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Abstract

We study the quark-hadron phase transition in the early Universe and the effect
of baryon density inhomogeneities that emerge from this transition on primordial nu-
cleosynthesis. We try to make clear the relation between the QCD parameters and
the astronomical observable and to find the observational constraints on these param-
eters. We calculate the amplitude of baryon-number fluctuations and the mean sepa-
ration distance between fluctuations using the finite temperature effective theory. We
then analyze primordial nucleosynthesis in an environment with these inhomogeneous
distribution of baryon density and compare the predicted elemental abundance with
observation. Through the comparison of these calculation with the observation, we dis-
cuss the sensitivity of elemental abundance to the physical condition of baryon density
inhomogeneities.

‘We first estimate the nucleation rate of hadron bubble during the supercooling epoch
and study the evolution of baryon-number density at the constant-temperature coexis-
tence epoch. We calculate the baryon permeability through the phase boundary using
the chromoelectric flux tube model. In this calculation, we consider the temperature
dependence of the constituent quark mass and that of the string tension suggested
from lattice QCD simulation. We find that although the flux of baryons evaporating
from QGP is strongly depend on the quark mass and string tension at critical temper-
ature, this flux is still sufficiently small, suggesting that the baryon number is no easily
transferred from QGP to hadron phase. For realistic value of quark mass and string
tension The resultant amplitude of baryon density fluctuation is very huge and have a
significant effect on primordial nucleosynthesis yields.

We then study the inhomogeneous primordial nucleosynthesis in order to com-
pare with observational constraints. we consider the effects of fluctuation geometry
on primordial nucleosynthesis. For the first time we consider condensed cylinder and
cylindrical-shell fluctuation geometries in addition to condensed spheres and spherical
shells. We also consider implications of the possible detection of a high D/H abundance
in a Lyman-alpha absorption cloud at high redshift and implied chemical evolution ef-
fects of a high deuterium abundance. We find that a cylindrical shell geometry allows for
an appreciably higher baryonic contribution to be the closure density (€ < 0.2) than

that allowed in spherical inhomogeneous or standard homogeneous big bang model. We
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also find that inhomogeneous primordial nucleosynthesis in the cylindrical shell geome-
try can lead to significant Be and B production. [Be] =12+ log(Be/H) & —3 is possible
while still satisfying all of the usually adopted light-element abundance constraints.
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81 Introduction

The Hubble expansion of galaxies, the 2.73 K black body radiation background argue
for a hot, dense origin of the universe, the hot big-bang cosmology. As a consequence,
the early Universe could be a primordial nuclear reactor in which the light nuclides
D, ®*He, *He, and "Li were synthesized in astrophysically interesting abundances. This
nuclear reactions took place from an expansion age of 0.01 sec to 100 sec correspond-
ing to the temperature from 10 MeV to 0.1 MeV. The comparison of the predicted
abundance with observationally inferred primordial abundance provide, therefore, the
earliest test of the big bang cosmology. Based on a simple set of assumptions (isotropy
and homogeneity: validity of general relativity: no particle degeneracy: thermody-
namic equilibriumn: homogeneous baryon density distribution) the homogeneous big
bang nucleosynthesis (HBBN) model is able to reproduce the observationally inferred
light element abundance using only one free parameter, the baryon-to-photon ratio 7.
Since the abundances of these primordial isotopes span some ten orders of magnitude,
this is an impressive success for big-bang cosmology. Furthermore, recent results from
the LEP and SLC collider studies on the width of the Z° particle (Aarnio et al. 1989;
Abrams et al. 1989; Adeva et al. 1992; Denegri, Sadoulet, & Spiro 1990), which are
N, = 2.988 + 0.023, are in excellent agreement with the complimentary constraint on
the number of relativistic neutrino families, N, < 3.3, predicted by HBBN theory [e.g.,
Steigman, Schramm & Gunn 1977; Olive et al. 1990; Walker et al. 1991] even before
these measurements were carried out.

Big-bang nucleosynthesis further provides important information about the density
of baryons in the Universe since the predicted abundance of light element depends on

the baryon density of the universe. In fact, primordial nucleosynthesis provides the



most precise determination of the baryon density in the universe quantitatively from
the real data of elemental abundances in old stellar objects.

Universal mass consists of luminous and dark objects. The luminous component is
made of atomic nuclides in stars and galaxies which electromagnetically interact with
photons and thus called luminous matter. It takes only a small mass fraction less than
one percent of the critical mass Q;"M(OBS) < 0.01 (Jedamzik, Mathews & Fuller
1995) , where Q4 = ps/p. , p. = 3H2/87( is the critical density to close the Universe
marginally, and Hj is the Hubble constant ranging 0.8 < hso = Ho/50(km/s/Mpc) <
2.0. On the other hand, dynamical mass in the largest scale of the cluster of galaxies is
observed to be very large (0py n(OBS) = 0.1 — 0.3, suggesting clearly that more than
90% of the total universal mass originates from dark matter.

[t is useful to classify the dark matter in several ranks (Kajino 1991a). If it consists
of baryons, it is called baryonic dark matter. The primordial baryonic dark matter
candidate is the strange quark matter nugget or mini black hole. Since these baryonic
objects are created in the cosmological phase transition before the recombination epoch,
they are almost free from gravitational dissipation and can even distribute over the
galactic halo as well, making a remarkable contribution to the total Q if they survive
until today. The second rank of baryonic dark matter is the stellar black hole, neutron
star, or brown dwarf. Another rank is non-baryonic dark matter. Its candidate is more
or less hypothetical, including massive light neutrino, heavy neutrino, SUSY particle
like gravitino, photine, Higgsino, Glueino, or non-thermal particle like axion, monopole,
soliton, etc. The CERN experiment (ALEPH collaboration 1990) of measuring the
decay products from neutral weak boson ruled out WIMPs of cosmological interest
having a mass smaller than 45 GeV and that the generation of the light neutrino family

was determined to be three. In spite of many other experimental searches, however,



there is unfortunately no definite signal of the detection of these non-baryonic dark
matter candidates yet.

Quite recently, several astronomical detections (White et al. 1993; White and Fabian
1995) of hot X-rays from dense galactic clusters have indicated that more baryons
than ever known may exist in the form of hot ionized gas. Their contribution to € is
estimated to be Q; < 0.22h5;> Another recent discovery (Alcock, Fuller, & Mathews
1987,Aubourg et al. 1993) of MACHOs (massive astronomical compact halo objects),
which are presumed to be brown dwarfs or Jupiter size small mass stars, suggests that
the dark matter in the galactic halo is most likely baryonic. Their expected (Freeman
1994) mass density is {25 2 0.09. These recent observations show one order of magnitude
larger baryonic mass than the luminous, and is in reasonable agreement with the total
dynamical mass Qpy y(OBS) = 0.1—0.3. It is therefore a challenging and even realistic
assumption that the major part of dark matter is barvonic.

The homogeneous big bang nucleosynthesis (Wagoner, Fowler, & Hoyle 1967; Wag-
oner 1973; Walker et al. 1991; Smith, Kawano, & Malaney 1993; Copi, Schramm &
Turner 1995; Schramm & Mathews 1995), which assumes homogeneous distribution of
baryons, limits the contribution from baryonic mass as small as 5 h%, ~ 0.06, from the
light element abundance constraints. If the homogeneity assumption is a good approxi-
mation, the nature of dark matter must be non-baryonic. This conclusion is apparently
inconsistent with several recent observations suggesting 0.09 < 0, < 0.22, as discussed
above. In addition fo that inconsistency, recent developments in measurements of pri-
mordial light element abundances, in particular deuterium and helium, has suggested
a possible conflict between the predicted abundances of the light element isotopes from
HBBN and the abundances inferred from observations.

In the Standard Hot Big Bang model it is assumed that the universe has expanded



from an initial state of very high temperature and density. The thermodynamic history
of the universe can be discussed back to times just after the Plank time ¢t ~ 10~ sec, at
which point the temperature and density are ' ~ 10" GeV and p ~ 10™ GeVfm™=, re-
spectively. Although recent observations (Smoot et al. 1992; de Bernardis et al. 1994a)
of the cosmic microwave background anisotropy may provide some glimpse of condi-
tions in the universe near the Planck time when the universe was in the inflationary
epoch (Davis et al. 1992; de Bernardis et al. 1994b), we still have no direct proof that
the universe ever was such extreme conditions. Indeed although it only extrapolates
back to times of ¢t ~ 1072 sec, where T' ~ 10MeV and p ~ 100g cm™2, primordial
nucleosynthesis is still the best direct probe of the young universe. Careful and de-
tailed studies of variant nucleosynthesis scenarios are, therefore, necessary not only to
solve the inconsistency between the theory and observation in recent years and also to
quantify the physical conditions of the early universe. Similarly, the yields from primor-
dial nucleosynthesis are very sensitive to conditions in the early universe. Therefore,
the observed primordial isotopes can probe the physics of variant, cosmological models
which may have been determined at times earlier than those addressed in the primordial
nucleosynthesis.

There has been interest in problems at the interface of cosmology and particle
physics in the past decade. The application of the standard model of high energy
physics (SU(3), ® SU(2) @ U(1)y) to big ban cosmology strongly suggests that as the
temperature was cooled, the universe underwent several cosmological phase transitions
during its early evolution. In the temperature interval between roughly 1 TeV and
100 MeV, the universe has experienced the rich physical phenomena: electroweak sym-
metry breaking (¢ ~ 107'%sec), chiral symmetry breaking (¢ =~ 10~%sec), and quark

confinement /deconfinement transition, in which free quarks and gluons were confined



into hadrons in quantum chromodynamics (QCD) all occur in this interval. Although
we can imagine theoretically what happened in this phase transition, there has been
no observational signature until recently showing the physical processes operated at
this epoch. The properties of these transition can all be constrained using primordial
nucleosynthesis which occur soon after the QCD phase transition.

Cosmological QCD phase transition is of particular interest among them because
much knowledge has been accumulated by a number of theoretical studies of QCD
and it is matured to apply them to the physics of the phase transition. In addition,
recent lattice gauge simulation (Iwasaki et al. 1995) of full QCD has suggested it is of
first order, which leads to a direct impact on the creation of inhomogeneous baryon
distribution as first pointed out by Witten ( Witten 1984).

Witten realized that baryon number would be concentrated in the quark phase if
baryon chemical equilibrium could be established, and that the transport of baryon
number at the phase boundary was such that baryon number concentration could oc-
cur. This result suggests that large-amplitude baryon density inhomogeneities could
be produced in the QCD phase transition. This baryon inhomogeneities produced in
the QCD phase transition could give rise to a very rich set of scenarios for primordial
nucleosynthesis because the effects of varying baryon-photon ratio and the diffusion
of neutrons into low-baryon density region which cause a variation of the neutron-to-
proton ratio (Applegate, Hogan & Scherrer 1987).

