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Preface

In writing this book I gradually realized that I was addressing two
very disparate scientific communities: biochemists and astrophys-
icists, and that these communities are rarely in scientific commu-
nication. Furthermore, the astrophysicists were further divided
into two additional not-very-interactive communities, nuclear
astrophysicists and neutrino astrophysicists. What this forced me
to do is try to present what I regard as at least a minimal level of
information from each of those communities in the context of the
primary subject of this book, the chirality of the amino acids. The
biochemists will quickly realize that my allegiances are with the
astrophysicists; I hope I have done a reasonably credible job of rep-
resenting the chemists. Trying to gain a reasonable level of personal
credibility in biochemistry has certainly represented a major com-
ponent of the time I spent in writing this book. In recognition of
the wide diversity of topics, and the inevitable nomenclature that
goes with each, I've tried to include a pretty complete glossary.
Since this book is about origins, I felt it appropriate to pres-
ent several types of origins, notably, the Big Bang, the origin of
the elements, and finally the origin of the molecules of life in the
cosmos and on planet Earth (and quite possibly on other planets).
I have tried to present all of these subjects at a level that someone
with a minimal background in science, but a strong interest in
learning new things, can digest. This might also make the book
appropriate for a course for undergraduates who are not science
majors: “amino acid chirality for poets” (but with significant addi-
tional input from the teacher, probably with the help of the many
references to supplement the areas of professorial non-expertise).
For those readers who have more of a science background, I hope
I've not insulted your intelligence too much; the subjects in this
book are sufficiently varied that I can almost guarantee that you
will eventually find something discussed in which you’re not an
expert. In any event, I have tried to describe the subjects of the
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book in such a way that a class of undergraduates could use the
book to truly get a grounding in astrobiology.

Although I have certainly emphasized the model that I,
together with my colleagues Toshitaka Kajino and Takashi Onaka,
have built, I have also tried to present enough generality in the
subjects relevant to the origin of life that students can gain an
overall impression of the basic features of the subject. And, of
course, I've included some physics background subjects that are
favorites of mine, which are relevant to origins, and which can
serve as general knowledge for students and other readers who are
generally curious about science.

In writing this book I've violated one of the basic tenets asso-
ciated with attempts to popularize science: don’t include equa-
tions. I've included lots of equations. In one instance the equation
was unavoidable: that was the discussion of the Drake equation,
which is pretty basic to discussions of detecting extraterrestrial
life. However, my other equations are not the sort of thing you
find in algebra books, rather they are more shorthand ways of stat-
ing processes or reactions. These are not equations that could be
solved for one of the variables; they don’t contain variables! I hope
the readers will find them useful.

I am deeply indebted to many people for contributing to my
knowledge of this subject, and therefore to the content of this
book. First and foremost in this regard are my collaborators on
the development of the Supernova Neutrino Amino Acid Process-
ing model, Toshitaka Kajino and Takashi Onaka, for their many
contributions to our efforts. This book could not have been writ-
ten without their inputs to our two papers. I must include in my
acknowledgements two other people who gave a boost to the early
efforts: Isao Tanihata and Reiko Kuroda.

And, finally, I gratefully acknowledge my wife, Sidnee, who
although she is a nonscientist, read through the manuscript, and
in many instances pointed out the places where the physicist in
me had gotten carried away with physics-speak. The places where
the physics-speak still lurks are my fault, but the readers can be
sure that there are many less such places than there would have
been without Sidnee’s efforts.

Windsor, CA, USA Richard N. Boyd



About the Author

Dr. Richard N. Boyd was the Science Director of the National Igni-
tion Facility, Lawrence Livermore National Lab from 2007 to 2010
and now serves as a staff physicist at LLNL. He earned his Ph.D. in
physics from the University of Minnesota in 1967, and has been a
physics professor at the University of Rochester from 1972 to 1978
and a professor of physics and astronomy at Ohio State University
from 1984 to 2002. Dr. Boyd also served as a program officer at
the National Science Foundation from 2002 to 2006, managing
the NSF portfolios in nuclear and particle astrophysics as well as
nuclear physics. Following that, he was a visiting professor at the
National Astronomical Observatory in Japan.

Dr. Boyd has enjoyed a research career that resulted in more
than 200 publications, both experimental and theoretical, and one
graduate-level textbook on nuclear astrophysics. He received an
Outstanding Scholar award from Ohio State University in 1982,
and was named a Fellow of the American Physical Society and of
the American Association for the Advancement of Science. He was
named an honorary Native American of the Santa Clara Pueblo in
1997, and an Eminent Scientist of the Institute for Physical and
Chemical Research in Japan in 1998-1999.

Vil






Contents

PrEfacCe....oiiiieiiiieie et \

About the AUthOr.......oooiiiiiicce e vii

L. INtrodUCtion ...c.eeeeiiiieiiiieciie et e 1

1.1 IntheBeginning..........cccoooiiiiiiiiieioiiiiieeeeiee e 1

1.2 What IS “Life” ...ooooiiieeeeee e 6

1.3 The Miller Urey Experiment..........cccoeeveeveerereennennne. 10

1.4 General Background and Definitions...........c............ 13

REfETENCES ...uviiiviiiiieiie et 17

2. What is the Origin of the Lightest Elements?................... 21

2.1 TheBig Bang.......cccooiiiiiiiiieiieiieeeeeee e 21

2.2 The Supernova Cosmology Project........cccccevveeunnnee. 25

2.3 The Wilkinson Microwave Anisotropy Probe.......... 27

2.4 Olber’s ParadoX .......ccceeevvieiiieiiieiieeciie e 30

2.5 Big Bang Nucleosynthesis (BBN)...........cccceeevvirenneen. 31

REEIEINCES ...uvviiiiiieciiiece e 38

3. What is the Origin of the Rest of the Elements? .............. 41

3.1 Introduction to Stellar Nucleosynthesis .................. 41

3.1.1 Hydrogen Burning ..........c.cccceevveevreerveeireennnenns 43

3.1.2 Helium Burning..........cccccoeevveeeeiveeeeneeeeneeennee 49

3.1.3 Subsequent Burning Stages..............ccccuveeennn. 50

3.2 After Stellar BUIrning.........ccccccoeevveeeeeciieeeeeeiieee e 53
3.2.1 Creating a Core-Collapse

Supernova Explosion .........cccecceeevieenieiiiennnns 54

3.2.2 Synthesizing the Heavy Elements................. 56

3.2.3 White DWarfs......ccccoevviviieiieiieceeeieeeei 61

3.2.4 Type Ia SUpernovae........ccceeeveeveiiivvviieiiieneeennnns 62

REfEIENCES ....vviieiiiiieiieece e 63

ix



x Contents

4. Creation of Molecules in the Interstellar Medium........... 65
4.1 The Electromagnetic Spectrum..........c...cocveeeveeennne.. 65
4.2, Detecting Photons of Different Energies................... 70
4.3 Secrets from MetCOriteS. ... eeeeeeeeeeeeeeeeeeeeeeeeea 74
4.4 Mining the COmets.......cccveviieiieiiieiieeiieee e 77
4.5 The Next Huge Step: Forming Life from the
Molecules Delivered to Earth......cccooevviiiviiniinnnn.. 81
RELETENCES oo 84
5. Amino Acids and Chirality.........cccccooiiiiiiiiniiiiniicieeee, 87
5.1 A Primer on Amino AcidS ......ooveeeeeeeeeeeeeeeeeeeeeeeeeeennn. 87
5.2 Chirality and Polarization ..........cccccceevvveevieeieennnenen. 89
5.3 Relating Circularly Polarized Light and
Molecular Chirality ........cccooovviiieiiiiiiiceieceeieee 93
5.3.1 Chiral Selection ....cccoooeeeeeeeeeeeeeeeeeeeeeeeeeeeeee 94
5.3.2 A Little Atomic Physics and Some
Very Basic Quantum Mechanics.................... 96
5.4 The Other Molecules of Life .....oovvveeeeeeeeeeeeeeeeeeeeeannee. 98
5.5 How Were the More Complex
Molecules Created?.........oeveeiiiiiieiiieeeeeeeeeeeeen 100
RELETEIICES o 105

6. How Have Scientists Explained the Amino

Acid Chirality? ...ccoooiiiieccee e 107
6.1 Introduction to Models.........ccccovvviieiiiiiiiiiciicee, 107
6.2 Models That Produce Chirality............ccoveeeevieennn.. 108
6.2.1 Chiral Selection via Circularly
Polarized Sunlight ...........cc.ccooviiiiiii 108
6.2.2. Chiral Selection via Starlight............c........... 110
6.2.3 Chiral Selection via the
Weak INteraction ..........occeeeevvevveeieeniesieenenans 115
6.2.4 Chiral Selection via Chemical
Selection in Clay ........ccooovveiiiiiiieiiciieeeeee. 119
6.3 Amplification via Chemical Catalysis ..................... 120
6.4 Laboratory Experiments and
Theoretical Developments .........ccceevvvevieeieeniiennnene 122
6.5 Terrestrial Amplification...........cccceeeeveeeiieeeiiieeenenen, 123
6.6 Concluding Comments .........c.cccceveeeevreeeieeeerreeeneens 124

RELETEIICES oo 125



Contents xi

7. What Happens to the Amino Acids When

the Supernova EXplodes?........cccccoovviiiiiiiiiiiieiieceeee e,
7.1 The SUPEINOVA ..c.oeeeeviieciiiieiieeeiee e
7.2 The Neutrino StOry.......cccceeevereriuireiiieeerieeereeeeereeenns
7.3 Interactions of Neutrinos with “N............ccccceeveenn.
7.4 Relating the N Spin to the

Molecular Chirality .......ccccooovviiiiiiiiieiiiecieccceee
7.5 The Supernova Progenitor Star ............cccoeeevveeeeneennn.
REfEIENCES ...uvviieiiiieeiiiece e

8. Spreading Chirality Throughout the Galaxy
and Throughout the Earth............cccccoooiiiiiiiiii,
8.1 Might Supernovae Process All the
Amino Acids in the Galaxy? ........c..coooviiviiiienennn.
8.2 Spreading Molecules and Enantiomerism
Throughout the Galaxy ...........ccoooviiiiiiiiiici,
8.2.1 Cosmic Amplification........ccccceeevvveevererennennns
8.2.2 Galactic MiXing.......ccceeveerueeeirenireeeeenieeeeeenees
8.2.3 Planetary Amplification............cccceevvreennenns
8.3 Testing the Models of Amino Acid Chirality...........
8.4 The Impact of Amino Acid Chirality
on Questions of the Origin of Life
in the Universe.......cccocvieeiiieiiciiieeiie e
8.5 Was the Development of Earthly Life a Fluke?........
REfETENCES ...vviiiiieiiieciieee e

9. What About the Rest of the Universe?Z............ccovveennnn...
0.1 ATE WE ALONICT ..o
9.2 Extremophiles on Earth ..........ccoooeiiiiiiiiiiii
9.3 And From Outer Space?.......ccoceevveererenieeieenieeeeeennes
RELETENCES ..oeiiiiieeiieee e

131

157

175
175
176
181
185






|. Introduction

Abstract How do you know if something is alive? The answer
might seem pretty clear for large creatures, but is not so obvious for
single-celled critters. This chapter discusses some of the attempts
to define the criteria that determine if something is alive. It also
discusses the origin of Earth, the conditions that existed on early
Earth, and how those conditions changed so life could eventually
survive and flourish. The time-honored Miller-Urey experiment is
described; it has been used for decades to describe how some of the
molecules of life, specifically the amino acids, might have been
produced on early Earth. This chapter then introduces the con-
cept of chirality, or handedness, which is a property of the amino
acids, and which raises serious questions about the Miller-Urey
based explanation of the origin of life on Earth. Finally, a model
is introduced that might explain how the amino acids achieved this
chirality, and which allowed them to become the building blocks
of more complex molecules of Earthly, and possibly cosmic, life.

1.1 In the Beginning

This book is about origins. Its primary focus is on the origin of life
on Earth, or at least on the molecules from which life grew, and
perhaps in other places in the Galaxy. But that didn’t happen first;
the Universe had to get started via the Big Bang, then it had to
make the elements that were not made in the Big Bang (and that’s
nearly all of them!), then the Solar System and Earth had to be cre-
ated, and then finally, we can consider the origin of life on Earth.
And if you hadn’t guessed yet, this will be from the perspective of
modern science.

The Universe was born 13.7 billion years ago. The age of the
Universe is incontestable. It has been determined by a couple of
incredibly elegant experiments. The values they get for that age are

R.N. Boyd, Stardust, Supernovae and the Molecules of Life: Might We 1
All Be Aliens?, Astronomers’ Universe, DOI 10.1007/978-1-4614-1332-5_1,
© Springer Science+Business Media, LLC 2012



2 Stardust, Supernovae and the Molecules of Life

determined by completely independent, and different, techniques,
and they agree extremely well. These experiments are so impor-
tant that I want to describe some of their details, so they will be
discussed in Chap. 2.

The Earth was born 4.55 billion years ago. The elements that
exist on Earth, all the carbon, oxygen, silicon, iron, indeed every-
thing except hydrogen and helium, were produced in stars that
existed prior to the formation of our Solar System. Because the
Universe is so much older than the Earth, those elements are
thought to have been produced in several previous generations of
stars.

The Earth’s age I gave you above is also incontestable; there
are at least two ways to determine the Earth’s age, and they are
consistent with each other. One technique establishes a lower
limit on the Earth’s age of around 4 billion years by dating the
oldest rocks found on Earth. Radiocarbon dating is the most com-
mon form of this technique, but we are dealing with ages in the
billions of years, and the half-life of “C, the radioactive isotope
of carbon, is much too short (5,730 years) to allow a meaningful
measurement of that long an age (the maximum for carbon dating
is about 100,000 years). Determining long past ages using radioac-
tive nuclei is a well-established technique; it has been applied to
determination of the age of the Universe [1, 2], although newer
techniques, to be discussed in Chap. 2, provide a much more accu-
rate answer.

For our present purposes, Nature has provided us with a won-
derful crystal: Zirconium Silicate, ZrSiO,. “Zircons” have been
found, when they crystallize from magma, to contain uranium (U),
but they do not contain lead (Pb) when they crystallize. ***Pb (82
protons, 122 neutrons) is a decay product of 2*U (92 protons, 146
neutrons), and 2®Pb (82 protons, 123 neutrons) is a decay prod-
uct of »°U (92 protons, 143 neutrons). Thus the zircons provide
a very direct way to measure the Earth’s age: measure the abun-
dances of the lead isotopes in rocks that also contain Uranium.
The two U isotopes have extremely long half-lives (0.704 billion
years for 2U; 4.468 billion years for 2*U), and they are known to
high accuracy. As the 2°U and ?**U decay, the amounts of **Pb and
205Pb in the sample increase. So by measuring the amounts of 2%Pb
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and 2%°Pb, and comparing those to the amounts of »*°U and U,
one can determine the age of the rock. The oldest rock appears to
have sufficient zircon inclusions to suggest that it is more than 4
billion years old.

How sure are we that this technique is giving correct answers?
The results only depend on the half-lives and the accuracy of the
abundance measurements. Many tests have been conducted to see
to what extent extreme conditions, e.g., the high temperatures
encountered in the early Earth, could influence these half-lives.
The answer is that such influence is well below the very small
uncertainties in the half-lives, and the largest influences (which
are still very small) occur in nuclei that decay by a different mecha-
nism than do the U nuclides (the word “nuclides” refers not to just
the elements, but to all the isotopes of the elements). Of course,
the dating approach can only tell the ages of the rocks; it there-
fore provides only a lower limit on the age of the Earth. There are
other ways to determine the age of the Earth; the number that one
achieves with all these techniques is 4.55 billion years [3].

Before leaving the dating story, I should mention that the zir-
cons can also provide an age on life forms that are found in ancient
rocks. Unfortunately, the fossils are found in sedimentary rock,
and the zircons are definitely not sedimentary rock. However,
some sedimentary rock that contained fossils was also found to
contain zircons. If the zircons were included in the sedimentary
rock at the same time the fossils were entombed therein, then
the age would be easy to determine. However, the zircons may
well have been added to the sedimentary rock only after they had
existed for a while. Moorbath [4] has estimated that the fossils in
these rocks are 3.67-3.70 billion years old. I've left out the details,
but their ages are very well established.

So what was the Earth like initially? It was a pretty miserable
place by any standards. It didn’t resemble the current version very
much, as it was very hot, had essentially no atmosphere and very
little water, and was being continually bombarded by meteorites.
Those meteorites are important; they will play a central role in
our story. However, in the early history of the Earth, they would
have made our planet a pretty unpleasant place to be. In fact, it
would have been uninhabitable, as huge meteorites would have
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created enormous displacements of material, the clouds from
which would surely have extinguished any life that might have
survived the unbearable temperatures. How do we know this? The
Moon was presumably subjected to the same bombardment, and
its cratered surface tells us that this was the unfortunate situation
for the unfortunate early Earth. This situation has been studied by
Sleep et al. [5], among others.

However, this intense meteoritic bombardment ceased about
3.7 billion years ago, again from the evidence we get from the
Moon. Although an occasional meteorite still does make it to
Earth, their number was greatly reduced from that of the earlier
period. Why did this change come about? It appears that Jupiter
served as a cosmic janitor. Because its large size, it exerts a huge
gravitational pull on objects that come close to it, and that gravi-
tational pull on the objects it encountered as it circled the Sun
allowed it to sweep out most of the debris that was originally float-
ing about the inner Solar System. This made it possible for any life
that might arise on Earth after the cosmic cleanup was completed
to flourish and evolve without too much concern for large scale
planetary destruction, although that can still occur from hits from
large meteorites that were missed in the Jovian sanitation of the
Solar System. Incidentally, it apparently took Jupiter more than a
billion years to complete its cleanup of the meteoroids in the inner
Solar System.

Of course, the Earth had to cool and it had to develop an
atmosphere that contained some oxygen before life, at least life as
we know it, could begin. We know Earth also somehow increased
its water content to its present level. It is generally believed that
water is more or less essential to the existence of life, although that
bias could lead us to miss recognizing some forms of life. We will
return to this in the last chapter. The importance of liquid water is
emphasized in the article by Rothschild and Mancinelli [6]. They
note where there is liquid water on Earth, virtually independent
of all other conditions, there is life. “Other conditions” here can
mean extremes of heat and cold, alkalinity, and a whole host of
other possibilities. Of course, the most extreme conditions neces-
sitate the existence of creatures that can withstand the extremes;
these are known as “extremophiles.”
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Plaxco and Gross [7] devote a lot of space in their book to a
discussion of the importance of water to life of any kind. I think
that discussion is sufficiently important that I'll repeat the most
salient points. The human body is about 70% water, so there
would seem to be a very strong prejudice in our life forms for that
particular liquid. This is seen in virtually every biological process
in which our cells and bodies engage; we must have a solvent for
all these to happen. Water is as good as it gets.

Furthermore, water has the rather unique property that when
it freezes it expands. Thus when lakes freeze, the ice doesn’t sink
to the bottom, which would make it much easier for such lakes
to freeze solid, and would probably eliminate all life forms from
such lakes. When water freezes in cells the ice so formed tends to
rupture the cells. We will return to this when we discuss extremo-
philes in Chap. 9.

Water also has an unusual ability to absorb heat. Thus it pro-
vides an excellent moderator of climate change. And, of course, it
remains liquid over a 100° Centigrade (180° Fahrenheit) tempera-
ture range, yet another unusual characteristic, and one that is very
accommodating for life. Water also has an unusually large “dielec-
tric constant,” which makes it possible to take many chemicals
into solution in water. This is an important capability for the func-
tioning of our cells. Earth’s water may have arrived in the form of
comets, which consist largely of ice, so if enough of them got to
Earth, they would have fulfilled that function.

But all of this avoids the question of how life actually began
on Earth. There are certainly a number of questions about how
that occurred, many of which represent active areas of current
research. And there are numerous books that deal with various
aspects of that question. I won’t repeat much of what the other
books cover, but will focus on some issues that may be central to
the presence of the amino acids on Earth, which are the building
blocks of the proteins on which our lives depend, so in turn are a
critical component of the existence of life on Earth. The issues I'll
focus on tie together some astrophysical phenomena that occur on
macroscopic scales with the microphysics of molecules and even
of the constituents of the nuclei of the atoms in those molecules —
the very large with the very tiny.
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1.2 What Is “Life?”

This might seem like a question that should have an obvious
answer, but that does not turn out to be the case. Indeed, scientists
have been trying to provide an answer to that question for decades,
and their efforts have been preceded by others spanning centuries.
A wonderful paper on the definition of life was written by Luisi
[8], and I shall use many of his results. Charles Darwin did give
some thought to what was required for life to have occurred in
the first place from his nineteenth century perspective, and came
up with the observation: “The hypothesis of an originary arising
of life from the inanimate matter ... can at least offer the advan-
tages to explain natural things by natural pathways, thus avoiding
to invoke miracles, which are actually in contradiction with the
foundations of science” (quoted from [8]). Subsequently, Alexander
Oparin, in the early twentieth century, and culminating in his
book “The Origin of Life,” [9] attempted to refine the definition
by specifying its requisite conditions. He concluded that life was
necessarily based on six properties (1) capability of exchange of
materials with the surrounding medium; (2) capability of growth;
(3) capability of population growth (multiplication); (4) capability
of self-reproduction; (5) capability of movement; (6) capability of
being excited. He also added some additional properties, such as
the existence of a membrane and the “interdependency with the
milieu.” Although there are many other suggestions of what con-
stitutes life, this should give the reader some idea of the complexity
of the attempts to define life [8].

NASA, the US National Aeronautics and Space Administra-
tion, obviously has a huge investment of both money and time in
searching for life, so it has attempted to provide a definition of its
own. Their definition: “Life is a self-sustained chemical system
capable of undergoing Darwinian evolution.” As noted by Luisi
[8], this attempts to move the definition of life into the molecular
level. This could evolve even further by relating the definition to
ribonucleic acid, or RNA, but now we are getting beyond the scope
of this book.

Finally, before I get to criticisms of these definitions of life,
let me offer one more: the definition by Paul Davies in his book
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“The Fifth Miracle” [10]. I've restructured and condensed his
requirements, but basically they include the following:

e Living things are autonomous, that is, they have self-
determination. Living things can at least in some sense decide
things for themselves. Davies compares a live bird, which can
decide where it is going and what it is doing, with a dead bird,
which clearly is incapable of making its own decisions. How-
ever, the two birds are essentially identical, biologically and
chemically, so there is some special feature that the live bird
has that the dead one doesn’t. This statement doesn’t deal with
the reasons why one bird is alive and the other is dead, it only
recognizes that differences exist.

e Livingthingsreproduce, creating offspring that bear a large resem-
blance to the parents. This is clearly a requirement for continua-
tion. This also requires that living things have some mechanism
for information transfer from one generation to the next.

e Living things metabolize, that is, they process chemicals,
thereby bringing energy into their bodies. This requirement
exists because living forms use their “food” to produce the
energy they need to perform the functions they must in order to
continue to live and reproduce.

e Living things have complexity and organization, that is, life
forms are composed of many atoms, and the different special-
ized groups of atoms and molecules must work together in ways
that make the systems behave as they must to continue living.

e The complexity that characterizes life must be organized com-
plexity; the separate components must work together. Recall
the two birds discussed earlier; although the “systems” in the
two birds are essentially identical, they have ceased to work
together in the dead bird. In the living bird, the lungs take in
oxygen and insert it into the blood stream. The blood nourishes
the brain, which serves as director of operations, but it cannot
do so without the oxygen that the blood transports to it. So any
failure of one of those systems will result in a lack of organiza-
tion, and death.

e Living things must be capable of developing, or must be able
to change in response to demands of the environment. They
must be able to evolve, that is, their reproduction must include
mechanisms for evolution and natural selection. This is crucial;
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it not only determines the ability of any species to change in
response to the needs imposed on it by external factors, but it
also allows for improvement of any species for survival in its
constant competition with other members of its species, and
with those of other species. This is done by tiny changes in the
DNA of the species, mutations, most of which are destructive,
so don’t produce survivable offspring, or by imperfections in
reproduction. But a few of the changes will improve the ability
of the species to survive, and those adaptations will then even-
tually replace the ones that preceded them. This is how Darwin-
ian evolution capitalizes on the mutations that are produced by,
among other things, the cosmic rays that continually rain down
on Earth. You and I are in a state of constant mutation!

So how well do these definitions work? Well, they have some
obvious problems. For example the NASA definition really defines
life for apopulation, since reproduction often requires two members
of most species, so no single entity of these species is alive under
that definition. And exceptions are pretty easy to come up with.
For example, mules are incapable of reproduction, but are arguably
alive (Perhaps stubbornness can replace reproductive capability,
although there are certainly examples of politicians who appear
to carry both characteristics.). And viruses really complicate the
definitions, since they do pretty much fulfill the requirements for
categorization as a life form, but are not included as such by every-
one. An interesting discussion of this issue is given in the book by
Ward [11]. So the bottom line is that it’s not so easy to even define
what it means to be alive.

Since molecular biologists have gotten involved in the origins
of life (how could they avoid it?!), it is natural that modern defi-
nitions of life would take us to that realm. Indeed, one edition of
the journal Astrobiology contained several papers that dealt with
the definition of life. I won’t survey all the information in those
articles, but will just summarize and reference a sampler of what
might be involved in a definition of life based on the microscopic.

Deamer [12] bases his definition on what are generally agreed
to be the basic molecules of life: the nucleic acids, that is, the DNA
and RNA, and the proteins, all of which are referred to as “biopoly-
mers.” He then notes the processes by which the biopolymers are
synthesized, that is, by combining amino acids and nucleobases.
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His definition of life defines polymer synthesis as the fundamental
process that must occur in living entities, using the capabilities of
the nucleic acids to store and transmit genetic information, and of
the enzymes to act as catalysts for metabolic processes. As with
other definitions of life, Deamer includes reproduction as funda-
mental to his definition, but casts it in molecular terms. Finally,
he notes that the cells can evolve.

I've summarized and condensed Deamer’s definitions, since
if you're not into molecular biology, some of the verbiage can be
a bit intimidating. What is most interesting, though, is that many
of these properties he lists are not too different from Davies’ list
of properties, but rather have taken them to a more fundamental,
that is, microbiological, level.

Let’s talk a bit about basic definitions of life forms, as we
will encounter them in subsequent chapters, specifically archaea
(ar-KEE-a), bacteria, and eukaryotes (ew-KARR-ee-ohts). Archaea
are single-celled microorganisms, and their single cell has no
nucleus or many of the other fancy features that human cells,
which are eukaryotes, enjoy. However, archaea do have genes and
enzymes that catalyze some metabolic pathways, which gives them
some similarity, in that regard, to eukaryotes. However, archaea
reproduce asexually. Bacteria are also single celled microorgan-
isms and like archaea, their cells have no nucleus. Archaea and
bacteria are roughly similar in size and shape, and often grouped
together as “prokaryotes,” that is, “not eukaryotes.” Prokaryotes,
simply stated, “are molecules surrounded by a membrane and a
cell wall” (http://www.biology.arizona.edu/).

Eukaryotes are considerably more sophisticated than either
archaea or bacteria. However, they do have some additional simi-
larities to both. Eukaryotes and archaea are similar in that both
have DNA, deoxyribonucleic acid, which governs the genetic
machinery in both. However, Eukaryotes also have similarities to
bacteria. Eukaryotes differ from both archaea and bacteria, though,
in that they have a nuclear envelope [13-15], within which their
genetic material is contained. They also have other cellular refine-
ments that archaea and bacteria do not have, notably, many “organ-
elles,” organs of the cell, that exist in eukaryotes. All species of
large complex organisms, animals, plants, and fungi, are eukary-
otes. Although human organisms are eukaryotes, there are many
more bacteria than eukaryotes that inhabit the human body! Some
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of the bacteria are helpful, for example, in aiding in digestion.
However, some others can be extremely dangerous; cholera and
tuberculosis come to mind.

The first entity that could really be called “living,” that is,
that would satisfy the criteria that define life, probably had only a
few things in common with the modern definition of archaea and
of bacteria, and even less with eukaryotes. However, these first
cells eventually evolved into the three distinct life-form branches
of archaea, bacteria, and eukaryotes. These are further divided into
“kingdoms,” with archaea and bacteria comprising their own king-
doms, and eukaryotes being divided into four: protista (unicellu-
lar protozoans and multicellular algae), plants, fungi, and animals
(But note that not everyone agrees on these kingdoms, or even that
there are but six of them.).

Cell division is quite different in eukaryotes than in the
organisms that do not have nuclei. Although that’s a very interest-
ing subject, it’s pretty far removed from our story, so we’ll leave
that for other authors.

Fortunately, for the current book, we don’t need to be too
fussy about what defines life. As Justice Potter Stewart said in
his famous quote about hard-core pornography, “I know it when
I see it.” Or will we? Some of the single-celled entities discussed
in the previous paragraphs might not be so easy to recognize as
living entities, especially after having been committed to the fos-
sil record for a couple of billion years. So the answer to the “or will
we?” question is not so obvious, and we will get back to it later.
What we are presently concerned with is how the complex mol-
ecules that we know life requires are selected and propagated in
outer space, which indeed we will see that they are. Although the
means by which they combine to form life are extremely complex
and poorly understood (and this is an incredibly important area of
research), we won’t have to worry about the details of how that
comes about; it clearly does happen!

1.3 The Miller Urey Experiment

Scientists have been trying to answer the question of our chemical
origins for at least several decades. Oparin [9], mentioned above,
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and Haldane [16] have suggested that “a ‘primeval soup’ of organic
molecules could be created in an oxygen-depleted atmosphere (the
condition of early Earth) through the action of sunlight. These
would combine in ever-more complex fashions until they formed
droplets. These droplets would ‘grow’ by fusion with other drop-
lets, and ‘reproduce’ through fission into daughter droplets, and so
have a primitive metabolism in which those factors that promote
‘cell integrity’ survive, and those that do not become extinct.”
(from Wikipedia) Oparin and Haldane concluded that oxygen
which developed later on planet Earth would prevent the synthesis
of the organic compounds that are necessary for life (although it is
clearly essential for the continuation of many Earthly life forms,
including humans).

Thus, half a century ago Miller and Urey [17], two chemists
at the University of Chicago, performed an experiment to see if
they could make amino acids from conditions that might have
existed in the early Earth. This was an unusual situation, since the
idea for this experiment was Miller’s, and he was a graduate stu-
dent when he began this work. He had to convince his advisor,
Urey, that they should do this experiment. However, when the
work was published, Urey, already a very well-known chemist,
was so concerned that Miller would receive appropriate credit for
his work if Urey’s name appeared with Miller’s on the paper, had
Miller publish the paper as the sole author.

There are more than 100 amino acids; 20 of them are the
building blocks of the proteins that we require for life. Our bodies
make about half of these 20 amino acids, and we get the others
that we require from the food we eat. Beyond those 20, the amino
acids are not essential for life, and most do not even occur natu-
rally on Earth. Miller and Urey were trying to figure out how the
first Earthly amino acids were produced. Their experiment was
designed to see if the 20 on which we depend for life might have
been created initially in an environment that probably existed
early in the Earth’s history. What they found was that they could
create at least some of the amino acids from a spark discharge in
an oxygen poor environment that contained a few basic molecules,
consistent with Oparin’s and Haldane’s suggestion. If one assumes
that such an environment could have existed on Earth in its early
stages, one can conclude that the amino acids were formed on
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Earth in a lightning storm, and that subsequent chemical evolu-
tion produced all the molecules that are essential to life.

Is that the end of the story? Not quite. Amino acids also have
a peculiar property, called “chirality,” that the Miller-Urey experi-
ment does not explain. Chirality is a fancy word for handedness.
Your hands have chirality; if you hold them in front of you with
the palms facing you it is obvious that they do not look the same;
the thumbs point in opposite directions. But if you stand by a mir-
ror so that you are looking at the palm of one hand directly and at
the palm of the other in the mirror, you find that now they do look
the same. So your hands do have a kind of symmetry—a mirror
symmetry. From this you could conclude that there are two forms
of chirality: left handed and right handed. It turns out that chiral-
ity also exists in molecules, and in fundamental particles, and it’s
very much like it is with your hands; it’s a mirror symmetry. And
the two forms have been given the scientific designations of “left
handed” and “right handed.”

So chirality seems to manifest itself in a variety of situations
in nature. Indeed, chirality applies to the amino acids; it has been
found that the Earthly amino acids (with one exception, and it is
non-chiral) are all left handed! But if you produce them in a spark
discharge you produce the same number of left handed and right
handed ones, although somehow all the amino acids that exist in
us got to be entirely left handed. So there must be some other, or
an additional, mechanism by which the amino acids are produced
and processed that the Miller-Urey experiment does not address.
Therefore, knowing how the amino acid chirality came to be may
well provide the key to understanding their origin.

It is now indisputable that amino acids are made in outer
space, and that they undergo some chiral selection there; I'll pres-
ent the scientific evidence for that, which is a result of meteorites
that hit the Earth. So we're all extraterrestrial aliens in a sense!
Obviously we weren’t born on another planet, at least I wasn't,
but what I will argue is that the template molecules of the stuff of
which we’re made were created far from planet Earth, and that the
chirality of the amino acids is part of the solution to the question
of their origin. It’s well established that most of the elements that
comprise those molecules were created by stars and expelled into
the vast reaches of the cosmos when those stars ended their lives.
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But in addition, astronomers have found abundant evidence for
complex molecules that have formed in outer space from those
elements. And, since some of those are the building blocks of the
molecules of life, and one of the mechanisms I will present in this
book would establish the chirality that must be created in outer
space, there is reason to believe that the basic requirements for life
did begin in outer space.

That’s what this book is about: it offers an explanation of how
one aspect of life came to be the way it is. Obviously that’s not as
far out as someone’s tale about being conceived on another planet
and then transported to Earth, but it’s a lot more likely to be true.
But the scientific origin of the amino acids is also an interesting
and exciting story. I hope you’ll agree!

1.4 General Background and Definitions

So this book is about the theories that purport to explain how
some of the seeds of life, the amino acids, were created in the cos-
mos, and then transported to Earth to become a critical element
in the creation of Earthly life. Many of the components of these
theories are not new; scientists as far back as the ancient Greeks
have discussed such concepts. Astronomical measurements have
provided solid evidence that complex organic molecules (that is,
molecules that contain carbon, although that definition is a bit
simplistic, as there are inorganic molecules that contain carbon)
are continually being created in the cosmos. And, as noted above,
a handful of the meteorites that have crashed to the Earth’s sur-
face have demonstrated that amino acids and even more complex
biologically relevant molecules are created in the cosmos, and can
survive their trip to the surface of the Earth.

However, as noted above, Nature has given us a wrinkle that
not only suggests that the molecules of life originated in the cos-
mos, but perhaps even demands that this be the case; this evidence
is the chirality of the amino acids. We'll talk a lot more about
chirality in subsequent chapters. Although the 20 amino acids on
which we depend for our lives are all left-handed (with the one
exception), there is no obvious reason why at least some of them
could not have been right-handed, since experiments performed
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on Earth that make them have produced equal amounts of each.
If we are to understand the origin of life, we must address this
important clue as to where it began.

Furthermore the fact that the amino acids are all left-handed
doesn’t of itself demand that they all have the same handedness,
or even that they all have some handedness. However, this may
well be the case, as Gol’danskii and Kuz’min [18] state in their
review article: “It can be concluded ... that the biogenic scenario
for the onset of the chiral purity of the biosphere could not, even
in principle, have been realized in the course of evolution, since
without chiral purity of the medium the apparatus of self repli-
cation could not appear. This apparatus is a basic process in the
self-reproduction of any organism. Life cannot arise in a racemic
[that is, equally abundant left- and right-handed] medium” (Italics
are mine.).

So now you know the meaning of one of the terms we
will use: “racemic.” But we need to introduce another term—
“enantiomeric.” An enantiomeric medium has more molecules of
one chirality than the other, but can have some of each. And, if
there is only one chirality, then the medium is “homochiral.”

The concept of chirality has existed since the time of Pas-
teur [19], who noted in 1860 that there was “a ‘demarcation line’
between life and non-life: the mirror dissymmetry of organisms”
(quoted from [18]).

I hope that whets your appetite, not only to find out how the
amino acids originated in space, and how they might have been
involved in the creation of life, but also to understand more about
chirality, and why it is critical to the development of life on our
planet. But our story also requires that I tell you how the Uni-
verse began, how the elements got produced, why the cosmos
favors left-handed molecules. This latter item will require some
details of core-collapse supernovae, some information about neu-
trinos (those ghostly fundamental particles that have no charge
and almost no mass), and some basic nuclear physics. I will also
explain how the left-handed molecules, once created, get ampli-
fied and propagated throughout the Galaxy, and amplified again
when they begin their planetary existence. But I'll explain all these
things in the appropriate chapters, then assemble all the pieces in
the next to last chapter.
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Ficure 1.1 Scenario by means of which chiral amino acids are produced.
“Racemic” means that there are equal numbers of left- and right-handed
molecules. “Enantiomeric” means that there are more of one chirality than
the other. “Homochiral” means all the molecules are of the same handed-
ness. The details are explained in the text. (From Boyd et al. [21]. Courtesy
of Astrobiology)

If involving the cosmos in determining something that seems
so Earthbound seems improbable to you, let me quote from a review
article by Bonner [20] (which by the way is an excellent review arti-
cle): “The logical conclusion is that the source of terrestrial chirality
must then have been extraterrestrial, and furthermore that it must
have been capable of providing an ongoing influx of chiral mole-
cules having uniform chirality. Only in this way, and not through
the gradual accumulation of chiral molecules after statistical fluc-
tuation in the prebiotic soup could the ‘chiral catastrophe’ of global
symmetry breaking occur during Earth’s turbulent prebiotic era.”

Figure 1.1 gives you some indication of where we are going
in general, and what my favorite theory for explanation of amino
acid chirality looks like. Any theory of amino acid creation that
has them being produced in the cosmos (and I will discuss others)
will involve many of these same stages, so this theory provides a
useful discussion of the features of these theories that purport to
explain amino acid chirality that applies to more theories than
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just ours. This particular theory is from work I did with my col-
leagues Kajino and Onaka [21, 22].

In our scenario, the elements are mostly produced in stars,
and that certainly is the case for the ones in which we are
interested, specifically carbon, nitrogen, and oxygen (except for
hydrogen, which was produced in the big bang). When a massive
star completes all its stages of stellar evolution and explodes in
a supernova, it seeds the cosmos with newly synthesized nuclei
(which are the centers of atoms, and contain most of the mass of
the atoms). These elements are expelled into a huge cloud, called
a nebula, which is created by the supernova explosion. As the neb-
ula cools, atoms will form from the nuclei and electrons in the
nebula, then molecules will form on the surfaces of dust grains,
or on meteoroids (“meteoroids” are the chunks of rock and pos-
sibly ice that exist as part of stuff of outer space; when they pass
through the Earth’s atmosphere and hit the Earth’s surface they
are designated “meteorites”). Sometime later, a second star com-
pletes all its stages of stellar evolution and becomes a supernova,
processing the molecules produced from the detritus of the first
star through mechanisms we will discuss later.

But I'll show that it may well be that not any old massive star
will do, but that a particular type of star, an especially massive
one, that has become a “Wolf-Rayet” star prior to its explosion
as a supernova, is required. These stars will ultimately end up as
black holes, a property that the Boyd-Kajino—Onaka model [21, 22|
requires. When the Wolf-Rayet star explodes it usually produces an
intense magnetic field and always produces a huge neutrino flux
(we’ll have a lot more to say about neutrinos). Some of the dust
grains and meteoroids that were floating around the Galaxy will be
close enough to the supernova that they, and the molecules they
contain, will be affected by the intense neutrino flux and the mag-
netic field of the supernova. This combination, in interacting with
the molecules, produces a selective destruction of one orientation
of the N nuclei (an isotope of nitrogen, the nucleus of which is
comprised of seven protons and seven neutrons) that exist in the
molecules that formed; this selects a particular chirality of those
molecules. This chirality selection is then amplified by chemical
replication that takes place on the molecules that have collected
on dust grains that exist in the nebula and its surrounding region.
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Then, mixing of the constituents of the Galaxy produces the same
chirality selection throughout much of the Galaxy. Next, some of
the enantiomeric molecule-containing meteoroids will fall onto
Earth and other planets, seeding them with molecules of that chi-
rality. Finally more amplification drives all of those molecules to
homochirality, the condition in which only one chirality exists.
This is what we have found to be the case on planet Earth.

So the idea that the chirality of the amino acids arose in outer
space, beginning with production of the elements, followed by for-
mation of the molecules on dust grain surfaces, and then molec-
ular amplification, isn’t new. What is new is the mechanism by
which the molecules got processed into the chiral state that has
been found to exist.

But this isn’t the only model that has been invoked to explain
amino acid enantiomerism. Several excellent books have written
that attempt to describe how life began. These include two books by
Davies [10, 23] and one by Plaxco and Gross [7]. However, these books
pay very little attention to the issue of amino acid chirality, which I
believe to be central to understanding how and where the molecules
of life were created. A book by Meierhenrich [24] and the review arti-
cles by Rode et al. [25], and by Avalos et al. [26] give much more atten-
tion to the origin of chirality; we will return to some of the work of
both the Meierhenrich and Rode groups later on. Another book, by
Guijarro and Yus [27], deals with molecular chirality as its primary
subject. And, as mentioned previously, articles by Bonner [19, 28] deal
directly with the issues associated with amino acid chirality.

