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Primordial nucleosynthesis remains as one of the pillars of modern cosmology. It is the testing
ground upon which all cosmological models must ultimately rest. It is our only probe of the
universe during the first few minutes of cosmic expansion and in particular during the important
radiation-dominated epoch. There have been significant recent advances in the understanding of
the big bang including the recent detection of the inflation-generated gravity-wave background.
This talk will review the the current state of observational constraints on primordial abundances
along with the key nuclear reactions, their uncertainties and how this knowledge places key con-
straints on cosmological models. In particular, we will summarize the connections between big
bang nucleosynthesis and the birth of the universe, including cosmic gravity waves, inflation, the
possible time variation of fundamental constants], the nature and origin of dark matter and dark

energy, supersymmetry, and the primordial magnetic field.
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1. Introduction

In recent years a clear picture of what the universe is comprised of, how long it has been in
existence, and how it will evolve in the future has emerged. This knowledge derives from investi-
gations via a number of cosmological probes including supernovae, observations of the large scale
distribution of galaxies and the inter-galactic medium, analysis of the cosmic microwave back-
ground, and studies of the nucleosynthesis of the elements in the first few moments of cosmic
expansion in the big bang along with the first stars of the early universe. Here, we review a num-
ber of remaining questions and highlight the input that big bang nucleosynthesis (BBN) provides
toward answering them.

The best current understanding of the composition of the universe comes from the nine year
data of the Wilkinson Microwave Anisotropy Probe WMAP [1] and the Planck Surveyor [2], com-
bined with distance measurements from Type Ia supernovae [3], and a phenomenon referred to
as Baryon Acoustic Oscillations [4]. We now know [1] that the fraction of the universe in the
normal baryonic matter with which we are familiar is only Q;, = 0.0472£0.010. A much larger
fraction of the universe is made of a completely unknown component of "cold dark matter," Q. =
0.241+£0.010+0 : 016. The universe is predominantly made of dark energy, Qx = 0.7124+0.010.
In addition to these, there is an almost negligible contribution from relativistic photons and neutri-
nos Qy =5 x 107> It is a current dilemma that 95% of the universe involves forms of matter of
which we know nothing about.

The precision with which these parameters are now known is much better than a decade ago,
however, one should keep in mind that these parameters are based upon the simplest possible
ACDM cosmology, and the analysis must be redone for more complicated cosmologies such as
those described below. Also, besides the discrepancies between WMAP and Planck, there are still
some discrepancies between the best fit cosmology and the observations. For example there is
evidence of a suppression of the lowest multipole moments of the CMB. This may suggest [6, 7]
evidence for a compact topology for the universe. There is also a debate in the literature [8, 9] as to
whether the CMB dipole anisotropy extends to very large distances (Gpc) possibly corresponding
to super-horizon pre-big bang curvature in the universe.

If the universe is homogeneous and isotropic, then the evolution of the early universe is sim-
ply given by the Friedmann equation describing the Hubble parameter H in terms of densities p,
curvature k, the cosmological constant A, and the cosmic scale factor a:
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where Hy = 69.33+0.88 km sec™! Mpc~! [1] is the present value of the Hubble parameter, and the
various closure contributions from relativistic particles, nonrelativistic matter, curvature, and dark
energy are defined respectively by Q, = 87Gp,/(3H3), Qn = 87Gp,,/(3HE), Qi == k(a*H}),
and Qx = A/(3H?).

When the scale factor was half of its present value, matter and dark energy contributed equally.
When the universe was only 1/1200 of its present size, relativistic photons and neutrinos dominated
the universe. Indeed, this is the end of the radiation dominated "big bang". The early universe in-
cludes the Planck epoch, the birth of space-time, inflation, reheating, a variety of cosmic phase
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transitions (e.g. supersymmetry breaking, baryogenesis, the electroweak transition, and the QCD
transition), the epoch of big bang nucleosynthesis (BBN), and the production of the cosmic mi-
crowave background (CMB). For most of the big bang only the radiation [€2, term in Eq. (1.1)]
is important. There are, however, interesting variants of big bang cosmology where this is not the
case. The probe used to support the big bang model as a whole is the spectrum of temperature fluc-
tuations in the CMB which contains information of the first quantum fluctuations in the universe,
and the details of the distribution and evolution of dark matter, baryonic matter and photons near
the time of the surface of photon last scattering (about 3 x 10° yr into the big bang). However, the
only direct probe of the radiation dominated epoch is the yield of light elements from BBN in the
temperature regime from 10® to 10'° K and times of about 1 to 10® sec.

