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PREFACE

he subject matter covered in introductory chemistry classes at
Tthe middle and high school levels tends to be fairly traditional
and relatively consistent from school to school. Topics that are
typically covered in such classes include atomic theory, chemical
periodicity, ionic and covalent compounds, equation writing, stoi-
chiometry, and solutions. While these topics are essential for stu-
dents planning to continue their studies in chemistry or the other
sciences and teachers are correct in emphasizing their importance,
they usually provide only a limited introduction to the rich and ex-
citing character of research currently being conducted in the field of
chemistry. Many students not planning to continue their studies in
chemistry or the other sciences may benefit from information about
areas of chemistry with immediate impact on their daily lives or
of general intellectual interest. Indeed, science majors themselves
may also benefit from the study of such subjects.

The New Chemistry is a set of six books intended to provide an
overview of some areas of research not typically included in the
beginning middle or high school curriculum in chemistry. The six
books in the set—Chemistry of Drugs, Chemistry of New Materials,
Forensic Chemistry, Chemistry of the Environment, Food Chemistry,
and Chemistry of Space—are designed to provide a broad, general
introduction to some fields of chemistry that are less commonly
mentioned in standard introductory chemistry courses. They cover
topics ranging from the most fundamental fields of chemistry, such
as the origins of matter and of the universe, to those with impor-
tant applications to everyday life, such as the composition of foods
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viii CHEMISTRY OF SPACE

and drugs. The set title The New Chemistry has been selected to
emphasize the extensive review of recent research and advances in
each of the fields of chemistry covered in the set. The books in The
New Chemistry set are written for middle school and high school
readers. They assume some basic understanding of the principles
of chemistry that are generally gained in an introductory middle
or high school course in the subject. Every book contains a large
amount of material that should be accessible to the interested reader
with no more than an introductory understanding of chemistry and
a smaller amount of material that may require a more advanced
understanding of the subject.

The six books that make up the set are independent of each other.
That is, readers may approach all of the books in any sequence what-
soever. To assist the reader in extending his or her understanding
of each subject, each book in the set includes a glossary and a list
of additional reading sources from both print and Internet sources.
Short bibliographic sketches of important figures from each of the
six fields are also included in the books.



INTRODUCTION

pace and astronomy is the oldest of all sciences. Long before hu-

mans understood the composition of rocks and minerals, knew
how chemical reactions take place, or even discovered how their
own bodies were constructed and operated, they knew of the exis-
tence of bodies beyond the Earth’s atmosphere: other planets, stars,
and a variety of strange objects for which they had only simple ex-
planations. The knowledge that early astronomers had of the skies
was quite remarkable. They were able to predict the motion of stars,
the arrival of seasons, the appearance of eclipses, and other astro-
nomical phenomena with an accuracy that is quite astonishing to
modern scientists.

Although it qualifies as the oldest of all sciences, space and as-
tronomy has often been called the most difficult. Geologists can pick
up and analyze the rocks they would like to study. Chemists can
create the conditions under which almost any chemical reaction can
be studied. Biologists are able to dissect living organisms and find
out how they are composed and how they function, but astronomers
have only tiny bits of light with which to study the objects of their
field. They must devise ingenious methods for capturing that light
and analyzing it in as many ways as possible. The information gained
by astronomers using these limited resources is truly amazing.

The challenge faced by astrochemists—scientists who study the
chemical composition of astronomical bodies and the chemical
changes that take place within them—is at least as daunting as it is
to researchers in other fields of astronomy. They must find ways to
interpret the information a beam of light gives about the elements

ix
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and compounds present in its source—a star or a dust cloud, for ex-
ample—where those elements and compounds may have come from
originally, and what kinds of chemical changes they are undergoing.

Yet astrochemists have managed to deduce an impressive amount
of information about our universe, the events through which it was
created, the changes that have taken place during its evolution, and
its present composition. Some of that information relates to the most
basic questions in all of chemistry; for instance, where did funda-
mental particles, such as protons and neutrons, come from, and how
were the elements created. Although many important facts are still
missing, astrochemists are able to respond to these questions and
to explain much about how the world we live in has come to be as
it is.

Astrochemists can also tell us a great deal about the nature of
solar bodies that fascinate and intrigue all of us. What is Venus like?
Where did the Moon come from? What is the composition of giant
planets like Jupiter and Saturn? Can Mars support life? Questions
like these that people with little or no background in astronomy are
likely to ask can now be answered, to at least some extent.

The purpose of Chemistry of Space is to provide an overview of
the latest information about the solar system, the planets, comets,
and meteors, and other features of our universe that has become
available as a result of research in astrochemistry. This information
changes rapidly, however. New space probes are being sent into the
solar system and outer space on a regular basis; each such probe
sends back new treasure troves of information about astronomical
bodies. Interested readers will find useful and recent data in this
book but should consider using the bibliographical section at the end
of the book to pursue further changes taking place within the field.



THE BIRTH OF
THE UNIVERSE

t's “Time Zero” for the universe: Time Zero is the instant in time
Iat which the universe was born. Scientists now believe that Time
Zero occurred about 10 billion to 20 billion years ago in a sudden,
dramatic explosion known as the big bang. They know nothing at
all about the state of the universe before the big bang or in the first
few microseconds after that enormous explosion occurred. In fact,
some of the most interesting and vigorous debates now taking place
among cosmologists (people who study the origin and properties of
the universe) are about just what was taking place in the newborn
universe during those earliest microseconds.

Most scientists, however, are fairly confident that they understand
the changes that took place immediately afterward. It was during
those early moments that the chemical building blocks of which the
universe, the solar system, and planet Earth and all living things on
it, were created.

In the Beginning

Probably the most pronounced feature of the early universe was
an all-encompassing flood of energy, which was comparable in its
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< GEORGES EDOUARD LEMAITRE
(1894-1966) »

Some people wonder if the big bang theory is in conflict with religious
teachings. In view of such concerns, it is of interest to note that the first
big-bang-like theory was proposed by a Belgian priest, Georges Edouard
Lemaitre.

Lemaitre was born in Charleroi, Belgium, on July 17, 1894. He earned a
degree in civil engineering from the University of Louvain and then joined
the Belgian army during World War I. After the war, he returned to Louvain,
intending to work toward a Ph.D., but he soon changed his mind and
entered a seminary with the goal of becoming a priest. He was ordained
in 1923 but did not abandon his interest in science. He attended the
University of Cambridge, where he studied solar physics and met the great
English astronomer Arthur Eddington (1882-1944). He also studied at the
Massachusetts Institute of Technology, from which he eventually received a
Ph.D. in 1927. He then returned to Belgium, where he took a post as profes-
sor of astrophysics

In 1927, Lemaitre published a paper entitled Un Univers homogeéne de
masse constante et de rayon croissant rendant compte de la vitesse radiale des
nébuleuses extragalactiques (A homogeneous Universe of constant mass and

characteristics to the various forms of electromagnetic radiation re-
corded today. Electromagnetic radiation is a form of energy propa-
gated by periodic fluctuations of electrical and magnetic fields in
space. Some common forms of electromagnetic radiation are light,
X-rays, ultraviolet radiation, infrared radiation, radar, radio waves,
and gamma rays. The two most common forms of energy present in
the early universe were gamma rays and photons. Gamma rays are
very energetic forms of electromagnetic radiation, while photons
are the particles by which light is transferred through space. Many
types of gamma rays and photons were present, differing from each
other in the amount of energy they possessed.

In the young universe there were also present large numbers of
neutrinos, very small particles carrying no electrical charge and
little or no mass. (A great deal of research is being focused today
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growing radius accounting for the radial velocity of extragalactic nebulae), in
which he suggested a mechanism by which the universe might have been
created. Suppose we think of the history of the universe as a motion picture
that can be played backward. In such a case, the stars and galaxies of which
the universe is made would move closer and closer together until they all
collapsed into one single region of space at some time in the far distant past.
This “thought experiment” suggested to Lemaitre that the universe may
have originated as a highly compact mass of matter and energy, to which
he gave the name of “cosmic egg” or “primal superatom.” The universe
originated then, according to Lemaitre, when the cosmic egg or superatom
exploded, sending matter and energy spewing away from the central point,
producing the expanding universe we know today. Lemaitre estimated the
size of the cosmic egg to be about 30 times the size of the Sun and thought
that the time of origin was between 20 billion and 60 billion years ago.
Lemaitre’s theory was largely ignored for some time until it was pro-
moted by his former teacher, Eddington, who provided an English language
translation in the journal Nature in 1930. With that exposure, Lemaitre’s
theory became widely known and discussed by astronomers worldwide.
The theory has been extensively revised and improved in the past 70 years
butis now widely regarded as fundamentally correct in its description of the
way the universe was formed. Lemaitre died in Louvain on June 20, 1966.

on discovering whether neutrinos do have any mass at all and, if
so, what that mass is.) The interaction among gamma rays, photons,
and neutrinos resulted in the formation of the first particles.

The relationship between energy and mass was first explained by
the German-Swiss-American physicist Albert Einstein (1879-1955)
in 1905. Einstein said that energy and matter are interconvertible—
that is, a certain amount of energy is equivalent to a specific amount
of matter, and, conversely, a given quantity of matter is equivalent
to a specific amount of energy. He quantified this relationship in
a now-famous equation, E = mc?. This equation says that a given
quantity of mass (m) has an energy equivalent (E) equal to that mass
multiplied by the square of the speed of light (¢?). By using this equa-
tion, one can calculate the amount of mass that is equivalent to some
given amount of energy, and vice versa.
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For example, the interaction of gamma rays, photons, and neutri-
nos with relatively small amounts of energy may result in the pro-
duction of relatively light particles. An electron is one of the lightest
particles known, with a mass of 9.042 x 10728 g. It can be formed in
the interaction between a gamma ray (y) and a neutrino (v) whose
total energy is no more than 0.511 MeV. The symbol MeV stands for
million electron volts, a measure of energy. A million electron volts
is the amount of energy gained or lost by an electron accelerated by
a potential difference of one million volts. The reaction in which
electrons are formed from the interaction of gamma rays and neu-
trinos can be represented by the following equation:

Ye+Ve—> e

That is, the interaction of a gamma ray with the correct amount of
energy (Y,) and a neutrino with the correct amount of energy (v,)
may result in the formation of an electron (e”7).

A common practice among scientists reflects the relationship
between mass and energy: They express the mass of a particle in ei-
ther traditional units (grams, for example) or the energy equivalent
of that mass. For example, the mass of an electron can be expressed
as 9.042 x 10728 g or as 0.511 MeV. Similarly, the mass of a proton can
be expressed either as 1.660 x 107%* g or as 938.26 MeV, the energy
equivalent of that mass.

Conditions in the universe almost immediately after the big bang
were not favorable for the formation of electrons. At that point in
time, gamma rays, photons, and neutrinos had very large amounts of
energy, much more than was needed to produce electrons. Instead,
conditions favored the creation of much more massive particles with
large energy equivalents. Among these particles were the muon and
the proton. A muon (also known as a mu meson) is a much more
massive relative of the electron. It has a mass of 1.870 x 1072° g, about
2,000 times that of an electron. A proton is even heavier, with a mass
of about 1.660 x 10724 g, nearly 3,000 times that of an electron.

Another group of particles being formed during this period were
the quarks, the most elementary of known particles. Six “flavors”
(types) of quarks have been identified: up, down, charm, strange,
top, and bottom. The masses of these quarks range from slightly
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more than that of the electron (the up and down quarks) to about
that of the proton and muon (strange and charm) to more than 100
times that of the proton and muon (top and bottom).

Like electrons, protons, muons, and quarks are formed by the
interaction of gamma rays, photons, and neutrinos with a particular
amount of energy. The situation for proton formation, for example,
involves the interaction of gamma rays and neutrinos with a total
energy of about 1,000 MeV:

o ot
Yot V=P
where the energies of gamma rays and neutrinos are much larger

than those required for the formation of electrons. The formation of
muons can be described by a similar equation:

R

In this case, the total energy needed for gamma ray and neutrino is
about 100 MeV.

