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Abstract. Big bang nucleosynthesis (BBN) describes the production of the lightest elements in the first
minutes of cosmic time. We review the physics of cosmological element production, and the observations
of the primordial element abundances. The comparison between theory and observation has heretofore
provided our earliest probe of the universe, and given the best measure of the cosmic baryon content.
However, BBN has now taken a new role in cosmology, in light of new precision measurements of the cosmic
microwave background (CMB). Recent CMB anisotropy data yield a wealth of cosmological parameters; in
particular, the baryon-to-photon ratio n = ng/n~ is measured to high precision. The confrontation between
the BBN and CMB “baryometers” poses a new and stringent test of the standard cosmology; the status of
this test is discussed. Moreover, it is now possible to recast the role of BBN by using the CMB to fix the
baryon density and even some light element abundances. This strategy sharpens BBN into a more powerful
probe of early universe physics, and of galactic nucleosynthesis processes. The impact of the CMB results
on particle physics beyond the Standard Model, and on non-standard cosmology, are illustrated. Prospects
for improvement of these bounds via additional astronomical observations and nuclear experiments are
discussed, as is the lingering “lithium problem.”

PACS. 98.80.Ft Origin, formation, and abundances of the elements — 26.35.+c Big Bang nucleosynthesis

1 Introduction

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, 3He, *He, and
"Li, synthesized at the end of the “first three minutes”
are in good overall agreement with the primordial abun-
dances inferred from observational data, thus validating
the standard hot big bang cosmology (see [1]). This is
particularly impressive given that these abundances span
nine orders of magnitude —from “He/H ~ 0.08 down to
"Li/H ~ 1070 (ratios by number). Thus BBN provides
powerful constraints on possible deviations from the
standard cosmology [2], and on new physics beyond the
Standard Model [3].

We are presently entering an age of a “new cosmol-
ogy,” in which BBN plays a changing but crucial role.
The basic world model of a hot big bang has been re-
soundingly confirmed by a wealth of new observations with
unprecedented precision. The fundamental parameters of
this world model, including the abundances of the matter
and energy component of the cosmos, are now known to
a few percent.

# e-mail: bdfields@uiuc.edu

The advent of “precision cosmology” is largely spurred
by measurements of the cosmic microwave background ra-
diation (CMB). The CMB and BBN are intimately con-
nected. This link traces back to the work of Gamow,
Alpher, and Herman [4,5], who determined the thermody-
namic conditions needed for nucleosynthesis in the early
universe, and used this to extrapolate a present radiation
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 [6].
The measurements have led to determinations of cosmo-
logical parameters with an unprecedented accuracy. These
include the baryon density, which is the sole parameter in
standard BBN.

With the cosmic baryon density measured indepen-
dently via BBN and the CMB, several new analyses are
possible. 1) First and foremost, one can pit BBN against
the CMB, asking whether the results of the independent
BBN and CMB “baryometers” agree. This comparison
marks a fundamental and non-trivial test of the hot big
bang. We will see, in fact, that cosmology passes this test,
but then other strategies are possible when one combines
BBN and the CMB, taking advantage of the precision
of the CMB baryon density determination. 2) For stan-
dard BBN, a CMB-based baryon density fixes all parame-
ters. Then BBN simply makes definite predictions for the
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abundances of the light elements which can then be con-
trasted with their observational determinations [7]. The
results shed new light on the nucleosynthesis of light ele-
ments after the big bang.

Finally, 3) one can relax the assumptions of stan-
dard BBN (e.g., an early universe populated only by
known Standard Model particles and interactions). With
the baryon density fixed by the CMB, for the first time,
all light elements are available to probe early universe
physics. This is perhaps the most exciting new possibil-
ity for BBN, and highlights the other aspect of the “new
cosmology,” namely that our view of the constituents, dy-
namics, and history of the cosmos has drastically changed
of late. The universe appears to be accelerating today, due
to a dark energy whose nature is unknown, but may pro-
vide clues to such far-reaching realms as quantum gravity.
How and whether the dark energy is connected with an-
other cosmic period of acceleration —inflation— remains
to be clearly elucidated. Also, the need for and abundance
of dark matter is ever more firmly established, but its na-
ture and any connection with dark energy (or baryons!) is
unclear. All of these open questions almost surely will find
their answers in the early universe. And in this context it
is crucial to appreciate that BBN provides our earliest
reliable probe.

