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ABSTRACT 
We report on calculations of primordial nucleosynthesis in baryon-number inhomogeneous big bang 

models. Nucleosynthesis yields are presented as a function of for a range of parameters which characterize 
the amplitude, shape, and mean separation of isothermal baryon-number fluctuations assumed to arise from 
an earlier epoch. We follow the modification of these fluctuations due to neutron and proton diffusion before, 
during, and after nucleosynthesis, using a multizone computer code which couples the diffusion equation with 
the nuclear reaction network and the universal expansion. The resulting abundance yields are strongly depen- 
dent upon the parameters characterizing the fluctuations; however, there exists a range of these parameters in 
which the calculated light-element abundances are in agreement with observational constraints for consider- 
ably higher values of Qb than that allowed by the standard homogeneous big bang. 
Subject headings: abundances — early universe — elementary particles — nucleosynthesis 

I. INTRODUCTION 

Recent work (Applegate, Hogan, and Scherrer 1987, 1988; 
Alcock, Fuller, and Mathews 1987; Fuller, Mathews, and 
Alcock 1988; Malaney and Fowler 1988; Audouze et al. 1988; 
Terasawa and Sato 1989; Kurki-Suonio et al. 1988, 1990; 
Kurki-Suonio and Matzner 1989) has shown that if isothermal 
baryon-number fluctuations (hereafter simply referred to as 
fluctuations) are created in an epoch of the early universe prior 
to nucleosynthesis, then the primordial nucleosynthetic abun- 
dance yields could differ significantly from those of the stan- 
dard homogeneous big bang. Although the emphasis in most 
of the above works has been on models in which the universe is 
closed by baryons, there can be significant effects for any frac- 
tion of the closure density contributed by baryons. 

It is important to keep in mind, however, that the light- 
element abundance yields in these inhomogeneous models 
depend upon a number of uncertain features of the calcu- 
lations. These features include the amplitude, shape, and 
spatial distribution of the fluctuations, as well as fluctuation 
modification by baryon diffusion and possible hydrodynamic 
processes, before and during the nucleosynthesis epoch (Fuller, 
Mathews, and Alcock 1989; Mathews et al. 1989; Applegate, 
Hogan, and Scherrer 1988; Alcock et al. 1990). Furthermore, 
the nuclear reactions and baryon diffusion must be evolved 
simultaneously because the time scale for baryon diffusion is 
comparable to the time scale for many of the relevant nuclear 
reactions during primordial nucleosynthesis. In this paper we 
therefore attempt to gain a better perspective on the nucleo- 
synthesis yields derived from inhomogeneous big bang models 
by making a study of abundance yields for a broad range of 
characteristic fluctuation amplitudes, shapes, and separation 
distances. We use a multizone model which solves the baryon 
diffusion and nucleosynthesis implicitly. This is a substantial 
improvement over a number of previous studies which utilized 
simple schematic treatments of the effects of baryon diffusion 
(Applegate, Hogan, and Scherrer 1987, 1988; Alcock, Fuller, 

and Mathews 1987; Fuller, Mathews, and Alcock 1988, 1989; 
Malaney and Fowler 1988). Our approach is similar to that of 
Kurki-Suonio and Matzner (1989, hereafter KM89). However, 
our calculation is based upon an independently developed 
computer code which implicitly solves the diffusion and 
nucleosynthesis equations simultaneously and therefore pro- 
vides an important check on the results of KM89. We also 
consider a broader range of fluctuation characteristics than in 
KM89. This extended parameter range includes larger fluctua- 
tion amplitudes and different fluctuation shapes. 

We utilize a parameterization of the basic characteristics of 
isothermal baryon-number fluctuations which is motivated 
and described in § II. In § III we discuss details of the multizone 
primordial nucleosynthesis code in which the nuclear reaction 
network and the baryon diffusion equations are solved 
implicity as the universe expands. Results are presented in § IV 
for a range of closure densities, ilb, and fluctuation character- 
istics. We find, as in KM89 and Kurki-Suonio et al. (1990), that 
when the diffusion and nucleosynthesis are carefully followed, 
it is more difficult to satisfy the light-element abundance con- 
straints for a universe with = 1 than in the simpler sche- 
matic models, even in our expanded parameter space. 
Nevertheless, significantly higher values of Qb are allowed in 
such inhomogeneous models than in the standard homoge- 
neous big bang or inhomogeneous models with a more 
restricted range of fluctuation characteristics (Terasawa and 
Sato 1989; Kurki-Suonio et al. 1990). 

