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Foreword

The ACS Symposium Series was first published in 1974 to pro-
vide a mechanism for publishing symposia quickly in book form. The
purpose of the series is to publish timely, comprehensive books devel-
oped from ACS sponsored symposia based on current scientific re-
search. Occasionally, books are developed from symposia sponsored by
other organizations when the topic is of keen interest to the chemistry
audience.

Before agreeing to publish a book, the proposed table of con-
tents is reviewed for appropriate and comprehensive coverage and for
interest to the audience. Some papers may be excluded to better focus
the book; others may be added to provide comprehensiveness. When
appropriate, overview or introductory chapters are added. Drafts of
chapters are peer-reviewed prior to final acceptance or rejection, and
manuscripts are prepared in camera-ready format.

As a rule, only original research papers and original review
papers are included in the volumes. Verbatim reproductions of previ-
ously published papers are not accepted.

ACS Books Department



Preface

The concept of evolutionary change is a fundamental thread linking
the sciences, and although the discipline of biology is the focus of
attacks on teaching evolution, such attacks threaten the teaching of
sound science in all disciplines. An evolutionary perspective can provide
one framework for unifying and advancing the sciences, and chemistry
has contributed much to our understanding of evolution. Chemists today
use principles of evolution and take lessons from chemistry in nature to
advance modern chemistry in areas such as agriculture, energy, new
materials, and pharmaceuticals. This book presents chemical evolution
from a chronological perspective, beginning with the simplest elements
produced in the Big Bang and concluding with prebiotic molecules. The
three day symposium Chemical Evolution I: Chemical Change Across
Space and Time, held at the Spring 2007 American Chemical Society
(ACS) National Meeting in Chicago, Illinois, explored the evolutionary
nature of chemistry, the scientific evidence that supports it, and ideas for
using these concepts in chemistry courses from the high school to
graduate levels. The peer-reviewed proceedings of the sessions are pre-
sented here.

Our goal in the first three parts of the book is to provide current
reviews of the chemical and physical processes in operation from the
origin of the simplest elements to the development of precursors of life,
as described by scientists who are leaders in their fields. The fourth part
of the book provides peer-reviewed resources and ideas for teachers to
integrate these topics into their courses, and hopefully to inspire the
creation of new courses using the material presented in the first three
parts.

As the reader browses through the volume, we invite you to keep in
mind our objectives: (1) to follow the evolution of chemistry from the
simplest elements to the molecular diversity and complexity present
today; (2) to demonstrate how multidisciplinary applications of chemical
principles and techniques are central to our understanding of the
universe and its history; (3) to provide instructors with up-to-date
information for teaching how chemistry has evolved over time and

xiii



shaped our world; (4) to foster the expansion and integration of new
topics and approaches to chemistry into courses for majors and non-
majors; and (5) to provide current reviews on chemical evolution for
graduate students and the general scientific populace.

The sequel to this symposium is scheduled for the 235" National
Meeting of the ACS in April 2008, and is entitled Chemical Evolution
II: From Origins of Life to Modern Society. It will trace chemical
evolution from the formation of complex prebiotic molecules in nature
to the development of novel chemicals by humans. Additional teaching
materials will be developed through a Chemical Evolution Workshop at
the Spring 2008 ACS Mid-Atlantic Regional Meeting (MARM) at
Queensborough Community College in New York from May 18-21,
2008.

Finally, we wish to acknowledge those who helped make the
symposium and book possible. The symposium was sponsored by the
ACS Division of Chemical Education, Inc., and we are grateful for the
support and cooperation of Program Chair Cathy Middlecamp of
University of Wisconsin at Madison, Treasurer Anna M. Wilson of
Purdue University, and Meeting Cochairs George M. Bodner of Purdue
University and Wayne E. Jones of Binghamton University. The
Divisions of Geochemistry and Nuclear Chemistry and Technology co-
sponsored the symposium, and we extend our thanks to their Chairs
Martin Schoonen of Stony Brook University and Heino Nitsche of
University of California at Berkeley. Financial support was provided by
Dowling College, Fordham University, The Meteoritical Society, NSF
Award No. 03-35799, and the ACS Division of Chemical Education,
Inc. We are grateful for the efforts of Mr. and Mrs. Lewis of Lonesome
Pine Productions as they were able to mobilize on short notice for travel
and filming. We thank the acquisition editors and reviewers of our initial
ACS Books proposal for their enthusiastic response to the prospectus
and for providing insight that enhanced the scope and content of the

book. We also appreciate the valuable comments on the draft chapters
that were provided by dozens of reviewers.

Above all, our vision and goals could not have been achieved
without the generous time and energy given by each of the speakers, and
we would like to extend our heartfelt appreciation to each for taking time
out of their busy schedules to consider our invitation, to participate in
the symposium, and to author review chapters for the book. It is because
of their diligent efforts and attention to timelines that the vision for this

xiv



project became a reality. We are fortunate to have worked with such a
distinguished, dedicated, and cooperative group. Thank you.

We hope that this publication will benefit chemists, instructors, and
students of chemistry, and all others with an interest in the evolution of
the universe in which we live.

Lori Zaikowski
Department of Chemistry
Dowling College
Oakdale, NY 11769
ZaikowsL@dowling.edu

Jon M. Friedrich
Department of Chemistry
Fordham University
Bronx, NY 10458
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Preamble

Niles Eldredge

The American Museum of Natural History
New York, NY

Everything in the cosmos has a history. The old dichotomy between the
“historical” sciences (like geology, paleontology and evolutionary biology) and
the (for want of a better term) “functional” sciences (like physics and
chemistry—some would call them the “real sciences”) was always supposed to
be that fields like physics study dynamic processes and discover immutable laws
of interaction among particles composing the cosmos—while the historical
sciences study, well, history—the supposed outcome of such interactions over
time.

But the dichotomy was never so simple as that: within evolutionary biology
itself, there has always been something of a split between those determined to
understand the causes of evolutionary change, and those who prefer to
reconstruct life’s history. Much the same distinction has always pervaded
geology—a modern manifestation being plate tectonics—with, again, those who
seek to understand the dynamics of plate interactions by and large forming a
group distinct from those interested in the actual configuration of plates through
geologic time.

That all this is nothing new is nicely embodied in one of my favorites
quotes—from the Preface of paleontologist George Gaylord Simpson’s most
original book, Tempo and Mode in Evolution (1944), written in two distinct
phases and published during World War II. Simpson was asking rhetorically
what a paleontologist could be expected to add to our understanding of the
processes of biological evolution—and characterized the situation he faced in
this wry little passage:

"Not long ago paleontologists felt that a geneticist was a person who shut
himself in a room, pulled down the shades, watched small flies disporting
themselves in bottles, and thought that he was studying nature. A pursuit so
removed from the realities of life, they said, had no significance for the true
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biologist. On the other hand, the geneticists said that paleontology had no further
contributions to make to biology, that its only point had been the completed
demonstration of the truth of evolution, and that it was a subject too purely
descriptive to merit the name 'science.’ The paleontologist, they believed, is like
a man who undertakes to study the principles of the internal combustion engine
by standing on a street corner and watching the motor cars whiz by." (Simpson,
1944, p. xv).

Simpson’s larger point—one that still needs emphasis—is that any theory of
process must be accountable to the known patterns of history supposedly
generated by that process. Simpson thought there were elements to the history of
life revealed in paleontological data that would not be evident to those who
restricted their gaze to the short-term dynamics observed in fly bottles and rat
cages in genetics labs. Logically, the two—study of process, study of
history—are inter-related. You might be able to study history without thinking
about process (though in my opinion this is a largely dull and incomplete
enterprise); but your best grasp of process comes from checking your
predictions based on your causal theory against your best estimate of what
history has looked like.