There are other mechanism of creating baryon inhomogeneity in some cosmological
phase transition before an onset of primordial nucleosynthesis has been wanted. There
are a lot of mechanisms proposed for that, such as inflation generated isocurvature
fluctuations (at GUTS era, t & 10"*sec), baryogenesis associated with a first order

electroweak phase transition at EW era, kaon condensation after the QCD epoch, mag-



0~*sec),

netic fields driven by a motion of superconducting cosmic strings (after ¢ = 1
and so on.

The first purpose of this thesis is to discuss the creation mechanism of baryon
inhomogeneity in the first order QCD phase transition and try to make clear the physical
condition on the fluctuation amplitude, length scale and others, in terms of the QCD
parameters. The second purpose is to discuss the impact of the QCD physics on several
cosmological problems.

It is a common misconception that the most natural amplitude for baryon-number
fluctuations is just that given by the thermodynamic ratio of equilibrium baryon den-
sities in the two phases of a QCD phase transition. This is as a number ~ 100 for the
QCD phase transition (Witten 1984; Alcock, Fuller, & Mathews 1987). This value for
the fluctuation amplitude, however, is unlikely. It would occur only if complete equilib-
rium were maintained in both phases until near the end of the phase transition followed
by a sudden complete drop from equilibrium. This would require efficient mixing of
baryon number across the phase boundary until just near the end of phase transition.
However, the property of baryon number transport from the quark-gluon plasma to
the hadron phase is governed by strong interaction described by QCD since there are
no baryon number violating processes occurring during the QCD phase transition and
baryon number has to physically transport across the moving phase boundary as nu-
cleated bubbles of hadron phase grow. This process corresponds to three color-singlet
quarks moving toward and through the phase boundary to produce baryon. We esti-
mate this transport in the context of the chromoelectric flux tube model (Sumiyoshi
et al. 1989; Sumiyoshi, Kajino, Alcock & Mathews 1990; Kajino et al. 1996) which has
been used to describe barvon production in hadron showers on high energy collider ex-

periment. In this picture the barvon number transport occurs when a flux tube appears



outside the phase boundary. We also include the effect of the temperature dependence
of quark mass and string tension in flux tube (Kajino et al. 1996). The formation of
baryons is significantly hindered with realistic quark mass and string tension which
can lead to the production of large baryon number density fluctuations in the regions
of shrinking quark-gluon plasma. Therefore, baryon inhomogeneities induced by QCD
phase transition can affect primordial nucleosynthesis yields. We adopt typical value of
fluctuation amplitude given by the calculation mentioned above when we explore the
effect of inhomogeneities on primordial nucleosynthesis.

We show that inhomogeneous big-bang model for primordial nucleosynthesis (Ap-
plegate, Hogan & Scherrer 1987; Kajantie & Kurki-Suonio 1986; Alcock et al. 1993;
Malaney & Fowler 1988; Mathews, Kajino & Orito 1996) (hereafter IBBN) allows higher
universal mass density parameter 2y < 0.2 which is a very charming result Mathews,
Kajino & Orito 1996 providing a possible solution to the dark matter problem only by
baryons. In this model the initial distribution of nuclear fuels, protons and neutrons, is
taken to be largely inhomogeneous as a consequence of first order cosmological phase
transition which proceeds in an inhomogeneous manner of space-time evolution. Such
a characteristic circumstance makes a dramatic effect on the primordial nucleosynthe-
sis on heavy elements (Boyd & Kajino 1989; Kajino & Boyd 1990; Kajino, Mathews
& Fuller 1990; Jedamzik, Fuller & Mathews 1994) . still satisfying the light element
abundance constraints for D, *He, ‘He and "Li.

In the previous studies of IBBN model it has been generally assumed that the
fluctuation geometry of baryon density distribution is spherical. However, this geometry
require sufficient surface tension to localize shrinking quark-gluon plasma. Several
recent lattice QCD calculations indicate that the surface tension is too small to allow

spherical fluctuation geometry. And also, recent simulation of QCD phase transition



(Freese & Adams 1990) indicate that the structure of fluctuation can be cylindrical
geometry. The physical motivated geometry, therefore is uncertain.

The second purpose of this thesis is, therefore, to explore the sensitivity of the pre-
dicted elemental abundances in IBBN models to the geometry of the fluctuations. We
consider here various structures and profiles for the fluctuations in addition to con-
densed spheres. Mathews et al. (1990, 1994, 1996) found that placing the fluctuations
in spherical shells rather than condensed spheres allowed for lower calculated abun-
dances of *He and "Li for the same ), and that a condensed spherical geometry is
not necessarily the optimum. Here we show that a cylindrical geometry also allows for
an even higher baryonic contribution to the closure density than that allowed by the
usually adopted condensed sphere. It appears to be a general result that shell geome-
tries allow for a slightly higher baryon density. This we attribute to the fact that, for
optimum parameters, shell geometries involve a larger surface area to volume ratio and
hence more efficient neutron diffusion.

An important possible consequence of baryon inhomogeneities at the time of nu-
cleosynthesis may be the existence of unique nucleosynthetic signatures. Among the
possible observable signatures of baryon inhomogeneities already pointed out in previ-
ous works are the high abundances of heavier elements such as beryllium and boron
(Boyd & Kajino 1989; Kajino & Boyd 1990; Malaney & Fowler 1989; Terasawa & Sato
1990; Kawano et al. 1991), intermediate mass elements (Kajino, Mathews & Fuller
1990), or heavy elements (Malaney & Fowler 1988; Applegate, Hogan & Scherrer 1988;
Rauscher et al. 1994).

The nuclear reaction flow stops at A = 7 in HBBN because of the instability of
5Be. In the IBBN, however, where the nucleosynthesis occurs in an environment of

proton/neutron inhomogeneous distribution, the radioactive nuclear reactions become



active in order to create intermediate-to-heavy mass elements via the production of
unstable nuclei ®Li(838 ms),’Li(178.3 ms),”Be(53.29 d), 1°Be(1.6 106 y), 8(770 ms) etc.
Such possible signatures are also constrained, however, by the light-element abundances.
It was found in several previous calculations that the possible abundances of synthesized
heavier nuclei was quite small (e.g., Alcock et al. 1990; Terasawa & Sato 1990; Rauscher
et al. 1994). We find, however, that substantial production of heavier elements may

nevertheless be possible in IBBN models with cylindrical geometry.



§2 Cosmological QCD Phase transition

A first order QCD phase transition (Iwasaki et al. 1995) is a viable cosmological
site for the creation of barvon inhomogeneity (Witten 1984). When the expanding
Universe first cooled to the critical temperature 7. ~150MeV at ¢, ~ 10~ sec, hadron
bubbles are nucleated in the sea of quark gluon plasma (QGP) at the supercooling
epoch. Liberated latent heat continuously reheats the Universe to sustain 7' = T, again
after the nucleation stops. Two phases, QGP and hadron gas, can coexist now and
hadronic bubbles grow gradually towards the end of the phase transition. The baryon
number which was originally carried by only net quarks inside QGP is transported to
the hadron gas phase through the phase boundary.

The dynamics of the QCD phase transition is phenomenologically described in terms
of four fundamental parameters in QCD (Fuller, Mathews. & Alcock 1988). They are
the critical temperature of the phase transition, T, the intrinsic surface tension of the
phase boundary between the high-energy QGP phase and low-energy hadron gas phase,
o, the latent heat of the phase transition, L, and the baryon permeability through the
phase boundary A. Only the order of these parameter values, except for the last one A,
are incompletely known from lattice gauge QCD, i.e. T, = 100MeV (in full QCD) and
200 MeV, L = T,* , and o = 0.017.%. We therefore take T and o as free parameters
in a reasonable suggested range, i.e. T0MeV< 7. < 200MeV and ¢ < 10"MeV? | and
let L obey the free gas approximation. Namely, the condition of pressure equilibrium
between the free quarks and gluons in QGP phase and the free pions in hadron gas
phase leads to L = 4(g, — g»)T.* , where the statistical weight for each phase is given
by 9 = 99 + 9v1; 9x = 9H + g~i: 9o = 37, gy = 3 and gu = 14.25 (Bessell & Norris

1984) is the background contribution from photons () and leptons ([ = n. -, e, u~
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and their anti-particles). It is challenging to calculate these fundamental parameters
precisely in QCD theory.

A necessary ingredient for any quantitative discussion of the phase transition is an
explicit form for the equation of state. We first consider the thermodynamics of the

quark-hadron phase transition.

2-1 Thermodynamical Aspects of QCD Phase Transition

It will be most convenient for our purpose to compute the thermodynamic potential
Q) for both the quark-gluon plasma phase and the hadron phase. We caution that
we have used the symbol 0 for both the thermodynamic potential and the density
parameter for the universe. It should be clear from the context which we intend.

The thermodynamic variable corresponding to §) are

a0
P = —[W]m=-n,fv, (1I-1)
1 [89
SR i 11-2
" VlaPL,T (1-2)
a0
s = [z, o
E = —PV+S8T+ unV, (11-4)

where P,n, S, and E are respectively, the pressure, particle number density, entropy,
and energy.

A first-order phase change occurs when there are two physically distinct organiza-
tions of the statistical degree of freedom which can occur for the same T, g. The more
stable phase has the lower © (higher P), and the two phases coexist when Py = By

(where ¢ = quark phase, h = hadron phase), which yields a coexistence curve T’ = Te(p).
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In the early Universe, because of the baryon-to-entropy ratio is very small (unless the
enrichment is extreme), we shall limit ourselves to the case p << T.

The latent heat per unit volume in the phase change is
a
L =Teg( Py — Pa) = Ti(sq — sn), (11-5)

where the derivative is evaluated at constant y and at 7' = T, and s, and s, are entropy
densities in the quark-gluon and hadron phase, respectively.

It is straightforward to compute the grand partition function, and thus Q, if we
assume that the particles are noninteracting except for an overall QCD vacuum energy
in the unconfined phase. The background relativistic particles which are no strongly
interacting and are in thermal equilibrium with both the confined and unconfined phases

contribute

where gy and gy are the statistical weights of bosons and fermions, respectively. At the
epoch of the quark-hadron phase transition photon, electrons, muons, and neutrinos
yield g = g5 + %g_f = 14.25.

We treat the unconfined quark-gluon plasma as a gas of noninteracting relativistic
particles plus an overall vacuum energy. In the limit of vanishing quark masses, there

is a simple expression for {} which is valid for any temperature and chemical potential

—7n? 30 (pa\? 15 [pg)*
9y = N.NVT? __{_‘?} ___{_'}
w = qgg NNVT [H e\ TS VAT
2
- :—5NEVT“+BV (I1-7)

Here N, is the number of colors (3), Ny is the number of relativistic quark flavors (2 at
lower temperatures corresponding to the u and d quarks. and 3 at higher temperatures

where the strange quark becomes relativistic), and B is the QCD vacuum energy, or bag

12



constant. The number of gluons is N, = 8. The quark chemical potential is p; = p3/3,
where g is the baryon chemical potential.

