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Abstract

Within the first 20 minutes of the evolution of the hot, deresa]y Universe, astrophysically
interesting abundances of deuterium, helium-3, heliurar lithium-7 were synthesized
by the cosmic nuclear reactor. The primordial abundancésask light nuclides produced
during Big Bang Nucleosynthesis (BBN) are sensitive to thigersal density of baryons and
to the early-Universe expansion rate which at early epaceverned by the energy density
in relativistic particles (“radiation”) such as photonsdameutrinos. Some 380 kyr later,
when the cosmic background radiation (CBR) radiation wasdrfrom the embrace of the
ionized plasma of protons and electrons, the spectrum gi¢eature fluctuations imprinted
on the CBR also depended on the baryon and radiation densliiee comparison between
the constraints imposed by BBN and those from the CBR reveadsnarkably consistent
picture of the Universe at two widely separated epochs ievtdution. Combining these
two probes leads to new and tighter constraints on the batgnosity at present, on possible
new physics beyond the standard model of particle physgsyel as identifying some
challenges to astronomy and astrophysics. In this revievetirent status of BBN will be
presented along with the associated estimates of the bdgraity and of the energy density
in radiation.

11 Introduction

The present Universe is observed to be expanding and filléd nadiation (the
2.7 K cosmic background radiation; CBR) as well as with “aetly matter” (baryons),
“dark matter,” and “dark energy.” As a consequence, theyddriverse must have been
hot and dense. Sufficiently early in its evolution, the ureaé energy density would have
been dominated by relativistic particles (“radiation doated”). During its early evolution
the Universe passed through a brief epoch when it functi@seal cosmic nuclear reactor,
synthesizing the lightest nuclides: BHe, “He, and’Li. These relics from the distant past
provide a unique window on the early evolution of the Uniegigs well as being valuable
probes of the standard models of cosmology and particleighrySomparing the predicted
primordial abundances with those inferred from observatidata tests the standard models
and may uncover clues to their modifications and/or to exdesseyond them. Itis clear
that Big Bang Nucleosynthesis (BBN), one of the pillars ofdam cosmology, has a crucial
role to play as the study of the evolution of the Universe exdienew, data-rich era.

As with all science, cosmology depends on the interplay betwtheoretical ideas and

1



G. Seigman

observational data. As new and better data become avaitabliels may need to be refined,
revised, or even replaced. A consequence of this is thateairgw such as this one is merely
a signpost along the road to a better understanding of ouretbe. While details of the
current “standard” model, along with some of its more popukiants to be discussed
here, may need to be revised or rejected in the future, theriymdg physics to be described
here can provide a useful framework and context for undedstg those changes. Any
quantitative conclusions to be reached today will surelgdhto be modified in the light
of new data. This review is, then, a status report on the stanohodel, highlighting its
successes as well as exposing the current challenges st fadaile we may rejoice in the
consistency of the standard model, there is still much wibdgretical and observational, to
be done.

12 An Overview of BBN

To set a context for the confrontation of theoretical pradits with observational
data it is useful to review the physics and cosmology of thdéyeavolution of the Uni-
verse, touching on the specifics relevant for the synthdsiseolight nuclides during the
first ~ 20 minutes. In this section is presented an overview of thidution along with
the predicted primordial abundances, first in the standardeinand then for two exam-
ples of nonstandard models which involve variations on #myedJniverse expansion rate
(Steigman, Schramm, & Gunn 1977) or asymmetries betweenuimder of neutrinos and
antineutrinos (e.g., Kang & Steigman 1992, and refererieagin).

1.2.1 Early Evolution

Discussion of BBN can begin when the Universe is a few tenthssecond old and
the temperature is a few MeV. At such an early epoch the erdaggity is dominated by the
relativistic (R) particles present, and the Universe igl $aibe “radiation-dominated.” For
sufficiently early times, when the temperature is a few tifmgher than the electron rest-
mass energy, these are photogs pairs, and, for the standard model of particle physics,
three flavors of left-handed (i.e., one helicity state) riaos (and their right-handed an-
tineutrinos).

43
PR= Py ¥ pet3py = o py, (1.1)

wherep., is the energy density in CBR photons (which, today, havehié#s to become
the CBR photons at a temperature of 2.7 K).

In standard BBN (SBBN) it is assumed that the neutrinos altg decoupled prior to
et annihilation and do not share in the energy transferred tterrannihilatinge™ pairs to
the CBR photons. In this approximation, in the pestannihilation Universe, the photons
are hotter than the neutrinos by a facfoy T, = (11/4)Y/3, and the relativistic energy density
is

PR = py+3p, =1.68p,. (1.2)

During these radiation-dominated epochs the &gand the energy density are related by

%pth =1, so that once the particle contepk]) is specified, the age of the Universe is

known (as a function of the CBR temperatitg. In the standard model,

Pre-e* annihilation: t T>=0.738 MeV’ s, (1.3)
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Post-e* annihilation: t T?=1.32 MeV’s. (1.4)

Also present at these early times are neutrons and protiest @ trace amounts com-
pared to the relativistic particles. The relative abun@amitneutrons and protons is deter-
mined by the charged-current weak interactions.

p+€ «— N+ve, N+E = P+, N <— P+e +7. (1.5)

As time goes by and the Universe expands and cools, the light¢éons are favored over
the heavier neutrons and the neutron-to-proton ratio éses initially following the equi-
librium form (n/p)eg x eXxpEAM/T), whereAm = 1.29 MeV is the neutron-proton mass
difference. As the temperature drops the two-body coltisim Equation 1.5 become too
slow to maintain equilibrium and the neutron-to-protonaaivhile continuing to decrease,
begins to deviate fromekceeds) this equilibrium value. For later reference, we note that i
there is arasymmetry between the numbers of andw, (“neutrino degeneracy”), described
by a chemical potentigle (such that forue > O there are more, thanwe), then the equi-
librium neutron-to-proton ratio is modified to{p) x expCAmM/T — ue/T). In place of
the neutrino chemical potential, it is convenient to intiod the dimensionless degeneracy
parametetes = e/ T, which is invariant as the Universe expands.

Prior toe* annihilation, aff ~ 0.8 MeV when the Universe is- 1 second old, the two-
body reactions regulating/p become slow compared to the universal expansion rate and
this ratio “freezes in,” although, in reality, it continugsdecrease, albeit more slowly than
would be the case for equilibrium. Later, when the Univessedveral hundred seconds
old, a time comparable to the neutron lifetimg € 8857 + 0.8 s), then/p ratio resumes
falling exponentially:n/p « exp(-t/m). Since there are several billion CBR photons for
every nucleon (baryon), the abundances of any complex nadeentirely negligible at
these early times.