Thus the new cosmology presents both challenges and
opportunities for BBN in general and for nuclear physics
in particular. These will be the focus of this review, which
draws heavily from [8] which adopts a very similar ap-
proach. For other recent reviews see [1].

2 Big bang nucleosynthesis theory

The theory of BBN consists of following the microphysics
of weak and nuclear reactions in the cosmological context
of an expanding, cooling universe. In fact, the essential
aspects of BBN can be understood in terms of the com-
petition between the cosmic expansion rate and particle
reaction rates. The expansion rate H = a/a, with a(t)
the cosmic scale factor, is given by the usual Friedmann
equation:

81G
H® = —=p, (1)

where we have dropped the curvature term and cosmolog-
ical constant as both are negligible in the early universe
compared with the energy density. In the early universe,
the energy density was dominated by relativistic species
(“radiation”)
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which consists of photons, electrons and positrons, and
N, neutrino flavors (at higher temperatures, other parti-
cle degrees of freedom should be included as well). Thus
time and temperature scale as t ~ 1/H ~ 1/T?, and
in standard BBN (i.e., with N, = 3), we roughly have
t/1s ~ (2.4/g.)(1 MeV/T)2.

The synthesis of the light elements is sensitive to physi-
cal conditions in the early radiation-dominated era at tem-
peratures T' < 1 MeV, corresponding to an age ¢t 2 1 s.
At these and higher temperatures, weak interactions rates
I'weak > H were rapid compared to the expansion rate,
and thus the weak interactions were in thermal equilib-
rium. In particular, the processes

n+et o p+re,
n+ Ve <2 D +e 9
nepte + v, (3)
fix the ratio of the neutron and proton number den-
sities to be n/p = e~ 9/T where Q = 1.293 MeV is
the neutron-proton mass difference. At T > 1 MeV,
(n/p) ~ 1. As the temperature dropped, the neutron-
proton inter-conversion rate, I',, ~ G215, fell faster than
the Hubble expansion rate, H ~ /g.Gny T?. This re-
sulted in breaking of chemical equilibrium (“freeze-out”)
at Ty, ~ (9.Gn/G%)'/® ~ 0.8 MeV. The neutron frac-
tion at this time, n/p = e~9/Ts* ~ 1/6 is thus sensitive
to every known physical interaction, since @ is determined
by both strong and electromagnetic interactions while 7',
depends on the weak as well as gravitational interactions.
Moreover, the sensitivity to the Hubble expansion rate af-
fords a probe of e.g. the number of relativistic neutrino
species [9]. After freeze-out the neutrons were free to (-
decay so the neutron fraction dropped to ~ 1/7 by the
time nuclear reactions began. A useful semi-analytic de-
scription of freeze-out has been given in [10,11].

The nucleosynthesis chain begins with the formation of
deuterium in the process p(n,~)D. However, the number
density of photons is huge relative to the baryon density,
i.e., the baryon-to-photon ratio n = ng/n, ~ 1079, In-
deed, 7 is the sole parameter in the standard BBN model.

%Be E ‘2Be§
8Li: :OLi: HLj

BBN Network
—= key reactions

All reactions measured in lab
at relevant energies

Fig. 1. An abbreviated nuclear network, showing the 12 most
important reactions whose uncertainties dominate the theoret-
ical error budget in BBN predictions.
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Fig. 2. The full nuclear network used in BBN calculations.

Because of the large number of photons per baryon, photo-
dissociation delays production of deuterium (and other
complex nuclei) well after T drops below the binding en-
ergy of deuterium, Bp = 2.23 MeV. The degree to which
deuterium production is delayed can be found by compar-
ing the qualitative expressions for the deuterium produc-
tion and destruction rates,

Iy = ngov, (4)
Iy~ n.ym)e*BD/T .

When the quantity = texp(—Bp/T) ~ 1, the rate for deu-
terium destruction (D + v — p+mn) finally falls below the
deuterium production rate and the nuclear chain begins
at a temperature T' ~ 0.1 MeV. Only 2-body reactions are
important because the density has become rather low by
this time.

In addition to the p(n,~)D reaction, there are 10 other
major strong reactions (along with the neutron lifetime)
leading to the production of the light elements. These re-
actions, illustrated in fig. 1, are

D(D, p)T,
D(D, n)3He,

*He(n, p)T,
D(p, ) He.