1.1 BBN reaction rates and light-element abundances

The value of BBN [10, 11] as a cosmological constrain relies on the fact that the universe
is in thermodynamic equilibrium at the relevant epoch. The temperature, density, and degrees of
freedom here are all well constrained, and really the only parameters that matter for BBN. This is
unlike other evolutionary phases of the universe, where other components control the observables.
During BBN he only non-equilibrium processes of relevance are the nuclear reactions themselves
which must be explicitly evolved through the BBN epoch. In all there are only 16 reactions of
significance during BBN [11, 12]. Nevertheless, in order to be useful as a cosmological constraint
one must know these rates to very high precision (~ 1%). Fortunately, unlike in stars, the energies
at which these reactions occur in the early universe are directly accessible in laboratory experi-
ments. Although considerable progress has been made [13, 14] in determining the relevant rates,
much better rates are still needed for the neutron life time [15, 16], the 2H(p, y)*He, H(d,n)’He,
3He(d, p)*He, *He(,y)"Be, and "Be(n, a)*He reactions.

One of the powers of standard-homogeneous BBN is that once the reaction rates are known,
all of the light element abundances are determined in terms of a single parameter 1,9 which is the
baryon-to-photon ratio in units of 10'°. The crucial test of the standard BBN is, therefore, whether
a single value of 19 can be found which reproduces all of the observed primordial abundances.
There has been a recent thorough reviews [11], and also new constraints on the primordial helium
abundance [17]. The best adopted abundance constraints are then as follows:

Based upon the spectra of narrow-line Lyman- absorption systems, a conservative range
for the primordial deuterium abundance of D/H = (2.87f81%g) x 107>, This implies a 20 (95%
C.L.) concordance region of: 2.49 x 10™> < D/H < 3.3 x 107> If one restricts the data to the six
well resolved systems for which there are multiple Lyman-« lines[18, 19], one slightly lowers the
deuterium constraint to 2.79 x 107> < D/H < 3.25x 107>,

The abundance of *He is best measured in Galactic HII regions by the 8.665 GHz hyperfine
transition of *He™ [20]. It is not yet understood, however, whether >He has increased or decreased
through the course of stellar and galactic evolution [21, 22]. A best estimate [11, 5] is 3He/H
=(0.740.5) x 1077,

The primordial “He abundance, Yp, is best determined from HII regions in metal poor ir-
regular galaxies extrapolated to zero metallicity. . In [17] it has been demonstrated that updated
emissivities and the neutral hydrogen corrections generally increase the inferred abundance, while
the correlated uncertainties increase the uncertainty in the final extracted helium abundance. The
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value and uncertainty from [?] of ¥, = 0.2465 £0.0097, is in general agreement with the predicted
value from standard BBN when 1 is fixed from the WMAP analysis [1].

The primordial abundance of "Li is best determined from old metal-poor halo stars at temper-
atures corresponding to the Spite plateau (see [11] and Refs. therein). There is, however, an uncer-
tainty due to the the surface depletion of lithium in these stars. A reasonable upper limit on the 7Li
abundance is [11] 6.15 x 107'° based upon allowing for a possible depletion of up to a factor of
~5 down to the present observationally determined value [23, 24] of "Li/H = 1.58 +0.35 x 1010
(95% confidence limit). A lower limit can be taken from the 20 observational uncertainty in the
presently observed value [11]. Recently we have made an exhaustive study of possible cosmologi-
cal solutions to the "Li problem [25].

2. WHAT ARE THE QUESTIONS?

The important questions regarding the big bang are something like the following: 1) How did
the universe begin? 2) Why are there 3 large dimensions? 3) What drives inflation? 4) Are there
observable effects from: supersymmetric particles, string excitations, etc. 5) Is there evidence for
large extra dimensions? 6) How does the universe reheat? 7) How and when was the net baryon
number generated? 8) When and how was the dark matter generated? 9) When and how was the
dark energy created? 10) Are there observable effects from the Electroweak or QCD transition?
11) Have the fundamental constants varied with time 12) Is there a primordial magnetic field?

Each of these questions can be probed by BBN. For example regarding items land 4, the birth
of the universe out of the M-theory landscape can be associated with the production supersymmetric
particles that can affect the reactions BBN (cf. [30]). Regarding item 11, the formation existence
of extra dimensions can lead to time varying physical constants [31]. Regarding items 3, 6,7, 12
some scenarios for inflation, reheating and baryogenesis and associated magnetic field generation
can lead to a modified expansion rate [33, 37]. Similarly the early formation of dark matter and
dark energy [34, 32] can alter the expansion rate. Any of such models that alter the expansion
rate will affect the freezeout of the n/p ratio and other nuclear reactions and hence, the will be
constrained by their effect on light element abundances. We have recently investigated several of
these questions in detail which we now briefly summarize.