To find out for yourself how the molecules of life got started,
read on. I'll try to give you a sampler, and critiques, of some of
the theories that purport to explain how life as we know it, or in
whatever form it might have taken, began.
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2. What is the Origin
of the Lightest Elements!?

Abstract Although the birth event of our Universe occurred 13.7
billion years ago, it left enough signatures about its details that
scientists are quite confident in our understanding of the basic
features of that event. The first hints of the Big Bang came from
astronomers, as discussed in this chapter. More recently, two
incredible experiments, the Supernova Cosmology Project and
the Wilkinson Microwave Anisotropy Probe, have determined
the parameters that govern our Universe in exquisite detail. One
longstanding paradox is also discussed, and shown to be solved by
the Big Bang model. Finally, we explore the nuclear reactions that
made a few light nuclei in the few minutes that followed the Big
Bang. The abundances for these nuclei obtained by observational
astronomers are compared to the calculations of the nucleosyn-
thesis that occurred just after the Big Bang.

2.1 The Big Bang

We need to begin our story with the basic constituents of mol-
ecules, that is, atoms. So where do the atoms come from? Most of
the elements are made in stars. But things are not quite that simple.
The elements hydrogen and helium comprise 99% of the mass of
the universe that isn’t made of exotic stuff (that is, dark matter or
dark energy, if you're a physics aficionado), and they were mostly
produced in the Big Bang. And the birth event of our Universe is
certainly the origin of everything we know, so let’s begin our story
with a discussion of the Big Bang. That name originated with Fred
Hoyle, who actually believed in a “steady state universe,” that is,
one that didn’t have a birth event. Hoyle intended the name as a

R.N. Boyd, Stardust, Supernovae and the Molecules of Life: Might We 21
All Be Aliens?, Astronomers’ Universe, DOI 10.1007/978-1-4614-1332-5_2,
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pejorative comment on the model of his competition. Of course,
we now know that the name caught on, and the birth event of
our Universe is now a well-documented scientific paradigm. Our
primary interest will be in Big Bang Nucleosynthesis, BBN, but
before we describe that, let’s back up a few minutes to the events
that preceded BBN.

Thirteen billion seven hundred million years ago an extraor-
dinary event occurred: our Universe was born. This is well doc-
umented by many observations, but the Supernova Cosmology
Project, SCP, and the Wilkinson Microwave Anisotropy Probe,
WMAP, stand out as the modern incarnations of these efforts. The
SCP was headed by Saul Perlmutter (who won the 2011 Nobel Prize
in physics for his efforts), and WMAP by Charles Bennett.

However, a very prominent forerunner of these occurred in
the early twentieth century as a result of astronomical observa-
tions by Vesto Slipher and their interpretation by Edwin Hubble.
Hubble was an interesting character, noted in his early life more
for his athletic prowess than his academic abilities. He once won
seven first places in a track meet, and he dabbled in amateur boxing
for a time. He also got a law degree before serving in the military,
and then getting his Ph.D. Getting back to astronomy, Slipher
had noted that the light from some galaxies appeared to be “red
shifted,” that is, the characteristic wavelengths of the light from
those galaxies could be identified as originating from emissions of
photons—those particles of light—from atoms of hydrogen, but
they were shifted toward longer wavelengths. Since hydrogen is
the most abundant element in the Universe, it is appropriate to
show some of the characteristic wavelengths that are emitted by
hydrogen atoms; no other element emits light at those same wave-
lengths. These are seen in Figure 2.1.

Figure 2.1 shows the different series (or groups) of emis-
sions of photons when electrons change from one allowed state
to another, that is, these are the result of transitions between spe-
cific energy levels. The Lyman series results from transitions to
the lowest lying energy level, called the ground state. The Balmer
series is from transitions to the next highest energy level, called
the first excited state. The Paschen series is to the second excited
state, and continues beyond the scale to the right. Each series has
many more lines, but they pile up at the left most line in each
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Ficure 2.1 Characteristic emissions of hydrogen atoms. The electrons
in atoms can only exist at well-defined energies which result from well-
defined quantum mechanical “states,” which are different for the differ-
ent elements. Transitions between those states produce the characteristic
emissions.

series. Those indicated in Figure 2.1 as being in the visible light
region would be observed in the laboratory, that is, these are not
red shifted. The Lyman series is shifted into the visible part of the
spectrum in highly red shifted objects; these are the emission lines
that were observed by Slipher.

We will give a more thorough discussion of wavelength in
Chap. 4. For now, we will just observe that “light” is electro-
magnetic radiation, and that it is characterized by an oscillating
electric field and an oscillating magnetic field. The oscillations
occur in both space and time. The wavelength is the distance
over which a wave repeats itself. Visible light has a wavelength of
around 5x 107 m, or 1/2 of one millionth of a meter. The above-
mentioned characteristic wavelengths of the light from distant gal-
axies had to have been a result of a Doppler shift, that is, the fact
that the galaxies were moving away from us. This is something
that everyone experiences in hearing a train whistle or a police
siren: the frequency of the sound is higher (and that means that
the wavelength is shorter) when the train or police car is moving
toward us, then it drops as it passes us. The same effect applies
to light. This ultimately led Hubble to conclude that all galaxies
were moving away from all other galaxies in the Universe, that
is, that the Universe was expanding. He also concluded from the
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amount of the red shifts that the more distant the galaxies were,
the faster they were receding. This led to “Hubble’s law:”

v = HR,

where v is the velocity of recession between galaxies, R is their
separation distance, and H is the constant of proportionality, the
Hubble constant. This law is a very simple looking equation, but
it has profound consequences: it says that the farther an object
is from us the more rapidly it will be receding from us, and this
applies to every pair of objects in the Universe! This law prevailed
for more than half a century, albeit with a large uncertainty on the
value of the Hubble constant.

It’s not so easy to envision what this looks like in three
dimensions, but if you can for the moment think of our Universe
as being just two dimensional, then you can think of it as exist-
ing only on the surface of a balloon. If you mark galaxies on the
balloon, then blow it up, you will see that every galaxy is receding
from every other galaxy. However, I don’t know many people who
can accurately conceive of this in three dimensions, so if you’'re
having trouble, you’re not alone.

Indeed, determination of the Hubble constant led to a major
irony of twentieth century science. Two major groups had been
performing observations and analyses to determine H. One group,
headed by the French astronomer Gerard deVaucoleurs, consis-
tently obtained values around 100 km/s/megaparsec (a parsec is
an astronomical unit of distance, and is 3.6 light years, or 3.1 x 10"
[31 trillion] kilometers). The other group, headed by Alan Sandage,
an American astronomer, consistently obtained values of around
50 km per second per megaparsec, and the uncertainties on their
respective values were much smaller than the differences between
them.

In science, when you have two results as discrepant as these,
the last thing you would do is average them, since one of them
is surely incorrect. Of course, both could be incorrect, and that
turned out to be the case here. The modern value for H is 70.5 km
per second per megaparsec (WMAP website), close to the average
of the Sandage and deVaucoleurs results, and certainly the average
of the two results within their uncertainties.
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2.2, The Supernova Cosmology Project

However, the SCP found, via very detailed measurements done in
the 1990s, that the Hubble constant was not constant! Hubble’s
law had become so ingrained in astronomy that the red shift of
distant objects was used to infer their distance. So if one were to
check Hubble’s law one would need some independent distance
indicator. If you think about making an astronomical observa-
tion you will quickly realize that it is easy to locate objects on an
up—down and left-right plane, but determining the distance to an
object, the third dimension, is trickier. What one needs is a class
of objects that always exhibit the same intrinsic brightness, or
which produce some other observable quantity that allows deter-
mination of the intrinsic brightness. Then the observed brightness
allows one to infer the distance to the object, since the observed
brightness falls off as the inverse square of the distance to the
object. One class of objects in the latter category is Cepheid vari-
ables, stars for which their brightness oscillates with a frequency
that can be related directly to the intrinsic brightness. So astrono-
mers can measure the frequency of oscillation of a Cepheid, and
thus determine its intrinsic brightness. And comparing that to
the observed brightness then gives the distance to the star. Unfor-
tunately, Cepheids are not especially bright stars, so some other
“standard candle” needed to be found for making measurements
at the huge distances that characterize cosmology.

Such objects are Type Ia supernovae. These are extremely
bright exploding stars that are all essentially the same mass before
they explode, and therefore, since they explode by thermonuclear
runaway and blow up the entire star, and the nuclear processes are
essentially the same for all Type Ia supernovae, they have nearly
identical intrinsic brightness. The SCP utilized Type Ia superno-
vae for its standard candles.

The simplest description of the Universe would be that it
formed in a giant explosion of the entire Universe, and has been
expanding, and slowing its rate of expansion, ever since. The reduced
rate of expansion would result from the gravitational attraction of
all the constituents of the Universe on each other. What the SCP
found, however, was that although the Universe is expanding, the
expansion was speeding up, not slowing down. This suggests that
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there is something that acts like a “negative gravity,” that is, that
it does exactly the opposite of what gravity does. This has been
dubbed “dark energy.” Its existence actually harks back to Einstein,
who included it in his general equations and called it a cosmologi-
cal constant. He later referred to it as his greatest mistake!

So nearly a century later we have come to realize that, as was
often the case, Einstein was way ahead of his time, and way ahead
of his fellow scientists. In any event, determining what the dark
energy is and understanding why it acts as it does will constitute one
of the primary objectives of scientists for at least the next decade.

The results from the SCP are summarized in Figure 2.2, which
plots the “effective m,,” (which is just the observed brightness of
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Ficure 2.2 Hubble diagram, showing effective m,, the effective peak
brightness of the supernovae, versus redshift z, for 42 high-redshift type
Ia supernovae from the Supernovae Cosmology Project, and 18 lower-
redshift type Ia supernovae from the Calan/Tololo Supernova Survey [1].
Several outliers that were not included in determining the fits to the data
are indicated as open circles (although their inclusion did not affect the
conclusions). The solid curves are the theoretical effective m,(z) for a range
of cosmological models with zero cosmological constant Q, and varying
energy density of the Universe Q, (Q,,,Q,)=(0,0) on top, (1,0) in the middle,
and (2,0) on the bottom. Q=1 is the critical density of the Universe, as
defined in the text. The dashed curves are for a range of cosmological
models: (Q,,Q )=(0,1) on top, (0.5, 0.5) second from top, (1,0) third from
top, and (1.5, -0.5) on the bottom. The high-redshift data are clearly seen to
favor a nonzero Q. (Reprinted from Boyd [2]. Originally from Perlmutter
et al. [3]. Courtesy of IOP Publishing, and of Saul Perlmutter)
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each star) on the y-axis versus “redshift” on the x-axis. Redshift is
simply related to the “time from Today,” or in astronomers’ jargon,
“lookback time.” The scale of the Universe characterizes the expan-
sion of the Universe. The several curves represent the Universal
expansion in terms of the different assumptions about the different
cosmological parameters that characterize the Universal expansion.

Figure 2.2 shows that the data lie up and to the left of the
line labeled (1,0), which is where the data would be if the energy
density of the Universe were equal to the “critical value” and the
cosmological constant was zero. By critical value we mean that the
Universe would continue to expand forever, but slow down at a
rate such that it would only stop expanding at infinite time. Thus
the data do not favor a scenario in which the Universe is expanding
at a decreasing rate resulting only from mutual gravitational attrac-
tion. Rather the Universe appears to favor a scenario in which the
Universe is expanding, and the expansion is accelerating. So the
thing to take away from this is that the SCP data do not support the
model that had prevailed for more than half a century, but do sup-
port a considerably more complicated universe—one that contains
stuff that scientists, excepting Einstein (with his cosmological con-
stant), had not imagined previous to the SCP results.

2.3 The Wilkinson Microwave
Anisotropy Probe

Although the SCP is probably the most direct way to check the
veracity of Hubble’s law, it is not the only experiment done to
determine cosmological parameters. As mentioned above, the
Wilkinson Microwave Anisotropy Probe, WMAP, was the prime
example of another class of projects to study cosmology; it was
directed toward the 2.7 K (this corresponds to -270.5° Centigrade,
4.9° Rankine, and -454.8° Fahrenheit. This is pretty cold no matter
what temperature scale you use!) cosmic microwave background
radiation. This is the electromagnetic radiation—the photons—
left over from the Big Bang. It was first discovered by accident by
Arno Penzias and Robert Wilson, two scientists at Bell Laborato-
ries in New Jersey, as they were trying to develop an extremely
sensitive antenna.
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Penzias and Wilson were unable to eliminate some back-
ground noise, despite heroic efforts to do so. Fortunately, down
the road a few miles at Princeton University was Robert Dicke, a
theoretical cosmologist, who explained to Penzias and Wilson that
they had discovered the relics of the radiation produced in the Big
Bang. This radiation was very hot at the time of the Big Bang, but
as the Universe expanded, the wavelength of the radiation length-
ened with the expansion of the Universe. And larger wavelengths
mean less energetic radiation. So this radiation is now extremely
cold. It should also be noted that George Gamow had predicted
that such a background should exist many years earlier. Penzias
and Wilson won the Nobel Prize for their discovery. A much more
elegant experiment was performed in the late twentieth century
by a team lead by Smoot and Mather [4]; they measured the 2.7 K
cosmic microwave background radiation in detail. Smoot and
Mather were also awarded the Nobel Prize for their efforts.

However, the Smoot-Mather measurement has undergone an
incredibly sophisticated improvement with the WMAP, which was
designed to measure temperature fluctuations in the background
radiation rather than the temperature itself. It turns out that the
density in the early Universe was blotchy, and the sizes and densi-
ties of the blotches tell us a great deal about the status of the Uni-
verse at the time that the electrons were captured on nuclei to form
neutral atoms. Prior to this, the electrons had been free because
the temperature of the Universe had been too high, and therefore
the density of photons with sufficient energy to ionize the atoms
was too great, to permit atoms to exist. The measurement of the
blotches can provide tests of theories of how the early Universe
formed and evolved. WMAP was able to measure the fluctuations
to a few parts in a million; an incredible achievement.

A standard mathematical technique was then used to gener-
ate the curves that represent the oscillations in the data shown
in Figure 2.3. The x-axis is the size scale of the fluctuations on
the cosmic microwave background, as indicated, and the y-axis is
essentially the magnitude of the fluctuations in the cosmic micro-
wave background radiation at that angular scale. These represen-
tations show that the baryon density of the Universe—baryons are
the protons and neutrons that comprise the nuclei of the atoms of
which we are made—constitute less than 5% of the mass-energy
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FiGURE 2.3 The WMAP angular power spectrum for 7 years of data. The
WMAP temperature fluctuations are shown in microKelvin (millionths of
a Kelvin degree) as a function of the angular size of the fluctuations The
best fit Cold Dark Matter with Cosmological Constant model is shown.
Author: The WMAP/NASA Science Team. Sponsor: National Aeronautics
and Space Administration. (Courtesy of Charles Bennett)

of the Universe. This should produce some level of humility; not
only are we not the center of the Universe or even of the Galaxy,
we're less than 5% of the stuff from which the Universe is made!
This is very accurately determined; the second peak from the left
shown in Figure 2.3 is very sensitive to that value.

The WMAP data also showed that 23% of the Universe is
dark matter; this is stuff that interacts very weakly with most
probes that one might devise to look for it, but does produce a
gravitational pull on galaxies, so is obviously present from the
motions of galactic constituents. The third peak is especially sen-
sitive to the amount of dark matter. Finally, the dominant compo-
nent of the Universe’s mass-energy, 72% of it, is the dark energy,
as determined from both the SCP and the WMAP results. The two
experiments also determined that the age of the Universe, to high
accuracy, is 13.7 billion years, and the Hubble constant is 70.8 km
per second per megaparsec. The original WMAP publication was
by Bennett et al. [5], but the most recent results from WMAP at
the time this is being written can be found in Jarosik et al. [6].
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2.4 Olber’s Paradox

There is an interesting argument that shows that the steady state
Universe, Fred Hoyle’s favorite cosmological theory, can’t be cor-
rect, or at least has serious problems. This is known as Olber’s
Paradox. Simply stated, this asks why the night sky isn’t bright
instead of dark with speckles of starry light? Well, maybe it never
occurred to you that the night sky might be bright! Olber’s Para-
dox was promoted in the nineteenth century by astronomer Hein-
rich Olbers, although the idea behind it was apparently realized as
early as the sixteenth century by Kepler.

So why might the night sky be bright? Consider the left-hand
side of Figure 2.4, which shows a star seen by observer “O,” who is
distance d away from it. Suppose now that the same star is distance
2d from the observer; then, since the intensity of the light from the
star falls off as (1/distance)?, the star will appear to be 1/4 as bright.

Now consider the right-hand side of Figure 2.4, in which are
shown two thin shells of space, each of thickness A, one a distance
d from the observer and the other a distance 2d from the observer.
The observer’s telescope will be able to see an angular opening
of ®, which will produce an image of the two disks, the nearer
one of diameter ©d, and the more distant one of diameter 20d.
Thus the nearer disk will have an area proportional to d?, and the
more distant one will have an area proportional to (2d)* or 4d>. So
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Ficure 2.4 Left Observer “O” in relationship to two stars of the same
intrinsic brightness, but the more distant one at twice the distance as the
nearer one. Right Observer looking through a telescope at two disks that
are subtended by the same angle ®. The disk that is d away has a diameter
of ®d, and the one that is 2d away has a diameter of 20d.
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the volume of the more distant disk, if we now include the third
dimension, the A, will be four times that of the nearer disk and,
assuming that the density of stars is constant, will have four times
as many stars as the nearer disk. Each of those stars will appear to
have 1/4 of the intensity of the stars in the nearer disk, but there
are four times as many of them, so the light from the more distant
disk will be exactly equal to that of the nearer disk. If you keep
adding disks out to infinity, you should just keep adding to the
light seen by the observer, and you will make things bright indeed!
Note that I assumed that the Universe was both uniformly popu-
lated with stars and that it is infinite. These are assumptions that
accompany the Steady State Universe theory.

Okay, so the night sky isn’t bright, which means there must be
something wrong with the assumptions that went into Olber’s Para-
dox. First, we know that the Universe is not infinite, although it is
pretty huge, so that may not resolve the problem. Secondly, the Uni-
verse is not static, that is, it is not in a steady state. In fact, we know
that it is expanding, and this will increase the wavelengths of the
radiation from the distant stars, which also decreases the energy of
the photons. In fact, the energies of the light from sufficiently distant
stars will be so low as to be irrelevant. Furthermore, the Universe
is, in a sense, young, in that the light from distant stars hasn’t had
time to reach us. And this certainly would not be the case if we had a
steady state Universe [6, 7]. So Olber’s Paradox really isn’t a paradox
at all when viewed from the perspective of modern cosmology.

So we know what the baryonic matter is, but we don’t know
what comprises the dark matter, and we don’t have any idea what
the dark energy is!

2.5 Big Bang Nucleosynthesis (BBN)

Now, back to our effort to describe what nuclides are synthesized
in the Big Bang. What I will do is take you through the nuclear
reactions that make the nuclei which were produced in the Big
Bang. Along the way we will encounter some physics conservation
laws, but I'll explain those also as we proceed. Actually very little
was synthesized, due to a couple of nuclear quirks: there are no
stable mass 5 or mass 8 nuclides. Mass 5 would be *He or °Li, and
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mass 8 would be ®Be. ®Be is close to being stable, but it is very short
lived; it lives 10-'° (one ten millionth of one billionth) seconds.
The two mass 5 nuclei are much too unstable to live for even a
short time. These facts make it virtually impossible to form any-
thing in BBN except *H, He, “*He, and "Li, and the 7Li is so difficult
to produce that its abundance is extremely small. I'll explain what
the various nuclides are comprised of below.

But let’s see how these nuclides are made. Seconds after the
Big Bang, the only nuclear particles were protons and neutrons. As
the Universe was expanding, it was also cooling, but it needed to
cool quite a bit before the very first reaction could take place. That
reaction is

'H+n—>"H+7,

where 'H and n refer to the protons and neutrons, *H is a heavy
hydrogen nucleus—a deuteron, comprised of a proton and a neu-
tron, and y is a gamma-ray, a particle of electromagnetic energy.
A gamma-ray is a very energetic form of electromagnetic radiation,
that is, a particle of ordinary light; all such particles are called pho-
tons. A photon is a necessary component of that reaction in order for
it to conserve energy. Energy conservation is a major law in physics.
This includes not only the energy of motion, but of mass energy,
that is, E=mc?, Einstein’s famous equation. So energy conservation
says that the sum of the mass energies and the energies of motion of
the particles on the left-hand side of the equation must equal those
same quantities on the right-hand side. However, the Universe had
to cool enough for the photons in the above reaction to lose enough
energy that they would not run that reaction backwards, that is, so
that they would not destroy 2H as rapidly as it was made.

There are two more conservation laws that we need to attend
to in this and all the other reactions that follow. The first is “charge
conservation.” In the above equation, the proton has a charge of +1
and the neutron has zero charge. On the right hand side, the deu-
teron also has a charge of +1, and the gamma-ray has zero charge.
So each side has a charge of +1, and charge is conserved. If there had
been an electron in the equation, its charge would have counted as
-1. The other law that must be satisfied is “baryon conservation.”
For our purposes, baryons are just protons and neutrons and nothing
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else (there are others, but they occur at higher energies than we
will be dealing with, so they won’t concern us), so the number
of protons and neutrons on the left side of the equation, includ-
ing those that exist in nuclei that contain both protons and neu-
trons, has to be equal to that number on the right side. (By the way,
baryon conservation is thought by particle physicists to be vio-
lated, but only at an incredibly tiny level. For our purposes, baryon
conservation applies.) Gamma rays are not baryons, so there isn’t
a conservation law that affects them, aside from conservation of
energy. The deuteron is an unusually loosely bound nucleus. Gen-
erally it takes around 8 MeV—million electron volts—a unit of
energy that is appropriate to nuclei, to liberate a single proton or
neutron from a nucleus, but the deuteron can be broken into its
constituent proton and neutron with only 2.2 MeV, a pretty small
amount of energy by nuclear standards.

So, the deuteron really was the bottleneck that required the
Universe to cool before BBN could begin. However, once *H began
to be formed, BBN began in earnest. There was also a bit of a con-
test going on. A free neutron is not a stable particle; it decays to a
proton, an electron, and a neutrino (technically, an electron anti-
neutrino; we will get to neutrinos later on) with a half-life of just a
little over 10 min. So after 10 min you will have only half the neu-
trons that you had before that period started. However, most of the
neutrons will get captured into nuclei, and they are stable in their
nuclear homes, provided that the resulting nucleus is stable.

The reactions that convert protons and neutrons into “He
nuclei—comprised of two protons and two neutrons—are as follows:

*H+'H->°He+7,

*He+n —'He +y or *He +'"H -*'He +'H,
*H+n >°H+7,

*H+'H—>'He +yor ‘"H+*H »*He +n.

Let me explain in words what is going on in these reactions.
In the first of the two sets of equations (the first two lines), a pro-
ton is captured onto a deuteron, making *He (an isotope of helium
that has two protons and one neutron) which is then converted
to “He, either with a neutron capture or in a reaction in which a
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deuteron adds its neutron to the *He and releases its proton. In the
second set of reactions, a neutron is captured onto a deuteron to
make °H, a triton (an even heavier isotope of hydrogen than the
deuteron, since the triton has a proton and two neutrons), which
then gets converted to *He either by capturing a proton or in a
reaction in which a deuteron drops off its proton and liberates its
neutron. Note that each of these reactions conserves baryons.

That’s pretty much all there is to BBN, except that ’Li (with
three protons and four neutrons) can be made in tiny amounts by
the two reaction series where e is an electron and v, is an electron
neutrino:

‘He+’H =Li+v, or
‘He +°He —'Be + v, and then

"Be+e ='Li+v,,

On the last line is the reaction by which "Be, which is not
a stable nucleus (it consists of four protons and three neutrons),
ultimately decays to "Li by capturing an electron, as indicated.
Neutrinos are very important to our story, but not in the context
of BBN. However, for the moment it’s worth noting that our Sun
emits 1.8 x10% (100 trillion trillion trillion) neutrinos per second,
8.4x10% (10,000 trillion trillion) of which impinge on one side of
the Earth, and virtually all of them pass right on through. If you
close your fist, you'll be enclosing a volume that contains several
hundred neutrinos. Of course, it’s not the same several hundred
neutrinos for very long; the neutrinos will pass through your hand
with virtually no recognition of your presence.

Solar neutrinos were the source of one of the major scien-
tific puzzles of the twentieth century, that is, why was the rate of
detection of Solar neutrinos about one-third of that predicted by
the Standard Solar Model (see the website of the late John Bahcall
http://www.sns.ias.edu/~jnb/ and Bahcall et al. [8], for many dis-
cussions of the Solar neutrino problem and the standard model).
The solution to this puzzle required the efforts of many physicists
for several decades, and uncovered a profound aspect of neutrinos,
that is, they can change from one type—called flavor—to another.
We will have more to say about neutrinos later. Finally, note that
neutrinos and electrons are not baryons.
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Ficure 2.5 The abundances of “He, 2H, ®*He, and "Li as predicted by the stan-
dard model of BBN, along with indicated uncertainties in the theoretical
predictions. Boxes indicate the observed light element abundances (smaller
boxes 2. statistical errors, larger boxes 2 statistical and systematic errors
added in quadrature). The “He data are from Fields and Olive [9], the 2H data
from Kirkman et al. [10] and Linsky [11], and the "Li data from Ryan et al.
[12] and Pinsonneault et al. [13]. No observations are indicated for *He, as its
primordial value is difficult to obtain. The narrow vertical band along the
right side indicates the CMB measured value of the cosmic baryon density.
(Reprinted from Boyd [2]. Originally from Fields and Sarkar [14]. Copyright
2004, with permission from Elsevier. Courtesy of Brian Fields)

The abundances of the nuclides made in BBN and the pre-
dicted abundances are shown in Figure 2.5, where they are plotted
as a function of the “baryon to photon ratio,” or baryonic den-
sity fraction of the Universe. Prior to WMAP, that ratio was not
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well known, so it was customary to plot the BBN abundances as a
function of that density as a way of determining its value. The ver-
tical region labeled “CMB” in Figure 2.5 gives the WMAP value,
which is seen to pass right through the preferred “D/H|p” or 2H to
'H ratio, region. It misses the preferred “He region, but just over-
laps it if one includes all the uncertainties, both statistical and
systematic (26 means that the boxes extend to the 95.4% confi-
dence level, that is, there is only a 4.6% chance that the value
of any measurement will lie outside the indicated error boxes).
The agreement with “He is important because nearly all of the
neutrons that existed in the early Universe are predicted to end
up in *He nuclei, so its Big Bang value represents the result of a
simple prediction. However, astronomers are confident that they
have observed ?H in environments that come close to representing
the Big Bang abundances, so its value is thought to reflect the Big
Bang value. And its predicted value is in excellent agreement with
the observed value at precisely the WMAP baryon density. *He is
both made and destroyed in stars, so its BBN value has a greater
uncertainty than those of the other BBN nuclides, therefore its
BBN value is not usually included as part of the success/failure
criteria of BBN theory.

This brings us to 'Li. At low baryon density it is mostly made
by the *H+*He—’Li+y reaction, whereas at higher baryonic den-
sity mass 7 nuclei are mostly made by the *He +*He —"Be +7 reac-
tion, and the "Be subsequently captures an electron to make "Li.
The mass 7 nuclide production from the former reaction falls off as
the baryonic density increases before the latter reaction fully takes
over, which is what produces the dip in the "Li abundance curve.
The bottom of the dip is just about what is observed for the Big Bang
’Li abundance. Unfortunately, the CMB value is at a higher bary-
onic density, and the "Li abundance at that value is about a factor
of 3 above the observed value. The resolution of this discrepancy
has been the subject of an enormous amount of research; this is an
ongoing research topic for many cosmologists and astronomers.

So how is one to solve the lithium problem? Recent studies
[15-17] have looked at possible nuclear reaction solutions, that
is, reactions that might contribute to BBN, but which are not
well characterized in the BBN computer codes. One particularly
interesting aspect of these studies is that, since "Be is the source
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of most of the ultimate "Li abundance during BBN, reactions that
might destroy "Be would mitigate the discrepancy between obser-
vation and theory. (Incidentally, there are potentially a lot more
reactions that could occur than are indicated above!) All of the
above reaction studies identified the "Be +*H reactions as the most
promising candidate for a nuclear physics solution, although one
of the studies [15] argued that it could not contribute as would
be needed in order to reduce the ultimate "Li abundance by the
required factor of 3. The curious feature of this reaction is that it
involves a nucleus, Be, that has a half-life of 54 days, making it an
extremely difficult nucleus on which to study nuclear reactions.
However, an experiment has recently been performed with a "Be
beam [18]; the result was that any reactions involving 'Be and *H
could not resolve the lithium problem.

Are there other possibilities that might resolve the problem?
One suggestion that has been studied by several authors [19-21]
involves the existence of a short lived particle in the early universe
that could have become bound to the nuclei that were formed in
BBN. The reason that BBN ceases when it does is that the tem-
perature drops to a point at which the nuclides cannot overcome
the Coulomb barriers that they must overcome in order to react.
(A Coulomb barrier is the electrostatic barrier that exists between
two positively charged particles.) However, assuming the short-
lived particle was negatively charged, it would reduce the Coulomb
barrier as soon as the Universe cooled to the point at which it
could be captured into the nuclei that existed at that time, and thus
would permit a short resurgence of nucleosynthesis. In so doing,
it was found that the "Li abundance problem could be solved. Of
course, if such a particle does exist, it should be produced in the
high energy particle accelerators that exist around the world, but
has not been seen yet.

To summarize, the current upshot of BBN is that the pre-
dicted abundances of ?H and “He are in good agreement with those
observed in stars or other environments that astronomers have
identified as representing early Universe abundances. The agree-
ment with ’Li is poor; the predicted value is about a factor of 3
higher than what is observed.

However, we can’t make people out of hydrogen and helium,
although some politicians are thought to be comprised primarily
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of gas, but for the rest of us, we need other atoms like carbon and
oxygen. These are made in stars, which is the subject of the next
chapter.
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3. What is the Origin of the Rest
of the Elements?

Abstract All the nuclei from carbon to lead, and even beyond to
thorium and uranium, are produced by nuclear reactions in stars.
The reactions that produce each group of nuclei operate under
conditions of density and temperature that characterize the phase
of stellar evolution in which these reactions occur. Thus helium
is made in hydrogen burning, carbon and oxygen are produced in
helium burning, neon and more oxygen are made carbon burning,
and so forth until the final phase of nucleosynthesis that occurs in
massive stars makes iron and nickel. Along the way, during helium
burning, heavier nuclei up to bismuth are synthesized. Massive
stars ultimately explode as supernovae, which enables another
process that produces nuclei as heavy as thorium and uranium.
This chapter provides the basic features of all of these processes, as
well as some of the basic characteristics of supernovae.

3.1 Introduction to Stellar Nucleosynthesis

Now that we have seen where the hydrogen and most of the helium
in the universe came from, we will shift gears and describe how
almost all the rest of the nuclides in the “chart of the nuclides”
were made. The chart of the nuclides contains all the isotopes of
all the elements; it’s much more involved than the periodic table,
which contains only the elements.

Just to remind you of some basic facts that you learned in your
junior high science class: different isotopes of an element have
the number of protons that defines that element, but a different
number of neutrons. For instance, helium (He) has eight known
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isotopes, all of which have two protons, although only *He and “He
are stable, that is, they have not been observed to undergo radioac-
tive decay. Carbon (C) has 15 known isotopes, from 8C to 2*C, of
which only 2C and *C are stable. Isotopes that are radioactive are
denoted as radioisotopes or radionuclides. As noted in Chap. 1, *C
is a radioactive form of carbon with a half-life of 5,730 years; this
is a particularly useful half-life for determining ages of things that
have lived at one time, and therefore contain carbon.

Stellar evolution involves a number of phases, each of which
involves a different set of nuclear reactions and produces differ-
ent nuclides. So to understand how all the nuclides are made, we
have to follow through all the phases of stellar evolution. And that
doesn’t produce all the nuclides; two other processes are needed to
synthesize most of the nuclides heavier than iron. So here we go.

The cores of stars are so hot and dense that they can “burn” the
nuclei they contain through nuclear reactions to synthesize differ-
ent nuclei; this process is called stellar nucleosynthesis. Note that
when I use the word “burn,” I am not talking about chemical reac-
tions, these are nuclear reactions. The nuclear reactions generally
occur at much higher temperatures, tens or hundreds of millions
Kelvin (in this temperature scale, 10 million Kelvin=18 Million
degrees Fahrenheit, and room temperature is about 300 K), and
they usually produce a lot more energy than do chemical reactions.
They also proceed much less rapidly at typical stellar temperatures
than most of chemical reactions we know from our Earthly experi-
ments; that’s why stars live for millions or billions of years!

The first stars that formed had to create heavier nuclei, the
carbon, nitrogen, and oxygen around which our story revolves,
through a myriad of nuclear reactions. What I'll describe below is
what goes on in stars that were formed of ingredients that already
contained a lot of elements that were heavier than hydrogen and
helium. These stars were made of the stuff that had been expelled
from earlier generations of stars (several generations of stars are
thought to have produced the stuff of which our Sun is made).
The first generation burned the primordial stuff, the primordial
hydrogen and helium from the Big Bang, but successive genera-
tions had some carbon, nitrogen, and oxygen to work with. So on
to the phases of stellar evolution.
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3.1.1 Hydrogen Burning

In their first stage of stellar evolution, stars burn hydrogen into
helium. As noted above, most of the helium we see today was
created in the Big Bang, so the helium abundance has increased
only a little as time has gone on due to the helium being produced
from hydrogen burning in stars. Massive stars spend about 90%
of their lives in this stage of stellar evolution. Stars with masses
greater than roughly three times the mass of our Sun will have
dominant reactions of hydrogen burning that are different than
those that operate in less massive stars.

There are actually two sets of nuclear reactions that describe
hydrogen burning in stars: the pp (proton-proton)-chains and the
CNO (carbon/nitrogen/oxygen) cycles. In our sun, the pp-chain
reactions dominate. Just to give you a flavor of how different these
reactions can be, I'll write them down. For lower mass stars like
our Sun, the reactions go as:

'H+'H—>"H+e" +v,,
*H+'H —»°He + v, and finally
*He +°He —*He +2'H.

The nuclei in these reactions were defined in the discussion
of Big Bang Nucleosynthesis. The symbols e* and v_ represent a
positron, that is, an antielectron (which has the mass of an elec-
tron, but a positive charge), and an electron neutrino, as defined
above. Don’t worry too much about these terms for the moment;
we will talk more about the ones that are important to our story
in subsequent chapters, and we will definitely return to the mys-
teries of neutrinos. They will turn out to be crucial to our story,
but not yet, and not at the energies at which most of them are
produced in hydrogen burning. Note that in these equations, the
number of baryons (that is, the number of protons and neutrons) is
the same on the right and left sides of the equations, so the baryon
conservation law mentioned in Chap. 2 is satisfied. The charge
conservation law is also obeyed; the amount of charge on the left
and right sides of the equations is also equal. For example, in the
first equation, the two protons on the left hand side make the total
charge +2. The deuteron, an isotope of hydrogen, has a charge of
+1, so the positron is required to make up the additional charge.
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In the first equation above, two protons fuse to form a deu-
teron, a positron, and an electron neutrino. In the second equa-
tion, a proton and a deuteron fuse to produce a *He nucleus and
a gamma ray, which is needed to conserve energy. And so forth.
The examples discussed so far have defined all the symbols that
we will encounter, so that Ill just write subsequent reactions as
equations.

In addition to the reactions indicated above, there are a few
more that produce nuclei up to "Be, but those heavier nuclei tend
to get returned to lighter nuclei via subsequent nuclear reactions
and decays of the radioactive nuclei produced along the way. I've
given you a picture, in Figure 3.1, of the three burning chains that
convert hydrogen to helium. The one on the left, the so-called pp-I
chain, is the one I described above; the other two are responsi-
ble for only a tiny fraction of the Sun’s energy output and helium
production. It is worth noting that there is a profound difference
between the reactions that convert hydrogen into helium in stars
and those that operated in BBN. This is a direct result of the neu-
trons that existed during BBN; neutrons do not exist in stars at
a high enough abundance level to produce the abundant nuclei,

'H
ly— 2H “He
7
IH 3He — }ie > 8f 4—1H
3He — > 4*He+ 'H'H € —» Li SBe*
pp-1 FE— P~
IH —>“He+"He He+%He

Ficure 3.1 The three chains that comprise hydrogen burning in the Sun,
and in other not-too-massive stars. The pp-I chain produces most of the
Sun’s energy. The two nuclei involved in each nuclear reaction are indi-
cated by the converging arrows, and the resulting nucleus at the point of
convergence of the arrows. For example, in the chain on the Ieft, 2H and
'H combine to form ®He (and emit a gamma ray, not shown in this figure).
(From Boyd [1]. Courtesy of University of Chicago Press)
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except at the time a massive star explodes and becomes a supernova.
So the set of reactions of BBN does not apply to stars.

In each of the three pp-chains shown in Figure 3.1, four pro-
tons are fused to produce a *He nucleus, a particularly tightly
bound nucleus (the importance of this will become clearer in a
later section of this chapter). If you check the bookkeeping care-
fully, you'll see that in the pp-I chain, actually six protons go into
that chain, but two of them exist in the final reaction along with
the “*He nucleus, so the net number of protons used is four. In the
pp-1II chain, the final equation produces two “He nuclei, but one
of them is an input at the top of that chain, so the net number
of “He nuclei is one. The pp-III chain actually begins with "Be,
which already has one “He nucleus and three protons included
therein, so the one proton that enters that chain produces one net
“He nucleus when the ®Be decays. The asterisk indicates that the
$Be is produced not in its lowest allowed energy state, but the next
highest allowed state.

Since we will need to discuss the four identified fundamen-
tal interactions that mediate stellar evolution to discuss the CNO
cycles, I'll introduce them now. They are, in order of their relative
strengths: the strong interaction, the electromagnetic interaction,
the weak interaction, and the gravitational interaction. For our
present purposes we need only concern ourselves with the first
three, and of those, the strong and electromagnetic interactions
are much stronger than the weak interaction (it is aptly named).

Getting back to hydrogen burning, more massive stars also
convert hydrogen into helium, but by a completely different set
of reactions than those of the pp-chains. These reactions, which
comprise the CNO cycles, use »C as a catalyst nucleus. These
nuclear reactions look as (and I've also indicated the interaction
that mediates each one):

2C+'H—>"N+7v,—(electromagnetic interaction)
"N -"C +e'+v,,—(weak interaction)
“C+'H—>'""N+v,—(electromagnetic interaction)
“N+'H—>"0+v,-(electromagnetic interaction)
PO -P"N+e" +v,,—(weak interaction)

"N +'H —" C+"'He. - (strong interaction)



46 Stardust, Supernovae and the Molecules of Life

In these equations, “C” stands for a carbon nucleus, “N”
for a nitrogen nucleus, and “O” for an oxygen nucleus. When a
gamma ray, y, is produced, the interaction involved is electro-
magnetic. When a neutrino, v, is produced, the interaction is the
weak interaction. When there are only nuclei in the equation, the
strong interaction mediates the reaction. In this second set of reac-
tions, it is seen that the >C nucleus (which has six protons and six
neutrons) catalyzes the capture of four protons (the 'H), and with
two “beta decays,” produces a ‘He nucleus and returns the origi-
nal ?C nucleus. Beta decay is the process by which one nucleus
decays to another, emitting a positron, the e*, and an electron neu-
trino, indicated by v_. In beta decay, the total number of baryons,
protons +neutrons, in the initial nucleus (for example, *N—seven
protons and six neutrons) is the same as that in the final nucleus
(in this case, 3C—six protons and seven neutrons). Beta decay
proceeds via the “weak interaction,” which will turn out to be
important for our story, but not just because of hydrogen burning.
So it’s just another name at this stage. We’ll return to our discus-
sion of beta decay in Chap. 7. I've also included a figure to show
these reactions pictorially.

As you can see from Figure 3.2, the reactions I gave you above
are only one of the CNO cycles, specifically the loop at the left, but
the other cycles don’t contribute much energy or nucleosynthesis
except at the very high temperatures that occur in very massive
stars (roughly ten or more solar masses). Like the pp-chains,
though, the net result of each of these cycles is the conversion of
four protons into a “He nucleus, although in the CNO cycles this
is done by four proton captures and two beta-decays, which differs
from the conversion in the pp-chains, in which the beta-decays are
rendered unnecessary by the reaction that produces deuterium.

