cannon ball flies a certain distance, but falls
back to the surface of the Earth because it does
not achieve the necessary escape velocity. If we
want the same cannon ball to fly farther, we
must increase its velocity by using more black
powder. If the force generated by the charge of
black powder is large enough, the cannon ball
will reach escape velocity and will fly so far that
it literally falls off the Earth (i.e., it goes into
orbit) as suggested in Figure [Z8B.

Of course, we do not launch satellites into
orbit by shooting them out of cannons. Instead,
we attach the satellite to a rocket engine which
lifts it off the launch pad and carries it to such
a height (say 250km above the surface of the
Earth) that its velocity is equal to or exceeds the
escape velocity at that distance from the center
of the Earth.

We now discover a peculiar property of
equation because it tells us that the escape
velocity decreases the farther the object is located
from the center of the Earth. If we increase
the value of r in equation [Z8 by 250km and
calculate the escape velocity at that height, we get
a value of v, = 10.9km/s which is less than the
escape velocity at the surface of the Earth. These
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Launching a Cannon Ball into Orbit

Figure 7.8. A. Trajectory of an iron sphere fired from
a muzzle-loading cannon charged with black powder. B.
When the cannon ball reaches escape velocity (11.2km/s)
it falls around the curvature of the Earth and goes into orbit
around it

concepts were first mentioned in Section [[3] and
will come up again in later chapters.

When a satellite reaches its destination in
space with a velocity that is greater than the
velocity required for a circular orbit, it enters
an elliptical orbit which is characterized by its
apogee (point farthest from the planet) and its
perigee (point closest to the planet). When a
satellite in an elliptical orbit is accelerated to
a still higher velocity, its orbit may become
parabolic in shape, which means that the satellite
flies off into interplanetary space and does not
return to the Earth. At still higher velocities, the
orbit becomes hyperbolic which likewise carries
the satellite away from the Earth without return

(Hartmand, 2003, Figure 3.4).

7.2.11 Lagrange Points

The gravitational and centrifugal forces acting on
a planet in orbit around the Sun (or a satellite
orbiting a planet) combine to define five points
in space at which another body can maintain its
position relative to the other two. The existence
of such points was predicted in 1772 by the
French mathematician Joseph Louise Lagrange
(1736-1813) and was confirmed in 1906 by the
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discovery of asteroids that occupy two Lagrange
points in the orbit of Jupiter. The Lagrange
points identified by number in Figure [Z.9revolve
around the Sun with the same period as the planet
with which they are associated.

Lagrange points 4 and 5 are especially
important because objects at these locations tend
to remain there indefinitely because the gravita-
tional field at these sites is bowl-shaped. Objects
that enter these regions may move around
within them like marbles in a bowl, but they
cannot leave (Hester et all, [2002). For example,
the Lagrange points 4 and 5 associated with
Jupiter contain collections of asteroids called the
Trojans, which is an allusion to the wooden horse
in which soldiers of the Greek armies were hiding
during the siege of the city of Troy in the 13th
century BC. The Trojan asteroids revolve around
the Sun in the same orbit as Jupiter and maintain
a constant distance ahead and behind that planet.
In addition, Lagrange points 4 and 5 in Figure [Z.9]
define two equilateral triangles with the Sun and
a planet. The other Lagrange points (1,2, and 3)
are less effective because solid objects at these
locations can drift away or be displaced when
another object enters these regions. The reason
for this behavior is that the gravitational field at
these sites is like an inverted bowl or the summit
of a hill. An object can stay there only until it is
acted upon by a force that causes it to move away.

Lagrange points are associated with each of
the nine planets of the solar system and with the
principal satellites that revolve around them. For
example, the Lagrange points 4 and 5 of Tethys
and Dione (satellites of Saturn) contain several
small bodies and the orbit of Mars harbors a
ITﬁEm asteroid called 5261 Eureka (m,

. p 56).

The Lagrange points 4 and 5 of the Earth-
Moon system are sites where large structures
may be constructed in the future with building
materials derived from the Moon. The transport
of cargo from the Moon to Lagrange points 4
and 5 is facilitated by the fact that these sites
maintain a constant position relative to a support
base on the lunar surface (Q’Neill 1974, [1973,
(1977; n _and Holbrow. [1977: Heppen-
heimer, ).
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Figure 7.9. The gravitational and centrifugal forces of two bodies in orbit about their center of gravity cause the existence
of five Lagrange points identified by number. Objects that enter regions 1,2, and 3 may drift away when acted upon by a
force. Objects at sites 4 and 5 behave like marbles in a bowl. They can move within the bowl but they cannot leave it. For
example, the Lagrange points 4 and 5 of Jupiter contain collections of solid objects known as the Trojan asteroids which
revolve around the Sun in the same orbit as Jupiter and maintain a constant distance in front of and behind Jupiter. Adapted

from [Hartmand 2003), [Freedman and Kaufmand @003), and

7.3 Celestial Mechanics of the Earth

The environmental conditions on the surface of
the Earth are strongly affected by the inclination
of the axis of rotation of the Earth (i.e., its
axial obliquity) and much less by the eccentricity
of its orbit. These two parameters determine
the apparent motions of the Sun as seen from
the surface of the Earth and hence the season-
ality of the climate in the northern and southern
hemispheres.

7.3.1 Rising and Setting of the Sun

The rotation of the Earth causes the Sun to rise
in the east and to move in an arc across the
southern sky (when viewed from the northern
hemisphere) until it sets in the west. The highest
position of the Sun in the sky (i.e., noon) depends
on the season of the year and on the location
of the observer. The time that elapses between
successive high-stands of the Sun is defined to
be one solar day as discussed in Section 2314
and Science Brief 2.5.4.