Followed by the reactions producing *He:

3He(D, p)*He, T(D, n)*He.

The gap at A = b5 is overcome and the production and
destruction of mass A = 7 are regulated by

3He(“He,y)"Be — "Li+et + v,

T(*He,y)"Li, "Be(n,p)"Li, "Li(p,*He)*He.

The gap at A = 8 prevents the production of other iso-
topes in any significant quantity. The nuclear chain in
BBN calculations was extended [12] and is shown in fig. 2.

Nearly all the surviving neutrons when nucleosynthesis
begins, 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 of the large Coulomb barriers
for reactions such as the T'(*He,v)"Li and *He(*He, ) Be
reactions listed above. Hence the primordial mass fraction
of “He, conventionally referred to as Y,, can be estimated
by the simple counting argument

P gnp T T

There is little sensitivity here to the actual nuclear reac-
tion rates, which are however important in determining
the other “left-over” abundances: D and *He at the level
of a few times 10~° by number relative to H, and "Li/H at
the level of about 10710 (when 719 = 10'%9 is in the range
1-10). These values can be understood in terms of ap-
proximate analytic arguments [13,11]. The experimental
parameter most important in determining Y}, is the neu-
tron lifetime, 7,, which normalizes (the inverse of) I,,.
(This is not fully determined by Gz alone since neutrons
and protons also have strong interactions, the effects of
which cannot be calculated very precisely.) The experi-
mental uncertainty in 7, used to be a source of concern
but has recently been reduced substantially. The Particle
Data Group [14] world average is 7, = 885.7 £ 0.8 s.
Historically, BBN as a theory explaining the observed
element abundances was nearly abandoned due to its
inability to explain all element abundances. Subsequently,
stellar nucleosynthesis became the leading theory for
element production [15]. 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 fig. 3. In
particular, even in systems in which an element such
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Fig. 3. The *He mass fraction as determined in extragalactic
HII regions as a function of O/H.
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Fig. 4. The nitrogen and oxygen abundances in the same ex-
tragalactic HII regions with observed *He shown in fig. 3.

as oxygen, which traces stellar activity, is observed at
extremely low values (compared with the solar value of
O/H =~ 8.5x107%), the He abundance is nearly constant.
This is very different from all other element abundances
(with the exception of 7Li as we will see below). For
example, in fig. 4, the N/H ws. O/H correlation is
shown [16]. 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 cannot 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 [17]. Thus we are led
back to BBN for the origins of D, 3He, *He, and “Li.

Having sketched the basic physics of BBN, we now
turn to the detailed predictions and the nuclear data on
which they rely.

3 From nuclear data to primordial abundance
predictions

The homogeneous nature of BBN, and the relatively small
number of key reactions, makes the abundance evolution

one of the most computationally simple in all of nuclear
astrophysics. This relative simplicity presents us with the
opportunity to calculate the abundances with a precision
and statistical rigor that also is unique to nuclear as-
trophysics. Given the increasingly precise CMB measure-
ments, it is fortunate that BBN calculations (and to some
extent light element observations) can keep pace.

Because standard BBN theory rests upon the Stan-
dard Model of particle physics, the electroweak aspects
of the calculation are very well determined and do not
introduce an appreciable uncertainty. Instead, the major
uncertainties come from the thermonuclear reaction rates.
As noted above, there are 11 key strong rates (as well
as the neutron lifetime) which dominate the uncertainty
budget [18,19,20]. In contrast to the situation for much
of stellar nucleosynthesis, BBN occurs at high enough
temperatures (strong rates freeze out at T ~ 0.1 MeV)
that laboratory data exist at and even below the relevant
energies, so that no extrapolation is needed; this again
places BBN in a unique position.

The goal of BBN theory is to derive primordial abun-
dances which are as precise as the nuclear data allow, and
to quantify the uncertainties in the predictions. This pro-
cess takes several steps, going from the nuclear data to
the final abundances. 1) First, the relevant nuclear data
must be cataloged and evaluated. The data deemed reli-
able are used to infer both the best-fit cross section (in
fact, the astrophysical S-factor), and to obtain an esti-
mate of its uncertainty 4.5, both as functions of energy.
2) The cross section data are then averaged over a thermal
Maxwell-Boltzmann distribution to obtain thermonuclear
rates; similarly, one must propagate the cross section un-
certainties to obtain thermonuclear errors. 3) Finally, the
thermonuclear rates and uncertainties are placed in the
BBN code. Monte Carlo techniques [18,19] are used to de-
termine the best-fit abundances, and their uncertainties,
at each 7.