The QCD vacuum energy contributes negatively to the pressure. The value of this
vacuum energy, or bag constant, is not known and in what we have done it serves to
parameterize the temperature at which the confined and unconfined phases coexist. the
numerical examples suggest that the value of bag constant is B = 780 MeV /fm®.

For the confined, or hadronic, phase we take the fluid to consist of an ideal gas of

massless pions and of massive nucleons with Maxwell-Boltzmann statistics. Then

2
Q= -2y

mT13?
90 2_32] cosh(/T )exp(—m/T'), (11-8)

where g, is total statistical weight in the hadron phase. At T' = 7. =~ 100 MeV the
value of gy is 17.25. The total statistical weight for quark-gluon phase in coexistence is
gq & 51.25.

From the Egs. II-6-11-8 the pressure P,, energy density F,, and entropy density s,,

in the quark-gluon phase are given as

P = 3% al*— B, (11-9)
E, = g,aT*+ B, (11-10)
8 = %qua, (11-11)

(1I-12)

where a = 7%/30. For the hadron phase the corresponding quantities are

P = %ghaT“, (11-13)
En = gnaT®, (II-14)
8, = %gf,aTs. (I1-15)

(1I-16)

13



We define the ratio of statistical weights in the two phases to be

=225 49071at T, ~100MeV. (11-17)

Gh Sh

Within the temperature range between 40 MeV and 240 MeV which is indicated recent
studies of QCD phase transition, = is slowly varving function of temperature (~ 297+
1).

Pressure equilibrium, or coexistence, between the two phases P, = F,, occurs for a

temperature

2 3 1/4
T.= (g —a) ™ [2] B (1-18)

2-2 Nucleation of Hadron Bubbles in Supercooling Epoch

The nucleation rate is determined by probability that a spontaneous fluctuation
in the metastable (quark) phase will produce a critical nucleus of the stable (hadron)

phase. This critical nucleus has radius r, determined by

2
B—Py=2Z (11-19)

e
where o is the free energy per unit surface area associated with the boundary of the

nucleus, surface tension.
New nuclei with radii less than r. will collapse and disappear. while nuclei of radii
larger than r, will expand until a macroscopic amount of new phase is produced. The

probability of a fluctuation of radius r. is exp(—W/T) where

W= %Tf'f(ﬂ — Py) + 4nr?, (11-20)

14



The first term in II-20 is the difference between the thermodynamic potentials of the
two phases and is negative. The second term is the surface free energy of the boundary
between the phases.

From the Eq. (II-5) we define

P, — P, =1Iny, (11-21)

(11-22)

where L is the latent heat per unit volume of the phase transition and # is the super-
cooling parameter. In the classical isothermal fluctuation theory (Landau & Lifshits
1969), the nucleation rate of hadronic bubbles which have a macroscopic size & um is

given by

Pnve(T) = TH{8/3 - o°/T.L*n*}*Pexp[—167/3 - 0/ T.L*n7). (11-23)
The universal temperature as a function of time is known from Einstein equation

Tt =112, (I1-24)

and the volume fraction of the supercooling phase in the horizon, fse, which is un-
affected by the shock front carrying the latent heat, is statistically given (Kajantie &

Kurki-Suonio 1986) by
fso(t) = expl— [ fso(t) - Tnve(T") - 4m[3VA(T/T (¢ — t)'at), (11-25)

where V, is the sound velocity of relativistic plasma which is representative for the
velocity of the shock front. We can calculate the number density of nucleation sites,

Nnve, by integrating fse - Tnwe over the supercooling epoch, and obtain the mean



separation distance (/) between the hadronic bubbles, too.

Nyve = ffsc(t') - Pyoe(T") [%%] dt’, (11-26)

(Ilu) = Nyve 2. (I1-27)

These are basic quantities in order to describe the evolution of space-time structure of
the mixed phase of QGP and hadron gas during the phase transition.

From Eq. (1I-20) - (11-25}, We can evaluate the time¢; or 7y when the entire universe
has been reheated and 7, of

3f2
ny & 1.4;{',—% =0.0101,at 7, = 150MeV, L = 7 x 10°, & = 0.1 T®. (I1-28)
c

The duration of nucleation epoch is short compared to the Hubble time since the frac-

tional supercooling is small.

2-3 Dynamics of the Universe During the Constant-Temperature
Coexistence Epoch

Because the duration of nucleation epoch is short, the entropy generation associated
with reheating to T is expected to be small compared to the initial entropy. At the end
of this nucleation epoch the universe is left with bubbles of hadron phase surrounded
by quark-gluon plasma, all in pressure equilibrium at 7.

In order to study the evolution of the mixed phase of QGP and hadron gas in the
reheated Universe at T' = T after the nucleation ends, one has to solve the manner

of expanding Universe and the volume change of the QGP phase. At the epoch of

16



cosmological QCD phase transition, the energy density of the background photons and
leptons is very huge, p,; = gy - T = 10'°(MeV*), a = 7?/30. Baryons have a smaller
average matter density, pg < 10*(MeV?) in the Qp < 1 Universe models. Although
we are interested in the inhomogeneous baryon density distribution to be formed at
this epoch, it is a reasonable assumption that the Universe is globally homogeneous
and isotropic if the fluctuation amplitude satisfies a condition dpg/ps << 10%. Such
fluctuations are still very strong, compared with the average ps. The Einstein equation

in Robertson-Walker metric is thus given by

(dR/dt?/R* = 87G/3-[p,fv + pa(l — fu)], (11-29)

prdBdt = dIR*pyfv + pa(l— fv)} + Ropl/dt, (11-30)

where R is the scale factor, p,,pn, and p = p, = ps are the energy density and the
pressure of QGP (q) and hadron gas (h) phases, and fy(t) is the volume fraction of QGP.
These coupled equations are to be solved with the boundary conditions fy = 1(Te < T')
and fy =0(Te > T).

Equations (I1-29) and (1I-30 can be solved to yield

R(t 3x(t —t; 1 s
_i(i-l — (43)1!3 [cos {2(1%1)_1:‘)_2 + arccos 27172 }j[ ) (11-31)
where
8rG B2
s [ W3 ] } (11-32)

and the beginning of the constant temperature epoch is taken at time #;, corresponding

to a scale factor f2(¢;) = R;. Similarly it can be shown that

fv = —-———4(9:1_ 0 [1‘.:;\.1:1:a {a:rcta.n(4m - 1)2 4 %EE—'-_I_)_E}E} - 3] ) (I1-33)

Note that for £ = 2.971 the scale factor increases by about 40 % during this constant

temperature epoch.



2-4 Baryon Number Transport Across the Phase Boundary

The time variation of the baryon number densities, ng? in QGP phase and n;" in

hadron gas phase, are described (Fuller, Mathews, & Alcock 1988) by

dng?/dt = —Any® + Nngh — ng?[(dV/dt) [V + (dfv [dt)/] fv], (11-34)
dn/dt = fv/(1— fo)[=Nm" + Mns? + ns"(dfv /dt)/ fu]
— ns"(dV/dt)/V, (11-35)

ny = fyn]—(1- fv)n;‘, (11-36)

where the first and second source terms are the loss and gain terms for baryon transport
across the phase boundary, and the (dV/dt)/V and (dfV/dt)/fv terms are the red-shift
and blue-shift factors for the expanding horizon volume and shrinking QGP volume.
The horizon volume, V and the volume fraction of QGP, fy- are the solution, Egs. (1I-31)
and (11-33).

The baryon permeability through the phase boundary was used in all previous stud-
les from a simple classical argument, that is to assume an almost 100% absorption
probability of baryon by QGP similarly to an absorption of an H,Q molecule by a wa-
ter droplet. In order to improve this estimate by taking account of the quantum effects,
we adopt (Sumiyoshi et al. 1989) the chromoelectric flux tube model (Casher, Neuberger
& Nussinov 1979; Glendenning & Matsui 1983). Color electric field plays essential role
in quark confinement. In this model, when a thermal quark passes through the phase
boundary of QGP, a tube of color electric field is built behind it in the shortest distance,
whose section is related to the QCD coupling constant, ac = 2. Mesons and baryons
are respectively produced by virtual ¢ — ¢ and gg — g pair creation and fission of the

tube (Sumiyoshi et al. 1989). Similarly to the et — e~ pair creation in QED, Schwinger
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mechanism gives the probability, p, of the g — 7 pair creation and fission.

Let the magnitude of the transverse momentum of created virtual quark be by pr.
First we calculate the probability that each component of virtual pair will tunnel from
the virtual state to a real state having the same energy as the original. The longitudinal
momentum of each component at the point where the virtual pair first appears must

satisfy
P +pp +m* =0. (11-37)

As they move apart in the field of the tube their mutual interaction produces a field
equal in magnitude but opposite in direction to the field in the tube. Thus, new field
is destroying the origin field. After they have each moved a distance r in opposite

directions from the point of first appearance, the energy balance reads

2 [pi(r} +pr + mz}l” = 2kspr, (11-38)

where kst is the energy per unit length stored in the flux tube. The action of both
quarks integrated from the initial point to the point where they materialize given by

pr(r) =0is

Er/ksr aF2
=9 f = T 2
S A lpzldr = 3 P (11-39)

where Er = (p} + m?)'/2. The probability that a virtual pair can tunnel to a real
state in the field of the tube, with each component having transverse momentum py is

therefore
P(pr) = exp(—wEZ/ksT). (I1-40)

Now we con calculate the probability that a pair will actually be created. Following

the Casher et al. (1979), we evaluate the vacuum persistence probability, which is the
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probability that no such tunneling event for any spin, flavor, or transverse momentum
has occurred at any r in the tube at any time t during the existence of the tube,

(O+f0-)* = II II ITITII0 - Plpr)]

flavor spin (fp) T t
= ep{ T [l - Ppr)]}. (11-41)
Let LyL,L.T be the space time region of the tube in which no such event is supposed
to have occurred. Let z be the longitudinal direction. Divide it into cells of length equal
to that required for the materialization of a pair Az = 2Ey/ksr. The time interval
T' is divided into cells according to the frequency with which such tunneling attempts
can occur in accordance with the uncertainty principle, At = x/Ep. Since P(pr) is

independent of r, ¢, and spin, we obtain

Shler 1ﬂ[1-P(PT)]}

(0410-)* = exp{

/L) Ly)
= exp-LxLyLsz(q—q}, (11-42)
where
o kis = 1 ( ﬂm:‘fgn)
_g)= Sz EI—- : 1143
Pla-3) = 73 mzvgl 2P\ " Tsr (11-43)

The above p(q— ) can be interpreted as a fission probability due to ¢ pair creation
per unit four volume. In this equation m; is the constituent quark mass of flavor f.
The string tension, ksr depends on temperature, whose energy dependence is sug-

gested
kse(T) = ksz(0)[1 — T/T(1 — )%, (11-44)

with ¢ a2 0.001 from numerical simulation (Gao 1988) of QCD, where ksr(0) is set
equal to 0.177GeV? deduced from the Regge trajectories of hadron mass spectrum. As

to my, we adopted m, = 0.3 GeV from our previous calculation (Suganuma, Kajino &
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Yamamoto 1997) in the extended NJL model with quark confinement. However, the
energy dependence of the constituent quark mass depends on models, and some model
predicts my, > 0.1 GeV also is likely at T = T.. We therefore adopted m, =0.1 GeV,
too.