And everything has a history. Even evanescent subatomic particles leaving
their characteristic trails in cloud chambers have histories. Indeed, that is the
very point: however brief and inconsequential their “lives” may be as
independent objects, if you observe enough of them, you can characterize yet
another class of cosmic objects.

The early days of science were fundamentally concerned with the
description of the elements composing the universe—and the law-like regular
interactions between them. There was a sense of stability and timelessness to
this that seemed to speak of God’s implacable eternity. To paraphrase my
colleague Neil deGrasse Tyson, it took Darwin and his message of change
through time mediated by natural law to help a true, historical evolutionary
cosmology to be imagined and to emerge. For what is “evolution” in its most
general sense but the history of a system, one that embodies change through
time, brought about natural law that we can analyze and come to understand
through the evidence of our senses: in other words, through science. Evolution
pervades all science, as the contributions to this book make beautifully clear.
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Chapter 1

The Emergence of Chemical Complexity: An
Introduction

Robert M. Hazen

Geophysical Laboratory, Carnegie Institute of Washington,
Washington, DC 20015

The ancient origins of stars, planets and life may be viewed as
a sequence of emergent events, each of which added to the
chemical complexity of the cosmos. Stars, which formed from
the primordial hydrogen of the Big Bang, underwent
nucleosynthesis to produce all the elements of the Periodic
Table. Those elements were dispersed during supernova events
and provided the raw materials for planets and all their
mineralogical diversity. Chemical evolution on Earth (and
perhaps countless other planets and moons) led to life through
a sequence of steps: the formation of biomolecules, the
assembly of those molecules into organized molecular systems,
and ultimately the appearance of self-replicating collections of
molecules. Today, chemical complexification occurs at an ever
accelerating rate through the efforts of chemists and chemical
engineers.

© 2008 American Chemical Society



Introduction

The history of the universe has been one of inexorable, inevitable chemical
complexification — a sequence of emergent evolutionary episodes from
nucleosynthesis, to planet formation, to life. The collected essays of this volume
review that epic 14 billion years of history and, in the process, touch on all of the
natural sciences: physics, astronomy, geology, biology and, of course, chemistry.
In short, this book retells the story of the emergence of everything (/).

Every step in this immense journey is an example of ordering by the process
of emergence (Kauffman, this volume; /,2). Emergent systems occur when
energy flows through an assemblage of interacting particles, such as molecules,
sand grains, cells or stars. Each individual object, or “agent” in the jargon of
emergence, responds only to its environment, yet the behavior of the collective
whole is distinct from that of any individual agent. A single sand grain cannot
form a rippled surface, nor can a single neuron be conscious.

Emergent behavior appears in countless systems all around us, all the time,
including the interactions of atoms, automobiles, or ants. As energy flows
through a collection of agents, they tend spontaneously to become more ordered
and to display new, often surprising behaviors. At first blush, such patterning
might seem to violate the second law of thermodynamics, which dictates a
universal tendency for increasing entropy. Yet, as local patterns arise, energy is
dissipated more efficiently in accord with the second law of thermodynamics (3).
It is easy to focus on this increase in local order, while missing the key fact that
the global entropy of the system increases.

In this volume the emergence of chemical complexity has been divided into
three evolutionary episodes: stellar evolution and the emergence of elemental
diversity, planetary evolution and the emergence of mineralogical diversity, and
prebiotic chemical evolution. All of these episodes depend on evolutionary
processes that produce change over time under selective pressure (Zaikowski,
this volume), and all of them continue to this day.

Stellar Evolution and the Origin of Elements

The periodic table boasts almost 100 naturally occurring chemical elements,
but that diversity was not present during the earliest stages of the universe. The
Big Bang gave rise to just three elements — predominantly hydrogen, with lesser
amounts of helium and lithium. Big Bang nucleosynthesis occurred within the
first few minutes of the moment of creation, and for the next million years or so
those three elements represented all the chemical complexity of the cosmos
(Olive, this volume).

As the universe expanded and cooled, atoms clumped into the first
hydrogen-rich stars. The largest of these luminous masses underwent dramatic
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sequences of nuclear fusion events, producing a cascade of heavier elements:
beryllium, boron, carbon, nitrogen, oxygen, fluorine and more (Meyer, this
volume). The fusion reactions of neon burning, oxygen burning and silicon
burning produced more new elements, through atomic number 26 (iron). But
iron, with the lowest energy per nucleon, is the end point of nuclear burning
reactions. The largest stars, having exhausted their supply of nuclear fuel,
underwent the rapid collapse and explosive rebound known as a supernova. Not
only did this process generate all the other elements of the periodic table
(primarily through neutron capture), but it also dispersed those elements into
space (Parker & Meyer, this volume). In interstellar space, vast clouds of dust
and gas concentrated as new generations of metal-rich stars and planets formed.

Mineralogical Evolution and the Origin of Planets

Life is perhaps the most dramatic example of chemical complexification, but
the evolution of the mineral world represents an important precursor to life’s
origins. Earth today boasts almost 4300 known types of minerals, with as many
as 50 new species recognized each year. Yet the mineralogical diversity now
found at or near Earth’s surface (< 3 km) was not present for much of the
planet’s history. Indeed, both the variety and relative abundances of near-surface
minerals have evolved dramatically over 4.5 billion years of Earth history
through a variety of physical, chemical and biological processes.

The early history of the solar system was marked by many processes of
differentiation and fractionation. As the nascent Sun irradiated the
protoplanetary environment, gradients in temperature and radiation led to
significant chemical (Lewis, this volume) and isotopic (Clayton, this volume)
fractionation.

Planetesimals of a protoplanetary environment form initially from a
surprisingly small number of refractory condensed phases, such as corundum,
spinel, graphite and SiC (Lodders, this volume). The most primitive materials to
form Earth are represented by a class of meteorites called chondrites, which
include a variety of stony meteorites that formed early in the history of the solar
nebula. The most striking features of chondritic meteorites are chondrules, which
are small spherical objects (typically << 1 cm diameter) that represent molten
droplets formed in space by rapid -heating and cooling in the nebula prior to
accretion. Chondritic meteorites are simply accumulations of chondrules plus
mineral grains and dust that have not been significantly altered by melting or
differentiation, and thus represent the most primitive raw materials of the Solar
System (Lipschutz, this volume).

Unaltered chondrites are characterized by extreme mineralogical parsimony,
with no more than about twenty different mineral species (4). As planetesimal
accretion progressed and chondrite parent bodies became larger, aqueous and
thermal alteration led to new suites of minerals (5,6). Yet the total mineralogical
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repertoire of chondritic meteorites is limited to approximately 100 different
mineral species.

Mineralogical diversity increased with the advent of asteroid melting and
differentiation — processes that resulted in the large-scale separation of stony and
metallic components. Differentiated meteorites include several classes of stony
achondrites, as well as stony-iron and iron meteorites. Nevertheless, no more
than ~150 mineral species are known to occur in all types of meteorites. These
minerals, dominated by magnesium silicates, provided raw materials for the
accreting Earth.

The accretion and rapid differentiation of Earth at approximately 4.55 Ga
(Kleine, this volume), as well as the Moon-forming impact at about 4.5 Ga, led
to new near-surface mineralogical diversity. Much of that diversification resulted
from volcanic outgassing and fluid-rock interactions associated with formation
of the atmosphere and oceans (Fegley, this volume). Indeed, dynamic
interactions among the early atmosphere, lithosphere and hydrosphere were the
principal mechanisms for Hadean mineral diversification (Rumble, this volume).
An immediate mineralogical consequence of these interactions would have been
copious formation of hydrous silicates and oxides, including serpentinization and
the first significant production of clay minerals and perhaps zeolites.