In two forthcoming papers (Alcock et al. 1990; Meyer et al. 
1990) we will extend this work to consider two additional 
effects which may also alter the primordial light-element abun- 
dance yields: the hydrodynamic modification of the fluctua- 
tions which is likely to occur near the end of nucleosynthesis; 
and the effect of averaging over a distribution of fluctuation 
separation distances rather than assuming a regular lattice 
structure as is done here. The present work serves to elucidate 
the interesting regions of parameter space for such subsequent 
work. 
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II. CHARACTERIZATION OF THE FLUCTUATIONS 

Significant modification of the primordial nucleosynthesis 
yields relative to those of the standard homogeneous big bang 
can occur as long as the separation between fluctuations is 
larger than the proton diffusion length before the epoch of 
nucleosynthesis. Though one might imagine any number of 
processes that could produce such baryon-density fluctuations, 
i.e., decay of strangelets (Alcock and Farhi 1985), evaporating 
soliton stars (Lee 1987), or superconducting cosmic strings 
(Malaney and Butler 1989), a first-order QCD phase transition 
is most often proposed (Witten 1984; Applegate and Hogan 
1985) and will be discussed here in the context of determining 
reasonable parameters to characterize the fluctuations. 

In our previous papers we presented simple ideal gas models 
of a deconfined quark-gluon plasma and of a confined hadron 
gas (Alcock, Fuller, and Mathews 1987; Fuller, Mathews, and 
Alcock 1988, 1989). These models were used to identify the 
relevant strong interaction physics and served as a basis for 
estimating the amplitude, shape, and distribution of baryon 
density fluctuations which might have emerged from a QCD 
phase transition. At the present time, however, it appears that 
further progress in quantifying the characteristic parameters of 
the fluctuations will be limited until more detailed models of 
the QCD physics become available. 

For the present purposes, we therefore parameterize those 
physical quantities which are likely to have the most important 
consequences for primordial nucleosynthesis. However, we 
emphasize that this is only a crude parameterization of pos- 
sible fluctuation characteristics to emerge from a cosmic QCD 
phase transition or any other phenomenon which might 
produce baryon-number inhomogeneities. There is probably a 
much broader parameter space yet to be explored, and this 
work should only be viewed as a sampling from that space. 

Although we will follow the baryon diffusion and nucleo- 
synthesis in many zones, it is convenient to characterize the 
initial fluctuations (at T = 100 MeV) by regions with two dif- 
ferent baryon densities separated by a sharp boundary. The 
choice of a sharp boundary is not unreasonable because 
baryon diffusion will remove the initial discontinuity before the 
onset of primordial nucleosynthesis. For this choice of fluctua- 
tion shape, the quantities which characterize the fluctuation 
are the ratio of baryon number densities, R, the mean separa- 
tion between nucléation sites, /, the volume fraction, /„, 
occupied by the high-density zones, and the total baryonic 
contribution to the closure density, ilb. This latter quantity we 
relate to the baryon-to-photon ratio by assuming a Hubble 
constant of H0 = 50 km s_ 1 Mpc"1 and a present background 
temperature of 2.7 K. 

When the baryon chemical potential is much less than the 
temperature (which is the case for the early universe), the equi- 
librium ratio of baryon densities is also equal to the instanta- 
neous ratio of baryon number susceptibilities, R¡, a quantity 
which can in principle be extracted from Monte-Carlo lattice 
QCD calculations (Gottlieb et al. 1987). The ratio of suscep- 
tibilities is : 

Ri = [,d2QQ/dfi2)T v^\/[{d2ÇlH/d/i2)T y] , (1) 

where Qq is the thermodynamic potential for the quark-gluon 
plasma phase, and QH is the thermodynamic potential for the 
chiraly-broken, or confined, hadron phase (Fuller, Mathews, 
and Alcock 1988). 