Notice that since tha/p ratio depends on the competition between the weak interacti
rates and the early-Universe expansion rate (as well as @sslbe neutrino asymmetry),
any deviations from the standard model (eog.;~ pr +px Or & 7# 0) will change the relative
numbers of neutrons and protons available for building ncoraplex nuclides.

1.2.2  Building the Elements
At the same time that neutrons and protons are intercongettiey are also col-

liding among themselves to create deuteroms:p <— D +~. However, at early times,
when the density and average energy of the CBR photons ayénigd, the newly formed
deuterons find themselves bathed in a background of higlggmmamma rays capable of
photodissociating them. Since there are more than a bififistons for every nucleon in
the Universe, before the deuteron can capture a neutron mtanpto begin building the
heavier nuclides, the deuteron is photodissociated. Tdigelneck to BBN persists until
the temperature drops sufficiently so that there are too festgns energetic enough to pho-
todissociate the deuterons before they can capture nuddedasunch BBN. This occurs after
et annihilation, when the Universe is a few minutes old and émeperature has dropped
below 80 keV (0.08 MeV).

Once BBN begins in earnest, neutrons and protons quicklypawerto form D,°H, *He,
and“He. Here, af'He, there is a different kind of bottleneck. There are nolstaiass-5
nuclides. To jump this gap requiréble reactions with D ofH or *He, all of which are
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positively charged. The Coulomb repulsion among thesadindl nuclei suppresses the
reaction rates, ensuring that virtually all of the neutravailable for BBN are incorporated

in “He (the most tightly bound of the light nuclides), and alsattthe abundances of the
heavier nuclides are severely depressed below thifefand even of D anéHe). Recall
that®H is unstable, decaying fiHe. The few reactions that manage to bridge the mass-5 gap
lead mainly to mass-7i or "Be, which, later, when the Universe has cooled further, will
capture an electron and decay’td); the abundance ofLi is 1 to 2 orders of magnitude
below that of the more tightly bountLi. Finally, there is another gap at mass-8. This
absence of any stable mass-8 nuclei ensures there will bestnaphysically interesting
production of any heavier nuclides.

The primordial nuclear reactor is short-lived, quickly enntering an energy crisis. Be-
cause of the falling temperature and the Coulomb barrierslear reactions cease rather
abruptly as the temperature drops belew30 keV, when the Universe is 20 minutes old.
This results in “nuclear freeze-out,” since no alreadytixisnuclides are destroyed (except
for those that are unstable and decay) and no new nuclideseated. In~ 1000 seconds
BBN has run its course.

1.2.3 The SBBN-predicted Abundances

The primordial abundances of BHe, and’Li(’Be) are rate limited, depending
sensitively on the competition between the nuclear reaatides (proportional to the nu-
cleon density) and the universal expansion rate. As a takelte nuclides are all potential
baryometers. As the Universe expands, the nucleon deresitgdses so it is useful to com-
pare it to that of the CBR photong:= ny/n,. Since this ratio turns out to be very small, it
is convenient to introduce

110 = 108y /n,) = 2740502, (1.6)

where()y, is the ratio of the present values of the baryon and critiealsities and is the
present value of the Hubble parameter in units of 100 klmMpc™ . As the Universe
evolves (pose* annihilation) this ratio is accurately preserved so that the time of BBN
should be equal to its value today. Testing this relatiorr ¢&a orders of magnitude in
redshift, over a timespan of some 10 billion years, can pi®@ confirmation of, or pose a
challenge to the standard model.

In contrast to the other light nuclides, the primordial atiamce of*He (mass fraction
Y) is relatively insensitive to the baryon density, but sindgrtually all neutrons available
at BBN are incorporated ifHe, Y does depend on the competition between the weak in-
teraction rates (largely fixed by the accurately measuretroe lifetime) and the universal
expansion rate. The higher the nucleon density, the eadiethe D bottleneck be breached.
Since at early times there are more neutrons (as a fractitreafucleons), mortHe will be
synthesized. This latter effect is responsible for a veswglogarithmic) increase in Y with
n. Given the standard model relation between time and terhperand the measured nu-
clear and weak cross sections and decay rates, the evotitiba light-nuclide abundances
may be calculated and the relic, primordial abundancesigestias a function of the one
free parameter, the nucleon densitynorThese predictions for SBBN are shown in Figure
1.1.

Not shown on Figure 1.1 are the relic abundancéd.pf°Be, 1°B, and''B; for the same
range inn, all of them lie offscale, in the range 8-10"13. The results shown here are
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Fig. 1.1. The SBBN-predicted primordial abundances oftg, and’Li (by number with
respect to hydrogen), and tAele mass fraction Y as a function of the nucleon abundance
no- The widths of the bands reflect the theoretical unceresnti

from the BBN code developed and refined over the years by nigamles at The Ohio State
University (OSU). They are in excellent agreement with thbklghed results of the Chicago
group (Burles, Nollett, & Turner 2001). Notice that the abances appear in Figure 1.1 as
bands. These reflect the theoretical uncertainties in théigted abundances. For the OSU
code the errors in D/H antHe/H are at the- 8% level, while they are much largey,12%,
for “Li. Burles et al. (2001), in a reanalysis of the relevant gigd cross sections, have
reduced the theoretical errors by roughly a factor of 3 fonB%de and a factor of 2 fofLi.
The reader may not notice the band showrffée, since the uncertainty in Y, dominated by
the very small uncertainty in the neutron lifetime, is atyathie ~ 0.2% level gy =~ 0.0005).
Based on the discussion above it is easy to understand trastshown in Figure 1.1. D
and®He are burned t8He. The higher the nucleon density, the faster this occassjihg
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behind fewer nuclei of D ofHe. The very slight increase of Y with is largely due to
BBN starting earlier at higher nucleon density (more congpheirning of D,°H, and®He

to “He) and higher neutron-to-proton ratio (more neutrons gfide). The behavior ofLi

is more interesting. At relatively low values gfo < 3, mass-7 is largely synthesized as
’Li [by 3H(«,v)'Li reactions], which is easily destroyed in collisions wjttotons. So, ag
increases at low values, destruction is faster 4rifH decreases. In contrast, at relatively
high values ofy1p 2 3, mass-7 is largely synthesized ®e [via *He(a,y)'Be reactions],
which is more tightly bound thafLi and, therefore, harder to destroy. Asncreases at
high values, the abundancede increases. Later in the evolution of the Universe, when it
is cooler and neutral atoms begin to forfBe will capture an electron anttdecay to’Li.