A Cooling Universe

In order to understand the types of reactions taking place in the
early universe, scientists need to have some estimates of the amount
of energy present. Another way to express that concept is to say that
scientists must know the approximate temperature of the universe,
since temperature is a measure of the average kinetic energy pres-
ent. Discussions of the evolution of the young universe are, there-
fore, often phrased in terms of the temperatures present at various
stages of cosmic evolution.

Scientists now believe that the temperature of the universe a few
microseconds after the big bang was probably about 10'* K. The sym-
bol K stands for degrees kelvin, a measure of absolute temperature.
At very high temperatures, the kelvin, centigrade, and Fahrenheit
temperatures are roughly the same. By comparison, the tempera-
ture at the interior of our Sun is about 107 K.

The original fireball created by the big bang expanded and cooled
very rapidly. Within a few microseconds, the temperature had
dropped to less than 10'% K, an environment in which heavy quarks
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and protons were able to form by the mechanisms just described.
At the 10 microsecond mark, the temperature had dropped to less
than 10'? K, a condition under which muons were able to form. Then,
about 10 seconds later, the temperature had fallen even further, to
about 4 x 10° K, allowing the formation of electrons. In other words,
only 10 seconds after the universe had been created in the big bang,
all of the fundamental particles of which matter consists—protons,
electrons, muons, and quarks—had been created.

In fact, another category of particles was also being created at the
same time, the various forms of antimatter. Antimatter particles are
identical to the particles already discussed except for their charge.
The antielectron, for example, is identical to the electron except
that it carries a positive charge rather than a negative charge. (For
this reason, the antielectron is sometimes known as the “positron.”)
Similarly, the antiproton is identical to the proton, except that it
carries a negative charge instead of a positive charge, and the anti-
muon carries a positive charge rather than the negative charge of
a muon.

Antiparticles are formed by reactions similar to those by which
protons, muons, and electrons are formed. The only difference is
that such reactions involve the use of antineutrinos rather than
neutrinos. For example, an antiproton is formed in the following
reaction:

Yot Vo= P
The bar over the neutrino symbol in this equation represents an
antineutrino in its reaction with a gamma ray to produce an antipro-

ton. Similarly, an antielectron is formed in the reaction between a
gamma ray and an electron antineutrino:

G Lot
ve-l-Ve e

The creation and ultimate fate of antimatter is one of the most
puzzling and intriguing questions in all of cosmology. Scientists be-
lieve that relatively equal amounts of matter (protons, muons, and
electrons) must have been formed in the first few seconds of the
universe’s life. There appears to be no reason that one form of mat-
ter was more likely to form than the other.
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The present state of the known universe does not seem to confirm
that assumption. Antimatter is virtually absent. Antimatter can be
made in the laboratory, and there are reasons to believe that it ex-
ists in some parts of the universe, but it is far less common—almost
nonexistent—in the universe today. So what happened to all of that
antimatter that was created 10 to 20 billion years ago?

One important clue to answering that question is that matter and
antimatter do not get along very well with each other. When a par-
ticle comes into contact with its antiparticle, a reaction occurs in
which both particles are annihilated. The products of that reaction
are two gamma rays, a neutrino, and an antineutrino. For example,
suppose that a proton and an antiproton interact with each other.
The reaction that occurs is:

PrHp =2y +v +V,

One could argue, then, that a small excess of particles over anti-
particles was produced during the creation of the universe. Suppose,
for example, that there were a million antiprotons and a million and
one protons created in a section of the universe. Then a million of
each particle would have been annihilated as they came into contact
with each other, leaving an excess of a single proton. Over time, a
small irregularity of this kind might explain the dominance of mat-
ter over antimatter in the modern universe.

Other scientists think, however, that there may be other expla-
nations for the “missing” antimatter in the universe today. They
suspect that at least one other universe may exist, one about which
nothing at all is known. That parallel universe, they suggest, may
consist of atoms, molecules, ions, and other particles made up of an-
tiprotons and antielectrons. These two universes, our own and that
made of antimatter, could well exist at the same time provided that
they never came into contact with each other. If they did, of course,
both would be annihilated.

Particle Decay

Some particles created in the early moments following the big bang
were destroyed by the process of matter/antimatter annihilation
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just described. Other particles disappeared by other processes. The
most common of these processes was nuclear instability. At some
point, these particles spontaneously broke apart into two or more
other particles. This process is similar to the mechanism of radioac-
tive decay, in which an atomic nucleus breaks apart into two or more
smaller particles.

For example, neutrons were also formed very soon after the big
bang by the interaction of protons and electrons:

pt+e”—=n+v

but free neutrons are inherently unstable and decay with a half-life
of 1,013 seconds:

nd—p*r+e +v

That means that many neutrons disappeared quite soon after they
were produced from protons and electrons. The only neutrons that
were able to survive at all were those that came into contact with pro-
tons and formed hydrogen nuclei, as described in the next section.

Muons suffered a similar fate to that of neutrons. A mu meson
decays into an electron and two neutrinos with a half-life of only 2.2
x 1079 second:

W =e” +V.+v,

The Formation of Compound Particles

The first particles formed following the big bang were quickly dis-
persed over a very wide space. As with any explosion, the force of
expansion was very great indeed. Particles rushed outward, away
from each other, with blinding speed.

Within a matter of seconds, however, a new force came into being
that challenged the force of expansion. This was gravitation, a force
that tends to pull particles toward each other. At first, there was not
much of a contest between the forces of expansion and gravity, and
the universe expanded rapidly. As temperatures declined after the
bigbang, gravitation became a more significant force and expansion a
relatively less significant force. Eventually it became possible for two
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of the newly produced particles (such as protons and electrons) to be
near each other in space and approach each other closely enough to
bond. The first and simplest such reaction was probably that between
a single proton and a single neutron, forming a deuteron:

pt+n’~D

A deuteron is the nucleus of an isotope of hydrogen, deuterium. The
nuclear symbol for a deuteron (D) is H. In a nuclear symbol of this
kind, the superscript (2, in this case) represents the mass number
of the particle (the total number of protons and neutrons), while the
subscript (1, in this case) represents the atomic number, or the total
number of protons.

Deuterons were relatively unstable during the early moments af-
ter the big bang because, when struck by gamma rays, they break
apart into their constituent parts:

D+y—p +n°

So, as long as high-energy gamma rays were widely available, the
chances for the survival of deuterons was relatively slight.

The key transition point in this story occurred when the tem-
perature of the young universe fell to less than 10° K. At that point,
gamma rays with sufficient energy to break apart deuterons (about
0.1 MeV) became much less abundant, and deuterons had a much
greater chance of survival. It was then, about 100 seconds after the
big bang, that deuterons began to accumulate in space.

At this point, however, a second reaction began to occur. Although
deuterons were now beginning to accumulate, they were still very
reactive because their nuclei are somewhat unstable. When two such
particles collide, they may react to form yet another new particle,
the helium-3 nucleus:

D+ D~ 3He +n°

A by-product of this reaction is neutrons, so it began to replenish the
supply that was otherwise being depleted by decay.

A second reaction between two deuterons was also producing he-
lium-3. In the first step of this reaction, the deuterons combine to
form a hydrogen-3 (tritium), whose nucleus is called a triton:
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D+D—3H+p"

Hydrogen-3 is unstable, decaying with a half-life of 12.33 years to
form helium-3, an electron, and a neutrino:

34,3 -5
TH 2He+e +V,

As the temperature of the young universe continued to drop, a
greater variety of reactions became possible involving primarily
protons, neutrons, deuterons, and helium-3 nuclei. One of these is of
particular interest because it resulted in the formation of yet another
new compound particle, helium-4. In this reaction, two helium-3 nu-
clei interact to form helium-4, as shown in the following equation:

SHe +3He = %He + 2p* +y

As the universe cooled after the big bang, the concentration of
various chemical species varied rapidly and dramatically. The dia-
gram on page 11 shows the relative abundance of the most impor-
tant of these species. Notice that only the concentration of protons
remained relatively constant and very high. As the concentration
of neutrons dropped off, the concentrations of more complex spe-
cies, such as deuterium, tritium, and the two isotopes of helium,
increased. Between about 100 and 1,000 seconds after the big bang,
the ratio among these particles gradually assumed a relatively con-
stant value, with protons and helium-4 nuclei occupying by far the
greatest proportion of that mixture.

Not shown in the graph are three additional isotopes formed
after the first 100 seconds of the universe's evolution. They are
lithium-6, lithium-7, and beryllium-7. These isotopes were formed
by a variety of processes involving simpler nuclei, such as protons,
deuterons, and helium nuclei. For example, the lithium-7 nucleus
could have been formed by any one (or probably all) of the following
reactions:

3 dn 71
1H+2He 3L|+\/
or

“He +9He—~Li+ H+y
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or
3He + ZHe—~/Be +vy
followed by
4Be + % — 1L

The concentrations of these three isotopes was probably very low up
to the 1,000th second, ranging from about 1072 for lithium-6 to 10719
for lithium-7 and beryllium-7.

And Then There Were Atoms

After a few minutes of existence, the universe was swarming with
fundamental particles: protons, neutrons, electrons, deuterons, and
helium nuclei. It might seem that the time had arrived for atoms to
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start forming. All it would have taken was for a single proton and a
single electron to combine to form the first hydrogen atom:

pt+e —~H°

but such reactions did not occur for millions of years after the big
bang. Why not?

The reason involved kinetic energy. The kinetic energy of par-
ticles in the first few minutes, months, and years of the universe’s
existence was very great. When temperatures still ranged in the
millions of degrees kelvin, the electrostatic force of attraction be-
tween particles was not strong enough for protons and electrons to
combine and stay combined. The electrostatic force is the force of
attraction between two particles of unlike charges.

In fact, the electrostatic force is so weak relative to other forces
in the universe that it did not become effective in drawing particles
to each other until the temperature had dropped to less than 10*
K, about 10 million years after the big bang. At this point, the first
neutral atoms began to form: Protons and electrons combined to
form hydrogen atoms; deuterons and electrons combined to form
deuterium; and helium nuclei and electrons combined to form neu-
tral helium atoms.

Not much later, after the temperature had dropped to less than
103 K, the first diatomic atoms began to form when two neutral hy-
drogen atoms combined to form a hydrogen molecule:

HO 4+ HO— H,

At this point, the synthesis of new elements stopped. The reason
is that nuclei larger than those of hydrogen and helium can form
only when like-charged particles (such as protons or helium nuclei)
combine to form heavier nuclei. A hypothetical example is the for-
mation of a beryllium nucleus by the combination of two helium
nuclei:

4 Aa 7 -
SHe +JHe 4Be+ (RS

Such a reaction would require that two nuclei of helium, each
carrying a strong positive charge, would combine with each other,
but the kinetic energy of those nuclei after a few million years would
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have been too small to permit this. Consequently, elements heavier
than lithium were able to begin forming in any significant amounts
only after a new source of energy became available during the for-
mation of stars.

Is the Theory True?

The big bang theory is a well-developed, sophisticated mathematical
hypothesis about the creation of the universe that has now been tested
for many decades. As with all such theories, the question is whether
there is physical evidence to support it. Are there aspects of the mod-
ern universe that would tend to support or contradict this theory?

At least three major observational tests can be applied to the big
bang theory:

1. Is the universe expanding?
2. What is the abundance of the light elements?

3. Is it possible to detect a cosmic microwave background?

The first of these tests is based on the simple fact that, if the big
bang occurred, the universe must now be expanding. That is, if
the universe originated at some point in time millions of years ago
with an enormous explosion, one would expect that matter formed
as a result of that explosion would be expanding outward. The first
person to observe this effect was the American astronomer Edwin
Powell Hubble (1889-1953), who in 1929 announced that every gal-
axy outside Earth’s own Milky Way that he studied was moving away.
Further, the rate of recession for any given galaxy was related to its
distance from Earth: The more distant a galaxy was, the faster it was
receding. A balloon with a number of dots on its surface illustrates
this effect. As one blows up the balloon, the dots move away from
the center of the balloon with a speed that depends on their distance
from the center.