Since we do not know the masses of diquarks of any flavor or the mass of strange
quark very precisely, the pair creation-fission probabilities for these quark(s)-pairs were
taken from the analysis of high energy jet phenomenology (Andersson, Gustafson &
Sjostrand 1982): p(qq —4g) : p(g— ) =0.065 : 1, p(u — @) : p(d —d) 1 p(s —3) = 1:1:
0.37, and p(uu—wu) : p(dd—dd) : p(ss—§s) = 1: 0.058 : 0.0007, where the sum over all
different flavors is assumed in the first equation, and ¢ = u and d in the last equation.
These probabilities explain the hadron fragmentation meartsured in high energy lepton
and hadron collisions (Andersson, Gustafson & Sjostrand 1982) very well.

Having these probabilities p's, we can calculate (Sumiyoshi et al. 1989; Kajino et

al. 1996) the flux of baryons evaporating from QGP at temperature 7'

Ey. k
Jp = fdakoexp =) Zofdk BfthB s 2{“:30_';:3 )
kz® + E? .
2E (UEZ EZ—kZUEZO) +mq m)}] (H—fj.-{))

where Z, is the partition function, n, is the quark number density, and Fq is the
thermal energy of an initial quark. k” and E® are the similar quantities for evaporating
baryon. ke = {3ksr’/2racp}'/? has a meaning of typical momentum which is lost
before the baryon evaporation. Figure 3 displays the calculated Jp—,, normalized to
the quark flux. Solid and dotted curves correspond to (m,, Mg) = (0.3GeV, 0.94GeV)
and (0.1GeV, 0.3GeV), respectively. Although the mass dependence is very strong, Jp
1s much smaller than J,, suggesting that the baryon number is not easily transferred

from QGP to hadron gas.
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Figure 2-1: Flux of evaporating baryons from QGP normalized to the flux of thermal

quarks. Solid and dotted curves correspond to (m,, Mp) = (0.3GeV, 0.94GeV) and
(0.1GeV, 0.3GeV)



The baryon penetration factors Ang? and Mng* in Eqgs. (11-34) and (I1-35) are thus

given (Sumiyoshi, Kajino. Alcock & Mathews 1990) by

Ang? = 4mr(t)? - NyvodV(te) V() fo(8)} Janst (1) fns(t.), (11-46)

Nmg* = drr(t) - Nyue{V(t)/V(t) fu(t)} Jans"(t) /n:t(t.), (11-47)

where Jo(T.) is the flux of leading quark, J(T.) is given by Eq. (9), Nyve is calculated
in Eq. (4), and r(t) = (3/4r- (1 — fu(t))V(t)/NyvcV(t.))""® is the average bubble
radius.

Having known all source terms, we can now solve the coupled differential Eqs. (II-
34) and (II-35). The numerical solution (Kajino et al. 1996) of these equations is
displayed in Fig. 2-2 for the QCD parameters Te = 150 MeV and o = 10% MeV?, where
R = ng?/ng". If the whole system is in the statistical equilibrium, both ng? and ng"
stay at the initial values, and hence R being constant ~ 100. It is a common miscon-
ception in many papers (Witten 1984) that the most natural baryon density contrast
is such a thermodynamic ratio as R & 100 in chemical and statistical equilibrium.
Fig. 2-2 shows clearly that the baryon transport is a strongly non-equilibrium pro-
cess. Especially, near the end of the phase transition, the transport of baryon number
across the phase boundary cannot be efficient enough to establish complete chemical
equilibrium because the velocity of the phase boundary continuously increases. We
define (Sumiyoshi, Kajino, Alcock & Mathews 1990) the end of the phase transition at
which the speed of the boundary approaches the sound velocity of relativistic plasma
Vs = ¢//3. After this time the QGP droplets lose energv source from the latent heat
and dive again into the supercooling phase, from which the high baryon-number density
zones with finite volume fraction emerge promptly. The resultant density contrast is

very huge, R 2 10%.
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Figure 2-2: Ratio of the baryon-number density in QGP to the baryon-number density
in hadron gas, versus string tension at end of phase transition. Dotted and Solid curves

correspond to (mg, M) = (0.3GeV, 0.94GeV) and (0.1GeV, 0.3GeV)
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§3 Primordial Nucleosynthesis and Constraints on
(2

3-1 Homogeneous Big-Bang Nucleosynthesis

The analysis of primordial nucleosynthesis provides valuable limits on cosmologi-
cal and particle physics parameters through a comparison between the predicted and
inferred primordial abundances of D, ®He, *He, and "Li. For standard homogeneous
big bang nucleosynthesis (HBBN) the predicted primordial abundances of these light-
elements are in accord with the value inferred from observation provided that baryon-
to-photon ratio (= n) is between about 2.5 x 107'° and 6 x 107'°. This corresponds
to an allowed range for the baryon fraction of the universal closure density §,7EBN
(Wagoner, Fowler, & Hoyle 1967; Wagoner 1973; Walker et al. 1991; Smith, Kawano,

& Malaney 1993; Copi, Schramm & Turner 1995; Schramm & Mathews 1995),
0.04 S QHBBN 12 < 0,08, (I11-1)

where n = 6.6 x 107°Q; hZ;. The lower limit on Q""°BN arises mainly from the upper
limit on the deuterium plus *He abundance (Yang et al. 1984; Walker et al. 1991; Smith,
Kawano, & Malaney 1993), and the upper limit to Q, arises from the upper limit on
the “He mass fraction Y, and/or the deuterium abundance D/H > 1.2 x 10~ (Linsky
et al. 1993, 1995). Here, hso is the Hubble constant in units of 50 km s =* Mpc~*. The
fact that this range for (0 2 is so much greater than the current upper limit to the
contribution from luminous matter Q"™ < 0.01 (see however Jedamzik, Mathews &
Fuller 1995) is one of the strongest arguments for the existence of baryonic dark matter.

Over the years HBBN has provided strong support for the standard, hot big bang
cosmological model as mentioned above. However, as the astronomical data have be-
come more precise in recent yvears, a possible conflict between the predicted abundances

of the light element isotopes from HBBN and the abundances inferred from observations
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has been suggested (Olive & Steigman 1995; Steigman 1996a; Turner et al. 1996; Hata
et al. 1996; see also Hata et al. 1995).

There is now a good collection of abundance information on the *He mass fraction,
Y., O/H, and N/H in over 50 extragalactic HII regions (Pagel et al. 1992; Pagel 1993;
Izatov, Thuan & Lipovetsky 1994; Skillman & Kennicutt 1995). In an extensive study
based upon these observations, the upper limit to n from the observed *He abundance
was found to be ~ 3.5 x 107° (Olive & Steigman 1995; Olive & Scully 1996) when a
systematic error in Y, of AY,,, = 0.005 is adopted. Recently, it has been recognized
that the AY,,, may even be factor of 2 or 3 larger (Thuan,, Nature, Izatov, &Lipovetsky
1996; Copi, Schramm & Turner 1995; Schramm & Mathews 1995; Sasselov & Goldwirth
1995), making the upper limit to n as large as 7 x 10719,

On the other hand, the lower bound to n has been derived directly from the upper
bound to the combined abundances of D and *He. This is because it is believed that
deuterium is largely converted into He in stars; the lower bound then applies if, as has
generally been assumed, a significant fraction of *He survives stellar processing (Walker
et al. 1991).

However, there is mounting evidence that low mass stars destroy *He (Wasserburg,
Boothroyd & Sackmann al 1995; Charbonnel 1995), although it is possible that massive
stars produce *He. Therefore, the uncertainties of chemical evolution models render it
difficult to infer the primordial deuterium and *He abundances by using observations of
the present interstellar medium (ISM) or from the solar meteoritic abundances. Recent
data and analysis lead to a lower bound of 2 3.5 x 107'° on the basis of D and *He
(Dearborn, Steigman, & Tosi 1996; Hata et al. 1996; Steigman 1996a; Steigman & Tosi
1995), if the fraction of ®*He that survives stellar processing in the course of galactic

evolution exceeds 1/4 (Dearborn, Schramm, & Steigman 1986). This poses a potential
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conflict between the observation (Y, with low AY,,,, D) and HBBN.

With this in mind, it is worthwhile to consider alternative cosmological models.
One of the most widely investigated possibilities is that of an inhomogeneous density
distribution at the time of nucleosynthesis. Such studies were initially motivated by
speculation (Witten 1984; Applegate & Hogan 1985) that a first order quark-hadron
phase transition (at T' ~ 100 MeV) could produce baryon inhomogeneities as baryon
number was trapped within bubbles of shrinking quark-gluon plasma. In previous calcu-
lations using the baryon inhomogeneous big bang nucleosynthesis (IBBN) model, it has
been usually assumed that the geometry of baryon density fluctuations is approximated
by condensed spheres. Such geometry might be expected to result from a first order
QCD phase transition in the limit that the surface tension dominated the evolution
of shrinking bubbles of quark-gluon plasma. However, the surface tension may not be
large (Kajantie, Karkkainen & Rummukainen 1990, 1991, 1992) during the QCD tran-
sition, which could lead to a "shell” geometry or the development of dendritic fingers
(Freese & Adams 1990). Furthermore, such fluctuations might have been produced by
a number of other processes operating in the early universe (cf. Malaney & Mathews
1993), for which other geometries may be appropriate. e.g. strings, sheets, etc. Thus,
the shapes of any cosmological baryon inhomogeneities must be regarded as uncertain.

The purpose of this section is, therefore, to explore the sensitivity of the predicted
elemental abundances in IBBN models to the geometry of the fluctuations. We consider
here various structures and profiles for the fluctuations in addition to condensed spheres.
Mathews et al. (1990, 1994, 1996) found that placing the fluctuations in spherical
shells rather than condensed spheres allowed for lower calculated abundances of ‘He
and "Li for the same €, and that a condensed spherical geometry is not necessarily

the optimum. Here we show that a cylindrical geometry also allows for an even higher
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baryonic contribution to the closure density than that allowed by the usually adopted
condensed sphere. It appears to be a general result that shell geometries allow for
a slightly higher baryon density. This we attribute to the fact that, for optimum
parameters, shell geometries involve a larger surface area to volume ratio and hence
more efficient neutron diffusion.