124 Nonstandard BBN

The predictions of the primordial abundancéie depend sensitively on the early
expansion rate (the Hubble paramdtBrand on the amount—if any—of & — v, asym-
metry (theve chemical potentialie or the neutrino degeneracy paramefgr In contrast
to “He, the BBN-predicted abundances of ible and’Li are determined by the competi-
tion between the various two-body production/destruatédes and the universal expansion
rate. As a result, the D’He, and’Li abundances are sensitive to the pestannihilation
expansion rate, while that 6He depends oboth the pre- and post+ annihilation expan-
sion rates; the former determines the “freeze-in” and tttedanodulates the importance
of s-decay (see, e.g., Kneller & Steigman 2003). Also, the priiad abundances of D,
3He, and’Li, while not entirely insensitive to neutrino degeneraase much less affected
by a nonzerd, (e.g., Kang & Steigman 1992). Each of these nonstandard eeifiebe
considered below. Note that the abundances of at least fifevetit relic nuclei are needed
to break the degeneracy between the baryon density and iblpassnstandard expansion
rate resulting from new physics or cosmology, and/or a measymmetry.

1.2.4.1 Additional Relativistic Energy Density

The most straightforward variation of SBBN is to consides #ffect of a non-
standard expansion rat¢’ # H. To quantify the deviation from the standard model it is
convenient to introduce theXpansion rate factor” (or speedup/slowdown factof, where

S=H'/H =t/t'. (1.7)

Such a nonstandard expansion rate might result from thepcesof “extra” energy con-
tributed by new, light (relativistic at BBN) particleX”. These might, but need not, be
additional flavors of active or sterile neutrinos. BOparticles that are decoupled, in the
sense that they do not share in the energy releasest annihilation, it is convenient to
account for the extra contribution to the standard-modetgndensity by normalizing it to
that of an “equivalent” neutrino flavor (Steigman et al. 1977

7
8
For SBBN,AN, =0 (N, = 3+AN,) and for each such additional “neutrino-like” particle
(i.e., any two-component fermion), T, =T,, thenAN, = 1; if X should be a scala\N, =
4/7. However, it may well be that th¢ have decoupled even earlier in the evolution of the
Universe and have failed to profit from the heating when weiother particle-antiparticle

px = ANyp, = <ANyp,. (1.8)
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pairs annihilated (or unstable particles decayed). Indhge, the contribution tAN, from
each such particle will bec 1 (< 4/7). Henceforth we drop th¥ subscript. Note that,

in principle, we are considering any term in the energy dgribat scales like “radiation”
(i.e., decreases with the expansion of the Universe as thithfpower of the scale factor). In
this sense, the modification to the usual Friedman equatietalhigher dimensional effects,
as in the Randall-Sundrum model (Randall & Sundrum 199%adéalso Cline, Grojean, &
Servant 1999; Binetruy et al. 2000; Bratt et al. 2002), mainbkided as well. The interest
in this latter case is that it permits the possibility of apagmntnegative contribution to
the radiation densityAN, < 0; S< 1). For such a modification to the energy density, the
pre€t annihilation energy density in Equation 1.1 is changed to

43 7AN,
(PR)pre = ) <1+T> Pr- (1.9

Since anyextra energy densityAN, > 0) speeds up the expansion of the UniveSg (
1), the right-hand side of the time-temperature relatioEgquation 1.3 is smaller by the
square root of the factor in parentheses in Equation 1.9.

7AN
=(t/tpe=(1+—==
Spre = (t/t)pre = (1+ 13

In the poste™ annihilation Universe the extra energy density is dilutgdie heating of
the photons, so that

(PR)post = 1.68 (1+0.135AN,)p,, (1.11)

)2 = (1+0.163AN,)Y2. (1.10)

and
Spost = (1/t")pos = (1+0.135AN,)Y/2. (1.12)

While the abundances of BHe, and’Li are most sensitive to the baryon density, the
“He mass fraction (Y) provides the best probe of the expansiten This is illustrated in
Figure 1.2 where, in thAN,, — 10 plane, are shown isoabundance contours for D/H and Y
(the isoabundance curves fite/H and for’Li/H, omitted for clarity, are similar in behavior
to that of D/H). The trends illustrated in Figure 1.2 are etwsynderstand in the context
of the discussion above. The higher the baryon density),(the faster primordial D is
destroyed, so the relic abundance of @riticorrelated with 7;. But, the faster the Universe
expands AN, > 0), the less time is available for D destruction, so D/H isifpcdy, albeit
weakly, correlated witlAN, . In contrast to D (and t8He and’Li), since the incorporation
of all available neutrons intéHe is not limited by the nuclear reaction rates, thie mass
fraction is relatively insensitive to the baryon densityt i is very sensitive to both the
pre- and pose* annihilation expansion rates (which control the neutrmptoton ratio).
The faster the Universe expands, the more neutrons arelbleafor*He. The very slow
increase of ¥ with 71 is a reflection of the fact that for a higher baryon densityNBigins
earlier, when there are more neutrons. As a result of thesglementary correlations, the
pair of primordial abundances = 10°(D/H)p and Yp, the *He mass fraction, provide
observational constraints on both the baryon densgijta(d on the universal expansion rate
factor S (or on AN, ) when the Universe was some 20 minutes old. Comparing tleese t
similar constraints from when the Universe was some 380 Kdrprovided by thaVMAP
observations of the CBR polarization and the spectrum optature fluctuations, provides
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Fig. 1.2. Isoabundance curves for D ditée in the AN, — 7o plane. The solid curves are
for *He (from top to bottom: Y = 0.25, 0.24, 0.23). The dotted csraee for D (from left
to right: yp = 10°(D/H) = 3.0, 2.5, 2.0). The data point with error bars cormegjs toyp =
2.6+0.4 and Yp = 0.238+0.005; see the text for discussion of these abundances.

a test of the consistency of the standard models of cosma@ndyof particle physics and
further constrains the allowed range of the present-Us&baryon density (e.g., Barger et
al. 2003a,b; Crotty, Lesgourgues, & Pastor 2003; Hanne&X1a8; Pierpaoli 2003).