One of the intriguing questions for cosmologists today is whether
the universe'’s process of expansion is destined to continue forever.
Three possibilities exist. First, the universe could keep expanding
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forever, becoming less and less dense as time passes. Second, the
rate of expansion could begin to slow down until stars and galaxies
no longer moved away from each other. The force responsible for
this change would be gravity, which draws matter together. Thus,
in the second possible future for the universe, the outward force
of expansion remaining from the big bang and the inward force of
attraction produced by gravity eventually become equal. Such con-
ditions result in a “steady-state” universe that eventually reaches a
point where it no longer grows larger or smaller but retains some
final dimensions. The third possibility is that the force of gravita-
tion among particles and bodies in the universe eventually becomes
greater than the outward force of expansion. In this case, the process
of expansion would cease and “turn around.” Gravitational forces
would begin to pull particles and bodies back inward, toward each
other, such that the universe would at some point collapse in upon
itself in what some scientists have called “the big crunch.”

Scientists will be able to determine which of these three scenarios
is most likely by finding out what the shape of the universe is. For
example, if the universe is found to be spherical, like the balloon
in the preceding example, it will eventually stop expanding and
begin collapsing, resulting in the big crunch. If the universe has a
more complex shape, however, like that of a saddle, it will continue
to expand forever. Finally, if the universe is flat, it will eventually
achieve the steady-state condition in which it ceases expanding but
never begins contracting.

One of the intriguing experimental challenges facing astronomers
is to determine the shape of the universe today. While a number of
methods can be used to solve this problem, one of the most promis-
ing is to determine the distribution of radiation now present in the
universe, left over from the original big bang explosion billions of
years ago. (Some of the research designed to obtain those data is
discussed later in this chapter.)

A second way of testing the big bang theory is by estimating the
abundance of certain light elements, particularly hydrogen, helium,
and lithium. Astronomers believe that most of the light elements
present in the universe today were created in the first few moments
following the big bang. They can estimate how much hydrogen, he-
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lium, and lithium were formed after the big bang, making only a few
simple assumptions about the state of the universe at the time. They
can then compare the actual amount of these elements present to-
day with the predicted amounts calculated from the big bang theory.
If the two amounts are similar, they can have increased confidence
that the big bang theory is correct.

The calculations needed to predict the initial amounts of hydro-
gen, helium, and lithium are somewhat complex, but they are based
primarily on one measurement, the ratio of protons to neutrons at
some equilibrium point in the early universe. Once that number has
been determined, it is possible to estimate the relative abundance of
the light elements that will form. The case of the most common iso-
tope of helium, helium-4, is an example. Using a generally accepted
figure of 7 protons for each neutron (n/p = 1/7), one can then use
the following formula to estimate the abundance of helium-4 in the
early universe:

2(n/p)

He ™74 (n/p)

That is, if the big bang theory is correct, the abundance of helium
created during the first few minutes following the big bang ought to
be about 25 percent.

Helium was still being formed after the first few moments of the
universe's evolution. For example, it is produced as a by-product of
nuclear reactions in stars. The amount produced by such reactions
is thought to be very small compared with the amount formed as a
result of the big bang. Thus, if observers were to examine the abun-
dance of helium in various parts of the universe today, they would
expect to find quantities very close to 25 percent.

That is just what happens. The present-day abundance of helium
in the Sun, for example, is about 22 percent. It is 28 percent in mas-
sive young stars and anywhere from 26 percent to 29 percent in
the interstellar medium. Averaging the data found in many studies,
astronomers suggest that the present-day abundance of helium
throughout the universe is about 24+1 percent, in very good agree-
ment with calculations based on the big bang theory.
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< GEORGE GAMOW (1904-1968) »

Scientiﬁc theories usually do not have a lot of value unless they can be
expressed mathematically. This was true of the big bang theory, the
model first suggested by Abbé Georges Lemaitre in 1927; it attracted
relatively little attention at first, at least partly because it did not provide
mathematical explanations for the changes that took place in the young
universe after the big bang had occurred. That step was taken more than a
decade after Lemaitre’s original paper by the Russian-born American physi-
cist George Gamow.

Gamow was born in Odessa on March 4, 1904. His interest in astronomy
began when his father gave him a telescope for his 13th birthday. Gamow
studied at Novorossysky University and the University of Leningrad, where
he earned his Ph.D. in 1928. Soviet premier Joseph Stalin increasingly tried
to control the work of scientists in the 1930s, and Gamow attempted to
leave the country for a more open working environment. He was eventually
able to defect to the United States while attending the Solvay Conference
held in Brussels in 1933. Once in the United States, he served as professor
of physics at George Washington University from 1934 until 1956. He then
accepted a similar post at the University of Colorado, where he remained
until his death on August 20, 1968.

Similar studies have looked at the abundance of lithium in the
present-day universe. Calculations based on the big bang theory sug-
gest that the amount of lithium-7 was very small indeed, approach-
ing 1071 by number of particles. Over the past few decades, studies
of more than 100 stars have been made to determine how much
lithium they contain. The average obtained for the abundance of
lithium in these stars is about (1.6 + 0.1) x 107'°, providing good
agreement with the theoretical value. Studies of the abundance of
helium and lithium in the present-day universe agree well with the
amounts calculated for big bang nucleosynthesis and, therefore,
strongly support that theory.

A third test of the big bang theory is the search for cosmic micro-
wave background (CMB). As early as 1934, the American astrophysi-
cist Richard Tolman (1881-1948) showed that radiation produced
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Gamow's research career focused on two major fields, seemingly about
as far apart as one can imagine: nuclear physics and astronomy. In his work
on nuclear physics, he devised explanations for two ways in which nuclei
can decay, by the loss of alpha particles and by the emission of beta par-
ticles. During World War II, he was a member of the Manhattan Project, the
program for the development of the first atomic (fission) bomb, and he was
later involved in work on the first hydrogen (fusion) bomb.

Gamow'’s research on the big bang was published in 1948 in a joint pa-
per with the German-born American physicist Hans Bethe (1906-2005) and
American physicist Ralph Alpher (1921- ). The paper is often known as the
alpha-beta-gamma (for Alpher-Bethe-Gamow) hypothesis of cosmology.
Gamow and his colleagues suggested that the universe began in an enor-
mous explosion that resulted in the formation of an incredibly hot mixture
of particles (primarily neutrons, protons, and electrons) that they called
ylem (pronounced “eye-lem”). That term was originally used by the Greek
natural philosopher Aristotle for the ultimate form of matter. The alpha-
beta-gamma hypothesis went on to explain how more complex particles,
such as helium nuclei, were eventually able to form as the temperature of
the ylem gradually cooled down. Although this hypothesis has been modi-
fied, it provides the fundamental basis for the big bang theory still accepted
by most astronomers and physicists today.

as a result of the big bang would continue to exist in the present-
day universe. Its temperature would have decreased dramati-
cally over a few billion years, but it should still retain its thermal
characteristics.

Between 1948 and 1950 a trio of physicists, George Gamow (1904-
68), Ralph Alpher (1921- ), and Robert Herman (1914-97), worked
out a detailed mathematical analysis of this “fossil radiation” and
determined that its temperature would be about 5 K (about 2.72 de-
grees above absolute zero), a very cold temperature indeed, but not
zero! That prediction made possible another experimental test of
the big bang. The challenge was to search the skies to see if low-level
radiation of this temperature could be found.

Interestingly enough, big bang radiation was found some two
decades later, but only by accident. In 1963, the German-American



18 CHEMISTRY OF SPACE

physicist Arno Penzias (1933- ) and his American colleague Robert
Woodrow Wilson (1936- ) had begun a search for radio waves
that they thought might be coming from the outer portions of our
own galaxy, the Milky Way. During their research, they discovered
background noise in the microwave region of the electromagnetic
spectrum for which they had no explanation. After discussing their
observations with American physicist Robert Dicke (1916-97), they
concluded that they had found the cosmic microwave background
predicted by Gamow, Alpher, and Herman. Penzias and Wilson were
awarded the 1978 Nobel Prize in physics for their research.

Some of the most exciting research in astronomy since the mid-
1990s has arisen from efforts to develop a better understanding of
CMB in the modern universe. An essential part of that research was
the 1989 launch of the Cosmic Background Explorer (COBE) at NASA's
Goddard Space Flight Center. COBE carried three instruments de-
signedto measure the universe’s microwave and infrared background.
It made three important discoveries. First, it confirmed the level of
the CMB with a very high precision of 2.725 + 0.002 K, correspond-
ing very closely to theoretical predictions of the big bang theory.
Second, it discovered the existence of very small “ripples” in the cos-
mic microwave background. That is, as the satellite’s instruments
looked out across the universe, it found that the CMB was slightly
more intense in some directions and slightly less intense in others.

The intensity of this ripple effect is very small indeed, amounting
to only a few parts per 100,000. While this anisotropy (differences in
quantity depending on direction) is exceedingly small, it is not at all
insignificant. Indeed, astronomers believe that these tiny variations
in CMB may be related to differences of distribution of matter in the
early universe and are, therefore, a possible key to the later forma-
tion of stars and galaxies.

Finally, one of the instruments on COBE detected the presence of
a cosmic infrared background (CIB), a remnant of the period during
which the first stars began to form, many millions of years after the
big bang itself. COBE was only one, albeit the best-known, of several
research programs designed to study the CMB. In 1998, for example,
two other research teams made use of balloons released into the
stratosphere to study the cosmic microwave background. These
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Taken by NASA's Cosmic Background Explorer, this photograph shows temperature
variations in various parts of the sky surveyed by the satellite. (NASA/Photo
Researchers, Inc.)

projects, known as BOOMERANG and MAXIMA, have produced mi-
crowave maps of the sky with somewhat different perspectives and
orientations from those produced by COBE.

Where to Next?

The discovery of CMB anisotropy by COBE has whetted the appetite
of astronomers for more information about the distribution of micro-
waves in the present-day universe: It may provide clues about the
evolution of the young universe. Additional experiments are now
planned to find out more details about CMB anisotropy. The most
important of these experiments is NASA’s Microwave Anisotropy
Probe (MAP) project, first proposed in 1995. MAP is designed to con-
tinue a search of the sky for irregularities in the cosmic microwave
background, but at a higher resolution than that of COBE.

COBE had an angular resolution of 7 degrees across the sky.
Angular resolution is the ability of an instrument to distinguish be-
tween two objects. The microwave maps produced by COBE were,
therefore, relatively coarse and lacking in detail. By contrast, MAP
has an angular resolution of 0.3 degrees, allowing it to detect tem-
perature differences as small as 20 pK (microkelvins) within a sector
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0.3 degrees on a side. As a result, the sky maps produced by MAP are
far more precise than those obtained from COBE.

MAP was launched by NASA on June 30, 2001. It arrived at its
parking orbit three months later, on October 1, 2001. This parking
orbit is located at a distance of about 1,500,000 km (1,000,000 miles)
from Earth, on the side of the Earth opposite the Sun. By April 2002,
MAP had completed its first full mapping of the sky, and six months
later it had completed its second full mapping.

Initial data from these first two mappings were released in
January 2003. These data provided a remarkably precise picture of
the universe as it looked 379,000 years after it was formed some 13.7
billion years ago. They showed that the first stars were formed far
earlier than had long been thought, at an age of about 200 million
years. MAP also appears to have found that the universe is essen-
tially flat, with no significant convex or concave shape. When the
MAP data are fully processed and studied, scientists expect to have
a much better understanding of the cosmic microwave distribution
in the universe and to develop an even more refined explanation of
the first few seconds, minutes, and hours of the universe’s life.