(002)

The relation between the apparent motions of
the Sun and the rotation of the Earth is illustrated
in Figure Consider that you are standing
somewhere on the northern hemisphere of the
Earth facing north. Note that east is to the right
and west is to the left of you. Now consider
that you are standing at point A in Figure
facing north as before. It is still dark at point
A because the first ray of sunlight has not yet
reached you. However, as the Earth continues
to rotate in a prograde direction, the first ray
of sunlight will become visible on the horizon
to your right (i.e., in the east). Eventually, your
location will be in full daylight at point A’ and
the Sun will continue to rise in the sky until it
reaches its highest position at noon.

Consider next that you are standing at point
B in Figure facing north. The Sun is still
visible in the sky but it is now sinking toward the
horizon. As the Earth turns, the Sun sinks below
the horizon to your left (i.e., west). By the time
the Earth has rotated you to position B’, the Sun
has set and the night has started.
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Rising and Setting of the Sun

(left) W & iE (right)
Observer facing north
First ray A' A

—_—
Sunlight
— Day
Equator
Last ray

B B'

View of Earth from above

Figure 7.10. The rotation of the Earth between points A
and A’ explains why the Sun rises in the eastern sky in the
morning. Similarly, its rotation from point B and B’ causes
the Sun to set in the western sky in the evening. The view
of the Earth is from above. The North geographic pole is
displaced from the center because of the inclination of axis
of rotation

7.3.2 Change in the Period of Rotation

The period of rotation of the Earth has changed
during its history as a result of two opposing
processes. It decreased as a result of the growth
of the core and increased because of gravitational
interactions (tides) with the Moon and neigh-
boring planets. The net result has been that the
period of rotation of the Earth has increased from
about 15.7 hours at 2.5 billion years ago to 24.0
hours at the present time. In other words, the
length of a day has increased because the period
of rotation of the Earth increased. The periods of
rotation of the other planets and their satellites
have also increased for the same reasons. More
information on this phenomenon is provided in
Science Briefs 7.6.6 and 9.12.2 and in the book
by Munk and MacDonald (1964).
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7.3.3 Seasons of the Northern
Hemisphere

The climate on the surface of the Earth is partly
determined by the amount of sunlight it receives,
which depends not only on the inclination of its
axis of rotation (23.5°) but also on the luminosity
of the Sun, the average distance between the
Earth and the Sun, the concentration of green-
house gases in the atmosphere of the Earth (e.g.,
carbon dioxide, methane, and water vapor), and
the fraction of sunlight that is reflected by the
surface of the Earth back into interplanetary
space called the albedo R

). The ellipticity of the orbit of the Earth
and the resulting variation of its distance to the
Sun has only a minor effect on the seasonality
of the climate because of the low eccentricity of
the Earth’s orbit (i.e., 0.017).

The key to understanding the seasonality of
the climate of the Earth is that the attitude
of its axis of rotation in Figure [ZI1] remains
fixed in space as the Earth revolves around the
Sun (except as discussed in Section [Z316). The
seasons of the northern hemisphere are defined
by the summer and winter solstices and by the
vernal and autumnal equinoxes, during which
the Earth occupies the specific sites in its orbit
identified in Figure [Z11l The corresponding
seasons of the southern hemisphere are opposite
to those of the northern hemisphere:

Northern hemisphere ~ Southern hemisphere

Winter solstice
Vernal equinox
Summer solstice
Autumnal equinox

Summer solstice
Autumal equinox
Winter solstice
Vernal equinox

7.3.4 The Earth at Summer Solstice

On the day of the summer solstice in the northern
hemisphere (June 21) the axis of rotation of
the Earth in Figure [Z11] points toward the Sun.
Therefore, on this day the northern hemisphere
receives a maximum amount of sunlight, whereas
the southern hemisphere receives a minimum
amount. The vertical cross-section of the Earth
in Figure demonstrates that during the
summer solstice all locations within the arctic
circle (including the north pole) have 24 hours of
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Summer
solstice N

Seasons of the Northern Hemisphere

Vernal equinox

Winter
solstice

Autumnal equinox

Figure 7.11. The seasons of the northern hemisphere of the Earth are caused by the variation of the amount of sunlight this
hemisphere receives because of the 23.5° tilt of the axis of rotation (i.e., the axial obliquity). The difference in the distances
to the Sun when the Earth is at perihelion and aphelion is small and does not significantly affect the insolation of the Earth.
The amount of sunlight received by the northern hemisphere is a maximum at the summer solstice and a minimum at the
winter solstice. During the vernal and autumnal equinoxes both hemispheres get the same amount of sunlight and the length

of the day is equal to the length of the night. Adapted from [Ereedman and Kaufmand M)

daylight. At the same time, the area encompassed
by the Antarctic circle is in complete darkness
for 24 hours on this day. The latitude of the arctic
and antarctic circles is at latitude 66.5°N and S
(i.e., 90.0-23.5), respectively.

Another significant phenomenon associated
with the summer solstice of the northern
hemisphere occurs along the Tropic of Cancer
located at 23.5°N latitude. On this day, the Sun
is directly overhead at noon along this circle.
In addition, the Tropic of Cancer is the location
of the most northerly position on the Earth
where the Sun is directly overhead at noon.
Similarly, the Tropic of Capricorn at 23.5°S
latitude is the circle along which the Sun is
directly overhead on the day of the summer
solstice of the southern hemisphere. As the Earth
continues in its orbit past the summer solstice
of the northern hemisphere, the location of the
circle above which the Sun is directly overhead
at noon gradually moves south. On the day of
the autumnal equinox (Figure [Z1T)) the Sun is

directly overhead at noon above the equator of
the Earth.