From their inception at least 4.3 Ga ago (7), oceans would have increased
steadily in salinity [predominantly Na, Ca, Mg and Cl, though ratios may have
varied significantly over time (8,9)]. Ocean concentrations of sulfate and nitrate
would also have increased owing to photolytic and lightning-induced reactions in
the atmosphere and subsequent ocean-atmosphere exchange. These
compositional changes would also have led to the first significant evaporate
deposits on Earth, and associated sulfate, nitrate, and halide minerals, although
no traces of evaporate minerals have been found prior to about 3.4 Ga (10).

The earliest shallow crustal igneous rocks on Earth would have been basalts.
However, fractional melting in the presence of aqueous fluids and crystal
separation led to the familiar variety of igneous rocks, including andesite,
diorite, gabbro and granite. Recent discoveries of sedimentary zircon grains
dated to 4.4 Ga have been interpreted to indicate that granite production (and by
extension the first assembly of continental crust) was active within 150 million
years of accretion (/7). An important mineralogical consequence of granite
formation was the enrichment of more than a dozen rare “pegmatophile”
elements in residual fluids and the production of hundreds of distinctive
pegmatite minerals.

While the timing of the beginnings of plate tectonics, in particular the
commencement of large-scale subduction processes and associated crustal
reworking and arc volcanism, remains a matter of intense debate (/2,13), most
researchers conclude that at least some form of subduction was active prior to 3
Ga (/4). Significant mineralogical consequences of subduction include base
metal deposition and associated precious metal concentrations that result from
magmatic and volcanogenic processes (/5,16). Yet another mineralogical
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consequence of plate tectonics was the uplift and subsequent exposure of
regional metamorphic terrains — events which, for the first time, brought high-
pressure mineral phases to near-surface environments.

Throughout Earth history, mineralogical evolution has been driven by
cyclical selective processes: heating and cooling, melting and crystallization,
burial and uplift, weathering and sedimentation, dissolution and precipitation.
Each cycle modified preexisting mineral species and generated new physico-
chemical niches. All new minerals thus arose from natural selective processing
of older minerals.

The last billion years have witnessed a particularly dramatic increase in
mineralogical diversity, primarily as a consequence of atmospheric oxygenation.
To understand this Neoproterozoic and Phanerozoic acceleration in mineral
evolution we must thus address another emergent chemical event — the origin of
life.

Chemical Evolution and the Origin of Life

The origin of life may be modeled as a sequence of so-called “emergent”
events, each of which added new structure and chemical complexity to the
prebiotic Earth (/,2). The recognition and description of these varied emergent
systems provides an important foundation for origins of life research, for life is
the quintessential emergent phenomenon. From vast collections of interacting
lifeless molecules emerged the first living cell.

The overarching problem with studying life’s origins is that even the
simplest known lifeform is vastly more complex than any non-living components
that might have contributed to it. What now appears as a great divide between
non-life and life reflects the fact that the chemical evolution of life must have
occurred as a stepwise sequence of successively more complex stages of
emergence. The challenge, therefore, is to establish a progressive hierarchy of
emergent steps that leads from a pre-biotic ocean enriched in organic molecules,
to functional clusters of molecules perhaps self-assembled or arrayed on a
mineral surface, to self-replicating molecular systems that copied themselves
from resources in their immediate environment, to encapsulation and eventually
cellular life (2).

The Emergence of Biomolecules

The first vital step in life’s emergence on Earth must have been the synthesis
and accumulation of abundant carbon-based biomolecules. In the beginning,
life’s raw materials consisted of water, rock, and simple volcanic gases —
predominantly carbon dioxide and nitrogen, but with local concentrations of
hydrogen, methane, ammonia and other species. Decades of experiments have
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revealed that diverse suites of organic molecules can emerge from a variety of
geochemical and cosmochemical environments.

The experimental pursuit of geochemical organic synthesis, arguably the
best understood aspect of life’s origin, began a half-century ago with the
pioneering studies of University of Chicago graduate student Stanley Miller and
his distinguished mentor Harold Urey (/7,18). Together they established the
potential role of organic synthesis that occurred in Earth’s primitive atmosphere
and ocean as they were subjected to bolts of lightning and the Sun’s intense
radiation (Bada et al., this volume).

Molecules formed in interstellar space represent another important source of
life’s building blocks (Ehrenfreund & Botta, this volume). A variety of organic
species, including aromatic hydrocarbons, alcohols and sugars, represent a
significant fraction of the more than 130 molecular species identified by radio
astronomy (Ziurys, this volume; Halfen et al., this volume). These deep-space
processes have been simulated in cryogenic laboratory experiments using UV
radiation (Allamandola, this volume). The rich inventory of organic species
brought to Earth in carbonaceous chondrite meteorites underscores the
importance of extraterrestrial sources of biomolecules (Botta, this volume).

The discovery of deep-ocean ecosystems led to speculation that a
hydrothermal vent, rather than earth’s surface, might have been the site of life’s
origin (19-21). Recent experiments bolster this hypothesis. The most
fundamental biological reaction is the incorporation of carbon atoms (starting
with the gas carbon dioxide) into organic molecules. Many common minerals,
including most minerals of iron, nickel, or copper, promote carbon addition
under hydrothermal conditions (22-24). While deep-sea vents remain a highly
speculative location for life’s origins, mineral-rich hydrothermal systems did
contribute to early Earth’s varied inventory of bio-building blocks.

It now appears that anywhere energy and simple carbon-rich molecules are
found together, a suite of interesting organic molecules is sure to emerge (25). In
spite of the polarizing advocacy of one favored environment or another,
experiments point to the likelihood that there was no single dominant source. By
four billion years ago Earth’s oceans must have become a complex, albeit dilute,
soup of life’s building blocks. Though not alive, this chemical system was poised
to undergo a sequence of increasingly complex stages of molecular organization
and evolution.

The Emergence of Organized Molecular Systems

Synthesizing biomolecules is relatively easy — some might argue too easy.
Life’s simplest molecular building blocks, including amino acids, sugars, lipids
and bases, emerged inexorably through facile, inevitable chemical reactions in
numerous prebiotic environments. Prebiotic processes also produced a
bewildering diversity of seemingly useless molecules; most of the molecular
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jumble played no obvious role. The emergence of concentrated suites of just the
right mix thus remains a central puzzle in origin-of-life research.

Life requires the assembly of just the right combination of small molecules
into much larger collections — “macromolecules” with specific functions. Making
macromolecules is complicated by the fact that for every potentially useful small
molecule in the prebiotic soup, dozens of other molecular species had no
obvious role in biology. Life is remarkably selective in its building blocks,
whereas the vast majority of carbon-based molecules synthesized in prebiotic
processes have no obvious biological use. Consequently, a significant challenge
in understanding life’s chemical emergence lies in finding mechanisms by which
the right combination of small molecules was selected, concentrated and
organized into the larger macromolecular structures vital to life.

The oceans formed a weak solution in which it would have been difficult for
advantageous combinations of molecules to react in the chemical path to life.
Two processes, self-selection and surface organization, are likely to have led to
molecular selection.

Phospholipid molecules, the building blocks of cell membranes, are
“amphiphiles” that possess contrasting regions that are attracted to, and repelled
by, water. Consequently, these molecules spontaneously self-organize into tiny
cell-like spheres when placed in water (26,27). Nevertheless, most water soluble
molecules don’t self organize and must be selected by another means. Recent
experiments demonstrate that chemical complexity can arise at mineral surfaces
where different molecules congregate and interact (28). Once confined and
concentrated, small molecules tend to undergo reactions to form larger molecular
species that aren’t otherwise likely to emerge from the soup (Ferris et al., this
volume). Evaporating tidal pools, where rock and water meet and cycles of
evaporation concentrate stranded chemicals, provide another scenario for origin-
of-life chemistry (29). Deep within the crust and in hydrothermal volcanic zones
mineral surfaces may have played a similar role, selecting, concentrating and
organizing molecules on their periodic crystalline surfaces (20,30).