So why does this CNO cycle burning operate in some stars
and the pp-chains operate in others? This depends on the tempera-
ture of their environment, and that is determined by the mass of
the star since more massive stars are hotter. As you recall again
from your junior high science courses, charged particles tend to
repel each other if they have the same charge, and to attract each
other if they have opposite charges. That repulsive force creates
the Coulomb barrier, mentioned at the end of Chap. 2. Since all
nuclei, from protons to beyond lead, are positively charged, they
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Ficure 3.2 The CNO cycles of hydrogen burning. In the cycles on the left
and right, the direction of the flow is clockwise, while in the center cycle it
is counter clockwise, as indicated. The cycle on the left, involving carbon,
nitrogen, and oxygen isotopes, is the dominant one, although the cycles in
the middle and on the right can contribute importantly in more massive
stars. In these cycles, the beta-decays (indicated by the Greek letter B),
generally occur much more rapidly than the nuclear reactions. Nuclear
notation is used here: (p,y) indicates a reaction in which the nucleus, for
example, >C, captures a proton to make a heavier nucleus (N in this
example), emitting a gamma ray, indicated by the Greek letter y. (Adapted
from Boyd [1]. Courtesy of University of Chicago Press)

will tend to repel each other. Nuclei are pretty tiny: around 10-'4
(one one-hundred-trillionth) meter. In order for them to fuse, for
example, for a proton to fuse with a >C nucleus to make ®N, the
proton and C nucleus have to get to within that 10-* meter of
each other. Although the two positively charged nuclei tend to
repel each other, if they have enough energy they will be able to get
that close. (For physics aficionados, they can undergo “quantum
mechanical tunneling,” so they can get close enough to fuse even
at relatively low energies.) The temperature of an environment is
determined by the motion of the particles in that medium, that
is, by their energies, and higher temperature means more ener-
getic particles, so a higher temperature environment will allow
its particles to overcome more readily the forces that tend to repel
the charged particles. Thus the reactions that operate in stars will
proceed more rapidly at higher temperatures.

The *C nucleus has a lot more positive charge (six units) than
a proton (one unit), so the force of repulsion between the proton
and 2C will be a lot larger than that between two protons. Thus
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the first reaction in the pp-I chain, 'H+'H—?H+e"+v_, will occur
at a lower temperature than the first reaction in the main CNO
cycle, p+2C—"¥N+y. And, since less massive stars have lower
temperatures than more massive stars, the pp-chain reactions will
dominate hydrogen burning in the less massive stars.

But, then, you should ask why isn’t pp-chain burning the pri-
mary mode of hydrogen burning in all stars? The answer lies with
the '"H+'H—>H+e'+v, reaction; it is very slow because it is medi-
ated by the weak interaction. Other fusion reactions operate by
the electromagnetic or the strong interaction, both of which are
much stronger than the weak interaction, so will proceed much
faster than the 'H+'H—2H+e'+v, reaction, if the temperature is
high enough that they can occur. So if a star is sufficiently massive
that the temperature becomes high enough for the CNO cycles to
operate, they will take over.

One of the nuclei created in hydrogen burning is crucial to our
story, and so deserves special attention. This is '*N (7 protons and 7
neutrons). Each of the nuclei in Figure 3.2 is made by one process,
for example, *N is made by proton capture on '2C, and destroyed
by another, beta decay to '*C in this example. *N is the nucleus
that is most slowly destroyed in the main hydrogen burning cycle
in massive stars, so a lot of it accumulates as the star burns its
hydrogen. Therefore, a lot of the '“N is likely to be left over after
hydrogen burning ends. Then it will ultimately be expelled into
the interstellar medium—the stuff that exists between the stars—
following the completion of all the stages of evolution of a mas-
sive star, culminated by an explosion in a supernova event. Or, in
some stars, the Wolf-Rayet stars mentioned in the introduction,
the N can be seen in the winds by which the star expels its outer
layer or layers. These stars are especially important to our story, as
will be explained later on.

The reason that stars can burn nuclei in nuclear reactions
is that their temperature and density are very much higher than
the densities and temperatures to which we are accustomed. The
temperature at the core of our Sun is 15 million Kelvin, or 27 mil-
lion degrees Fahrenheit. More massive stars burn their hydrogen
at temperatures that are 20-40 million Kelvin, or 36 million to 72
million degrees Fahrenheit. The density at the center of the Sun is
150 g/cm?, about 150 times the density of water, and more massive
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stars are denser still. So you wouldn’t expect these reactions to
occur outside of the stars, except in very special situations. And
it’s not going to be easy to do experiments under conditions that
simulate those of the stars!

Of course the hydrogen can'’t last forever. We believe that our
Sun will continue to burn its hydrogen for many more billions of
years (it’s already been at it for 4.6 billion years). More massive
stars, however, consume their nuclear fuel more rapidly; a very
massive star may live less than a 100 million years. But it will
have several more stages of stellar evolution to complete before
it ends its life. And some of those are very important to our story,
so let’s spend a little time discussing them. To give you a couple
of references for our story of stellar evolution, one is the excel-
lent review paper by Woosley et al. [2], the other is a textbook on
nuclear astrophysics by Boyd [1].

3.1.2 Helium Burning

When the hydrogen in a star’s core has mostly been consumed,
the energy that was being produced by the proton induced nuclear
reactions ceases. As noted above, the temperature is determined
by the motion, or energy, of the particles, and that same energy cre-
ates a pressure. Since the energy produced by the nuclear reactions
will heat the particles, it will produce the pressure that maintains
the size of the region of the star in which the nuclear reactions
are occurring for as long as the reactions continue. But when the
fuel that burns during that phase is mostly consumed, the reac-
tions cease and the core contracts. As it does so, it gets hotter
(if you were wondering, it gets hotter by converting its gravita-
tional potential energy into thermal energy) and denser and, when
the temperature becomes high enough, will ignite its next fuel—
helium. There will be plenty of helium in the core; it is the “ash”
of hydrogen burning. The nuclear reactions that dominate helium
burning are pretty simple, and they get us to some very important
nuclei, so here they are:

*He +'He <"Be,
'Be +'He - C+v,
2C+'He -0 +7.
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It took nuclear astrophysicists a long time to figure out the first
two reactions, since, as noted above, *Be only lives for 10-'¢ s. Note
that this reaction goes both ways but it will, none the less, build
up a tiny abundance of *Be (some ®Be has to exist for the reaction
to go to the left, as shown in the first equation!). The density and
temperature are sufficiently high in the helium burning phase that
once in a while one of the ®Be nuclei formed for that incredibly short
time will capture another *He nucleus to form >C. Understanding
that reaction even required special ingenuity, as the probability for
the 2C to capture the “He required that a nuclear excited state exist
at just the right energy, and with very specific properties, for this
reaction to proceed. Protons and neutrons in nuclei can exist in their
special quantum mechanical states of existence, just as we found
the electrons could in atoms. The ground state is the one with the
lowest energy, and thus will be the one in which the nucleus will
exist unless a particle, for example, a photon, imparts enough energy
to promote it to an excited state. The existence of the crucial state in
12C was guessed by Fred Hoyle (mentioned in Chap. 2) simply because
stars do make carbon (and therefore we exist!) long before nuclear
physicists were able to perform experiments that showed that such
a state did exist. It was ultimately found to be at exactly the energy
and with exactly the properties that Hoyle hypothesized.

In any event, this stage of stellar evolution makes two very
important nuclei: 2C and '°O, both of which are needed to support
our Earthly life. Indeed, both elements may be essential for life
in any form to exist. Thus, both will enter our considerations as
major players in later chapters.

3.1.3 Subsequent Burning Stages

If a star has sufficient mass, more than eight times the mass of our
Sun, it will go through subsequent stages of stellar evolution that
next burn the carbon that is made in helium burning; then the
neon that is made in carbon burning; then the oxygen that is made
in helium burning, carbon burning, and neon burning; and finally
the silicon and magnesium that are made in oxygen burning. As
the fuel in each stage is consumed, the star contracts and heats
up, so that subsequent stages operate in successively hotter and
denser environments. In each stage, nuclei are produced that are
more tightly configured, that is, their “binding energy” increases,
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Ficure 3.3 Binding energy per nucleon of the nuclei in the periodic table.
(Courtesy of Wikimedia Commons)

so that net energy is produced by the next set of nuclear reactions.
This can be understood qualitatively by a quick inspection of the
graph shown in Figure 3.3, which shows the “binding energy per
nucleon” for nuclei throughout the periodic table. That is the
amount of energy that would be required to completely disassem-
ble a nucleus into its component protons and neutrons divided
by the number of protons and neutrons it has. It can be seen that
increasing the masses of the nuclei up to iron, Fe, will increase
the binding energy per nucleon. Since energy is conserved, when
less tightly bound nuclei combine to form a heavier nucleus, net
energy will be produced. This is called nuclear fusion.

So let me give you just a few of the details of each of these
phases of stellar evolution [1, 2]. Following helium burning the
core of a sufficiently massive star will contract and heat up again,
and will then undergo carbon burning. The reaction that domi-
nates carbon burning is

2C+2C -5*Ne +*He.

You see this reaction conserves the total number of protons
and neutrons, 24, but is not the total fusion of the two '>C nuclei.
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That would make >*Mg. But the reaction that makes >°Ne and “He
is just more likely to happen.

It appears that we are just moving up the periodic table in
choosing our next fuel, in which case '°O would be the next to burn.
Butitis a very tightly bound nucleus (see its spike in Figure 3.3), so
2Ne is the next to burn. It just got made; it won’t have much time
to enjoy its existence! It is destroyed primarily by the reaction:

“Ne +*Ne -0 +* Mg.

So now, finally, we get to burn the '°O. If it fused, it would
make 2*S. But once again, that’s not the most probable reaction.
What actually happens is

10 +%0 »2Si+*He.

What follows oxygen burning is called “silicon burning,”
or perhaps a more appropriate name would be “silicon melting.”
Actually both things happen. The temperature of the stellar core
has risen to such a high value, several billion Kelvin, by the suc-
cession of contractions and heatings that there are many highly
energetic photons that can interact with 8Si to produce **Mg and
a “He nucleus. And more photons to interact with **Mg to pro-
duce Ne and a “He nucleus. And lots of other reactions too. But
those light particles, the *He nuclei, can get captured on other 28Si
nuclei to make *2S. And then *Ar. And so forth. Actually that’s a
gross oversimplification; the reactions that occur are much more
complicated than that, and they involve other light particles, the
protons and neutrons. This has to be described by huge computer
codes running on huge computers [2]. But the net result of silicon
burning is that it destroys some 28Si nuclei and promotes others
until they reach the iron-nickel region.

Now look back at Figure 3.3 again. All the reactions we dis-
cussed were able to occur because they fused, sort of anyway,
two lighter nuclei to make a heavier nucleus, which had a greater
binding energy per nucleon, and so the reaction was exothermic—
it produced energy. But once you reach the iron-nickel region,
making any heavier nuclei by this type of reaction will cost you
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energy, because those reactions are endothermic, that is, the bind-
ing energy per nucleon decreases with increasing mass. So that’s
about as far as these phases of nucleosynthesis can go.

3.2 After Stellar Burning

So the nuclei around iron and nickel are the primary “ashes” of
silicon burning, making that the last stage of burning for a massive
star, that is, the iron and nickel cannot be burned into more tightly
bound nuclei. So no further fusion process can produce more energy
and stabilize the star. This means that the increased energy produc-
tion that resulted from the contraction following the consumption
of each fuel cannot result from burning iron and nickel, and the
core of the star collapses, nearly in free fall. The collapse results in
very high temperatures; they can increase to several tens of billions
Kelvin. At these temperatures the iron and nickel that were pro-
duced in the core will be destroyed by the hot bath of photons, the
electromagnetic radiation that will accompany that temperature.
So all the wonderful nuclei that the star spent its entire life synthe-
sizing, in the core anyway, will be destroyed in a few seconds.
The core of such a star will collapse until it exceeds the den-
sity of an atomic nucleus—2 x 10'* grams per cubic centimeter—or
a density such that a thimble full of such matter would weigh 200
million tons! The core of the star will become either a neutron
star—a star composed primarily of neutrons (with a small fraction
of protons, and maybe some even more interesting stuff) or a black
hole. Let me put a neutron star into a bit of perspective for you.
A neutron star has a mass somewhat greater than that of our Sun,
but a radius of about 10 km (6 miles). This is about the size of the
beltway around many cities in the United States, and is also the
size of the Yamanote Line, the commuter rail system that encir-
cles Tokyo. A black hole, of course, is the ultimate sink. Once
you pass the black hole’s “event horizon” you’ll embark on a very
unpleasant journey from which you’ll never return. It will be a
pretty unpleasant trip, but at least it will be quick. The part of you
that extends toward the black hole will feel a much stronger force
than the part that is away from it. So, if you go in feet first, your
ankles will be stretched more than your neck, so your feet will be
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pulled off before ... well, you get the picture. However, before the
collapse to either the neutron star or the black hole can happen,
the star has to cool its core by emitting a lot of energy. It does so
within a few seconds by means of the neutrinos mentioned previ-
ously, only these are generally at considerably higher energy than
those emitted in stellar hydrogen burning. We will return to these
neutrinos in a subsequent chapter; they are crucial to our story.

3.2.1 Creating a Core-Collapse Supernova Explosion

When the core of the star collapses, it does so at such speed that it
briefly overshoots the density that a neutron star can sustain. This
will produce a “bounce,” similar to the bounce that a rubber ball
exhibits when it hits the floor, only in three dimensions, which will
drive an outward going shock wave that will expel the outer regions
of the star into the interstellar medium. At least that’s how astro-
physicists describe the supernova explosion mechanism when they
don’t have to be too precise. Although the actual explosion mecha-
nism of such stars is not well understood at present, it is clear from
astronomical observations that such stars do explode. So even though
theoretical astrophysicists haven'’t yet figured out exactly how that
proceeds, nature has solved the problem, at least for many cases.
This explosion will drive the outer layers of the star into
the interstellar medium, at least some of the time. The scenario
I described above outlined the time evolution of the core of the
star, but it also describes the spatial distribution of the different
burning stages in a star, which exist in an “onion skin” like struc-
ture. The inner parts are hotter and denser than the outer parts, so
when the core is undergoing silicon burning, the next shell out is
doing oxygen burning, and so forth, so the outer layers are burning
helium and finally hydrogen. When the star explodes, expulsion
of the outer layers enriches the interstellar medium in the carbon,
oxygen, nitrogen, and many other nuclides that are made in the
star. This same starstuff will form the constituents of future stars
and planets, and of people: we really are composed of stardust!
I've included a picture of a star, in Figure 3.4, at that point
in its life just prior to its final stage of core collapse and explo-
sion as a supernova to help you visualize what goes on. The
onion skin structure is certainly not something that one should
take too seriously; in the olden days when one could only do one
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SHELLS OF A MASSIVE
STAR AFTER Si BURNING

Non-Burning Shell
H-Burning Shell

He-Burning Shell
C-Burning Shell

Ne-Burning Shell
O-Burning Shell
Si-Burning Shell

Fe-Ni Core

FiGUREe 3.4 The burning stages of a well evolved massive star, assumed
to be initially at least eight solar masses, showing its burning layers, in
the usual “onion skin” form, just before it undergoes its final stage of core
collapse. (From Boyd [1]. Courtesy of University of Chicago Press)

dimensional computations one simply had to assume that stars
were spherically symmetric, as is indicated in Figure 3.4. However
now that computers are large enough to allow calculations that
involve more than one dimension, it is clear that turbulence will
produce considerable mixing and distortion of the layers [3].

It’s worth noting that apparently not all massive stars that
end their lives as neutron stars or black holes actually explode
in the conventional sense. These “silent supernovae” apparently
emit all the neutrinos that their explosive cousins do, as discussed
by Fryer [4], but somehow fail to emit very much if any energy in
photons. This may be the result of their first forming a neutron
star as the collapse process begins, and then, perhaps because they
began as very massive stars, collapsing further to a black hole. The
neutrinos will get out; they don’t interact much with the matter
that they pass through, so they are emitted very quickly. But the
photons—the particles of electromagnetic energy, scatter around
much more before escaping. So there is a good chance they will get
swallowed, along with the matter from which they are scattering,
by the black hole before they can escape from the star.
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3.2.2 Synthesizing the Heavy Elements

Of course I haven’t given you a complete picture of nucleosynthe-
sis—the creation of the elements, because I haven’t told you how
elements heavier than iron and nickel are made, and you know, cer-
tainly from the existence of silver and gold jewelry and of nuclear
reactors, that they got synthesized somehow. Most of those ele-
ments are formed by either the s-process, or slow-neutron-capture
process, or the r-process, the rapid-neutron-capture process. The
synergies between astronomy, nuclear physics, and theoretical
physics that were required to produce our current understandings
of those processes are truly triumphs of science, so I'll give you
some of the details of how they operate in the context of our cur-
rent understanding. Both processes are still active areas of scien-
tific study. Figure 3.5 shows a picture of the abundances that are
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FiGURE 3.5 The abundances (on a logarithmic scale) produced by the s-pro-
cess and the r-process. The sharp abundance peaks at 88 (Strontium) 138
(Barium) and 208 (Lead) are due to the s-process, and the broader peaks at
130 (Tellurium and Xenon) and 195 (Osmium, Platinum, and Gold) are due
to the r-process. (From Cowan and Thielemann [5]. Reprinted with permis-
sion of John Cowan and the University of Chicago Press. Copyright 2004,
American Institute of Physics)
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produced by the two processes, and Figure 3.6 shows the paths of
the two processes through part of the chart of the nuclides. Good
references for both s- and r-processes are Cowan and Thielemann
[5], which focuses on the r-process, but describes a lot about the
s-process as well, and of course, Boyd [1].

The s-process occurs mostly during helium burning, and
synthesizes about half the nuclei heavier than iron. Its trajectory
through the chart of the nuclides passes along the neutron-rich
edge of the stable nuclei, as can be seen in Figure 3.6. Because the
neutron captures occur slowly, there is usually plenty of time for
any resulting unstable nuclei to undergo beta-decay before their
next neutron capture, except for a few interesting cases. Equally
important is the fact that, because most of the nuclei involved in
the s-process are stable or very long-lived, we can study the neutron
capture probabilities on them in the laboratory. These probabilities
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FiGUre 3.6 Neutron capture path for the r-process through a portion of
the chart of the nuclides. The nuclides in the band from **Fe to **Bi are
stable or very long-lived nuclides. Thus the r-process path is seen to pro-
ceed 10-30 neutrons beyond stability slowing at the neutron closed shells
at 82 and 126 neutrons, until the nuclei become so massive that B-delayed
fission and neutron induced fission send the very massive nuclides back to
much lighter ones. After the r-process ends, the nuclei that congregated at
the N =82 and 126 neutron closed shells B-decay back to the stable nuclides
[6], thus creating the r-process peaks. The r-process path was computed [7]
for the conditions T,=1.0 and neutron density=10* neutrons per cubic
centimeter. (From Boyd [1], adapted from Rolfs and Rodney [8]. Courtesy of
Claus Rolfs, and of the University of Chicago Press)
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are the dominant unknowns in the s-process, so that means we can
calculate most of the s-process abundances to fairly high accuracy.
This will not be the case for the r-process, which we’ll discuss
shortly.

So, you might ask, how do we know what the abundances are
for these two processes? We talked a little bit about astronomy
earlier in this Chapter, and we will have more to say about that
in Chap. 4. But for the time being, please just accept that astrono-
mers can identify elements that are in the periphery of a star from
the light that the star emits, or perhaps the light that is absorbed,
in the star’s surface. As stars evolve and add their newly synthe-
sized elements to the interstellar medium, the abundances of these
elements in the interstellar medium increases. Then as new stars
are formed from that material, the abundances of those elements
will be larger than they were in the preceding generations of stars.
So astronomers can tell how far back in time the stuff that they
observe in the periphery of a star was made by seeing how much of
key elements, carbon, oxygen, iron, they observe in that star.

So what does that have to do with the abundances of the
r-process and s-process, which make the heavier elements? We
know that more massive stars go through all their stages of stel-
lar evolution and end their lives more rapidly than less massive
stars, so that the products of the nucleosynthesis that are seen in
the stars with the lowest abundances of the characteristic elements
will have come from the most massive stars. We also know that the
most massive stars are responsible for r-process nucleosynthesis.
Thus the stars with the lowest abundances are generally thought to
have almost totally r-process elements. Indeed, the signatures of the
s-process do not seem to appear until later in Galactic time, and
this is also consistent with our understanding of these processes.

Ultimately, the stars that are formed out of the stuff of the
interstellar medium have both s- and r-process nuclides. Since, as
noted above, one can calculate the s-process abundances, one can
then subtract those from the total abundances to get the r-process
abundances. And, remarkably, these are the abundances that the
astronomers have observed in many of the stars with very low
abundances of carbon, oxygen, and iron [9, 10].

As we discussed in the chapter on Big Bang Nucleosynthe-
sis, neutrons in isolation are not stable particles, so they have
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to be captured pretty quickly after they are produced. That will
be the case when they are produced in a star; since they have no
charge, they don’t have to worry about being repelled by the Cou-
lomb barriers of the nuclei into which they would be likely to get
captured, so will be captured rather quickly once produced. There-
fore, their capture rate is not the rate that makes the s-process the
slow-process; it’s their rate of production. But that’s not all; how
the s-process occurs at all is complicated! It has to have stellar
regions that are undergoing hydrogen burning in close proximity
to regions that are undergoing helium burning in order to produce
the neutrons. In the hydrogen burning regions, proton captures
produce *N, which as we discussed above, beta decays to *C. Now
the *C has to get to a helium burning region so that the reaction:

BC+'He >0 +n

can produce the necessary neutrons to run the s-process. The
nuclear physics is the easy part of this description; it is the hydro-
dynamics that allows the hydrogen burning region to produce the
13C, and the helium burning region then to convert that to '°O and
a neutron, which makes this tricky. And helium burning doesn’t
happen the same way during its entire period; one also has to
describe the dynamics of that process; its details evolve over the
time period during which helium burning operates.

But there’s one more bit of chicanery to which Nature has
subjected us. In the hydrogen burning zones that produce the *C,
the nuclei therein can’t be processed for too long, or they will
make N. That’s bad for the s-process; “N is a “neutron poison,”
which will consume neutrons via the reaction “N+n—"C+p.
So the description of the s-process involves huge computers and
huge computer codes. And even then the calculations don’t always
work out. But apparently Mother Nature is cleverer than we are;
she knows how to make it work!

As the s-process moves along its path, it will pause when it
gets to the neutron closed shells. Neutrons and protons in nuclei
have closed shells just as the electrons do in an atom, (remem-
ber back to your junior high science class again) and it is more
difficult to capture another neutron on a nucleus for which the
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neutron shell has just closed. As the s-process progression pauses,
abundance will build up at those nuclei; this produces the s-process
abundance peaks at Strontium, Barium, and Lead. If the s-process
moved more rapidly those peak locations would be shifted. But
because the s-process is slow, those peaks occur right at the neutron-
closed-shell nuclei.

The heaviest nuclide made by the s-process is **Bi. What hap-
pens if 2”Bi captures another neutron is that it beta decays to *'°Po,
and then expels a “He nucleus and ends up back at 2*°Pb. Some-
times you just can’t win.

However, we know that heavier nuclides do get made some-
how. They are all unstable, but some of them live so long (examples
are uranium and thorium) that we know they are synthesized.
We also know that whatever process synthesizes them must act
quickly; that would circumvent the problem with getting past
2Bi since, if one can capture another neutron on 2°Bi before it
has time to beta decay, one can get to heavier nuclei. So this gets
us to the r-process. There’s one other fascinating aspect of the
r-process, which is that it is “primary.” What that means is that,
unlike the s-process, which processes the preexisting “seed” nuclei
and just boosts them to somewhat heavier nuclei, the r-process
always seems to start with the same seeds, no matter how many
heavy nuclei already existed in the star before the r-process began.
Indeed, it appears that the r-process destroys all preexisting nuclei
and starts from very basic constituents: protons, neutrons, and ‘He
nuclei, each time it occurs.

There isn’t complete agreement as to where the r-process
occurs, but the favored site is core-collapse supernovae. At that
time there appears to be an intense neutrino wind that blows out
from the center of the star, and this produces a high neutron den-
sity region. Both seem to be essential for the r-process to work.
The maximum temperature that is achieved as the core collapse
goes through its successive stages is several tens of billions Kelvin.
At that temperature all the preexisting nuclei are destroyed. As the
star cools, the seed nuclei for the r-process form, making nuclei
up to roughly mass 100. The r-process then converts those seed
nuclei to all the nuclides it forms, all the way to uranium and plu-
tonium and even beyond, in seconds, passing through nuclei scien-
tists have never been able to make, even in our most sophisticated



What is the Origin of the Rest of the Elements? 61

Earthly laboratories. But, once again, Mother Nature doesn’t seem
to have any problem producing them.

As suggested in Figure 3.6, the r-process moves along a trajec-
tory that is perhaps 20 neutrons to the neutron-rich side of stability.
However, it will also pause at the neutron closed shells that occur
along that pathway, and some abundance will build up at those
points. This produces the r-process abundance peaks at mass 130
and 195. When the r-process has ended, those neutron-rich nuclei
will beta-decay back to stability. Thus the stable nuclei at those
peaks are very different from the ones that the r-process encoun-
tered along its path; they are much less neutron-rich than the ones
along the r-process path. However, those peaks are unquestionably
the signatures that the r-process has occurred.

You might ask why there isn’t a “medium-neutron-capture
process,” which progressed at a rate somewhere between the
s-process and the r-process. Or perhaps your question would be why
don’t we think such a thing occurs. The s-process abundance peaks
show that there is a process that moves slowly through the chart
of the nuclides, and the abundances of elements like uranium and
thorium show that there is indeed a very rapid process, and the
r-process peaks even tell us which are the very neutron-rich nuclei
through which the r-process passed. If there were a medium-
process, we would see peaks associated with it. There aren’t any
such peaks. Besides, there is no stage of a star’s life that we know
of that would produce a medium process. So we have only a slow-
process and a rapid-process.

3.2.3 White Dwarfs

I described what happens to massive stars, but not to stars with
masses less than eight solar masses. These will not have suffi-
cient mass to complete all their stages of burning, so will not ever
become supernovae of the type described above, that is, core col-
lapse supernovae. They may complete some of those stages, and
ultimately assume the gentlemanly retirement status of “white
dwarfs,” stars that are composed either of carbon and oxygen, or
of magnesium and neon (depending on how many evolutionary
stages they were able to complete), and have masses of not more
than around 1.4 times the mass of the Sun. The rest of their mass
will be shed in “stellar winds,” which will enrich the interstellar
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medium in the elements that were synthesized in the outer shells
of the star. A white dwarf will be the final fate of our Sun. These
stellar cinders slowly cool in time, but won'’t perform any addi-
tional nucleosynthesis to contribute to the interstellar medium.

White dwarfs are essentially huge atoms. Although they have
masses of about that of our Sun, they are about the size of the
Earth. Their pressure is maintained by the electrons they contain—
through so called “electron degeneracy pressure”’—which is the
same pressure that maintains the sizes of atoms. This is a result
of a principle of “quantum mechanics,” called the “Pauli Prin-
ciple,” which only allows one electron to occupy each quantum
state. The state of existence of every electron in an atom, or in the
white dwarf, is specified, and no other electron will have the same
specifications in either object. So when you fill up all the electron
quantum states of something that is the mass of the Sun, you get
something that is about the size of the Earth. However, there is a
maximum mass for a star that can be supported by electron degen-
eracy pressure; that was shown many years ago by Chandrasekhar.
But this is not essential to our story, so I won't tell you any more
of the details. But look in Boyd [1] if you want to know more, and
are not intimidated by quantum mechanics.

3.2.4 Type la Supernovae

However, if the white dwarf happens to be a member of a pair of
stars, it may not just sit there for eternity. In that case, the white
dwarf may attract matter from its companion, and that will permit
it to exceed the maximum mass that a white dwarf can have. In
that case, the electron degeneracy pressure will be overcome, the
star will undergo thermonuclear runaway, and the entire star will
explode into the interstellar medium. There will be no remnant, no
neutron star or black hole. This explosion is also a supernova, but
is called a Type Ia supernova; these were used to measure distance
scales in the cosmology observations discussed in Chap. 2. Since
many white dwarfs are composed of carbon and oxygen, their
explosion will also expel those elements on which we depend for
life into the interstellar medium. But they won’t produce nitro-
gen; that’s restricted to hydrogen burning, and these stars have
very little hydrogen. They also produce very few neutrinos; those
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come only from the core-collapse supernovae. And the model that
is the primary one discussed in this book for production of amino
acids needs neutrinos to succeed. All the models of amino acid
production need nitrogen since every amino acid contains nitro-
gen. So Type Ia supernovae just won'’t provide the ingredients that
Wwe require.

Before leaving the subject of supernovae, we should just note
that a core-collapse supernova emits of order 10°® ergs of neutri-
nos, or about 10°” neutrinos, in about 10 s (an erg is a tiny unit of
energy by human standards; a paper airplane in flight would have
about 10°, or 100,000, ergs of energy). Although an erg is a small
unit of energy, 10% of them is more energy than our Sun will emit
in its entire lifetime. That’s all but a small fraction of the energy
stored in gravitational energy in the core of the supernova at its
formation; the rest, of order 1%, goes into the light emitted and
the shock wave that explodes the star. When a supernova occurs
it can outshine all the other stars in its galaxy for several months
from its photons, and that’s a tiny fraction of its total energy out-
put! We'll come back to the extraordinary properties of superno-
vae in a subsequent chapter.
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4. Creation of Molecules
in the Interstellar Medium

Abstract Most of the information we have about the cosmos has
come to us in the form of electromagnetic radiation—photons—
ranging in energy from the very energetic gamma rays through
visible light and extending to radio waves. Only a small fraction
of the photons in the electromagnetic spectrum can actually pen-
etrate the Earth’s atmosphere, and this dictates the basic features
of the “telescopes” used to detect them. Thus, the telescopes used
to detect the photons over much of the electromagnetic spectrum
must be put into space. This chapter describes the basics of the
electromagnetic spectrum as well as the devices that are used to
detect the photons of all energies. It also describes the critically
important biomolecular information that has been obtained from
meteorites that have come to Earth, as well as the anticipated fur-
ther information at it is hoped will be obtained from future from
space missions to comets. Finally, the Drake equation, which char-
acterizes the possibility that we will receive signals from another
civilization, is discussed.

4.1 The Electromagnetic Spectrum

Now that we have seen how the elements are synthesized in stars
we need to figure out how molecules are formed in the interstellar
medium. There is no doubt that molecules are formed; astrono-
mers have been observing them for many years in the “molecu-
lar clouds” in the interstellar medium via the spectra emitted
from the molecules in the gas phase, or from interstellar dust
grains. Astronomers can analyze the light coming from stars with
a “spectrograph,” an instrument that allows measurement of
the intensity of light at each wavelength. Red light has a larger
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wavelength than yellow light, which has a larger wavelength than
blue light, etc. But the colors that we know represent only a tiny
component of the electromagnetic spectrum, which ranges from
the (very high energy) gamma rays, through X-rays, then to ultravi-
olet light, and on to visible light, then to the infrared, then to radio
waves; these are all electromagnetic radiation, and the “particles
of electromagnetic radiation” are photons.

Very high energy gamma rays are produced by high energy
processes in the cosmos, or in the Earth’s atmosphere by some
high energy nuclear reactions. Somewhat lower energy gamma
rays can be produced by some of the same processes as those that
produce the highest energy gamma rays. But they can also be pro-
duced by transitions between allowed energy levels in nuclei that
have gained energy from a previous interaction to be in an “excited
nuclear state,” either in the cosmos or in the Earth’s atmosphere.
X-rays can be produced by interactions between particles in the
Earth’s atmosphere (the x-ray machines used by your doctor or
dentist utilize these same processes), or by transitions between
allowed atomic states in heavier nuclei that have been promoted
to an excited state by a previous interaction.

The protons and neutrons in an atomic nucleus can be
arranged in many different ways, and each will have a total energy
associated with it that is produced by the forces (strong, weak, and
electromagnetic) between the particles. However, not all configu-
rations that one might conjure up are allowed; nuclei are micro-
scopic systems, and as such are governed by the laws of quantum
mechanics (on which I won’t dwell, probably to your everlasting
gratitude). As noted earlier, the lowest allowed total energy con-
figuration is called the “ground state,” while other allowed config-
urations are excited states. Most nuclei have many excited states,
which can decay to an energetically lower lying state, usually with
the emission of a gamma ray to conserve energy.

The same general quantum mechanical principles apply
to the electrons in an atom, although the configurations of
the atomic electrons are governed primarily by the attractive
Coulomb force between the (negatively charged) electrons and
the (positively charged) nucleus, and by the repulsive Coulomb
interaction between the electrons themselves. Atoms will also
have a lowest energy state, a ground state, and other allowed
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electronic configurations that will produce a variety of excited
states. Decays of the atomic excited states to lower energy states
will produce x-rays, ultraviolet light, or even visible photons,
unlike the decays of nuclear excited states, which produce the
much more energetic gamma rays.

As can be seen in Figure 4.1, all of the gamma rays, X-rays,
and ultraviolet photons are sufficiently energetic that they will be
absorbed as they pass through the Earth’s atmosphere. This means
that if they are to be detected directly they must be observed
in space borne detectors. Several such detectors have provided
a wealth of data on astrophysical objects. The highest energy
gamma rays, in interacting with the Earth’s atmosphere as they
approach Earth’s surface, do produce observable signals from those
interactions. Several ground-based observatories have been built
to observe gamma rays by detecting the secondary particles they
produce when they interact with the atoms in the Earth’s upper
atmosphere. Suffice it to say that these various observatories have
allowed astronomers to study some of the most energetic processes
that occur in our Universe.

As can also be seen in Figure 4.1, the Earth’s atmosphere
becomes transparent to photons in the very narrow window of
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Ficure 4.1 Transmission (gray)/absorption (black) of electromagnetic
radiation by the Earth’s atmosphere as a function of the wavelength of the
radiation. Note the rather limited region that allows visible light to be
transmitted to the Earth’s surface. The other region in which transmission
occurs is that of radio waves. The molecules responsible for absorption
at various wavelengths are as indicated. Various NASA space observato-
ries, including (from the most energetic to the least) Fermi (high energy
gamma rays), Chandra (X-rays), Hubble (visible), Spitzer (infrared), and the
National Radio Astronomy Observatories, span the electromagnetic spec-
trum. The gamma-ray part of the spectrum extends well to the left of the
graph. (Courtesy of NASA and NASA’s Earth Observatory)
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visible wavelengths. Surely evolution guaranteed the coincidence
between this opacity window and the wavelengths that constitute
“visible” light! This is the reason that the optical telescopes that
began with Galileo, and have now evolved to levels of sophisti-
cation far beyond even his imagination, can provide useful data.
However, the Earth’s atmosphere, while not absorbing those
photons, does still have an effect on them. Fluctuations in the
atmosphere make the spatial resolution that one can achieve of
much less quality than could be attained without the atmosphere.
This is the reason that optical telescopes, the Hubble Space Tele-
scope, and others, were put in space. However, “adaptive optics,” a
technological development that allows a tuning of the shape of the
telescope mirror to refine its focus on a short timescale, together
with the use of either real or artificial guide stars, have pushed the
capabilities of ground based telescopes to nearly the same level
of resolution as the space borne telescopes. These many develop-
ments have allowed astronomers to study the evolution of stars, as
well as the composition of many objects in the Universe.

Between the optical wavelength region and the radio wave
region, the Earth’s atmosphere again becomes completely opaque;
this is the infrared, or “thermal” part of the spectrum. However,
there are a large number of astrophysical objects that need to be
studied at those wavelengths, for example, objects that do produce
radiation, but do so at lower temperatures than those that pro-
duce optical radiation, so again observatories have been built and
launched into space.

Finally, the emissions from space that are in radio wave
frequencies, indicated as “microwave” in Figure 4.1, have also pro-
vided important astrophysical information. There is a transition
between two states in hydrogen atoms that produce a photon with a
wavelength of 21 cm; this falls in the radio wave window. Since most
of the baryonic matter in the Universe is actually hydrogen, this
transition, along with radio wave telescopes, have allowed a map-
ping of most of the matter in the Galaxy, and even well beyond.

However, spectrographs provide much higher detail than just
basic colors. Each element has a distinctive set of wavelengths
that characterize the light it emits or absorbs. Thus such spectral
analysis allows for measurement of the elemental abundances in



Creation of Molecules in the Interstellar Medium 69

Atomic Hydrogen Spectrum
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FiGURe 4.2 Emission spectrum for atomic hydrogen. No other atom would
exhibit this same set of emission lines.

the periphery of a star. A spectrum for atomic hydrogen (it usu-
ally appears in molecular form, that is, in a molecule in which
there are two hydrogen atoms) was shown in Chap. 2 to discuss
the effects of redshift, but is shown again in Figure 4.2.

Telescopes detect photons, sometimes from emission from
atoms or partially ionized atoms (atoms from which one or more of
their electrons have been removed), and sometimes from “absorp-
tion spectra” from the same entities. In particular, the surfaces of
stars are “backlit” by the radiation coming from within the stars;
the spectra from that radiation is white, that is, fairly uniformly
distributed in wavelength, and exhibiting no characteristic atomic
or ionic emission features. The photons from the white spectrum
can excite the atoms or ions in the stellar surface, thereby remov-
ing those photons from the light emitted from that star at the spe-
cific wavelength that characterizes the transition.

Molecules also can be identified by their spectra which,
although much more complex than elemental spectra, still pro-
vide characteristic signatures. Molecules that have been observed
include molecular hydrogen (H,), water (H,O), methane (CH,),
carbon monoxide (CO), carbon dioxide (CO,), ammonia (NH,),
hydrogen cyanide (HCN), formaldehyde (H,CO), methylacetylene
(CH,CCH), and many others; the body of observations spanning
many decades is discussed in the review article by Ehrenfreund
et al. [1]. Just so you can see how different molecular spectra can
look from atomic spectra, I've included the emission spectrum for
carbon monoxide in Figure 4.3.
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Ficure 4.3 A section of the (infrared) emission spectrum for carbon
monoxide. The x-axis is the “wavenumber,” which is 2r divided by the
wavelength. As can be seen, the wavelengths associated with molecular
spectra are much larger, by roughly a factor of 1,000 (and the energies much
smaller), than those that characterize the atomic transitions. The different
strengths of the transition lines in this “rotational spectrum” (the differ-
ent states in which the molecule can exist are the result of its rotation)
are determined by the temperature and the intrinsic transition strength.
This is considered to be a “simple” spectrum. When there are many differ-
ent molecules in an emission region, and their spectra are overlapping, it
can be extremely difficult to identify exactly which ones are present. Such
spectra are referred to pejoratively as “rich”. (From http://en.wikipedia.
org/wiki/File:Carbon_monoxide_rotational-vibrational_spectrum.png)

4.2 Detecting Photons of Different Energies

As you might expect, rather different “telescopes” are required to
view photons over the large spectrum shown (and not shown, for
gamma rays) in Figure 4.1; the wavelengths, and hence energies,
span many orders of magnitude. The different telescopes need to
take into account the ways in which the photons of that energy
interact with matter. The highest energy photons—the gamma
rays—interact directly with the material they strike to produce
strong signals in the detectors. However, they cannot be directed
in the same way that visible light can, since they simply penetrate
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Ficure 4.4 “Keck II Laser under moonlight.” This shows the twin Keck
telescopes, with the laser beam seen that produces the guide star on which
the telescope segments are focused. (From Boyd [2]. Courtesy of University
of Chicago Press, and of W.M. Keck Observatory)

anything one might try to use to reflect them. X-rays are difficult to
redirect, but they can be reflected through small angles. The word
“telescope” usually engenders an image of a device with a large
dish, now as large as 10 meters, that serves to reflect and focus
visible light onto a solid state device that converts the photons
into electrical signals. In times past, the photons were recorded
on photographic plates, but these could not possibly cope with the
rates at which data are acquired with modern telescopes. One tele-
scope, the Keck telescope (see Figure 4.4), utilizes both adaptive
optics, which refocuses the separate mirrors of the telescope on
time intervals of a fraction of a second, and an artificial guide star
in the form of a laser beam that produces an artificial “star” from
the light emitted by atoms in the Earth’s upper atmosphere that
were excited by the laser. The Keck telescope is actually two 10 m
diameter telescopes located at an altitude of 13,796 feet (to escape
as much of the Earth’s atmosphere as possible) on Mauna Kea in
Hawaii. Each of the 10 meter primary mirrors is comprised of 36
segments; it is these segments that get refocused on short time
scales to optimize the image of the guide star.
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Infrared photons require more specialized detectors, but cer-
tainly require space-based detection systems because of the total
opaqueness of the Earth’s atmosphere at those wavelengths. Finally,
radio waves can again be detected using Earth based telescopes.

However, other factors need to be considered as well. In order
for the telescope to produce a good focus of the photons it receives
it must have taken careful account of the precision of its reflec-
tive surfaces. For gamma rays this is not a consideration, since
the gamma ray will deliver all of its energy to the detector. How-
ever, for optical telescopes, the surfaces must be machined to a
small fraction of the wavelengths to be detected. Since for optical
telescopes the wavelengths are several hundred nanometers, the
machining must be good to a small fraction of that: better than
100 nanometer, or one ten thousandth of a millimeter. That has
to extend over the ~10 meters of the mirror’s surface. Finally, the
ability of a telescope to localize the object that it is viewing is
determined by the wavelength divided by the diameter of the tele-
scope, so bigger is definitely better.