An important possible consequence of baryon inhomogeneities at the time of nu-
cleosynthesis may be the existence of unique nucleosynthetic signatures. Among the
possible observable signatures of baryon inhomogeneities already pointed ont in previous
works are the high abundances of heavier elements such as beryllium and boron (Boyd
& Kajino 1989; Kajino & Boyd 1990; Malaney & Fowler 1989; Terasawa & Sato 1990;
Kawano et al. 1991), intermediate mass elements (Kajino, Mathews & Fuller 1990), or
heavy elements (Malaney & Fowler 1988; Applegate, Hogan & Scherrer 1988; Rauscher
et al. 1994). Such possible signatures are also constrained, however, by the light-element
abundances. It was found in several previous calculations that the possible abundances
of synthesized heavier nuclei was quite small (e.g., Alcock et al. 1990; Terasawa & Sato
1990; Rauscher et al. 1994). We find, however, that substantial production of heavier

elements may nevertheless be possible in IBBN models with cylindrical geometry.

3-2 Baryon Density Inhomogeneities

After the initial suggestion (Witten 1985) of QCD motivated baryon inhomogeneities
it was quickly realized (Applegate & Hogan 1985; Applegate, Hogan & Scherrer 1987)

that the abundances of primordial nucleosynthesis could be affected. A number of pa-
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pers have addressed this point (Alcock, Fuller, & Mathews 1987; Applegate, Hogan
& Scherrer 1987, 1988; Fuller, Mathews, & Alcock 1988; Kurki-Suonio et al. 1988,
1990; Terasawa & Sato 1989a, b, c, 1990; Kurki-Suonio & Matzner 1989, 1990; Math-
ews et al. 1990, Mathews, Schramm & Meyer 1993; Mathews, Kajino & Orito 1996;
Jedamzik, Fuller & Mathews 1994; Jedamzik, Mathews & Fuller 1995; Thomas et
al. 1994; Rauscher et al. 1994). Most recent studies in which the coupling between the
baryon diffusion and nucleosynthesis has been properly accounted for (e.g., Terasawa &
Sato 1989a, b, ¢, 1990; Kurki-Suonio & Matzner 1989, 1990; Mathews et al. 1990, Math-
ews, Schramm & Meyer 1993; Jedamzik, Fuller & Mathews 1994; Thomas et al. 1994)
have concluded that the upper limit on €, h? is virtually unchanged when compared to
the upper limit on Q; h? derived from standard HBBN. It is also generally believed (e.g.
Vangioni-Flam & Casse 1995) that the same holds true if the new high D/H abundance
is adopted.

However, in the previous studies, it was usually assumed that a fluctuation geometry
of centrally condensed spheres produces the maximal impact on nucleosynthesis. Here
we emphasize that condensed spheres are not necessarily the optimal nor the most
physically motivated fluctuation geometry.

Several recent lattice QCD calculations (Kajantie, Karkkainen & Rummukainen
1990, 1991, 1992; Brower et al. 1992) indicate that the surface tension of nucleated
hadron bubbles is relatively low. In this case, after the hadron bubbles have perco-
lated, the structure of the regions remaining in the quark phase may not form spherical
droplets but rather sheets or filaments. We do note that the significant effects on nu-
cleosynthesis may require a relatively strong first order phase transition and sufficient
surface tension to generate an optimum separation distance between baryon fluctua-

tions (Fuller, Mathews, & Alcock 1988). However, even if the surface tension is low,
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the dynamics of the coalescence of hadron droplets may lead to a large separation be-
tween regions of shrinking quark-gluon plasma. Furthermore, even though lattice QCD
has not provided convincing evidence for a strongly first order QCD phase transition
(e.g., Fukugita & Hogan 1991), the order of the transition must still be considered as
uncertain (Gottlieb 1991; Petersson 1993). It depends sensitively upon the number of
light quark flavors. The transition is first order for three or more light flavors and sec-
ond order for two. Because the s quark mass is so close to the transition temperature, it
has been difficult to determine the order of transition. At least two recent calculations
(Iwasaki et al. 1995; Kanaya 1996) indicate a clear signature of a first order transition
when realistic u, d, s quark masses are included, but others indicate either second order
or no phase transition at all.

In addition to the QCD phase transition, there remain a number of alternative
mechanisms for generating baryon inhomogeneities prior to the nucleosynthesis epoch
(cf. Malaney & Mathews 1993), such as electroweak baryogenesis (Fuller et al. 1994),
inflation-generated isocurvature fluctuations (Dolgov & Silk 1993), and kaon condensa-
tion (Nelson 1990). Cosmic strings might also induce baryon inhomogeneities through
electromagnetic (Malaney & Butler 1989) or gravitational interactions.

Since the structures, shapes, and origin of any baryon inhomogeneities are uncer-
tain, a condensed spherical geometry is not necessarily the most physically motivated
choice. Indeed, we will show that a condensed spherical geometry is also not necessarily
the optimum to allow for the highest values for €; while still satisfying the light-element
abundance constraints. Here we consider the previously unexplored cylindrical geom-
etry. String geometries may naturally result from various baryogenesis scenarios such
as superconducting axion strings or cosmic strings. Also, the fact that QCD is a string

theory may predispose QCD-generated fluctuations to string-like geometry (Kajino &
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Tessie 1993; Tassie & Kajino 1993). Hence, cylindrical fluctuations may be a natural

choice.

3-3 Observational Constraints for Light Element Abundances

We adopt the following constraints on the observed helium mass fraction Y, and "Li
taken from Balbes et al. (1993), Schramm & Mathews (1995), Copi et al. (1995) and
Olive (1996):

0.226 < Y, < 0.247, (111-2)
0.7 x 107° < 7Li/H < 3.5 x 1071, (111-3)

i) Helium Constraints

The current status of “He observations and potential systematic errors have been
recently reviewed Skillman et al. 1994, Schramm & Mathews 1995. The primordial
helium abundance is generally inferred from the correlation of helium abundance with
metallicity in the HII regions of compact blue irregular galaxies. The random errors
in the correlation of helium with metallicity are very small due to multiple exposures,
several standard stars, and good linear detectors. In principle, it is possible to obtain
line ratios which are accurate to within 2% (Skillman et al. 1994). There is, however, a
need more high quality observations at low |O/H]. Also it is not know whether there are
deviations a linear regression at low metallicity. Such deviations might be expected from

galactic chemical evolution models Mathews, Bovd & Fuller 1993, Mathews, Schramm
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& Meyer 1993, Balbes et al. (1993), Pagel 1993. Most importantly, the uncertainties in
theoretical recombination/cascade calculations are not well quantified.

Based upon an analysis Olive & Steigman 1995 of preliminary data from Skillman,
the presently inferred primordial value is ¥, = 0.232, with a statistical uncertainty
of +0.003, and possible systematic errors as much as +J9.. This implies an upper
limit of 0.247 to the primordial helium abundance which is adopted here as in other
recent reviews Copi, Schramm & Turner 1995, Schramm & Mathews 1995. This primor-
dial “He abundance constraint includes a statistical uncertainty of +0.003 and possible
systematic errors as much as +0.01/ — 0.005 with central value of 0.234. A recent
reinvestigation (with new data) of the linear regression method for estimating the pri-
mordial “He abundance has called into question the systematic uncertainties assigned

to ¥;, (Izatov, Thuan & Lipovetsky 1996). Our adopted upper limit to Y, of Eq. (IT1-2)

is essentially equal to the limit derived in their study with 1o statistical error.

ii) Lithium Constraints A number of different values for the upper limit to
the primordial lithium abundance have been adopted in the literature. It is, therefore,
worthwhile to say a few words about them. It is convention in the literature to quote
the lithium abundance relative to H = 10'®. Hence, one defines a quantity [Li] = 12
+ log(Li/H). One recently adopted primordial lithium abundance constraint Walker et
al. 1991 [also used in Thomas et al. (1994)] is [Li] < 2.15 (Li/H < 1.4 x 10~1°). This
limit is based upon a weighted mean of observations of 35 low metallicity halo stars
with T.py > 5500 K on the so called "lithium plateau” Spite & Spite 1982. A limit

of [Li] < 2.15 corresponds to the 20 confidence limit above the mean value of 2.08.
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This upper limit was motivated somewhat by the standard main sequence models of
Deliyannis et al. 1990 which imply little lithium depletion in low metallicity halo stars.

However, even in Deliyannis et al. 1990 it was pointed out that a higher limit to
primordial lithium is more appropriate. By adopting conservative errors in abundance
determinations for both cool and hot stars, and directly fitting a series of isochronous
to the data, they obtained a 20 upper limit of [Li] < 2.21. Including effects of diffusion
into their stellar evolution code, increases this upper limit to [Li] < 2.36. This is the
limit adopted in Smith et al. (1993). It represents the most conservative application
of the Deliyannis et al. 1990 results. One important development since that limit was
adopted is a reanalysis Thorburn. 1994 of the model atmospheres used to infer the
lithium abundance which shifts [Li] upward by 0.2. These data also indicate systematic
variations in the lithium abundance with surface temperature, possibly indicating that
some depletion has occurred. We also note another recent discussion of model atmo-
spheres Kurucz 1995 which suggests that as much as an order of magnitude upward
shift in the primordial lithium abundance could be warranted due to the tendency of
one-dimensional models to under estimate the ionization of lithium.

Related to the above it is also worth noting that when effects of rotational mix-
ing have been added to stellar models Pinsonneault, Delivannis & Demarque 1992 for
lithium depletion, a much larger lithium depletion seems possible. This factor is largely
independent of initial rotation for low metallicity stars. Furthermore, the predicted
metallicity dependence of the dispersion in lithium depletion with rotation may even
be necessary to account for the dispersion in the observed plateau lithium abundances.
It is also noted in Pinsonneault, Deliyannis & Demarque 1992 that the rotational models
with the same set of parameters and physical assumptions are capable of reproducing

the very different lithium depletion patterns observed in both metal poor halo stars
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and population I stars in the disk which exhibit much greater lithium depletion and
dispersion. This is a powerful argument for the validity of the rotational mixing models
which should, perhaps, be taken seriously.

An objection to the possible large depletion factor for lithium, however, stems from
recent possible detections Smith, Lambert & Nissen 1992. Hobbs & Thorburn 1994 of
SLi in two of the plateau halo stars. Since ®Li should be destroyed much more rapidly
than "Li Brown & Schramm 1988, the presence of ®Li argues against significant "Li
destruction. On the other hand, the ®Li detection is still consistent with as much as
a factor of two "Li destruction (Copi et al. 1995b). Furthermore, it is possible Yoshii,
Mathews, & Kajino 1995 that some of the ®Li is the result of more recent accretion
of interstellar material which could occur as halo stars episodically plunge through the
disk. Such a process could mask the earlier destruction of lithium. A possible way to
distinguishing between accreted and primordial material might be the detections of a
B/Be ratio which is consistent with IBBN or HBBN rather than the cosmic-ray ratio.
The IBBN B/Be ratio from these calculations is discussed separately in Yoshii et al.
(1995).