Recently the input nuclear data have been carefully
reassessed [20,21,22], leading to improved precision in the
abundance predictions. In addition, polynomial fits to the
predicted abundances and the error correlation matrix
have been given [23,22].

A treatment of the nuclear and statistical aspects of
the BBN calculation was presented by Cyburt [22]. The
nuclear data was updated, and the cross sections and their
uncertainties fit as a function of energy in a systematic
and statistically consistent manner. The error propaga-
tion from energy-dependent cross sections to thermal rates
was structured to explicitly include the effect of system-
atic errors in the different dataset normalizations, and to
respond to statistically discrepant datasets. As empha-
sized in [20], systematic errors of these kinds dominate
over the statistical errors in the nuclear data. Cyburt ex-
plicitly presents a set of thermonuclear rates and their
temperature-dependent uncertainties, tailored for use in
BBN calculations. He finds that because the systematic
errors are indeed large, the results are quite similar to
previous work [18] which have adopted the approxima-
tion in which these errors dominate. A reanalysis [24] in
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Fig. 5. The predictions of standard BBN [18], with thermonuclear rates based on the NACRE compilation [21]. (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, = pue/pp. 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 p for each 7.

the framework of R-matrix theory has recently been per-
formed yielding comparable results.

The elemental abundances are shown in fig. 5 as a
function of 719 [18]. 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 pre-
dictions from BBN, while the bands correspond to the
uncertainty in the predicted abundances. This theoreti-
cal uncertainty is shown explicitly in the right panel as
a function of 1y9. The uncertainty range in *He reflects
primarily the 1o uncertainty in the neutron lifetime.

We first consider standard BBN, which is based on
Standard Model physics alone, so N, = 3. (The implica-
tions of BBN for physics beyond the Standard Model will
be considered briefly below, sect. 5). As noted above, in
the standard case, the only free parameter is the density
of baryons (strictly speaking, nucleons), which sets the
rates of the strong reactions. The baryon density is usu-
ally expressed normalized to the blackbody photon den-
sity as 7 = np/n,; while both density change with time
and temperature, their ratio n remains constant from the
end of BBN to the present. Because standard BBN is a
one-parameter theory, any abundance measurement deter-
mines 7, while additional measurements overconstrain the
theory and thereby provide a consistency check. BBN has
thus historically been the premier means of determining
the cosmic baryon density.

Recently, however, a new “baryometer” has emerged in
the form of the CMB. The release of the first-year WMAP
results on the anisotropy spectrum of the CMB were a
landmark event for all of cosmology, but particularly for
BBN. As with other cosmological parameter determina-
tions from CMB data, the derived ncup depends on the
adopted priors [25], in particular the form assumed for the
power spectrum of primordial density fluctuations. If this
is taken to be a scale-free power law, the WMAP data
implies 119 = 6.58 4+ 0.27, while allowing for a “running”
spectral index lowers the value to

Mo = 6.14 £ 0.25. (5)

Equivalently, this can be stated as the allowed range
for the baryon mass density today, pg = (4.2 + 0.2) X
1073' gem™3, or as the baryonic fraction of the criti-
cal density: 25 = pp/peit ~ Moh 2/274 = (0.0224 +
0.0009)h=2, where h = Hy/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 el-
ement predictions are completely determined to within
the uncertainties in ncyp and the BBN theoretical er-
rors. Comparison with light element observations then can
be used to restate the test of BBN-CMB consistency, or
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to turn the problem around and test the astrophysics of
post-BBN light element evolution [26]. 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; this is the subject of our final section.

4 Light element observations and comparison
with theory

BBN theory predicts the universal abundances of D, 3He,
4He, and “Li, which are essentially determined by t ~
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 (“met-
als”). 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 re-
vealed 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 astrophysical sources of
deuterium [27], so any measurement of D/H provides
a lower limit to primordial D/H and thus an upper
limit on n; for example, the local interstellar value of
D/H = (1.5£0.1) x 1075 [28] requires that 7190 < 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 [29]; in this case,
the high-redshift measurements recover the primordial
deuterium abundance.