1.2.4.2 Neutrino Degeneracy

The baryon-to-photonratio provides a dimensionless nreadhe universal baryon
asymmetry, which is very smalk (< 107°). By charge neutrality the asymmetry in the
charged leptons must also be of this order. However, thera@observational constraints,
save those to be discussed here (see Kang & Steigman 199 iatal. 2002, and further
references therein), on the magnitude of any asymmetry grtften neutral leptons (neu-
trinos). A relatively small asymmetry between electronetypeutrinos and antineutrinos
(ée 2 1072) can have a significant impact on the early-Universe ratioeaftrons to protons,
thereby affecting the yields of the light nuclides formedidg BBN. The strongest effect
is on the BBN*He abundance, which is neutron limited. Fgr> 0, there is an excess of
neutrinos ) over antineutrinosif), and the two-body reactions regulating the neutron-to-
proton ratio (Eq. 1.5) drive down the neutron abundancerdherse is true fofe < 0. The
effect of a nonzero, asymmetry on the relic abundances of the other light nuglislenuch
weaker. This is illustrated in Figure 1.3, which shows therid #He isoabundance curves
in the & —n10 plane. The nearly horizont4He curves reflect the weak dependence pb¥
the baryon density, along with its significant dependendilemeutrino asymmetry. In con-
trast, the nearly vertical D curves reveal the strong depecel ofyp on the baryon density
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Fig. 1.3. Isoabundance curves for D itk in theé. — 110 plane. The solid curves are for
“He (from top to bottom: ¥ = 0.23, 0.24, 0.25). The dotted curves are for D (from left to
right: yp = 10°(D/H) = 3.0, 2.5, 2.0.) The data point with error bars cormesys toyp =
2.6+0.4 and Y = 0.238+0.005; see the text for discussion of these abundances.

and its weak dependence on any neutrino asymmektg/H and’Li/H behave similarly:
strongly dependent on, weakly dependent o). This complementarity betweeg and
Y p permits the pair §, &} to be determined once the primordial abundances of D%l
are inferred from the appropriate observational data.

13 Primordial Abundances
Itis clear from Figures 1.1 — 1.3 that tests of the consistefiSBBN, along with

constraints on any new physics, will be data-driven. WhikaBd/or®*He and/or' Li) largely
constrain the baryon density afide plays a similar role foAN, and/or foré, there is an
interplay amongjio, AN,, and&e, which is quite sensitive to the adopted abundances. For
example, dower primordial D/H increases the BBN-inferred value ofjyo, leading to a
higher predicted primordiatHe mass fraction. If the primordidHe mass fraction derived
from the data is “low,” then a low upper bound &N, (or a nonzero lower bound of)
will be inferred. It is therefore crucial to avoid biasingyatonclusions byunderestimating
the present uncertainties in the primordial abundancegatkfrom the observational data.

The four light nuclides of interest, BHe, “He, and’Li follow very different evolutionary
paths in the post-BBN Universe. In addition, the observetiteading to their abundance
determinations are also very different. Neutral D is obsdiim absorption in the UV; singly
ionized®He is observed in emission in Galacticiegions; both singly and doubly ionized
“He are observed in emission via recombinations in extratjald i regions;Liis observed
in absorption in the atmospheres of very metal-poor hals stBhe different histories and
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observational strategies provide some insurance tharegsic errors affecting the inferred
primordial abundances of any one of the light nuclides até&eily to distort the inferred
abundances of the others.

1.3.1 Deuterium

The post-BBN evolution of D is straightforward. As gas isdrgorated into stars
the very loosely bound deuteron is burnedite (and beyond). Any D that passes through a
star is destroyed. Furthermore, there are no astrophystealwhere D can be produced in
an abundance anywhere near that observed (Epstein, LaténSzhramm 1976). As a re-
sult, as the Universe evolves and gas is cycled through gtoes of stars, deuterium is only
destroyed. Therefore, observations of the deuterium admoedanywhere, anytime, provide
lower bounds on its primordial abundance. Furthermore, if D canlizerved in “young”
systems, in the sense of very little stellar processing,otheerved abundance should be
very close to the primordial value. Thus, while there arepsive data on deuterium in the
solar system and the local interstellar medium of the Galaxg the handful of observa-
tions of deuterium absorption in high-redshift, low-mbtity QSO absorption-line systems
(QSOALS), which are potentially the most valuable. At sudfitly high redshifts and low
metallicities, the primordial abundance of deuterium dtioaveal itself as a “deuterium
plateau.”

Inferring the primordial D abundance from the QSOALS has lrexn without its dif-
ficulties, with some abundance claims having been withdramrevised. Presently there
are ~ half a dozen QSOALS with reasonably firm deuterium detesti@urles & Tytler
1998a,b; D’'Odorico, Dessauges-Zavadsky, & Molaro 2001V€xdra et al. 2001; Pettini
& Bowen 2002; Kirkman et al. 2004). However, there is sigaifitdispersion among the
derived abundances, and the data fail to reveal the antidpmeuterium plateau (Fig. 1.4
— 1.6; see also Steigman 2004). Furthermore, subsequestvabiens of the D’Odorico
et al. (2001) QSOALS by Levshakov et al. (2002) revealed aenaomplex velocity struc-
ture and led to a revised—and uncertain—deuterium aburdartts sensitivity to poorly
constrained velocity structure in the absorbers is alsoss@ in the analyses of published
QSOALS data by Levshakov and collaborators (Levshakov.eKe Takahara 1998a,b,
1999), which lead to consistent, but somewhat higher, diemmeabundances than those
inferred from “standard” data reduction analyses.

Indeed, the absorption spectra of @hd Hi are identical, except for a wavelength/velocity
offset resulting from the heavier reduced mass of the dieueatom. An H “interloper,”

a low-column density cloud shifted by 81 km s! with respect to the main absorbing
cloud, would masquerade asi D If this is not accounted for, a D/H ratio which is too
high would be inferred. Since there are more low-column igradsorbers than those
with high Hi column densities, absorption-line systems with somewdhaét Hi column
density (e.g., Lyman-limit systems) are more susceptibkhis contamination than are the
higher Hi column density absorbers (e.g., damped Epsorbers). However, for the damped
Lya absorbers, an accurate determination of thecblumn density requires an accurate
placement of the continuum, which could be compromised terlimpers. This might lead
to an overestimate of the iitolumn density and a concomitant underestimate of D/H (J.
Linsky, private communication). As will be seen, there is ffossibility that each of these
effects may have contaminated the current data. Indeedpleamaelocity structure in the
D’Odorico et al. (2001) absorber (see Levshakov et al. 2088)ers it of less value in
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Fig. 1.4. The deuterium abundance, D/H, versus metallitKj(usually, X = Si), from
observations (as of early 2003) of QSOALS (filled circles)ls;Ashown for comparison
are the D abundances for the local ISM (filled square) and dke system (“Sun”; filled
triangle).

constraining primordial deuterium, and it will not be indkd in the estimates presented
here.

In Figure 1.4 are shown the extant data (circa June 2003)/drd3 a function of metal-
licity from the work of Burles & Tytler (1998a,b), O’'Meara at. (2001), Pettini & Bowen
(2002), and Kirkman et al. (2004). Also shown for compariso@ the local interstellar
medium (ISM) D/H (Linsky & Wood 2000) and that for the presal@bula as inferred from
solar system data (Geiss & Gloeckler 1998).