Is there evidence of supersymmetric matter in the early universe? Although supersym-
metry is a well motivated mathematical symmetry, it has been difficult to find evidence for its
existence. Indeed, the lightest stable supersymmetric particle is still a candidate for the cold dark
matter. If that is the case, then many other unstable supersymmetric particles would have been
generated along with the dark matter in the very early universe. In particular, the next to lightest
supersymmetric particle could have a lifetime long enough to be present and/or decay during BBN.
If that is the case then the non-thermal decay of SUSY particles or the presence of a long-lived
negatively charged stau particle (the supersymmetric partner of the tau) could lead to production of
®Li during the early universe. The report [27] of enhanced SLi in metal poor stars appears [28] to
be an artifact of 3D and non-local thermodynamic equilibrium (NLTE), the observed upper limit
to the °Li (~ 2% of "Li abundance still places important constraints on supersymmetric models
and there is still evidence [29] for primordial °Li in the SMC. At the same time ’Li is as much as
a factor of 3 below the BBN expectation. This might also be a manifestation of the existence of
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new unstable particles which decay during and/or after the big bang. In particular, in [30] we com-
pleted an exhaustive heavy negatively charged decaying X — particles that modify BBN. The heavy
X~ particles bind to the nuclei produced in BBN. The massive X~ particles reduce the reaction
Coulomb barriers and enhance the thermonuclear reaction rates, extending the duration of BBN to
lower temperatures. This can lead to a large enhancement of the °Li abundance [?] (for example
by the “Hey (d,X ~)°Li reaction, while depleting ’Li. We find that BBN places a stringent limit on
the lifetime of the X~ of 7y = 0.3 —3 x 103 s, far a mass of 1 TeV. Also the abundance per baryon
must be Yy > 0.04.

Have the fundamental constants varied with time? A time dependence of fundamental
constants in an expanding universe can be a generic result of theories which attempt to unify gravity
and other interactions. In [35, 36] it was suggested that an increase in the average quark mass
by an amount dmy/m, = 0.016 +0.005 provides a better fit observed light-element primordial
abundances. In [31] we have carried out an independent evaluation of the effects on BBN from a
variation in the parameter 6X,/X, motivated by new detailed analyses [11, 17] of the uncertainties
in the observed light element abundance constraints. We made an independent evaluation of the
resonant *He(d, p)*He reaction rate based upon both the forward and reverse reaction. We found
that, although the uncertainty in the results increases due to variations in the resonance parameters,
the revised abundance constraints narrow the range of possible variations in the quark mass from
BBN. This latter constraint dominates and decreases the optimum concordance region to a value
of 0.005 < dmy/my < 0.007. That is, the strong coupling constant cannot have varied by more
than 0.7% by the epoch of BBN. Although some variation in the quark mass is not ruled out, the
results of the present study are consistent with no variation in the averaged quark mass. Primordial
abundances calculated in [31] as a function of variations in the quark mass 6mq / my for a fixed
value of 1 deduced from the WMAP data.

Is there a primordial magnetic field? The existence of a primordial magnetic field (PMF)
~1 nG whose field lines collapse as structure forms is one possible explanation for the magnetic
fields observed in galactic clusters. Such a PMF, however, could have influenced a variety of
phenomena in the early universe such as the cosmic microwave background (CMB), (e.g. [37]
and refs. therein). In [37] we reviewed correlations between the calculated CMB power spectrum
(influenced by a PMF) and the primary curvature perturbations. We found that the PMF affects
the CMB on both small and large angular scales in the TT and TE modes. The introduction of
a PMF leads to a better fit to the CMB power spectrum for the higher multipoles, and the fit
to the lowest multipoles can be used to constrain the correlation of the PMF with the density
fluctuations. The best constraints on the PMF determined yet to date determined in our analyses
are |B| < 2.10 nG (68%CL) ; < 2.98 nG (95%CL) on a present scale of 1 Mpc, and ng < 1.19
(68%CL) ; < 0.25 (95%CL) We found that the BB mode is dominated by the vector mode of the
PMF for higher multipoles. We also showed that by fitting the complete power spectrum one can
break the degeneracy between the PMF amplitude and its power spectral index.

Of particular relevance is that a primordial magnetic field can lead to fluctuations in the metric.
The implied background in the induced gravity waves can then be used [37] to constrain the epoch
at which the PMF was created. The balance between the expansion rate of the universe and various
particle reaction rates has important effects on the nucleosynthesis of light elements in the big-
bang. Moreover, since the energy density of the GWB contributes to the total energy density of
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the universe, the expansion rate is affected by the GWB. Therefore, on can indirectly constrain the

energy density pgw from the light element primordial abundances inferred from observations of

deuterium (D), *He, “He, and "Li. Based upon the constraints on the parameters of the magnetic

field one can conclude [37] that BBN most favors a magnetic field formed after the BBN epoch,

although no earlier epoch is yet ruled out. It is hoped that an analysis based upon the newer high

resolution date on smaller angular scales [2] will provide better limits.

Work at the University of Notre Dame was supported by the U.S. Department of Energy under

Nuclear Theory Grant DE-FG02-95-ER40934.
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