THE CHEMISTRY OF
INTERSTELLAR SPACE

nder a set of ideal circumstances, the big bang might have
Uproduced a totally homogeneous universe, one where protons,
hydrogen atoms, helium atoms, photons, and other particles of mat-
ter and energy were equally distributed in space. That scenario,
as the anisotropy (‘ripples”) of the cosmic microwave background
(CMB) indicates, did not occur. Instead, particles began to clump to-
gether, to a greater or lesser extent, relatively soon after the big bang
occurred. Over a very long period of time, that “clumping effect”
resulted in the formation of the stars, galaxies, and other character-
istic features that make up the universe today.

Such features so dramatically attract one's attention that it is easy
to ignore the vast stretches of space between these objects, the in-
terstellar medium (ISM). Indeed, until the first decade of the 20th
century, most astronomers thought that the interstellar medium was
essentially empty, a massive vacuum, lacking in even the simplest
forms of matter. Then, in 1904, the German astronomer Johannes
Hartmann (1865-1936) obtained the first evidence that suggested
that the ISM is not empty but contains atoms of at least some ele-
ments. While the ISM is indeed “empty” by some standards (such as
those commonly used on Earth), the particles of matter and energy
it does contain give it a critical role in the creation of new matter,

21
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Aview of theinterstellar medium in the region of the constellation Chamaeleon (NASA/
Photo Researchers, Inc.)

the elements that make up all other astronomical bodies, including
the Earth and its inhabitants.

The Composition of the Interstellar Medium

Two forms of matter make up the interstellar medium, gas and
dust. The term gas refers to substances that are familiar here on
Earth, such as hydrogen, helium, oxygen, and nitrogen. By con-
trast, the term dust means something quite different from what
people encounter on Earth. It does not refer to the collection of
tiny particles one might find in an unused room but rather de-
notes tiny particles less than a micron (one micron; one microm-
eter; 107% m) in diameter. Gases are far more common than dust,
making up about 99 percent of the ISM compared to only about 1
percent dust.
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Although their concentrations vary in different parts of the ISM,
molecules of gas and particles of dust tend to be spread out very
thinly. The average density of matter in the ISM is about one atom
per cubic centimeter. By contrast, the best vacuums humans are ca-
pable of producing on Earth have a concentration of about 10”7 atoms
per cubic centimeter, and the density of air on the Earth’s surface is
about 3 x 10'Y atoms per cubic centimeter.

More than 100 different atoms and molecules have been discov-
ered in the ISM in the last 40 years. By far the most abundant of
these are the hydrogen and helium remnants of the big bang. About
90 percent of all atoms and molecules in the ISM are made of hydro-
gen; the remaining 10 percent are molecules of helium. By mass, the
ISM is about 75 percent hydrogen and 25 percent helium.

Hydrogen gas may exist in the ISM in any of three forms: as
molecular hydrogen (H,), neutral atomic hydrogen (H), or ionized
hydrogen (H*). The latter two forms of hydrogen are designated
as HI (“hydrogen one”; atomic hydrogen) and HII (“hydrogen two”;
ionized hydrogen, H*). This system of nomenclature is used with
other atoms and molecules also to indicate the degree of ioniza-
tion of a particle. Thus, Hel is neutral helium (He?), Hell is singly-
ionized helium (He*), and Helll is doubly-ionized helium (He?*).
Some writers use a slightly different designation, with the element’s
symbol and the roman numeral separated by a space, as H I, H II,
and He 1.

By far the most abundant form of hydrogen in the ISM is neutral
hydrogen, H°. Tonized hydrogen (HI; H*) and molecular hydrogen
(HIT; H,) are found in only certain, specific regions of space known
as clouds. Gas clouds contain either ionized or molecular hydrogen,
but not both, as explained in the next section.

Since Hartmann’s 1904 discovery, astronomers have learned that
a variety of elements and compounds exist in the interstellar me-
dium, albeit at very low concentrations. In fact, Hartmann’s original
discovery was based on his observation of the spectrum of calcium in
the ISM. Today, astrochemists know of at least 123 interstellar mole-
cules. The chart on page 24 lists some of the more common of these
molecules. Notice that some familiar elements and compounds have
been identified in the ISM, including ozone (O,), hydrogen chloride
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(HCI), sodium chloride (NaCl), formic acid (HCOOH), formaldehyde
(HCHO), and methane (CH,).

Interestingly, this chart includes some molecules that do not occur
on Earth! A beginning chemistry student would be hard-pressed to
suggest the molecular structure of many of these compounds. They
exist in space in the form of long carbon chains with one or two
hydrogen atoms and/or an atom of another element, such as oxygen
or nitrogen. They often occur as ring compounds with one or more
double bonds, and they are often very unsaturated, with multiple
double and/or triple bonds. Even the existence of such compounds,
in an environment where hydrogen is abundant, poses a puzzle to
chemists. One example of these unusual compounds includes the
members of the family of cyanoacetylenes, molecules that contain
two or more carbon atoms bonded to each other with triple bonds, a
hydrogen atom at one end of the chain, and a nitrogen atom at the
other end of the chain. The molecules with formulas HC,N, HC,N,
and HC,;N in the above chart are examples of such compounds.
Examples of the unusual cyclic compounds found in the ISM are the
four-membered ring c-SiC, and three-membered ring c-C,H,.

The mechanisms by which more complex species in the chart on
page 24 are formed are poorly understood. One can imagine the
synthesis of a diatomic molecule such as CO rather easily as the re-
sult of the collision between an atom of carbon and an atom of oxy-
gen, but a simple two-body collision sequence of this kind would be
inadequate to explain the production of more complex molecules,
such as methylamine (CH,NH,). Scientists now suspect the involve-
ment of dust particles in more complex syntheses of this kind. (See
“Chemistry of the Interstellar Medium,” page 34.)

Scientists are continuing to search for new chemical species in
the interstellar medium. Sometimes that search is simply an effort to
learn more about the chemical composition of the ISM, but in other
cases, the discovery of a particular chemical species can yield useful
information about the evolution of the universe itself. For example,
some research teams have been especially interested in determin-
ing the distribution of the radioactive isotope aluminum-26 in the
ISM. The reason for their interest is that aluminum-26 is produced
during certain element-forming reactions in stars. Its presence can
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provide useful information as to where and how stars are forming
elements. Also, aluminum-26 has a relatively short halflife (7.2 x
10° years), providing a timeline over which stellar evolution may be
taking place.

The search for new species in the ISM often yields results with
interesting connections to Earth-based chemistry. One such dis-
covery was announced in 2001. Researchers at the National Radio
Astronomy Observatory in Charlottesville, Virginia, announced the
discovery of the vinyl alcohol molecule in space. Vinyl alcohol has
the structural formula CH,=CHOH and is an important precursor
molecule in many organic synthesis reactions in industrial and re-
search operations. Chemists suspect that the vinyl alcohol molecule
may play a similar role in the synthesis of complex organic mol-
ecules in the ISM.

One class of chemical species of special interest to astrochem-
ists is the group of compounds known as amino acids. Amino acids
are organic acids that contain the amino group (-NH,); their general
formula is RNH,COOH. Amino acids are important because they
are the building blocks of which proteins are made. Over the past
few decades, there has been considerable debate among scientists as
to whether amino acids could exist in space or whether they occur
only on Earth. Amino acids have been found in meteorites, but some
researchers argue that they are a remnant of the creation of the
solar system and could not exist outside it.

This debate is not without its practical consequences. If amino
acids exist only on Earth, then life as we know it may also exist
only on our planet. If, on the other hand, amino acids exist in the
interstellar medium, then it is at least possible that Earth-like life
may exist almost anywhere in the universe.

In March 2002, a team of researchers from the SETI (Search for
Extraterrestrial Intelligence) Institute and the National Aeronautics
and Space Administration (NASA) reported on an important break-
through in the search for amino acids in the ISM. These researchers
attempted to reproduce in their laboratory the conditions found in
the ISM. They enclosed a mixture of molecules already known to
exist in the ISM in a container cooled to 15K under a pressure of
about 1078 torr (a pressure of 1 torr is equal to 1 mm of mercury),
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conditions similar to those encountered in the ISM. The mixture
was then exposed to ultraviolet radiation, again analogous to condi-
tions in the ISM. Upon analysis of the contents of the container,
researchers found that three simple amino acids—glycine, alanine,
and serine—had been produced. Their conclusion, according to a
spokesman for the research team, was that “amino acids can be
made in interstellar clouds suggest[ing] that the Earth may have
been seeded with amino acids from space in its earliest days.”
Furthermore, the spokesman explained, “since new stars and plan-
ets are formed with the same clouds in which new amino acids are
being created, this probably increases the odds that life has evolved
elsewhere.”

The concentration of dust in the interstellar medium is far less
than that of gas, about one particle per 10'3 cubic centimeter for dust
compared with one atom, molecule, or ion per cubic centimeter for
gas. Comparatively little is known about the composition and origin

Pyrene Coronene Naphthalene Phenanthrene
CieH10 CaaH12 CioHs CiaH1o

Ovalene Pentacene
C32H14 C22H14
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Examples of polycyclic aromatic hydrocarbons (PAHs) found in space
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of dust particles compared to that known for gas. Most scientists
believe that dust particles have an irregular shape, like very tiny
pieces (less than a micron in diameter) of broken rock. The particles
appear to be of two general types: carbonaceous (made up primar-
ily of the element carbon) and metal silicates (made up of a metal
bonded to a silicate radical such as iron silicate [Fe,SO,]). In most
cases, the particles seem to be coated with a layer of ice consisting of
frozen water, carbon dioxide, carbon monoxide, and/or methane.

The carbonaceous particles, in turn, occur in one of two forms,
graphitic and PAH clusters. PAH is an abbreviation for a family of
organic compounds, the polycyclic aromatic hydrocarbons, that
consist of two or more benzene rings condensed on each other in
a variety of ways. The diagrams on page 27 show the structures of
some typical PAH molecules.

The graphitic particles consist almost entirely of carbon atoms,
probably bonded to each other in a variety of complex forms. PAH
clusters have been hypothesized for some time and evidence is ac-
cumulating that they occur abundantly in the ISM. No specific PAH
molecule, however, has as yet been definitively identified in the in-
terstellar medium. Whatever form they may take, dust particles are
now thought to be remnants of stellar explosions, in which a star
expels part or all of its mass into the ISM.

Much of our knowledge of dust in the ISM is based on its effects
on light. Suppose that light from a star passes through a region of
the ISM that contains a certain amount of dust. If the concentration
of dust is high enough, it may block off that light entirely. Instead
of seeing the star, an observer on Earth would see only a dark spot
in the sky. This effect is known as interstellar extinction. It can be
observed very easily simply by looking at the Milky Way on a moon-
less night. A prominent feature of the sky is the Horsehead Nebula,
an extended area where dust is thick enough to block out all light
from behind it.

In regions where dust is less concentrated, light from behind it
may be only partially blocked out. In such cases, a band of bright
light from millions of stars may be somewhat reduced in intensity
(“darker”) by the intervening dust particles. The band is also likely
to be more reddish in color than the original light.
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Dust particles can also reflect the light that passes through
them. The type of reflection that occurs depends on two factors,
the wavelength of light striking the particle and the particle’s size.
For example, if the wavelength of the incident light is very much
greater than the particle’s diameter, it will pass around the particle
without interacting with it. The average size of most dust particles,
however, is roughly the same as the wavelength of visible light
(about 100 to 1,000 nanometers [nm]). Specifically, dust particles
have diameters corresponding closely with the wavelength of blue
light (about 475 nm) and somewhat less closely to the wavelength
of red light (about 650 nm). This means that light striking dust
particles will scatter preferentially, with more blue light being pro-
duced than red light.