On the basis of our discussion of the post-BBN evolution ¢1 3 “deuterium plateau” at
low metallicity was expected. If, indeed, one is presens fitidden by the dispersion in the
current data. Given the possibility that interlopers mdgatfboth the D and the H column
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Fig. 1.5. The deuterium abundance, D/H, versus thedlumn density in the absorbers,
N(H1), for the same QSOALS as in Figure 1.4.

density determinations, it is interesting to plot D/H as adiion of N(Hi ). This is shown
in Figure 1.5, where there is some (limited) evidence that I3/higher in the Lyman-limit
systems than in the dampedd-ybsorbers.

To decide how to utilize this confusing data it may be of valueonsider the observa-
tions chronologically. Of the set chosen here, Burles & @iy{l1998a,b) studied the first
two lines of sight. For PKS 1937009 they derivegp = 10°(D/H) = 3.25+ 0.3 (Burles
& Tytler 1998a), while for Q1009+299 they fouryg = 3.987029 (Burles & Tytler 1998b).
These two determinations are in excellent agreement with ether {2 = 1.0), leading
to a mean abundandgp) = 3.37+ 0.27. Next, O’'Meara et al. (2001) added the line of
sight to HS 0105+1619, finding a considerably lower abundagc= 2.54+ 0.23. In-
deed, while the weighted mean for these three lines of sigkyg) = 2.88, the x? has
ballooned to 6.4 (for two degrees of freedom). Absent angaenge that one or more of
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Fig. 1.6. As in Figure 1.4. The dashed lines representithe band calculated from the
mean and its dispersion ((D/b¥ 2.6 + 0.4 x 1075, see the text).

these abundances is in error, O’Meara et al. adopt the madnfa the error in the mean,
they take the dispersion about the mean (0.72) divided bysdjuare root of the number
of data pointsi(yp) = 2.88+ 0.42. One year later Pettini & Bowen (2002) published their
HST data on the line of sight toward Q220899, finding a surprisingly low value gf =
1.65+0.35. Including this determination reduces the meafyk) = 2.63, but the disper-
sion inyp grows to 1.00 and? = 16.3 for three degrees of freedom. Clearly, either one
or more of these determinations is in error, or the variadiorong the high-redshift, low-
metallicity deuterium abundances is larger than antieghdtom our understanding of its
evolution (Jedamzik & Fuller 1997). Using the mean and ispdrsion (to fix the error), as
of the time of the Carnegie Symposium, the best estimatehtoptimordial D abundance
was(yp) = 2.63+ 0.50. Shortly thereafter, in early 2003, the data of Kirkmaale{2004)
appeared for the line of sight toward Q1243+3047. For tme bf sight they findp =
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2.42'532. This abundance lies between the lowest and the higherquevilues, reducing
the overall dispersion to 0.88, while hardly changing theamigomyp = 2.63 to 2.60. While
the totaly? is still enormous, increasing slightly to 16.6, the redugédecreases from 5.4
to 4.2. This is still far too large, suggesting that one or enafrthese determinations may be
contaminated, or that there may actually be real variatiom¥H at high redshifts and low
metallicities. Notice (see Fig. 1.5) that the largest D/Hneates are from the two absorbers
with the lowest H column densities (Lyman-limit systems), where interlgrarght con-
tribute to the inferred Dcolumn densities, while the lowest abundances are fromitireeh

H 1 column density (damped ky) absorbers, where interlopansght affect the wings of the
H1 lines used to fix the Hcolumn densities. Absent any further data supporting, fottirey,
these possibilities, there is rgriori reason to reject any of these determinations.

To utilize the current data, the weighted mean D abundamrdbése five lines of sight
and the dispersion are used to infer the abundance of priadatguterium (and its uncer-
tainty) adopted in this reviewyp = 2.6 + 0.4. Note that, given the large dispersion, two-
decimal place accuracy seems to be wishful thinking at pte$®r this reason, in quoting
the primordial D abundance inferred from the observatidias | have purposely chosen to
quote values to only one decimal place. This choice is ctergisoo with the~ 3%-8%
theoretical uncertainty (at fixeg in the BBN-predicted abundance. In Figure 1.6 are shown
the data, along with the corresponding and. It is worth remarking that using the same
data Kirkman et al. (2004) derive a slightly higher mean Dratainceyp = 2.74. The rea-
son for the difference is that they first find the mean of lgg(@nd then use it to compute
the mean D abundancgy= 10(0900))),

132 Helium-3

The post-BBN evolution ofHe is considerably more complex and model depen-
dent than that of D. InterstelldHe incorporated into stars is burned'tée (and beyond) in
the hotter interiors, but preserved in the cooler, outegelsy Furthermore, while hydrogen
burning in cooler, low-mass stars is a net producettté (Iben 1967; Rood 1972; Dear-
born, Schramm, & Steigman 1986; Vassiliadis & Wood 1993;bem, Steigman, & Tosi
1996) it is unclear how much of this newly synthesiZétk is returned to the interstellar
medium and how much of it is consumed in post-main sequeraat@n (e.g., Sackmann
& Boothroyd 1999a,b). Indeed, it is clear that when the d@keigs & Gloeckler 1998; Rood
et al. 1998; Bania, Rood, & Balser 2002) are compared to & leaigety of chemical evolu-
tion models (Rood, Steigman, & Tinsley 1976; Dearborn e1886; Galli et al. 1997; Palla
et al. 2000; Chiappini, Renda, & Matteucci 2002), agreenieoinly possible for a very
delicate balance between net production and net destruatitHe. For a recent review of
the current status dHe evolution, see Romano et al. (2004). Given this statefairafit is
not possible to utiliz€He as a baryometer, but it may perhaps be used to provide &eons
tency check. To this end, the abundance inferred by Banih €G02) from an Hi region
in the outer Galaxy, where post-BBN evolution might haverbednimal, is adopted here:
ys = 10°(PHe/H) =11+0.2.

133 Helium-4

Helium-4 is the second most abundant nuclide in the Univaftez hydrogen. In
post-BBN evolution gas cycling though stars has its hydndgened to helium, increasing
the *He abundance above its primordial value. As with deuteriaftje “plateau” is ex-
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Fig. 1.7. The*He mass fraction, Y, inferred from observations of low-niistisy, extra-
galactic Hi regions versus the oxygen abundance derived from the saae(Bagure cour-
tesy of K. A. Olive.)

pected at sufficiently low metallicity. AlthougtHe is observed in the Sun and in Galactic
Hu regions, the crucial data for inferring its primordial abance is from observations of
the helium and hydrogen emission (recombination) linemffow-metallicity, extragalac-
tic Hi regions. The present inventory of such regions studiedHheir thelium content is
approaching of order 100. Thus, it is not surprising thaiew&h modest observational
errors for any individual H region, the statistical uncertainty in the inferred pridhat
abundance may be quite small. In this situation, care mutstkss with hitherto ignored or
unaccounted for corrections and systematic errors or fiase

In Figure 1.7 is shown a compilation of the data used by OlivSt&igman (1995) and
Olive, Skillman, & Steigman (1997), along with the indepentidata set obtained by Izotov,
Thuan, & Lipovetsky (1997) and Izotov & Thuan (1998). To tdlke evolution of théHe
mass fraction, Y is plotted versus thailegion oxygen abundance. These kegions are
all metal poor, ranging from- 1/2 down to~ 1/40 of solar (for a solar oxygen abundance
of O/H ~ 5x 107%; Allende-Prieto, Lambert, & Asplund 2001). A key featureragure 1.7
is that for sufficiently low metallicity the Y versus O/H réitan approaches #He plateau!
Since Y increases with metallicity, the relic abundance eigimer be bounded from above
by the lowest metallicity regions, or the Y versus O/H re&latinay be extrapolated to zero
metallicity. The extrapolation is quite small, so that wiestthe former or the latter approach
is adopted the difference in the inferred primordial abumedes small]AY| < 0.001.