The ideal gas models suggest that Rj ^ 100 (Alcock, Fuller, 

37 

and Mathews 1987). Recent lattice calculations (Gottieb et al. 
1987) indicate that the ideal gas model gives a reasonable esti- 
mate of (d2QQ/dfi2); however, the lattice calculations give no 
good estimate of (d2ilH/dfi2), except that it is sufficiently small 
to ensure that Rj > 10 (Gottlieb et al. 1987). 

The amplitude and shape of the fluctuations depend upon Rj 
in a complicated and as yet poorly understood manner. As the 
phase boundary moves during the transition, baryon number 
tends to be concentrated. The larger Rj is, the larger will be the 
eventual amplitude of the fluctuation. The degree of concentra- 
tion of baryon number and, hence, the ultimate amplitude and 
shape of the fluctuation also depend upon the baryon number 
transport processes both away from and across the phase 
boundaries (Fuller, Mathews, and Alcock 1988, 1989; Kurki- 
Suonio 1988). 

The rate of baryon number transport across the phase 
boundaries (i.e., the baryon transmission probability) is not 
known but has been studied in the context of a chromoelectric 
flux-tube model (Sumiyoshi et al. 1989) and related to the fluc- 
tuation characteristics (Fuller, Mathews, and Alcock 1988). 
During the phase transition, baryon-number transport away 
from the walls is sensitive to fluid velocities induced by the 
expansion of the universe, gravitational interactions among the 
fluctuations, and by the possible effects of turbulence (Fuller, 
Mathews, and Alcock 1989; and Alcock et al. 1989). In the 
extreme limit where transport away from the walls is taken to 
occur only via microscopic diffusion, which is inefficient, the 
eventual fluctuation amplitudes are only of the order of Rj 
(Kurki-Suonio 1988). However, the baryon-number transport 
may be augmented by eddy-current mixing that will lead to 
amplitudes which are much larger than R7 (Fuller, Mathews, 
and Alcock 1989). We will consider such baryon number trans- 
port processes in more detail in a forthcoming paper. For the 
present work, however, we feel justified in considering a larger 
range of fluctuation amplitudes than in KM89. We param- 
eterize the fluctuation amplitude at the end of the phase tran- 
sition by the ratio, R, of the baryon number density in the 
highest density zone to that in the lowest density zone. 

In this work we assume that the fluctuations are arranged in 
a regular lattice. If the separation between the centers of the 
fluctuations is /, then one can imagine each fluctuation site to 
be contained within a sphere of radius r = 1/2. Space is then 
filled by a body-centered cubic lattice of spherical cells. Each 
cell is initially divided into a number of zones at high density 
and an equal number at low density. For the best numerical 
accuracy, we can take the zoning to be finest at the boundary 
between the high- and low-density zones and somewhat 
coarser away from the boundary as illustrated in Figure 1. We 
have computed results using up to 32 zones; however, we find 
that good numerical accuracy can be maintained with only 
eight or 16 zones, depending upon the fluctuation amplitude. 

Figure 2 shows an example of the convergence of these cal- 
culations as the number of zones is increased. Plotted is the 
calculated 4He mass fraction, Yp, as a function of separation 
distance for an Qb = 1.0, R = 106, fv

1,s = 0.25 spherical fluc- 
tuation with eight, 16, and 32 zones. The eight-zone run has the 
partitioning shown in Figure 1. The 16-zone run further 
divides up zones four and five of the eight-zone run to give 
much finer zoning at the boundary of the high- and low- 
density regions. For the 16-zone run in Figure 2, the smallest 
zone has a width of 1/152 of the radius of the whole cell. For 
the 32-zone run, each of the zones of the 16-zone run were 
halved. We also ran a 32-zone case in which zones eight and 
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Fig. 1.—An example of the variable zoning in our calculations. For best 
numerical accuracy, the zoning is finest near the boundary between the high- 
and low-density regions. 

nine of the 16-zone run were further divided up. In this case, 
the smallest zone had a width of 1/131,072 of the total radius. 
The results for these latter runs were essentially identical with 
those of the 16-zone run. Significant differences exist, however, 
between the eight- and 16-zone runs. 