For radio telescopes the wavelengths are of the order of cen-
timeters, so the required precision is much less taxing. However,
radio telescopes need to be huge, hundreds of meters, or even the
diameter of the Earth (if one combines the signals from many radio
telescopes) in order to localize the object that is being viewed.
Radio telescopes are very important to our considerations in this
book, so I want to give you a bit more information on them. The
radio telescope at the Green Bank Observatory is the world’s
largest fully steerable radio telescope, and has a primary mirror
that is 100 meters in size. A picture of that telescope is shown in
Figure 4.5. The one at Arecibo, with a diameter of over 300 meters,
is the largest single radio telescope in the world. The Very Long
Baseline Array consists of ten radio telescopes, plus sometimes an
additional four, ranging in location from Hawaii to Germany. The
signals from these telescopes can be combined to produce a tele-
scope with an effective diameter essentially the size of the Earth.
We will return to the possible uses and capabilities of radio
telescopes in later chapters.

One especially interesting molecule that has been observed
on interstellar grains is methanol (CH,OH). Methanol and ammo-
nia are generally considered to be the keys to chemical reaction
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Ficure 4.5 The Robert C. Byrd Green Bank Telescope, located at the
National Radio Astronomy Observatory’s site in Green Bank, Pocahontas
County, West Virginia. The telescope mirror is 100 meters by 110 meters.
This is the world’s largest fully steerable radio telescope. (Photo courtesy of
the National Radio Astronomy Observatory, Associated Universities, Inc.,
and the National Science Foundation)

pathways leading to more complex molecules [1], with ammonia
[3] being especially critical because of its contains nitrogen. A wide
variety of heavier molecules, generally referred to as “polycyclic
aromatic hydrocarbons” (PAHs) has also been observed by astrono-
mers. That’s a pretty fancy name, but very few of the PAHs have
anything to do with our story. Unfortunately, there has not yet
been a convincing astronomical observation of any amino acid,
which are the molecules in which we have our primary inter-
est, but the limits on their existence are not very stringent; their
non-observation may well just be due to sensitivity limits. The
molecules that are created tend to freeze out in the icy mantles
of the dust grains, so the more volatile species can be frozen into
the grains. The temperatures of these grains in the interstellar
medium tend to be around 20 Kelvin, 20 degrees above absolute
zero (and recall that room temperature is about 300 K on this tem-
perature scale).
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4.3 Secrets from Meteorites

While the cosmos is apparently teeming with interesting organic
molecules, actually finding the molecules that are relevant to life is
a bit trickier. However, one “laboratory” that nature conveniently
provides for us, meteorites, makes a completely convincing case
that many of the molecules of life are produced in the interstel-
lar medium and that at least some of these can survive the trip to
Earth. This last part is not trivial, as meteoroids passing through
the Earth’s atmosphere (at high speed!) get heated to temperatures
that would destroy many molecules.

However, there is one type of meteorite that seems especially
able to withstand the high temperatures of Earth entry. These are
carbonaceous chondrites, which are chunks of matter containing
mostly carbon, and which are capable of maintaining themselves
and at least some of the molecules they contain even as they are
heated to the high temperatures they achieve upon passing through
the Earth’s atmosphere. These are thought to be produced in the
detritus of the stellar winds of Red Giant stars, among other places;
these are stars that have entered their helium burning phase.

One large meteorite fell to Earth on September 28, 1969,
near Murchison, Victoria, Australia. The Murchison meteorite
fragmented as it entered the Earth’s atmosphere, and scattered its
pieces over about five square miles. Many of the pieces fragmented
again as they hit the ground. However, the pieces that were col-
lected provided us with a stunning potpourri of relevant informa-
tion. The first study of amino acids from the Murchison meteorite
[4] produced the result that the meteorite contained both left- and
right-handed amino acids. But the left-handed ones tended to be
in greater abundance, although some amino acids were racemic—
they had equal numbers of left- and right-handed molecules. A later
study [5] concluded that the non-natural (on Earth) amino acids had
equal abundances of left- and right-handed components, whereas
the naturally occurring ones had been contaminated by Earthly
amino acids, so naturally showed a left-handed preference. This
result was amplified [6] on the basis that contaminants derived
from the ground on which the meteorite had landed had skewed
the results. It was noted that another meteorite, the Allende mete-
orite, had demonstrated amino acid contamination to a significant
depth inward from its surface, supporting this contention.
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Thus Cronin and Pizzarello [7] did a subsequent study in
which they tested the chirality of non-naturally occurring amino
acids from the Murchison meteorite. These could not have been
contaminated by their Earthly cousins; they don’t exist on Earth!
What they found was that some of the amino acids had equal
amounts of left- and right-handed components, within uncertain-
ties of the measurements, but that others had a definite preference
for left-handedness. It might be possible that the high tempera-
tures associated with entry to Earth scrambled the chirality of
some of the amino acids, but left more robust ones untouched,
or more likely, just not completely scrambled. It would be diffi-
cult to argue, however, that the same high temperatures would
have produced the chirality observed in some amino acids, given
the incredibly tiny energy differences thought to exist between
the two chiral states [8-16]. The Cronin-Pizzarello result was con-
firmed in a subsequent study by Glavin and Dworkin [17]. A seg-
ment of the Murchison Meteorite is shown in Figure 4.6.

An additional study by Martins et al. [18] produced a stun-
ning result. It showed that several of the compounds crucial to life
other than amino acids also existed in the Murchison meteorite.
One of the molecules they detected was uracil, one of the nucle-
obases (see Chap. 1), a constituent of ribonucleic acid, RNA. To
quote their result: “These new results demonstrate that organic
compounds [molecules], which are components of the genetic code
in modern biochemistry, were already present in the early solar
system and may have played a key role in life’s origin.” Although
similar chemicals had been found in the Murchison Meteorite pre-
viously, the possibility of contamination was always present, and
was difficult to eliminate convincingly. In the study of Martins et al.
[18] isotopic ratios of *C to *C were measured in the molecules of
interest; these ratios were found to be similar to those found in other
extraterrestrial samples, but dissimilar to those of terrestrial origin.

Another study was done of meteorites by Callahan et al. [19];
theyalsofoundevidence fornucleobasesin meteoritic samples. This
study was performed on a dozen meteorites from a variety of loca-
tions, ranging from Antarctic ice to the Australian location of the
Murchison Meteorite. Adenine, one of the nucleobases, was found
in eleven of the twelve samples. But more importantly, molecules
similar to the nucleobases—so called nucleobase analogs—that
are made along with the nucleobases by the chemical processes
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Ficure 4.6 A segment of the Murchison Meteorite, located at the
National Museum of Natural History. (From Wikimedia Commons, cour-
tesy of Art Bromage. From http://en.wikipedia.org/wiki/File:Murchison_
meteorite.jpg)

thought to occur in the meteorites, were also found. Some of these
are found only rarely on Earth, which suggests that both these
molecules and the nucleobases found with them are extraterres-
trial. Samples of Antarctic ice and of Australian dirt from the loca-
tion where the Murchison Meteorite hit were also studied. They
were found to contain far fewer of the nucleobases and nucleobase
analogs than were found in the meteorites.

We will expand on the manner in which the nucleobases form
DNA and RNA in Chap. 5, and will comment on the significance
of finding the nucleobases in samples from the cosmos in the final
chapter.

And there are results from several other meteorites. The Mur-
ray meteorite is of the same vintage as the Murchison Meteorite;
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it was also found [20] to have amino acids, and that many of them
had left-handed chirality. The Allende meteorite [21] fell to earth in
1969 in Mexico, and was also found to contain amino acids. In 2000,
a meteorite landed near Tagish Lake in British Columbia, Canada.
Analysis of the fragments from this meteorite found a dozen differ-
ent amino acids. Subsequent analysis, reported by Herd et al. [22],
found that different fragments produced different values of chiral-
ity, even for the same amino acids. The enantiomeric excess, that
is, the percentage by which one chirality exceeded the other, for
isovaline was found in one sample to be left handed at a level of a
few percent. Perhaps most notable about this meteorite was that
some of the amino acid abundances were found to be huge.

Another meteorite that has produced some information about
amino acids is the Orgueil meteorite (and it was one of the sam-
ples studied by Callahan et al. [19] in their search for nucleobases).
Several amino acids were found in that meteorite, and one, isova-
line, was found by Glavin and Dworkin [17] to have a significant
left-handedness.

4.4 Mining the Comets

Meteorites are certainly an important potential provider of amino
acids to Earth, but another potentially important source of extra-
terrestrial amino acids could be comets. The nuclei of comets
have been described as “icy dirtballs” to “dirty iceballs” [1]. They
consist of ices, organic compounds, and silicates (inorganic com-
pounds involving silicon). There have been many measurements
of cometary constituents, including spectroscopic observations,
and satellite fly-throughs of cometary tails.

The molecules observed in comets Hyakutake and Hale-Bopp
include much water, carbon monoxide and dioxide, methane,
ammonia, and many more complex molecules [1]. A search has
been made for glycine, the simplest amino acid, but it has not yet
been seen. However, as with the astronomical observations, the
upper limit on its existence is not yet very stringent.

The NASA mission Stardust was flown to comet 81P/Wild
2, and at least one amino acid was found in the material which
Stardust brought back to Earth. The sample that was returned
from this comet was sufficiently large that it was possible to
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FiGURE 4.7 Artist’s conception of space mission Hayabusa (literally,
peregrine falcon). The large blue panels are the solar collectors that
provide power to the spacecraft. (From “public domain image.” Author:
J.R.C. Garry)

measure an abundance for glycine and another amino acid that
was determined to be an impurity [23]. The glycine, however, was
demonstrated convincingly to be from the comet. Unfortunately,
it was not possible to measure any amino acid chirality, as glycine
is unique among the amino acids as being non-chiral.

However, we are poised to obtain a huge influx of new infor-
mation about the constituents of cosmic bodies. One such advance
had been hoped from the return of the mission Hayabusa [24-26].
It landed on asteroid Itokawa, and returned to Earth with samples
from the asteroid in 2010. It had been hoped that Hayabusa would
be able to return with some chunks of the asteroid, but the sys-
tems of Hayabusa that were required for this did not work out.
However, it may well have dust samples from Itokawa, less mate-
rial than had been hoped for, but apparently still some asteroidal
stuff. This is still being analyzed for a variety of constituents as
this book is written, but certainly for any amino acids that are
contained in the material that is returned. A simulation of Haya-
busa is shown in Figure 4.7.

Additional detailed information should be arriving several
years later, if we can be patient (that’s not always easy; scientists
tend to be pretty impatient!), from the ROSETTA mission ([27]
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FiGURE 4.8 Artist’s conception of the space mission ROSETTA, scheduled
to send a lander, Philae lander, shown to the upper right, down to comet
Churyumov Gerasimenko in 2014. The solar collectors can be seen extend-
ing to the lower left and upper right. (Courtesy of NASA)

and http://www.esa.int/esaMI/Rosetta/SEMYMF3740D_0.html),
which is a project of the European Space Agency. ROSETTA is
scheduled to land a module on comet Churyumov Gerasimenko in
2014, and remain in orbit around the comet for two years. ROSET-
TA’s lander will have the capability to measure the chirality of the
molecules it finds, so should provide yet another critical test of the
uniformity of the left-handedness of the amino acids. A simulation
of ROSETTA with its lander is shown in Figure 4.8.

Note that virtually every suggested means for creating a dom-
inant chirality in pre-existing amino acids, which are described in
detail in Chap. 5, would apply only to the molecules that were very
near the surfaces of dust grains or comets. If a processing mecha-
nism such as circularly polarized light, the preferred explanation
by many up to now, was found to be the ultimate answer, the
chirality of the molecules on the surface of a comet would surely
be different from those in the inside (unless they were processed
before they became part of the comet, but even that would be
a problem if they were initially processed as dust grains of any
appreciable size). However, there is another mechanism that can
process the molecules, and this would process all of the molecules
in any object that existed. This involves the neutrinos, which
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are emitted in copius amounts from one type of exploding star,
so called core-collapse supernovae, and because the neutrinos are
so weakly absorbed, they would process the entire grain, or even
something as large as a comet or even an unconstrained planet.

It should also be noted that many comets and meteorites may
have hit the Earth early in its history, and that each might have
carried with it biologically important molecules that could have
populated Earth. Indeed, as was discussed in Chap. 1, it is well
established that a period of intense meteorite bombardment on
the Moon, and presumably also on Earth, occurred early in the
Earth’s history, and ended about 3.8 billion years ago (see, for
example, Strom et al. [28] and references therein). As discussed
in Chap. 2, the Universe, and also our Galaxy, were operating for
many billions of years before Earth was formed, so there would
have been plenty of time for complex molecules to develop and to
have the chirality of their amino acids established.

It is interesting to note that primitive life forms are thought
to have formed soon (on a cosmic time scale) after the end of
the intense meteorite bombardment [29, 30]. However, the first
life forms were certainly pretty basic creatures, that is, probably
just single celled critters, and even those cells didn’t have all the
components that our cells have. Development of such sophisti-
cated beasties would require considerably more time. Multicel-
lular organisms came into being about 1.2 billion years ago, and
the divergence of plants, animals, and fungi occurred about 960
million years ago. The planet literally exploded with creatures
when the Cambrian explosions occurred 540 million years ago.
This resulted in the creation of an immense number and variety
of living critters, including the many varieties of trilobites that
have been found in the fossil record. Some 250 million years ago
there was a major setback; a mass extinction occurred at the end
of the Permian era. Shortly thereafter, dinosaurs came into being,
and ruled the planet until they were wiped out 65 million years
ago. Homo erectus didn’t appear, though, until about 2 million
years ago. We really do represent the youth movement.

Of course, unless the amino acids that were delivered to Earth
were all of the same chirality, it would have been difficult for them
to evolve into the homochiral environment that currently exists.
The comets do have the ingredients to make more amino acids;
they have all been found to “contain volatile nitrogen and carbon
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compounds, in addition to water ice” [1]. And, as noted above, one
comet, 81P/Wild 2, was sampled for amino acids by NASA space-
craft Stardust, which returned to Earth in 2006 with at least one
amino acid that is believed to have originated with that comet [23].
And we know, as discussed in Sect. 4.3, that at least some meteor-
ites even contain amino acids, a subject to which we will return in
the next chapter. So there are plenty of objects in the cosmos that
could have brought the molecules of life to Earth, provided they
had all been processed to have the same dominant chirality.

The meteorites tell us unequivocally that amino acids, among
other biologically interesting molecules, have been created in the
interstellar medium, and that they can survive the treacherous
journey to Earth. Furthermore, atleast some of them have a preferred
left-handed chirality. This result is a crucial component to under-
standing the origin of Earthly amino acids, and to our story.

4.5 The Next Huge Step: Forming Life
from the Molecules Delivered to Earth

Obviously we want to take the next step, if we can, from the exis-
tence of the primitive molecules of life in outer space, or even as
they might be created on Earth, to living beings. This is fraught
with uncertainty, since the evolutionary beings that exist now tri-
umphed over their predecessors, thereby eliminating the predeces-
sors. So it is not easy to begin with primitive molecules and Figure
out how we got from there to where we are now.

So let’s settle for a somewhat simpler procedure for the present.
This will not get us to the molecular linkage that we would like,
but it is a qualitative time-honored approach to determining the
chance that life exists other places in our Galaxy. This goes under
the name of the “Drake equation,” devised by Frank Drake in 1961.
As described by Davies [31], it is less of an equation than “a way to
quantify our ignorance.” This equation was (as described in Davies
book) established to estimate the number of civilizations from which
we might detect radio emissions, as that was the focus of searches
for extraterrestrial intelligence at that time. The equation gives the
number N of possible radio emitting civilizations in our Galaxy as:

N=R*EN,EEEL.
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The different factors are:

R* is the rate of formation of Sun-like stars in the Galaxy.

F is the fraction of those stars that have planets.

N, is the average number of Earth-like planets in each planetary
system.

F, is the fraction of those planets on which life emerges.

F is the fraction of those planets with life that evolves to intel-
ligent life.

F.is the fraction of those planets on which technological civiliza-
tion and the ability to communicate emerges.

L is the average lifetime of a communicating civilization.

Some of the estimates of these factors have huge uncertain-
ties, as you will see from our discussion below. In the end we won'’t
really come up with a meaningful estimate for the number of pos-
sible radio emitting civilizations in our Galaxy, simply because
the uncertainties on some of the factors are so large. The point of
discussing the Drake equation, though, is to point out the various
factors that are involved in creating a radio emitting civilization.

If life develops on a planet, which is part of a star system, it is
assumed that it cannot exist forever, that is, it is born, it lives for a
while, then dies. And we will assume that it will not be reborn after
it becomes extinct (although if life can be carried to planets from
outer space there is no reason why several lineages of life, each per-
haps quite different from the previous, could not evolve on a single
planet). If our basic assumption about the singularity of life events
on each planet is correct, what we need is the stellar formation
rate, R*, not the number of stars in existence at any given time.
Furthermore, we need those stars to be somewhat like our Sun;
stars that are too small would never ignite to produce the energy
to warm their planets, and stars that are too large would inciner-
ate their planets before any interesting life could get started, or the
large stars might not live long enough for intelligent life to develop
on their planets. Astronomers have given us a good estimate of R*
[31]; about seven Sun-like stars are born per year in our Galaxy.

The known fraction of these stars that have planets, N, has
grown greatly in recent years due to the planet detecting satellite,
the Kepler Space Telescope. Davies gives an estimate of 0.5 for
this fraction, but it may now be larger. Even if it were as large as
its maximum value of 1.0, though, it would only increase N by a
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factor of two, and this is an inconsequential uncertainty compared
to those associated with other fractions (see below).

The value of N, the number of those planets per star that
could support life, often referred to as Earth-like planets (although
that may be far too restrictive, as is discussed in Chap. 9), is taken
by Davies to be two. In our solar system, it is generally felt that
Earth and Mars could qualify, although, again as discussed in
Chap. 9, the number could be larger when the extreme forms of
life are included. In any event, I will assume N, to be two. Of
course, this might require a large “protector planet” to sweep out
the space debris that could destroy life with frequent bombard-
ments, a function that Jupiter performs for Earth. So perhaps two
is an over estimate when this is taken into account.

Now we get to the really uncertain numbers, starting with F,
the fraction of Earth-like planets on which life actually evolves.
As Davies notes, estimates range from 0.01 to 1.0, a range of a
factor of 100! If the molecules of life originate in outer space, and
all that is needed is a cosmic stork to deliver them (and given the
above discussion about the results of refs. [19] and [20], this may
well be the case), then the higher estimate may be relevant. Per-
haps it makes sense to assume a (sort of) mean value of 0.1 for F.
I suspect it is really very close to 1.0.

It is more difficult to estimate F, the fraction of planets on
which life forms that will also evolve to intelligent life (by Earth-
human standards), and those that achieve life that can develop
radio communications capability. The values of these quantities
are really unknown, and are difficult even to guess with any sort of
confidence. This is where it would be valuable to know the inter-
mediate stages of molecular evolution from what is delivered to
Earth and what is required for modern human existence. Although
we might be able to make some sort of guess as a result of future
microbiological experiments, those simply don’t exist at present.

The last entity is the length of time that civilizations live.
Davies, an admitted optimist, guesses 10,000 years, but others are
less optimistic. What terminates a civilization? It could be nuclear
war, a natural catastrophe such as a large meteorite encounter, a
massive global climate change, or some other form of Armageddon,
that interrupts the progress of civilization. Since the proliferation of
nuclear weapons seems to pose a huge threat for mankind and some
level of global climate change appears to be a reality, 10,000 years
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seems like a long time to me. I'd opt for 1000 years, but this factor
of 10 range (which could be even greater) just shows how difficult it
is to make these estimates. A related question is even if a civiliza-
tion lived for 10,000 years, would it be sending out radio signals for
that duration? Communications several centuries down the road
may take a very different form from the radio waves that are used
at present. These last two entries in the Drake equation make it
unrealistic to even try to produce a plausible estimate for the num-
ber of possible radio signal emitting civilizations in the Galaxy.

However, a factor that might increase L arises from the pos-
sibility that several civilizations might take form, successively, on
a single planet. This would have to take into account the time it
takes for a civilization to form, and to develop radio communica-
tion capability. It has taken our civilization a long time for this to
happen, but perhaps we are just slower in our development than
most others might be.

Conclusion: even with the large uncertainties on these enti-
ties, it seems likely that there are many planets in our Galaxy on
which life of some form exists, and even quite a few that could
send radio signals. The actual number is obviously difficult to
determine, but it seems unlikely, to me at least, that it is zero.
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5. Amino Acids and Chirality

Abstract Amino acids are at the heart of this book, and this chapter
discusses them in a general way—for non-experts in organic chem-
istry. It also discusses linear and circular polarization of light, again
for non-experts. This leads to the discussion of the Buckingham
effect (Chem Phys Lett 398:1, 2004; Chem Phys 324:111, 2006), by
which one can discriminate between left- and right-handed amino
acids given the right conditions. A short description of quantum
mechanics, again for non-experts, shows how the Buckingham
effect would manifest itself in chiral molecules. Then more com-
plex molecules of life—DNA and RNA—are discussed, as well as
possible means by which they might be produced once the amino
acids have been produced. Finally, evidence is presented which
suggests that the usually assumed hostile environment of outer
space might provide a nursery for the complex basic molecules.

5.1 A Primer on Amino Acids

So now that we’ve seen that complex organic molecules are formed
in outer space, we need to focus a bit on the main characters in our
story, the amino acids. Those amino acids will turn out to have
a property, the previously mentioned chirality, that will be the
key to sorting through the various scenarios by which the amino
acids might have been made, and to understanding where they
might have come from. First, a definition: an amino acid is a mol-
ecule that has both an amino group, which in chemical symbols
is NH,, that is, one nitrogen atom and two hydrogen atoms, and
a carboxyl group, COOH, two oxygen atoms, one carbon atom,
and one hydrogen atom. Pictures of two relatively simple amino
acids are shown in Figure 5.1—there you can see the two requisite
components.
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The amino acids shown in Figure 5.1 have the carbon atom
in the middle attached to both the amino group and the carboxyl
group. Such amino acids are called “alpha amino acids,” and the
central carbon atom is denoted as the a-carbon. These are the
amino acids most commonly found in nature. The components of
the side chains are what distinguish one amino acid from another.
There are other classes of amino acids, but they are not involved so
much with the existence of life, so we won’t worry about them.

However, this book is mostly about astrophysics, and not
organic chemistry. There are other books that focus on the chem-
istry of the molecules of life, but not on the possible astrophysi-
cal aspects. For example, the book by Plaxco and Gross [1] does a
superb job of discussing organic chemistry, taking it well beyond
the amino acid level to the more complex molecules of life, RNA
and DNA. We will discuss the function and structure of those mol-
ecules a bit, but leave the gory details to Plaxco and Gross (Plaxco is
a biochemist, after all). Thus this book will focus on some aspects
of the amino acids that the other books have omitted.

To reiterate a bit, the amino acids are the building blocks of
the proteins, which allow our continued existence in a variety of
ways. We require 20 amino acids for life. Our bodies can only syn-
thesize about half of them; the others need to be acquired from our
food. However, there are many other amino acids—more than one
hundred, most of which are not naturally occurring on Earth.

In the famous experiment of the 1950s discussed in Chap. 1,
Miller and Urey [2, 3] were able to show that at least some amino
acids could be synthesized in a spark discharge in an environ-
ment containing water (H,0), methane (CH,), ammonia (NH,),
molecular hydrogen (H,), and very little oxygen. Miller claimed

FiGURE 5.1 Structure of alanine (on the Ileft) and valine (on the right), two
amino acids that are essential components of proteins. Note the amino
group at the left, with an extra hydrogen, and the components of the car-
boxyl group on the upper right on both molecules. (Courtesy of Charles
Ophardt, Professor Emeritus, Chemistry, Elmhurst College, Elmhurst, IL)
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that five amino acids were produced by this experiment. In 2008,
a reanalysis of Miller’s archived results [4] showed that 22 amino
acids were actually produced in the experiment. This experiment
produced the often made claim, attributable many years before to
Oparin [5] and Haldane [6], that since the Miller-Urey experiment
showed that many of the building blocks of life could grow out of
an Earthly lightning storm in some environment that contained
the carbon, hydrogen, and nitrogen amino acid constituents, that
may be how life, or at least many of the molecules required for life,
began. So that’s pretty convincing. And this would certainly sug-
gest that we don’t need to have anything to do with extraterrestri-
als, at least as relatives! Our amino acids are home grown, thanks,
and if extraterrestrials need amino acids, they can make their own
wherever they might be.

5.2 Chirality and Polarization

However, as indicated in Chap. 1, Nature has provided us with an
important bit of information that is somewhat difficult to recon-
cile with the spark discharge creation of the amino acids: that is
their chirality. So let’s look into that, and try to understand why
this amino acid chirality might be difficult to understand in the
context of the Miller-Urey creation mechanism.

Chirality refers to the structure of “things”; as noted in Chap. 1,
your left and right hands cannot be translated into each other. But
when you look at the mirror image of one hand, now they could
be translated into each other, at least in principle. So your hands
are referred to as having mirror symmetry, since they are mirror
images of each other. Similar definitions apply to the structure of
molecules, most notably the amino acids. They are also said to
have chirality. I've shown, in Figure 5.2, the left-handed and right-
handed versions of the amino acid Alanine. There you can see that
amino acids and hands enjoy the same sort of chirality.

Chirality can also refer to the direction of rotation of “cir-
cularly polarized light” (to be discussed below). The chirality of
molecules is closely coupled to the effect the molecules can have
on circularly polarized light that shines on the molecules. For
instance, when right circularly polarized light shines on a right
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Mirror Images are Optical Isomers
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FiGure 5.2 Mirror images of optical isomers, specifically (in the lower
figure) 1-Alanine and p-Alanine. (Courtesy of Charles Ophardt, Professor
Emeritus, Chemistry, Elmhurst College, Elmhurst, IL)

handed amino acid, the light will be affected differently than when
right circularly polarized light shines on a left handed amino acid.
This effect can take a couple of forms, but one way in which the
differences are observed is in the absorption of the light; it will be
different for the two polarizations of light as they pass through a
chiral medium. This effect has been used to suggest one of the pos-
sible ways in which amino acids developed their specific chirality.
In Chap. 6 we will talk about some ways to make a collection
of racemic molecules (the same number of right and left handed
molecules) into an enantiomeric collection (where one chirality is
favored); circularly polarized light is one of the ways by which this
might happen. In the mean time, to best understand this relation-
ship between circularly polarized light and molecules, we need to
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talk more about light, some of its specific properties, and how this
form of light is affected by these molecules.

Light can be characterized by its “electric field vector.” What'’s
an electric field? To give you some feeling for what an electric field
is, if there is a charged particle in the region of the electric field,
it will produce an acceleration on the particle. What’s a vector?
Vectors are pictorial representations of quantities that have both
direction and amplitude, so we can represent them by arrows of an
appropriate length; longer arrows represent stronger electric fields.
(Vectors can be used to describe a variety of things, for example,
the course of an airplane in flight that is subject to winds.) Inci-
dentally, light also has an associated magnetic field vector, but its
direction and amplitude are fixed once the electric field vector and
the direction of propagation of the light are fixed. So we will just
describe light in terms of the electric field vector.

So let’s think of the electric field vector associated with light
as an arrow that points in the direction of the electric field while
the light particle, the photon, is moving through space. The field
will oscillate, in the positive and negative directions, as indicated
in the picture in Figure 5.3. That figure assumes that we are look-
ing at the light as if it were frozen in time, that is, as if it were
fixed in space as in a snapshot. Thus we see its oscillations as it
propagates through space. However, it also oscillates in time; the
figure could also represent what we would see if you sat at a fixed
location and just watched how the electric field oscillated as the
light passed by you. Thus the horizontal axis is labeled as either

T

AorT

Ficure 5.3 Electric field vector of a light either as a function of space or
of time. If the coordinate on the horizontal axis is space, or x, the length
for one complete cycle is called the wavelength, 1. If the coordinate on
the horizontal axis is time, the time for one complete cycle is called the
period, T.
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space or time. The arrows could be oriented so that it points up
and down as it oscillates, or it could also be oriented to oscillate
left and right, or its oscillations could occur in any other plane. In
any of these cases, the light is said to be “linearly polarized”.
Now suppose that we added up—-down and left-right electric
field vectors of the same strength (or length) so that the one going
up and down was at its maximum up direction exactly when the
one going left and right was maximum to the right. The up-down
and left-right electric field components are said to be “in phase”
in this configuration; they both achieve their maxima and min-
ima at the same time. Vector addition is pretty basic stuff; one has
to maintain both the magnitude of the vector, represented by its
length, and its direction (and this requires a little trigonometry). If
we do that for this case, then we would end up with an electric field
direction that was at 45° to both up and down, and to left and right,
as shown in Figure 5.4. Think of someone pushing a box along the
floor where they are pushing it to the south, and someone else is
pushing just as hard to the east. The motion of the box would then
be toward the southeast, it would move a little faster than it would
have with either push by itself (but less than twice as fast), and you
just performed vector addition. Now assume we are looking in the
direction of propagation of the light, that is, we are riding along
(if this were possible!) at the speed at which the light is moving—
the speed of light. The total electric field resulting from the addition
of the two vectors is in the diagonal direction, as shown. This light
is also linearly polarized in the up-right and down-left direction.

v

t) t, ts ty ts te t; tg  to

Ficure 5.4 Total electric field when the field has both up-down compo-
nents and left-right components; the components are equal, and they are
“in phase”. The figure assumes that we are looking along the direction of
propagation of the photons, that is, the direction of propagation is into the
page. The time intervals are spaced one eighth of a period apart. In each
picture the diagonal arrow (bolded) represents the vector sum of the two
field components, that is, it is the total electric field. At t, t,, and t,, both
components (and therefore the total field) are zero.
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FiGURE 5.5 Total electric field when the field has both up-down compo-
nents and left-right components, and they are out of phase. In each picture,
the total field is bolded. As in Figure 5.3, the direction of propagation is
into the page.

But the direction of the arrow is always in the plane that is 45° to
both the vertical and horizontal axes. By the way, the amplitude of
the total electric field, that is, its maximum value, increased a bit,
and its vector got a bit longer, from the vector addition.

Now suppose that we added two electric field vectors so that
the up—-down vector was maximum up when the left-right one was
zero. This situation is referred to as the vectors being “out of phase.”
In this case, the electric field vector appears to rotate, as indicated
in Figure 5.5. However, if the maximum values of the up-down and
left-right vectors are the same, the length of the total electric field
vector will be a constant. Again, we are looking in the direction
of propagation of the light. By changing the relative timing of the
up—-down and left-right components, we can make the direction of
rotation go in the other direction. The one of these that appears
to have the electric field direction rotating clockwise is referred to
as right-circularly polarized light, while the one that rotates coun-
terclockwise is left-circularly polarized light. As you might guess,
scientists have invented fancier names for these to impress the non-
experts, but we don’t need to worry about those names.

5.3 Relating Circularly Polarized Light
and Molecular Chirality

As we have mentioned, the remarkable thing about circularly
polarized light and the molecular chirality is that they are corre-
lated. Left-circularly polarized light and right-circularly polarized
light don’t act the same way when they go through a medium
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containing molecules that have a selected chirality. This might
take the form of attenuation of one form and transmission of the
other, or it might be that the electric field direction gets rotated in
different ways by the two molecular forms. Again, we don’t need
to worry about the details; suffice it to say that chirally selected
molecules do impose different effects on the two forms of circu-
larly polarized light, and that these effects are related to the struc-
ture of the molecules.

We know that all the amino acids that are naturally occurring
on Earth, except one, are left-handed (and the exception is non-
chiral). That is truly remarkable! It’s also a problem for the Miller—
Urey interpretation of the origin of life, since their experiment
produced equal numbers of left- and right-handed amino acids. So
how did the amino acids all become left-handed? This is a puzzle
that has befuddled scientists for more than half a century. This has
produced a variety of proposed solutions. We will discuss several
of these in the following chapter. We will also discuss a newly
minted suggested solution that circumvents many of the problems
with the other solutions.

5.3.1 Chiral Selection

Tounderstand how chiral selection of molecules might occur, we first
have to ask how the different chiral forms of molecules might have
become “separated,” either in energy, or in space-time, or in some
other way. To explore this we have to go back to Michael Faraday
[7] who, in 1846, noted that molecules in an external magnetic field
will tend to act as if they had an induced current of their electrons.
This results from the fact that electrons in a magnetic field feel a
force that is perpendicular to the field. Thus they will tend to move
in circles, with the plane of the circles perpendicular to the direction
of the magnetic field. Although this would not of itself produce a dif-
ferent effect on left- and right-handed molecules, it does set up this
possibility. This effective rotating electron ring will produce some-
thing called a magnetic moment, which represents the interaction
of the molecules with the external magnetic field.

However, particles and nuclei can also have their own intrin-
sic magnetic moments. In particular, if a particle, or a nucleus,
has an intrinsic “spin”, or degree of freedom that acts as if the
particle or nucleus is also a rotating ring of charge (it isn’t; it only
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acts that way), it will have such a magnetic moment. The vec-
tor that represents the magnetic moment points in the direction
perpendicular to the plane in which the charge rotates. This is not
as spooky as it might sound; think of the Earth rotating about its
axis. Its vector representing its rotation points along the axis about
which it rotates, that is, it is perpendicular to the planes in which
things are rotating. Nuclei like >C and '°O have an intrinsic spin
of zero if they are in their ground states, so they are not candi-
dates for this effect. However, '*N does have a nonzero spin, which
will interact with an external magnetic field and with the induced
electron ring. Thus “N is crucial to the model I'm describing; the
effect it produces could not exist for either >C or °O. And N is a
constituent that is common to all of the amino acids, so whatever
outcome its spin has on the origin of amino acid chirality is guar-
anteed.

This outcome was described by Buckingham [8] in a paper
that was designed to describe the effects of nonzero spin nuclei
on nuclear magnetic resonance studies, and was subsequently
extended by Buckingham and Fischer [9] and Harris and Jameson
[10]. However, the effects Buckingham described for molecules in
the magnetic field of a laboratory magnet would also apply to mol-
ecules in outer space, if they could be subjected to an external
magnetic field. Nature conveniently produces the required condi-
tions to apply the Buckingham effect to amino acids. Just such a
field is produced in many nascent neutron stars, or black holes, as
they are forming when a core-collapse supernova occurs. The mag-
netic field associated with a neutron star close to its surface can
be billions of times as strong as the strongest magnetic field that
scientists have produced in their laboratories on Earth, at least for
greater than fractions of a second, so we might expect that these
fields can produce extraordinary effects. They are important, but
they require one other ingredient to produce amino acid chiral-
ity, and as the supernovae collapse to neutron stars or black holes
they also supply it in abundance. It is the neutrinos, mentioned in
Chap. 1, that cool the neutron star or black hole as it is forming
and these are emitted in copious numbers.

What Buckingham found is that the interaction of the
nuclear magnetic moment with the magnetic moment associ-
ated with the electrons that the Faraday effect had produced
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would act differently in a left-handed molecule than it would in
a right-handed molecule. Thus the strong external magnetic field,
together with the non-zero-spin nucleus '“N, will allow Nature
to distinguish between left- and right-handed molecules. But how
would this couple to the chirality of the molecules?

5.3.2 A Little Atomic Physics and Some Very Basic
Quantum Mechanics

To describe this, we need to do a little atomic physics and con-
sider the effects of the quantum mechanical nature of atoms. I'll
spare you from all the quantum mechanical details and just use
the results. This won’t make you an expert in quantum mechanics,
but you’ll have just enough information to be slightly dangerous.
By the way, it helps to have some background in physics to under-
stand the following explanation but if you don’t have that back-
ground and complete understanding escapes you, don’t worry. You
don’t have to digest all of this to follow our story. So here we go.
An atom will have a magnetic moment and a total angular
momentum of Jh, where J can be either an integer: 0, 1, 2, etc., or a
half integer: 1/2, 3/2, 5/2, etc., and where h is one of the constants
of physics (“Planck’s constant” divided by 2x). The interaction of
the magnetic moment of the atom with an external magnetic field
will produce a separation in energy of its “magnetic substates” that
can be observed by detecting the photons produced or absorbed
in the transitions between the magnetic substates. The magnetic
substates are characterized by a quantum number that ranges from
the value of the total angular momentum to minus the total angu-
lar momentum in units of one, for example, if J=2, the magnetic
substate quantum numbers will be 2, 1, 0, -1, and -2. If J=3/2, the
magnetic substate quantum numbers will be 3/2, 1/2, -1/2, and
-3/2. You can think of these as representing the different orienta-
tions of the vector J with respect to the direction of the magnetic
field. However, there is another catch, that being that in quan-
tum mechanics, the magnitude of the total angular momentum
vector is greater than the magnitude of any of its substates. For
the J=3/2 case, the total angular momentum is a bit larger than
3/2, the length of its maximum projection. Since the total angular
momentum is greater than the length of any of its components,
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m = +1/2+

m=—1/2

m=-321——

FIGURE 5.6 Orientations of the vector angular momentum J=3/2 for
different orientations of J with respect to the external magnetic field. The
magnetic substate quantum numbers m represent the possible projections
of the total angular momentum on the “Z” axis, usually chosen to be
the direction of the external magnetic field. Note that since the length of
the angular momentum vector is larger than any of its projections, it can
never be perfectly aligned with any of its components or with the external
magnetic field

it can never be perfectly aligned with one of those components.
Perhaps Figure 5.6 will help you visualize the situation.

The molecules with which we are concerned, the amino
acids, will necessarily have many such total angular momenta,
since different amino acids are composed of different atoms. For
each amino acid, the total angular momentum will be the vector
sum of the angular momenta of each of its constituent atoms. N
is not the only atom with a nonzero angular momentum: hydrogen
atoms, for example, can also have a nonzero angular momentum,
which will be the vector sum of the spin of its proton (1/2) and its
electron (1/2). These can add to either zero or one. However, their
magnetic moments will be small enough that the energy separa-
tions of their magnetic substates, even in the strong magnetic field
that would be produced by a collapsing neutron star or black hole,
would be small compared to the thermal energies of the atoms,
even at the extremely low temperatures of outer space. Thus the
thermal equilibrium that would exist would dictate that the num-
bers of molecules in each of the magnetic substates (that is, the
populations) in any group of such atoms would be about the same,
assuming that they have time to come to thermal equilibrium.
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Ficure 5.7 Populations of the different magnetic substates for an atom
having angular momentum J=3/2 in a zero magnetic field (left), and for
left-handed molecules (center) and right-handed molecules (right) in the
presence of an external magnetic field. The thickness of the line indicates
the magnitude of the population of each substate. (From Boyd et al. [11].
Courtesy of the International Journal of Molecular Sciences)

However, the Buckingham effect would redistribute the popu-
lations of these magnetic substates; with one chirality being driven
toward one extreme and the other chirality toward the other. The
situation is illustrated in Figure 5.7. On the left, the populations of
the magnetic substates are seen to be equal, before the supernova
goes off and the magnetic field is very small. But when the star
explodes and the magnetic field forms, the left-handed molecules
have their distributions driven one way, and the right-handed ones
the other, as indicated in the figure.

How this distinction might manifest itself in a way that
would produce a net chirality will be discussed in Chap. 7. But
first we need to see, in Chap. 6, how some of the models for amino
acid production have attempted to deal with the chirality prob-
lem. And we'll see in that chapter that chirality can indeed present
a problem!

Are you beginning to feel a little bit dangerous?

5.4 The Other Molecules of Life

The very simple organic molecules, the amino acids, somehow
can get together to form very complex molecules, the proteins.
But one protein may have 100-1,000 of amino acids, and the 20
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amino acids that are relevant to Earthly life could form gazillions
of different proteins, only a small fraction of which would be rel-
evant to life. So we are left to wonder how the amino acids get
their instructions to form only the useful proteins.

Although there are a lot of questions associated with the origin,
evolution, and operation of cells, this one does have an answer. As
Davies says in his book The fifth Miracle, [12]“... life as we know
it is the upshot of a mutually beneficial deal struck between DNA
[deoxyribonucleic acid]| and proteins.” We'll talk a bit more about
the DNA below, but for the moment, it contains the instructions
for making the relevant proteins, down to the specific amino acid
structure. DNA is constructed from four “nucleobases,” adenine,
guanine, cytosine, and thymine, abbreviated A, G, C, and T. We will
also encounter another base, uracil, denoted by U, which is similar
to T but which only occurs in RNA (see next paragraph). We will
come back to these bases in a bit; their specific chemical character
is crucial for replication, one of the basic criteria for achieving the
status of a living being.

So the DNA has the instructions for forming the essential pro-
teins, but it must communicate these instructions in some way so
that the proteins get made. This is done via RNA, ribonucleic acid.
RNA is made of AGCU, and comes in several varieties. Messen-
ger RNA, or mRNA, reads the protein making instructions from
the DNA and takes that information to the ribosomes, the places
within the cell where the proteins are made. These have a “slot” into
which the mRNA feeds the instructions selecting the amino acids
and assembling them one by one until the protein is complete.

But while the assembly is taking place, somehow the right
amino acid has to be identified and brought to the growing pro-
tein chain at the right time. This function is performed by another
RNA, the transfer RNA, tRNA. The mRNA instructs the tRNA
which amino acid it needs next, and the tRNA obligingly finds
it, attaches to it, and delivers it to the site on the growing pro-
tein where it is needed. This process continues until the protein is
completely formed, at which time the mRNA sends a signal to the
ribosome, indicating that the process is complete and the newly
created protein can be cut loose.