While the data shown in Figure 1.7 reveal a well-defined priiad abundance fotHe,
the scale hides the very small statistical errors as wellhasténsion between the two
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Fig. 1.8. The Peimbert et al. (2002) reanalysis oftHe abundance data for four of the
Izotov & Thuan (1998) Hi regions. The open circles are the Izotov & Thuan (1998) abun-
dances, while the filled circles are from Peimbert et al. 200

groups’ helium abundances. Olive & Steigman (1995) andeddival. (1997) find ¥ =
0.234+0.003, but Izotov et al. (1997) and Izotov & Thuan (1998) delye= 0.244+0.002.
Although it is difficult to account for all of the differenceuch of it is traceable to the dif-
ferent ways the two groups correct for the contribution ®emission lines from collisional
excitation of neutral helium and also to Izotov and collattors rejecting some helium emis-
sion linesa posteriori when they yield “too low” an abundance. Furthermore, fdneitdata
set, there are additional corrections for temperaturaefoperature and density fluctuations,
and for ionization, which when applied can change the ieféprimordial*He abundance
by more than the quoted statistical errors (see, e.g.,/88igViegas, & Gruenwald 1997;
Viegas, Gruenwald, & Steigman 2000; Gruenwald, Steigmanjiegas 2002; Peimbert,
Peimbert & Luridiana 2002; Sauer & Jedamzik 2002).
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For example, Peimbert et al. (2002) recently reanalyzedata from four of the 1zotov
& Thuan (1998) Hi regions, employing their own Hregion temperatures and accounting
for temperature fluctuations. Peimbert et al. (2002) desiggtematically lower helium
abundances, as shown in Figure 1.8. From this very limitetpta Peimbert et al. suggest
that the Izotov & Thuan (1998) estimate for the primordide mass fraction might have to
be reduced by as much as0.007. Peimbert et al. go further, combining their redeteadin
helium abundances for these foun lfegions with an accurate determination of Y in a more
metal-rich Hi region (Peimbert, Peimbert, & Ruiz 2000). Although these thata points
are consistent with zero slope in the Y — O/H relation, legdma primordial abundance
Yp = 0.240+0.001, this extremely small data set is also consistent Wit 40(O/H),
leading to a smaller primordial estimate of % 0.237.

It seems clear that until new data address the unresolvéehsgtc errors afflicting the
derivation of the primordial helium abundance, the truemrmust be much larger than the
statistical uncertainties. In an attempt to account fas,there | follow Olive, Steigman, &
Walker (2000) and adopt a compromise mean value along wisingeet uncertainty: ¥ =
0.238+ 0.005.

134  Lithium-7

Lithium-7 is fragile, burning in stars at a relatively lowti@erature. As a result,
the majority of any interstellaiLi cycled through stars is destroyed. For the same reason, it
is difficult for stars to create neW.i and/or to return any newly synthesizé&d to the ISM
before it is destroyed by nuclear burning. In addition totkgsis in stars, the intermediate-
mass nuclide®Li, ’Li, °Be,'%B, and'!B can be synthesized via cosmic ray nucleosynthesis,
either by alpha-alpha fusion reactions, or by spallati@ctiens (nuclear breakup) in colli-
sions between protons and alpha particles and CNO nuclehelearly Galaxy, when the
metallicity is low, the post-BBN production of lithium is pgcted to be subdominant to that
from BBN abundance. As the data in Figure 1.9 reveal, onbtiadly late in the evolution
of the Galaxy does the lithium abundance increase. The dstacanfirm the anticipated
“Spite plateau” (Spite & Spite 1982), the absence of a sigaifi slope in the Li/H versus
[Fe/H] relation at low metallicity due to the dominance of BRroducedLi. The plateau
is a clear signal of the primordial lithium abundance. Netialso, the enormoispread
among the lithium abundances at higher metallicity. Thigyein Li/H likely results from
the destruction/dilution of lithium on the surfaces of theserved stars while they are on the
main sequence and/or lithium destruction during theirmpen sequence evolution, imply-
ing that it is theupper envelope of the Li/H versus [Fe/H] relation that preserves the higtor
of Galactic lithium evolution. Note, also, that at low métaty the dispersion is much nar-
rower, suggesting that corrections for depletion/dilntéwe (may be) much smaller for the
Population Il stars.

As with the other relic nuclides, the dominant uncertamtieestimating the primordial
abundance ofLi are not statistical, but systematic. The lithium obserirethe atmospheres
of cool, metal-poor, Population Il halo stars is most retévfar determining the BBN Li
abundance. Uncertainties in the lithium equivalent widgsasurements, in the temperature
scales for the cool Population Il stars, and in their modw®lcespheres dominate the overall
error budget. For example, Ryan et al. (2000), using the Rianmris, & Beers (1999)
data, infer [Lip = 12+log(Li/H) = 2.1, while Bonifacio & Molaro (1997) and Bonifacio,
Molaro, & Pasquini (1997) derive [L#]= 2.2, and Thorburn (1994) finds [lH}F 2.3. From
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Fig. 1.9. A compilation of the lithium abundance data as acfiom of metallicity from
stellar observations (courtesy of V. V. Smith)Li) = 10**(Li/H), and [Fe/H] is the usual

logarithmic metallicity relative to solar. Note the “Spjttateau” in Li/H for [Fe/H]S - 2.

recent observations of stars in a metal-poor globular efu8onifacio et al. (2002) derive
[Li] p=2.34+ 0.056. As may be seen from Figure 1.9, the indication from ttedipinary
data assembled by V. V. Smith (private communication) faxeo&pite plateau at [Li]x 2.2.