At large fluctuation radii, too coarse zoning at the boundary 
of the high- and low-density regions leads to an underestimate 
of the diffusion of neutrons out of the high-density region 
because the effective numerical gradients are smaller. At small 
fluctuation radii, coarse zoning also leads to an overestimate of 
diffusion back into the high-density region after nucleo- 
synthesis has begun, because the diffusion length for a neutron 
in the high-density zones may be much less than the zone 
width. These combined effects lead to errors in the solution to 
the diffusion equation and account for why in our earlier pre- 
liminary reports on baryon coupled diffusion, which utilized 
only eight zones (Mathews et al 1989; Kajino, Mathews, and 

Fig. 2.—An illustration of the convergence of the numerical results as the 
number of zones is increased in the calculation. Shown is the helium mass 
fraction as a function of separation radius from calculations using eight zones 
(dashed line), 16 zones (solid line), and 32 zones (square points). 

Fuller 1989), the helium yields were lower than those reported 
here for models with large fluctuation amplitude. No signifi- 
cant differences exist between the 16- and 32-zone runs. We 
have found this to be true for all fluctuation parameters 
studied, and consequently, we use 16-zone runs in all our cal- 
culations. 

We consider two geometries for the cells: in one, the high- 
density zones are at the center (i.e., condensed spheres); in the 
other, the high-density zones are at the outer edge (i.e., spher- 
ical shells). These two shapes probably do not bracket all pos- 
sible geometries for such fluctuations. For example, we do not 
consider the planar fluctuations studied in KM89. However, 
these two shapes should approximate two possible extreme 
consequences of a first-order QCD phase transition; i.e., the 
spheres may result when the surface tension of the regions of 
quark-gluon plasma is large, and spherical shells may approx- 
imate the geometry resulting from low bubble surface tension 
(Fuller, Mathews, and Alcock 1988). 

In our previous work (Alcock, Fuller, and Mathews 1987; 
Fuller, Mathews, and Alcock 1988) we employed classical 
nucléation theory to estimate /, the mean separation between 
the centers of the cells at the end of the phase transition. It was 
found in that work that / depended parametrically upon the 
surface tension, a, between the two phases. The value of a 
cannot be reliably estimated in current strong interaction 
models, though there are a few attempts to calculate a in lattice 
QCD (Frei and Patkos 1989; Toussaint 1989). For the present 
purposes, we will take / as a free parameter in the range found 
in our previous work, 0.1 m < 1/2 < 10 km at T =100 MeV 
which corresponds to a range of 1.3 to 1.3 x 104 km at 100 keV 
when nucleosynthesis begins. We note here that our analysis of 
the connection between l and cr in Fuller, Mathews, and Alcock 
(1988) contained a numerical error which, given the uncer- 
tainty in er and the temperature of the phase transition, does 
not effect our estimate of the appropriate range of / (see Meyer 
et a/. 1989). 

III. PRIMORDIAL NUCLEOSYNTHESIS AND BARYON DIFFUSION 

The earliest treatments (Applegate, Hogan, and Scherrer 
1987; Alcock, Fuller, and Mathews 1987; Fuller, Mathews, 
and Alcock 1988; Audouze et al 1988) of primordial nucleo- 
synthesis in a universe with isothermal baryon number inho- 
mogenities involved a schematic model in which the neutron 
density was taken to be homogeneous just before nucleo- 
synthesis. Any further effects of baryon diffusion were 
neglected. This was a convenient simplification for the pur- 
poses of a global parameter study. However, it has been 
pointed out (Malaney and Fowler 1988; Mathews et al 1989; 
KM89; Terasawa and Sato 1989) that baryon diffusion both 
prior to and after the onset of primordial nucleosynthesis can 
significantly influence the calculated final light-element abun- 
dances. 

It is thus necessary to solve simultaneously the baryon diffu- 
sion equation and nuclear reaction rates during the period 
from immediately after the phase transition to the end of 
nucleosynthesis. We do this by noting that the rate of change of 
the proper number density, nh of a given species, i, can be 
written : 

drii/dt = (production rates) — (destruction rates) 
-3Hni + V(DiVni), (2) 

where the production and destruction terms represent nuclear 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
90

A
pJ

. 
. .