For this reason, dust particles that are not dense enough to cause
extinction may, instead, produce a reflection nebula, regions of space
that have a bluish appearance to observers on Earth because of the
light reflected from them off dust particles.

Depending on the orientation of a light source (such as a star or
group of stars) and a region of dust particles, the differential scatter-
ing of light wavelengths may have another effect also. As blue light
is scattered away by a dust cloud, the light that gets through tends
to be more red than it was at its source. In this form of interstellar
extinction, the star’s light is not actually lost but is observed by an
Earth-bound observer as more red than it should be. This effect is
called interstellar reddening.

Interstellar Clouds

The gas and dust that make up the ISM are not distributed uniformly
throughout the universe. Instead, they are collected together in “en-
velopes” or “bubbles” with greater or lesser concentrations of par-
ticles or molecules. The reflection nebula described in the preceding
section is an example of such a cluster.

Three of the most interesting types of these envelopes are HI
clouds, HII clouds, and giant molecular clouds (GMCs). These three
regions differ in the types of molecules they contain, their tempera-
ture, and their densities.
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<« ROBERT JULIUS TRUMPLER (1886-1956) >

he 1930s were an exciting period in astronomy. New discoveries showed

many beliefs about the composition and structure of the heavens to be
inaccurate. One of the most important discoveries during this period was
the presence of dust in the interstellar medium. In the late 1920s, Robert
Trumpler was studying the distance, size, and distribution of galactic star
clusters. His results suggested that these objects were, without exception,
much closer than they appeared to be. His explanation for this fact was that
the space between stars and galaxies actually contained some kind of ma-
terial, now known as dust, that interfered with the transmission of light from
distant portions of the universe. This dust made stars and galaxies appear
to be much farther away than they actually were, introducing an important
new factor into studies of the universe and opening a new horizon in the
study of the interstellar medium.

Robert Julius Trumpler was born in Zurich, Switzerland, on October 2,
1886, the third in a family of 10 children. Robert’s father was a successful
businessman who was eager for his sons to choose careers in business. He
tried to dissuade Robert from pursuing his interest in astronomy because he
thought it would not provide an adequate income for his future. As a result,
after graduating from the local gymnasium (high school), Trumpler took a

HII clouds are small, spherical regions with very hot, young
stars at their centers. Their temperatures are estimated to be about
104-10°K. Ultraviolet radiation emitted by the clouds’ core stars is
sufficiently energetic to ionize the hydrogen gas around them. As
the diagram on page 32 shows, electrons from the lowest (ground)
level of hydrogen atoms are raised to higher levels, forming ions of
hydrogen. After a brief moment (less than a second), many of these
electrons fall back to ground level, releasing radiation.

The radiation thus produced includes a number of spectral lines,
one of the strongest of which is the Balmer alpha line (A = 656.3 nm)
in the red region of the visible spectrum. The emission of these red
lines is responsible for the brilliant reddish color of HII clouds and
also for their common name emission nebulae. In the photograph on
page 33, the famous Horsehead Nebula is visible because the dust of
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job as a bank clerk. Very soon he found that type of work not to his liking,
and he enrolled as an astronomy major at the University of Zurich in 1906.
Two years later, he transferred to the University of Gottingen, from which
he received his doctoral degree in 1910. After working briefly with the Swiss
Geodetic Commission, Trumpler was offered a position with the Allegheny
Observatory at the University of Pittsburgh. He was unable to accept that
offer immediately because World War broke out and he was conscripted
by the Swiss Militia. In the spring of 1915, however, he managed to obtain a
release from his military duty and was able to begin work at the Allegheny.

After three years in the Pittsburgh area, Trumpler moved to the Lick
Observatory, affiliated with the University of California. One of his most im-
portant assignments at the Lick was a test of Einstein’s theory of relativity,
conducted in the fall of 1922. By detecting the deflection of light around
the limb (circumference) of the Sun, Trumpler was able to provide the first
experimental proof for Einstein’s theory.

In 1938, Trumpler left the Lick Observatory to take on teaching and
research responsibilities at the University of California at Berkeley’s
Department of Astronomy. He remained there until his retirement in 1951.
He died in Berkeley on September 10, 1956, after several years of poor
health.

which it is composed stands out against the bright emission nebula
in the background.

Astronomers classify HII regions into one of six groups depend-
ing on their size and the extent to which their hydrogen atoms are
ionized. These regions range from the ultracompact, no more than a
few light-years in diameter, to the supergiant, which may stretch to
more than 1,000 light-years in diameter. Although they are among
the most dramatic sights in the night sky, HII regions actually con-
tain relatively little mass, probably no more than 1 percent of all
mass in the universe.

HI clouds and giant molecular clouds (GMCs) are much cooler
than HII regions, with temperatures of no more than about 100K and
10K respectively. HI clouds consist of hydrogen atoms, and GMCs
almost certainly consist of hydrogen molecules. The total mass of
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all HI regions is very large, probably about half the total mass of the
ISM. GMGCs are very compact regions with relatively small volumes
but very high concentrations of molecules. They are the regions in
which star formation is most likely to begin.

The detection of hydrogen and other elements in HI clouds and
GMCs was long a difficult challenge for researchers. Both types of
clouds are so cold that hydrogen (and other kinds of atoms) are not
ionized. Without ionization, little or no radiation at any wavelength
is produced. These clouds, it seemed, left no “footprints” for astrono-
mers to study.

In 1951, however, scientists discovered that this is not quite the
case. They found that neutral hydrogen atoms (H®) do emit a distinc-
tive form of radiation by which they can be recognized, the 21-cm
spectral line. Here is the way that line is produced: Both the proton
and the electron that make up a hydrogen atom are spinning on their
axes, like a pair of tops. Either may spin in one direction (clockwise)
or the opposite direction (counterclockwise). If both particles are
spinning in the same direction, the hydrogen atom has some total
amount of energy, call it E; but if the two particles are spinning in op-
posite directions, the atom has somewhat less energy, call it E — e.

Electrons in hydrogen atoms naturally intraconvert (switch back
and forth) from a condition of like spin with their protons to opposite
spin on a regular and predictable basis, about once every 11 million
years. When they do so, they give off that excess bit of energy, ¢, with
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The bright emission nebula IC 434 provides a spectacular background for the cold dust
of which the Horsehead Nebula is composed. (European Southern Observatory/Photo
Researchers, Inc.)

a wavelength of 21 cm. The 21-cm wavelength is one that can easily
be detected by Earth-based astronomers, thereby allowing them to
locate the presence of an HI cloud. (Although 11 million years may
seem like a long time to wait to observe a 21-cm line, recall that
HI clouds contain large number of hydrogen atoms, some of which
are always intraconverting. Thus, at any one time, enough hydrogen
atoms are emitting 21-cm radiation to allow detection of the cloud.)

The detection of giant molecular clouds presents a somewhat dif-
ferent problem for astronomers. The composition of these clouds is
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similar to that of interstellar matter, about 75 percent hydrogen and
25 percent helium, with smaller amounts of other elements, but in
GMCs, as their name suggests, elements tend to occur as molecules
rather than atoms. Hence, the 21-cm spectral lines are not emitted by
hydrogen in giant molecular clouds, and they cannot be used to de-
tect GMCs. In fact, hydrogen and helium molecules emit essentially
no radiation by which GMCs can be detected. Instead, astronomers
use a different molecule—carbon monoxide—to find GMCs. Carbon
monoxide does emit radiation in the millimeter range of the electro-
magnetic spectrum because of its rotational motions. Astronomers
are able to detect this radiation, and they use it to locate the pres-
ence of GMCs.

Two other structures can be identified in the ISM. One of these is
called coronal gas, consisting of material ejected from stars, novae,
supernovae, and other explosive objects in the universe. The tem-
perature of coronal gas is very high, about 10 K, and it is composed
of a complex mixture of elements contained within or produced by
the star or nova. Although coronal gas has a very low density, its
volume is very large, the largest of any other single type of structure
found in the interstellar medium.

Finally, the space not occupied by coronal gas, by HI or HII clouds,
or by giant molecular clouds is occupied by the intercloud medium,
consisting primarily of neutral hydrogen atoms. This “filler” space
occupies the second largest volume of the interstellar medium.

Chemistry of the Interstellar Medium

A half-century ago, a discussion of the chemistry of the ISM would
have been brief indeed, because scientists knew virtually nothing
about either the nature of atoms and molecules in the ISM or the
kinds of chemical reactions they undergo. Since that time, research-
ers have learned a great deal about that topic. A large part of this
problem depends on understanding the chemical changes that took
place in the first few minutes after the big bang. As discussed in
chapter 1, most of the hydrogen and helium (the two elements that
account for more than 99 percent of all atoms present in the uni-
verse today) was formed during this time. Astrochemists suspect
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that some forms of hydrogen and helium are still being formed to-
day, however, so some research is directed at finding explanations
for these processes.

One question on which researchers have focused, for example, is
how molecular hydrogen is formed in today’s universe from atomic
hydrogen produced during the big bang. One tempting answer is to
imagine that hydrogen molecules are formed in the simplest pos-
sible way, by the collision of two hydrogen atoms with each other:

H+H-H,

Chemists recognize, however, that this reaction is highly unlikely
to occur in the conditions present in the ISM. The concentration
of gases in the ISM is such that the chance of two hydrogen atoms
finding each other is relatively low. One can calculate that such an
event is likely to occur only once in every 10% seconds, or about once
every two weeks. Further, the mean free path (the distance a par-
ticle will travel before it comes into contact with another particle) is
estimated to be about 10° kilometers.

While both the time scale and the distance scale of such events
are large by Earth standards, they are minuscule by astronomical
standards. A more compelling problem related to the formation of
hydrogen molecules is that, given the environment of the ISM, the
reverse reaction of that shown above,

H,~H+H

is at least as likely as the forward reaction. The probability is, there-
fore, that hydrogen molecules will break apart in the ISM almost as
quickly as they are formed. What, then, is the mechanism by which
these ubiquitous molecules are formed? The answer may involve
interstellar dust.

Beginning in the early 1960s, Edwin Salpeter (1924- ) of Cornell
University and his graduate student David Hollenbach wrote a series
of papers hypothesizing the process by which hydrogen molecules
could form on grains of dust in the ISM. This process begins, they
suggested, when a hydrogen atom collides with a grain of dust and
sticks to its surface. The attractive force between atom and dust is
sufficiently weak that the atom can diffuse rather easily across the
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surface of the dust particle. At some point, the migrating atom may
encounter a second hydrogen atom on the particle’s surface and
combine with it to form a hydrogen molecule. Since that reaction is
exothermic, it releases a small amount of heat, providing the energy
needed to allow the newly formed hydrogen molecule to evaporate
from the particle’s surface.

Could diatomic hydrogen really be formed this way? In 1999, re-
searchers at Syracuse University attempted to test this theory ex-
perimentally for the first time. They re-created in their laboratories
the conditions under which H, formation would occur, according to
Salpeter and Hollenbach. The Syracuse researchers confirmed that
such a reaction could occur, releasing the hydrogen molecule to the
surrounding atmosphere. Although the rate at which the reaction oc-
curs is not quite fast enough to account for the amount of H, present
in ISM, at the moment, there are no competing theories that explain
the production of the species as well as the Salpeter-Hollenbach
model.

Questions about the chemical origin of hydrogen molecules are
very interesting, but what about the other atoms, molecules, ions,
and free radicals shown in the chart on page 24? What are the
chemical mechanisms by which these species are produced? An im-
portant field of research in astrochemistry is the effort to explain
how structures such as NH, AlF, C,, C,Si, and HC,,CN can form.
As of 2007, astrochemists had examined more than 4,000 possible
chemical reactions to account for the production of these substanc-
es. These reactions involve more than 400 species consisting of two
to 13 atoms, primarily from the first two rows of the periodic table.
Many of these reactions begin with atomic and molecular hydrogen
because these species are, of course, by far the most common atoms
present in the universe.