The Emergence of Self-Replicating Molecular Systems

Four billion years ago the molecular building blocks of life had been
synthesized, and these molecules must have become locally concentrated on
surfaces and through self-selection as they assembled into vesicles and polymers
of biological interest. Yet accumulations of organic molecules, no matter how
highly selected and intricately organized, are not alive unless they also possess
the ability to reproduce.

The simplest self-replicating system consists of one type of molecule that
makes copies of itself (37). Under just the right chemical environment, such an
isolated molecule will become 2 copies, then 4, then 8 molecules and so on in a
geometrical expansion. Such an “autocatalytic” molecule must act as a template
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that attracts and assembles smaller building blocks from an appropriate chemical
broth. Although fascinating, single self-replicating molecules do not meet
minimum requirements for life because they can’t evolve.

More relevant to biological metabolism are systems of two or more
molecules that form a self-replicating cycle or network (32-34). Living systems
are distinguished from simple self-replicating collections of molecules because
living systems must also incorporate a degree of sloppiness. Only through such
mutability can the system experiment with new, more efficient reaction pathways
and thus evolve.

Origin-of-life researchers focus primarily on two contrasting models of the
first self-replicating system, metabolism and genetics. Metabolism is a cyclical
chemical process in which chemicals react, thus releasing energy and
manufacturing new useful molecules that reinforce the cycle. Metabolism
requires a sequence of chemical reactions that work in concert. While a number
of prominent researchers advocate a metabolism-first scenario (/,2,20,21,24),
most origin experts favor a genetics-first scenario, with a self-replicating
molecule that also passes information from one generation to the next — a genetic
molecule like DNA or RNA (35-38). This so-called “RNA world” model rests
on the dual ability of genetic material to catalyze reactions and transfer
information. According to most versions of this hypothesis, metabolism emerged
later as a means to make the RNA replication process more efficient.

The RNA world model is not without its difficulties. Foremost among these
problems is the exceptional challenge in the prebiotic synthesis of RNA (39-40).
Many of the presumed proto-metabolic molecules are easily synthesized in
experiments that mimic prebiotic environments. RNA nucleotides, by contrast,
have never been synthesized from scratch. Furthermore, even if a prebiotic
synthetic pathway to nucleotides could be found, a plausible mechanism to link
those nucleotides into an RNA strand has not been demonstrated. It is not
obvious how useful catalytic RNA sequences would have formed spontaneously
in any prebiotic environment. Perhaps, some scientists speculate, a simpler
nucleic acid preceded RNA (41-42).

Whatever the scenario, metabolism first or genetics first, the origin of life
required more than the replication of chemicals. For a chemical system to be
alive, it must display evolution by the process of natural selection.

The Emergence of Natural Selection

Once a collection of molecules began to make copies of itself, natural
selection was inevitable. Molecular selection, the process by which a few key
molecules earned essential roles in life’s origin, proceeded on many fronts. Some
molecules were inherently unstable or highly reactive and so they quickly
disappeared from the scene. Other molecules easily dissolved in the oceans and
so were effectively removed from contention. Still other molecular species may
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have sequestered themselves by bonding strongly to surfaces of chemically
unhelpful minerals or clumped together into gooey masses of little use to
emerging biology.

In every geochemical environment, each kind of organic molecule had its
reliable sources and its inevitable sinks. For a time, perhaps for hundreds of
millions of years, a kind of molecular equilibrium was maintained as the new
supply of each species was balanced by its loss. Such an equilibrium features
nonstop competition among molecules, to be sure, but the system does not
evolve.

The first self-replicating molecules changed that equilibrium. Even a
relatively unstable collection of molecules can be present in significant
concentration if it learns how to make copies of itself. The first successful
metabolic cycle of molecules, for example, would have proven vastly superior to
its individual chemical neighbors at accumulating atoms and harnessing energy.
But success breeds competition. Inevitable slight variations in the self-replicating
cycle, triggered by the introduction of new molecular species or by differences in
environment, initiated an era of increased competition. More efficient cycles
flourished at the expense of the less efficient. Evolution by natural selection had
begun on Earth.

Two common processes — variation and selection — provide a powerful
mechanism for self-replicating systems to evolve. For a system to evolve it must
first display a range of variations. Natural systems display random variations
through mutations, which are undirected changes in the chemical makeup of key
biomolecules. Most variations are neutral or they harm the organism and are
doomed to failure. Once in a while, however, a random mutation leads to an
improved trait — a more efficient metabolism, better camouflage, swifter
locomotion, or greater tolerance for extreme environmental conditions. Such
beneficial variations are more likely to survive in the competitive natural world —
such variations fuel the process of natural selection.

Competition drives the emergence of natural selection. Such behavior
appears to be inevitable in any self-replicating chemical system in which
resources are limited and some molecules have the ability to mutate. Over time,
more efficient networks of autocatalytic molecules will increase in concentration
at the expense of less efficient networks. In such a competitive milieu the
emergence of increasing molecular complexity is inevitable; new chemical
pathways overlay the old. So it is that life has continued to evolve over the past
four billion years of Earth history.

Chemical Education and the Future of Chemical
Complexification

This volume examines three major evolutionary episodes of chemical
complexification: stellar evolution and the emergence of elemental diversity,
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planetary evolution and the emergence of mineralogical diversity, and prebiotic
chemical evolution. The second volume in this series will consider the
emergence and evolution of life. Have we come to the end of chemical
complexity? Are we it?

The next volume will address this question by pointing to a fourth dramatic,
ongoing episode of rapid chemical evolution — human engineering in the modern
era. Physicists’ deep understanding of nucleosynthesis and technological
ingenuity has added more than a score of heavy elements to the periodic table.
Naturalists’ discoveries of the diversity of minerals and their distinctive physical
and chemical properties have inspired the synthesis of countless thousands of
new mineral-like compounds — many times the number of known natural species.
Molecular biologists’ deciphering of the genetic code and their development of
genetic technologies has led to a growing number of genetically engineered
lifeforms. And now, chemical complexification is accelerating as we learn more,
and as we pass that knowledge on to our students.

These examples of highly accelerated, human-mediated evolution are more
general examples of what Charles Darwin referred to as artificial selection [as
opposed to the more gradual, undirected process of natural selection (43)].
Human knowledge and ingenuity can be used to design promising new
configurations of elements and molecules, and then select the most successful
products for further study and refinement.

The central driver of this continuing engineered complexification is
effective chemical education, fostered by innovative ways of teaching chemistry
(Halfen et al., this volume; Parker & Meyer, this volume; Venkataraman, this
volume; Zaikowski et al., this volume). Armed with such powerful teaching aids,
educators will continue to inspire a new generation of chemists to create new
dimensions of chemical complexity.
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Big bang nucleosynthesis (BBN), describes the production of
the light elements in the early universe. The theoretical
prediction for the abundances of D, *He, ‘He, and 'Li is
discussed and compared with their observational
determination. The spectrum of anisotropies in the cosmic
microwave background (CMB) now independently measures
the baryon density to high precision. As a result, the CMB
data test BBN. One finds that the CMB along with D and *He
observations paint a consistent picture. This concordance
stands as a major success of the hot big bang. On the other
hand, "Li remains discrepant with the CMB-preferred baryon
density; possible explanations are reviewed.
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One of the most fundamental questions in science relates to the chemical
origins of the elements and their nuclear isotopes. By far, most of the natural
elements are synthesized in stars, but a handful trace their origins back to the
first few minutes of the Universe. Big-bang nucleosynthesis (BBN) offers the
deepest reliable probe of the early universe, being based on well-understood
Standard Model physics. Predictions of the abundances of the light elements, D,
*He, “He, and Li, synthesized shortly after the big bang are in good overall
agreement with the primordial abundances inferred from observational data, thus
validating the standard hot big-bang cosmology (see [1, 2, 3]). This is
particularly impressive given that these abundances span nine orders of
magnitude — from ‘He/H ~ 0.08 down to "Li/H ~ 10™*° (ratios by number). Thus
BBN provides powerful constraints on possible deviations from the standard
cosmology [4], and on new physics beyond the Standard Model [5].