35
8 

. .
 .3

6M
 

No. 1, 1990 

reaction rates. H is the Hubble expansion parameter, and D* is 
the microscopic diffusion coefficient. In this paper, we take D, 
to be zero except for neutrons and protons. Although it is 
technically incorrect to ignore the diffusion of the other 
charged species, the diffusion constants for heavier species are 
smaller than the proton diffusion constant due to their higher 
charges and masses. The total neutron diffusion coefficient is 

D1 = D 1 = D 1 (3) ^ne ^np > W/ 

where the proper diffusion coefficients for neutron-electron 
scattering, Dne, and neutron-proton scattering, Dnp, are taken 
from Applegate, Hogan, and Scherrer (1987) correcting for a 
minor arithmetic error in the numerical coefficient for Dne 
given in that paper. Similarly, the proton diffusion coefficient is 

Dp-'=Dpe-'+Dpn\ (4) 

where Dpe, the coefficient for proton-electron scattering, is 
again taken from Applegate, Hogan, and Scherrer (1987). Dpn is 
the coefficient for the scattering of protons from neutrons. This 
quantity is related to Dnp by 

Dpn = (XJXp)Dnp , (5) 

where Xn and Xp are the local neutron and proton mass frac- 
tions, respectively. This last equation corrects Dnp for the fact 
that the roles of the neutrons and protons are interchanged in 
the scattering leading to proton diffusion. 

We approximate flux-limited diffusion by fixing a maximum 
value of the diffusion coefficient for each species. This avoids a 
breakdown of the diffusion approximation when the mean free 
path of a species against scattering becomes too great. If r is the 
radius of a cell, and vt is an average thermal velocity for a given 
species i, then we take 

D¡ < rv¡. (6) 

We have found that it is imperative to solve the simulta- 
neous set of equation (2) implicity, since the time step of the 
calculation can be set by either the nuclear reaction rates or the 
baryon diffusion rates. This differs from KM 89, who solved the 
nucleosynthesis and diffusion equations separately. The finite 
differenced version of equation (2) is a nearly block-diagonal 
matrix whose submatrices are connected via the diffusion 
matrix elements. Our present computer code follows the evolu- 
tion of nuclear abundances in up to 32 zones of variable 
spacing in radius from T = 1012 K to the end of nucleo- 
synthesis, typically T = 106 K. 

As mentioned above, we have chosen to consider two-part 
spherical fluctuations. The inner part has an outer radius that 
is a fraction,1/3, of the total fluctuation radius. The density 
ratio of the high-density to low-density regions of the fluctua- 
tion is R. We have performed a series of calculations with a 
range of parameters, and we compare those results with pri- 
mordial abundance constraints. We choose R = 102, 103, 104, 
and 106 and fv

1/3 = 0.0625, 0.125, 0.25, and 0.5 for the high- 
density region. We found that there was little change in the 
results when going to yet larger fluctuation amplitudes, 
although it was necessary to include many more zones to guar- 
antee convergence. Furthermore, on the mass scales considered 
here fluctuations as large as Æ = 106 or more may be damped 
by neutrino diffusion (Applegate and Hogan 1985). For all 
calculations, we use three neutrino species and a 10.35-minute 
neutron half-life. There is some recent evidence that the 
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neutron half-life could be as low as 10.25 ± 0.04 (Mampe et al 
1989). This could reduce our calculation of Yp by ~0.2%. 

IV. RESULTS 

Figure 3 shows the calculated primordial helium mass frac- 
tion, Yp, for an = 1.0 inhomogeneous universe as a function 
of fluctuation cell radius, r = 1/2 (at T = 100 MeV), fluctuation 
amplitude R, and cell volume fraction,/r

1/3. Results for both 
“ spherically condensed ” and “ shell ” fluctuations are shown. 
Figure 4 shows the same curves for an Qb = 0.1 inhomoge- 
neous universe. Since the 4He abundance in these inhomoge- 
neous big bang models is less likely to be modified by 
hydrodynamic effects during nucleosynthesis (Alcock et al. 
1989) or by subsequent galactic chemical evolution effects 
(Dearborn et al. 1989; Mathews, Alcock, and Fuller 1990) than 
the abundances of 2H and 7Li, it is potentially the most impor- 
tant diagnostic of early universe characteristics. Figures 5 and 
6 show results for the abundances of 2H, 3He, and 7Li relative 
to hydrogen for Qb = 1.0 and 0.1, respectively. We note that for 
R = 100, our calculations overlap with the condensed-sphere 
calculations of KM89 for fv = % and There is overall very 
good agreement between KM89 and our results for the abun- 
dances of 2H, 3 He, 4He, and 7 Li over the whole range of fluc- 
tuation separation (cell radius) considered. 

