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We consider the evolution of the nuclear abundances in a universe with inhomogeneities (induced

by the quark-hadron phase transition) on a scale such that neutron diff'usion is important before and

during nucleosynthesis. We investigate a number of initial baryon density contrast ratios: R=10,
100, 1000; a number of high-density volume fractions: fr= —', —,', —,', and —'; and a number of
geometries: planar, cylindrical with the higher density near the center, cylindrical with the higher

density near the outer. zone of computation (thin-walled tubes of higher density), spherical with the
higher density near the center (isolated spherical regions of high density), and spherical with the
higher density near the outer zones of the computation (a foam structure of high-density regions).
We concentrate on three R = 100 models. For a high-density [ri =70 X 10 ' —=pb„„,„(now)
=4.3X 10 '

gem '] universe that would be closed for Hubble parameter HO=50 km/sec Mpc, we

find disagreement in all three isotopes ( H, He, Li) with observations, regardless of the scale r; of
the inhomogeneity; for g =3 X 10 ' and g =7 X 10 ', "low"- and "high"-standard values

(g=3 X 10 ' corresponds in the homogeneous case to the absolute minimum of Li production), we

find that for inhomogeneity distance scales typical of those expected at the quark-hadron transition,
i.e., r; 100m, then He and H abundances remain in agreement with observational values, and Li
is also not much changed from its value in a homogeneous cosmology.

I. INTRODUCTION

Recently there has been considerable interest in the
possibility that the quark-hadron phase transition (at
T~ 100 MeV) could have affected the cosmic nucleosyn-
thesis (at T 5 100 keV) through the generation of a
small-scale inhomogeneity in the baryon-number densi-

1 —12

The relative abundances of the light elements produced
in the early Universe depend on the baryon-to-photon ra-
tio nb/n . This dependence has been used to determine
the density of baryonic matter in the Universe, assuming
that the Universe was homogeneous and isotropic when
the nucleosynthesis took place ' see Fig. 1.

What if the Universe were inhomogeneous? We ad-
dress here the question of inhomogeneity in the baryon
density alone and assume a homogeneous background.
Because the early Universe was radiation dominated, the
baryon density was dynamically insignificant, and any
initial inhomogeneity would have just retained its shape
until eventually smoothing out by diffusion. If the dis-
tance scale of the inhomogeneities is significantly larger
than the diffusion distance —as had usually been assumed
in the past, since the diffusion distance at the time of nu-
cleosynthesis was several orders of magnitude smaller
than the horizon distance —one then gets what we refer
to as the effect of nb/n~ inhomogeneity. In this case the
produced average light-element abundances can be ob-
tained simply by calculating the properly weighted aver-
ages from homogeneous nucleosynthesis results with

different densities. The nbln inhomogeneity in most
cases raises the He, H, and Li abundances. The results
are independent of the inhomogeneity distance scale as
long as it is large enough that diffusion can be ignored.

As first noted by Applegate, Hogan, and Scherrer '

(AHS), things change when there is significant diffusion.
Of course, if the distance scale is small enough to allow
diffusion to completely eliminate the inhomogeneity, we
return to the homogeneous case. There is, however, an
intevmediate distance scale where diffusion has a very in-
teresting effect on nucleosynthesis. The reason for this is
that as we approach nucleosynthesis, neutrons will be
diffusing several orders of magnitude faster than protons.
Thus, diffusion will create an n/p inhomogeneity in addi-
tion to the nb/n~ inhomogeneity.

The distance scales where diffusion begins to have an
effect are so small that the baryon number in one "lump"
is smaller than that of a small star. Thus, only averaged
final abundances are of interest here.

When it was predicted that the quark-hadron phase
transition would create a baryon inhomogeneity with a
distance scale within this interesting range, it became im-
portant to study its effect on nucleosynthesis. The first
studies ' used a simplified model where the neutrons
were assumed to diffuse completely to an homogeneous
neutron density before nucleosynthesis, and then all
diffusion effects during nucleosynthesis were ignored. We
refer to this as the simple diffusion model. Thi-s kind of
nucleosynthesis with a neutron-rich low-density region
and a proton-rich high-density region led to a significant

39 1046 1989 The American Physical Society



39 EFFECT OF SMALL-SCALE BARYON INHOMOGENEITY ON. . . 1047

reduction in the total He production and an increased
H production (beyond the nb In&-inhomogeneity effect),

making it easy to satisfy both He and H constraints
with a critical baryon density (Qb =1), with a density
contrast ( ~ 50) that did not seem inconceivable from the
quark-hadron transition. This was very attractive be-
cause if the baryon density is this high, we would not
need to postulate exotic new particles to account for the
"missing mass" of the Universe.