In addition to these intrinsic uncertainties, there aremlassociated with stellar structure
and evolution. The metal-poor halo stars that define thequdial lithium plateau are very
old. As a result, they have had time to disturb the prestktlanm that could survive in their
cooler, outer layers. Mixing of these outer layers with tiogtdr interior where lithium has
been (can be) destroyed will dilute or deplete the surfahailin abundance. Pinsonneault
et al. (1999, 2002) have shown that rotational mixing mayeese the surface abundance
of lithium in these Population Il stars by 0.1 — 0.3 dex whilil snaintaining the rather
narrowdispersion among the plateau abundances (see also Chaboyer et al. Ti9%&jo
& Vauclair 2001; Salaris & Weiss 2002). Pinsonneault et 2002) adopted for a baseline
(Spite plateau) estimate [Li] =2+ 0.1, while for an overall depletion factor 020.1
dex was chosen. Adding these contributions to the log of thegrdial lithium abundance
linearly, an estimate [Li} = 2.4+ 0.2 was derived. In the comparison between theory and
observation below, | will adopt the Ryan et al. (2000) estarfhi]p = 2.1+ 0.1, but | will
also consider the implications of the Pinsonneault et 8023 value.
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14 Confrontation of Theory with Data

Having reviewed the basic physics and cosmological evarutinderlying BBN
and summarized the observational data leading to a set gtedi@rimordial abundances,
the predictions may now be confronted with the data. Thexesaveral possible approaches
that might be adopted. The following option is chosen heriest,Fconcentrating on the
predictions of SBBN, deuterium will be used as the baryomaftehoice to fix the baryon-
to-photon ratia;. This value and its uncertainty are then used to “predia®the, *“He, and
’Li abundances, which are compared to those adopted aboigecdihparison can provide a
test of the consistency of SBBN as well as identify those {gah “tension” between theory
and observation. This confrontation is carried furtherdonsider the two extensions beyond
the standard mode§# 1 (AN, #0); & # O].

141 Testing the Standard Model

For SBBN, the baryon density corresponding to the D aburgladopted here
(Yo = 2.6+ 0.4) is 10 = 6.1*3, corresponding t&2, = 0.022'35%3. This is in outstanding
agreement with the estimate of Spergel et al. (2003), basgdl on the new CBRAMAP)
data (Bennett et al. 20032, = 0.0224+ 0.0009. For the baryon density determined by D,
the SBBN-predicted abundance ¥e isys = 1.0+ 0.1, which is to be compared to the
outer-Galaxy abundance gf = 1.1+ 0.1, which is suggested by Bania et al. (2002) to be
nearly primordial. Again, the agreement is excellent.

The tension between the data and SBBN arises {# Given the very slow variation
of Yp with 7, along with the very high accuracy of the SBBN-predictedratance, the pri-
mordial abundance is tightly constrainedsgén = 0.248+ 0.001. This should be compared
with our adopted estimate of Y =288+ 0.005 (Olive et al. 2000). Agreement is only at
the~ 5% level. This tension is shown in Figure 1.10. This appacbatlenge to SBBN is
also an opportunity. As already noted, while fiie abundance is insensitive to the baryon
density, it is very sensitive to new physics (i.e., nonstaddiniversal expansion rate and/or
neutrino degeneracy).

There is tension, too, when comparing the SBBN-predicteth@ance of Li with the
(very uncertain) primordial abundance inferred from thiadB&or SBBN the expected abun-
dance is [Lip = 2.65709;. This is to be compared with the various estimates above that
suggested [Lj ~ 2.2+ 0.1. In Figure 1.11 is shown the analog of Figure 1.10 for lithiu
and deuterium. Depending on the assessment of the undgitathe primordial abundance
inferred from the observational data, the conflict with SBBidy or may not be serious. In
contrast td*He, ’Li is more similar to D (and téHe) in that its BBN-predicted abundance is
relatively insensitive to new physics. As a result, thissten, if it persists, could be a signal
of interesting new astrophysics (e.g., have the halo stepseted or diluted their surface
lithium?).

142 Nonstandard Expansion Rate: S# 1 (AN, #0)

The excellent agreement between the SBBN-predicted baismasity inferred from
the primordial-D abundance and that derived from the CBRamg scale structure (Spergel
et al. 2003), and also the agreement between predicted aedvell D andHe suggest that
the tension witiHe, if not observational or astrophysical in origin, may b&ign of new
physics. As noted earlier,pfs sensitive to the early-Universe expansion rate (whiléHz,
and’Li are less so). A faster expansio® % 1, AN, > 0) leads to a higher predicted pri-
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Fig. 1.10. The SBBN-predicted relation between the priradrabundances of D arftHe
(mass fraction) is shown by the band, whose thickness repteshe uncertainties in the
predicted abundances. Also shown by the point and errordrarthe adopted primordial
abundances of D arftHe (see the text).

mordial abundance dHe, andvice versa for S< 1 (AN, < 0). In Figure 1.12 is shown the
same Y versusy/p band as for SBBN in Figure 1.10, along with the correspontans for
the nonstandard cases of a faster expansidd, (= 4) and a slower expansioA(\, = 2).

It can be seen that the data “prefer” a slower than standatg Eaiverse expansion rate.
If both n and AN, are allowed to be free, it is possible (not surprisingly) tcanmodate
the adopted primordial abundances of D &kid (see Fig. 1.2). Given the similar effects
of AN, 70 on the BBN-predicted *He, and’Li abundances, while it is possible to main-
tain the good agreement (from SBBN) féide, the tension betweelti and D cannot be
relieved. In Figure 1.13 are shown the 1-, 2-, angl BBN contours in the; — AN, plane
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Fig. 1.11. The SBBN-predicted relation between the priri@@bundances of D anfdi is
shown by the band, whose thickness reflects the uncerwintthe predicted abundances.
The data points are for the primordial abundance of D adopéed along with the Ryan et
al. (2000) Li abundance (filled circle) and the Pinsonnegiidl. (2002) Li abundance (filled
triangle).

derived from the adopted valuesyf and Yp. Although the best-fit point is akN, =-0.7
(andn10=5.7), it is clear that SBBNN, = 3) is acceptable.

The CBR temperature anisotropy spectrum and polarizat®malao sensitive to the early-
Universe expansion rate (see, e.g., Barger et al. 2003asedmicences therein). There is
excellent overlap between tle- AN, confidence contours from BBN as shown in Figure
1.13 and from the CBR (Barger et al. 2003a). In Figure 1.14shamvn the confidence
contours in they — AN,, plane for a joint BBN — CBR fit (Barger et al. 2003a). Again, {ghi
the best fit value foAN, is negative (driven largely by the adopted value fer)YAN, =0
is quite acceptable.
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Fig. 1.12. Asin Figure 1.10 fax, = 2, 3, 4, which correspond 8= 0.915, 1, 1.078.