For Rfv > 1.5 and r = 30-2Ô0 m (spheres) or fv
1/3 < 0.125 

and r = 200-600 m (shells), a minimum in the 4He and 7 Li 
abundances and a sharp increase in the 2H abundance emerge. 
The occurrence of this minimum for 4He and 7 Li and the 
increase in 2H may allow for the observed abundance con- 
straints to be satisfied in a universe with much higher values of 
Qb than that allowed by the standard homogeneous big bang. 
Therefore, it is crucial to understand this phenomenon. 

Consider first the 4He abundance curves (Figs. 3 and 4). In 
standard big bang nucleosynthesis, the 4He mass fraction is 
given to a good approximation by twice the neutron mass 
fraction just before the beginning of nucleosynthesis (at T 
~109 K). In inhomogeneous big bang models, most of the 
total 4He abundance is produced in high-density regions. 
Therefore, the presence of the minimum in the curve of 4He 
abundance versus cell radius, r, results from an optimization of 
the effects of diffusion and nuclear reactions which removes 
neutrons from the high-density regions and increases the 
neutron density in the low-density regions. Basically, there are 
two effects to consider. When the fluctuations are close 
together, the time scale for neutron diffusion is short compared 
to the expansion time scale. Therefore, neutrons can easily 
diffuse out of the high-density regions. However, if the fluctua- 
tions are too close together, the neutrons will also quickly 
diffuse back into the high-density regions as they are depleted 
in those zones by nuclear reactions (Malaney and Fowler 
1988). If this process is too efficient, it will result in increased 
4He production (and decreased 2H) even relative to the stan- 
dard = 1.0 big bang, because nucleosynthesis is occurring 
mostly in regions with local ilb > <Dft>avg. This is the reason 
for the shoulder to the left of the Yp minimum in Figures 3 and 
4. On the other hand, if the fluctuations are too far apart, the 
proper distances become large compared to the diffusion dis- 
tance during the epoch of nucleosynthesis. Hence, little diffu- 
sion of neutrons out of the high-density zones occurs before the 
end of nucleosynthesis, and the results asymptotically 
approach those of two separate standard big-bang models with 
different values forQb. 

The 4He minima in Figures 3 and 4 correspond to condi- 
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tions in which there is both substantial diffusion of neutrons 
prior to nucleosynthesis and a sufficient separation between 
fluctuations that the diffusion of neutrons back into the high- 
density zones after nucleosynthesis is inhibited. The back diffu- 
sion into the high-density zones is limited by both the 
increased proper distance for the neutrons to travel (due to 
universal expansion) and (for R sufficiently large) the shorter 
mean free path for neutrons in the high-density zones. 

The features in the other light-element abundances (Figs. 5 
and 6) have a similar interpretation to the minimum in the 
helium mass fraction. For r > 10 m, an increase in the 2H 
abundance results from the diffusion of neutrons into the low- 
density zones where 2H is made. For r < 1 m, there is no 
difference between the standard big bang and inhomogeneous 
big bang results for any of the light-element abundances 
including 4He, because there is sufficient diffusion of both 
protons and neutrons before nucleosynthesis to eliminate the 
fluctuations. For 7 Li, there is the added effect from increased 
7Be destruction by the 7Be(n,p)7Li(p,a)4He reaction caused by 
neutron diffusion back into the high-density regions at late 
times (Malaney and Fowler 1988). Since this backflow effect is 
optimized for smaller separations, the minimum in the 7 Li 
abundance curve tends to occur for separation distances slight- 
ly less than that for 4He. 