The five most precise observations of deuterium [30,
31,32,33] in QAS give D/H = (2.78 £ 0.29) x 10>, where
the error is statistical only. These are shown in fig. 6
along with some other recent measurements [34,35,36].
Inspection of the data shown in the figure clearly indi-
cates the need for concern over systematic errors. We thus
conservatively bracket the observed values with a range
D/H = 2-5 x 10~° which corresponds to a range in 719 of
4-8 which easily brackets the CMB determined value. In
principle, the steep decrease of D/H with 7 makes it a sen-
sitive probe of the baryon density. We are optimistic that a
larger sample of D/H in high-redshift, low-redshift, and lo-
cal systems will bring down systematic errors, and thereby
increase the precision with which 7 can be determined.

Using the WMAP value for the baryon density (5) the
primordial D/H abundance is predicted to be [7]:

(D/H), = 2.757533 x 1075. (6)

We note that the predicted value in eq. (6) is slightly
higher than the value of D/H = 2.62%538 x 1075 quoted
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Fig. 6. D/H abundances shown as a function of [Si/H]. Labels
denote the background QSO, except for the local interstellar
value (LISM; [28]).

in [6], this is largely due to our use of the most recent nu-
clear rates as determined by the most recent nuclear data
compiled by the NACRE Collaboration [21]; at higher
values of 7, this leads to 5-10% more D/H than older
rates [26]. As one can see from fig. 7 (top left), this is in
excellent agreement with the average of the 5 best deter-
mined quasar absorption system abundances noted above.

We observe “He in clouds of ionized hydrogen (HII re-
gions), the most metal-poor of which are in dwarf galax-
ies. There is now a large body of data on *He and CNO
in these systems [37]. These data confirm that the small
stellar contribution to helium is positively correlated with
metal production. “He abundance determinations depend
on the overall intensity of the He emission line, but also
on a number of physical parameters associated with the
HII region. These include, the temperature, the electron
density, optical depth and degree of underlying absorp-
tion. Previous extrapolations to zero metallicity have been
based on various assumptions concerning these parame-
ters and typically gave relatively low values for the pri-
mordial He abundance. For example, a study using *He
abundance where the electron density is derived from SII
observations yielded [16,38] Y, = 0.238 £ 0.002 £ 0.005.
Here the latter error is an estimate of the systematic un-
certainty; this dominates, and is based on the scatter in
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Fig. 7. Primordial light element abundances as predicted

by BBN and WMAP (dark-shaded regions). Different obser-
vational assessments of primordial abundances are plotted
as follows: (top left) the light-shaded region shows D/H =
(2.78 40.29) x 1075; (top right) no observations plotted; (bot-
tom left) the solid curve shows Y, = 0.238 & 0.002 £ 0.005,
and the light-shaded region shows Y, = 0.249 4 0.009; (bottom
right) the light-shaded region shows "Li/H = 1.2370-35 x 10719,
while the dashed curve shows "Li/H = (2.19 4 0.28) x 10717,

different analyses of the physical properties of the HII re-
gions [37,39]. Other extrapolations to zero metallicity give
Y, = 0.2443 £ 0.0015 [37], and Y, = 0.2391 £ 0.0020 [40].
These are based on a self-consistent approach to deter-
mining the *He abundance. That is, several He lines are
used to best fit the physical parameters. The effects of
underlying absorption was not included in these analyses.

Recently a careful study of the systematic uncertain-
ties in “He, particularly the role of underlying absorption,
has led to a higher value for the primordial abundance of
‘He [41]. Using a subset of the highest quality from the
data of Izotov and Thuan [37], all of the physical param-
eters listed above including the *He abundance were de-
termined self-consistently with Monte Carlo methods [39].
Note that the *He abundances are systematically higher,
and the uncertainties are several times larger than quoted
in [37]. In fact this study has shown that the value deter-
mined for Y}, is highly sensitive to the method of analysis
used. The extrapolated *He abundance was determined to
be Y, = 0.249+0.009. Conservatively, it would be difficult
at this time to exclude any value of Y}, inside the range
0.232-0.258.
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Fig. 8. Contributions to the total predicted lithium abun-
dance from the adopted GCE model of [48], compared with
low-metallicity stars and a sample of high-metallicity stars.
The solid curve is the sum of all components.