In view of the above discussion, it is our opinion, that the most realistic upper limit
to the lithium abundance is probably that adopted in Copi et al. (1995b), i.e. Li/H
< 3.5x107%, This limit includes the systematic increase from the model atmospheres
of Thorburn (1994) and the possibility of as much as a factor of 2 increase due to
stellar destruction (consistent with the ®Li observations. This is the limit which we
adopt here. For comparison, however, the most extreme conservative upper limit to the
lithium abundance is probably that derived from the fits to the data by Pinsonneault et
al. (1992) based upon models in which rotational mixing has been included. Using a fit

their isochronous to the lithium plateau, they obtained an upper limit on the primordial



population II lithium abundance of
"Li/H < 1.5 x 107°. (I11-4)

We also show results from this more conservative upper limit, with the caveat that this

limit may not be consistent with the observed 8Li abundance.

iii). Deuterium and *He Constraints

The primordial abundance of deuterium is even harder to clarify since it is easily
destroyed in stars (at temperatures exceeding about 6 x 10°K). Previously, limits on
the deuterium (and also the *He) abundances have been inferred from their presence
in presolar material (e.g., Walker et al. 1991). It is also inferred from the detection in
the local interstellar medium (ISM) through its ultraviolet absorption lines in stellar
spectra but, as expected for a fragile element, its abundance shows a large scatter,
D/H = (0.2 —4) x 10~®, suggesting localized abundance fluctuations and /or systematic
errors. McCullough (McCullough 1992) finds that after discarding some unreliable
measurements, the 7 IUE and 14 Copernicus measurements along the cleanest lines
of sight (towards hot stars within about 1 kpc) are all consistent with an interstellar
abundance of D/H = 1.5+ 0.2 x 10~5.

Recently the HST has provided a more accurate measurement of D/H = 1.60 +
0.09 (stat)*0-75 (syst) x 10~° towards the star Capella at 12.5 kpe.(Linsky et al. 1993;
1995) However since the Lyman-a line (of hydrogen) is severely saturated even towards
such a nearby star, such observations, although precise, cannot test whether there are
real spafial variations in the interstellar deuterium abundance. It has been argued

Epstein et al. 1976 that there are no important astrophysical sources of deuterium
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and observational attempts to detect signs of deuterium synthesis in the Galaxy have
so far not contradicted this belief (see Pasachoff & Vidal-Madjar 1989). Then the
lowest D abundance observed today provides a reliable lower bound to the primordial
abundance. If this is indeed so, then the lowest 1) abundance observed today should
provide a lower bound to the primordial abundance. Recent precise measurements by

Linsky et al. (1995, 1993) using the Hubble Space Telescope implies
D/H > 1.2 x 107", (111-5)

There are similar large fluctuations in the abundance of *He which has been de-
tected through its radio recombination line in a dozen galactic H II regions. The values

measured by Balser et al. (1994) range over

(SH—E) ~(1—-4)x107"% . (IT1-6)
H /un
It has also been detected (Rood, Bania & Wilson 1992) with a large abundance (*He/H =
107%) in the planetary nebula NGC3242, in accord with the theoretical expectation
(Dearborn, Schramm, & Steigman 1986) that it is created in low mass stars. However
the galactic observations find the highest *He abundances in the outer Galaxy where
stellar activity is less than in the inner Galaxy. While regions with high abundances do
lie preferentially in the Perseus spiral arm, there are large source-to-source variations
which do not correlate with stellar activity. (Balser et al. 1994) Thus these measure-
ments do not provide any reliable cosmological input.

Yang et al. (1994) had suggested that the uncertainties in determining the primordial
abundances of D and *He may circumvented by considering their sum. They argued

that since D is burnt in stars to *He, a fraction g1 of which survives stellar processing,

the primordial abundances may be related to the abundances later in time through the
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inequality

D 4 ?He D + 3He 1 ‘He
( i )f( i )+(E£'l)(?)‘ (=)

As reviewed by Geiss (1993) the terms on the ths may be determined at the time of

formation of the Solar system, 4.6 Gyr ago. The abundance of *He in the Solar wind,
deduced from studies of gas-rich meteorites, lunar rocks and metal foils exposed on
lunar missions, may be identified with the sum of the pre-Solar abundances of *He and
D (which was burnt to *He in the Sun), while the smallest *He abundance found in
carbonaceous chondrites, which are believed to reflect the composition of the pre-Solar
nebula, may be identified with the pre-Solar abundance of *He alone. For example,

Walker et al. (1991) obtained
3
1.3x107° (E)
H

By using a closed-box instantaneous recycling approximation, it is straightforward

D +3He

S1.8x107°, 3.3x107° 5 ( ) < 4.9x107° (111-8)
®

@

(Olive et al. 1990) to show that the sum of primordial deuterium and *He can be written

=~ X
yasp < AL ”yzae(fo) (I11I-9)
P

where Ag is the fraction of the initial primordial deuterium still present when the so-
lar system formed, g3 is the fraction of *He that survives incorporation into a single
generation of stars, y.ag is the presolar value of [D+He]/H inferred from the gas rich
meteorites, and X5 /X, is the ratio of the presolar hydrogen mass fraction to the pri-
mordial value. These factors together imply an upper limit (Walker et al. 1991; Copi,

Schramm & Turner 1995) of
Yyagp < 1.1 x 107%, (I1I-10)

There are however several reasons to distrust the above bound, from which a strin-

gent lower limit on 5 has been deduced. First, it is not clear if the Solar system
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abundances provide a representative measure at all, given that observations of *He
elsewhere in the Galaxy reveal unexplained source-to-source variations. Indeed the pre-
Solar abundance of *He is less than some of the present day interstellar values. Second,
the survival fraction of *He may have been overestimated since there may be net de-
struction of *He in low mass stars through the same mixing process which appears to
be needed to explain other observations, e.g. the *C/**C ratio (Hogan 1995). In fact a
recent measurement using Ulysses finds that *He/*He = 2.2¥0{ (stat) £0.2 (syst) x 10~*
in the local interstellar cloud, rather close to the value of 1.5+0.3 x 10~ in the pre-solar
nebula, demonstrating that the *He abundance has hardly increased since the formation
of the Solar system (Gloeckler & Geiss 1996).

It is obviously crucial to detect deuterium outside the Solar system and the nearby
interstellar medium in order to get at its primordial abundance and also, of course, to
establish its cosmological origin. Astronomers have attempted to measure Lyman-series
absorption lines of deuterium in the spectra of distant quasars, due to foreground in-
tergalactic clouds made of primordial unprocessed material. Problems arise in studying
such quasar absorption systems (QAS) because of possible confusion with neighboring
absorption lines of hydrogen and multi-component velocity structure in the clouds.

Possible detections (Songaila et al. 1994; Carswell et al. 1994; 1996; Tytler & Fan
1994; Tytler, Fan, & Burlers 1996; Rugers & Hogan 1996a,1996b; Wampler et al. 1996)
of an isotope-shifted Lyman-a absorption line at high redshift (z 2 3) along the line of
sight to quasars are of considerable interest. Quasar absorption systems can sample low
metallicity gas at early epochs where little destruction of D should have occurred. Thus,
they should give definitive measurements of the primordial cosmological D abundance.

A very recent high resolution detection by Rugers & Hogan (1996a) suggests a ratio
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D/H of
D/H = 1.9+ 0.4 x 107, (IIL-11)

This result is consistent with the estimates made by Songaila et al. (1994) and Carswell
et al. (1994), using lower resolution (but see, Tytler, Burlers, & Kirkman 1997). It is also
similar to that found recently in another absorption system by Wampler et al. (1996),
but it is inconsistent with high resolution studies in other systems at high redshift
(Tytler, Fan & Burles 1996; Burles & Tytler 1996) and with the local observations
of D and *He in the context of conventional models of stellar and Galactic evolution
(Edmunds 1994; Gloeckler & Geiss 1996). If the high value of D/H is taken to be
the primordial abundance, then the consistency between the observation and HBBN is

0, PPN p2

50 —

recovered and the allowed range of ) inferred from HBBN changes to
0.024 & 0.002 (Jedamzik, Fuller & Mathews 1994; Krauss & Kernan 1994; Vangioni-
Flam & Casse 1995). In this case, particularly if hso is greater than ~ 1.5, the big bang
prediction could be so close to the baryonic density in luminous matter that little or no
baryonic dark matter is required (Persic & Salucci 1992; Jedamzik, Mathews & Fuller
1995). This could be in contradiction with observation, particularly if the recently
detected microlensing events (Alcock et al. 1993, 1994, 1995abc; Aubourg et al. 1993)
are shown to be baryonic. This low baryonic density limit would also be contrary to
evidence (White et al. 1993; White and Fabian 1995) that baryons in the form of hot
X-ray gas may contribute a significant fraction of the closure density

The observations by Tytler, et al. (1996) and Burles & Tytler (1996) yield a low

value of D/H. Their average abundance is
D/H=24409x 1075, (I11-12)

with +2¢ statistical error and +10 systematic error. This value is consistent with the

expectations of local galactic chemical evolution. However, this value would imply an
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HBBN helium abundance of ¥, = 0.249 £ 0.003 which is only marginally consistent
with the observationally inferred ¥, even if the high AY,,, is adopted.

We adopt Eq. III-5 as a lower limit to the primordial deuterium abundance for the
purposes of exploring the maximal cosmological impact from IBBN. In addition, we
consider the two possible detections of the deuterium abundance along the line of sight

to high red shifted quasars, Egs. (I1I-11) and (III-12) as possible limits.

3-4 Calculational Method

The calculations described here are based upon the coupled diffusion and nucle-
osynthesis code of Mathews et al. (1990), but with a number of nuclear reaction rates
updated and the numerical diffusion scheme modified to accommodate cylindrical ge-
ometry. We also have implemented an improved numerical scheme which gives a more
accurate description of the effects of proton and ion diffusion, and Compton drag at late
times. Although our approach is not as sophisticated as that of Jedamuzik et al. (1994a),
it produces essentially the same results for the parameters employed here. We have also
included all of the new nuclear reaction rates summarized in Smith et al. (1993) as well
as those given in Thomas et al. (1993). We obtain the same result as Smith et al. (1993)
using these rates and homogeneous conditions in our IBBN model

Calculations were performed in a cylindrical geometry both with the high density
regions in the center (condensed cylinders), and with the high density regions in the
outer zone of computation {cylindrical shells). Similarly, calculations were made in a

spherical geometry with the high density regions in the center (condensed spheres) and
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with the high density region in the outer zones of computation (spherical shells).