Of course, the DNA serves to do more than just providing
the instructions for protein assembly. If you’re not a biochemist,
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it’s pretty easy to be blown away by descriptions of how DNA
functions, but again Davies has given a nice description, which
will form the basis and level for what follows.

In the 1950s, Francis Crick and James Watson, using state
of the art technology (for that time) discovered that DNA has a
structure of a double helix. The double strands are attached by
many cross links, which are paired in such a way that A is linked
with T and C with G. Thus the two strands are complementary,
and when it comes time for the DNA to replicate, the two strands
unwind, and each strand will combine with new bases to form
(because of the complementarity of the two strands) a new strand
that is identical to the one from which it just unwound.

One of the basic requirements for life is the ability to repro-
duce, and this clearly must persist for generations. It is this com-
plementarity that produces the required unwavering replication
of the DNA. The fact that human beings have been around for as
many generations as we have provides testimony to the accuracy
of the replication process. Of course, variations do occur, but these
are rare. Furthermore, the DNA has mechanisms for correcting
errors of replication. Of course, occasionally an error will remain
uncorrected; these will form mutations. While most mutations
are destructive, once in a while a positive one occurs, and this will
provide its recipient with survival advantage, which gives the spe-
cies with the new DNA a potential evolutionary gain.

5.5 How Were the More Complex
Molecules Created?

The description of how the proteins are made and how the DNA
replicates itself, of course, does not describe how everything got
started. We do know that amino acids are produced in outer space,
from the meteoritic evidence and from the space explorer Stardust,
but how does Nature get from the amino acids to the more com-
plex molecules, the proteins and the DNA? One model suggests
that the peptides (formed from the amino acids) came first, and
from them were formed the more complex molecules of life, the
DNA and RNA,; this is known as the “protein world.” Peptides,
which are smaller than proteins, generally contain less than 20
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amino acids (proteins can contain many more) and have an amino
acid on one end and a carboxyl on the other. The more complex
molecules would then have formed initially as “oligomers,” single
stranded nucleic acid fragments. The other model suggests that
somehow those more complex molecules had to be formed first,
because without them how would the proteins get the instructions
they required to form? This is called the “RNA world,” which was
originally proposed by Gilbert [13].

However, there is now experimental evidence that the
amino acids can form peptides, and once that huge step has been
taken, apparently the road is open for formation of more complex
molecules. Surely the first ones were simple, but as mutations
occurred, and natural selection oversaw the triumph of the more
dominant forms, eventually the complexity that we now know
was achieved.

The way in which the peptides are formed has been sug-
gested to be through the Salt Induced Peptide Formation Reaction,
or SIPF reaction [14]. Although theoretically based, the evidence
for the reactions by which the peptides would be synthesized in
a high concentration salt water environment are sufficiently well
developed [15, 16] to warrant a detailed description of the process.
The critical reactions were apparently catalyzed by copper ions in
the salty environment [14]. The copper atoms served [17] “to bring
[the amino acids] together into a suitable position and polarization
state to allow peptide formation to take place with the help of
the dehydrating agent NaCl” [16, 18]. These reactions, assuming
a reaction set that is catalyzed by glycine (indicated as Gly), and
X being another amino acid, are as follows. The dashes indicate
bonds, and the process indicated by these equations forms a new
chemical of the two X amino acids [14]:

Gly+X—->Gly-X
Gly-X+X->Gly-X-X
Gly-X-X->Gly+X-X

The copper organizer-catalyst may also serve another func-
tion. The effect on the energy difference between different chiral-
ity states due to the weak interaction goes as the fifth power of the
nuclear charge which, with copper, is 29. Thus use of the copper
catalyst has the potential to enhance enormously the energy differ-
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ence due to the weak interaction between the two chirality states
of molecules, and hence to produce a chirality selection based on
this energy difference. Experiments have shown that, although the
effect is small, it apparently does exist, and is reproducible [19].

One paragraph from the excellent review article by Rode,
Fitz, and Jakschitz [17] deals with this question, and I will simply
append that paragraph:

For a final consideration of this problem—what was the first ‘world’
leading towards life?—one still has to address the question wheth-
er amino acids and peptides could have provided the necessary
conditions which are required in the definition of life processes.
Metabolism does not provide any difficulty in this aspect, whereas
the questions of carrying on information, of self-replication, and of
auto-catalytic processes have to be answered. While these processes
are well-known to occur with RNA and DNA—although with the
help of complicated protein-based enzymes—it has to be shown
that these types of processes are also possible with peptides alone.
In the eighties of the twentieth century, it was demonstrated that
there are a number of peptides which are able to reproduce them-
selves from smaller constituents (Isaac and Chmielewski [20]; Lee
et al. [21]; Yao et al. [22]), thus replicating their structure and their
properties. On the other hand, it was found that amino acids them-
selves can catalyze peptide-formation processes, which can be seen
as a good example of auto-catalysis in the production of oligomers
(Suwannochot and Rode [23]). If one considers all of these aspects and
findings, one arrives at the conclusion that the most likely way to
initiate chemical evolution towards some primitive life forms was a
beginning with a number of amino acids, forming peptides and later
on the larger polymers, namely the proteins. Thus the question of
RNA world or protein world does not seem any more a hen-and-egg
problem but a clearly-to-answer problem in favor of a ‘protein-first
world,” starting from smaller peptides and forming in the end some
cell-like organisms with first simple characteristics of life. One
could ask at this point why one does not observe such primitive
organisms any more. Here, one has to acknowledge that evolution
has always replaced less efficient mechanisms by improved ones,
eliminating thus the less favorable life forms. Hence, it is not diffi-
cult to postulate that as soon as RNA and DNA came into the ‘game
of life’, any older organisms would have been eliminated.

However, an interesting twist has occurred, due once again
to Stanley Miller. The famous Miller-Urey experiment showed
that at least some amino acids could be formed in conditions and
within environments thought to characterize the early Earth.
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However, recent experiments have shown that a completely dif-
ferent environment is also capable of producing amino acids, and
some nucleobases, the building blocks of DNA and RNA, as well.
The first such experiment, which was performed by Miller, con-
sisted of a solution he had prepared 25 years before he analyzed it.
The experiment consisted of a dilute solution of ammonium cya-
nide, NH,CN (which is equivalent to ammonia, NH, and cyanide,
HCN), that was kept at two temperatures, -20°C and -78°C for
25 years (obviously this wasn’t anyone’s graduate thesis project).
Although chemical reactions are generally thought to slow down
as the temperature decreases, the reaction rates also depend on the
densities of the entities that need to get together in order to react.
As ice crystals form, they tend to drive out any impurities, which
will then collect at the interfaces between the ice crystals, thereby
vastly increasing the densities of the impurities. This is known
as “eutectic freezing.” To quote Fox [24]| “Chemically speaking,
[eutectic freezing| transforms a tepid seventh-grade school dance
into a raging molecular mosh pit.” The results were published in
2000 (Levy et al. [25]). Levy et al. found a simple set of amino acids,
as well as adenine and guanine, two of the nucleobases.

Lower temperatures have other advantages also. Cyanide
evaporates more readily than water, so operating at elevated tem-
peratures tends to eliminate that constituent from a liquid mix. In
addition, the nucleobases are rather fragile molecules, so lowering
the temperature helps preserve them, extending their lifetime [24]
from days to centuries.

Although the results of Levy et al. [25] were greeted initially
with skepticism, probably because of the general feeling that reac-
tion rates drop precipitously with decreasing temperature, addi-
tional experiments tend to confirm their result. Trinks et al. [26]
conducted an experiment in which they “seeded” artificial sea
water that was spiked with RNA nucleobases adenine, cytosine,
and guanine, and with an RNA “template,” a single-strand chain
of RNA, to guide the formation of new strands of RNA. Then
they froze the mixture for a year. As a new strand of RNA assem-
bles, it “adheres to the template like one half of a zipper to the
other” [24]. What Trinks et al. [26] found was that long strands of
RNA molecules—up to 400 nucleobases long—had been formed.
The previous record had been about 40 nucleobases.
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These results certainly give hope to finding life on places
like Europa (a moon of Jupiter) which is generally thought to
be covered by a several kilometer thick layer of ice. However,
it might also support the idea that not only amino acids, but
nucleobases and even strands of RNA, might be formed in the
cold confines of outer space. So perhaps the RNA world isn’t
dead. But one does have to ask where the template strand of
RNA came from.

Of course, just having homochiral amino acids and nucleobases
doesn’t get us to the point at which these chemicals evolve into
living beings. We certainly do not yet understand the chemistry by
which this happens. However, a viable site in which the myriad
chemical reactions required for this to happen from the molecules
of life that are delivered to Earth from outer space has been sug-
gested [27]: this is pumice. It is very porous, which gives it an
extremely high surface to volume ratio, and presents the large sur-
face areas on which the constituents necessary to create complex
molecules and replicate the basic molecules of life, the amino acids
and the nucleobases can gather. Perhaps even more importantly,
this gives pumice a very low density, which makes it capable of
floating on the surface of water, at least until it saturates. This
allows it to pile up on shorelines so as to make large chunks of
this chemical cauldron. Furthermore, the chunks of pumice might
continue to serve as chemical cauldrons even when they sink,
especially if they happen to end up near hot ocean vents, to which
we will return in Chap. 9.

However the molecules of life formed, and life evolved from
them, somehow life did get started from the complex molecules
that preceded it. Could there have been just a single life form that
evolved in a variety of different ways to form the plethora of living
things that now inhabit Earth? The model that biologists have pos-
ited for this traces back to the Last Universal Common Ancestor,
LUCA (see [1] for a more extensive discussion). What biologists
have found is that all living creatures have many biological features
in common. For example, even though no actual LUCA creature
has ever been unearthed by our paleobiologists, the commonal-
ity of the species that “she” originated suggest that she relied on
her DNA to store her genetic information, and that she used the
same 20 (presumably left-handed!) amino acids to manufacture a
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couple of 100 proteins that her cells used to perform their various
functions. (She was most likely a very primitive creature, perhaps
even a single cell, after all; she might not be something that would
be readily recognizable, especially after having been a fossil for a
few billion years.) And LUCA may not have been unique; many
other LUCAs may have been created at about the same time she
was, but she was just the most successful in the competition for
survival that had to have ensued.
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6. How Have Scientists Explained
the Amino Acid Chirality?

Abstract In this chapter several of the models that purport to
describe how amino acids are produced are discussed. Specifically,
the means by which circularly polarized light could create chiral
amino acids, both on Earth and in outer space, are detailed. Next,
several models that rely on the weak interaction to select chiral-
ity are described. And, finally, the possibility that chiral selection
might have occurred on solid surfaces is mentioned. In each case,
the experimental documentation for the hypothetical model is
presented. The chapter then discusses amplification mechanisms,
notably, autocatalysis, which could operate either in outer space
or on Earth. Finally, experiments that have demonstrated amplifi-
cation toward homochirality are discussed.

6.1 Introduction to Models

Explaining amino acid chirality falls into two categories, and they
are not necessarily distinct. It appears that no mechanism by
which amino acid chirality is produced can generate more than a
tiny amount of enantiomerism, that is, an imbalance toward one
chirality. So any successful model requires that some mechanism
or mechanisms exist that can produce some enantiomerism, and
that at least one more mechanism must also exist that can amplify
that enantiomerism to homochirality—the existence of a single
chiral form.

There have been many explanations of the origin of amino
acid chirality. For those astrobiologists whose models I don’t dis-
cuss, but who think their model is superior to the ones I discuss,
I apologize for overlooking your model, and invite an offline
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All Be Aliens?, Astronomers’ Universe, DOI 10.1007/978-1-4614-1332-5_6,
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discussion. Perhaps your model will make it into the second edi-
tion! But I'll try to summarize some of them, especially the ones
that I think are coming fairly close to being feasible explanations.
Of course they fall into two classes, those claiming that the amino
acids have a terrestrial origin, and those that claim they origi-
nated in outer space. And those in the former category still have
to account for the chiral amino acids found in the meteorites.

6.2 Models That Produce Chirality

The suggestion that the amino acids were created by a lightning
bolt in an appropriate Earthly environment was certainly given
support by the Miller-Urey [1, 2] experiment, discussed in sev-
eral previous chapters. This scenario, the Earthly creation of the
amino acids, was reviewed extensively by Wachterheuser [3, 4]. Of
course, the chirality issue presents a problem that this scenario
must address. Thus many attempts have been made to explain
how the equal populations of left- and right-handed amino acids
that would have existed initially could have been converted to one
that is entirely left-handed.

6.2.1 Chiral Selection via Circularly Polarized Sunlight

One possibility that has been suggested to make the stomach
Miller-Urey model consistent with the Earth’s amino acid chiral-
ity is to assume that our Sun’s circularly polarized light might
create some amount of enantiomerism as this light impinges on
the amino acids, since one chirality of a molecule would then be
more readily destroyed than the other (see, for example [5, 6]). This
could happen under the following circumstances. A tiny fraction
of the light from the Sun is polarized (<1%). It is usually assumed
that the light has to scatter twice in order to achieve circular
polarization, although we will discuss a model below in which
that is not the case. We will assume that circularly polarized light
is created when the light scatters from dust grains. The dust grains
have to be non-spherical, in which case the interstellar magnetic
fields (which are tiny but non-zero) can orient them. Then it can
be shown that a single scattering will produce linearly polarized
light (see Chap. 4). However, the orientation of the interstellar
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magnetic fields is pretty random, so if the light scatters a second
time it will most likely be from a grain, again assumed to be non-
spherical, that is oriented differently from the grain on which the
first scatter occurred. If this is the case, the second scattering will
change the phase of one of the components of the linearly polar-
ized light, converting the linearly polarized light into circularly, or
perhaps elliptically, polarized light. Since the ability of circularly
polarized light to produce enantiomerism has been demonstrated
in the laboratory, it should also work in nature.

The problem with the above model is the randomness of the
magnetic field directions in interstellar space. Thus the circularly
polarized light produced by the two scatterings is just as likely
to create right-circularly-polarized light as it is to create left-
circularly-polarized light. If the circularly polarized light creates
left-handed molecules in one place, it will be circularly polarized
in the opposite direction somewhere else, and so will make right-
handed molecules there. The fractions of the two chiralities aver-
aged over all space will be expected to be equal. Sunlight has an
additional interesting feature: its circular polarization varies during
the day. The different components during the day will just cancel
each other. The attempts to explain how this “local” chirality but
global equality of right- and left-handed molecules can be circum-
vented for Sunlight border on the heroic; they are discussed in the
review paper by Bonner [7]. After thoroughly discussing them, he
professes skepticism about their probability of success. Bailey [8]
comes to the same conclusion.

The other possibility is that the amino acids were created
in the cosmos, then transported to Earth by meteoroids, comets,
or members of an advanced civilization. Front and center in this
aspect of the discussion is the Panspermia hypothesis: that life was
not created on Earth, but came to Earth from outer space. This was
mentioned as early as the fifth century B.C., by the Greek philoso-
pher Anaxagoras, and it has had many re-emergences since that
time. Its proponents include Kelvin, von Helmholtz, Arrhenius,
and in more recent times, Fred Hoyle, Chandra Wickramasinghe,
and Francis Crick. Many of the Panspermia explanations have lit-
tle in common with the original one except that they all have the
origins of life external to Earth. Indeed, the purest version of Pans-
permia purports that life, and hence chirality, has always existed,;
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this would certainly force a revision of the modern theory of the
Big Bang, since it is difficult to imagine molecules at the tempera-
tures that existed in the early Universe, certainly the hundreds of
millions Kelvin that existed at the time at which nucleosynthesis
occurred a few minutes after the Big Bang, and even considerably
higher than that prior to Big Bang Nucleosynthesis.

Nonetheless, the suggestion that the seeds of life did not orig-
inate on Earth but rather arrived in some way from outer space is
certainly not new, and it was given a huge boost by the results of
analyses of the Murchison meteorite, as we discussed previously.
The Murchison meteorite showed that amino acids and other
biologically interesting molecules are produced in outer space,
that some of the amino acids have been chirally selected to be
left-handed, and that they can survive the journey to Earth. Pans-
permia lives!

However, as often happens in science, this simply moves the
question that needs to be answered to a higher, or in this case
a more distant, level of sophistication. The nagging question of
the origin of the chirality of the amino acids still remains to be
answered and understood. The chiralities of the amino acids from
the Murchison meteorite that were nonzero were all left-handed,
and the amino acids on which we depend for life are left-handed.
But is left-handedness inevitable for the amino acids? Is there some
mechanism by which they are produced that always makes them
left-handed? Or are they produced as racemic collections of mol-
ecules and then processed to make them enantiomeric? And can
we use the chirality of the amino acids to understand the amino
acid origins, and possibly even our origins? Indeed, is understand-
ing the origin of the chirality of the amino acids crucial to under-
standing the origin of life?

6.2.2 Chiral Selection via Starlight

The possibility for producing left-handed amino acids via circu-
larly polarized light can certainly be applied to making them in
the interstellar medium as well as on Earth. Indeed, the photons
may be more effective if they are higher energy than exists for the
Solar photons, which must penetrate the Earth’s atmosphere to
get to the surface of the Earth. Thus ultraviolet photons, which
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cannot penetrate the Earth’s atmosphere but are plentiful in outer
space, may well be the preferred means of processing amino acids
in space. Indeed, it has been demonstrated in the laboratory that
this effect can occur [6]. It should also be noted that the Earth’s
atmosphere developed after the Earth was formed, and well after
life is thought to have begun; thus the ultraviolet radiation could
have had an effect on processing the amino acids that existed on
Earth early in its history (although the Earth would still have had
some sort of atmosphere, possibly the result of volcanic explosions
and dust from meteorite impacts). The polarization appears to be
highest when the photons have to pass through a relatively dense
nebula in order to escape their star, which gives them more oppor-
tunities to scatter. However, starlight has been observed in most
situations to be circularly polarized at only a fraction of a percent
at the maximum and generally considerably less than that. So this
scenario is roughly as promising for ultraviolet photons in outer
space processing the amino acids as it is for sunlight affecting them
on Earth. As with the model in which amino acids are processed
on Earth by sunlight, the circularly polarized light would destroy
molecules of one chirality and not affect the other, or more likely
destroy both to some extent, but would affect one chirality more
than the other.

Bailey [8] discusses the possible sources of circularly polarized
light that might have resulted in amino acid chirality from ultra-
violet photons in space. As a prelude to this discussion he presents
a table that shows the amount of destruction of the amino acids
that would be required to produce different enantiomeric excesses.
If it is assumed that the light is 100% circularly polarized, destruc-
tion of 99.6% of the molecules would be required to produce an
enantiomeric excess of 10%, and of 99.975% to produce 15%. If
the light is only 1% circularly polarized, achieving an enantio-
meric excess of 10% would require destruction of 99.996% of the
molecules. This puts a high premium on performing the chirality
selection with light that is as highly circularly polarized as pos-
sible.

The model developed by Gledhill and McCall [9] describes
the polarization that would be realized from single scattering of
ultraviolet light from non-spherical grains that would be aligned
by a magnetic field. They found that grains having a ratio of longer
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dimension to shorter dimension of 2:1 could produce circular polar-
izations as high as 50%. And objects with circular polarizations
approaching this value have been observed [10].

Bailey [8] discusses the possibility of various sources of circu-
larly polarized light that have been discussed in the literature. This
includes synchrotron radiation produced by relativistic electrons
being accelerated in the magnetic field of a neutron star, which
has not been observed to be polarized, so must have an extremely
small polarization. It also includes the circularly polarized light
from a white dwarf that is accreting matter from a companion star.
This could produce an extremely high circular polarization, but
Bailey argues that the probability that the material of which our
Solar system is comprised would have been subjected to such a
source is small. However, he also notes that if life in the universe
is found to be rare, this might be a plausible source.

He finally concludes that reflection nebulae would seem to
be the most promising source of the processed amino acids, espe-
cially given the model of Gledhill and McCall for producing the
circularly polarized light. In contrast to the situation with the
accreting white dwarf, Bailey notes that if life in the Universe is
not rare, then this source would seem to be a major contributor.
He also assumes that the processing would occur in a relatively
dense cloud, so that the processed molecules would only undergo
one processing event, and not even see photons from other stars.

However, this cosmic circularly polarized light scenario
has the same difficulty producing global amino acid chirality
as the circularly polarized Sunlight scenario, that is, the circu-
larly polarized light that was left-handed in the cosmos would be
expected to be balanced by the right-handed circularly polarized
light. So this model might predict that there would be regions of
the interstellar medium in which the amino acids would be left-
handed, and others in which they would be right-handed, just as
would be the case for the Sunlight scenario. And this assumes that
the interstellar magnetic fields are not fluctuating, which might
be expected to be the case for the starlight passing through the
nebula produced by its star of origin, either from a stellar explo-
sion or from stellar winds. But averaging over all space would
make it difficult to produce anything other than a racemic result.
This does remain a general problem for the circularly polarized
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light explanation in both the terrestrial origin and the extrater-
restrial origin models as long as left-handed amino acids are all
that we find. Another problem with circularly polarized ultravio-
let light invoked to do the processing, as mentioned above, is also
that the light will destroy a lot of molecules of life in order to
create a preferred chirality in a few of them.

Another problem resides with the larger objects that might be
processed by the circularly polarized light. The light would only
process the surface of the object, so if it were a large meteoroid
or a comet, the small fraction of the chirally selected molecules
on the surface would translate into an infinitesimal enantiomeric
excess when all the volume of the object, presumably with many
more racemic molecules, was taken into account. And, since small
objects would tend to be racemized or even destroyed when they
encountered the Earth’s atmosphere, it is presumably the large
objects that delivered the Earth’s preferred chirality. Bailey appar-
ently circumvents this problem, however, by assuming that when
the molecules were processed they would be either molecules in
space or possibly could be on small dust grains. The dust grains
would gradually clump together, and ultimately form much larger
objects such as meteoroids. This would produce objects that would
be uniformly chiral throughout, but would be large enough for a
significant portion of each one to pass through the atmosphere of
any planet on which they ultimately came to reside. However,
timing is critical here, since the half-lives estimated for amino
acids in a high photon flux environment are not long—possibly as
short as several hundred years [11], so that grain formation must
occur on a sufficiently rapid time scale to shield the molecules
that had been selected. Once they are enclosed in a larger clump
of material, their half-life increases to millions of years. However,
grain clumping must not occur too rapidly, as the processing to
establish chirality must occur on a shorter timescale.

An interesting approach described by deMarcellus et al. [12]
assumes that the regions that are bathed in fairly uniformly circu-
larly polarized light are large enough to encompass entire planetary
systems. Technically we have very few data that tell us that the
amino acids are all left-handed, and currently the data all originate
within our Solar system (including those from comets). Thus it is
possible that the star, or stellar region, that produced the circularly
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Ficure 6.1 A sketch of a star thatis emitting circularly polarized light (indi-
cated by the outgoing rays), and a system of a star and planets (with orbits
indicated) to which it appears that the circularly polarized light always has
the same polarization. RCPL=right circularly polarized light, LCPL=1eft
circularly polarized light, and UPL =unpolarized light. The average of the
circular polarization over all space is zero, although large regions within a
zone would make it appear that all the light was of one polarization. The
radiation pattern shown is for illustrative purposes only; it is not intended
to represent any known source of circularly polarized light

polarized light that made our Solar system with left-handed amino
acids produced oppositely directed circularly polarized light that
made another stellar system somewhere else right-handed. The
global chirality would be zero, but we wouldn’t know, yet anyway,
about the right-handed planetary system. This model assumes that
the processed regions did not get mixed, or there would be pockets
of left-handed and pockets of right-handed amino acids. This situ-
ation is sketched in Figure 6.1.

However, should we discover a situation somewhere, for
example, acomet or meteroid, in which right-handed and left-handed
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amino acids were equally probable in many of the inclusions of the
comet or meteroid, or if astronomers were able to measure amino
acids in some other planetary system that were right handed, this
model would gain instant credibility.

6.2.3 Chiral Selection via the Weak Interaction

It might be thought that chirality could be achieved by a shift in
the energetics of the molecules of opposite handedness, that is, if
one of them might be selectively formed if it were more tightly
bound than the other. In that case, thermal equilibrium would
favor the more tightly bound molecule, which would then end up
with the larger abundance. In several publications [13-21], Mason
and Tranter studied the possible effects of the weak interaction (the
one that mediates the beta decay we discussed in Chap. 3) in this
regard. They found that the effect was extraordinarily small, about
a part in 107 (one part in 100 million billion). Gol’danskii and
Kuz’min [22] conclude that this effect is so small that “an advan-
tage factor stemming from weak neutral currents has not been
solved on the basis of simple evolutionary [thermal] hypotheses.”
(Also note the discussion by Rode et al. [23] on the possible role
of copper in peptide formation, and its possible role in establish-
ing chirality via the enhancement it would produce on the energy
separation of the chiral states.)

However, the weak interaction is the one known interaction
that, because of its very nature, could produce a chirality because
it “violates parity conservation.” Parity conservation dictates
that the mirror image of an object looks the same as the object
itself, as we discussed in the introduction (remember your hands).
This means that the weak interaction could produce a chirality
simply as a result of the asymmetry that results from the inter-
actions it might produce between particles. This property of the
weak interaction was originally suggested by Lee and Yang [24],
and confirmed by the Nobel prize winning experiment of Wu et al.
[25]. This experiment showed that electrons emitted in the beta
decay of ®°Co (Cobalt) nuclei that had their spins polarized in a
strong magnetic field were preferentially emitted in the opposite
direction to the spin, while the predictions of parity conservation
would be that equal numbers would be emitted in the direction of
the spin and in the opposite direction. The weak interaction is the
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FiGUre 6.2 The data from the experiment of Wu et al. [25] to study the
possible asymmetry of the decays from oriented ®°Co. The experiment is
explained in the text. (From Wu et al. [25]. Copyright APS. http://link.aps.
org/doi/10.1103/PhysRev.105.1413)

only one of the basic interactions in which parity is violated at a
high level.

The results of the Wu et al. [25] experiment are shown in
Figure 6.2. What is shown is the rate at which ®°Co nuclear decays
were detected, in one case with the magnetic field (H) “up” and the
other with it “down.” The decay electrons could only be detected
in the up direction because of the way the experiment was config-
ured. The magnetic field provided orientation of the spins of the
Co nuclei, but only when the sample was cooled to near absolute
zero. As time progressed and the sample warmed up, the orienta-
tion went to zero and the count rates with the two magnetic field
orientations became the same. The data clearly show that there
are more decays resulting from the field down configuration than
from the field up configuration when the nuclei are oriented. If
parity were conserved in beta decays, the rate at which electrons
were emitted would not have depended on the nuclear orientation,
and the event rates would not have depended on the magnetic
field orientation. Thus it must be concluded that parity is not con-
served in beta decay or in the weak interaction, which mediates
beta decay.

Because this interaction violates parity conservation,
it might be thought that it could produce an effect that could



How Have Scientists Explained the Amino Acid Chirality? 117

potentially skew the balance between left- and right-handed
molecules. Indeed, since this is the only interaction that vio-
lates parity, it might be thought to be the obvious candidate to
perform this function. One possible means by which this could
come about originated with Vester et al. [26] and Ulbricht and
Vester [27], who noted that the electrons produced in beta decay
were longitudinally polarized (that is, the electron’s spin is ori-
ented antiparallel to its direction of motion) if they were suffi-
ciently energetic. However, more energetic electrons tend to be
more fully polarized. Highly relativistic electrons are essentially
completely longitudinally polarized. In interacting with matter,
these electrons would produce circularly polarized “Bremsstrahl-
ung” photons, literally, braking radiation. This effect is produced
when a charged particle (in this case an electron) is accelerated
or decelerated when it encounters another charged particle.
The Bremsstrahlung photons, in turn, could interact with the
molecules to produce chiral selection.

The details of this scenario were studied by Mann and
Primakov [28]. They attempted to show that the beta decay of
14C, which despite being radioactive is a relatively abundant
isotope of carbon because it is produced in the Earth’s atmo-
sphere, and which does undergo beta decay, could perform the
chiral selection. They were able to show that this interaction
could produce chiral selectivity, but only if there was a differ-
ence in the destruction rate of left- and right-handed molecules
by the electrons, and that the expected effect was expected to be
extremely small.

Several experiments [29-32] designed to demonstrate this
effect produced results that suggested that some chiral selectivity
did occur, but it was apparently due to the longitudinally polarized
electrons, and not the Bremsstrahlung radiation they produced.
It would seem that this would work as well as the Bremsstrahlung
photons, but apparently the effects are still extremely small—
barely at the level of detectability. Other attempts to confirm the
existence of this effect have been frustrating, presumably because
of the extremely low level of enantiomerism that this effect would
produce [7, 33].

This effect was also studied theoretically by Gol’danskii and
Kuz’min [22]. They concurred with Mann and Primakov [28] that
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the effect was small, but they actually gave a definitive estimate:
it would be expected to be less than one part in 10'°. And this was
an upper limit, since they assumed that the electrons were totally
polarized. However, they also assumed the electron energy to be
relatively low, where the probability for producing chirality is
higher. But low energy electrons are less aligned than they would
be at higher energies. The actual limit of the effect could easily
be lower than was estimated by one or more orders of magnitude,
and that would be consistent with the attempts to measure the
size of the effect. Bonner [33] summarized the situation up to the
time that article was written by concluding that parity violation
in biomolecules was not likely to be the result of parity violations
in the weak interaction.

However, recent work (as of 2011) using electrons from radio-
active sources to bombard samples of chemicals such as CH,OH,
NH,, and water, (H,O) mixed with fairly large amounts of metals
such as cobalt and copper have produced amino acids that were
found to have tiny, but nonzero, enantiomeric excesses [34, 35].
Although the source of the enantiomerism produced in these
experiments is not clear, this is an interesting result.

A related suggestion was made by Cline [36], who also advanced
the idea of Vester and Ulbright. He noted that the incredibly intense
neutrino flux from a core-collapse supernova might replace the elec-
trons as the particles that might perform a chiral selection of the
molecules with which they might interact. Cline focused on the
number of reactions that the neutrinos, specifically, electron anti-
neutrinos, would have with nuclei such as hydrogen. The relevant
reaction is v, +'H — e +neutron. No corresponding (“charged
current”) reaction can occur for electron neutrinos, since neutrons
are unstable particles so are not present as isolated neutrons. Cline
focused on the effects that the positrons, produced by the electron
antineutrinos interacting with the protons, would have on the
nuclei. However, he did not provide details of how this effect could
produce molecular chirality. Cline also apparently did not consider
what regions of space would be precluded from molecular interac-
tions by the size of the progenitor of the core-collapse supernova,
or by the photons produced in the supernova event. We will see in
Chap. 7 that these are important to consider, and must be taken
into account.
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A similar suggestion [37] involved the interaction of super-
nova electron neutrinos and antineutrinos with atomic electrons.
The interaction between the neutrinos and antineutrinos and the
electrons would shift the energies associated with the different
chirality molecules by a tiny amount, but by an amount that is
comparable to the energies associated with thermal motion in
the interstellar medium. However, this depends on the difference
in abundance of the electron neutrinos and antineutrinos, which
is not expected to be large. But if thermal equilibrium had enough
time to prevail, and the energy difference was appreciable, this
could (in principle) produce a preference for one molecular chi-
rality over the other. However, as will be discussed in Chap. 7,
the intense neutrino flux from a supernova lasts only a few sec-
onds, and it is not clear that thermal equilibrium would have
time to occur on that time scale in the cold environs of space.
And this is even in addition to the requisite assumption of an
appreciable difference in the numbers of electron neutrinos and
antineutrinos.

6.2.4 Chiral Selection via Chemical Selection in Clay

A study by Fraser et al. [38] found that chiral selection in amino
acids can occur in smectite clays such as vermiculite. These clays
have expandable interlayer spacings, and the fresh layers exhibit
significant chiral enrichment of either left- or right-handed amino
acids, depending on the specific amino acid. The clays are certainly
environments that could have existed in early Earthly environ-
ments, so this immediately becomes a potential way to perform
chiral selection.

Of course it may be problematic for models of this type of
chiral selectivity that some amino acids develop left-handed
selectivity while others develop right-handed selectivity, unlike
the apparent monolithic left-handed selectivity found in Nature.
Furthermore, this model does not create or destroy one chirality,
but rather separates them spatially. However, if either environ-
ment produced molecular replication more rapidly than the other,
this would be a viable scenario for amino acid chirality selection.
It is important to point out the possibility that other substances
that might have existed in early Earthly environments could also
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produce this effect (such effects have been seen in quartz and cal-
cite, as described in detail in Hazen [39]), and it would be impor-
tant to sum over all such substances to see what the net effect
would be. Most specifically, if other substances also selected dif-
ferent chiralities in different amino acids, and in some cases these
tended to cancel the chiralities selected in clay, this could also be
unfavorable to the clay model.

6.3 Amplification via Chemical Catalysis

The issues of both chirality production and amplification were
studied in a seminal paper by Gol’danskii and Kuz’min [22]. As
noted in Chap. 1, they observe that “chiral purity of the biosphere
could not, even in principle, have been realized in the course of
evolution, since without chiral purity of the medium the apparatus
of self- replication could not occur.” Gol’danskii and Kuz’min go
on to show that the drive toward homochirality could occur either
because one handedness achieved an “advantage,” for example,
one chirality might have become more prevalent than the other
because of interactions with circularly polarized light (ignoring
for the moment the difficulties with this scenario), or because the
chemistry that creates new molecules from the required constitu-
ents might favor one chirality over the other.

In the latter context, they developed the model for amplifi-
cation originally suggested by Frank [40] in 1953, and advanced
by several astrobiologists since (see, for example, Kondepudi
and Nelson [41]). As Frank originally conceived of the model, he
was hypothesizing a substance that could act as a catalyst for its
own production, and an anti-catalyst for production of the chiral
opposite. In this model, left-handed molecule M, and right-handed
molecule M, are both made from constituent molecules A and B.
Once made, they can drive “autocatalysis,” in which they can
guide synthesis of new molecules of their same handedness from
new molecules A and B. Finally, they can also combine to form a
new molecule A’, destroying one M, and one M in the process.
For those of you who find it easier to understand these statements
when they are written as equations, I've rewritten these three
statements as the following equations where I've indicated to the
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right of each equation the rate constants, the k’s, that dictate the
speed at which each reaction occurs:

A+B— M, (K); A+B— M, (k")
A+B+M, &M, (K);  A+B+M, o> 2M, (k)
M, + M, _)A,(ks)/

As noted by Gol’danskii and Kuz’min [22], Frank’s original
model did not have either of the reactions in the first line, nor did
he include the possibility that the second set of reactions could go
both ways.

What Gol’danskii and Kuz’min went on to show is that the
relationship between the rates of these reactions can determine a
critical value such that, if that critical value is exceeded, the suc-
ceeding reactions will drive the abundances toward a single chi-
rality. With particular values of the reaction rates, the reactions
involving molecules of one chirality might be formed over another,
that is, one could have “asymmetric autocatalysis.” They also note
that this is “a consequence of the dynamic properties of the sys-
tem itself and the process by which the mirror isomers (molecules
of opposite chirality, but identical properties in all other respects,
e.g., melting and boiling point, solubility, etc.) undergo transfor-
mations.” Indeed, Gol’danskii and Kuz’min claim that these reac-
tions could, in some cases, produce a single chirality even without
an “advantage,” that is, just from statistical fluctuations in the
densities of the molecules.

However, an asymmetry in the reaction rates could also be
important for amplifying existing enantiomerism via asymmet-
ric autocatalysis, in which that asymmetry could favor reactions
going toward one chirality over the other. This is an effect that
has been demonstrated in a handful of laboratory experiments,
although not necessarily for amino acids [42-44]. More generally,
one could certainly enhance the drive toward homochirality by
providing any advantage that would enable the dominance of one
chirality over the other. Gol’danskii and Kuz’min divide the selec-
tive enhancement advantages into two classes, local and global.
As the words imply, the local class would include an advantage
that would occur only in a specific restricted location. This might
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include combinations of magnetic and electric fields, or circu-
larly polarized light. Global advantages might include the effects
of beta decay or some energetic shift between the left- and right-
handed molecules, as discussed above, that always produce the
same chirality.

6.4 Laboratory Experiments and Theoretical
Developments

Several laboratory experiments have now been done that show
how amino acids might be produced in cosmic dust grains.
Bernstein et al. [45] showed that non-chirally selected amino
acids (glycine, alanine, serine) could be produced in the lab via
ultraviolet photolysis of interstellar ice analogs (H,O, NH,,
CH,OH, HCN). Chiral selection could then come later. Studies
of this type have been going on for many years; a review article
by Allamandola [46] gives some feeling for the scope of this work.
Lee et al. [47] demonstrated that the amino acid glycine could
be produced in an environment that simulated ice coated dust
grains in the interstellar medium. This experiment radiated ice
films that contained some of the basic molecules that have been
observed in the cosmos, notably ammonia, NH,, and methane,
CH,, with ultraviolet photons. Of course, the same ultraviolet
radiation could destroy the molecules that had been produced.
Thus another important result of the work of Lee et al. [47] was
that it also demonstrated that some of the amino acids so formed
would survive the ultraviolet radiation, particularly if the mol-
ecules existed in a dense part of a molecular cloud, so would be
shielded to some extent from destruction. In any event, a balance
between molecular production and molecular destruction would
be established, assuming an equilibrium situation, so that some
net amino acids would ultimately be created.

The ultraviolet radiation is not an essential feature of the
cosmic organic molecule production. Bennett et al. [48] showed
that energetic electrons, which simulate cosmic rays, and can be
very abundant in the cosmos, especially in the vicinity of a star
(think solar flares), could produce formic acid, HCOOH, by hitting
mixtures of water and carbon monoxide ices.
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Woon [49] investigated theoretically several “favorable reac-
tion pathways” to production of some interesting organic mole-
cules. He found that HCOOH, CH,OH, and CO, could be created
on simulated icy grain mantles from very low energy reactions, as
would be expected in the cold cosmic environment, when the icy
grain mantles interacted with several ions.

In a study of creation and amplification in the interstellar
medium, Garrod et al. [50] developed a model in which chiral
replication of complex molecules would occur in the warmed ice
outer shells of grains. In their model, chemical replication would
be catalyzed by radicals which are combinations of atoms that are
not necessarily chemically stable (for example, H, OH, CO, CH,,
NH, and NH,) created by the interactions of high energy cosmic
rays with preexisting molecules. The grains would have to be
warmed over the ambient temperature of the molecular clouds so
as to enhance the mobility of the heavy radicals, but presumably
this would occur periodically as the grains passed near a star and
were subjected to the star’s radiation.

6.5 Terrestrial Amplification

The ability of a collection of molecules exhibiting a small enantio-
meric excess to amplify that excess dramatically has been demon-
strated, and even in some environments that might plausibly exist
on many planets. To give you a flavor of some of the experiments
that have been done, I'll give a brief description of several of them
that will not get too involved with organic chemistry! (1) Soai et al.
[42] began with a left-handedness of 2% of 5-pyrimidyl alkanol
treated with disopropylzinc and pyrimidine-5-carboxaldehyde.
After performing an evaporation, they found that autocatalysis
enabled by a chiral catalyst had increased the handedness to 85%.
(2) Soai and Sato [43] began with a left-handedness of only 0.05%
of methyl mandelate. Again, performing an evaporation, this was
found to have been autocatalyzed to a much higher handedness.
With the same procedure, Leucine (an amino acid) initially at a
handedness of 2%, was enhanced to >95%. (3) Mathew et al. [51]
began with an initial handedness of 5% of proline (an amino acid).
After the evaporation this had a handedness of 65%. But they
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observed the interesting feature that the rate at which the reaction
occurred accelerated as the chiral fraction increased.

Finally, Ronald Breslow and his student, Mindy Levine, [44]
began with 1% chiral samples of right- or left-handed phenylala-
nine, which is also an amino acid. The samples were amplified to
a chirality of 90% by two evaporations that precipitated out the
non-chiral component. The conditions under which these experi-
ments were conducted simulated conditions that could have
plausibly existed in Earthly environments. Thus, although these
experiments are interesting in their own right, they could have
profound implications for the drive to homochirality of the amino
acids, and of other life-related molecules. These experiments show
that any model that can produce some preferred chirality, even at
a low level, could have ultimately triggered a homochiral environ-
ment on its chosen planet.

Although the requirement of water in most or all of these
experiments may seem to make these mechanisms unlikely in
the interstellar medium, dust grains do develop icy surfaces, and
a slight warming of these shells from the temperature character-
istic of the interstellar medium could provide the conditions in
which amplification could occur [47]. Thus the possibility that
these processes could produce amplification in space should not
be ignored. However, the water based experiments are certainly
relevant for providing a second stage of amplification once the
enantiomeric molecules arrived on Earth. And in several billion
years of Earthly existence, a lot of meteorites might be expected
to deliver a lot of enantiomeric amino acids to Earth. If most of
them have the same chirality, this would surely enhance the drive
toward homochirality.