143 Neutrino Asymmetry (& # 0)

The tension between D arftHe can also be relieved by nonstandard neutrino
physics (see Fig. 1.3). Although the asymmetry (differelne®veen the numbers of par-
ticles and antiparticles) in charged leptons, tied to th&hé baryons by charge neutrality of
the Universe, must be very small, the neutrino asymmetmdéonstrained observationally.
Of relevance to BBN is the asymmetry between the electrotrines and the electron an-
tineutrinos €.), which regulates the pre-BBN neutron-to-proton ratimtigh the reactions
in Equation 1.5. In Figure 1.15 are shown the 1- and@ntours in the)— &, plane for BBN
(for N, = 3) and the adopted abundances of D &dd. As seen before fakN, 7 0, while
a fit to the data can be achieved f@r# 0, the data are not inconsistent wigh= 0. Further-
more, as is shown in Figure 1.15, BBN constrains the allowede for neutrino asymmetry
to be very small. For further implications for neutrino pitgsand for a discussion of the
case wherdoth AN, and&. are free to differ from zero, see Barger et al. (2003b).
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Fig. 1.13. The 1-, 2-, and 3-contours in the; — AN, plane for BBN and the adopted D
and*He abundances.

15 Summary and Conclusions

Given the standard models of cosmology and particle phySIB8N predicts the
primordial abundances of BHe, “He, and’Li, which may be compared with the observa-
tional data. Of the light nuclides, deuterium is the barytamef choice, whilé'He is an ex-
cellent chronometer. The universal density of baryonsietefrom SBBN and the adopted
primordial D abundance is in excellent (exact!) agreemattt that derived from non-BBN,
mainly CBR data (Spergel et al. 2003)io(SBBN) = 610'3%; 1710(CBR) = 6144+ 0.25.
For this baryon density, the predicted primordial abundaotHe is also in excellent
agreement with the (very uncertain) value inferred fromeobations of an outer-Galaxy
Hu region (Bania et al. 2002). In contrast, the SBBN-predicteabs fraction ofHe for
the concordant baryon density i$ ¥ 0.248+ 0.001, while that inferred from observations
of recombination lines in metal-poor, extragalactic Fegions is lower (Olive et al. 2000):
Y %s=0.238+0.005. Since the uncertainties in the observationally ief@primordial value
are likely dominated by systematics, thi2o difference may not be cause for (much) con-
cern. Finally, there appears to be a more serious issue gongehe predicted and observed
lithium abundances. While the predicted abundance is [iR.6 + 0.1, current observa-
tions of metal-poor halo stars suggest a considerably smadluex~ 2.2+ 0.1.

It has been seen that the tension between D*&ted(or between the baryon density and
“He) can be relieved by either of two variations of the staddandel (slower than standard
early expansion rate; nonzero chemical potential for tleetedn neutrino). However, in
neither of these cases does the BBN-prediétédbundance move any closer to thatinferred
from the observations.

In the current, data-rich era of cosmological research, BBhtinues to play an important
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Fig. 1.14. The 1- and 2-contours in the) — AN, plane for the joint BBN — CBRWMAP)
fit (Barger et al. 2003a).

role. The spectacular agreement in the baryon densityreddrom processes occurring at
widely separated epochs confirms the general features sfahdard models of cosmology
and particle physics. The tensions witHe and’Li provide challenges, and opportuni-
ties, to cosmology, to astrophysics, and to particle plsysio outline these challenges and
opportunities, let us consider each of the light nuclidesiin.

For deuterium the agreement between SBBN and non-BBN datations is perfect.
This may be surprising given the unexpectedly large dispeemong the handful of extant
D abundance determinations at high redshifts and low nigtes. Here, the challenge is to
observers and theorists. Clearly more data are called &vhdps new data will reduce the
dispersion. In that case it can be anticipated that the SBRBNicted baryon density will
approach the accuracy of that currently available from B&MN data. On the other hand,
newer data may support the dispersion, suggesting unedgigdarge variations in the D
abundance at evolutionary times earlier than expectecfdeit & Fuller 1997). Perhaps
there is more to be learned about early chemical evolution.

From studies ofHe in Galactic Hi regions (Balser et al. 1997; Bania et al. 2002) it
appears that in the course of Galactic chemical evolutienetthas been a very delicate
balance between post-BBN production and destructiontheeihad dominated, a gradient
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Fig. 1.15. The 1-, 2-, and 3-contours in the) - & plane for BBN (\,, = 3) and the adopted
D and*He abundances (Barger et al. 2003b).

of the 3He abundance with galactocentric distance should have $memin the data (see
Romano et al. 2004, and references therein). So far, non€lsarly, more data and a
better understanding of the lower mass stars, which shoardirthte the production and
destruction ofHe, would be of value.

The very precise value of the baryon density inferred eiften D and SBBN or from
non-BBN data, coupled with the very weak dependence of thBNSBbundance ofHe
on the baryon density, leads to a very precise predictiorisoptimordial mass fraction.
Although there exists a very large data seflde abundance determinations, the observa-
tional situation is confused at present. It seems cleamthde new data would be valuable,
quality is much more important than quantity. Data that calp lmesolve various correc-
tions for temperature, for temperature and density fluginaf for ionization corrections,
would be of greater value than merely collecting more dathdhe incapable of addressing
these issues. Because of the very large data set(sjtatigtical uncertainty in the derived
primordial mass fraction is very smadly, ~ 0.002—-0.003, while uncertain systematic cor-
rections are much larget 0.005. At this point it is systematics, not statistics that éoate
the uncertainty in the primordial helium abundance. In tuetext it is worth considering
non-emission line observations that might provide an iedelent abundance determination.
Just such an alternative, the so-called R-parameter meit$ing globular cluster stars was
proposed long ago by Iben (1968) and by Iben & Faulkner (L9680 has many sys-
tematic uncertainties associated with its applicatior,thbay are different from those for
the emission-line studies. Very recently, Cassisi, Ssl&ilrwin (2003), using new stellar
models and nuclear reactions rates, along with better @athYp = 0.243+ 0.006. This
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is in much better agreement with the expected value (wifhitv) and should stimulate
further investigations.

The apparent conflict between the predicted and observeuiabaes ofLi, if not simply
traceable to the statistical and systematic uncertajrdigggests a gap in our understanding
of the structure and evolution of the very old, metal-poaiphstars. It would appear from
the comparison between the predicted and observed abwsitrat lithium may have been
depleted or diluted from the surfaces of these stars-ty2-0.4 dex. Although a vari-
ety of mechanisms for depletion/dilution exist, the chadje is to account for such a large
reduction without at the same time producing a large disperround the Spite plateau.

The wealth of observational data accumulated over the &stdk or more have propelled
the study of cosmology from youth to maturity. BBN has playaadd continues to play, a
central role in this process. There have been many succésgesuch remains to be done.
Whether the resolution of the current challenges are obtenal or theoretical, the future
is bright.
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