The universe as described by the Big Bang theory began in an extremely hot,
dense, and largely homogenous state. Today, the universe is nearly 14 billion
years old, but at the time of the formation of the light elements, the universe had
existed only minutes. The temperature of the universe refers to the temperature
associated with the black body radiation known as the cosmic microwave
background (CMB) which fills the universe. Today this black body is at a
temperature of 2.7 K. Because the universe cools as it expands, the early
universe was very hot and at the time of BBN, the temperature exceeded 10"°K.
At these temperatures, there are no neutral atoms. Indeed, there are no nuclei
besides the neutrons and protons coupled to the hot plasma. The density of
neutrons and protons (collectively known as baryons') was about 10" per cc
when nucleosynthesis began. Though small when compared to terrestrial
densities, it was far larger than the average density of normal matter in the
universe today, 107 per cc. As will be described below, equilibrium processes,
governed the production of the light nuclei as the universe cooled.

Indeed, the notion of a hot and dense early universe grew from the work of
the Gamow, Alpher, and Herman, [6, 7], who were attempting to determine the
origins of the elements in the Universe. By establishing the thermodynamic
conditions needed for nucleosynthesis in the early universe, they were able to
predict the existence of a present-day background radiation with temperature of
order T~ 5 K. This historic BBN—-CMB connection has recently been deepened
with the advent of high precision measurements of the CMB anisotropy [8]. The
measurements have led to determinations of cosmological parameters with an
unprecedented accuracy. These include the baryon density which is the sole
parameter in standard BBN. As such, with all parameters fixed, BBN simply

! Baryons refer to the class of strongly interacting particles which are made up of 3
quarks. The only long lived baryons are the neutrons and the proton. All other baryons
are very short lived and produced only in accelerators (or cosmic ray collisions).
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makes definite predictions for the abundances of the light elements which can
then be contrasted with their observational determinations [9]. This will be the
approach taken in this review [10].

Big Bang Nucleosynthesis Theory

The standard model [1, 2, 3] of Big Bang nucleosynthesis is based on the
relatively simple idea of including an extended nuclear network into a
homogeneous and isotropic cosmology. The observed homogeneity and isotropy
enable us to describe the overall geometry and evolution of the Universe in
terms of two cosmological parameters accounting for the spatial curvature and
the overall expansion (or contraction) of the Universe. These two quantities
appear in the most general expression for a space-time metric with these
symmetries known as the Robertson-Walker metric:

ds® =dr* - R’(z)[1 dr r (dB’ +sin® 6d¢2)] ¢))

where R(?) is the cosmological scale factor and & is the curvature constant. By
rescaling the radial coordinate, we can choose & to take only the discrete values
-1, or 0 corresponding to closed, open, or spatially flat geometries.
The cosmological equations of motion are derived from Einstein’s
equations which describe the time rate of change of the scale factor, R = dR/dt,
and lead to

== '3 @
and

;=———;i (p+3p) ®

where H(?) is the Hubble parameter and describes the relative rate of expansion
of the universe. Gy is Newton’s gravitational constant. A is the cosmological
constant and may be important in accounting for the observed acceleratlon of the
expansion today. Because the energy density p is proportional to R in a matter
(pressureless) dominated Universe, or is proportional to R* when the universe is
dominated by radiation with p = p/3, at early times (small R), the curvature and
cosmological constant contributions to H can be ignored. This is particularly
true at the time of nucleosynthesis.
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In the early universe, the energy density was dominated by radiation and
relativistic particle species

n 7 7 ) s T4
=2 24L4IN T =2-gT 4
Puad 30[ >tV 308 )

which consists of photons, electrons and positrons, and N, neutrino flavors. At
higher temperatures, other particle degrees of freedom should be included as
well. This is just a generalized black body at high temperature. Time and
temperature scale with the Hubble parameter as ¢ ~ 1/H ~ 1/T?, and in standard
BBN (i.e., with N, = 3), we roughly have #/1 sec ~ (2.4/g:)(1 MeV/T)Z. Units
have been chosen such that kg =c=h =1,

Apart from the input nuclear cross sections, the theory contains only a single
parameter, namely the ratio of the number densities of baryons to photons, #.
Because both densities scale as R, their ratio is constant, barring any non-
adiabatic processes. The theory then allows one to make predictions (with well-
defined uncertainties) of the abundances of the light elements, D, *He, “He, and "Li.

The synthesis of the light elements is sensitive to physical conditions in the
early radiation-dominated era at temperatures 7 < 1 MeV, corresponding to an
age ¢t > 1 s. At these and higher temperatures, weak interactions rates [yex > H
were rapid compared to the expansion rate, and thus the weak interactions were
in thermal equilibrium. In particular, the processes which interconvert neutrons
and protons through scatterings with electrons (¢"), positrons (e*), electron
neutrinos (v,) and electron anti-neutrinos (¥,), namely

nte’ o p+y,
nt+v, & pte (5)
n & pte +y,

fix the ratio of the neutron and proton number densities to be n/p = ¢ 7, where
0 =1.293 MeV is the neutron-proton mass difference. At T 3> 1 MeV, (wp) ~ 1.
As the temperature dropped, the neutron-proton inter-conversion rate, I', ~
G2T’, where Gy is the Fermi constant, fell faster than the Hubble expansion rate,
H~ ,/ g.G, T?. This resulted in breaking of chemical equilibrium (“freeze-out™)
at T ~ (g.Gy/Gp)"® =0.8MeV. The neutron fraction at this time, n/p =
¢ ?'"7 ~1/6 is thus sensitive to every known physical interaction, since Q is
determined by both strong and electromagnetic interactions while 7, depends on
the weak as well as gravitational interactions. After freeze-out the neutrons were
free to B-decay so the neutron fraction dropped to ~ 1/7 by the time nuclear

reactions began. A useful semi-analytic description of freeze-out has been given
[11, 12].
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The nucleosynthesis chain begins with the formation of deuterium in the
process p + n — D + y. However, because of the large number of photons
relative to nucleons (or baryons), /= n,/ ng ~ 10", deuterium production is
delayed past the point where the temperature has fallen below the deuterium
binding energy, Ez = 2.2 MeV (the average photon energy in a blackbody is
Er =2.7T). This is because there are many photons in the exponential tail of the
photon energy distribution with energies E > Ejp despite the fact that the
temperature or E_, is less than Ep. The degree to which deuterium production is
delayed can be found by comparing the qualitative expressions for the deuterium
production and destruction rates,

~ nyov )

FP
- -EgIT
I, ~ nove

When the quantity 7 'exp(—Es/T ) ~ 1, the rate for deuterium destruction (D +y
— p + n) finally falls below the deuterium production rate and the nuclear chain
begins at a temperature T ~ 0. 1MeV.