At the WMAP value for 7, the “He abundance is pre-
dicted to be [7]

0.0004
Y, = 0248475505

(7)

While this value is considerably higher than any prior de-
termination of the primordial *He abundance as can bee
seen in fig. 7 (bottom left), it is in excellent agreement
with the most recent analysis of the “He abundance [41].
Note also that the large uncertainty ascribed to this value
indicates that 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.

We also note that the CMB itself is sensitive to the
helium abundance, which affects the mean number of
electrons per baryon in the cosmic plasma. This opens
the possibility that one can use the CMB to measure not
only 1 but also *He, and thus test BBN entirely with the
CMB, without reference to low-redshift measurements
and prior to any stellar nucleosynthetic contamination
[42,43]. The issues of Y}, degeneracy with other cosmo-
logical parameters remain to be sorted out, but we are
optimistic that this approach may become an important
new tool for BBN.

The systems best suited for Li observations are metal-
poor stars in the spheroid (Pop II) of our Galaxy. Ob-
servations have long shown [44] that Li does not vary
significantly in Pop II stars with metallicities < 1/30 of
solar —the “Spite plateau”. Recent precision data sug-
gest a small but significant correlation between Li and
Fe [45] which can be understood as the result of Li pro-
duction from Galactic cosmic rays [46]. Extrapolating to
zero metallicity one arrives at a primordial value [47]
Li/H|, = (1.23 £0.06) x 10~ 1°.

Figure 8 shows the different Li components for a model
with ("Li/H), = 1.23 x 1071%. The linear slope produced
by the model is independent of the input primordial value.
The model of ref. [48] includes in addition to primordial



10 The European Physical Journal A

"Li, lithium produced in Galactic cosmic-ray nucleosyn-
thesis (primarily o + o fusion), and “Li produced by the
v-process during type-II supernovae. As one can see, these
processes are not sufficient to reproduce the population I
abundance of “Li, and additional production sources are
needed.

The 7Li abundance based on the WMAP baryon den-
sity is predicted to be [7]:

TLi/H = 3.82757% x 10710 (8)

or in astronomical notation, A(Li) = log,,(Li/H) + 12 =
2.5870-0% dex. This value is in clear contradiction with
most estimates of the primordial Li abundance as can be
seen from fig. 7 (bottom right).

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 impor-
tant source of systematic uncertainty comes from the pos-
sible depletion of Li over the 2 10 Gyr age of the Pop
IT stars. The atmospheric Li abundance will suffer deple-
tion 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 may occur due to convection,
rotational mixing, or diffusion. Standard stellar evolution
models predict Li depletion factors which are very small
(0aiy < 0.05 dex) in very metal-poor turnoff stars [49].
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 [50]. As noted above, this data sample [45]
shows a negligible intrinsic spread in Li leading to the con-
clusion that depletion in these stars is as low as 0.1 dex.

Another important source for potential systematic un-
certainty stems from the fact that the Li abundance is
not directly observed but rather, inferred from an ab-
sorption line strength and a model stellar atmosphere.
Its determination depends on a set of physical param-
eters and a model-dependent analysis of a stellar spec-
trum. Among these parameters, are the metallicity char-
acterized 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 logg is overes-
timated by 0.5, though this effect is negligible in cooler
stars. Typical uncertainties in logg are £0.1-0.3. The
most important source for error is the surface tempera-
ture. Effective-temperature calibrations for stellar atmo-
spheres can differ by up to 150200 K, with higher tem-
peratures 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.
We note however, that a recent study [51] with tempera-
tures based on He lines (considered to give systematically
high temperatures) yields "Li/H = (2.1979:3%) x 10~1°.
These results are based on a globular cluster sample and
do show considerable dispersion. This result is consistent
with previous Li measurements of the same cluster which
gave "Li/H = (1.91 4 0.44) x 1071% [52] and "Li/H =

(1.69 £0.27) x 10719 [53]. A related study (also of globu-
lar cluster stars) gives "Li/H = 2.29 x 10710 [54].

Finally another potential source for systematic un-
certainty lies in the BBN calculation of the "Li abun-
dance. As one can see from fig. 5, the predictions for “Li
carry the largest uncertainty of the 4 light elements which
stems from uncertainties in the nuclear rates. The effect
of changing the yields of certain BBN reactions was re-
cently considered by Coc et al. [55]. In particular, they
concentrated on the set of cross sections which affect "Li
and are poorly determined both experimentally and the-
oretically. In many cases however, the required change
in cross section far exceeded any reasonable uncertainty.
Nevertheless, it may be possible that certain cross sec-
tions have been poorly determined. In [55], it was found
for example, that an increase of either the "Li(d,n)2*He
or "Be(d, p)2*He reactions by a factor of 100 would reduce
the "Li abundance by a factor of about 3.