7.3.5 Autumnal and Vernal Equinoxes

On the days of the autumnal and vernal equinox
(Figure [Z10)) the axis of rotation of the Earth
points in the direction in which the Earth is
moving in its orbit and therefore is not at all
inclined toward the Sun. Therefore, on these
two days both hemispheres of the Earth receive
the same amount of sunlight, meaning that day
and night are equal in length (“equinox” means
“equal night”). In addition, on the day of the
equinox the Sun is directly overhead along the
equator as noted above. As the Earth continues
in its orbit toward the winter solstice of the
northern hemisphere, the circle along which the
Sun is directly overhead at noon moves south
and reaches the Tropic of Capricorn at latitude
23.50°S on the day of the winter solstice in the
northern hemisphere which coincides with the
summer solstice of the southern hemisphere.
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Figure 7.12. The Earth seen in vertical profile to illustrate the sunlight that reaches different parts of the northern hemisphere
during the summer solstice. For example, note that all parts of the Earth inside the Arctic Circle have 24 hours of daylight
on this day. In addition, the Sun is directly overhead at noon above all points that lie on the great circle of the Tropic of
Cancer. The inclination of the axis of rotation of the Earth (i.e., its axial obliquity) determines the positions of the Arctic and
Antarctric circles as well as the positions of the Tropic of Cancer and the Tropic of Capricorn

7.3.6 Milankovitch Cycles

The tilt of the axis of the Earth (i.e., its axial
obliquity) is not constant over long periods of
time but varies from 21.5 to 24.5° with a period
of 41,000 years. In addition, the axis of rotation
wobbles (precesses) such that it traces out a
complete circle in 23,000 years. The effects
of the changing inclination and orientation of
the axis of rotation of the Earth on the global
climate are amplified by the changing elongation
(i.e., eccentricity) of its orbit on a timescale
of 100,000 years. The result of these varia-
tions is that the amount of sunlight received by

the northen and southern hemispheres changes
systematically on timescales of tens of thousands
of years. The Yugoslav astronomer Milutin
Milankovitch calculated so-called insolation
curves for locations at 45° latitude in the northen
hemisphere of the Earth based on the celestial
mechanics of its orbit. The results in Figure [Z13]
indicate that the insolation (amount of sunlight
received) of the northen hemisphere of the
Earth has increased and decreased systemati-
cally during the past 140,000 years. The work of
Milankovitch, which was published in the 1920s
and 1930s, was later used by

(1968), [Imbrie and Imbrid (1986), and others to
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Figure 7.13. Variation of the amount of solar radiation
received by the northern hemisphere of the Earth at 45°N
as a result of the celestial mechanics of its orbit. Based on
calculations by Milankovitch as adapted by

a8

explain the cause for the large-scale continental
glaciations and the related variations of sealevel
during the Pleistocene Epoch that started at 1.81
million years in the past and ended only about
10,000 years ago.

7.4 The Gregorian Calendar

The celestial mechanics of the Earth as
manifested by the apparent motions of the Sun
and the Moon and by the seasonal appearance of
familiar constellations of stars all contribute to
the way in which we measure the passage of time
(Section 2312). The calendar we use today has

CHAPTER 7

evolved from the calendar used by the Romans
who adopted it from the Greeks and from
preceding civilizations of the eastern Mediter-
ranean region (i.e., the Egyptians, Babylonians,
and Sumerians).

The Roman calendar was originally based
on the synodic period of the Moon (29.53059
days) and consisted of 12 months and 355 days.
Because the length of the Roman year was incon-
sistent with the sidereal period of revolution of
the Earth (365.256366 days), the Romans had
to add ten days to each year in order to keep
in step with the seasons, which depend on the
sidereal period of the Earth rather than on the
synodic period of the Moon. These annual adjust-
ments to the calendar were not always made,
which created enough of a problem to prompt
the Roman Emperor Julius Caesar in the year
46 BC to invite the Greek astronomer Sosigenes
of Alexandria to reform the calendar. Sosigenes
started by adding 90 days to the year 46 BC to
make up for lost time. In addition, he increased
the length of the year to 365.25 days and stipu-
lated that one extra day must be added once every
four years (i.e., leap year).

The so-called Julian calendar was in use for
almost 1630 years. However, by 1454 AD the
calendar had surpassed the movement of the
Earth by about 10 days because the Julian year
(365.25 days) was longer than the tropical year
(365.242199 days) defined as the time between
successive vernal equinoxes. After considerable
delay, Pope Gregory III proclaimed in 1582
that 10 days would be eliminated from October
of that year and that henceforth the length of
the year would be 365.2422 days. As a result,
the Gregorian calendar differs from the Julian
calendar by an amount of time equal to 3.12 days
every 400 years.

This discrepancy requires that the calendar
must be reduced by three days every 400
years, which is accomplished by specifying that
centennial years (i.e, 1900, 1800, etc.) cannot be
leap years except when they are divisible by 400.
For this reason, the year 2000 was a leap year
but 1900 was not. In this way, we have given
back the extra three days that had accumulated
between 1600 and 2000 AD. A further correction
is made by the provision that years divisible
by 4000 have only 365 days. As a result, the
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Gregorian calendar only deviates by about one
day in 20,000 years (Hester et all, 2002).

The Gregorian calendar was adopted by most
Roman Catholic states by 1587 AD, whereas
Protestant states delayed their acceptance until
the 18" century. For example, England and her
colonies did not adopt the “new style” calendar
until 1752 and Russia complied only in 1917
after the Bolshevik Revolution.

7.5 Summary

One of the most difficult intellectual problems
humans have had to solve is to recognize that
we live on a planet that simultaneously revolves
around the Sun as it rotates on its axis. These
motions regulate our lives by causing the Sun to
rise in the morning and to set in the evening. In
addition, the inclination of the axis of rotation
affects the amount of sunlight the northern and
southern hemispheres receive at different times
of year, thereby determining the global climate
and its seasonal variations.

Celestial mechanics is not an easy subject to
master because all parts of the solar system are in
continuous motion. Nevertheless, all of us need
to understand how we measure time, what causes
the Sun to rise and set every day, and why the
weather changes in an annual cycle. We also need
to grasp how satellites and manned spacecraft
are launched from the surface of the Earth into
orbits around it.

This knowledge combined with rocket
technology and electronic computers has
permitted us to land on the Moon, to view the
Universe in exquisite detail, and to explore the
surfaces of Mars and most of the other planets
and their principal satellites. We have also built
an orbiting space station where astronauts are
learning how to live in space in preparation
for the establishment of manned outposts on
the Moon and on Mars. In order to achieve
such goals, many difficult problems must be
investigated and solved. We could not attempt
such feats if the pioneers of astronomy had not
mastered celestial mechanics.