In addition to the p + n — D + v reaction, the other major reactions leading
to the production of the light elements tritium (T) and *He are:

D+D—p+T ‘He+n—p+T
D+D—n+’He D+p—vy+°He

followed by the reactions producing “He:
‘He+D—p+*He T+D—n+"He

The gap at A =5 is overcome and the production and destruction of mass 4 =7
are regulated by:

*He + *He — y + 'Be
Followed by the decay of "Be
Be - Li+e" +v,
T+'He—y+'Li "Be+n—p+'Li 'Li+p— ‘He+‘He
The gap at 4 = 8 prevents the production of other isotopes in any significant

quantity. The nuclear chain in BBN calculations was extended [13] and is shown
in Figure 1.
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When nucleosynthesis begins, nearly all the surviving neutrons end up
bound in the most stable light element “He. Heavier nuclei do not form in any
significant quantity both because of the absence of stable nuclei with mass
number 5 or 8 (which impedes nucleosynthesis via *He + n, “He + p or *He +
*He reactions) and the large Coulomb barriers for reactions such as the T + *He
— y+ 'Li and *He + *He — y + "Be reactions listed above. Hence the primordial
mass fraction of *He, conventionally referred to as ¥, can be estimated by the
simple counting argument

YP=M=O.25
l+n/p

There is little sensitivity here to the actual nuclear reaction rates, which are
important in determining the other “left-over” abundances: D and *He at the
level of a few times 107 by number relative to H, and "Li/H at the level of about
107" (when 77,0 = 10'% is in the range 1-10). These values can be understood in
terms of approximate analytic arguments [14, 12]. The experimental parameter
most important in determining Y, is the neutron lifetime, z,, which normalizes
(the inverse of) I',,. (This is not fully determined by G alone since neutrons and
protons also have strong interactions, the effects of which cannot be calculated
very precisely.) The experimental uncertainty in 7, has recently been reduced
substantially. The Particle Data Group [15] world average is 7, = 885.7 + 0.8s.

Historically, BBN as a theory explaining the observed element abundances
was nearly abandoned due its inability to explain a// element abundances.
Subsequently, stellar nucleosynthesis became the leading theory for element
production [16]. However, two key questions persisted. 1) The abundance of
*He as a function of metallicity” is nearly flat and no abundances are observed to
be below about 23% as exaggerated in Figure 2. In particular, even in systems in
which an element such as oxygen, which traces stellar activity, is observed at
extremely low values (compared with the solar value of O/H = 4.6 x 107*), the
*He abundance is nearly constant. This is very different from all other element
abundances (with the exception of Li as we will see below). For example, in
Figure 3, the N/H vs. O/H correlation is shown [17]. As one can clearly see, the
abundance of N/H goes to 0, as O/H goes to 0, indicating a stellar source for
nitrogen. 2) Stellar sources can not produce the observed abundance of D/H.
Indeed, stars destroy deuterium and no astrophysical site is known for the
production of significant amounts of deuterium [18, 19, 20]. Thus we are led
back to BBN for the origins of D, *He, ‘He, and Li.

Recently the input nuclear data have been carefully reassessed [21, 22, 23,
24, 25], leading to improved precision in the abundance predictions. The

? Metallicity refers to the abundance of all elements with Z > 2 collectively.
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Figure 1. The nuclear network used in BBN calculations.
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Figure 3. The nitrogen and oxygen abundances in the same extragalactic HII

regions with observed *He shown in Figure 2.
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Nuclear Astrophysics Compilation of Reaction Rates (NACRE) collaboration
presented an updated nuclear compilation [24]. For example, notable
improvements include a reduction in the uncertainty in the rate for 'He + n — p
+ T from 10% [26] to 3.5% and for T + a — y + 'Li from ~ 23-30% [26] to ~
4%. Since then, new data and techniques have become available, motivating
new compilations. Within the last year, several new BBN compilations have
been presented [27, 28, 29].

The resulting elemental abundances predicted by standard BBN are shown in
Figure 4 as a function of # [22). The left plot shows the abundance of ‘He by
mass, Y, and the abundances of the other three isotopes by number. The curves
indicate the central predictions from BBN, while the bands correspond to the
uncertainty in the predicted abundances. This theoretical uncertainty is shown
explicitly in the right panel as a function of 5. The uncertainty range in ‘He
reflects primarily the 10 uncertainty in the neutron lifetime.

sHe/H D/H Y

"Li/H

Figure 4. The predictions of standard BBN [22], with thermonuclear rates
based on the NACRE compilation [24]. (a) Primordial abundances as a function
of the baryon-to-photon ratio 5. Abundances are quantified as ratios to
hydrogen, except for *“He which is given in baryonic mass fraction Y, = pu/ps.
The lines give the mean values, and the surrounding bands give the 1o
uncertainties. (b) The 1o abundance uncertainties, expressed as a fraction
of the mean value u for each .
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In the standard model with N, = 3, the only free parameter is the density of
baryons which sets the rates of the strong reactions. Thus, any abundance
measurement determines #, while additional measurements over-constrain the
theory and thereby provide a consistency check. BBN has thus historically been
the premier means of determining the cosmic baryon density.

With the increased precision of microwave background anisotropy
measurements, it is now possible to use the CMB to independently determine
the baryon density. The 3rd year WMAP data implies [8]

Mo =6.127% @)

Equivalently, this can be stated as the allowed range for the baryon mass density
today expressed as a fraction of the critical density: Qg = pp/Perit = moh_z/274 =
(0.02233705%72) ™2 where h = H, / 100 kms™ Mpc™' is the present Hubble

parameter.

The promise of CMB precision measurements of the baryon density
suggests a new approach in which the CMB baryon density becomes an input to
BBN. Thus, within the context of the Standard Model (i.e., with N, =3), BBN
becomes a zero-parameter theory, and the light element predictions are
completely determined to within the uncertainties in #cyp and the BBN
theoretical errors. Comparison with light element observations then can be used
to restate the test of BBN-CMB consistency, or to turn the problem around and
test the astrophysics of post-BBN light element evolution [30]. Alternatively,
one can consider possible physics beyond the Standard Model (e.g., with N, # 3)
and then use all of the abundances to test such models.

Light Element Observations and Comparison with Theory

BBN theory predicts the universal abundances of (D), *He, ‘He, and "Li,
which are essentially determined by ¢ ~ 180 s. Abundances are however
observed at much later epochs, after stellar nucleosynthesis has commenced.
The ejected remains of this stellar processing can alter the light element
abundances from their primordial values, but also produce heavy elements such
as C, N, O, and Fe (“metals”). Thus one seeks astrophysical sites with low metal
abundances, in order to measure light element abundances which are closer to
primordial. For all of the light elements, systematic errors are an important and
often dominant limitation to the precision of the primordial abundances.

In recent years, high-resolution spectra have revealed the presence of D in
high-redshift, low-metallicity quasar absorption systems (QAS), via its isotope-
shifted Lyman-a absorption. These are the first measurements of light element
abundances at cosmological distances. It is believed that there are no
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astrophysical sources of deuterium [18, 19, 20], so any measurement of D/H
provides a lower limit to primordial D/H and thus an upper limit on #. For
example, the local interstellar value of D/H = (1.56 + 0.04) x 10° [31] requires
that 77,9 < 9. In fact, local interstellar D may have been depleted by a factor of 2
or more due to stellar processing. However, for the high-redshift systems,
conventional models of galactic nucleosynthesis (chemical evolution) do not
predict significant D/H depletion [32, 33]; in this case, the high-redshift
measurements recover the primordial deuterium abundance.

The six most precise observations of deuterium [34, 35, 36, 37, 38, 39] in
QAS give D/H = (2.83 + 0.26) x 107>, where the error is statistical only. These
are shown in Figure 5 along with some other recent measurements [40, 41, 42].

D/H x 1075

-3 -2 -1 0
[si/H]

Figure 5. D/H abundances shown as a function of the log of the Si abundance
relative to its solar value, [Si/H]. Labels denote the background QSO, except for
the local interstellar value (LISM; [31]).
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Inspection of the data shown in the figure clearly indicates the need for concern
over systematic errors. Nevertheless, these measurements are clearly consistent
with the CMB/BBN determined value of the primordial D/H abundance which is
predicted to be:

(DH),=2.6+02x10" ®)

*He is observed in clouds of ionized hydrogen (HII regions), the most
metal-poor of which are in dwarf galaxies. There is now a large body of data on
“He and carbon, nitrogen, and oxygen (CNO) in these systems [43, 44, 45]. The
He abundance from this sample of 45 low metallicity HII regions, observed and
analyzed in a uniform manner [43, 44, 45], is Y, = 0.244 + 0.002. An analysis
based on the combined available data as well as unpublished data yielded an
lower value of 0.238 £ 0.002 with an estimated systematic uncertainty of 0.005
[46, 47]. An extended data set including 89 HII regions obtained Y, = 0.2429 +
0.0009 [48]. However, the recommended value is based on the much smaller
subset of 7 HII regions, finding ¥, = 0.2421 = 0.0021.