6.6 Concluding Comments

I previously mentioned the model that my colleagues and I (Boyd
et al. [52, 53]) developed,; it also relies on the weak interaction, and
on the neutrinos from supernovae. However, in addition to those
commonalities with the Cline hypothesis [36], our model also
requires the strong magnetic field produced by the supernova, and
absolutely requires a non-spin-zero nucleus in order to couple to
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molecular chirality. Although this might be satisfied by the hydro-
gen in the amino acids, it turns out that the effect that they would
produce is not nearly as definitive as that from N, a constitu-
ent of all amino acids. We have dubbed our model the Supernova
Neutrino Amino Acid Processing model: the SNAAP model.

If the SNAPP model is to succeed, or for that matter, if any
of the suggested scenarios are to succeed, a lot of “amplification”
is essential. In the SNAAP model, and probably in the circularly
polarized light model, the chirally selected molecules need to rep-
licate in outer space. As discussed above, it has been suggested
that this might occur on the warmed surfaces of dust grains that
are known to exist in outer space [50]. However, once the chirally
selected molecules are bound up in a meteoroid and delivered to
Earth in a meteorite, they need to be amplified again.

It appears that, for all of the models involving amino acid pro-
duction and chiral selection in outer space, either autocatalysis or
chemical replication via radicals could produce the amplification
required to produce some initial chiral selection, and would main-
tain the chirality established by the magnetic fields and neutrinos
from supernovae in the SNAAP model, or by the circularly polar-
ized light in that model. The evaporation experiments discussed
above could readily produce the additional amplification once the
molecules were in Earthly environments that would ultimately
produce homochiral molecule sets. But it appears that the SNAAP
model, in which the chirality is selected by the supernova mag-
netic fields and the neutrinos, has the least negative caveats, and
therefore presents the most robust scenario for the production of
the initial enantiomerism of amino acids at a sufficiently high
level that would lead to this ultimate homochirality. The means
by which this might occur are discussed in the next Chapter.
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/. What Happens to the Amino
Acids When the Supernova
Explodes!?

Abstract This is the chapter in which we will put all the things
we have been discussing together, along with a few new entities,
to form the SNAAP model. This will necessarily involve several
important aspects of supernova astrophysics, some neutrino
physics, interactions of neutrinos with nuclei, some basic nuclear
physics, some physics conservation laws, and finally, some prop-
erties of Wolf-Rayet stars and of red giants. Along the way, I'll try
to give you some interesting facts about some of the entities we
encounter, especially the neutrinos.

7.1 The Supernova

Let’s start with the supernova. Just to remind you, what we are
talking about here (as described in Chap. 3) are core-collapse
supernovae. When a supernova occurs, the core of the star con-
tracts into either a neutron star or a black hole. However, in the
latter scenario, the supernova may first contract to a neutron star,
then collapse to the black hole after some material that was ini-
tially blown outward falls back onto the neutron star, causing it
to exceed the maximum mass that a neutron star can have. Like a
white dwarf, the neutron star also has a maximum mass, although
it’s supported by the degeneracy pressure of the neutrons and the
few protons that are there, instead of the degeneracy pressure of
the electrons, as is the case for a white dwarf. (Remember, the
degeneracy pressure is what maintains the size of atoms, where
only one electron is allowed to occupy each quantum state.)
The collapse to the black hole might take a little time, perhaps a

R.N. Boyd, Stardust, Supernovae and the Molecules of Life: Might We 131
All Be Aliens?, Astronomers’ Universe, DOI 10.1007/978-1-4614-1332-5_7,
© Springer Science+Business Media, LLC 2012



132 Stardust, Supernovae and the Molecules of Life

few seconds or so, but that is plenty of time for a lot of neutrinos
to be emitted. The general result is that, independent of the final
state of the star, a lot of neutrinos will be emitted as the final con-
traction occurs.

What happens when the neutron star collapses to a black
hole? This doesn’t take very long, but the collapse affects things
other than the neutrinos in different ways. The parts of the star
that got exploded outward during the initial explosion may be able
to remain outside the black hole. But the stuff that was infalling
when the core object became a neutron star is not likely to escape.
What happens to all the photons that were spewed out from the
center of the star when it exploded? The photons scatter from all
the matter that surrounds the core, and it takes them perhaps an
hour to appear to the outside world. But that’s a very long time
compared to the collapse time of the core, so those photons are
likely to be trapped by the infalling matter, and to disappear inside
the event horizon of the black hole. These supernovae won't pro-
duce much of a show compared to those that don’t collapse to
black holes; indeed they would not be seen at all.

Supernovae that do explode are such gorgeous objects thatThad
to include a picture of one. It’s shown in Figure 7.1 for “Kepler’s
supernova,” first seen on Earth in 1604 AD. The figure shows the
supernova remnant as it now appears to several of NASA’s orbiting
observatories. One, the CHANDRA Observatory, observes X-rays
which are higher energy photons than could be seen in the optical,
that is, visible, wavelengths. As you can see from Figure 7.1, this
object is pretty dim at the optical wavelengths. As we discussed
earlier, photons that are just a little bit more energetic than what
our eyes can see are called ultraviolet light, and they cannot pen-
etrate the Earth’s atmosphere. The Hubble Space Telescope can
observe ultraviolet light that is just beyond the visible part of the
spectrum since it orbits above the Earth’s atmosphere. The Spitzer
Space Telescope was designed to see “infrared light”—lower
energy photons than can be seen by our eyes. Neither the x-rays
seen by CHANDRA nor the infrared photons seen by Spitzer
can penetrate the earth’s atmosphere, so orbiting telescopes are
essential for viewing them. The larger picture puts the separate
components together with the colors associated with the different
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Kepler’'s Supernova Remnant « SN 1604

Visible Infrared

Chandra Chandra Hubble Spitzer
X-ray Observatory Space Telescope

NASA, ESA, R. Sankrit and W. Blair (Johns Hopkins University) STScl-PRC04-29a

FiGURrEe 7.1 Kepler’s supernova SN 1604. (Courtesy of Space Telescope
Science Institute and NASA. Image by R. Sankrit and W. Blair)

observatories, as indicated below the figure. Since our eyes can’t
see x-rays, or infrared light, this isn’t what the supernova would
actually look like if you were observing it with a telescope. But
I'm sure you would agree that this “reconstructed” supernova is
gorgeous!
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B

a.

FIGURE 7.2 Magnetic field around a neutron star, indicated by B; directions
of the antineutrino spins, indicated by S,, and the alignment direction of
the “N, indicated by Sy, from Boyd et al. [1, 2]. (Courtesy of Astrobiology,
and of the International Journal of Molecular Science)

As previously noted, there is another aspect of this collapse
that is important to our story. This is the magnetic field that is
often generated in the collapse to the neutron star or black hole.
The magnetic fields associated with these objects are prodigious
at the surface of the neutron star; they can be billions of times
as large as anything we can generate in our terrestrial labora-
tories. The magnetic field lines that are produced are shown in
Figure 7.2; they spread out over space as indicated. We’ve shown
these before, but now we are going to show how they can produce
the interactions with the molecules that are needed to distinguish
between molecules of different chirality.
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The thing to note in Figure 7.2 is that at one pole of the neu-
tron star the magnetic field is outgoing and at the other side it’s
incoming. This is because the magnetic field lines have to close
on themselves, that is, they need to form closed loops. The mag-
netic field from the neutron star will interact with the magnetic
moment of the “N (recall that is the property of particles that
makes it look as if the nucleus has a current loop running around
inside of it). And the magnetic moment is related to the spin—
that intrinsic degree of freedom that makes it look as if the “N is
rotating about its axis (recall that is analogous to the Earth’s rota-
tion about its axis). The spin acts as if it is an angular momentum,
which for microscopic particles such as nuclei is measured in units
of Planck’s constant, that extremely small fundamental constant
of quantum mechanics. Because the magnetic moment interacts
with the neutron star’s magnetic field, it will also be pointing out-
ward on one side of the neutron star and inward on the other, as is
shown in Figure 7.2.

7.2 The Neutrino Story

Now we need to discuss what the neutrinos are doing. But first
I need to tell you some things about neutrinos. Some of this is
important to our story, and some I'm just telling you because neu-
trinos are really cool particles, and if you're interested in them,
I'll give you a bit of background. As noted in Chap. 1, neutrinos
are chargeless, nearly massless particles that interact only through
the weak interaction. Well, they also interact through the gravita-
tional interaction, but that doesn’t affect the present story, and is
irrelevant for virtually every situation except those on very large
scales like motions within galaxies and universes, just because the
neutrinos have such tiny masses.

Neutrinos come in three types, or “flavors,” electron neutri-
nos, mu neutrinos, and tau neutrinos, and each has its correspond-
ing antiparticle. Electron neutrinos are produced when a nucleus
has too many protons to be stable, as discussed in Chap. 3. This
process is called “beta-decay,” in which the nucleus will either
capture an electron to convert one of its protons to a neutron or
emit a positron, which is an anti-electron, again to convert one of
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its protons to a neutron. (You may recall that an anti-electron has
the mass and spin of the electron, but with a positive instead of
negative charge.) These two decay reactions look like this:

Nuc(Z,N)+e™ — Nuc’ (Z — 1,N+1)+Ve
or

Nuc(Z,N)— Nuc’(Z-1,N+1)+e+v,,

In the above reaction, v, is the electron neutrino, e* is the posi-
tron, Nuc(Z,N) refers to a nucleus with Z protons and N neutrons,
and Nuc’(Z-1, N + 1) refers to a new nucleus with one less proton and
one more neutron than existed in Nuc(Z,N). Both processes require
that the mass-energy of Nuc(Z,N) be greater than that of Nuc’(Z-1,
N+1)+the mass energy of the positron. As discussed in Chap. 3,
mass-energy here refers to Einstein’s famous equation E=mc? (phys-
icists often express masses in terms of their mass-energies).

If that mass-energy difference is positive but small, only the
first process will occur. If it is greater than about 1.5 MeV, both
processes can occur, but the second one will dominate. “MeV”
stands for Million electron Volts, that unit of energy that is espe-
cially useful for describing nuclei and nuclear processes, which
are often characterized by energies that are the order of an MeV.
As an example, °0O is a radioactive nucleus which is produced in
the hydrogen burning in massive stars, as discussed in Chap. 3. It
has eight protons and seven neutrons, and decays to "N (which
has seven protons and eight neutrons), a positron, and an electron
neutrino. The mass-energy of O is greater than that of "N+ that
of the positron by 2.754 MeV.

Conversely, if a nucleus is formed that has too many neutrons
to be stable, it will emit an electron and an electron antineutrino.
This is also called beta-decay. This occurs as a critical part of either
the s-process or the r-process of nucleosynthesis, both of which
occur in stars to make heavy nuclei, and which were discussed in
Chap. 3. This beta-decay process looks as indicated below, where
e is an electron and v, denotes the electron antineutrino:

Nuc(Z,N) - Nuc”(Z+1,N -1)+e” +v,,
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In both forms of beta-decay, a “beta-particle,” that is, an
electron or a positron, is involved either being emitted or captured.
An electron antineutrino or neutrino is emitted in both cases.

At the sorts of temperatures, hence energies, that exist in the
Sun, only electron neutrinos and electron antineutrinos could be
produced, but actually, only electron neutrinos are emitted. That’s
due to the nuclear reactions that take place in the Sun, as explained
in Chap. 3.

Neutrinos and antineutrinos are all spin ' particles, but the
neutrinos and the antineutrinos have opposite chirality. The ones
about which we will be concerned are the electron neutrinos and
antineutrinos; the spin of the electron antineutrino will be paral-
lel to its direction of motion, whereas that of the electron neu-
trino will be antiparallel to its direction of motion. This will play
a crucial role in the selection of molecular chirality, as we will see
below.

However, at higher energies, for example, those that take
place when high energy cosmic rays hit the Earth’s atmosphere,
“pions” can be produced. You must be thinking that this zoo of
particles is never-ending, but we are almost there, at least for this
book. If the book were about particle physics, or if I had included
a discussion of ultra-high-energy cosmic rays, we’d just be get-
ting started. Pions are unstable particles that can be produced
when the energies of the colliding particles exceed the value of
the pion mass-energy, m c*. For physics aficionados, (and you
might be one by now, having gotten this far) pions are composed
of a quark and an antiquark. The pion quickly decays into a
muon and the appropriate mu-neutrino, as indicated below. The
symbols n* or n- denote a positively or negatively charged pion
(there can also be a pion with zero charge, but it decays quite
differently), u* or p~ denote a positively or negatively charged
muon, and v, and v, denote, respectively, a muon neutrino and a
muon antineutrino.

+ +
U+,
or

TS U +Y,,
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Just in case you were wondering, when the muon decays, it
decays into an electron if it’s a p-, or a positron if it’s a p*, and two
more neutrinos. These decays look like:

+ +
W —e +v, +v,
or

W —e +v, +v,.

There is another physics conservation law that applies to
these decays, that is, “lepton conservation.” In each reaction the
number of leptons, (the electrons, muons, neutrinos, and their
antiparticles), on the left hand side of the equation must be the
same as their number on the right hand side. A lepton counts as +1
particle, and an antilepton as -1. So, for example, in the last equa-
tion, the pu- on the left hand side counts as +1 lepton, as does the
e on the right hand side. The v counts as +1 lepton, while the v,
counts as -1. So everything adds up as it should.

To complete the story, tau particles, which are also leptons,
can be produced in yet higher energy interactions. They have such
a short lifetime that they barely move at all, unless they are highly
relativistic, which will lengthen their decay time by time dilation,
an effect that exists for particles moving near the speed of light
(and also for space travelers moving near the speed of light). How-
ever, when they decay, they will produce tau neutrinos, just as the
muons produced mu neutrinos.

7.3 Interactions of Neutrinos with N

Returning now to the lower energies relevant to our story, we
will concentrate on the electron antineutrinos and electron neu-
trinos that can change *N to either “C or to *O respectively. In
both cases we're relying on “charged-current weak interactions”
to mediate the process. That’s a mouthful, but I include that to
discriminate between that interaction and “neutral-current weak
interactions,” which would produce different effects that wouldn’t
be chirally selective. In addition, I should note that the cooling neu-
tron star can emit not only electron neutrinos and antineutrinos,
but mu- and tau- neutrinos and antineutrinos. Those neutrinos can
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be produced deep inside the star as neutrino-antineutrino pairs, a
process that requires much less energy—only 2m ¢?, and recall that
the neutrino masses are all really tiny—than if it were necessary
to produce a muon or a tau particle via a charged-current weak
interaction.

Although the energies of the neutrinos from a supernova can
get to be pretty high, they don’t become high enough to exceed
the thresholds imposed by the requirement that the energies must
exceed the rest mass energy of the muons-105 MeV in rest mass
energy units. (The electron mass in those same units is 0.511 MeV
or for taus is it 1777 MeV.). The electron neutrinos and antineutri-
nos operate on “N by the following reactions:

“N+v, »"C+e"

“N+v, »"O+e".

In the first reaction, the electron antineutrino v, converts “N
to 1*C, and in the second, the electron neutrino v, converts N to
40. Note that these reactions look just like the beta decays that
we discussed in Chap. 3 in the context of hydrogen burning in mas-
sive stars, except that here the neutrino appears on the left side of
the equation instead of the right side. And indeed these reactions
are mediated by the weak interaction, just as is beta decay. Also,
if you switch a neutrino, antineutrino, electron, or positron from
one side of the equation to the other, you need to change it to its
antiparticle (to obey the lepton conservation law). The neutrino
energies required to perform these reactions are important, as the
reaction probabilities depend on the energy.

There is considerable controversy about what the actual neu-
trino energies from a supernova will be. However, the studies of
Georg Raffelt and his group [3, 4], and of George Fuller and his
group [5-7], suggest that so much mixing of the neutrino flavors,
or types, will take place in the stars that all six of the neutrino
and antineutrino flavors will emerge from the star with similar
energy distributions, that is, their “energy spectra” will look very
similar.

One prediction of the neutrino energies, from Gava et al. [8], is
shown in Figure 7.3. Although it shows what the expected energies
of the electron antineutrinos will be, it is roughly representative of
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FiGURE 7.3 Energy spectrum from a core-collapse supernova that is typi-
cal of all six neutrino and antineutrino flavors [8]. The two curves repre-
sent two different assumptions of neutrino processing. (From Gava et al.
[8]. Copyright APS. Courtesy of G.C. McLaughlin. http://link.aps.org/
doi/10.1103/PhysRevLett.103.071101)

all the neutrino types. Note that the peak energy is around 12 MeV
in either of the two neutrino interaction scenarios represented in
that figure.

This energy is important because the “threshold energy” for
the "N +v, - "C+e" reactionis 1.18 MeV (that is the energy that
the neutrino or antineutrino is required to have for the reaction
to take place), while the threshold energy for the “N+v —"“O+e"
reaction is 5.14 MeV. Thus both reactions are endothermic; they
require energy for them to occur. That energy has to be supplied
by the incident antineutrino or neutrino. This means that many
more of the electron antineutrinos will be able to convert *N to
14C than will the electron neutrinos be able to convert N to *O. In
addition, most models of the neutrinos emitted from supernovae
have the electron neutrinos somewhat less energetic, by roughly
2 MeV, than the electron antineutrinos. Finally, the reaction prob-
abilities are proportional to the square of the amount of energy the
neutrino has in excess of the threshold energy; this will further
enhance the importance of the reaction that converts “N to *C
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compared to that which converts N to “O. Suffice it to say that,
given the expected energies of the neutrinos from a supernova, the
conversion to *C is considerably more probable than the conver-
sion to 0. So we'll ignore the conversion to *O for now, but come
back to it a bit later.

Now we need to do a little nuclear physics. I'll give you the
summary of what happens, just in case you don’t want to get too
involved in the details of the nuclear physics (I've heard that such
people do exist!). But the details I'll present are pretty simple. Basi-
cally what happens is this: when the electron antineutrino and *N
spins line up, this makes it more difficult for the antineutrino to
do the conversion to *C than if they are not aligned. This will be
related to the chirality of the molecules, as we will discuss below,
so this will produce a chirality selective destruction at each throat
of the neutron star. Although the effects at the two throats of the
neutron star will tend to cancel each other, the neutrinos are not
emitted in equal numbers at the two throats, which will result in
a chirality selection.

The details involve more vector addition, but you mastered
that in Chap. 5, so this will be easy. The spin of the neutrinos is
1/2 (in units of h, of course), so when the spin of the antineutrino
and the spin 1 N nuclei are aligned, the total spin is 3/2. When
they are antialigned it is 1/2. If you haven’t studied your quantum
mechanics, you might think it could be other values, for example,
5/8 or 2/3 or something like that, but it can’t; the rules of quantum
mechanics don’t allow any but integer or half integer spins and
angular momenta.

The laws of physics require that total angular momentum
(spin is a kind of angular momentum) be conserved in any reac-
tion, that is, the sum of the angular momentum vectors before
an interaction or a decay must be the same as their sum after-
ward. So what happens is shown in Figure 7.4. The positron on
the right hand side of the equation above has a spin of 1/2, so if
the total spin was 1/2, as for the antialigned case, the total spin
before the reaction is equal to the total spin after the reaction,
since the final nucleus, *C, has zero spin (indicated by just the
dot in Figure 7.4). But in the aligned case, that will not be the
situation unless we come up with one additional unit of angular
momentum from somewhere. That will have to be supplied by the
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Antialigned Case Aligned Case
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FiGURE 7.4 On the left is shown the spin configuration for the antialigned
case, where the two spin vectors on the left hand side of the equation add
up to equal the spin vectors on the right hand side. On the right, for the
aligned case, the two spin vectors on the left hand side of the equation
cannot add up to the spin vectors on the right hand side without addi-
tional angular momentum, indicated by the question mark which must
be provided by the electron antineutrino or the positron. The dot by “C
indicates that it has zero intrinsic angular momentum

electron antineutrino or the positron; it will have to come from
one of their quantum mechanical wave functions. Again, these
reactions are mediated by the weak interaction, and that interac-
tion allows the antineutrino or positron to provide the one unit of
angular momentum that is required here. But we know from the
general properties of these reactions that they are much less prob-
able, by roughly a factor of 10, if even one unit of angular momen-
tum is provided by the antineutrino or positron. Thus the reaction
will be much more likely for the antialigned case.

Obviously the extreme case I've described here, that is, the
situation at the two throats of the neutron star, won'’t apply every-
where. In other locations the *N spin vectors and the neutrino
spin vectors aren’t just aligned or antialigned, but are at some
more complicated angle. So if one is going to try to calculate the
total chirality that will result from the electron antineutrino-'“N
interactions, it will get pretty complicated. There is one more fac-
toid that you need to know and that is, if you do all the angular
momentum additions carefully, you will discover that what hap-
pens at one side of the neutron star will be exactly negated by
what happens at the other. The molecular destruction at the oppo-
site sides will leave a zero net global chirality selection unless
something else happens.

But something else does happen. The strong magnetic field
from the neutron star can affect the probabilities for interactions
of the neutrinos and antineutrinos as they are exiting the core of
the star. Indeed, several groups of researchers [9-12] have shown
that this will produce a large difference in the number of electron
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antineutrinos at the two throats of the neutron star. Now the effects
at the opposite throats of the neutron star will not cancel, and
a global chirality will be produced. Furthermore, that selectivity
will be the same for every neutron star in the Galaxy, indeed, in
the Universe. We'll return to this effect a bit later.

I need to issue a few words of clarification here. Earlier we
dismissed the interactions in which the electron neutrinos would
convert N to *O because the reaction threshold was about 4 MeV
higher for that reaction than for the one in which “N is converted
to “C by electron antineutrinos. But the former reaction will occur,
and will produce exactly the opposite effect that the electron neu-
trinos do. It just won't be as frequent as the reaction in which the
antineutrinos convert “N to “C, so the net result will be the chi-
ral selection by the electron antineutrinos when one averages over
all space. And since the conversion to *O by the neutrinos occurs
in the same region of space as the conversion to “C by the anti-
neutrinos, the latter conversion will dominate. So our dismissal of
the neutrino conversion to *O was justified.

By the way, there’s one other aspect of supernovae that I need
to mention. Indeed, I've already noted that a supernova can out-
shine all the other stars in its Galaxy for a while. This is because
they produce a lot of **Ni, which is radioactive, so decays to **Co,
and then to *°Fe, and these decays produce particles that heat their
environment and cause it to shine—in photons. All this takes
place with a time constant of about 80 days (the half-life of *°Co is
77 days), so the light emitted from these supernovae usually falls off
with that time scale (see Figure 7.5, which also shows some excep-
tions to the 80 day fall off)]. However, note that all core collapse
supernovae don’t emit the same amount of light (unlike the Type
Ia supernovae, which we discussed in Chap. 2 as serving as the
standard candles for cosmological distance determination).

All the stars shown in Figure 7.5 are shown as absolute mag-
nitudes, that is, the amount of light one would see if one were at
the same distance from each of them. Astronomers have to have a
system that allows them to discuss and graph sky objects that have
“luminosities” that vary by many orders of magnitude. Thus they
have adopted a system of “magnitudes.” The y-axis in Figure 7.5
is sort of logarithmic; one magnitude amounts to a difference in
luminosity of a factor 2.512, two magnitudes to a difference of
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Ficure 7.5 Comparison of the absolute magnitudes in one wavelength
range of SN 2008fz with “extremely luminous supernovae” (ELSN) and
normal-luminosity supernovae. Open circles: Catalina Sky Survey (CSS)
[13] measurements for SN 2008fz. Crosses: measurements of SN 2008fz
made with the Palomar 1.5 m telescope. Triangles are measurements for
ELSN using the Katzman Automatic Imaging Telescope at the Lick Obser-
vatory for SN 2006gh [14], transformed to this frequency range. Filled boxes
CSS measurements for ELSN, SN 2007bi [15]. Open boxes measurements
for the normal-luminosity type Ia SN 1999ee from Stritzinger et al. [16].
Large dots measurements for the normal luminosity type IIn SN 1999E
from Rigon et al. [17]. Figure from Drake et al. [18]. (Reproduced by Permis-
sion of the AAS. Courtesy of G. Djorgovski)

(2.512)%, etc. SN 2008fz was advertised in the papers that were pub-
lished about it as the brightest supernova ever observed, so it is at
one extreme of the luminosity range of core collapse supernovae.
What are the supernovae at the other extreme? Recall that back in
Chap. 3, I mentioned silent supernovae; so some supernovae are
not seen at all, at least in visible light. The interactions that the
neutrinos have with the *N nuclei are pretty feeble, and in any case
are much smaller than the interactions that photons would have.
So it is reasonable to ask if the photons wouldn’t destroy all the
molecules on which the neutrinos had so carefully performed chiral
selection. For many supernovae that would probably be the case.
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Those silent supernovae collapse to black holes before very
many photons can be emitted, but they emit all the neutrinos that
the supernovae do that produce neutron stars. Heger et al. [19]
studied the various modes of core collapse supernovae that can
occur. They found that core-collapse supernovae occurring in stars
having masses less than 25 times the mass of the Sun would ulti-
mately produce a neutron star remnant. Those from stars ranging
from 25 to 40 times the mass of the Sun will first form a neutron
star, but following that, infalling matter would cause the neutron
star core to exceed its maximum mass (which is supported by neu-
tron degeneracy pressure, as noted above). It would then collapse
quickly to a black hole; these are referred to as fall back black
holes. A star more massive than 40 times the Sun’s mass would be
expected to collapse directly to a black hole.

In both the fall back black hole scenario and the direct collapse
to a black hole, the time scale is short enough that much of the mat-
ter close to the black hole would be swallowed by the black hole.
Of course, that matter would also trap much of the electromagnetic
radiation produced in the initial explosion, so the supernova would
emit its neutrinos, but much of the electromagnetic radiation would
never get out. Since the *°Ni would be produced close to the black
hole, it would likely go into the black hole also [20]. Thus most
of the black hole forming stars would emit very little electromag-
netic radiation—photons—to destroy the molecules on which the
neutrinos had performed their chiral selection. These would be the
supernovae that would produce the chirality selection of the amino
acids that would ultimately seed the Galaxy with a preferred chi-
rality. But regardless of the type of supernova, the photons that are
emitted either when they become supernovae, or that are emitted
by their progenitor stars, are something to which we need to pay
attention. We will return to the progenitor star in Sect. 7.5.

7.4 Relating the N Spin
to the Molecular Chirality

In Chap. 5, we discussed the effect of the strong magnetic field,
together with the Buckingham effect, on the molecular magnetic
substates. We also concluded that the Buckingham effect would
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drive the magnetic substates toward their maximum positive
value for one chirality and toward their maximum negative value
for the other. If this were all that happened, there would be no
chiral selectivity; neutrino processing is essential to produce the
chiral selection. The situation is illustrated in Figure 7.2. There it
is seen that the electron antineutrino spin is parallel to the N,
hence maximum molecular, spin direction (when it is its molecu-
lar maximum projection) at the left hand throat of the neutron star,
while the electron antineutrino spin is parallel to the “N, hence
maximum molecular, spin direction (when it is its molecular max-
imum negative value) at the right hand throat of the neutron star.
This would inhibit neutrino-induced transitions on molecules of
one chirality at the left hand throat, and would inhibit transitions
on molecules of the other chirality at the right hand throat.

As discussed in Chap. 5, the effect of the neutron star’s mag-
netic field on the molecules is to redistribute the angular momen-
tum substate populations. I have put that figure in again to remind
you what it looks like, and to discuss it in more detail than we
did in Chap. 5. So as the neutrinos and antineutrinos come pour-
ing out of the neutron star, there will be selective destruction of
the molecules in which the *N spin is anti-aligned with the spin
of the electron antineutrinos. This will preferentially destroy the
least populated states of the left handed molecules (see Figure 7.6)
and the most populated states of the right handed molecules at

M = +3/2 m—— I

M = +1/2 — ——

m=-1/2

M = —3/2  s— - —
No Magnetic Magnetic Magnetic
Field Field, LH Field, RH

Molecules Molecules

FiGure 7.6 Populations of the different magnetic substates for an atom
having angular momentum J=3/2 in a zero magnetic field (left), and for
left-handed molecules (center) and right-handed molecules (right) in the
presence of an external magnetic field. The thickness of the line indicates
the magnitude of the population of each substate. (From Boyd et al. [2].
Courtesy of the International Journal of Molecular Sciences)
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the left-hand throat of the neutron star, thereby producing a chiral
selection of the left handed molecules at that throat.

And, as noted above, exactly the opposite effect occurs at
the right-hand throat of the neutron star. But as previously men-
tioned, it has been shown by several theoretical groups [9-12] that
the incredibly strong magnetic field of the neutron star will affect
the probabilities for the neutrinos to interact with the matter that
exists as the neutrinos are departing the neutron star. The neutri-
nos don’t interact very much, but the matter in a neutron star is
extraordinarily dense, so the neutrinos will interact a few times
before they exit the star. However, the result of these interactions
in the magnetic field of the neutron star is that there is an asym-
metry in the number of neutrinos emitted parallel and antiparallel,
that is, in the left-hand direction and in the right-hand direction
in Figure 7.2. The difference may be as large as 30%. And it is this
effect that destroys the delicate balance that exists between the
chirality selection effects of the left handed molecules at the left-
hand throat of the neutron star and right handed molecules at the
right-hand throat of the neutron star, and produces a net global
chirality for the amino acids.

7.5 The Supernova Progenitor Star

We also need to be concerned about the kinds of stars that can pro-
duce the neutron stars and black holes that will perform the chiral
selection this model requires, and how they would affect their envi-
ronment before the supernova occurred. Clearly the stars must be
sufficiently massive that they become core-collapse supernovae;
the attendant production of the electron antineutrinos is essential.
A magnetic field is also crucial for providing the induced magnetic
moment in the molecules and orienting the *N spin.

Asnoted above, the stars that will ultimately become superno-
vae have a downside. Stars that have masses of roughly 8-25 times
the mass of the Sun will, in their helium burning phase of stellar
evolution (see Chap. 3), become “red giants.” After the hydrogen
in the core of the star has been consumed and the star begins to
burn its helium, the energy that is produced is so enormous that
the outer portions of the star are forced out by the pressure of the
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radiation being produced in the core. The star becomes much larger
than it was during its hydrogen burning phase, and because it is
larger, the energy output per square centimeter per second of the
surface is reduced, even though the total energy output per second
has increased. This will make the surface appear to be redder than
it was for the star in its hydrogen burning phase, thus suggesting
the name of the resulting star.

The radius of a typical red giant is so much larger than it was
when the star was in its previous (hydrogen burning) phase that
it will typically extend to a distance that is larger than the orbit
of the Earth around the Sun. (And, yes, when our Sun goes into
its red giant phase it will envelope the Earth. But don’t rush out
to buy life insurance; that’s several billion years down the road.)
It will also be somewhat beyond the maximum radius at which
the neutron star’s magnetic field will provide the alignment neces-
sary for the neutrinos to process molecules. The molecules will be
inside the red giant! That, of course, would be likely to destroy the
molecules, unless they are shielded in some way from the intense
heat from the progenitor star.

What about the stars with masses greater than 25 solar
masses? Heger et al. [19] found that these stars are likely to become
Wolf-Rayet stars, which shed one or two of their outer layers in
stellar winds that are the result of the extreme radiation pressure
from the cores of these massive stars. Indeed, the products of the
nucleosynthesis that occur in the outer shells can be seen in the
resulting clouds: nitrogen, the dominant element resulting from
hydrogen burning, and in more massive Wolf-Rayet stars, carbon,
the result of helium burning (see Chap. 3). Furthermore, the stel-
lar winds are sufficiently dense that they often obscure the central
object [21]. When astronomers look at a star with a “spectrograph”
(see the description in Chap. 4), they can determine the intensities
of the different constituents of the “photosphere,” or outer por-
tion of the star, from their absorption lines. To produce these, the
hot inner star “back lights” the outer part, which absorbs the par-
ticular wavelengths of lines that are characteristic of the elements
therein. But Wolf-Rayet stars are different; they produce emission
lines that characterize those elements in their winds—the nitro-
gen or the carbon that the astronomers observe—and completely
obscure the emissions from the star itself.
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Another interesting feature is that dust grains have been
observed in these clouds (see, for example, refs. [21, 22]). They are
apparently made when the wind from a Wolf-Rayet star collides
with the wind from a massive companion star. However, this sce-
nario would not be able to provide the molecule-containing grains
on which our model depends for the following reasons: First,
although binary systems are common, very massive stars are not,
and binary systems with two massive stars are extremely rare. The
second problem is that the grains are thought to occur only beyond
several tens of AU (AU =astronomical unit=the distance from the
Earth to the Sun=1.5x10" [15 trillion] centimeters) [21] from the
Wolf-Rayet star, and the magnetic field from the nascent neutron
star, when it forms, cannot align the molecules beyond a distance
somewhat less than one AU [1]. The third problem is that, despite
the fact that the Wolf-Rayet stars are quite small (less than the
size of the Sun) they are extremely hot (their surfaces are, after all,
much closer to the sources of the stellar energy than is the situa-
tion in a star that has not shed its outer layers), so even though the
material in the winds from the star absorbs a lot of the energy from
the star, the temperature is still too high, even as far away as tens
of AU-for the grains to form.

Thus, the grains that form in the Wolf-Rayet cloud are still
in an extremely high temperature region; these would certainly be
too hot to sustain formation of molecules. One could imagine the
winds from the surface of a Wolf-Rayet star coming off in blobs
[23], which might help in shielding the inner dust grains that
formed from the intense heat of the star, and there is evidence
that this does happen [24], but even this seems to require extreme
assumptions to save the dust grains from destruction.

I mentioned previously that there was a maximum distance
at which the neutrino processing can occur for this single super-
nova. In the SNAAP model, this will be determined by the point
at which the magnetic field from the nascent neutron star or black
hole is no longer aligned, along the collapsed star’s magnetic axis,
with the direction of the neutrinos. This will happen because there
is a Galactic background magnetic field; it is about 10-¢ gauss—
one millionth of a magnetic field unit [25] (the Earth’s magnetic
field is roughly one gauss). So when the magnetic field from the
neutron star or black hole becomes comparable to this background
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magnetic field, that direction can no longer be maintained, and the
selective processing resulting from the alignment due to the mag-
netic field and the neutrino chirality can no longer take place.

Therefore, it is not looking good for having molecules so they
can be processed by this combination of neutrinos and magnetic
fields. By the time a grain gets far enough from the star that it
could sustain creation of molecules that wouldn’t be destroyed as
soon as they formed, there isn’t a strong enough magnetic field to
provide the orientation for the chiral processing. However, this
would not be the case for dust grains or meteoroids that just hap-
pened to be passing through the cloud. There are such objects flit-
ting about the Galaxy all the time, and however many of them
are within one AU of the star when it becomes a supernova will
be processed. Indeed this seems to be the most likely scenario for
chirality selection. These, of course, would be meteoroids that
had been produced somewhere else, so many of them would have
had time to produce and replicate molecules. These would also be
racemic unless they had already been near a supernova when it
exploded, in which case the current supernova would just increase
the level of enantiomerism.

So if a meteoroid happened to be passing by a bit closer than
one AU of the star when the supernova went off, its molecules
would be processed. And there are bound to be quite a few meteor-
oids passing by any time a supernova goes off. Remember, we are
talking about a volume that has a radius of the distance from the
Earth to the Sun, and that is huge. During meteorite shower peaks,
we Earthlings see a wonderful streak in the sky every minute or
so; that’s in a volume that is ten trillion times smaller than the
volume surrounding a Wolf-Rayet star in which the molecules
would be processed! And the volume that we Earthlings sample
has also been swept pretty clean by Jupiter, whereas one would
not expect the volume around the Wolf-Rayet star to have been
subjected to the Jovian janitor.

But there’s one more thing we need to worry about, that
being the high radiation field that the meteoroids and grains will
encounter as they pass through enough of the Wolf-Rayet star to
get them within range of the magnetic field and the neutrinos
from the supernova. This radiation is sufficiently intense that it
would probably completely vaporize small grains, and that would
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surely evaporate any molecules from the surfaces of larger grains.
But this would not be the case for meteoroids that were agglom-
erations of smaller grains, but had some molecules on their sur-
faces before they got agglomerated into the larger meteoroid. In
this case, some of the surface material can be ablated away while
still leaving inner material—and molecules. Indeed, the assump-
tion of larger objects passing by may also relax the conditions on
the progenitor star—the red giant—for supernovae from less mas-
sive stars, that is, those that ultimately produce a neutron star.
However, it would probably not allow even very large objects to
survive the incredible photon blast from a supernova that did not
swallow its photons in its subsequent collapse to a black hole, so
the Wolf-Rayet star is probably the only one that will work for the
SNAAP model.

Can we estimate what the efficiency of chirality selection
would be? We can assume that the closest distance that a grain or
meteoroid could come to a Wolf-Rayet star, presumably contain-
ing the molecules of interest (created elsewhere), without having
its molecules destroyed, is about 10> cm. We can guess what the
“cross section” (the probability for one neutrino on one nucleus to
undergo the reaction of interest) would be from theoretical studies
done on other nuclei [26] for antineutrinos undergoing a charged-
current weak interaction on *N; that interaction probability might
be around 10 square centimeters. This incredibly small number
is as small as it is for two reasons. First, it requires that the neu-
trino hit the nucleus, which looks to the incident neutrino like a
circle with a radius of about 3x10-!* cm (For N, that’s three ten
thousandths of a billionth of a centimeter.), so has an area of about
3x107%° square centimeters. If the incident particle were a proton
instead of a neutrino, it would interact via the strong interaction,
and would have a cross section of about that same size. This is
to say that if the proton hit the nucleus (and had enough energy)
it would perform some kind of a nuclear reaction. That’s not the
case with the neutrino, though, which only interacts via the weak
interaction; that accounts for the additional factor of 3x10'* in
the cross section.

Getting back to our estimate of the efficiency, we can assume
that there are about 2 x 10% electron antineutrinos emitted when
the supernova explodes, which then gives the probability of any
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molecule being destroyed by this interaction to be about 2x107?,
two in a billion! This is incredibly small, although it would be
larger if we were considering a larger object, for example, a signifi-
cant meteoroid that happened to wander by as the supernova went
off. For such an object, the distance from the star could be smaller,
as the inner part of the meteoroid could be shielded by the outer
part. The neutrinos would, of course, process the entire object. If
the object were a factor of 10 closer to the star, its probability of
interaction would increase by a factor of 100. In any event, from
there, amplification would take over to increase the enantiomeric
excess.

Indeed, it is not at all unreasonable to assume that a meteoroid
could be within 10'"' cm of the star; that’s a bit less than 1/100 of
an AU. The meteoroid would have to be initially large enough and
be moving sufficiently swiftly so that some of it could be ablated
away while protecting the part that remained. It would also have
to not be in the high-temperature region of the central star for long
enough to have all of its remaining molecules destroyed. If that is
the case, now the probability of the molecules in that dust grain
or meteoroid being processed are improved: 2x1077; one in five
million! I've included a Figure 7.7, that shows the distance scales
that are relevant to this discussion.
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Ficure 7.7 Distances relevant to processing grains or meteoroids in the
magnetic field and electron antineutrino flux of a supernova. The verti-
cal axis gives an estimate of the processing probability as a function of
distance.
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There are some other interesting factors that were not included
in this calculation. These were discovered by Lunardini [27], who
found that the fraction of electron antineutrinos for the very mas-
sive supernovae was increased from that for the less massive super-
novae. She also found that their mean energy was increased. Both
of these factors would serve to increase the processing efficiency.
I'll return to this in the next chapter.

So the supernovae from the massive stars can facilitate the
processing that we need to produce the enantiomerism in the
amino acids, but the level of enantiomerism is quite small. It is
probably larger than the net enantiomerism produced in other
models, but it will certainly require some amplification, either in
the interstellar medium, or once the molecules arrive on a planet,
or most likely, as noted in Chap. 6, in both situations.
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8. Spreading Chirality Throughout
the Galaxy and Throughout
the Earth

Abstract To what extent would the molecules that have been
processed by SNAAP become widely distributed throughout the
Galaxy? As we discussed in earlier chapters, the molecules are
thought to be created and contained, probably in dust grains, pos-
sibly in larger objects such as meteoroids or even comets (which
could be agglomerations of grains) in the molecular clouds that
pervade the Galaxy. The objects must then come relatively close
to a star when it becomes a supernova so that they can be processed
by the supernova neutrinos. Would this model predict the creation
of a homochiral environment on Earth? Would it create the same
chirality in every planetary environment? This chapter revisits
amplification in these contexts, and presents an experimental test
for the SNAAP model. It also revisits the cometary missions, and
predicts the results from them for the SNAAP model and the cir-
cularly polarized light model.

8.1 Might Supernovae Process All
the Amino Acids in the Galaxy?

The supernovae by themselves would not be able to perform all of
these tasks (it’s not even close!), as I'll try to show with a simple
calculation, although it involves multiplying a bunch of really
large numbers. If you’d just as soon take my word for it, just skip
the rest of this paragraph and fast-forward to the following one.
The frequency of core-collapse supernovae is roughly one every
30 years in the Galaxy [1], or 3x10° (three hundred thousand)
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during the lifetime of a molecular cloud [2, 3], roughly ten million
years, assuming all those supernovae are in the same molecular
cloud (obviously an extreme assumption). The fraction of these
supernovae that go to black holes is not well known, but may
be of order 20% [1, 4]. The magnetic dipole field falls off as 1/13,
and neutron star magnetic fields are thought to be around 10
(one hundred trillion) gauss or more at their surface [5] of radius
~10 km. The cloud’s molecules would be oriented by the magnetic
field of the neutron star if they were within 5x10" (five trillion)
centimeters of the center of the supernova, or perhaps a bit more,
so the volume processed by the 3 x 10° supernovae, assuming their
processing volumes do not overlap (another extreme assump-
tion, and in the same direction as the other one), and that they
all occurred in the same molecular cloud, would be 1x10* cm?
(I have to use scientific notation here; anything else would be pro-
hibitively cumbersome.). Roughly 2 x 10° (two billion) Solar masses
of material are in the Galactic molecular clouds [6], at a density
ranging from 10? to 10° (one hundred to one million) molecules
or atoms per cubic centimeter—assuming 10* (ten thousand) per
cubic centimeter—giving a total cloud volume of 2.4 x 10% cm?.