In the calculations, the fluctuations are resolved into 16 zones of variable width as
described by Mathews et al. (1990). We assumed three neutrino flavors and an initially
homogeneous density within the fluctuations. Such fluctuation shapes are the most
likely to emerge, for example, after neutrino-induced expansion (Jedamzik & Fuller
1994). We use a neutron mean life-time of 7, = 887.0 (Particle Data Group 1994). In
addition to the cosmological parameter, {2 and fluctuation geometry, there remain three
parameters to specify the baryon inhomogeneity. They are: R, the density contrast
between the high and low-density regions; f,, the volume fraction of the high-density

region; and r, the average separation distance between fluctuations.

3-5 Numerical Results and Discussions

The parameters R and f, were optimized to allow for the highest values for 5 A2,
while still satisfying the light-element abundance constraints. For fluctuations rep-
resented by condensed spheres, optimum parameters are B ~ 10° and fY2 ~ 0.5
(Mathews, Kajino & Orito 1996). For other fluctuation geometries, we have found that

optimum parameters are:

R ~ 10% for all fluctuation geometries
5 o 0.5; for condensed spheres
" 0.19; for spherical shells,
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o { 0.5; for condensed cylinders

0.15; for cylindrical shells,

although there is not much sensitivity to K once

R 2 10°. Regarding f,, we have written the appropriate length scale of high density
regions, i.e. f}3 and f!? for the spherical and cylindrical fluctuation geometries,
respectively. The variable parameters in the calculation are then the fluctuation cell

radius 7, and the total baryon-to-photon ratio i (or Qs hZ;).

3-6 Constraints on , h2;

Figures 3-1 shows contours of allowed parameters in the r vs. 77 and r vs. A2, plane
for condensed sphere fluctuations for the adopted light-element abundance constraints
(Copi et al. 1995b). The fluctuation cell radius r is given in units of meters for a
comoving length scale fixed at a temperature of kT = 1 MeV. The limits from various
light-element abundance constraints (including both possible 7Li limits) as discussed
above are drawn as indicated.

Also, for illustration, Figure 3-3 shows the same contour plots for a possible high
Lyman-a D/H and [D + ®He]/H constraint. Figures 3-2 show the same contours for
a spherical shell geometry. As in previous calculations Mathews et al. 1990 the shell
geometry models (shown in Figures 3-2) produce a slightly lower helium and lithinum
abundance than the condensed sphere geometry for the same value of Q;h%,. One
additional advantage of the spherical shell geometry is that the vields are largely in-
dependent of the fluctuation separation distance, which decreases the sensitivity of the

calculation to that unknown parameter.
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Some points to note from figures 3-1 and 3-2 that with the presently adopted pri-
mordial light-element abundances, the upper limits to n and k2, are now largely
determined from D/H and “Li for condensed sphere geometry, but by ¥, and “Li for
spherical shells; 2) the range of allowable values for the baryon density are comparable
to HBBN for small separation distances r, but there remain regions of the parameter
space with optimum separation distances at which significantly higher values for 5 or
Qsh2, are allowed. This is true even for a high deuterium abundance; and 3) These
limits can be increased even further if a higher (population I) primordial "Li abundance
limit is adopted as some have proposed.

The optimum separation distance in each case roughly corresponds to a nmeutron
diffusion length during nucleosynthesis Mathews et al. 1990. Allowing for this possibility
increases the maximum allowable values of the baryonic contribution to the closure
density to Q3h2%, < 0.11 (p < 7 x 107'9) for the spherical shell geometry and the
adopted limits. The condensed sphere limits, however are unchanged from the HBBN
model. On the other hand, if the primordial "Li abundance could be as high as Li/H
< 1.3 x 1072, then the upper limits for and condensed sphere geometry could be as high
as phZ, < 0.13 (n < 8.6 x 107'%) with similar values for the spherical shells. With
a possible high deuterium abundance, the maximum allowable baryonic contribution
decreases to QshZ, < 0.04 (n < 2.6 x 1071°) for spherical shell geometry, or k2, < 0.03
(7 < 2.1 x 10719) for condensed spheres. A high primordial lithium abundance would
increase both of these limits to k2, < 0.06.

Figures 3-3, 3-4, 3-5, and 3-7 show contours of allowed parameters in the r versus
n and r versus 3 hZ, plane for the adopted light-element abundance constraints of
Eqgs. (I1I-2) - (I1I-4) and for a possible Lyman-a D/H of Egs. (ITI-11) and (III-12}, for the

condensed sphere, spherical shell, condensed cylinder, and cylindrical shell fluctuation
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Figure 3-1: Contours of allowed values for baryon-to-photon ratio i (or 242,) and fluc-
tuation separation radius r based upon the various light-element abundance constraints
as indicated. The separation r is given in units of meters comoving at k7' = 1 MeV.
This calculation is based upon baryon density fluctuations represented by condensed
spheres. The double cross hatched region corresponds to the allowed region based upon
the adopted primordial abundance limits (Copi et al. 1995b). The single cross hatched
region depicts the allowed parameters if an extreme "Li upper limit is allowed.
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Figure 3-2: Same as Figure 3-1, but for fluctuations represented by spherical shells.



geometries, respectively. The fluctuation cell radius r is given in units of meters for
a comoving length scale fixed at a temperature of kT' = 1 MeV. Both of the possible
Li limits, Eqs. (III-3) and (II1-4) which we have discussed above, are also drawn as
indicated. In order to clearly distinguish the two abundance constraints, we use the
single and double-cross hatches for the regions allowed by the adopted lower (Eq. (I11-3))
and higher (Eq. (I1I-4)) limits to the "Li primordial abundance.

Even in the IBBN scenario, if the low D/H of Eq. (I1I-12) (Burles & Tytler 1996)
is adopted as primordial, this range for D/H appears to be compatible with the "Li
abundance only when a higher (Population I) primordial “Li abundance limit is adopted,
except for a very narrow region of n ~ 6x107!? and r < 10 m. This conclusion remains
unchanged for any other fluctuation geometries. Therefore, the acceptance of the low
(Burles & Tytler 1996) value of D/H would strongly suggest that significant depletion
of "Li has occurred.

In contrast, adoption of the high D/H of Eq. (I1I-11) (Rugers & Hogan 1996a) as
primordial allows the concordance of all light-elements. The upper limits to 1 and
Uy h%, are largely determined by D and "Li. The concordance range for the baryon
density is comparable to that for HBBN for small separation distance r. However, there
exist other regions of the parameter space with opfimum separation distance, which
roughly corresponds to the neutron diffusion length during nucleosynthesis (Mathews
et al. 1990), with an increased maximum allowable value of the baryonic contribution to
the closure density to Qs hZ, < 0.05 for the cylindrical geometry, as displayed in Fig. 3-
7. This is similar to the value for spherical shells as shown in Mathews et al. (1996)
and also in Fig. 3-4 in the present work. The condensed sphere limits, however, are
essentially unchanged from those of the HBBN model. If the primordial "Li abundance

could be as high as the upper limit of Li/H < 1.5 x 107%, the maximum allowable
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Figure 3-3: Contours of allowed values for baryon-to-photon ratio n {(or 23A2;) and fluc-
tuation separation radius r based upon the various light-element abundance constraints
as indicated. The separation r is given in units of meters comoving at k7' = 1 MeV.
This calculation is based upon baryon density fluctuations represented by condensed
spheres. The cross hatched region is allowed by the adopted primordial abundance lim-
its with high (Eq. (11I-11)) and low (Eq. (I11-12)) deuterium abundance in Lyman limit
systems and also a higher extreme 7Li upper limit (Eq. {III-4)). The single hatched
region depicts the allowed parameters for lower "Li (Eq. (II[-3)) constraint. Note that
the "Li abundance is the sum of "Li and "Be.
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Figure 3-4: Same as Fig. 3-3, but for fluctuations represented by spherical shells.

value of the baryonic content for the condensed sphere would increase to Q4 b2, < 0.08,
with similar values for the spherical shell (Mathews, Kajino & Orito 1996). For both
the condensed cylinders and cylindrical shells, the upper limits could be as high as
O h2, < 0.1 as shown in Figs. 3-5 and 3-7. These higher upper limits relative to those
of the HBBN are of interest since they are consistent with the inferred baryonic mass in
the form of hot X-ray gas (White et al. 1993; White and Fabian 1995) in dense galactic
clusters. The acceptance of this consistency, as noted above, requires the significant
stellar depletion of "Li.

In Figures 3-6 and 3-8, we also show contours for the condensed cylinder and cylin-
drical shell geometries, respectively, but this time with the conventional light-element
constraints of Egs. (II1-2), (III-3), (I1I-5), and (III-10) as indicated. Since the results

for the condensed sphere and spherical shell geometries with this set of the conventional
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Figure 3-5: Same as Fig. 3-3, but for fluctuations represented by condensed cylinders.
Adopted primordial deuterium abundance constraints are inferred from observations of
Lyman limit systems (Egs. (ITI-11) and (I1I-12)).
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Adopted primordial deuterium and *He abundance constraints are inferred from obser-
vations of ISM (Egs. (I1I-5) and (I11-10)).



2 3 4 5 6 7T 8 90' 2 3 4 5 6 T 89
T .l\ T lr L] L] L] ' L) T T L] T T T L]
"Li/H <3.5% 107" D/H<33x 10°

i

=
_______
________

o gw,
X _.:.. i Jeal

TE5
5,
DT e

Pl PPt
A

—
fu o]
n
e
[ in
) H
(=
IS
[
#
T BT |

s

T AT

5 i D/H>15x 107 :
- ]
e ,
; '~. :
10 : Li/H<1.5% 107 3
I ]
i
10' D/H i J
/ £23x 10 { :
0ol A . 7 , W RO
10 2 3 4 5 & 7 89 9 2 i 4 5 6 1 B 9 8
10 10 10

Figure 3-7: Same as Fig. 3-6, but for fluctuations represented by cylindrical shells.

abundance constraints have already been discussed by Mathews et al. (1996), we do not
show those contours here. The cylindrical shell geometry of the present work gives the
highest allowed value of Q3 h2,. Figure 3-8 shows that the upper limits to n and 4 hZ,
are largely determined by Y}, and “Li. The upper limits for a cylindrical shell geometry
could be as high as O k2, < 0.13 with similar results for the spherical shell geometry
(Mathews, Kajino & Orito 1996). A high primordial lithium abundance would increase
the allowable baryonic content to as high as 2 A2, < 0.2. The reason that shell geome-
tries allow for higher baryon densities we attribute to more efficient neutron diffusion
which occurs when the surface area to volume area is increased. This allows for more
initial diffusion to produce deuterium, and more efficient back diffusion to avoid over

producing TLi.
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84 Observational Signature of Baryon Density In-
homogeneities

The production of beryllium and boron as well as lithium in IBBN models can be
sensitive to neutron diffusion. Therefore, their predicted abundances are sensitive to
not only the fluctuation parameter r, R, and f, but also the fluctuation geometry (Boyd
& Kajino 1989; Malaney & Fowler 1989; Kajino & Boyd 1990; Terasawa & Sato 1990).
Figures 4-1 - 4-3 show the contours of the calculated abundances for lithium, beryllium
and boron, respectively in the r versus n (and r versus Q3 h%;) plane. the shaded
region depict is allowed values of r and 5 from the light element abundance constraints
[ef. Fig. 3-8] for a cylindrical shell fluctuation geometry. The contour patterns of
lithium (Fig. 4-1) and boron (Fig. 4-3) abundances are very similar, whereas there is
no similarity found between lithium (Fig. 4-1) and beryllium (Fig. 4-2) abundances.