“He abundance determinations depend on a number of physical parameters
associated with the HII region in addition to the overall intensity of the He
emission line. These include, the temperature, electron density, optical depth and
degree of underlying absorption. A self-consistent analysis may use multiple
“He emission lines to determine the He abundance, the electron density and the
optical depth. In [43, 44, 45), five He lines were used, underlying He absorption
was assumed to be negligible, and temperatures based on OIII data were used.

The question of systematic uncertainties was addressed in some detail in
[49]. It was shown that there exist severe degeneracies inherent in the self-
consistent method, particularly when the effects of underlying absorption are
taken into account. The results of a Monte-Carlo reanalysis [50] of NCG 346 [51,
52] is shown in Figure 6. In the left panel, solutions for the “He abundance and
electron density are shown (symbols are described in the caption). In the right
panel, a similar plot with the ‘He abundance and the equivalent width for
underlying absorption is shown. As one can see, solutions with no absorption
and high density are often indistinguishable (i.e., in a statistical sense they are
equally well represented by the data) from solutions with underlying absorption
and a lower density. In the latter case, the He abundance is systematically higher.
These degeneracies are markedly apparent when the data is analyzed using
Monte-Carlo methods which generate statistically viable representations of the
observations as shown in Figure 6. When this is done, not only are the He
abundances found to be higher, but the uncertainties are also found to be
significantly larger than in a direct self-consistent approach.



28

Recently a careful study of the systematic uncertainties in “He, particularly
the role of underlying absorption has been performed using a subset of the
highest quality from the data of Izotov and Thuan [43, 44, 45]. All of the
physical parameters listed above including the “He abundance were determined
self-consistently with Monte Carlo methods [49]. Note that the “He abundances
are systematically higher, and the uncertainties are several times larger than
quoted in [43, 44, 45]. In fact this study has shown that the determined value of
Y, is highly sensitive to the method of analysis used. The result is shown in
Figure 7 together with a comparison of the previous result. The extrapolated “He
abundance was determined to be Y, = 0.2495 + 0.0092. The value of #
corresponding to this abundance is 77,, =6.9"};° and clearly overlaps with 7cys.

Conservatively, it would be difficult at this time to exclude any value of ¥,
inside the range 0.232 — 0.258.
At the WMAP value for , the *He abundance is predicted to be:

Y, = 0.2485 + 0.0005 ©

This value is considerably higher than any prior determination of the primordial
“He abundance, it is in excellent agreement with the most recent analysis of the
*He abundance [50]. Note also that the large uncertainty ascribed to this value
indicates that the while “He is certainly consistent with the WMAP
determination of the baryon density, it does not provide for a highly
discriminatory test of the theory at this time.

The systems best suited for Li observations are metal-poor stars in the
spheroid of our Galaxy. These stars belong to a generation of stars labeled Pop
II. Pop I stars are late stars which include the current generation of stars. Pop II
stars are older and Pop III refer to the very first generation of stars. Observations
have long shown [53, 54, 55] that Li does not vary significantly in Pop II stars
with metallicities < 1/30 of solar — the “Spite plateau”. Recent precision data

suggest a small but significant correlation between Li and Fe [56] which can be
understood as the result of Li production from Galactic cosmic rays [57, 58].
Extrapolating to zero metallicity one arrives at a primordial value [59] Li/H|, =
(1.23 +£0.06) x 107'°,

Figure 8 shows the different Li components for a model with (7Li/H)p =
1.23 x 107", The linear slope produced by the model is independent of the input
primordial value. The model of reference [60] includes in addition to primordial
"Li, lithium produced in Galactic cosmic-ray nucleosynthesis (primarily a + a
fusion), and "Li produced by the v-process during core collapse supernovae. As
one can see, these processes are not sufficient to reproduce the population I
abundance of "Li, and additional production sources are needed.

Recent data [61] with temperatures based on Ha lines (considered to give
systematically high temperatures) yields 'Li/H = (2.19 + 0.28) x 107'°. This
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Figure 7. A comparison of the results for the best targets [43, 44, 45]
and a re-analysis of the spectra for those targets [50].

result is based on a globular cluster sample (NGC 6397) and is consistent with
previous Li measurements of the same cluster which gave "Li/H = (1.91 % 0.44)
x 107" [62] and "Li/H = (1.69 + 0.27) x 107 [63]. A related study (also of
globular cluster stars) gives "Li/H = (2.29 + 0.94)x 107" [64].

The "Li abundance based on the WMAP baryon density is predicted to be:

"Li/H=43+07x107"° (10

This value is in clear contradiction with most estimates of the primordial Li
abundance. It is a factor of ~ 3 higher than the value observed in most halo stars,
and just about 0.2 dex over the globular cluster value.

The quoted value for the "Li abundance assumes that the Li abundance in
the stellar sample reflects the initial abundance at the birth of the star; however,
an important source of systematic uncertainty comes from the possible depletion
of Li over the > 10 Gyr age of the Pop II stars. The atmospheric Li abundance
will suffer depletion if the outer layers of the stars have been transported deep
enough into the interior, and/or mixed with material from the hot interior; this
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Figure 8. Contributions to the total predicted lithium abundance from the
adopted GCE model of [60], compared with low metallicity stars and a sample
of high merallicity stars. The solid curve is the sum of all components.

may occur due to convection, rotational mixing, or diffusion. Standard stellar
evolution models predict Li depletion factors which are very small (g4 <0.05
dex) in very metal-poor turnoff stars [65]. However, there is no reason to believe
that such simple models incorporate all effects which lead to depletion such as
rotationally-induced mixing and/or diffusion. Current estimates for possible
depletion factors are in the range ~ 0.2-0.4 dex [66, 67, 68, 69]. As noted above,
this data sample [56] shows a negligible intrinsic spread in Li leading to the
conclusion that depletion in these stars is as low as 0.1 dex.

Another important source for potential systematic uncertainty stems from
the fact that the Li abundance is not directly observed but rather, inferred from
an absorption line strength and a model stellar atmosphere. Its determination
depends on a set of physical parameters and a model-dependent analysis of a
stellar spectrum. Among these parameters, are the metallicity characterized by
the iron abundance (though this is a small effect), the surface gravity which for
hot stars can lead to an underestimate of up to 0.09 dex if log g is overestimated
by 0.5, though this effect is negligible in cooler stars. Typical uncertainties
in log g are 0.1 — 0.3. The most important source for error is the surface
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temperature. Effective-temperature calibrations for stellar atmospheres can
differ by up to 150-200 K, with higher temperatures resulting in estimated Li
abundances which are higher by ~ 0.08 dex per 100 K. Thus accounting for a
difference of 0.5 dex between BBN and the observations, would require a

serious offset of the stellar parameters. In fact, there has been a recent analysis
[70] which does support higher temperatures, and the consequences of the
higher temperatures on the inferred abundances of related elements such as Be,
B, and O have also been explored [71].

Finally another potential source for systematic uncertainty lies in the BBN
calculation of the "Li abundance. As one can see from Figure 4, the predictions
for "Li carry the largest uncertainty of the 4 light elements which stem from
uncertainties in the nuclear rates. The effect of changing the yields of certain
BBN reactions was recently considered by Coc et al. [72]. In particular, they
concentrated on the set of cross sections which affect 'Li and are poorly
determined both experimentally and theoretically. In many cases however, the
required change in cross section far exceeded any reasonable uncertainty.
Nevertheless, it may be possible that certain cross sections have been poorly
determined. In [72], it was found for example, that an increase of the
"Be(d,p)2*He reaction by a factor of 100 would reduce the "Li abundance by a
factor of about 3 in WMAP # range. This reaction has since been remeasured
and precludes this solution [73].