The possibility of systematic errors in the *He(c, v)"Be
reaction, which is the only important “Li production chan-
nel in BBN, was considered in detail in [56]. The ab-
solute value of the cross section for this key reaction is
known relatively poorly both experimentally and theoret-
ically. 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 [57], and recent solar neu-
trino data [58], one can exclude systematic variations of
the magnitude needed to resolve the BBN 7Li problem at
the > 95% CL [56]. Thus the “nuclear fix” to the “Li BBN
problem is unlikely.

Finally, we turn to 3He. Here, the only observations
available are in the solar system and (high-metallicity)
HII regions in our Galaxy [59]. This makes inference of the
primordial abundance difficult, a problem compounded by
the fact that stellar nucleosynthesis models for 3He are
in conflict with observations [60]. Consequently, it is no
longer appropriate to use *He as a cosmological probe [61];
instead, one might hope to turn the problem around and
constrain stellar astrophysics using the predicted primor-
dial *He abundance [62]. For completeness, we note that
the *He abundance is predicted to be [7]:

3He/H = 9.2870:5% x 107° (9)

at the WMAP value of n.

The overall concordance as evidenced in fig. 7 is en-
couraging and will be sharpened with further WMAP
data, and subsequently from Planck Surveyor measure-
ments. However, note that “Li is inconsistent with the
CMB (as it is with D and *He) given the error budgets we
have quoted. The question then becomes more pressing as
to whether this mismatch comes from systematic errors
in the observed abundance predictions, or whether there
might be new physics at work.

5 Beyond the Standard Model

Given the simple physics underlying BBN, it is remark-
able that it still provides the most effective test for the



B.D. Fields: Big bang nucleosynthesis in the new cosmology 11

cosmological viability of ideas concerning physics beyond
the Standard Model. Limits on particle physics beyond
the Standard Model come mainly from the observational
bounds on the *He abundance. As discussed earlier, the
neutron-to-proton ratio is fixed by its equilibrium value
at the freeze-out of the weak interaction rates at a tem-
perature Ty ~ 1 MeV modulo the occasional free neu-
tron decay. Furthermore, freeze-out is determined by the
competition between the weak interaction rates and the
expansion rate of the universe

Gr?Ti® ~ Dyeak(Ty) = H(Ty) ~ /Gng.Tj>.

In the Standard Model, the number of relativistic particle
species at 1 MeV is g, = 5.5+ %Ny, where 5.5 accounts for
photons and e*, and N, is the number of (massless) neu-
trino flavors. The presence of additional neutrino flavors
(or any other relativistic species) at the time of nucleosyn-
thesis increases the overall energy density of the universe
and hence the expansion rate leading to a larger value
of T¢, (n/p), and ultimately Y. Because of the form of
eq. (10) it is clear that just as one can place limits [9]
on N,, any changes in the weak or gravitational coupling
constants can be similarly constrained (for a discussion
see ref. [63]).

The helium curves in fig. 5 were computed taking
N, = 3; the computed abundance scales as AYppNn =~
0.013AN,, [10]. Clearly the central value for NV, from BBN
will depend on 7, which is independently determined (with
little sensitivity to N, ). Here we have taken the WMAP
value for 7. As one can see from fig. 7 (bottom left), if
the best value for the observed primordial *He abundance
is 0.249, then, for n19 ~ 6, the central value for N, is
very close to 3. The dependence of the light element abun-
dances on N, is shown in fig. 9 [26]. Because of the rel-
atively large error on the newly determined value for Y,
the 2 o upper limit to Y, of 0.267 implies a conservative
bound of

(10)

N, <4.5. (11)

Note that this bound is significantly weaker than previ-
ous bounds using smaller values for the primordial *He
abundance.
It is also possible to use D to place an interesting limit
on N, [7]. As seen in fig. 9, D is not as sensitive to N,
as “He is, but nonetheless it does have a significant de-
pendence. The relative error in the observed abundance
of D/H ranges from 7-10%, depending on what systems
are chosen for averaging. If the five most reliable systems
are chosen, the peak of the IV, likelihood distribution lies
at N, ~ 3.0, with a width of AN, ~ 1.0 as seen in fig. 10.
However, if we limit our sample to the two D systems that
have had multiple absorption features observed, then the
peak shifts to N, ~ 2.2, with a width of AN, = 0.7 as
shown by the dashed curve. Adopting the five-system D
average, D/H = (2.78 £0.29) x 107°, we get the following
constraints on N,,:
N, = 3.02, (12)