Therefore, we pay our respects to the pioneers
of astronomy who figured out how the solar
system works and thereby made possible the
exploration of the planets and their satellites. As
a result of what we have already achieved, our
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self-image has changed because, in the words of
Archibald McLeish, “We are all of us riders on
the Earth together.”

7.6 Science Briefs
7.6.1 Newton’s Laws of Motion

1. A body at rest remains at rest and a body in
motion at a constant speed remains in motion
along a straight line unless acted upon by a
force.

2. The rate of change of velocity of a body (a)
is directly proportional to the force (F) and
inversely proportional to the mass (m) of the
body (i.e., a =F/m).

3. The actions of two bodies are always
equal in magnitude and opposite in direction

(Section [L3)).
7.6.2 Equation of an Ellipse

An ellipse is the locus of all points along a closed
curve such that the sum of their distances from
the two foci remains constant. It is also defined
as being the intersection of a right circular cone
with a plane that is oriented in such a way that
it is not parallel to the base or to the axis of a
cone. This definition illustrates the relationship
between an ellipse and a circle because a circle
is the intersection of a right circular cone
with a plane oriented parallel to the base of
the cone.

The equation of an ellipse, oriented such that
the semi-major axis is parallel to the x-axis
in Cartesian coordinates with the center of the
ellipse at (h, k) is:

2 2
(G=h? L =P
a b?
where h = x-coordinate of the center,
k = y-coordinate of the center,
a = semi-major axis,
b = semi-minor axis.
The focal distance (f) of an ellipse is:

1 (7.11)

f = (a> —b?)"/? (7.12)
and the eccentricity (e) is:
2 RW2\1/2
a
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7.6.3 Synodic Periods of Revolution

The synodic period of revolution of a planet
(Section[1.217) is related to its sidereal period by
equations and [Z7] If the planet in question is
inferior (i.e., has a smaller orbit than the Earth),
the rate of revolution of the Earth is 360°/E,
where E is its sidereal period (365.25 days).
Similarly, the rate of revolution of the inferior
planet is 360°/P where P is the sidereal period
of revolution of the inferior planet. The angle
of rotation of the Earth (Ap) during an interval
of time equal to the synodic period (S) of the
inferior planet is:

360°
= () <

The angle of rotation of the inferior planet (A,)
during one synodic period is:

360°
A, = S
3

Actually, the inferior planet has a higher average
orbital velocity than the Earth and therefore has
gained a lap on the Earth. Consequently, the total
angle of rotation of the inferior planet is equal to
the angle of rotation of the Earth plus 360°:

360° 360°
S= S +360°
P E

Dividing each term by 360°S yields:
1 1 1

P E 'S

which is identical to equation[Z.8lin Section[Z.217.
If the planet in question has a larger orbit

than the Earth (i.e., a superior planet), the Earth

overtakes the planet. Therefore, the angle of

rotation of the Earth during one synodic period

of a superior planet is:

360° °
(%) s= (%) s+300
E P

Dividing each term by 360°S yields:

1 1 1
E P 'S
which is rearranged into the form of equation [Z7¢
I 1 1
P E S

CHAPTER 7
7.6.4 Average Orbital Velocity of Mars

Given that the length of the semi-major axis
of the orbit of Mars is 1.5236 AU, that the
mass of the Sun (M) is 2 x 10*°kg, and that the
gravitational constant (G) is 6.67 x 107! newton
m?/kg’, the average orbital velocity of Mars is:

GM 1/2
= (%)
r

< 6.67 x 107" x 2 x 10% )1/2

Vo = 1.5236 x 149.6 x 10° x 1000
13.34 x 10" \ '/* .
=\57 00w 100 = (0. 2 % 10'°
Yo <227.930 X 109) (0.05852 x 10'%)

=0.2419 x 10° =24.19km/s

The velocity calculated above is in good
agreement with the velocity given in Table [Z.]]
(24.1 km/s).

7.6.5 Escape Velocity

When a small object on the surface of the Earth
(or any other planet or satellite) is acted upon
by a force, it is accelerated and thus acquires a
certain amount of kinetic energy (KE) depending
on its mass (m) and its velocity (v):

1 2
KE = - mv
2

As the object rises off the surface of the planet
or satellite, it also acquires gravitational potential
energy (PE):

_GMm
or

PE

where G = universal gravitational constant,
M = mass of the planet or satellite, and

r = distance between the object and the center

the planet or satellite.

In case the kinetic energy of the object is greater
than its potential energy, the object will escape
from the planet or satellite. The velocity that is
required to allow an object to escape from the
surface of a planet or satellite is obtained by
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setting the kinetic energy of the object equal to
its potential energy:

KE =PE

1 ,  GMm
— mv- =
2 r

Solving for the escape velocity (v,) yields:

2GM\ 2
=)
T

Since the gravitational constant is expressed in
mks units, the mass (M) must be in kilograms,
the distance (r) must be in meters, and time is
in seconds. Note that the equation for the escape
velocity (v,) is similar in form to the equation for
the velocity (v,) of an object in a stable circular

orbit:
GM\ 2
= ()
r

Therefore, we can express the escape velocity by
the equation:

(7.14)

v, =22y, =141v,

In summary, the escape velocity is 1.41 times
the velocity of an object in a stable circular orbit

(Hartmany, 2003).