Thus the volume of a cloud is far greater than the volume
that could be processed by the supernovae that would occur during
the cloud’s lifetime, even with the extreme assumptions that we
made [7, 8]. So, although the supernovae do produce the electron
antineutrinos and the magnetic fields for some of the molecular
processing, they clearly need to rely on amplification mechanisms,
possibly both in the interstellar medium and again once the chiral
molecules begin their planetary existence, to finish the job of pro-
ducing homochirality.

We just concluded that the collapse of massive stars to black
holes cannot possibly provide for the amount of Galactic process-
ing needed to spread enantiomerism throughout the Galaxy, but
we should note that we may have underrated the capabilities of
the massive stars (although this will not affect this conclusion).
As was observed in the previous chapter, Lunardini [4] has studied
the neutrinos that would be emitted from a star that was suffi-
ciently massive that it would collapse to a black hole. She found
that the fraction of the neutrinos that emerged from such massive
stars that were electron antineutrinos was higher than has been
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estimated for less massive stars, and furthermore that their energy
would be higher than it would be for less massive stars. This
would have a twofold effect, and they both enhance the efficiency
that the electron antineutrinos would have in selecting a chiral-
ity. The additional neutrinos would permit processing of molecule
containing grains with a higher probability than would be permit-
ted by the lower neutrino fluxes. Furthermore, the reaction prob-
ability, which varies as the square of the energy over the threshold
energy, would be increased by the increased energy. Thus our esti-
mate of the processing efficiency of the supernovae may well be
an underestimate. Indeed, the processing efficiency at a distance
of 10" cm from the Wolf-Rayet star may increase to as much as
10-% one in a million. Although this is about the maximum value
that the processing efficiency a single supernova could be expected
to have anywhere (it would be smaller farther out from the super-
nova), this is the most relevant value; it is the most likely point at
which the amplification would begin!

8.2 Spreading Molecules and
Enantiomerism Throughout the Galaxy

Although we found that the supernovae cannot seed the entire
Galaxy, or even a single molecular cloud, with more than a tiny
level of enantiomerism, it may be quite possible for them to first
produce that tiny amount of enantiomerism, then enlist a com-
bination of chemical evolution and Galactic mixing to amplify
the enantiomerism and mix it over a large fraction of the Galac-
tic volume. Indeed we [7, 8] believe that these mechanisms are
unavoidable, based on the work of a lot of other experimental and
theoretical scientists. As soon as a supernova explodes, the mate-
rial it has produced with a favored chirality will begin to mix with
the smaller molecules of the molecular cloud to produce more
molecules, having the same favored chirality, either by the auto-
catalysis mechanism described by Gol’danskii and Kuz’min [9]
(see Chap. 6) or the replication process described by Garrod [10]
or Hasegawa et al. [11], or perhaps some combination of those
mechanisms.
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8.2.1 Cosmic Amplification

For example, as was discussed in Chap. 6, Garrod et al. [10] and
Laas et al. [12] studied the possibility that replication of complex
molecules would occur in the interstellar medium in the warmed
ice outer shells of grains, possibly even on surfaces of grains that
were part of an agglomeration of grains if the object were suffi-
ciently porous (as carbonaceous chondrites appear to be). Chemical
replication in the study of Garrod et al. [10] could be catalyzed by
radicals, for example, H, OH, CO, CH,, NH, and NH,, created by
the interactions of high energy cosmic rays with preexisting mol-
ecules. Would this replication preserve and amplify any existing
enantiomeric excess? The models of Gol’danskii and Kuz'min [9],
and of Kondepudi and Nelson [13] suggest that it could, and they
give the criteria for this to occur, although without any details
about the structure of specific molecules. However, the models do
seem to describe a viable mechanism for amplification.

In any event, it does seem plausible that either autocatalysis,
or chemical replication via radicals, or both, could produce the
chemical replication required to amplify the chirality established
by the magnetic fields and neutrinos from supernovae. This is for-
tunate; a large amplification factor within the cosmic environment
appears to be an essential feature of the SNAAP model, indeed of
any of the models proposed to explain the chirality of the amino
acids, since all models produce maximum values of their enantio-
meric excesses that are very tiny, at least on a global scale.

However, any of the models for amplification need to face the
question: is one part in a million (or much less in some of the other
models) enough to trigger a subsequent large enantiomerism, for
example, the enantiomeric excesses of order 10% (or perhaps even
higher) found in the Murchison meteorite? The laboratory experi-
ments that have looked at amplification have certainly achieved
large enantiomeric excesses, but they started with enantiomeric
excesses around 1%. What would happen if they started with
one part in a million? Would they be able to even measure the
“progress” in their experiment over the lifetime of the scientists
involved? This question should provide a rich test bed for clever
experimental chemists, and a lot of Ph.D. thesis. The problem,
of course, is that these experiments might take many years, and
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(well justified) graduate student impatience may not be compatible
with that time frame!

8.2.2 Galactic Mixing

If the enantiomeric excess of the processed material can be
increased via chemical replication, it would also be expected to
mix with a much larger fraction of the material in the Galaxy,
ultimately establishing at least a preference for left-handed amino
acids throughout a large fraction of the Galaxy, or at least within
the volumes occupied by the molecular clouds. Details of the pro-
cesses by which this might occur have been discussed by Pittard
[14] in exquisite detail. He discusses the mechanisms by which
mass, momentum, and energy are exchanged between diffuse plas-
mas that include “many types of astronomical sources, including
planetary nebulae, wind-blown bubbles, supernova remnants, star-
burst superwinds, and the intracluster medium.” Let me give a bit
more definition to these terms:

e Planetary nebulae: These are the glowing shells of ionized gas
and plasma usually ejected during the asymptotic giant branch
(helium burning) phase of certain types of stars. For more infor-
mation, go to http://en.wikipedia.org/wiki/Planetary_nebula.

e Wind-blown bubbles: These result from the winds from mas-
sive (greater than eight Solar mass) stars. See, for example,
Dwarkadas [15] for more information.

e Supernova remnants: These are comprised of the gas that con-
tains the newly synthesized elements that supernovae expel
into the interstellar medium. These alone would expand the
volume processed during the time of the supernova by a huge
factor. More information can be found at http://en.wikipedia.
org/wiki/Supernova_remnant.

e Starburst superwinds: These are winds that are generated from
regions with an unusually high density of supernovae—the star-
burst regions. However, the superwinds are several times greater
in mass than could be generated by the supernovae alone, sug-
gesting that there is additional evaporation of material from the
cloud that houses the starburst region. For more information,
see, for example, Hartquist et al. [16].
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e Intracluster medium: This is the superheated gas near the cen-
ter of a galactic cluster. It contains mostly hydrogen and helium,
and strongly emits x-rays. For more information, see http://
en.wikipedia.org/wiki/Intracluster_medium.

Pittard also notes “The injection and mixing of mass from
condensations into a surrounding supersonic medium induces
shocks, increasing the pressure of the flowing medium. This can
[result] in star formation, and is likely to play a role in sequen-
tial star formation...” Suffice it to say that, with the dynamical
processes that exist in the Galaxy, redistribution throughout the
molecular clouds, and ultimately throughout much of the Galaxy,
would unavoidably occur. This mixing would be expected to occur
on a much slower timescale than the chemical processing times-
cale, as discussed below, but would inevitably establish a preferred
chirality throughout much of the Galaxy, provided the same chi-
rality was consistently selected by the mechanism by which the
preferred chirality was established.

It is important to consider the timescales of the chemical evo-
lution and the galactic mixing for the SNAAP model to produce
some enantiomerism throughout at least some of the Galaxy to
ascertain that these occur on timescales less than the age of the
universe. Although abundance inhomogeneities surely do exist
within the Galaxy, it is generally assumed that the Galactic mixing
timescale is much smaller than the age of the universe [17, 18]. As
one signature of Galactic mixing time, our Galaxy rotates roughly
once every 3x 10® years (300 million years; see, for example, Ref.
[19]), much less than the ~12x10° (12 billion) years the Galaxy
has lived. The evolutionary timescales of organic molecules are
undoubtedly much shorter than the Galactic mixing timescales.
Although this might depend on many variables, the fact that such
molecules are observed by astronomers to have been created in
the molecular clouds, and that these clouds are born, live, and die
in of order ten million years (see, for example [2, 3]), confirms the
shortness of the chemical evolutionary timescale.

8.2.3 Planetary Amplification

As discussed in Chap. 6, the ability of a collection of molecules
exhibiting a small enantiomeric excess to amplify that excess
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dramatically under conditions that could well be replicated in
planetary environments (if they had surface water!) has been dem-
onstrated (see, e.g. [20-22]). Furthermore, as observed by Breslow
and Levine [23], as soon as biologically active systems begin to be
involved, the drive toward homochirality can proceed very rapidly,
although, as noted by Gol’danskii and Kuz’min [9], at least local
homochirality may be essential for biological synthesis to pro-
ceed at all. None the less it does appear that a barrage of mete-
orites that had slightly enantiomeric amino acids could trigger
a second phase of amplification that might well be expected to
drive the somewhat enantiomeric molecules they contained to
homochirality very quickly once they were delivered to a planet
by a cosmic stork.

8.3 Testing the Models of Amino
Acid Chirality

While it might be thought to be unnecessary to speculate about
the enantiomerism that this model would spread throughout the
Galaxy, based on the tiny number of meteoritic samples (which
also contained collections of racemic molecules), and the number
of Earthly living beings (although there are billions of us, we may
only count as one datum, since the only relevant datum may be
the common source of our amino acid homochirality), the SNAAP
model for propagating the supernova-selected enantiomerism
throughout the Galaxy allows for only one chirality to exist, at
least on a global scale. Thus this constitutes an important pre-
diction of the model; finding a statistically significant abundance
preference for right-handed amino acids would be very difficult for
it to explain.

As noted in Chap. 4, one new test may occur before long;
the Japanese space mission Hayabusa [24-26] returned to Earth
in 2010, and may have some samples from asteroid Itokawa; the
amino acids included in those samples must have predominantly
left-handed chiralities. When these samples have been analyzed
for their amino acids, assuming it can be established that they did
indeed come from asteroid Itokawa (and this is not trivial; it is
very easy to contaminate the sample, especially when the amount
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of material is very small), this information should provide a strong
test of the SNAAP model. And the ROSETTA mission [27] should
provide another test following the arrival of its lander on comet
Churyumov Gerasimenko in 2014, or shortly thereafter, since it
takes time to analyze data and for the members of the collabora-
tion to be sure they all agree on the interpretation of the results.

These tests are crucial to all the models discussed in this book.
In the context of the SNAAP model, if some clumps of amino acids
are found by the ROSETTA mission to be right-handed, it would
not be fatal for the model. A possible scenario for the SNAAP
model to produce right-handed molecules would involve some
of the meteoroids being processed on the opposite side of the
neutron star (or black hole) that selected left-handed molecules,
ending up with opposite chiralities for its molecules. It is because,
as discussed in Chap. 7, the electron antineutrino fluxes from the
supernovae are not equal on the two sides of the nascent neutron
star that the ones produced by converting “N to “C would still
dominate over all space. As noted in Chap. 7, if mixing was not
adequate to stir the left-handed molecules from one side of the
neutron star with the right-handed molecules from the other side,
enough right-handed molecules would be produced to generate
some right-handed entities. So the SNAAP model still could sur-
vive if such molecules were found in a single comet, although it
is somewhat difficult to imagine how the galactic mixing mecha-
nisms discussed above could accommodate this.

If one could measure the ratio of right-handed amino acids
to left-handed amino acids in a pristine environment, it would
produce a very significant test of all the models I've discussed
(although, in actuality, that might turn out to be a test of the com-
pleteness of the mixing that occurred). For the SNAAP model, the
global enantiomeric excess could be estimated if the electron neu-
trino and electron antineutrino energy spectra could be accurately
determined, although as noted above, the most relevant enantio-
meric excess may be the maximum value that a single supernova
can produce.

Recall that in Chap. 5 we discussed the circularly polarized light
model described by de Marcellus [28] that assumed that the material
of which the Solar System is made was bathed, at some point in
its past, by uniformly circularly polarized light, and that this would
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produce the same chirality of the amino acids throughout the Solar
System. If this model is correct, it would not allow for any right-
handed amino acids. Of course, Galactic mixing prior to formation
of the Solar System might dilute the effect, in which case some
right-handed amino acids might then be found.

It might be possible to test this idea if we could locate a
“hyperbolic comet,” which would have been formed outside the
Solar System, and would make one pass through before return-
ing to outer space, on a hyperbolic trajectory, and test some of its
material. If such an object contained amino acids with the oppo-
site chirality from those in the Solar System, and the amino acids
from Hayabusa and Rosetta were all left-handed, it would lend
credence to the model of de Marcellus. The circularly polarized
light that processed the material of the Solar System would have
to process material somewhere else with the opposite polarization.
Although that material could have been processed by circularly
polarized light with the same chirality as that assumed to have
processed the Solar System, thereby producing amino acids with
the same chirality as those of the Solar System, it might also have
been processed, far from the Solar System, with circularly polar-
ized light of the opposite chirality, thus producing right-handed
amino acids. The unfortunate aspect of this test is that hyperbolic
comets are extremely rare. But then, no one ever guaranteed that
science would be easy!

You have no doubt noticed that, while I have described a vari-
ety of experiments that have been performed to test the variety
of models of amino acid chirality that I have described, I have not
presented much, if any, data in support of the SNAAP model. The
probabilities for neutrinos to interact with matter are extremely
small, so such data require pretty heroic experiments to acquire
any data. And, of course, neutrino “sources” are really particle
accelerators, and not little ones either. Neutrino nucleus interac-
tion probabilities, “cross sections” to physicists, have been mea-
sured for a number of nuclei, but no one has tried to infer how they
might affect the chiralities of the amino acids. However, I believe
experiments might be conducted to at least test some of the ideas
that are basic to the SNAAP model.

Probably the best place to do an experiment, both because
the neutrino beam would be quite intense there, and because the
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energies of the neutrinos would be roughly comparable to those
that would be emitted by a supernova, would be the Spallation
Neutron Source at Oak Ridge National Laboratory in Tennessee.
This facility was built for the purpose of producing a neutron beam
to be used in studying neutron induced processes, but it also will
produce an intense neutrino beam. The primary driver for this
facility is a medium energy proton beam, which will produce copi-
ous numbers of positively charged pions (see Chap. 7) through its
interactions with target nuclei. These will decay to muons and a
muon antineutrino, which will then decay to a positron and two
more neutrinos, and the positron will annihilate with an electron
to produce photons. The resulting neutrino spectrum is shown in
Figure 8.1. As can be seen, the neutrino energies, tens of MeV, are
at least similar to those from a supernova, shown in Figure 7.3.
Also shown in Figure 8.1 is the time distribution of the different
neutrino flavors that will be produced by the Spallation Neutron
Source. This is especially important in distinguishing between
events initiated by the different flavors of neutrinos, or between a
neutrino and its own antineutrino.

So what would an experiment to test the SNAAP model
look like? The most obvious experiment would be one in which a
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FiGure 8.1 Arrival times of the different neutrino flavors and the
spectrum of neutrino energies produced by the Spallation Neutron Source.
“nsec” =nanoseconds =billionths of a second. (Courtesy of Y. Efremenko.
From [29], published by IOP Publishing, LTD)
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neutrino beam would bombard a vat of amino acids, which would
be encased in as strong a magnetic field as could be generated with
a laboratory magnet. Somehow the conversions of the nitrogen
nuclei to carbon or oxygen would be observed. It would also be
important to reverse the magnetic field at some point to see if
the reaction rate would be affected (the neutrino spin direction
would remain the same, so this would simulate the situation at
the opposite end of the neutron star). Unfortunately, the experi-
ment might be complicated by the need to simulate the motion
of the meteroids in the magnetic field of the neutron star. This
might necessitate either rotating the amino acid sample on a large
wheel, half of which would be shielded from the magnetic field,
and half would be subjected to the field of the magnet (it’s not easy
to shield the target from the neutrinos!). Or it might involve flow-
ing a liquid that included the amino acids through the magnetic
field region.

Of course, the SNAAP model also could operate together
with some model that would allow both chiralities to exist in
approximate equality, for example, the model involving circularly
polarized light. Although the SNAAP model seems to be winning
for the moment, with a dominant chirality, more statistics on the
chirality of the amino acids in the cosmos, for example, as will be
provided by the data from the comets, will tell us a lot about the
validity of the different theories. And, of course, it would be impor-
tant to obtain data from a comet or two containing material from
outside of the Solar System, that is, from the previously mentioned
hyperbolic comets. However, if a lot of the new data showed that
there were more right-handed amino acids than left handed ones,
the SNAAP model, and every other model I've discussed, would be
in trouble. But every scientific theory has this same potential fate.
One can never “prove” a scientific theory to be correct, but only
to show that it has passed the most recent test. Such is the nature
of science!

An experiment such as this would be important for another
reason. Technically we do not know if the SNAAP model actu-
ally would favor left-handed amino acids, only that it would favor
one of the two possible chiralities. Although detailed calculations
might shed light on this issue, it would be much more convincing
to do an experiment that would determine unequivocally which
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chirality was selected. The SNS experiment would do that, and for
more than a single amino acid.

8.4 The Impact of Amino Acid Chirality
on Questions of the Origin of Life
in the Universe

As noted in Chap. 1, a period of intense meteorite bombardment
on the Moon, and presumably also on Earth, occurred early in
the Earth’s history. Although it is not clear when this began, it
does appear to have ended about 3.8 billion years ago [30, 31], or
just under one billion years after the Earth was formed. It would
have been difficult for complex life to develop and evolve under
those conditions. However, the rain of meteorites might well have
brought the chirally selected amino acids and other important
organic molecules to Earth, since the Galaxy had been in opera-
tion nearly nine billion years before Earth was formed, so would
have had plenty of time to create complex molecules and to estab-
lish their chirality.

Although one must be careful in science not to draw too many
conclusions from coincidences, it is interesting none the less that
primitive life forms are thought to have formed very shortly after
the period of intense meteoritic activity ended [32, 33]. The first
Earthly life forms are thought to have been Prokaryotes, which
are so basic that they lack a cell nucleus. It is known that slightly
more than one billion years later the signatures of living things
were unmistakable, and photosynthesis was also clearly in evi-
dence (http://en.wikipedia.org/wiki/Abiogenesis). Could all of this
be the result of the meteoritic bombardment? Might it be that the
cosmic stork is really just a dirty iceball—a comet? It is certainly
not implausible to conclude that the intense meteorite bombard-
ment of Earth brought the chirally selected amino acids and other
important organic molecules to Earth, that they led to the devel-
opment of early life forms, and that these evolved ultimately into
the life forms that exist on Earth today. Of course, they might also
have evolved into life forms on other planets, although not neces-
sarily in the Solar system.
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Ficure 8.2 Scenario by which molecular chirality is produced in the
Galaxy in the context of the Supernova Neutrino Amino Acid Processing,
or SNAAP, model. (From Boyd et al. [7]. Courtesy of International Journal
of Molecular Sciences)

So let me again refer to the figure, which I introduced in
Chap. 1, that illustrates how the SNAAP model works, now that
you have the perspective of the intervening six chapters. I've repro-
duced that figure in Figure 8.2. Beginning in the upper-right corner,
supernovae first produce the elements from which the molecules
are made, and inject them into the interstellar medium. Interstel-
lar chemistry creates the chiral molecules, either amino acids or
their precursor molecules, in racemic mixtures, within the giant
molecular clouds. Many supernovae occur in those clouds within
their lifetime, each producing many electron antineutrinos with
sufficient energy to convert “N to “C, and therefore to destroy
that molecule. But it will be more difficult to destroy the mol-
ecules in which the antineutrino spin and the *N spin are aligned
than those in which the spins are antialigned, and this, together
with an asymmetry in the neutrino flux at the two poles of the
neutron star, will produce a chiral selection. Chemical amplifi-
cation in the grains, meteoroids, and comets enhances the level
of enantiomerism, and Galactic effects mix the enantiomeric
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material throughout much of the Galaxy. Local compressions of
the gas and grains, and possibly comets, will produce new stellar
systems and planets. Finally, a second phase of amplification of the
enantiomerism that existed in the components of the planets will
lead to the amino acids, and eventually all the other molecules of
life, all ultimately with the same chirality.

Although it might seem like the SNAAP model requires a lot of
“moving parts” to make it work, all of the parts are naturally occur-
ring in Nature. What the SNAAP model does is describe how they
would all work together to produce the chirality of the amino acids.

8.5 Was the Development of Earthly
Life a Fluke?

The evidence from the meteorites forces us to face the fact that the
molecules of life, not only the amino acids but those molecules
that are the precursors of our DNA, most likely have had their
origin in outer space. While the biologically interesting molecules
found on the Murchison meteorite were not DNA or RNA mol-
ecules themselves, it is generally felt that these molecules, which
are far more complex than the amino acids, developed on Earth
some time after the amino acids and nucleobases arrived. While
the chemical pathways by which this evolution might have hap-
pened are not well defined, the very nature of evolution, that is,
that the evolved species do not leave the traces of their evolution-
ary history, means that we can only guess the evolutionary path-
ways, and then test to see if they are plausible (see the article by
Rode et al. [34] for a nice discussion of this). But it appears, as was
discussed in Chap. 5, that the amino acids and nucleobases may
well have been the crucial component in the development of life.

Does this mean that what happened on Earth could have
happened lots of places in the cosmos? If the basic molecules of
life are being made in outer space and distributed throughout the
Galaxy, indeed throughout the Universe, it would appear that
there is a good chance that we’re not alone, and thus there may be
creatures out there that have a lot in common with us. But a few
words of caution are in order. Plaxco and Gross [35] discuss this in
great detail, and conclude that although the creation of the basic
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molecules of life seems to be fairly easy, having them evolve into
(we like to think) intelligent beings may be a bit trickier.

For example, we know that when large meteorites hit the
Earth they can do more than just deliver biologically interesting
molecules; they can also cause enormous damage, even causing
the obliteration of most life for years if they are large enough. Earth
was very fortunate in having Jupiter located in the Solar System
where it is (as was discussed in Chap. 1). This enormous planet has
basically swept the region around the inner planets clean of space
debris (the natural type, not the pieces labeled “NASA”, although
the latter type is rapidly becoming a significant threat to space
travelers) and prevented the debris lurking outside the region
of the inner planets from getting to the inner planets. This may
have spared Earth and the other planets inside Jupiter’s orbit from
nearly all of the devastating meteorite hits to which they would
otherwise have been subjected. It would certainly have been cru-
cial to the development of more and more sophisticated life forms
to avoid occasional life extinguishing meteorite hits (although a
few have occurred over time despite Jupiter’s best efforts to elimi-
nate that possibility).

In addition, Earth is located at just the right distance from
the Sun for it to have liquid water. Is that essential for any form
of life? It may be; scientists have tried to envision other life forms
that might have evolved in the absence of water, but the chemical
properties of water make it pretty ideal for allowing the develop-
ment of life [35, 36]. Finally, although we can do experiments that
suggest the chemical pathways by which more complex molecules
are formed, it is not yet clear, for example, how natural evolu-
tionary processes created cells with cell walls, which are certainly
essential to all the complex life forms we know [35]. Was this a
completely random occurrence?
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9. What About the Rest
of the Universe!?

Abstract What conditions would be required elsewhere in the
Universe to support life? Perhaps we can explore this possibility
by studying the conditions in which Earthly extremophiles exist.
We find that many living forms can exist under vastly different
circumstances than what we would ordinarily think would be
required to support life. This chapter describes some of them, then
extends these conditions to outer space to infer the possible exis-
tence of extraterrestrial life. Finally, the several decade Search for
Extraterrestrial Intelligence, SETI, is described.

9.1 Are We Alone?

In any discussion of the origin of life, one immediately faces the
question about the ubiquity of the solutions one devises, that is,
if we have figured out how life originated on Earth, is there any
reason to assume that Earth is so special that life could not have
originated in other places in the Universe as well? Although there
seem to be preconditions to the existence of life anywhere, it would
surely be surprising if the conditions that made it possible for life
to evolve to its present state on Earth didn’t exist elsewhere in the
Universe. Indeed, the conditions of Earth may not even be as strict
as one might imagine, which is immediately realized by studying
the extreme versions of life that are found on Earth. Let’s look at
some of those.

R.N. Boyd, Stardust, Supernovae and the Molecules of Life: Might We 175
All Be Aliens?, Astronomers’ Universe, DOI 10.1007/978-1-4614-1332-5_9,
© Springer Science+Business Media, LLC 2012
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9.2 Extremophiles on Earth

Of course, it is possible that very different life forms evolved from
the same basic chemicals of which we are made. Indeed, it may be
difficult to even recognize the critters that inhabit other planets, or
even obscure places on Earth. This gets us back to our discussion
of the definition of life. While we may not want to wait around for
our candidate life forms to multiply, it would certainly be essen-
tial for them to metabolize their food, whatever that might be.
So that might be the most plausible means of detecting that our
sample contains something that is alive. But even this might take
on forms with which we are not familiar; even on Earth critters
have been found that eat things that would literally poison the
life forms we know and love. For example, extremophiles have
been found that happily consume sulphur [1] and possibly even
arsenic [2], although the latter result is not without challenge [3].
Ferroplasma acidarmanus has been found to grow at a pH of 0.0 in
acid mine drainage [4] from Iron Mountain in California. There it
apparently thrives on a mixture of sulphuric acid that is laced with
high levels of copper, arsenic, cadmium, and zinc. In the case of
the sulphur eating bacteria, these were suggested as being capable
of cleaning up the sulphuric acid that results from mine tailings.
Thus some of our more extreme “relatives” with which Nature has
presented us may be better at maintaining our natural resources
than the owners of “intelligent life.” In any event, the search for
life must cast a wide net for possibilities that might not look very
much like the living things we could identify easily.

However, we know of living things that are more than just
those with dietary oddities. So called extremophiles are known to
push the limits of temperature, acidity, drought, and probably a lot
of other things well beyond what humans could tolerate. To quote
Penelope Boston [5], “When we look at our own planet’s most chal-
lenging environments, we are really looking for clues to what may
be the normal conditions on other planets. We want a hint of what
we may be searching for when we investigate those other worlds
for signs of life.” So our searches of our Earthly environment for
the weirdest critters may provide helpful signals for our searches
for life beyond Earth. Boston’s subtitle for her article is “What is
extreme here may be just business-as-usual elsewhere.”
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Let me discuss a few examples of extremophiles in enough
detail to give the reader some idea of what “extreme” really means.
There are hydrothermal vents in the deep sea (Wikipedia: “Hydro-
thermal vent”) that spew forth material: these are called either
white smokers or black smokers. The white smoker at the Cham-
pagne vent, northwest Eifuku volcano, Marianas Trench Marine
National Monument, produces liquid carbon dioxide. Recall that
in the deep ocean the pressure can be several hundred times higher
than it is at the Earth’s surface; this is the reason that the carbon
dioxide can even exist as a liquid (it is either a gas or a solid at
atmospheric pressure). Black smokers are little ecosystems in
themselves. They spew forth a variety of chemicals which build
up along their sides to produce a sort of chimney. Although the
temperature of sea water near these black smokers is about 2°C,
just above the freezing point of water at the Earth’s surface, the
temperature of the material coming from the vent can be as high
as several hundred degrees C, or several times the boiling tempera-
ture of water at Earth’s surface. Of course, the water doesn’t boil at
that ocean depth, again because of the high pressure.

Despite their high temperature, the black smokers have been
found to be home to a variety of living entities. In particular,
Kashefi and Loveley [6] analyzed mircoorganisms from the black
smoker “Finn,” which is located in the Mothra hydrothermal vent
field (47°55.46'N and 129°06.51'W) along the Endeavor segment of
the Juan de Fuca Ridge in the northeast Pacific Ocean. One of the
organisms they studied was designated “strain 121.” It was iso-
lated at 100°C, the boiling point of water at atmospheric pressure.
Some iron oxide was included in the mixture. Cell growth and
iron reduction were monitored. Strain 121 is typical of archaea,
single celled organisms, the cells of which do not contain nuclei
(see discussion in Chap. 1). It grew at temperatures between 85°C
and 121°C, so continued to exist even at that extreme tempera-
ture. Because of the ability of this and other “hyperthermophiles”
(organisms that can live at temperatures in excess of 80°C) to
withstand high temperatures, they have been suggested as a pos-
sible early life forms for Earth, which also existed at an extremely
high temperature in its stage in which life began (http://www.
theguardians.com/Microbiology/gm_mbmO04.htm). This point is
supported by Davies [7], who strongly advocates the microbial life
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that exists near the black smokers as possibly being closely related
to the first life forms that existed on Earth.

The heat-loving critters were actually first discovered in
Yellowstone National Park, although the Yellowstone extremophiles
are not quite as extreme as the black smokers. This is described nicely
by Rothschild and Mancinelli [8] and by Sarah Bordenstein (http://
serc.carleton.edu/microbelife/topics/octopusspring/index.html) for
one of the hotsprings in Yellowstone National Park, the “Octopus
Spring,” which is highly alkaline (pH of 8.8-8.3). It is located about
eight miles north of Old Faithful geyser. As described by Bordenstein,
the spring has a primary source from which the water flows at 95°C.
Its drainage channels radiate like the arms of an octopus (well, sort
of, anyway), hence the name of the spring. As the water flows to one
part of the accompanying pond, its temperature cools to about 83°C,
but then increases to 88°C when a new surge of hot water is emit-
ted. In this environment pink filamentous communities thrive, at
a distance of about 2 m from the crystal blue pool. Elsewhere in the
pond the water cools to less than 75°C, a temperature that permits
growth of microbial mat communities that include cyanobacteria,
green sulfur bacteria, and green non-sulfur bacteria. There one can
see the growth of a thermophillic cynobacterium in this part of the
pond. At 65°C a more complex microbial mat forms one bacterium
on the top overlaying other bacteria, including species of a photo-
synthetic bacterium. Some superb photographs that serve to illus-
trate the situation better than words can have been taken of Octopus
Spring by Alan Treiman; one of these is shown in Figure 9.1, with
some additional explanation given in the caption.

At the other extreme of temperature are the cold-loving enti-
ties, the “cryophiles.” These include cyanobacteria, bacteria, fungi,
spores, etc. (see Scientist’s Notebook, http://spacescience.spaceref.
com/newhome/headlines/ice.pdf]). These were discovered in Lake
Vostok, in Antarctica by Richard Hoover of NASA’s Marshall Space
Sciences Laboratory and S.S. Abyzov of the Russian Academy of
Sciences. The organisms found are thought to have been trapped in
the ice about 400,000 years ago. They exist in a dormant state, but
are still metabolizing at an extremely low level. Their existence
might bode well for finding life forms on cold planets or moons of
planets, for example, on Europa, one of Jupiter’s moons.

However, the most significant aspect of life existing at cryo-
genic temperatures may be, as noted in Chap. 5, that the amino
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FiGURE 9.1 Octopus Springs. The hot water, greater than 90°C, comes up
in the small pool to the right of the main, blue pool. Part of the water
leaves immediately in the stream to the right, where the pink streamers
are located. The rest spills over in to the large blue pool, and then flows out
to the upper right where the microbial mats were found. (Courtesy of Allan
Treimann, Lunar and Planetary Institute)

acids and nucleobases can be assembled, even at temperatures so
low that ordinary life, at least human life, could not be sustained.
However, if life forms tried to exist at such temperatures they would
need to be very careful; when water freezes inside a cell it almost
always ruptures the cell when it expands from its liquid state to its
ice state. But the molecules of life seem to have no difficulty assem-
bling at such temperatures; indeed the assembly of at least some of
those molecules appears to require those temperatures. Of course,
this may have important ramifications on our conclusions about
the source of the molecules of life. It might be difficult to imagine
cold conditions on the early Earth, although the day-night cycles
might have been helpful in that regard, and such cycles might even
be important for producing some of the important molecules. Of
course, the low temperatures come naturally with meteoroids and
comets for much of their lives, so the ultimate conclusion from the
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low temperature molecule production [9] it must have occurred on
comets. And, as noted in Chap. 6, the molecules produced in the
insides of such objects would not be subject to the processing by
ultraviolet radiation. But they would be sensitive to strong external
magnetic fields. More importantly, they would also be sensitive
to neutrino processing! This is an important aspect of the SNAAP
model [10, 11].

The bacterium D. Radiodurans has been found to be able
to withstand both gamma radiation and ultraviolet radiation in
extremely high doses. However, its ability to do so apparently
revolves around its ability to repair the damage to its DNA that
results from the high radiation doses. This involves reassembling
the fragmented DNA [12, 13].

Add to these the critters that prefer very low or very high pH
levels, that is, very acidic or basic environments, those that exist
in very salty or very metal rich environments, those that exist
at very high pressure, and others (http://en.wikipedia.org/wiki/
Extremophile), and it becomes clear that the possibilities for life
are enormous indeed, and may lie far from what humans would
regard as “normal.”

The obvious question to ask, however, is how do extremophiles
exist in such extreme surroundings? Rothschild and Mancinelli [8]
deal with this question for several extremophiles. The thing that
seems to work best is for the extremophiles to simply keep the
external environment out. For example, Cyanidium caldarium
and Dunaliella acidophila are found at an extremely acidic pH of
0.5. But Pick [14] and Beardall and Entwisle [15] found them to
have a nearly neutral cytoplasm (which is the thick liquid that
holds all of the internal entities of a cell except the nucleus). This
can only be the case if the internal part of their cells is buffered
against the highly acidic external environment. Another possibility
is to remove the extreme condition as rapidly as possible. Here the
example is heavy metal-resistant bacteria. Niles [16] found that
they use an efflux pump to remove zinc, copper, and cobalt, but
not mercury, which is volatilized.

If it is impossible to keep the environment out, then the extre-
mophiles adopt protective mechanisms, alter their physiology
or have specific repair mechanisms. Of particular note in this
regard is the nucleic acids, for which function and structure are
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closely linked. DNA is especially vulnerable to high temperature,
radiation, oxidative damage, and dehydration. In some cases, the
extremophiles have adopted multiple ways to solve the problem
of living in a particularly hostile environment.

But it would not be appropriate to leave the extraordinary
without mentioning the striking features of the very ordinary, a
pond dwelling paramecium. Paramedium bursaria appears green
under a microscope because each cell hosts hundreds of chlorella
algae that supply it with sugar and oxygen. It can reproduce asexu-
ally, splitting into two identical daughter cells, but occasionally
docks with another cell to exchange small capsules that hold DNA
in order to correct damaged DNA. They can swim ten times the
length of their body in 1 second. Furthermore, they have almost
40,000 genes, about double the number in a human cell [17]. Even
“ordinary” can be pretty amazing!

9.3 And From Outer Space?

Of course, identifying extremophiles and associating their envi-
ronmental preferences with the conditions of early Earth certainly
does not guarantee that they really are early life forms. This iden-
tification would require that we could reconstruct all the interme-
diate stages of life, a very tall order at present, and possibly for a
long time to come. Most discouragingly, the best we could ever do
would be to reconstruct a plausible succession of living forms, but
even that would not prove that these were the actual forms.

In recognition of this, and in an attempt to circumvent the
successive steps questions, a group set out in 1960 to simply detect
the presence of extraterrestrial beings. This effort was called the
Search for Extraterrestrial Intelligence, or SETI, and its found-
ing father was Frank Drake (of the Drake equation, discussed in
Chap. 4). Later Carl Sagan played an important role, both scientific
and political, in furthering the SETI program. The main question
they had to address was: how do you “look” for extraterrestrial
beings? You certainly do not just go somewhere beyond Earth and
look for them (with the exceptions of our Moon and Mars); you
need to try to identify plausible places for life, and search there.
But space is a big place, and travel times to plausible places can
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be many human lifetimes, so one has to figure out what would
constitute an identification of an extraterrestrial “life signal” that
would be convincing even in the absence of an actual sighting.
What was settled on was a detection of a radio signal from outer
space that was at some frequency that would be of particular sig-
nificance to life. It should be noted that the use of radio signals for
detecting the presence of extraterrestrial life had been suggested
even just before the beginning of the twentieth century by Nicola
Tesla, and later by such notables as Guglielomo Marconi and Lord
Kelvin. And a paper published in 1959 by Cocconi and Morrison
suggested searching in the microwave part of the electromagnetic
spectrum for life signals, setting the stage for the Drake experi-
ment in 1960. Although there were many frequencies suggested
as “life signals,” technology caught up with politics (usually it’s
the other way around, if it happens at all) when it became possible
for radio telescopes to monitor a huge number of radio frequen-
cies simultaneously. This obviated the need to have our life sig-
nal frequency match that of the civilizations for which we were
searching.

The advantage of using radio signals to search for life signals
is fairly obvious to astronomers: radio telescopes (see Chap. 4) can
be huge, can be made in multiple dishes so as to present a huge
photon collecting area, and can have good capability for localizing
the source of the signals. They also are not absorbed by the Earth’s
atmosphere, rendering Earth-based observations adequate for the
task, and circumventing the need to put large objects into space.

Unfortunately (or, perhaps, fortunately) no convincing signals
have yet been detected. This does not mean that there are no intel-
ligent (by our standards, anyway) beings out there. They might be
too far away for us to detect their life signals, or they may not have
yet achieved the capability to send strong radio signals into space,
or they may have advanced in their communications beyond the
use of radio signals, or they may not be especially interested in
trying to connect with what they would identify as aliens—that
would be us: all those factors that we discussed in the context of
the Drake equation. Searching for extraterrestrials can be a tough
business! And, in very difficult fiscal times, even though SETI has
been mostly privately funded, obtaining funding to continue such
efforts can be just as difficult.
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In any event, the lack of convincing positive results in
our searches for extraterrestrials leads to what is known as the
Fermi paradox, suggested by Enrico Fermi in the 1950s (http://
en.wikipedia.org/wiki/SETI):

The size and age of the universe incline us to believe that many
technologically advanced civilizations must exist. However, this
belief seems logically inconsistent with our lack of observational
evidence to support it. Either (1) the initial assumption is incorrect
and technologically advanced intelligent life is much rarer than we
believe, or (2) our current observations are incomplete and we sim-
ply have not detected them yet, or (3) our search methodologies are
flawed and we are not searching for the correct indicators.

This triad of possible conclusions would seem to cover all
possibilities!

So perhaps we have been looking in the wrong places or with
the wrong tools for extraterrestrial life. With the advent of the
results from the Kepler Mission, more and more candidate planets
are becoming known. Surely some of those will be “Goldilocks
planets,” that is, not too hot, not too cold. And with modern tech-
nology scientists can search for different signatures of life than
intercepted radio signals, such as production of methane and other
gases that could be detected in the planetary atmospheres. Indeed
such searches are moving to the fore [18].

Then there is the possibility that Francis Crick might be
partially correct in asserting that life was brought to Earth by
an intelligent civilization from another planet—the Panspermia
hypothesis. As noted by Davies [19], the visitors might even have
left their mark in a way that we would find difficult to detect with
our present technology. For example, they might have implanted
some specific DNA modification on whatever form of DNA they
found when they visited. We must take into account the very
real possibility (probability?) that there exist technically more
advanced civilizations in our Galaxy than the one with which we
are familiar!

Although it seems obvious that we should seek communica-
tion with extraterrestrial beings, simply on the basis that more
information is better than less information, and besides, the exis-
tence thereof is an extremely intellectually interesting question.
However, there have been voices raised in opposition to such
communication. Perhaps the most notable is Stephen Hawking,
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who is quoted (http://en.wikipedia.org/wiki/Stephen_Hawking)
as saying: “To my mathematical brain, the numbers alone make
thinking about aliens perfectly rational. The real challenge is to
work out what aliens might actually be like.” He goes on to warn
against contacting aliens, but rather doing our best to avoid them.
His thinking in this regard: “If aliens visit us, the outcome would
be much as when Columbus landed in America, which didn’t turn
out well for the Native Americans.” Perhaps it would be advisable
to keep a low cosmic profile!

Let’s give a bit more thought to Davies’ suggestion of the pos-
sibility of an alien DNA modification. As Davies [19] and many
others note, there is a lot of our DNA that doesn’t seem to be
involved in any essential aspect of our lives—it is generally referred
to as “junk” sections of our DNA. Might our hypothetical advanced
aliens figured out that they could store a “Hi Earthling” message
in our DNA that wouldn'’t affect the function of the DNA? And
perhaps someday we will have become clever enough to read the
message. Or perhaps they were more insidious, and reprogrammed
our DNA so that when they return to Earth they will flip a genetic
switch and we will suddenly all change to a slave mentality. The
possibilities are limitless.