Figure 7 illustrates the time history of the comoving neutron 
density for an optimum spherical fluctuation configuration 
with Qb = 1.0, R = 106, fv

1/3 = 0.25, and r = 50 m. Up to t 
~ 10 s, there is significant diffusion of neutrons into the low- 
density zones. This is evidenced by the increased neutron 
density in the low-density zones by as much as four orders of 
magnitude and the decreased neutron density for the high- 
density zones by as much as an order of magnitude. This diffu- 
sion eventually leads to decreased 4He production in the 
high-density regions and enhanced 2H production in the low- 
density regions. The low-density zones come into neutron- 
diffusion equilibrium by i ~ 50 s, which is about the time that 
nucleosynthesis begins in the innermost high-density zone. By 
t = 100 s, the loss of neutrons by nuclear reactions in the high- 
density regions causes the neutron density in all the zones to be 

Fig. 7.—Comoving neutron density as a function of time for eight different 
zones in a calculation with R = 106,/v

1/3 = 0.25, r = 50 m, and Qb = 1.0. Solid 
line corresponds to the innermost zones in the high- and low-density regions. 
Long dashed lines are for the outermost zones in each region. 

nearly equal. However, further nuclear reactions will then con- 
tinue to deplete neutrons from the high-density zones by as 
much as eighteen orders of magnitude. At this point, neutrons 
begin to diffuse back into the high-density regions (Malaney 
and Fowler 1988). Between t ~ 200-1000 s, the back diffusion 
of neutrons is roughly cancelled by the neutron capture reac- 
tions and the neutron density in the different zones changes. 
Between 1000 and 2000 s, a neutron diffusion equilibrium is 
obtained in all zones. Beyond 2000 s, most of the original big 
bang neutrons would have decayed. However, some neutrons 
remain due to production of neutrons, primarily by the 
D(D, n)3He reaction. 

Additional insight can be obtained from Figure 8, which 
shows the nucleosynthetic yields, QiXiAfJAf/13, as a function 
of fv

1/3, for the different light-element species in the same run 
with Qb = 1.0,/y1^ = 0.25, R = 106, and r = 50 m. The integral 
of these histograms over fv

1/3 will directly give the average 
mass fraction. These histograms, therefore, display the relative 
contribution to the final average abundances of each zone. 
From this figure, one can see that most of the helium is produc- 
ed in the high-density zones, with a large contribution arising 
in a spike at the boundary between the low- and high-density 
regions. This large contribution at the boundary is caused by 
the combination of high baryon density and high neutron mass 
fraction as the neutrons diffuse out of or into the high-density 
regions. A similar effect is observed for D and 3He. For D, one 
can also clearly see that the dominant contribution is in the 
low-density zones. For 3He, most of the nucleosynthesis is as 
3He in the high-density zones and at the boundary. For 7Li, 
one can see that most of the nucleosynthesis occurs in the 
high-baryon-density regions by the 3He(a,y)7Be reaction. 
There is also an important depletion of 7Li at the boundary 
due to the flow of neutrons from the low-density zones (after 
neutrons are exhausted in the high-density regions). The deple- 
tion is caused by the 7Be(n,p)7Li(p,a)4He reactions (Malaney 
and Fowler 1988). It is worth noting that the magnitude of this 
depletion is less than that speculated in Malaney and Fowler 
(1988) due to the short mean free path of the neutrons in the 
high-density regions which prohibits their penetration into the 
high-density zones. 

The results from the optimum condensed sphere calculation 
for = 1.0, Z^3 = 0.25, and R = 106 are compared with the 
observed light-element abundance constraints on Figure 9. For 
the present purposes, we take the following conservative limits 
on the observed primordial abundances from Boesgaard 
and Steigman (^SS)^ = 0.239 ± 0.015 x 10~5 < D/H < 2 
x 10~4; 1 x 10"5 < 3He/H < 2 x 10"5. For 7Li, we take the 
results of the recent analysis of Mathews et al (1989), which 
showed that due to the uncertainties of galactic chemical evol- 
ution and main-sequence destruction, together with a scarcity 
of data, the range of possible primordial 7 Li abundances which 
are consistent with observations could be as large as 
10“10 < 7Li/H < 10“8. 