7.6.6 Increase of the Period of Rotation
of the Earth

The period of rotation of the Earth and hence
the length of one day has increased in the
course of geologic time because of gravitational
interactions of the Earth with the Moon and
with neighboring planets in the solar system
, [196d). This tendency
was counteracted initially by the growth of the
iron core which caused the period of rotation of
the Earth to decrease (i.e., the rotation speeded
up). However, the period of revolution of the
Earth (i.e., the length of one year) was not
affected by these processes.
) later combined both effects and demon-
strated how the period of rotation of the Earth
has increased with time.
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For example. the calculations of Munk and
Davies ) indicate that 2.5 billion years ago
one day had only 15.7 hours. Therefore, one
year contained a larger number of shorter days
compared to the present. The number of days (N)
in one year 2.5 billion years ago was:

_365.25 x 24

= 558.35 days
15.7

The geophysical evidence for the increase of the
period of rotation was supported by the paleon-
tologist Welld M) who reported that some
Devonian corals had about 400 daily growth lines
per annual layer. This result fits the calculated

result of [Munk and Davied (1964) and was later
corroborated by [Clarld (@)

7.7 Problems

1. Calculate the distance from the center of the
Sun to the center of the Earth when the Earth
is at perihelion (q) and aphelion (Q) of its
orbit, given that the eccentricity is 0.017.
Express the results in kilometers. (Answer:
q = 147.06 x 10°km; Q = 152.14 x 10km).

2. Calculate the number of jovian days in one
jovian year using the data in Table [Z1}
(Answer: 1046 jovian days.)

3. Calculate the escape velocity of an object
located on the surface of Mercury using data
in Appendices I and II and express the results
in km/s. (Answer: v, = 4.25km/s).

4. Verify by calculation the magnitude of
the synodic period of Pluto using data in
Table [Z1l (Answer: S = 366.7d).

5. Use equation [Z3] to calculate the average
distance from the surface of the Earth at
the equator of a satellite in a “geostationary
orbit”(i.e., whose period of revolution is equal
to the period of rotation if the Earth). Express
the result in kilometers. (Answer: 35,879 km
above the surface of the Earth).
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Meteorites and Impact Craters

Meteorites are solid objects that fall to the
surface of the Earth from the interplanetary
space of the solar system. They are named after
the county, village, or topographic feature near
which they were found or from where their fall
was observed. In cases where many specimens
are recovered from the same site, all of the
specimens are given the same name. The size of
meteorite specimens ranges widely from particles
smaller than grains of sand to large masses
measuring tens of meters in diameter. Even larger
meteorites are known to have impacted on the
Earth. Most meteorites are composed of silicate
and oxide minerals, like those that form igneous
rocks of basaltic composition on the Earth, and
are therefore classified as “stony” meteorites.
In addition, some meteorites consist largely of
metallic alloys of iron and nickel, whereas others
contain a mixture of silicate minerals in a matrix
of metallic iron. The fall of meteorites is accom-
panied by thunderous explosions of fireballs
that streak across the sky trailing dark smoke.
Because of their unusual appearance and the
terrifying spectacle that accompanies their fall,
meteorites have been collected for thousands of
years and were considered to be messengers
from the gods who resided in the sky. Some
meteorite specimens are extremely massive such
as the Cape York iron meteorite in Figure [8.]
which weighed about 200 tons before it broke
into several fragments as it passed through the
atmosphere. Metallic iron from some of these
fragments was used by the Inuits to make knife
blades and spearpoints. Even a dagger found in
King Tutankhamen’s burial chamber is suspected
of having been forged from meteoritic iron.

The scientific importance of meteorites arises
from the fact that they are fragments of larger
bodies that formed at the same time as the planets

and their satellites very early in the history
of the solar system. Accordingly, the study of
meteorites has provided a wealth of information
about the origin and age of the solar system
including the Earth.

When a large meteorite having a diameter of
10 m or more impacts on the Earth, it excavates a
crater the diameter of which is roughly ten times
larger than the diameter of the impactor. More
than 150 such impact craters have been identified
on the Earth and tens of thousands occur on the
Moon. The impact of large meteorites has serious
environmental consequences exemplified in 1908
by the explosion of a meteorite in the atmosphere
above the Tunguska River in Siberia.

Before we continue this discourse about
meteorites, we need to clarify the terminology
that is used to describe them:

Meteors are streaks of light in the sky at night
caused by small grains that are heated by
friction as they pass through the atmosphere
of the Earth.

Meteoroids are solid objects in interplanetary
space with diameters ranging from a few
centimeters to several meters or even tens
of meters. They originated from collisions
of asteroids, but the difference between
large meteoroids and small asteroids is not
defined.

Meteorites are meteoroids that have fallen to
the surface of the Earth. In other words,
when a meteoroid has passed through the
atmosphere and has impacted on the surface
of the Earth it is called a meteorite.

The origin of stony meteorites and of the
chondrules they contain has been the subject of
a growing number of review papers and books
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Figure 8.1. Ahnighito (i.e., “tent”) is a 34-ton fragment of an iron meteorite (IIl AB, octahedrite) that fell on the Cape York
peninsula of north West Greenland thousands of years before the area was inhabited by Inuits. Ahnighito and two smaller
fragments of the so-called Cape York meteorite are on display in the American Museum of Natural History in New York
City. Additional specimens can be viewed in the Geological Museum of Copenhagen. The total weight of the Cape York
meteorite is approximately 200 tons. The recovery of the fragments of this meteorite was described bym ). The
chemical composition and mineralogy of a 20-ton fragment known as Agpalilik in Copenhagen was investigated by Koeberl

et al.M}. Ahnighito and two smaller specimens of the Cape York (i.e., “Woman” and “Dog”) were brought to New York

City in 1897 by Robert E. Peary, polar explorer and Rear Admiral of the U.S. Navy (Weemd,

(1994). [Hewins et all (1996). [Hewind (1997),

8.1 Classification and Mineralogy
of Meteorites

Meteorites are subdivided on the basis of their
composition into stony meteorites, stony -—
irons, and iron meteorites. Most (but not
all) stony meteorites contain small spherical

). (Photo: Scot Kaplan)

pellets called chondrules. Therefore, stony
meteorites are further classified into chondrites
(containing chondrules) and achondrites (lacking
chondrules). Both types of stony meteorites are
subdivided into different classes based primarily
on their chemical compositions, mineral compo-
sitions, and textures. Many chondrites as well
as achondrites are breccias that formed by
crushing presumable during collisions in the
asteroidal belt. The stony irons and irons also
encompass several different classes defined on
the basis of chemical, mineralogical, and textural
criteria.
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The classification of meteorites in Table [8.1]

reveals several interesting facts about them:

1.