The possibility of systematic errors in the *He(a, y)'Be reaction, which is
the only important Li production channel in BBN, was considered in detail in
[74]. The absolute value of the cross section for this key reaction is known
relatively poorly both experimentally and theoretically. However, the agreement
between the standard solar model and solar neutrino data thus provides
additional constraints on variations in this cross section. Using the standard solar
model of Bahcall [75], and recent solar neutrino data [76], one can exclude
systematic variations of the magnitude needed to resolve the BBN "Li problem
at the > 95% confidence level [74]. Thus the “nuclear fix” to the 'Li BBN
problem is unlikely.

Figure 8 also shows the evolution of the °Li abundance in a standard model
of galactic chemical evolution. In the case of °Li, new data [77, 78, 79, 80, 81,
82] lie a factor ~ 1000 above the BBN predictions [83], and fail to exhibit the
dependence on metallicity expected in models based on nucleosynthesis by
Galactic cosmic rays [84, 85, 86]. On the other hand, the °Li abundance may be
explained by pre-Galactic Population-II1 stars, without additional over-
production of 'Li [87, 88]. Some exotic solutions to both lithium problems
involving particle decays in the early universe have been proposed [89, 90, 91,
92,93, 94, 95, 96, 97, 98], but that goes beyond the scope of this review.

Finally, we turn to 3He. Here, the only observations available are in the
solar system and (high-metallicity) HII regions in our Galaxy [99]. This makes
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inference of the primordial abundance difficult, a problem compounded by the
fact that some stellar nucleosynthesis models for *He are in conflict with
observations [100] though recent models invoking deep mixing [101] may
alleviate this problem. Consequently, *He as a cosmological probe [102] carries
substantial uncertainties. Instead, one might hope to turn the problem around
and constrain stellar astrophysics using the predicted primordial *He abundance
[103]. For completeness, we note that the *He abundance is predicted to be:

‘HeH=9.3+05x% 10" an

at the WMAP value of 7.

Summary

In Figure 9, we show the direct comparison between the BBN predicted
abundances given in egs. (8), (9), and (10), using the WMAP value of #,, with
the observations [104]. As one can see, there is very good agreement between
theory and observation for both D/H and “He. Of course, in the case of ‘He,
concordance is almost guaranteed by the large errors associated with the
observed abundance. In contrast, as was just noted above, there is a marked
discrepancy in the case of 'Li.

As cosmology moves into a new and high precision era, the utility of BBN
is shifting from a test of the standard FRW model to one which is a sensitive
probe of astrophysical processes which relate to the light element abundances as
well as a sensitive probe of physics beyond the standard model. The parameters
of the standard model as they relate to BBN are now well determined: 7,0 = 6.12
and N, = 3. With these values, BBN is able to make very definite predictions for
the primordial abundances of the light elements. These predictions are then
contrasted with observational determinations of the abundances and reveal either
our knowledge or ignorance of the astrophysical processes which affect the
primordial abundances. In the case of ‘He and D/H, within the large
uncertainties in the observational data, the concordance is excellent. Li remains
problematic though several possible (if not perfect) astrophysical solutions are
available. Finally, as the data on the light element abundances improves, BBN
will sharpen its ability to probe physics beyond the standard model. As such it
remains the only available tool for which to examine directly the very early
universe.
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Chapter 3

Origin of the Elements: Nucleosynthesis in Stars

Bradley S. Meyer

Department of Physics and Astronomy, Clemson University,
Clemson, SC 29634-0978

Over the 13.7 billion years since the Big Bang, stars have
bumed nuclear fuel to maintain pressure support against
gravitational contraction. In doing so, they have converted the
hydrogen and helium left over from the Universe’s earliest
moments into the heavier elements that make nearly all of
chemistry possible. This paper briefly reviews the evolution of
stars, the mainline stages of stellar burning, and the side
reactions that make Nature’s heaviest elements.
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Introduction

As reviewed in the previous chapter, our Universe has been expanding since
its birth 13.7 billion years ago. As it has expanded, it has cooled from
unimaginably high temperatures in its initial moments to a mere 2.7 Kelvins
above absolute zero today. In the first minutes and hours of this cooling, free
neutrons and protons assembled into “He along with small amounts of *H, *He,
$7Li, and negligible amounts of other isotopes. After a few hours, however, the
universal temperature and density had dropped too low for further nuclear
reactions to occur. The remaining 280 naturally-occurring isotopes in our Solar
System had to be synthesized almost entirely in the fiery interiors of stars.

Figure 1 illustrates the relative production of elements from the Big Bang
and from stars. Shown is the fractional abundance of each naturally-occurring
element in the Solar System compared to the corresponding fractional abundance
arising from a Big Bang nucleosynthesis calculation. Since the composition of
our Solar System is the result of element formation by generations of stars,
stellar nucleosynthesis has clearly produced the elements ranging from carbon,
nitrogen, and oxygen up to lead, bismuth, and the long-lived actinides thorium
and uranium.

While stars have created most of Nature’s chemical elements, it is worth
putting this accomplishment in perspective. Stars have burned for about 13
billion years, yet they have only succeeded in converting two percent of the mass
of hydrogen and helium arising from the Big Bang into heavier nuclei. Of this
mass of heavier species, roughly one percent is oxygen. The remaining carbon,
nitrogen, phosphorous, calcium, iron (and all the other elements) make up about
one percent of the mass of our Galaxy. On a cosmic scale, the elements so
necessary for chemistry and for life are mere sprinklings of dust. It is the
purpose of this chapter to review how stars have produced this small but crucial
amount of “dust”, of which, in Hamlet’s eyes, we are the quintessence.

The Fuel of Stars

Stars shine. That distinguishing quality makes much of astronomy possible.
It also means that stars must have finite lifetimes because they must tap some
energy source to radiate away. Throughout nearly its entire life, a star is in
hydrostatic equilibrium, which means it has found an internal balance between
the two key forces at play in its interior: gravity and pressure. Gravity pulls all
parts of the star towards the center. Pressure pushes in all directions, but, since
the pressure in a star decreases with increasing distance from the star’s core, it
tends to push stellar layers outward. When gravity dominates, stars contract.
This causes the pressure to rise, which counters further contraction. When the
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outward pressure gradient dominates, stellar layers expand. This decreases the
pressure, which stops further expansion. When a star shines, it loses energy
from its interior. This generally lessens the pressure and leads to contraction.
Without a way of replenishing the energy lost, stars cannot live more than
several tens of millions of years.
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Figure 1. The fractional abundance of the elements in the Solar System
from the Anders and Grevesse compilation (1) compared to that from
a Big Bang nucleosynthesis calculation run with the Clemson University
nucleosynthesis code (2).

To understand this point, it helps to imagine a hydrogen atom. Since a
hydrogen atom is bound, its total energy is negative. This means one must put
energy (at least 13.6 eV) into the atom to unbind it. On the other hand, if a
proton captures an electron to become an atom, the atom must release 13.6 eV of
binding energy, which it does by radiating away photons. Astronomers in the
nineteenth century believed that the Sun’s light arises similarly. In particular, the
Sun is slowly contracting. To do so, it must radiate away gravitational binding
energy, which is the light we see.

This was an accepted explanation for the source of the Sun’s light until it
was realized that this mechanism could only explain the Sun’s luminosity for
about 10 million years. Such a short timescale soon conflicted with mounting
geological evidence for an Earth that was billions of years old. Some other
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