For example, consider the reaction that occurs when molecular
hydrogen in the ISM is bombarded by cosmic rays. In this reaction,
the H, molecule is converted to the H,* ion:

H, +energy -~ H," +e”

The H,* ion thus formed is highly reactive and, if it comes into
contact with a second H, molecule, reacts to form the H,* ion:
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H,"+H,~H,"+H

The formation of the H,* ion marks the conclusion of this sequence
of reactions since the H,* ion itself does not readily react with other
forms of hydrogen. It tends to accumulate in the ISM, where it ap-
pears to be rather abundant. Furthermore, the H,* ion does react
readily with other neutral atoms and molecules, providing a mecha-
nism by which other more complex species, like those in the chart
on page 24, can be produced.

For example, the H,* ion may react with an oxygen atom to form
the OH* ion and free H,, which may then react with each other, as
shown below:

Hy"+ O~ OH* + H,
followed by:
OH* +H, > H,0" + H

This pair of reaction suggests a mechanism, therefore, by which two
species found in the ISM, OH* and H,0*, are produced.

In another step, the positively charged water molecule may then
react with diatomic hydrogen to form a hydronium molecule:

H,O" + H,~H,0* + H

Finally, the hydronium molecule formed in this reaction is relatively
unstable, reacting with a free electron to form a variety of products,
as shown in the equations below:

H,O" +e” >H,0+H
- OH+ H,
- OH + 2H
~O0+H+H,

In a similar series of reactions, the H,* ion may also react with a
carbon atom and its products, as shown in the equations below:

Hy*+ C—>CH" +H,
CH*+H, > CH," +H
CH," +H,~CH," +H
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This series of reactions may explain the formation of still other
chemical species shown in the chart on page 24, such as CH*, CH,*,
and other simple hydrocarbons.

Another sequence of possible reactions begins with the reaction
between the CH,* ion and a hydrogen molecule to produce the CH,*
ion:

CH,* +H, = CH,*

Like the hydronium ion, the CH,* ion may react with an electron,
as shown below:

CH, +e” > CH, +H,,

or it may react with one of the carbon monoxide molecules abundant
in the ISM to form methane:

CH," + CO~ CH, + HCO*

This reaction is itself involved in the formation of carbon monoxide,
when the HCO™* ion thus formed reacts with a free electron:

HCO*+e™—=CO+H

A common theme in the hypothesized reactions described here
is that they are likely to occur because they involve a positively
charged ion and a neutral molecule. Energetically, such reactions
are far more likely to occur than reactions between two neutral mol-
ecules. Another series of such reactions depends on the existence
of the positively charged carbon ion (C*), which is actually about as
abundant in the ISM as is the neutral carbon atom itself. The first
step in this series of reactions occurs when the C* ion reacts with a
neutral molecule, such as diatomic hydrogen or methane:

Cr+H,—~CH,*
C*+CH,~C,H" +H

The result of such reactions, of course, is the creation of a hydro-
carbon molecule or an increase in the length of the carbon chain in
such a molecule by one. Similar increases in chain length can occur
when a positively charged hydrogen carbon ion reacts with a neutral
hydrocarbon molecule, as in this example:
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CGHf+CH,~CHr + H

A number of cases in which two neutral molecules react to form
a larger molecule have also been studied. For example, the reaction
between neutral carbon atoms and hydrocarbon molecules and be-
tween neutral hydrocarbons has been found to produce both linear
and cyclic forms of higher hydrocarbons, both of which have been
found in the ISM (see chart, page 24):

C+CH,~CH+H
GH, +GH—-CH, + H

Similar reactions have been observed with nitrogen-containing
molecules, leading to the formation of some of the more complex
molecules shown in the chart. For example, the reaction between
acetylene and the radical CN to produce cyanoacetylene (HCCCN),
commonly found in the ISM:

CN + C,H, ~ HCCCN + H

The reactions discussed here illustrate the progress made by as-
trochemists in finding explanations for the presence of so many un-
usual chemical species found in the ISM. Low temperature and low
density in the ISM mean that conditions favoring chemical reactions
on Earth tend to be absent or rare, and that novel explanations must
be developed for the formation of compounds, ions, and free radicals
like those shown in the chart. The search for such explanations is
likely to constitute an important line of research in astrochemistry
for the foreseeable future.

Tools for Studying the Chemical
Characteristics of the ISM

The preceding sections show how much astrochemists have learned
about the composition of the interstellar medium, but how was all this
information obtained? It is clear that no one has actually gone into
space, collected a sample of the ISM, and subjected it to traditional
chemical analysis in the laboratory. Instead, most of what we know
about the ISM—and much of the rest of the universe—comes in the
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<« HENDRIK CHRISTOFFEL VAN DE HULST
(1918-2000) »

he modern science of radio astronomy was born in the early 1930s

when the American engineer Karl Guthe Jansky (1905-45) detected
radio waves apparently emanating from all parts of the universe. Jansky’s
discovery provided astronomers with an entirely new tool to use in their
exploration of space. Radio waves are able to penetrate clouds of dust that
are impenetrable to visible light. Before long, a few pioneer astronomers
were building telescopes that were able to collect radio waves rather than
light waves.

One of the first astronomers to appreciate the significance of Jansky’s
discovery was the great Dutch astronomer Jan Oort (1900-92). In the mid-
1940s, Oort suggested to one of his younger colleagues, Hendrik van de
Hulst, that he should try to calculate the spectral lines that might exist in the
radio region of the electromagnetic spectrum. Van de Hulst began this proj-
ect with an analysis of hydrogen, since it is by far the most common element
in the interstellar medium. In 1945, van de Hulst announced that the most
likely spectral line to be observed is the 21-centimeter line emitted by cool
hydrogen atoms. Nearly five years later, two American astronomers, Harold
Irving Ewen (1922- ) and Edward Mills Purcell (1912-97), announced that,
using a simple radio telescope of their own design, they had detected the
presence of the 21-centimeter line.

Hendrik van de Hulst was born in Utrecht, the Netherlands, on November
19, 1918. He was one of six children born to W. G. van de Hulst, a very popu-

form of radiation produced by atoms, molecules, ions, and free radicals
in the ISM, radiation that can be detected and analyzed on Earth.

Unlike the light produced by stars and other bright objects in the
sky, none of the radiation from the ISM arrives in the form of spec-
tral lines in the visible portion of the electromagnetic spectrum.
Temperatures in the ISM are much too low to allow the electron
transitions by which such spectral lines are produced. Particles in
the ISM undergo other kinds of transitions that release radiation in
other portions of the electromagnetic spectrum, radiation that can
be collected and analyzed on Earth.
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lar writer of religious books for children, and his wife Jeanette Maan. After
completing his high school education, van de Hulst entered the University
of Utrecht, where he majored in theoretical astronomy. World War Il inter-
rupted his education in 1939, when he was drafted for service in the Dutch
army. Van de Hulst was discharged two years later but was unable to return
to the university because it had essentially been shut down because of the
war. Henk (as he was informally called) attempted to continue his studies
on his own and, in the process, came into contact with Oort, who posed the
spectral line problem to him. At a meeting of the Nederlandse Astronomen
Club held at the Leiden Observatory on April 15, 1944, van de Hulst gave a
talk in which he announced the results of his research, the probability of
a 21-centimeter hydrogen line. Interestingly enough, van de Hulst himself
was somewhat doubtful that such a line could ever be observed experi-
mentally until the work of Purcell and Ewen proved otherwise.

After receiving his doctoral degree from Utrecht in 1946, van de Hulst
spent two years as a postdoctoral fellow at the Yerkes Observatory at the
University of Chicago. He then returned to the Netherlands, where he be-
came professor of astronomy at the University of Leiden. He remained at
Leiden for the rest of his academic career, retiring with the title of professor
emeritusin 1984. He also visited the United States on a number of occasions,
during which he studied at Harvard University, the California Institute of
Technology, and the Institute for Space Studies in New York. He was also ac-
tively involved in the founding and research agenda of the European Space
Research Organization and its successor, the European Space Agency. Van
de Hulst died in Leiden on July 31, 2000.

Two kinds of transitions that molecules undergo result from their
vibrational and rotational motions. For example, the two atoms that
make up a carbon monoxide molecule vibrate back and forth, with
the bond between them stretching and relaxing. When energy from
some external source is added to this system, this pattern of vibra-
tional motion changes. When the molecule returns to its original
vibrational pattern, it releases energy in the infrared region of the
electromagnetic spectrum. These processes are similar to what hap-
pens when the electron in an atom absorbs energy from an exter-
nal source and jumps to a higher energy level, and when an excited
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electron in an atom returns to its original ground state, releasing
energy in the process. The energy required to bring about vibra-
tional changes is in the temperature range of about 102 to 10* K. Such
changes can occur, therefore, only in warmer parts of the ISM.

Molecules also tumble end-over-end around a central axis, pro-
ducing a rotational motion. Again, the input of energy to a molecule
may cause it to increase or decrease its rotational motion. This rota-
tional motion, like the changes an electron makes within an atom,
is quantized. That is, it can take only certain discrete values. When
a molecule changes from one rotational state to a lower rotational
state, it releases a photon of energy with a wavelength in the radio
wave region of the electromagnetic spectrum.

Astrochemists identify molecules in the ISM, then, by detecting
the spectral lines produced by changes in one or another type of
their molecular motion. They then compare those spectral lines with
those of known molecules, allowing them to make an identification.
In some cases, this process of identification is relatively easy. The
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carbon monoxide molecule, for example, is a simple molecule that is
able to vibrate and rotate in a relatively few ways. The spectrum it
produces is, therefore, fairly uncomplicated, containing only a small
number of easily identifiable lines. The diagram on page 42 shows
an idealized version of the spectral lines produced by rotational
changes in a carbon monoxide molecule.

The addition of more atoms to a molecule rapidly increases the
number of vibrational and rotational options it has. The spectra
produced by such molecules, therefore, are considerably more com-
plicated than that of the carbon monoxide molecule (and other bi-
nary molecules). The diagram above shows such a spectrum for a
hypothetical molecule with six atoms. Identifying the molecule that
produced this spectrum is obviously more difficult than identifying
that of the carbon monoxide molecule.

In practice, the spectra obtained from a survey of the ISM is likely
to be extremely complex, similar to the idealized example shown
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above. In such cases, a chemist’s challenge is to locate and identify
lines in the spectrum that correspond to particular molecules whose
spectral patterns are already known. It is not unusual for chemists
to determine the nature of some of the spectral lines in a complex
spectrum such as this one, but not others.

How do scientists obtain the “raw material,” the actual spectra
from which they analyze the composition of the ISM? A number of
possibilities are now available. First, many colleges and universities
now have small telescopes that observers can use to study a portion
of the sky. An example is the 1.2 meter “Mini” telescope at Harvard
University’s Harvard-Smithsonian Center for Astrophysics. The tele-
scope was first built on the roof of the Pupin Physics Laboratory at
Columbia University in New York City in the 1970s to survey the
galaxy for carbon monoxide in the ISM. In 1986, it was moved to its
current location, where it is still used for similar projects.

Much larger telescopes owned and operated by groups of univer-
sities are also used to scan the sky. Probably the most famous of
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these telescopes are the two that make up the Gemini system, one of
which (Gemini North) is located on top of Mauna Kea in Hawaii and
the other (Gemini South) at Cerro Pachoén in central Chile. Gemini
North was dedicated in June 2000 and Gemini South in January
2002. Both have the capability to search the skies for radiation from
ISM molecules.