Ordinary chondrites and achondrites contain
minerals that form only at high temperatures
and that do not contain hydroxyl ions (OH")
or water molecules in their crystal structure.

. In contrast, carbonaceous chondrites contain

minerals that form at comparatively low
temperature (e.g., serpentine, sulfates) and
they also contain water molecules and solid
hydrocarbon compounds.

Iron meteorites like Sikhote-Alin in Figure[8.2]
contain minerals composed of metallic iron
and nickel (e.g., kamacite and taenite).
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4. Some stony meteorites are known to have
originated from the Moon (Chapter [9)
and from Mars (Chapter [[2). The martian
meteorite Nakhla is pictured in Figure

5. A few rare minerals in meteorites do not occur
naturally on the Earth.

Mason (1962, 11972) listed 80 minerals that occur
in stony meteorites, most of which also occur
in terrestrial rocks although some are rare (e.g.,
diamond). Nevertheless, we are reassured that
meteorites contain the same chemical elements as
terrestrial rocks and that, with a few exceptions,
they are also composed of the same minerals as
terrestrial rocks.

Table 8.1. Classification of meteorites (Hartmanid, 2003; [Koeber], [1998)

Type Class Subdivision Minerals
Stony meteorites
Ordinary E Enstatite
H Bronzite
Chondrites L Hypersthene
LL Olivine, pyroxene,
plagioclase
Others
Carbonaceous Cl-C2 Serpentine,
sulfate, organic
compounds
C3-C5 Olivine, pyroxene,
organic
compounds
Ureilites Olivine-pigeonite
Aubrites Enstatite
Achondrites Diogenites Hypersthene
Howardites Pyroxene — plag.
Eucrites Pigeonite — plag.
Others
Stony - irons
Mesosiderites Pyroxene, plag.,
Fe — Ni alloy
Pallasites Olivine, Fe — Ni
alloy
Iron meteorites
Octahedrites 1A Kamacite, taenite
1IA graphite, troilite
Irons IVA schreibersite
Hexahedrites IIA daubreelite,
phosphate
Ataxites
Others

Martian meteorites
Lunar meteorites
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Figure 8.2. The Sikhote-Alin iron meteorite fell on
February 12 of 1947 in the mountains north of Vladi-
vostok, Russia. The original meteoroid weighed between
70 and 100 tons before it exploded about 5.8 km above
the surface of the Earth. At that time, the meteorite was
no longer moving fast enough to be heated by friction,
which explains why some of the recovered fragments
have the jagged shapes of shrapnel, whereas others have
scalloped surfaces or thumb prints called regmaglypts
displayed by the specimen in this image. (Reproduced by
permission of GNU Free Documentation License, version
1.2 and retrieved from: “http://en.wikipedia.org/wiki/Image:
SikhoteAlinMeteorite.jpg.”)

The densities of stony meteorites (except
carbonaceous chondrites) are higher than those of
olivine (3.32g/cm?) and pyroxene (3.3g/cm?)
because they contain small grains of metallic
iron-nickel alloys. Ordinary chondrites have
densities between 3.3 and 3.8 g/cm?, whereas
the densities of most carbonaceous chondrites
range from about 2.2 to 3.5g/cm® depending
on their chemical composition (m, ),
although a few have densities less than 2.2 g/cm?
(e.g., the Tagish Lake carbonaceous chondrite).
The densities of iron meteorites depend on
the concentrations of metallic iron and nickel
whose densities in pure form are: iron (Fe) =
7.86 g/cm?, nickel (Ni) = 8.90 g/cm?. Therefore,
the density (d) of the metal phase of an iron
meteorite containing 8.0 % Ni and 92 % Fe is:

d=0.08 x 8.90+0.92 x 7.86 = 7.94 g/cm’

We show in Science Brief 8.11.1 that a spherical
specimen of an iron meteorite with a diameter
of 30.48cm has a mass (m) of 117,664 g and
therefore is about three times heavier than a
granite boulder of the same volume.

CHAPTER 8
8.2 Carbonaceous Chondrites

Nearly 5% of the observed falls of meteorites
consist of the so-called carbonaceous chondrites
which are characterized by the presence of
organic compounds composed of carbon,
hydrogen, nitrogen, and sulfur. These
compounds formed by chemical reactions in the
solar nebula and are not of biogenic origin. They
were initially incorporated into the planetesimals
and were subsequently transferred into the
parent bodies of meteorites and into the planets
and their satellites. The organic compounds
in carbonaceous chondrites are heat-sensitive
and have survived only where the ambient
temperature did not exceed 125°C, as for
example in the surface layers of the meteorite
parent bodies. In addition, the primordial organic
compounds have survived in the ice-rich bodies
of the solar system, such as the satellites of
the gaseous planets, Kuiper-belt objects, and
comets. Organic compounds have also been
identified in protoplanetary disks that surround
certain young stars and in clouds of gas and dust
in interstellar space of the Milky Way galaxy.

The origin and subsequent evolution of
chondrules that occur in chondrites was
discussed in a book by [Hewins et all (1996€)
with contributions from nearly 100 meteorit-
icists who participated in a conference held
in 1994 at the University of New Mexico in
Albuquerque. Most of the participants supported
the hypothesis that chondrules formed in the solar
nebula when small clumps of refractory particles
were melted by shock waves and/or by electrical
discharge (i.e., lightning). An alternative view
is that chondrules are crystallized impact-melt
spherules that formed as a result of impact into
the regolith that covers the surfaces of asteroids
(Sears. b003).