1.26 < N, < 5.22  (95% CCL).
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Fig. 9. BBN abundance predictions [26] as a function of the
baryon-to-photon ratio 7, for N, = 2 to 7. The bands show
the 1o error bars. Note that for the isotopes other than Li, the
error bands are comparable in width to the thickness of the
abundance curve shown. All bands are centered on N, = 3.
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Fig. 10. Likelihoods for N, as predicted by the WMAP 5
(eq. (5)) and light element observations as in fig. 7.

While the limit from D/H remains weaker than the revised
4He limit, it is certainly beginning to be competitive.
The limits on N, can be translated into limits on other
types of particles or particle masses that would affect
the expansion rate of the universe during nucleosynthesis.
For example consider “sterile” neutrinos with only right-
handed interactions of strength Gr < Gr. Such particles
would decouple at higher temperature than (left-handed)
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neutrinos, so their number density (oc 7T°3) relative to
neutrinos would be reduced by any subsequent entropy re-
lease, e.g. due to annihilations of massive particles that be-
come non-relativistic in between the two decoupling tem-
peratures. Thus (relativistic) particles with less than full
strength weak interactions contribute less to the energy
density than particles that remain in equilibrium up to
the time of nucleosynthesis [64]. If we impose N, < 4.5
as an illustrative constraint, then the three right-handed
neutrinos must have a temperature 3(7T,,/T,,)* < 1.5.
The temperature of the decoupled vg’s is determined by
entropy conservation, where s = (4/3)p/T in a radiation-
dominated Universe. In analogy with the determination
of the ratio of the left-handed neutrino temperature to
the photon temperature (T}, /T, = (4/11)*/3, one finds
T /Ty, = [(43/4)/9.(T4)]"/? < 0.84, where (43/4) is the
value of g, at T > 1 MeV including v, e*, and 3 v;’s and
T, is the decoupling temperature of the vg’s. This requires
g«(Tq) > 18. Since g, measures the number of relativistic
species in thermal equilibrium, it increases with tempera-
ture as more particles are included in the radiation back-
ground. At the onset of BBN, g, = 10.75; to achieve g, >
18 requires the inclusion of quarks and gluons in the back-
ground, and thus one is forced to a temperature greater
than the quark/hadron transition temperature or T; >
140 MeV. The decoupling temperature is related to Gg
through (Gr/GF)? ~ (Ty/3MeV) 3, where 3 MeV is the
decoupling temperature for vps. This yields a limit Gg <
1072G . This limit becomes sensitive to the assumed up-
per limit to N, when T} is constrained to be larger than
the temperature of the quark-hadron transition.

6 Summary

As cosmology moves into a new and high-precision era, the
utility of BBN is shifting from a test of the basic cosmolog-
ical world model to one which is a sensitive probe of astro-
physical processes which relate to the light element abun-
dances 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: 119 = 6.14
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 astrophys-
ical process 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 per-
fect) 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.

The power and reach of BBN in the “new cosmology”
rests upon the precision of its nuclear inputs, and of light
element observations. Nuclear physicists can justly take

pride that the cross sections used in BBN are now well
measured, in the key cases to better than 10%. However, as
cosmology develops ever higher requirements for precision,
BBN must also improve. Thus there is a need to improve
all nuclear reaction data. More specifically, some reactions
stand out as particularly in need of further examination.
Notable examples are n(p,~y)d, which are well measured
but not in the crucial BBN regime near ~ 100 keV, and
3He(a, v)"Be which dominates production of “Li and thus
lies at the heart of the “lithium problem.” Active work
on these reactions was reported in NPA-II, and we look
forward to seeing these efforts bear fruit by the NPA-III
meeting.

I am grateful to the organizers for a stimulating and enjoyable
meeting, and for being especially gracious hosts. It is a pleasure
to thank my longtime BBN collaborators, particularly Keith
Olive and Richard Cyburt. The work of B.D.F. was supported
by the National Science Foundation under grant AST-0092939.
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