Finally, telescopes on orbiting satellites have become an invalu-
able tool in studies of the interstellar medium. Such telescopes orbit
far above the Earth’s atmosphere and are able to detect radiation that
is otherwise absorbed by the atmosphere, which makes it largely “in-
visible” to human eyes. One of the “workhorses” of these satellites has
been the Submillimeter Wave Astronomy Satellite (SWAS) launched
by NASA in December 1998. Its primary objective was to survey
water, molecular oxygen, carbon, and carbon monoxide in certain
portions of the ISM. A more recent tool became available in early
2003 when NASA launched the Cosmic Hot Interstellar Spectrometer
(CHIPS) satellite. During its planned one-year voyage in space, CHIPS
surveyed a region in space known as the “Local Bubble,” looking for
evidence to explain the process by which molecules in the ISM begin
to collapse upon each other during the process of star formation.

Another approach to the study of the interstellar medium in-
cludes experiments carried out here on the Earth’s surface. In such
experiments, researchers attempt to simulate the conditions found
in various regions of the ISM and to determine if chemical reac-
tions hypothesized for those regions actually do occur. The study by
scientists at SETT and NASA on amino acids, reported earlier in this
chapter, is an example of such experiments. Researchers’ general
approach in such experiments is to enclose certain fundamental
substances (such as hydrogen, oxygen, and carbon monoxide) within
a sealed container at the low temperatures and pressures common
to the ISM and then expose those substances to the type of radia-
tion that may be found in some particular region of the ISM, such
as ultraviolet radiation or cosmic-ray-like radiation. The substances
formed in such experiments can then be compared with those actu-
ally observed in the ISM.

Finally, computing modeling has become a powerful tool in con-
ducting “thought experiments” similar to the actual experiments
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already described. In such modeling experiments, the basic proper-
ties of molecules found in the ISM along with the physical conditions
encountered there are fed into computer programs, which then ana-
lyze these data and predict the types of reactions that are likely or
unlikely to occur.

Research on the interstellar medium has grown dramatically in
importance since the last half of the 20th century. Scientists realize
that the vast regions between stars are not really “empty space” but
are composed of gases, dust, and many forms of energy in which a
host of unusual and fascinating chemical reactions are occurring.
These reactions result in the production of more than 100 different
chemical species, some identical to compounds, atoms, ions, and
free radicals found on Earth, and some completely different from
those particles. As the next chapter will show, the interstellar me-
dium is also crucial because it is the breeding ground from which
stars are born and the repository of atoms and compounds released
when stars explode and die.



FORMATION OF THE
HEAVY ELEMENTS

he big bang theory provides a satisfactory explanation of the

way in which a small number of light elements—hydrogen,
helium, lithium, and, to a lesser extent, beryllium—were originally
formed. If the universe contained only these elements, perhaps our
story could stop here, but that notion is, of course, absurd. Earth
itself consists of more than 90 additional elements, such as silicon,
oxygen, carbon, iron, nitrogen, magnesium, sulfur, nickel, phos-
phorus, sodium, and chlorine. A few of these elements—carbon,
nitrogen, and sulfur, for example—are to be found in the interstel-
lar medium. So a fundamental puzzle has nagged astrochemists for
decades: What is the mechanism by which the “heavy” elements are
formed in the universe? “Heavy elements,” in this case, means those
with atomic numbers greater than about 4.

The big bang theory itself does not provide a very promising start
to answering that question. The primary effect of the big bang was
to scatter matter outward through space: Protons, neutrons, hydro-
gen ions and atoms, and helium ions and atoms that formed early
life of the universe were propelled away from each other with enor-
mous force, and more than 99 percent of the mass of the universe is
still drifting outward in an expansion that appears as if it might go
on forever. Under these circumstances, how is it possible that these

47
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fundamental particles would be able to assemble themselves into
the more complex particles that we know of as the atoms of heavy
elements?

Stellar Evolution

The birth of stars depends on two essential characteristics of the
universe. First, the universe has apparently never been completely
homogeneous. As the discovery of the cosmic microwave back-
ground anisotropy has confirmed, there are very small differences
in the concentration of matter in various parts of the universe. In
some regions of space, the density of matter is slightly greater than
it is in other regions. Second, the force of gravity acts to attract any
two particles anywhere in the universe.

Particles are thus exposed to two opposite forces: the dispersive
force provided by the original energy of the big bang and an attrac-
tive force of gravity. Although the dispersive forces were far greater
than the gravitational forces at first, over time particles projected
outward by the big bang began to slow down, and dispersive and at-
tractive forces became more balanced. Eventually dispersive forces
were sufficiently reduced in some regions of the universe to allow
gravitational forces to operate efficiently. At that point, particles
began to come together, coalesce, and form larger particles. The for-
mation of stars could then begin.

The evolution of stars is a complex process, but a simplified over-
view of the process is as follows:

As the average temperature of the universe cooled, at least in
some regions, gravitational forces of attraction become greater than
kinetic forces of dispersion. In these regions, hydrogen molecules
are capable of existence at these cool temperatures, and they be-
come attracted to each other. They begin moving toward each other
with increasingly higher speeds. As they do so, gravitational energy
is released, raising the temperature of the hydrogen. Eventually the
temperature of the hydrogen cloud becomes great enough to permit
the onset of fusion reactions. A fusion reaction is a nuclear reaction
in which two nuclei join together (fuse) to form one larger nucleus.
At this point, a young star forms.
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These fusion reactions result in the conversion of hydrogen to
helium. In this process, four hydrogen atoms combine to form one
helium atom: 4H — He. The “‘burning” of hydrogen to produce heli-
um releases very large amounts of energy, which permits the escape
(dispersion) of some matter from the young star. Gravitational and
dispersive forces remain balanced in the star for an extended period
of time—thousands or millions of years. At some point, the amount
of energy being released as a result of fusion reactions becomes so
great that it exceeds the gravitational attraction of particles within
the star. The star then tends to release huge amounts of matter in
a short period of time. That is, the star blows itself apart, releasing
much of the matter of which it is composed back into the interstellar
medium. The liberated matter now consists not only of the hydrogen
out of which the star was originally created but also helium and
perhaps other elements, which were created in the star.

Stars in the universe today represent most of these life stages. At
each stage of its evolution, a star is capable of transforming its exist-
ing matter into energy and new elements.

Classifying Stars

Stars have two, and only two, fundamental observable properties:
brightness and color. Astronomers usually prefer the term luminos-
ity rather than the term brightness. An even more precise term is
absolute luminosity, which is defined as the brightness a star would
have if it were placed at a distance of 10 parsecs from the Sun. The
parsec is a unit of measure used in astronomy equal to 3.26 light-
years.

Astronomers have been attempting to estimate the luminosity
of stars for centuries. The first person to assemble a table of star
luminosities was the Greek natural philosopher Hipparchus (ca.190
B.C.E.—ca. 120 B.C.E.). Hipparchus invented a system consisting of six
classes of stars, ranging from Class 1 (the brightest stars) to Class 6
(the dimmest stars). Stars in Class 1 were said to be “first magnitude
stars”; those in Class 2 were “second magnitude stars”; and so on.
Hipparchus simply used his own eyesight and judgment to decide
which stars go into which class. By the 19th century scientists had
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< ANNIE JUMP CANNON (1863-1941) »

Scientiﬁc work can be classified into two general categories: collecting
and collating data, and drawing conclusions and building theories
based on those data. Neither activity can be conducted without the other,
and either, in and of itself, is incomplete. One of the great data collectors
and collators in the history of astronomy was Annie Jump Cannon, who
came to astronomy somewhat late in life, at the age of 31.

Annie Cannon was born on December 11, 1863, in Dover, Delaware, to a
prosperous shipbuilder and state senator, Wilson Cannon, and his second
wife, Mary Jump. Cannon started her educational career with a serious
handicap: She was very hard of hearing. Still, she enrolled at Wellesley
College in 1880 and earned her degree in physics four years later. She was
primarily interested in astronomy, rather than physics, but a degree in that
field was not then available.

After graduation, Cannon returned to her home in Dover. At times she
expressed unhappiness and dissatisfaction with her life in Dover, however.
When her mother died in 1894, she took a job at Wellesley as instructor in
the physics department. At the same time, she was accepted as a “special
student” in astronomy at Radcliffe College, which was then the women'’s
arm of Harvard College. Two years later she accepted a position on the staff
at the Harvard Observatory, a post she held for the rest of her life.

invented methods for measuring the amount of light produced by
stars and were able to classify stars into one of the six classes by
precise measurements.

Early astronomers also knew that stars seemed to have different
colors, but a system for classifying stars on the basis of color was
not proposed until about 1872. That system was proposed by the
American astronomer Henry Draper (1836-82). Draper’s system of
classification was very important because a star’s color is an indica-
tion of its second major property, its temperature. The hotter a star,
the more likely its color is to be in the blue to white range. The
cooler the star, the more likely it is to emit an orangish or reddish
color. Draper died before he could complete his system of star clas-
sification. The project was completed between 1918 and 1924 by the
American astronomer Annie Jump Cannon (1863-1941).
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One of her first assignments at Harvard was to pick up the work of Henry
Draper, which had been largely abandoned since his death in 1882. Cannon
was apparently the perfect choice for that assignment. She is said to have
been able to process star data at a prodigious speed. On average, she clas-
sified 5,000 stars a month between 1911 and 1915. At peak speed, she was
able to study and classify up to three stars per minute. Overall, Cannon clas-
sified 225,300 stars, cataloging them in a nine-volume work entitled The
Henry Draper Catalogue.

Like most other women of the time, Cannon found that career advance-
ment in the field of science did not come as easily as it did for her male
counterparts. For example, she did not receive a permanent appointment
at Harvard until 1938, after 42 years of service with the university, at which
time she was made William C. Boyd professor of astronomy. She did make
a number of important gender breakthroughs, however: She was the first
woman to be elected an officer of the American Astronomical Society, the
first woman to receive an honorary doctorate from Oxford University (1925),
the first woman to be awarded the Draper Gold Medal of the National
Academy of Sciences (1931), and the first woman to receive a doctorate in
astronomy from Gronigen University (1921).

Annie Jump Cannon died on April 13, 1941, in Cambridge, just a year
after her retirement from Harvard.

Draper originally devised a classification system in which stars were
placed into lettered groups: A, B, C, D, and so on. Over time, that system
was changed and refined. Today, only seven color groups, or spectral
classes, remain (from hottest to coolest): O, B, A, F, G, K, and M. While
the variety of stars is such that more complex classification schemes
have been developed to accurately describe them all, the chart on page
52 provides basic information on each of the seven spectral types.

With only two fundamental physical properties available for the
study of stars, astronomers have often been tempted to search for
ways in which these two variables might be related to each other.
One of the first—and by far the most famous—such attempts was that
of the Danish astronomer Ejnar Hertzsprung (1873-1967) in the early
1900s. Hertzsprung plotted the temperatures and luminosities of a
large number of stars on a graph, like the one shown on page 53. He
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< SPECTRAL CLASSES OF STARS »
APPROXIMATE

TYPE COLOR SURFACE
TEMPERATURES (K)

o Blue 28,000-40,000

B Blue 11,000-28,000

A Blue to white 7,500-11,000

F White 6,000-7,500

G Yellow 5,000-6,000

K Orange to red 3,500-5,000

M Red Less than 3,500

made the rather unusual decision to publish his research in 1907 in a
journal on photography, Zeitschrft fiir wissenschafliche Photographie.
Professional astronomers were unlikely to read this journal, so it is
hardly surprising that Hertzsprung’s results were largely ignored
for more than five years. Then the American astronomer Henry
Norris Russell (1877-1957) published an almost identical analysis
of the relationship of star temperatures and luminosities. Because
of the equal efforts of these two men, diagrams like the one shown
on page 53 are now known as Hertzsprung-Russell diagrams or H-R
diagrams.

The graph on page 54 shows an idealized form of the H-R diagram
that omits individual data points (data for individual star data) and
shows, instead, the major groupings found in such diagrams. The
major feature of the diagram is a long band that runs from the upper
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Hertzsprung-Russell diagram for stars in the solar neighborhood

left-hand corner of the graph (stars with high temperature and high
luminosity) to the lower right-hand corner of the graph (stars with
low temperature and low luminosity). This band is known as the
Main Sequence because it contains the majority of stars for which
data are available. The Sun lies roughly in the middle of the Main
Sequence.