In accordance with the majority view,
chondrules and other kinds of particles in
chondrites are older than the meteorites in which
they occur and, in some cases, formed inside the
ancestral stars prior to or during their terminal
explosions (Sections 2] and B.3]). These ancient
grains include:

Chondrules: Spherical particles, less than
5Smm in diameter, composed primarily of
olivine and pyroxene that crystallized from
droplets of silicate melt that formed within
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Figure 8.3. The stony meteorite Nakhla fell on June 28 of 1911 in Abu Hommos near Alexandria, Egypt. More than 40
specimens of Nakhla weighing about 40kg were recovered, most of which are still held by the Museum of Cairo. Nakhla
is known to be a specimen of basalt that was ejected from the surface of Mars by the impact of a meteorite from the
asteroidal belt. The Sm-Nd crystallization age of Nakhla is 1.26 & 0.07 billion years in contrast to all stony meteorites
from the asteroidal belt, which crystallized between 4.50 and 4.60 billion years ago (Nakamura et al., 1982). The stony
meteorites, that fell at Shergotty (India), Nakhla (Egypt), and Chassigny (France) are the type examples of the SNC group
of meteorites all of which originated from Mars. (Photo No. S98-04014, courtesy of NASA, C. Meyer, 2004: http://www-
curator.jsc.nasa.gov.curator/antmet/mmec/mmec.htm)

the solar nebula when small clumps of dust

particles were melted by the passage of a
shock wave or by lightning m
[1994).

CAlIs: Solid particles up to 10 mm in diameter
composed of refractory Ca-Al minerals.

Diamonds: Microscopic grains (~ 107°m)
that formed in stars during supernova explo-
sions and which now occur in interstellar
space of the Milky Way galaxy and in
carbonaceous chondrites such as Allende
which is depicted in Figure 8.4.

Silicon carbide: Microscopic grains (0.5 to
2.6 x 107°°m) produced by supernovas
which ejected them into interstellar space
of the Milky Way galaxy. These kinds
of grains as well as diamonds have been

recovered from the carbonaceous chondrite

Murchison (Bernatowicz et all, 2003).
Some of the most widely known carbonaceous
chondrites and the dates and locations of their
fall are: Allende, 1969, Mexico; Murchison,
1969, Australia; Orgueil, 1864, France; Murray,
1950, Kentucky; Ivuna, 1938, Tanzania; Mighei,
1889, Russia. The fall of Allende was described
by IClarke et all (1971) whose report contains
excellent photographs.

An unusually friable carbonaceous chondrite
in Figure B3l disintegrated over British Columbia
on January 18, 2000. The fireball was tracked
instrumentally, which established the orbit of this
meteorite and indicated that it had a low density,
high porosity, and low strength. Fragments of
the main mass fell onto the ice of Tagish Lake
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Figure 8.4. A. Allende is a carbonaceous meteorite that fell at 1:05 AM on February 8, 1969, near the village of Pueblito
de Allende, Chihuahua, Mexico. The meteorite broke up into a large number of small pieces whose total mass was about
two tons. The specimen in part A is covered by a black fusion crust that has flaked off in a few places. The volume of
the cube is 1.0cm?. B. The sawed interior surface of Allende reveals the presence of numerous mineral inclusions in a
fine-grained, dark grey matrix. The list of mineral that have been identified includes andradite (garnet), anorthite (feldspar),
augite (pyroxene), fayalite and forsterite (olivine), melilite, nepheline and sodalite (feldspathoids), perovskite, rhonite, spinel,

wollastonite, and other minor constituents. In addition, Allende contains a variety of carbon comgounds including fullerene,

fullerane, polycyclic aromatic hydrocarboous, benzofluoranthene, and corennulene

by permission of Chinellato Matteo

in British Columbia. Several specimens of the
meteorite weighing about 870 g were recovered
one week later by Mr. James Brook (a local
resident) who wrapped them in plastic bags
without touching them and kept them frozen.
Additional specimens, found later during spring
melt, were saturated with water and had been
contaminated. The chemical and mineralogical
compositions of the Tagish Lake meteorite were

described in a series of reports edited by Brown
et al. ) including a summary report by
Mmﬁ (2002).

8.3 Tektites

Tektites are small objects composed of black
to greenish glass that occur in strewn fields
in certain regions of the Earth, including:
Australia, Malaysia, Indonesia, Indochina,
southern China, Philippines, Africa (Ivory
Coast), Czechoslovakia, and North America
(Texas and Georgia). The names of tektites
are derived from the region in which they
were collected (e.g., australites, indochinites, and
philippinites). Tektites from Czechoslovakia are
known as moldavites (after the Moldau River),
those from southern China including the island
of Hainan are called Muong Nong tektites, and

| [[997). Reproduced

the Texas tektites are known as bediasites after
the Bedias tribe of native Americans.

The diameters of tektites range from a few
millimeters (microtektites) up to 20 cm although
most are less than Scm across. Their shapes
resemble spheres, teardrops, dumbbells, and
buttons. The australite tektite in Figure [8.6] is
a flanged button. Most tektites appear to have
been shaped by aerodynamic processes with
concurrent melting and ablation during their
passage through the atmosphere. The Muong Nong
tektites are layered and weigh up to 12.8kg.
More than 650,000 individual tektite specimens
have been collected worldwide weighing between
3 and 4 metric tonnes (Glasd,[1982, p. 146-147).

All tektites contain grains of pure silica glass
called lechatelierite which implies that they
reached high temperatures up to 2000°C. In
general, moldavites as well as other tektites
have high concentrations of SiO, (up to
84.48 %), low concentrations of sodium and
potassium (Na,O = 0.20%, K,O = 2.40%), and
are virtually devoid of water (H,O) and other
volatile compounds (CO,,CH,,N,, etc). In
addition, they do not contain crystals of minerals
in contrast to volcanic glass (e.g., obsidian)
which always contains crystals.