None the less, the basic chemicals of life are made in outer
space. The meteoritic evidence is strong that the basic molecules
of life—both the amino acids and the nucleobases—are made in
outer space. Furthermore, the fact that the amino acid chirality is
established in space would suggest that the molecules that are pro-
duced in space are the triggers of terrestrial life. Of course, other
planets could also not have avoided being hit by many such mete-
orites, so all planets would have been seeded with these molecules.
And, as discussed in Chap. 4, perhaps other planetary systems also
contain Earth-like planets at the right distance from their stars
to allow them to have liquid water, and perhaps even Jupiters to
sweep out the space detritus inside its orbit, and thus to protect
the inner planets. There are, after all, more than 100 billion stars
in our Galaxy alone, and there should be more than one of them
that would satisfy the special conditions that Earth enjoys. That
being the case, it is only natural to believe that we share a uni-
verse with other brethren. Although it is very unlikely that they
would have evolved in the same way we did, since there is a lot of
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chance involved, even in just the modification of DNA by cosmic
ray induced mutations, there is none the less a large probability
that something evolved on other planets. The X-lings may look
quite different from us; they may be green and have antennae, but
their basic molecules of life may be pretty similar to ours, and
their cells might be pretty similar too. With a slightly better twist
of molecular evolutionary fate we might also have been green and
have had antennae!

But, like it or not, we may have quasi brothers and quasi
sisters in the far distant reaches of the Universe, and maybe even
much closer than that!

References

1. K.L.I. Norlund, G. Southam, T. Tyliszcak, Y. Hu, C. Karunakaran,
M. Obst, A.P. Hitchcock, and L.A. Warren, A Novel Syntrophic
Microbial Sulphur Metabolising Consortia: New Evidence for
Microbial Global Carbon Cycling, Env. Sci. Tech. 43, 8781 (2009)

2. F. Wolfe-Simon, J.S. Blum, T.R. Kulp, G.W. Gordon, S.E. Hoeft,
J. Pett-Ridge, J.F. Stolz, S.M. Webb, P.K. Weber, P.C.W. Davies,
A.D. Anbar, and RW. Oremland, A Bacterium that Can Grow by
Using Arsenic Instead of Phosphorus, Science Express, downloaded
from Sciencemag.org, Dec. 2 (2010)

3. E. Pennisi, Concerns About Arsenic-Laden Bacterium Aired, Science
332, 1136 (2011)

4. K.J. Edwards, P.L. Bond, T.M. Gihring, and J.F. Banfield, An Archael,
Iron, Oxidizing, Extreme, Acidophile, Important, Acid, Mine, Drain-
age. Science 287, 1796 (2000)

5. P. Boston, The Search for Extremophiles on Earth and Beyond, What
is Extreme Here May Be Just Business-as-Usual Elsewhere, Ad Astra
Astrobiology Issue Expanded Edition, Ad Astra Magazine, The Astro-
biology Web (2011). Courtesy of Ad Astra Magazine and P. Boston

6. K. Kashefi and D.R. Lovely, Extending the Upper Temperature Limit
for Life. Science 301, 934 (2003)

7. P.Davies, The 5th Miracle: The Search for the Origin and the Meaning
of Life, Simon and Schuster, NY, NY, 1999

8. L.J. Rothschild and R.L. Mancinelli, Life in Extreme Environments.
Nature 409, 1092 (2001)



186 Stardust, Supernovae and the Molecules of Life

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

M. Levy, S.L. Miller, K. Brinton, and J.L. Bada, Prebiotic Synthesis
of Adenine and Amino Acids Under Europa-Like Conditions, Icarus
145, 609 (2000)

R.N. Boyd, T. Kajino, and T. Onaka, Stardust, Supernovae, and the
Chirality of the Amino Acids, Int. J. Mod. Sci. 12, 3432 (2011)

R.N. Boyd, T. Kajino, and T. Onaka, Supernovae and the Chirality of
the Amino Acids, Astrobiology 10, 561 (2010)

J.R. Battista, Against All, Odds, Survival, Strategies, Radiodurans.
Annu. Rev. Microbiol. 51, 203 (1997

J.R. Battista, in DNA Damage and Repair, Vol I. DNA Repair
in Prokaryotes and Lower FEukaryotes. eds. J.A. Nickoloff and
M.F. Hoekstra, (Humana, Totowa, NJ), p. 287 (1998)

U. Pick, in Enigmatic Microorganisms and Life in Extreme Environ-
ments (ed. J. Seckbach) 467 (Kluwer, Dordrecht) 1999

J. Beardall and L. Entwisle, Internal pH of the Obligate, Acidophile
Cyanidium caldarium Geitler (Rhodophyla?). Phycologia 23, 397
(1984)

D.H. Niles, Heavy Metal, Resistant, Bacteria, Extremophiles, Molec-
ular, Physiology, Biotechnological, Use of Ralstonia sp. CH34. Extre-
mophiles 4, 77 (2000)

M. Grunbaum, Paramecium, Discover, May, p. 16 (2011)

Y. Bhattacharjee, A Distant Glimpse of Alien Life? Science 333, 930
(2011) DOL: 10. 1126/science.333.6045.930

P. Davies, The Eerie Silence: Renewing Our Search for Alien Intel-
ligence, Houghton, Miflin, Harcourt, NY, 2010



Glossary

Absorption spectra Spectra resulting from the absorption in a
star’s surface of the radiation produced inside the star, and which
backlights the surface region.

Adaptive optics This refers to the ability of a telescope to shape
its primary mirror on a short time scale in order to minimize the
distortion caused by the Earth’s atmosphere, and optimize its reso-
lution.

Adenine One of the mucleotide bases of which DNA is com-
prised.

Algae Unicellular or multicellular chlorophyll containing plants
occurring in fresh or salt water.

Alpha-amino acids One class of amino acids that is distinguished
from other amino acids by the location of its different groups.
Alpha-amino acids are the ones that are important to Earthly life.
Amino acid These are molecules that are characterized by all
having an amino group, NH2, and a carboxyl group COOH (see
Chap. 4 for a picture), along with the other atoms that distinguish
them from each other. The amino acids are components of the
proteins on which we rely for life.

Amino group This is NH,, one of the basic components of all
amino acids along with the carboxyl group.

Amplification This refers to the process by which tiny levels of
enantiomerism can be increased to much larger levels, or even
to homochirality. This could occur either on a planet or in the
cosmos, although the mechanisms in the two environments
would be quite different. This could also refer to increasing the
total number of amino acids.

Angular momentum A conserved quantity in physics that is asso-
ciated with rotational motion.

Archaea Single celled organisms that have no nucleus, and
constitute one of the three basic groups of archaea, bacteria, or
eukaryotes.
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Asteroid Belt A huge system of interplanetary debris that exists
between the orbits of Mars and Jupiter.

Astronomical unit Abbreviated “AU”, this is the mean distance
between the Earth and the Sun, which is 1.5x 103 cm.
Asymptotic giant branch stars Stars that have completed burning
the hydrogen in their cores, and have evolved from the character-
istics of that burning mode into those which characterizes helium
burning.

Autocatalysis This refers to chemical replication schemes by
which molecules replicate themselves.

Bacteria Single celled organisms that, like archaea, have no
nucleus, and constitute one of the three basic groups of archaea,
bacteria, or eukaryote. However they also differ from archaea in
several ways.

Baryon Particles that are made of three quarks. Protons and neu-
trons are baryons; photons, electrons, and neutrinos are not. Pions
also are not.

Baryon conservation One of the laws of physics that says that the
number of baryons in any reaction or decay must be conserved.
Beta decay The process by which an unstable nucleus emits either
an electron and an electron antineutrino, or emits a positron and
an electron neutrino, or captures an electron and emits an electron
neutrino. In so doing it will form a more stable nucleus.

Big bang The creation event of our Universe.

Binding energy (of nuclei) The energy by which a nucleus or
molecule is bound, that is, the energy that would be required to
break it apart into at least some of its constituents.

Black hole The final state of a very massive star after it has com-
pleted all its stages of stellar evolution. No matter can escape from a
black hole. Massive black holes also exist at the centers of galaxies.
Black smokers Hydrothermal vents in the ocean floor, from which
pour a variety of substances.

Bremsstrahlung Literally, “braking radiation,” which is produced
when a charged particle is accelerated or decelerated.
Buckingham effect The result of the interaction between a
nucleus that has a nonzero spin and an external magnetic field.
This was originally devised to describe how nuclear magnetic reso-
nance could be used to differentiate between molecules of opposite
chirality.
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Cambrian explosion The event in Earth’s history 500-600 million
years ago when there was an incredible explosion in the diversity
of life forms.

Carbonaceous chondrites These are one kind of meteorite, which
appears particularly capable of withstanding the high temperatures
associated with passage through the Earth’s atmosphere. These
have been found to contain amino acids.

Carboxyl group This is COOH, one of the basic components of all
amino acids along with the amino group.

Carbon burning One of the stages of stellar evolution, following
helium burning and preceding neon burning.

Catalysis In catalysis, the “catalyst” nucleus or molecule enables
a process in which new nuclei or molecules are formed, and the
original nucleus or molecule is returned.

Centigrade One of several temperature scales. On this scale, water
freezes at 0°C and boils at 100°C.

Cepheid variables Stars that have an oscillatory output, the fre-
quency of the oscillations of which is related to the absolute lumi-
nosity of the star. Cepheids, therefore, have been used as distance
indicators.

Chandra X-Ray observatory This is one of the space borne obser-
vatories designed to detect x-rays. This observatory was named in
honor of W. Chandrasekar.

Charged-current weak interactions Those weak interactions that
change one nucleus to another one of nearly equal mass, but with
different numbers of protons and neutrons.

Chart of the nuclides The chart of all the known nuclides, stable
and unstable. This includes all known isotopes of every element.
Chemical evolution (of the Galaxy) The buildup in time of the
elements in the interstellar medium.

Chemical evolution (of biomolecules) This describes the evolu-
tion of the biomolecules from simple amino acids to peptides, or
the nucleotides, to the more complex DNA and RNA.

Chirality Handedness. Chiral molecules have an “opposite” that
has the opposite chirality. Chirally opposite molecules cannot
be translated in such a way that they are identical, but do appear
identical if one of them is “reflected in a mirror.”

Chlorophyll The green coloring of matter that enables production
of carbohydrates by photosynthesis.
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Churyumov Gerasimenko A comet, which is the destination of
the European Space Agency mission ROSETTA.

Circularly polarized light Light for which the electric field vector
appears to rotate (see figure in Chap. 4). In right circularly polar-
ized light, the electric field vector appears to rotate in a clockwise
direction when the light is viewed in the direction of travel, and
vice versa for left circularly polarized light.

CNO cycle This describes the details of the dominant form
of hydrogen burning, in which four hydrogen nuclei get fused
into a helium nucleus, in stars more massive than several solar
masses.

Cold dark matter One of the hypothetical forms of dark matter, in
which the particles are assumed to exist at low temperature.
Comet A celestial object, often quite large (compared to a meteor-
ite, but not to a planet) that is usually composed of ice and dust.
Conservation laws The laws of physics that govern processes and
forms. Examples include conservation of energy and conservation
of angular momentum.

Core-collapse supernovae Those supernovae that are produced by
massive stars when they have completed all their stages of stellar
evolution.

Cosmology The study of the origin of our Universe. This also
includes identification of the observable signatures of our
Universe’s birth event.

Coulomb barrier The barrier resulting from the interaction of
two charged particles of the same sign. In particles at low energy
the Coulomb barrier works to prevent the particles from under-
going any interaction other than the electromagnetic interaction,
although they can interact via the strong interaction, and undergo
fusion, via quantum mechanical tunneling.

Cross section The reaction probability for one particle to interact
with another. See reaction probability.

Cryophiles Cold-loving creatures, a class of extremophiles.
Cyanobacteria Blue-greenbacteriaorarchaea;itscellshavereached
a relatively high level of sophistication, at least for prokaryotes.
Cyanidium caldarium A living organism that can tolerate
extremely low pH values, that is, very acidic environments.
Cytoplasm The liquid that resides between the cell walls and the
nucleus in eukaryota, and within the cells of non-eukaryota cells.
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Cytosine One of the nucleotide bases of which DNA is comprised.
Dark energy The entity that appears to cause the expansion of the
Universe to accelerate.

Dark Matter The form of matter, as yet unknown, that exerts a
gravitational force on other types of matter, and so influences the
motion of galaxies.

Degeneracy pressure The pressure created by the Pauli Principle,
which states that only one identical particle of a particular type
(for example, electrons or neutrons) can occupy a single quantum
state. The degeneracy pressure due to electrons is the pressure that
maintains the sizes of atoms, and of white dwarfs. That due to
neutrons and protons maintains the sizes of atomic nuclei, and of
neutron stars.

Deuteron The nucleus of heavy hydrogen, that is, a nucleus that
contains one proton and one neutron.

DNA Deoxyribonucleic acid. This is one of the basic chemicals
of life. It contains the instructions for assembling proteins within
cells, and also contains all of the genetic information essential for
replication.

Doppler shift The shift in the spectral lines of atoms or ions
with motion. When the atoms or ions are moving away from the
observer the characteristic lines will be “red shifted.”

D. Radiodurans A living organism that can tolerate, via repair
mechanisms, very high levels of radiation.

Drake equation The equation, of sorts, that categorizes the differ-
ent factors that would be required for some extraterrestrial civili-
zation to send radio signals that we would interpret as indicating
the existence of an advanced civilization.

Dunaliellaacidophia A livingorganism that can tolerate extremely
low pH, that is, highly acidic, environments.

Dust grains The tiny (of order 10 um) grains of molecules that
form in the interstellar medium.

Efflux pump Mechanism by which cells rid themselves of toxic
entities, for example, zinc, copper, or cobalt.

Electric field vector The vector that specifies both the strength
and the direction of the electric field.

Electric field The distribution of that physical entity that affects
charged particles and, together with the magnetic field, represents
the photons as they move through space.
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Electromagnetic radiation The radiation that is the result of
electric and magnetic fields. The particles of electromagnetic
radiation are called photons.

Electromagnetic force/interaction One of the four basic interac-
tions of physics.

Element Atoms of a particular element are characterized by the
number of protons in their nucleus. For a neutral atom (that is, if it
is not ionized), the number of electrons the atom has will be equal
to the number of protons. Hydrogen, helium, oxygen, carbon, tin,
etc. are elements.

Elliptically polarized light Light that has its electric field vectors
somewhat out of phase, but not necessarily the 90° out of phase
that would produce circularly polarized light, or not necessarily
with two equal strength components of the electric field.
Enantiomeric excess The amount by which one chirality exceeds
the other, divided by their sum. It is usually also expressed as a
percentage, so the difference divided by the sum is multiplied by
100.

Endothermic Refers to reactions that absorb energy, that is, that
require energy to make them occur.

Enzyme Proteins that act as catalysts to, among other functions,
increase the rates of metabolic reactions.

Erg A unit of energy. A 93 mile per hour fastball has 12 billion
ergs of energy.

Electron A light fundamental particle. It has a spin angular
momentum of h/2 and a negative charge.

Elliptically polarized light Light that has out of phase components,
compared to circularly polarized light, or has unequal amplitudes
of the two electric field vectors.

Enantiomeric Referring to a medium in which the two possible
chiral states are not equally populated.

Eukaryotes Organisms that are the most complex of the three
groups: archaea, bacteria, and eukaryote. Specifically, eukaryotes
have a nuclear envelope in which their genetic material is con-
tained, whereas archaea and bacteria have no nucleus.

Europa One of the moons of Jupiter.

Event horizon The radius at which escape from a black hole
becomes impossible.
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Evolution The natural progression from one entity to another.
Specifically, this describes how species change with time.

Excited (nuclear or atomic) state An allowed state in which the
nucleus or atom can exist that is at a higher (less tightly bound)
energy than the ground state.

Exothermic Refers to reactions that give off energy when they
occur.

Extraterrestrial Not of the Earth.

Extremophiles Creatures that prefer living conditions very differ-
ent from those human beings prefer. These might include tem-
perature extremes, pressure extremes, unusually acidic or alkaline
conditions, etc. They might also be able to withstand extremes
that humans could not, for example, high radiation levels.
Fahrenheit One of several temperature scales. On this scale abso-
lute zero is -459.67°F, water freezes at 32°F, and it boils at 212°F.
Faraday effect The result of putting molecules in a magnetic field.
The effect appears as if a ring of charges is induced to circulate in
the molecules.

Fermi paradox The statement, by Enrico Fermi, about the three
possibilities by which we have not observed extraterrestrial life.
Fission Breaking apart of a heavy object into two or more lighter
objects.

Flavor These describe the different types of neutrinos, that is, the
flavors of neutrinos are electron, muon, and tau. This term also
applies to the different types of quarks.

Fungi Life forms characterized by an absence of chlorophyll, for
example, mushrooms, yeasts, and molds.

Fusion Combining two lighter constituents to make a heavier
object.

Galaxy The collection of stars that constitute the neighbors of the
Sun, and move in concordance with it. Our galaxy, the Milky Way
Galaxy, contains 100-400 billion stars, and is 100,000 light years
in size. The distance to the nearest adjacent galaxy, the Androm-
eda Galaxy, is 2.5 million light years.

Gamma rays Electromagnetic radiation, or photons, that are at
the high energy end of the electromagnetic energy spectrum.
Gauss A measure of the strength of a magnetic field. The Earth’s
magnetic field has a strength of roughly one gauss.



194 Stardust, Supernovae and the Molecules of Life

Genes A unit of heredity in a living organism. Genes are subunits
of DNA and RNA that, for example, code for a type of protein.
Global chirality Chirality that is consistently the same every-
where, that is, does not vary from one place to another.

Green sulfur bacteria Living organisms observed in the Octopus
Spring in Yellowstone National Park.

Green non-sulfur bacteria Living organisms observed in the
Octopus Spring in Yellowstone National Park.

Ground state The lowest energy state in which an entity—an
atom or a nucleus—can exist.

Gravitational potential energy The energy associated with posi-
tion. For example, when you hold an object in the air it has gravi-
tational potential energy, which gets converted to kinetic energy,
that is, energy of motion, when you release the object.

Guanine One of the nucleotide bases of which DNA is com-
prised.

Guide star (real or artificial) A star (if real) that is in the field of view
of the telescope that is used to adjust the mirror so as to optimize
the resolution. If the guide star is artificial, it is generated by a laser
beam that excites atoms in the Earth’s atmosphere, which then
appear as a star, and which allow the resolution optimization.
Hayabusa A Japanese space mission that has landed on comet
Itokawa, and has returned to Earth with samples from that comet.
Helium burning The second stage of stellar evolution, in which,
primarily, three helium nuclei are converted into a carbon nucleus,
and an additional helium nucleus can be added to make an oxygen
nucleus.

Homochiral Having only one chirality. A homochiral medium is
100% enantiomeric.

Hubble’s law The relationship v = HR that relates the velocity of
recession of distant objects to their distance.

Hubble constant The proportionality constant, H, in Hubble’s
Law, currently at 70.8 kilometers per second per megaparsec.
Hubble space telescope The telescope that was flown into space
so0 as to circumvent the absorption of ultraviolet and infrared light
by Earth’s atmosphere, and also to avoid the resolution spoiling
resulting from motion of the Earth’s atmosphere.

Hydrodynamics Description of matter, through physics equa-
tions, as if it were a continuous fluid.
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Hydrogen burning The first stage of stellar evolution, in which
hydrogen induced nuclear reactions convert four protons into a
helium nucleus.

Hydrothermal vent A vent in the ocean floor through which a
variety of chemicals can be emitted.

Hyperbolic comet A comet that is made of stuff that is not from
our Solar System. It would make only one pass through the Solar
System, on an hyperbolic orbit, which is not closed on itself, so
would originate outside the Solar System, pass through it, and
then return to extrasolar space. Thus the material from which the
hyperbolic comet was comprised would not necessarily have origi-
nated from the same region of space that the material in the Solar
System did.

Hyperthermophiles A form of extremophile that can withstand
very high temperatures, 80°C to as more than 120°C.

Infrared light Light that has a longer wavelength than visible
(optical) light, that is, longer than 700 nm. The infrared region
extends to 300 micrometers.

In phase This describes two oscillations, for example, two compo-
nents of the electric field, that reach their respective maxima and
minima simultaneously.

Intracluster medium This is the superheated gas near the center
of a galaxy cluster. It contains mostly hydrogen and helium, and
strongly emits x-rays.

Interstellar medium The material that exists in the space between
the stars.

Ions or Ionized atoms Atoms or molecules that are not electri-
cally neutral by virtue of having lost one or more of the electrons
that would make them electrically neutral.

Isotope Isotopes of an element have nuclei with the same number
of protons, but differing numbers of neutrons. Examples could be
some of the isotopes of tin: ''2Sn, '4Sn, 15Sn, !16Sn, !'8Sn, '2°Sn; or
the stable isotopes of oxygen: °O, 170, and '*O.

Itokawa The comet from which the Japanese space mission Haya-
busa brought back samples to Earth.

Juan de Fuca ridge Location of a hydrothermal vent field in the
northeast Pacific Ocean.

Junk DNA Sections of human DNA that do not fulfill any obvi-
ous physiological or replicative need.
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Kelvin temperature A measurement of the temperature in which
0°K is absolute zero. Room temperature on this scale is about
300 K. Water freezes at 273.15 K, and it boils at 373.15 K.

Kepler space telescope A telescope that is primarily dedicated to
finding extrasolar potentially habitable planets.

Kingdoms The classification of living things that includes archaea,
bacteria, and four classes of eukaryotes.

Lepton conservation One of the conservation laws of physics that
says that in any reaction or decay process the number of leptons
must be conserved.

Leptons These are particles that don’t interact via the strong inter-
action, so are not comprised of quarks. They include electrons,
muons, tauons, neutrinos, and their antiparticles.

Life signals Detectable entities or events that would indicate the
existence of living beings.

Light curve The temporal evolution of the light output from any
star, for our purposes, a supernova.

Light year The distance light travels in 1 year. This is 9.47 trillion
kilometers, or 5.9 trillion miles.

Linearly polarized light Light for which the electric field vector
appears to oscillate in one direction (see figure in Chap. 4).

Lipids Organic compounds that are one of the components of liv-
ing cells. They are greasy and not soluble in water. Their function
is, among others, energy storage.

Local chirality The situation that exists when chirality is estab-
lished in one place, but another chirality may exist at a different
location. This would be the situation that would exist from chirality
resulting from circularly polarized light.

Longitudinal polarization Situation that exists when the spin of a
particle is parallel or antiparallel to its direction of motion. This is
the case for photons and highly relativistic electrons.

Lookback time Astronomers’ jargon for time measured backward
from the present.

LUCA The Last Universal Common Ancestor.

Magnetic field That physical entity that affects moving charged
particles and also, along with the electric field, describes the
motions of light particles, or photons.

Magnetic moment A property of elementary particles, nuclei, and
atoms that interacts with an external magnetic field to produce an
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energy shift. Macroscopic quantities also have magnetic moments,
for example, a current loop.

Magnetic monopole The magnetic equivalent of an isolated
charge. If magnetic monopoles existed, magnetic field lines would
not have to connect on themselves, but could, as with electric
charges, radiate outward to infinity.

Magnetic substates The energy states of atoms or nuclei, or their
combination, that result from the interaction of their magnetic
moments with a magnetic field. The number of magnetic substates
of an atom that has total angular momentum J will be 2J+1, and the
projections of the vector J along the magnetic field direction will
range from +J to -J in steps of 1 (in units of Planck’s constant).
Magnitude The way in which astronomers describe the bright-
ness of the objects they observe. An object that is one magnitude
brighter than a second object is 2.512 times as bright as the second
object. An object that is two magnitudes brighter than a second
object is (2.512)*=6.310 times as bright as the second object.

Mass energy This refers to a way of indicating masses by indicat-
ing them instead as the energy they contain according to Einstein’s
famous equation E=mc?, where m is the mass of the object, and ¢
is the speed of light.

Membrane (of a cell) This is the container that holds the compo-
nents of the cell.

Metabolism The processes by which our cells sustain life. These
allow cells to grow and reproduce.

Meteorite A meteoroid that penetrates the Earth’s atmosphere
and hits the ground.

Meteoroid A chunk of rock, and possibly ice, that exists as part of
the interstellar medium.

MeV A unit of energy. One MeV =one million electron volts=a
useful unit in nuclear physics, since that is a typical nuclear
energy. One erg=0.625x10° MeV.

Microbial mat A mat of living entities observed in the Octopus
Spring in Yellowstone National Park.

Miller-Urey experiment The famous experiment, conducted in
the early 1950s, in which an electric discharge in the presence of a
few simple chemicals was found to produce amino acids.

Mirror isomers Molecules that are identical in every respect, for
example, melting and boiling temperature, solubility, but which
have opposite chirality.
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Molecular clouds The giant clouds of gas, dust, and stars that
occur in the Galaxy.

Mothro hydrothermal vent field A hydrothermal vent field in the
northeast Pacific Ocean.

Muon An elementary particle. Muons can be either positively or
negatively charged. They are about 260 times as massive as elec-
trons or positrons. They have a spin angular momentum of h/2.
Murchison meteorite The meteorite that landed in 1969 in Aus-
tralia that contained a variety of amino acids, all of which were
racemic, had a left-handed chirality, or were non chiral.

Mutation Change in the DNA coding in a cell that makes it
different from what it previously was through, for example, inexact
replication or cosmic rays.

Nebula The cloud of gas and dust that is produced when a mas-
sive star explodes.

Neon burning The stage of stellar evolution that is between carbon
burning and oxygen burning.

Neutral-current weak interactions Those weak interactions that
can transfer energy to a nucleus, but do not of themselves change
the proton and neutron number of the nucleus.

Neutrino An elementary particle that has no charge, a very tiny
mass, and interacts only through the weak interaction. Neutrinos
come in three flavors: electron, mu, and tau. Antiparticles exist for
each of those flavors. They have a spin angular momentum of h/2.
Neutrino oscillations These are the conversions between neutri-
nos of different flavors, due to the fact that the different flavors of
neutrinos can change back and forth, or in some cases, just convert
from one to another.

Neutron One of the basic constituents of atomic nuclei, and of
neutron stars. Neutrons are composed of three quarks, one up
quark and two down quarks. They have a spin angular momentum
of h/2.

Neutron closed shells The filling of the quantum mechanical
shells in a nucleus; these exist for nuclei that contain 2, 8, 20, 28,
50, 82, or 126 neutrons.

Neutron star A star that has collapsed essentially to the density of
nuclei, and is comprised mostly of neutrons and a small fraction of
protons. A neutron star is supported by the degeneracy pressure of
its neutrons and protons.
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Nuclear excited state A state of existence of a nucleus that exists
at a higher energy, that is, is less tightly bound, than the ground
state, or lowest energy state.

Nuclear reactions The interactions between two nuclei that result
in different nuclei, either as a composite of the first two or as two
or more new nuclei.

Nucleic acids See DNA and RNA.

Nucleobases These are the building blocks of RNA and DNA:
adenine, cytosine, guanine (both DNA and RNA), thimine (DNA
only), and uracil (RNA only).

Nucleosynthesis The creation of the elements via nuclear
reactions. This mostly takes place in stars.

Octopus Spring A geothermal spring in Yellowstone National
Park, located a few miles from Old Faithful geyser.

Olber’s paradox The assertion that the night sky ought to be bright
if the Universe is infinite and uniformly populated with stars.
Oligomers These are molecules that consist of several smaller
molecules joined together. They are in contrast to polymers, which
can have an unlimited number of smaller molecules.

Optical light Light having wavelengths that can see by the unaided
eye, that is, with wavelengths from 400 to 700 nm.

Organic molecules Generally molecules that contain carbon.
However, there are a few exceptions of molecules that contain
carbon that are classed as inorganic molecules.

Oxygen burning The stage of stellar evolution that occurs between
neon burning and silicon burning.

Panspermia hypothesis The hypothesis that life was created in
outer space, or at least somewhere else, and then transported to
Earth.

Paramedium bursaria Very unusual pond dwelling paramecium.
Parity Handedness. Parity is also a fundamental symmetry of
physics that is violated by the weak interaction, but is conserved
in most cases.

Parsec Astronomical distance unit=3.26 light years.

Pauli principle The “law” of physics that requires that some types
of particles in some systems, for example, electrons in atoms, or
protons and neutrons in nuclei, have only one such particle in
each allowed quantum mechanical state. This produces the well-
defined sizes of atoms, of White dwarfs, and of neutron stars.
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Peptides Relatively short protein-like chains of amino acids, but
with different terminations than proteins have.

Period of oscillation The length of time for an oscillation to
complete one full cycle.

pH Indicator of acidity or basicity of a medium. Zero is essen-
tially purely acidic, seven is neutral, and fourteen is essentially
purely basic. From the definition of pH, however, it is possible to
have negative pH and pH greater than 14.

Photon A fundamental “particle.” This is the particle of elec-
tromagnetic energy, and includes radio waves (very low energy),
light (moderate energy), X-rays (higher energy), and gamma rays
(extremely high energy).

Photosphere The periphery of a star.

Photosynthesis Production of complex organic materials, espe-
cially carbohydrates, from carbon dioxide, water, and minerals
using sunlight as an energy source.

Pink filamentous Characteristics of a community of life found in
Octopus Spring.

Pink streamers Description of a community of life found in Octo-
pus Spring.

Pion A strongly interacting particle that is comprised of a quark-
antiquark pair. There are three charge states: positive, neutral, and
negative. They have a spin of zero.

Planck’s constant This is the unit in which microscopic angular
momenta are measured. Its value is 6.626 x 10?7 erg-seconds. It is
also the unit that occurs in the famous Heisenberg Uncertainty
Principle, which states that there is a fundamental limitation in
the accuracy to which certain pairs of variables, for example, posi-
tion and momentum, can be simultaneously measured.

Planetary nebula This is a glowing shell of ionized gas and plasma
ejected during the asymptotic giant branch (helium burning) phase
of certain types of stars.

Polarized light Light that has a specific orientation for its electric
field vector (linearly polarized light) or an electric field vector that
rotates in direction in time (circularly or elliptically polarized light).
Polycyclic aromatic hydrocarbons Complex molecules (generally
more complex than amino acids) observed in outer space.
Polymers These are long molecules that consist of shorter
segments called monomers.
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Positron An elementary particle that is the antiparticle of the
electron. It has the same mass as the electron, but has a positive
charge. They have a spin angular momentum of h/2..

pp-Chain This is the set of reactions that defines how hydrogen
nuclei get fused into helium nuclei in not-too-massive stars.
Primary process Thisdenotesaprocessof nucleosynthesis that cre-
ates a new set of seed nuclei each time it operates, and so produces
the same results in stars no matter how many heavy nuclei they
had previously. The r-process is primary, the s-process is not.
Progenitor star The star that exists prior to the supernova explosion.
Prokaryotes Not eukaryotes, that is, archaea or bacteria.
Protective mechanisms The means by which extremophiles shield
themselves from extreme environments in which they live.
Protein Complex organic molecules on which we depend to sus-
tain our lives. They are made from amino acids.

Protein world The view that the first molecules from which life
eventually evolved must have been proteins, since making mol-
ecules as complex as RNA would have been too unlikely.

Protista Unicellular protozoans and multicellular algae.

Proton One of the basic constituents of atomic nuclei, and to a
small extent, of neutron stars. Protons are comprised of three
quarks: two up quarks and one down quark. They have a spin angu-
lar momentum of h/2.

Quantum mechanics The theory that describes microscopic
nature. It results in quantization of many entities that exist in
steady state situations, such as energy and angular momentum, in
atoms and nuclei.

Quantum state A characterization of all the properties of exis-
tence for a particle, including location, momentum, energy, angu-
lar momentum, spin, and whatever other variables are needed to
completely specify the state.

Quark A fundamental particle. Quarks cannot be found by them-
selves, but either occur as three quarks together in particles like
protons and neutrons, or as a quark-antiquark pair in mesons like
the pion. Quarks have a spin angular momentum of h/2.

Racemic Referring to an assembly of chiral molecules that has
equal populations of the two possible chiral states.

Radiation pressure Pressure created by the outflow of photons
from the center of a star.
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Radicals These are atoms, molecules, or ions with unpaired elec-
trons or an open electronic shell. They may be positively or nega-
tively charged, or neutral.

Radiocarbon dating Use of the radioactive nucleus *C to deter-
mine ages of objects, e.g.,, wood and bone, that contain carbon.
This technique only works for ages up to a maximum of less than
100,000 years.

Radio waves Electromagnetic radiation that has long wavelengths
(greater than 1 mm) and correspondingly low energies.

Rankine One of several temperature scales. On this scale, absolute
zero is 0°R, water freezes at 491.67°R, and it boils at 671.67°R.
Reaction probability The likelihood that a reaction will occur.
See cross section.

Red giant A star that occurs in helium burning, when the core of
the star generates more energy than it previously had, and the radi-
ation pressure forces the periphery of the star to larger distances.
This results in a larger surface area that, since the energy emitted
by each unit area is reduced, appears redder than the star was in its
hydrogen burning phase.

Red shift The shift that occurs in spectral lines from atoms or
ions resulting from the source of those lines moving away from
the observer.

Repair mechanisms The means by which cells repair components,
especially DNA, that have been damaged by the extreme environ-
ments in which they live.

Replication Reproduction; this applies to living beings, cells,
DNA, etc.

Ribosome The site within a cell at which protein assembly from
the amino acid constituents occurs.

RNA Ribonucleic acid. One of a set of molecules that are involved
in carrying on the functions of life, including assembling the pro-
teins in cells. They include messenger RNA, or mRNA, and trans-
fer RNA, or tRNA.

RNA world The view that the first molecules from which life
evolved must have been RNA, since without RNA the proteins do
not have their instructions for formation.

ROSETTA The European Space Agency mission that will send
a lander to comet Churyumov Gerasimenko to analyze samples,
among which will be, hopefully, amino acids.
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r-process The process of nucleosynthesis that involves an
extremely rapid sequence of neutron captures, synthesizes half the
nuclides heavier then iron, and all the nuclides heavier than 2*Bi.
SETI Search for Extraterrestrial Intelligence. This usually refers
to a search for radio signals that would characterize extraterres-
trial intelligent life.

Shock wave This is a propagating disturbance in a solid, gas,
or plasma. When a star collapses to slightly more than nuclear
density, it first overshoots that density, then produces a bounce,
thereby producing an outward going shock wave in the material
that is external to it.

Silent supernovae These are core-collapse supernovae that ulti-
mately collapse to a black hole, although they might first collapse
to a neutron star. However, in either case, the black hole will swal-
low most of the electromagnetic radiation before it can escape the
star. Neutrinos, however, will be emitted, and will escape before
the black hole is formed.

Silicates Inorganic molecules that contain silicon.

Silicon burning The final phase of stellar evolution, which fol-
lows oxygen burning, and precedes collapse to a neutron star or
black hole.

Smectite clay Clays are built of two types of sheets, each defined
by its chemical structure. Smectite clays have a sheet of one type
sandwiched between two sheets of the other type.

SNAAP model The model that describes how the amino acids
achieved their chirality; SNAAP model stands for the Supernova
Neutrino Amino Acid Processing model.

Solar system The system of planets and our Sun.

Spallation neutron source A facility for producing intense neu-
tron beams, located in Oak Ridge, Tennessee, USA. It may also be
used to produce intense neutrino beams.

Spectrograph An instrument that allows astronomers to resolve
the different wavelengths of light emitted by a star. These can be
used to identify the abundances of the elements in the photosphere
of the star.

Spectrum The distribution of energies of the electromagnetic
radiation over its possible range. This can also be the distribution
over the range of wavelengths. Spectrum can also refer to a distri-
bution of energies of particles. The plural of spectrum is spectra.
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Spin An intrinsic degree of freedom of particles and nuclei that is
a form of angular momentum.

Spitzer space telescope A space borne observatory of infrared radi-
ation. It is sensitive to light of wavelengths which are absorbed
by the Earth’s atmosphere, hence the reason it is in space. It was
named after Lyman Spitzer, Jr.

Spores Single walled or multiple celled reproductive bodies of
organisms that are capable of surviving for long periods in hostile
conditions.

s-process The process of nucleosynthesis that involves a slow
(compared to typical beta-decay half-lives) sequence of neutron
captures and beta-decays, synthesizes half the nuclides heavier
then iron, and terminates at 2*Bi.

Standard candle A star that has some feature that allows astrono-
mers to make an absolute determination of its distance. Examples
are Cepheid variables, which have an oscillating luminosity that
is related to its absolute luminosity, and Type Ia supernovae, all of
which have approximately the same luminosity.

Standard solar model The model that describes the details of
operation of the Sun. This includes all the complex hydrodynam-
ics necessary in this description, as well as the nuclear reactions,
photons and neutrino opacities, and other features necessary for a
complete description.

Starburst superwinds These are winds that are generated from
regions with an unusually high density of supernovae—the star-
burst regions. The superwinds are several times greater in mass,
however, than could be generated by the supernovae alone.
Stardust A NASA mission to sample comet 81P/Wild2, and return
to earth with some of its material.

Steady state universe The cosmological theory that the Universe
had no beginning, but operated in a steady state. This theory is no
longer viable.

Stellar evolution The different stages of nuclear burning that
exists in massive stars, along with the concurrent hydrodynamic
conditions that exist.

Stellar winds The winds by which some stars expel their outer
layers into the interstellar medium. These are the result of radia-
tion pressure from the photons being produced in the star.
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Strong force/interaction One of the basic forces or interactions of
physics.

Supernova These are the stellar explosions that produce so much
light that they can outshine entire galaxies. There are Type Ia
supernovae, which are powered by thermonuclear processes, and
blow up the entire star. Type II supernovae are core-collapse super-
novae, and are powered by gravity. They produce a neutron star
or a black hole. Type Ib and Ic supernovae are also core collapse
supernovae, but they have shed their outer hydrogen, and perhaps
helium, envelopes before they explode.

Supernova Cosmology Project The program of measurement of
Type Ia supernovae at a range of distances. The data from the SCP
demonstrated the existence of dark energy.

Supernova remnants These are comprised of the gas that contains
the newly synthesized elements that the supernova expels into
the interstellar medium.

Tau A fundamental particle that can be either positively or nega-
tively charged, and is more massive than the muon. Taus have a
spin angular momentum of h/2.

Template In this context, a molecular segment that provides a
pattern for more molecules to follow.

Terrestrial Of the Earth.

Thermal energy The energy associated with the motion of the
particles in the medium. This is heat energy.

Thermonuclear runaway The condition that exists in which the
heat generated by nuclear processes in a star cannot be compen-
sated by an expansion of the star, which would cool it. This is
what causes a type Ia supernova to explode.

Thermophiles A type of extremophile that lives at fairly high
temperature: 60-80°C.

Thermophilic cyanobacterium One of the life forms observed in
Octopus Spring in Yellowstone National Park.

Threshold energy The energy that must be supplied to a reaction
in order for it to proceed.

Thymine One of the nucleotide bases of which DNA is com-
prised.

Time dilation This is the result of moving at speeds close to the
speed of light, in which the decay lifetimes of particles can become
much longer, or space travelers can live much longer.



206 Stardust, Supernovae and the Molecules of Life

Type Ia supernova A stellar explosion in which a white dwarf
exceeds its maximum mass due to accretion of matter from a
companion. This results in a thermonuclear runaway.

Ultraviolet light Light having a wavelengths shorter than those in
the optical; light with a wavelength less than 400 nm (but not as
energetic as x-rays).

Universe The collection of all the stars and galaxies that we
believe exist.

Uracil One of the nucleotide bases.

Vector A pictorial representation of a physical quantity. It has both
length and direction, with the length representing the strength of
the quantity being represented.

Visible light Light in the wavelength range from about 400 to
700 nm, which is visible to the naked eye.

Wavelength of oscillations The distance over which an oscillation
completes one cycle.

Weak interaction One of the basic interactions of physics. The
weak interaction mediates the process of nuclear beta-decay, as
well as the interactions of neutrinos with nuclei and other par-
ticles.

White dwarf A final state of a medium mass star in which the size
is maintained by electron degeneracy pressure. These are com-
prised either of carbon and oxygen, or of oxygen and magnesium.
White smokers Hydrothermal vents that emit liquid carbon
dioxide.

Wild 2 The comet, technically 81P/WILD 2, that was visited by
NASA mission Stardust, and found to contain amino acids.
Wilkinson Microwave Anisotropy Project WMAP measured the
fluctuations in the 2.7 K cosmic microwave background radiation,
and obtained the most accurate (as of 2010) data on the Hubble
“constant,” the baryonic and dark matter densities of the Universe,
and the component of dark energy.

Wind blown bubbles These are bubbles that result from the winds
from massive (greater than eight solar mass) stars.

Wolf-Rayet star These are very hot massive stars that have shed
either one or two of their outer layers. If the former, they will be
characterized by nitrogen emission lines. If the latter, they will
exhibit carbon and oxygen emission lines.
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X-rays Electromagnetic radiation that is more energetic than
ultraviolet light, but less energetic than gamma rays.

Yamanote line The mass transit train line that encircles Tokyo.
Zircons Zirconium Silicate, ZrSiO,. This is produced in magma.
Zircons are crucial for determining ages of rocks because they
initially contain uranium, but not lead, to which the uranium
decays. This makes it possible to determine ages of the zircons.
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