Other groups of stars that can be identified on the H-R diagram
are supergiants, giants, and white dwarfs. About 90 percent of all
stars studied fall on the Main Sequence; another 9 percent are clas-
sified as white dwarfs; and the remaining 1 percent are giants or su-
pergiants. As their position shows, giants and supergiants are more
luminous than Main Sequence stars of the same temperature (below
them on the graph). Since they have the same surface temperature,
but produce more light, they must be larger than Main Sequence
stars, hence their names. Giants have a radius about 10 to 100 times
that of our own Sun and a luminosity of about 100 to 1,000 times that
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of the Sun. Supergiants have a radius of 20 to 4,000 times that of the
Sun and a luminosity of 100,000 to 1,000,000 times that of the Sun.

White dwarfs are less luminous than Main Sequence stars with
the same surface temperature, so they must be smaller than those
stars. White dwarfs vary considerably in size, but they tend to have a
radius of about 0.01 that of the Sun and luminosities of 0.01 to 0.0001
that of the Sun.

The Hertzsprung-Russell diagram is a snapshot of a group of stars
at some given moment in time. It shows what the luminosities and
temperatures of those stars were at the moment that snapshot (set of
observations) was taken. What the H-R diagram does not tell is any-
thing about the evolution of those stars, the way their temperatures
and luminosities have changed over time. For example, the Sun was
not born with the temperature and luminosity shown by its current
position on the Main Sequence.
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The graph above shows how the luminosity and temperature of
some specific star changes over time, in relation to its current posi-
tion on the H-R diagram. The star’s evolutionary pattern (the dotted
line, sometimes known as a Hayashi track) is superimposed on a
typical H-R diagram. As the diagram shows, both the temperature

and luminosity of the star change as it grows older, changing from a
giant or supergiant to a Main Sequence star and then back again to a

giant or supergiant phase.

A Star Is Born

Star formation begins in molecular clouds. Recall from chapter 2
that a molecular cloud is a large mass of hydrogen gas that is cool
enough for the hydrogen to exist in the form of molecules (H,). The
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details of star formation differ somewhat depending on the size of
the star that is formed. The general pattern is, however, largely the
same for stars of all sizes. The discussion that follows is based on
the formation of stars about the size of our own Sun. A molecular
cloud from which such stars form tends to have a mass about 100,000
times that of our own Sun with a radius of about 50 parsecs.

Two properties of molecular clouds make them ideal locations for
star formation. First, the density of hydrogen molecules within a mo-
lecular cloud is relatively high. Second, the temperature of a molecular
cloud (about 10-20 K) is very low. These two properties mean that the
hydrogen molecules that make up a cloud are more likely to be strongly
attracted to each other than they are to be dispersed into space.

In some cases, the gravitational attraction between molecules in a
cloud is strong enough in and of itself to cause the cloud to begin col-
lapsing onto itself. In other cases, some external event may initiate
or accelerate that collapse. For example, the explosion of a neighbor-
ing star can produce a shock wave of sufficient intensity to force a
molecular cloud to collapse suddenly. Also, two clouds may collide
with each other, causing contraction of them both.

The collapse of a molecular cloud is usually not a simple, straight-
forward process. Two forces resist the contraction of the cloud to-
ward a central core. First, as the cloud begins to collapse, it releases
gravitational energy, causing the temperature of the cloud to rise.
As the cloud temperature rises, so does the kinetic energy of the
molecules of which it is composed. As a result, some hydrogen mol-
ecules attain sufficient energy to escape from the collapsing cloud.

Second, as the cloud begins to contract, it also begins to rotate.
During rotation, some of the gas contained in the cloud is thrown
outward, away from the center, where it forms a thin disk of mate-
rial around the central core of the cloud. The more the cloud col-
lapses, the faster it rotates and the more material it ejects into the
surrounding disk. The disk that surrounds the cloud contains par-
ticles that may themselves coalesce to form small bodies (planets)
that revolve around the young star.

A contracting molecular cloud is not equally dense throughout.
As in the interstellar medium, some regions of a cloud are more
dense than others. Thus, when the cloud contracts, it does not
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form a single dense core; instead it forms multiple dense cores.
Anywhere from 10 to 1,000 such cores may break off from any given
molecular cloud, each of which may then evolve into a new star.

During the earliest stages of core formation (stages 1 through 4 in
the table on page 57; the first few thousand years) contraction occurs
relatively slowly and temperatures in the cloud are still less than
100K. Once contraction begins, however, the central core begins to
grow by pulling in gas and dust around it. After a few tens or hun-
dreds of thousand years, the central core has reached temperatures
of about 10,000K, although the surface may still be no more than a
few hundred kelvin. At this point, contraction of a portion of the
molecular cloud has resulted in the formation of an object with an
identifiable surface that is called a protostar or young stellar object
(YSO). The table on page 57 summarizes this process.

The protostar then moves through the Kelvin-Helmholtz Contraction
Phase, during which it can first be plotted on the H-R diagram. At this
point in its evolution, a protostar has a core temperature of about
1,000,000K and a surface temperature of about 3,000K. Its luminos-
ity is about 1,000 times that of the Sun. The process an evolving star
undergoes during its lifetime, as shown in the Hertzsprung-Russell
diagram on page 53 is known as its evolutionary track. The evolution-
ary track is the sequence of changes that occur in a star’s luminosity
and temperature during its lifetime—events that provide clues to the
kinds of changes that are taking place within it.

The Kelvin-Helmholtz Contraction Phase was named after two
physicists, the Englishman Lord Kelvin (1824-1907) and the German
Hermann von Helmholtz (1821-94). In attempting to explain how
stars produced energy, Kelvin and Helmholtz hypothesized that the
large mass of a star’s outer layers should cause it to contract, releasing
gravitational energy in the process. That gravitational energy would
cause the star’s overall temperature to increase. Excess energy gen-
erated in the process would be radiated away into space, producing
the visible light of stars. Although the Kelvin-Helmholtz explanation
is a satisfactory description of how stars produce energy, it does not
apply to the short period of time after protostars are formed.

Stage 5 of a star’s life begins when the star continues to contract,
with an increase in the temperature of its core. Its surface tempera-
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ture remains relatively constant, but its luminosity decreases sig-
nificantly since the total surface area from which it radiates energy
continues to decrease. During this period of its life, the star’s posi-
tion on the H-R diagram moves downward, along a pathway known
as the Hayashi track, as shown in the diagram below. Notice that
the direction of the Hayashi track differs significantly depending on
the mass of the star. The larger the star, the less the change in the
luminosity because the star’s surface area is less of a factor.

As the star approaches the Main Sequence, it enters one of the
most dramatic periods of its lifetime, the T-Tauri stage. The name
T-Tauri comes from the first star observed that exhibited the events
associated with this stage of stellar evolution. T-Tauri stars eject
large proportions of their mass in violent bursts.

The spectacular events associated with the T-Tauri phase are
probably the result of nuclear reactions beginning in the star’s core.
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Hayashi tracks for stars of varying masses
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These reactions start when the core temperature reaches about 10K
and are the mechanisms by which hydrogen is converted (fuses)
into helium. Fusion releases huge amounts of energy that produces
violent activity on the T-Tauri star’s surface in the form of eruptions,
stellar winds, and flares, and the star loses significant amounts of
matter to the surrounding environment. Typically, such a star ejects
an amount of mass up to 1077 that of the Sun’s mass in a single year,
107 the rate at which the Sun itself radiates mass away. During the
T-Tauri phase, a star may lose up to 50 percent of its original mass.

Eventually a balance develops between the force of gravity (which
tends to pull matter inward, toward its core) and kinetic forces of
dispersion (which tend to drive matter outward). At this point, the
star has reached the Main Sequence, where it “settles down” to spend
most of the rest of its life in a relatively balanced state. If it is a
typical star, it will stay in essentially the same position on the Main
Sequence for more than 90 percent of its life.

Recall that the pattern just described applies to stars of about the
same mass as our own Sun. Evolutionary patterns differ for stars
with greater or lesser masses. For example, more massive stars may
begin their evolution in much the same way as solar-size stars, but
they take less time and a somewhat different pathway during the
Hayashi and T-Tauri phases of their lives. More massive stars travel
more quickly across the H-R diagram, reaching the Main Sequence
in a million years or less, while less massive stars may take up to a
billion years before they “settle down” into the Main Sequence.

A few protostars are simply too small to “make it” as fully evolved
stars. The critical point seems to be about 0.08 solar mass. Protostars
with less mass than this never develop enough energy in their cores
to trigger nuclear reactions. They continue to collapse and emit en-
ergy, primarily in the infrared region, but they do not “ignite” or
“shine” the way stars on the Main Sequence do. These stars, known
as brown dwarfs, may live up to 15 million years, after which they
are unable to contract any further: They emit no energy of any kind;
and they spend the rest of their lives as cold black dwarfs.

The existence of “failed stars” with masses of less than 0.08 so-
lar masses, somewhere between that of a large planet like Jupiter
and a star, was first hypothesized in 1963 by Shiv Kumar (1939- ),



Formation of the Heavy Elements 61

Dust lanes

. ‘ ‘.:.'

Star.-forﬁ-lin’gllragi_bn '

The spiral arms of galaxies, as shown in this photograph, are thought to be regions rich
in dust and gas where stars are born. (Jon Lomberg/Photo Researchers, Inc.)

then an astronomer at the University of Virginia. Kumar called such
objects “black stars,” although they were given their present name
in 1975 by astrophysicist Jill Tarter. Both names are somewhat mis-
leading since brown dwarfs (or black stars) actually appear as red
objects in sky.

For many years, astronomers thought that brown dwarfs were
very rare, and it was not until 1995 that one was actually observed.
Since that discovery, dozens of brown dwarfs have been discovered,
and astronomers have come to the conclusion that brown dwarfs
may be very common astronomical objects, perhaps as common as
fully evolved stars.

Turning Hydrogen into Helium

Until a protostar has reached the Main Sequence, its chemical com-
position remains unchanged. It consists, as it has since it began life
as a part of a molecular cloud, almost entirely of hydrogen gas. Once
core temperatures have reached critical temperatures of more than
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107 K, however, that situation changes. Hydrogen nuclei (protons)
can begin to fuse and form helium nuclei. This process is sometimes
known as “hydrogen burning.” The term is technically incorrect be-
cause there is no combustion involved in the process. It is widely
used, however, as a shorthand description of the nuclear changes
that take place.

That fusion process occurs in three steps that can be summa-
rized by three relatively simple nuclear equations. In the follow-
ing equations, hydrogen is represented by its chemical symbol, H.
Remember, however, that at the very high temperatures of a star’s
core, hydrogen is completely ionized and exists only as protons.

Step 1 H+H=H+e"+v
Step 2: IH+2H-3He +y
Step 3: 3He +3He~4He + IH+1H +y

(Where the meaning of each symbol in these equations is given in
the chart on page 63.)

Note that it is possible to obtain the net reaction that occurs dur-
ing fusion by deleting species that occur on both sides of the above
three equations. Before doing so, however, notice that the last step
(Step 3) can occur only after steps 1 and 2 have first occurred twice.
That is, two helium-3 nuclei are required in order for Step 3 to oc-
cur. Therefore, it is necessary for Step 2 (and, of course, Step 1) to
have taken place twice to produce that many helium-3 nuclei. The
net reaction for the fusion of hydrogen into helium, then, can be
calculated as follows:

2 xStep 1 + 2 X Step 2 + Step 3 = Net Reaction
Or:
41H~—9He

The above reactions might appear to be relatively simple and
straightforward, but the nuclear equations given here do not reveal
all of the details as to how hydrogen fuses into helium in these re-
actions. One of the most difficult problems is explaining how two
positively charged particles—the two protons in