The origin of tektites used to be a controversial
subject with several competing hypotheses,
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Figure 8.5. The fall of the Tagish Lake carbonaceous
chondrite on January 18 of 2000 produced a brilliant fireball
and caused thunderous detonations that were observed by
many people in northern British Columbia and the Yukon
Territory of Canada. Several dozen specimens weighing
about 1kg were collected on January 25 and 26 by
Mr. James Brook on the ice of the Taku arm of Tagish
Lake located in British Columbia at 59°42'15.7"N and
134°12'4.9"W. About 200 additional specimens weighing
between 5 and 10kg were recovered later between April
20 and May 8 after they had melted into the ice. The
strewn field has an area of about 48 square kilometers
(3 x 16km) aligned about S30°E. The Tagish Lake
meteorite is a primitive matrix-dominated carbonaceous
chondrite containing small chondrules, CAls, and other
grains. The matrix is composed of phyllosilicates, Fe-Ni
sulfides, magnetite, abundant Ca-Mg-Fe carbonates, olivine,
pyroxene, and about 5.4 % by weight of carbon. Instru-
mental observations indicate that the meteoroid entered the
atmosphere with a velocity of about 16 km/s, that its mass
was about 56 tonnes %ic) and that its diameter was 4
meters , ). The orbital characteristics of
the Tagish Lake meteoroid are: a=2.1+0.2AU,e=0.57+
0.05, q =0.891+0.009AU, Q=33+04AU,i=14=+
0.9°, and p=3.0+0.4y. The parameters are identified in
Chapter [l (Reproduced by permission of Dr. Peter Brown,
Department of Astronomy, University of Western Ontario,
London, Ontario)

which claimed that they are either obsidian,
lassy meteorites, or of lunar origin. Finally, [Eaul
m’) concluded that tektites formed by melting
of terrestrial rocks and soil during impacts of
large meteorites upon the Earth. Therefore, each
of the major strewn fields is assumed to be
genetically associated with a meteorite impact
crater. Such a relationship was firmly estab-
lished between the moldavites and an impact
crater at Nordlingen in south-central Germany
called Rieskessel (diameter = 24km) because
both formed at the same time about 14.3 million
years ago. In addition, the Ivory Coast tektites
of Africa originated from the Bosumtwi Crater
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Figure 8.6. This tektite from Australia is called an
australite. It has a diameter of 20 millimeters and weighs
3.5g. Its shape identifies it as a flanged button. Tektites
form as a consequence of meteorite impacts into silica-rich
soil and rocks on the surface of the Earth. The resulting
blobs of molten silicate are thrown high into the atmosphere
where they are shaped by aerodynamic forces as they
solidify into silica-rich glass. (Courtesy of H. Raab at
http://commons.wikimedia.org)

in Ghana. However, the impact craters that gave
rise to the remaining tektite fields have not yet
been identified.

According to the current theory, tektites
formed by melting of the target rocks during
the impacts of large meteorites. The blobs of
liquid silicate were propelling into the strato-
sphere where they solidified before falling back
to the surface of the Earth. As a result of their
short flight into space, tektites were not irradiated
by cosmic rays and therefore do not contain the
so-called cosmogenic radionuclides that charac-
terize stony meteorites. Hence, tektites have a

terrestrial origin even though they did fall to
Earth from the sky (Kacber], [086).

8.4 Meteorite Parent Bodies

Most meteorites are fragments of asteroids that
occur in large numbers in the space between the
orbits of Mars and Jupiter (Chapter [[3)). Images
of individual asteroids recorded by spacecraft
indicate that most of the asteroids are themselves
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fragments of still larger bodies that apparently
formed by accretion of planetesimals at the
time the solar system formed within the proto-
planetary disk. Most of these planetary bodies
were subsequently broken up by the gravitational
forces of Mars and Jupiter. Therefore, meteoroids
in space are fragments of their parent bodies
that resembled the Earth and the other terrestrial
planets of the solar system. For these reasons, the
study of meteorites provides information about
the way the planets formed and differentiated
into a metallic core, a silicate mantle, and a thin
crust (Section [6.1)).

Virtually all meteorites contain small amounts
of the mineral troilite which is a sulfide of iron
with the formula FeS. The shape of the troilite
grains indicates that they crystallized from an
iron — sulfide liquid that did not mix with the
silicate and the iron liquids from which the
silicate minerals and the iron — nickel alloys of
meteorites crystalized, respectively. The existence
of silicate, sulfide, and iron-nickel minerals and
their textures indicates that the parent bodies of
the meteorites differentiated by the segregation of
silicate, sulfide, and iron-nickel liquids which are
known to be immiscible in each other (Section[6.2)).
In addition, this evidence implies that the parent
bodies of the meteorites were initially hot enough
to melt and then differentiated by the segregation
of the immiscible liquids based on their densities
and in response to the force of gravity. The
segregation of the immiscible liquids took place
when large masses of the dense iron liquid sank
through the ocean of silicate magma to form the
cores of the parent bodies. Some of the sulfide
liquid was trapped in the iron liquid and sank
with it, whereas the rest formed globules in the
silicate liquid. Both eventually crystallized as the
parent bodies cooled to form a mantle composed
of iron- and magnesium silicate minerals (e.g.,
pyroxene and olivine), oxide minerals (magnetite,
ilmenite, and chromite), and iron sulfide (troilite).

After the parent bodies had solidified, at least
some of them were broken up by collisions with
other solid bodies that formed within the proto-
planetary disk. According to this series of deduc-
tions, the different types of meteorites (i.e., stony,
iron, and stony iron) originated from different
parts of their parent bodies. Chondrites and
achondrites represent the material from different
levels in the silicate mantle of their parent
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bodies, whereas the carbonaceous chondrites
formed from the regolith and shallow crust that
was subjected to shock waves but maintained
a temperature of less than about 125°C. Some
iron meteorites represent the cores of their parent
bodies while others may have originated from
large masses of metallic iron that were trapped
within the mantle of their parent bodies.

8.5 Celestial Mechanics

The origin of meteoroids by collisions of asteroids
is supported by the fact that the wave-length
spectra of sunlight reflected by asteroids resemble
those of different classes of meteorites (e.g.,
carbonaceous chondrites, ordinary chondrites,