In order to understand the similarities and differences among these three elemental
abundances, we show in Figs. 4-4 and 4-5 the decompositions of the A = 7 abundance
into "Li and "Be and the boron abundance into °B and ' B. These Figures show also the
dependence of the predicted LiBeB abundances in IBBN on the scale of fluctuations for
a cylindrical shell geometry with fixed Q3 h%, = 0.1. This value of 3 h2; corresponds to
a typical value in the allowable range of n in Fig. 3-8, which optimizes the light element
abundance constraints, even satisfying the lower "Li abundance limit of Eq. (IT11-3). The
fluctuation parameters f, and R are the same as in Fig. 3-8. Once the baryonic content
(2 is fixed, the only variable parameter is the separation distance, r.

As can be seen in Fig. 4-4, as the separation r increases, neutron diffusion plays
an increasingly important role in the production of ¢ and. by the *He(t,v)"Li reaction.
It works maximally around r ~ 10* m, which is the typical length scale of neutron

diffusion at k7' = 1 MeV. A similar behavior is observed in the "Li(t,n)°Be reaction.
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Figure 4-1: Contours of the predicted abundance of lithium (the sum of 7Li and "Be),
for baryon-to-photon ratio 7 (or Q3h2;) and fluctuation separation radius r, in the
cylindrical shell fluctuation geometry. The shaded region displays the allowed n — r
region from Fig. 3-8.
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Figure 4-4: Lithium and beryllium abundances as function of proper separation distance
in units of meters comoving at kT = 1MeV for fixed A%, = 0.1. Refer to the
abundance scales in [.h.s. for lithium and r.A.s. for beryllium.
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This reaction produces most of the ®Be in neutron rich environments where ¢ and "Li
are abundant, as was first pointed out by Boyd and Kajino (1989). At other separation
distances r in a 0 hZ, = 0.1 model, most of the A = 7 nuclides are created as "Be by the
“He(*He, v)"Be reaction. In the limit of r = horizon scale, the nucleosynthesis products
are approximately equal to the sum of those produced in the proton-rich and neutron-
rich zones separately (Jedamzik, Fuller, Mathews & Kajino 1994). The predominant
contribution from the proton-rich zones makes the "Be abundance almost constant at
larger r, while both "Li and ?Be decrease as r increases toward the horizon at any
separation distance.

Figure 4-5 shows that ''B is a predominant component of the total boron abundance
at any separation distance. This is true for almost all values s hZ;. It has been pointed
out (Malaney & Fowler 1988; Applegate, Hogan & Scherrer 1988; Kajino & Boyd 1990)
that most '*B is produced by the "Li(n,~)®Li(a,n)'"B reaction sequence in neutron-
rich environments at relatively early times when most of the other heavier nuclides are
made. Recent measurements of the previously unmeasured “Li(a,n)''B reaction cross
section (Boyd et al. 1992; Gu et al. 1995; Boyd, Paradellis & Rolfs 1996) at the energies
of cosmological interest have removed the significant ambiguity in the calculated ''B
abundance due to this reaction. The factor of two discrepancy among several different
measurements of the reaction cross section for "Li(n, v)®Li was also resolved by the new
measurement (Nagai et al. 1991). The "Li(a,~)"'B reaction also makes an appreciable
but weaker contribution to the production of ''B in the neutron-rich environment. In
the proton-rich environment, on the other hand. the "Be{a,v)!'C reaction contributes
largely to the production of 'C which beta decays to "B in 20.39 min. These facts
explain why the contour patterns of the lithium and boron abundances in Figs. 4-1 and

4-3 look very similar.



It is conventional in the literature to quote the beryllium and boron abundance
relative to H = 102. Hence. one defines the quantity [X] = 12+log(X/H). In cylindrical
shell fluctuation geometry the beryllium abundance can take the value of [Be] ~ —3
while still satisfying all of the light-element abundance constraints and the Population II
lithium abundance constraint (Figs. 4-1 and 4-2). This abundance is higher by three
orders magnitude than that produced in the HBBN model with conventional light-
element abundance constraints. This result is contrary to a recent result with the
condensed sphere geometry and for a more restricted parameter space (Thomas et
al. 1994). Recent beryllium observation of Population II stars (Rebolo et al. 1988;
Ryan et al. 1990, 1992; Ryan 1996; Gilmore et al. 1992a,1992b; Boesgaard & King
1993; Boesgaard 1994, 1996a,b) have placed the upper limit on the primordial Be
abundance to [Be] ~ —2, one order magnitude greater than the beryllium abundance
in the IBBN cylindrical model.

The calculated boron abundance at the optimum separation distance is essentially
equal to the value of the HBBN model. However, a high primordial lithium abundance
would increase the upper limit to € hZ,. In this case, the boron abundance could be
one or two orders magnitude larger than that of the HBBN model (Fig. 4-3).

It has been a standard interpretation Yoshii, Mathews, & Kajino 1995 that Be and
B were produced by the spallation process of cosmic-ray protons and alpha-particles
interacting with interstellar CNO medium. Since the production in this mechanism is
secondary after the creation of seed CNO elements, it is impossible to find Be and B
in metal-weak halo dwarfs where the CNO abundances were not enough when the first
generation stars were born about 10'% years ago. However, amounts of Be have been
detected in many population II dwarfs. Their abundance level is at least two orders of

magnitude larger than the HBBN but in reasonable agreement with the IBBN predic-
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Figure 4-6: Lithium and beryllium abundances as function of proper separation distance
in units of meters comoving at k7" = 1 MeV. The dashed. dotted, solid and dash dotted
curve correspond to fixed U A2, of 0.2, 0.1, 0.04 and 0.024, respctivily.
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tion (Kajino & Boyd 1990). Note that the cross section of Be and B production through
spallation process is essentially independent on the incident cosmic-ray particle energy,
because the largest contribution to the Be and B abundance comes from interaction of
high energy protons with CNO nuclides and these cross section are independent of the
energy of the incident proton at high energy range Kajino & Boyd 1990. Therefore the
ratio of Be and B abundance which were produced by spallation process is determined
by the ratio of cross section of each nuclide production induced by high energy cosmic-
ray protons. Recent observation has been suggested that the value of B/Be ratio is
10 (Boesgaard 1996a). This results are consistent with the formation of B and Be by
cosmic ray spallation of C, N, O nuclei onto protons. In HBBN theory, predicted B and
Be ratio is 10® with Q; h%, = 0.1 and is inconsistent with observation. However, IBBN
model predicts that while satisfying light elemet abundance constraints, the ratio of B
and Be abundance is ~ 10 — 100 as can be seen in Figure 4-6.

The heavy element abundances are also considerably enhanced in IBBN (Kajino,
Mathews & Fuller 1990; Jedamzik, Fuller & Mathews 1994) from those in HBBN with
same baryon density, as can be seen in Fig. 4-7.

Recently, high red-shift (2 &~ 2) QSO’s were found (Pettini & Hunstead 1990) to
show strong absorption lines from heavy atomic nuclides C, O, Si, S, Fe, etc. Their ob-
served abundances are (= 1/1000) relative to the solar and consistent with the detection
in most metal deficient star (Bessell & Norris 1984). High red-shift QSO’s are believed
to be progenitors of present-day disk galaxies at a time when they were still undergoing
gravitational collapse and most of their mass resided in the interstellar medium. These
heavy elements may suggest some cosmological origin. More detection of the heavy
element abundances in old metal-weak dwarfs in the halo and unprocessed intergalactic

medium is highly desirable.
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Figure 4-7: Contours of the predicted abundance of the sum of the nuclides which have
mass greater than 12, for baryon-to-photon ratio 5 (or 3h%,) and fluctuation separation
radius r, in the cylindrical shell fluctuation geometry.
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§56 Conclusion and Summary

We discussed in this thesis that the non-equilibrium baryon transfer process associated
with the first order cosmological QCD phase transition can create a strongly inhomo-
geneous baryon-density distribution. This makes a dramatic impact on cosmological
problems: First, the universal baryonic mass can be as large as Q5 < 0.13 in the
inhomogeneous big-bang model for primordial nucleosynthesis, which is in reasonable
agreement with recent astronomical observation. Second, with this result on £, it be-
comes more likely that some appreciable part of dark matter for Qpynx = 0.1 — 0.3 may
possibly originate from baryons.

In view of this, there is now stronger motivation than ever to study the quark-
hadron phase transition, based on deep understandings of the rich and profound nature
of QCD.

We have investigated the upper limit to  and Q; A%, in inhomogeneous primordial
nucleosynthesis models. We have considered effects of various geometries. In partic-
ular, for the first time we consider cylindrical geometry. We have also incorporated
recently revised light-element abundance constraints including implications of the pos-
sible detection (Songaila et al. 1994; Carswell et al. 1994; 1996; Tytler & Fan 1994;
Tytler, Fan, & Burlers 1996; Rugers & Hogan 1996a, 1996b; Wampler et al. 1996) of a
high deuterium abundance in Lyman-a absorption systems. We have shown that with
low primordial deuterium (Tytler & Fan 1994; Tytler, Fan, & Burlers 1996), significant
depletion of "Li is required to obtain concordance between predicted light-element abun-
dance of any mode] of BBN and the observationally inferred primordial abundance. If
high primordial deuterium (Rugers & Hogan 1996a) is adopted (Eq. (I11-11)), there is
a concordance range which is largely determined by D/H, and the upper limit to 0 A2,

1s 0.05. However, with the presently adopted (Egs. (III-2). {III-4). (III-3), (ITI-10))
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light-element abundance constraints (Schramm & Mathews 1995; Copi, Schramm &
Turner 1995; Olive & Scully 1996), values of 2, hZ; as large as 0.2 are possible in IBBN
models with cylindrical-shell fluctuation geometry.

We have also found that significant beryllium and boron production is possible in
IBBN models without violating the light element abundance constraints. The search for
the primordial abundance of these elements in low metallicity stars could, therefore, be
a definitive indicator of the presence or absence of cylindrical baryon inhomogeneities

in the early universe.
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