Contrary to our previous results, the only light-element con- 
straint which can be satisfied with Qb = 1.0 is deuterium. As 
indicated by the box in Figure 9, this constraint is satisfied for 
a broad range of fluctuation separation radii, r ~ 30 to 3000 m. 
The other constraints are not satisfied even with these conser- 
vative limits and optimum conditions. The calculation does 
come tantalizingly close to the limits, however, for separation 
radii ~ 30-50 m. 

To obtain a clearer picture of the possible limits on Qb for 
optimum inhomogeneous nucleosynthesis conditions we show 
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Fig. 9.—A best-fit = 1.0 inhomogeneous nucleosynthesis model with a 

spherical high-density fluctuation. Results are plotted as a function of separa- 
tion radius, r. 

Fig. 10.—Calculated light-element abundance yields as a function of Qfc. 
Solid lines are for an optimum inhomogeneous big bang with R = 106,/v

1/3 = 
0.25, and r = 50 m and a spherical fluctuation shape. Dashed lines are for the 
standard homogeneous big bang. Boxes denote values consistent with the 
observed abundances of light elements. 
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in Figure 10 the calculated primordial abundances as a func- 
tion of Qb for an inhomogeneous big bang with R = 106, 
fv

1/3 = 0.25, and r = 50 m. The values of which are consis- 
tent with the adopted constraints are shown as boxes in this 
figure. Also shown for comparison are the results and limits 
from standard homogeneous big bang nucleosynthesis (dashed 
lines). From this figure, it is clear that although the standard 
big bang limits are 0.02 < < 0.15 (primarily based upon the 
deuterium constraint), the limits based upon 4He and deute- 
rium in this particular inhomogeneous big bang model are 
0.1 <Qb < 0.8. The 3He constraint is somewhat more uncer- 
tain due to the production of 3He in stars (see Boesgaard and 
Steigman 1985) and also due to the fact that the 3He pro- 
duction does not depend very sensitively on Qb. However, from 
the adopted observed limits, we would place an upper limit of 
Qb < 0.4 which is also consistent with the constraint derived if 
an upper limit of 1^, < 0.24 is adopted (Pagel and Simonson 
1989; Torres, Peimbert, Peimbert and Fierro 1989). It has been 
pointed out (Yang et al 1984) that a better constraint using 
3He is that of (3He + D)/H < 10-4, since deuterium is con- 
verted to 3He in stars. With this constraint, values of Qb > 0.2 
up to Qb > 1.0 are consistent in this inhomogeneous big bang 
model. The 7 Li abundance constraint would be more 
restrictive (Kurki-Suonio et al. 1989). In this work, we would 
obtain a limit of Qb <0.15. However, the hydrodynamic 
expansion of the high-baryon-density regions during nucleo- 
synthesis (Alcock et al. 1990) and/or an enhanced back- 
diffusion of neutrons (Malaney and Fowler 1988) is likely to 
cause a significant reduction of the synthesized 7 Li by the 
7Li(p,a)4He reaction. Hence, we prefer the more conservative 
upper limits to Qb based upon the helium and deuterium abun- 
dances alone. 

v. CONCLUSION 

We have computed light-element nucleosynthesis in baryon- 
number-inhomogeneous big bang models. The calculations 
utilized a multizone nucleosynthesis code in which the nuclear 
reaction network and baryon diffusion are solved together 
implicitly. We have parameterized the fluctuations as either 
spheres or spherical shells placed in a regular lattice of varying 
size. We find that within this simple parameterization there 
exist plausible fluctuation amplitudes, sizes, and separation 
distances for which most of the light-element abundance con- 
straints can be satisfied (expect perhaps 7 Li) even for models 
with a much higher baryon density than that allowed by the 
standard homogeneous big bang. In particular, values of as 
large as 0.8 may be possible. Our values for the upper limit to 

are larger than that derived in Kurki-Suonio et al. (1990), 
primarily because we have considered the possibility of larger 
fluctuation amplitudes and a different geometrical shape (i.e., 
more compact) than in that work. It is clearly important to 
study the detailed physics of the QCD phase transition to see 
whether such fluctuation characteristics can emerge. In a forth- 
coming work, we will discuss this. 
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