Li seemed to be overproduced in those calculations,
however, mainly because of the nb/n~ effect. To solve
this problem, it was proposed that Li (or actually the
Be, which would later e capture to Li) would be de-

stroyed by neutrons diffusing back to the high-density re-
gions after nucleosynthesis. " On the other hand, since
inhomogeneity seemed to lead to a significant increase in
Li production, even with a "standard" average
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FIG. 1. Standard homogeneous nucleosynthesis results. We
plot the primordial abundances calculated with our code in a
homogeneous case as a function of the baryon density. The rec-
tangles show the estimated primordial abundances based on as-
tronornical observations (Ref 14). For Li there are two disjoint
ranges, based on population I and population II stars. A sirnul-
taneous agreement for all the isotopes can be obtained between

p =10 ' g/cm (g=1.5X10 '
) and p =10 g/cm

(g=15X 10 ' ). This estimate for the present baryon. mass den-
sity is at least 1 order of magnitude below the critical value
(Qb = 1) required to recollapse the Universe.

nb/n —(3—7)X10 ', it was claimed that the Li con-
straint actually rules out any strong baryon inhomogenei-

ty at nucleosynthesis time. '

The preceding model was, however, oversimplified. If
diffusion is important before nucleosynthesis, it is also
important during nucleosynthesis (unless even the p inho-
mogeneity has been erased by that time). The intermedi-
ate distance scale is thus the most dificult to study,
necessitating the use of an inhomogeneous nucleosyn-
thesis code with a large number of zones, where nu-
cleosynthesis within each zone is computed simultaneous-
ly with zone-to-zone diffusion. Using such a code, we
found that most of the neutron-diffusion effect on the He
and H abundances seen in the simplified model was
erased. ' The reason is that nucleosynthesis begins first
in the high-density regions, and the neutrons in the low-
density regions then diffuse back into the high-density re-
gions. The strongest effects from neutron diffusion were
obtained in a narrow distance range, where the distance
is so long that diffusion only partly smooths the n distri-
bution, and then only part of the neutrons will diffuse
back into the high-density region. These results' were
obtained using a plane-symmetric cosmology code, which
was originally written with very different situations in
mind. ' ' Thus the code was rather expensive to run in
the small-scale diffusion situation, and we had to limit
ourselves to a very small number of runs. Also the re-
sults were all for a plane-symmetric inhomogeneity. It
was questioned whether this is an appropriate geometry
for the problem and whether the results might be very
different for spherical high density regions.

Therefore, we wrote another code, specifically aimed at
this problem, which allowed us to do a much larger num-
ber of runs, with different geometries, and to better cover
the parameter space. We present our results here.

The task would be much simpler if we had a clear pre-
diction of the scale, shape, and strength of the inhomo-
geneity resulting from the quark-hadron phase transition.
Unfortunately the physics of the transition is too poorly
understood for that. Thus we need a very large number
of runs, with different inhomogeneities, to get an idea of
the possible effects of such an inhomogeneity.

We have another reason not to tie our nucleosynthesis
work too closely to the quark-hadron phase transition.
Although it now seems quite plausible that there is con-
siderable baryon-density contrast across the phase inter-
face during the phase transition, ' ' it is questionable
whether this leads to a massive baryon inhomogeneity
after the transition. This depends on unknown details,
such as diffusion of baryon number in the quark-gluon
plasma. We have discussed this earlier and remain skep-
tical of the creation of a massive baryon inhomogeneity.

With our inhomogeneous code there is no need to stick
to a simple two-density idealization of inhomogeneity.
We decided, however, to do so due to absence of
knowledge of the actual profile of the presumed inhomo-
geneities and since it facilitates comparison with earlier
studies. ' TM.s kind of sharp division to high- and
low-density regions brings out the effects of diffusion the
most clearly.

The results will be used in two ways. First, we will see
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whether the standard nucleosynthesis conclusions change
if baryon inhomogeneity were present during nucleosyn-
thesis. Second, we will use the results to put limits on the
early baryon inhomogeneity. There are two specific ques-
tions we try to answer here. (1) Is it possible to satisfy
the observational constraints on H, He, and Li with a
critical baryon density? (2) Do the observational con-
straints (especially Li) rule out a strong baryon inhomo-
geneity at nucleosynthesis time, thereby perhaps placing
constraints on the quark-hadron phase transition?

II. THE COMPUTATIONAL MODEL

Our new inhomogeneous nucleosynthesis and diffusion
code assumes an expanding homogeneous background,
Friedmann-Robertson-Walker (FRW (0)) spacetime. We
originally prepared for three-dimensional (3D) computa-
tions also, but it become obvious that because of the
dense grid required for accurate results, we would not be
able to do many 3D runs with presently available com-
puter resources. The code has been tested only for the
1D case, and all the results presented here are from 1D
runs. Within the 1D case, we can handle three different
geometries: planar, cylindrical, and spherical. The
geometry appears only in the treatment of the diffusion
equation and in calculating averages. Our computational
grid is divided into at least 64 evenly spaced zones. We
use reflective boundary conditions (this doubles the accu-
racy or halves the number of zones needed, when com-
pared to the periodic boundary conditions of the previous
code "}.

We start the computation at a temperature
T9=(T/10 K)=50, where we set the initial values of
baryon density. Some zones are given a high density and
others a low density. All our runs have been with this
kind of two-denstiy initial distribution. This obviously is
a simplification; it should make the results easier to inter-
pret and to compare with the work of others. In the cy-
lindrical and spherical geometry, we have put the high-
density region either at the center or at the boundary;
thus we have studied five different shapes for the
high/low-density regions.

The computation proceeds through time steps, where
in each time step we first do an expansion step, then a
diffusion step, and finally a nucleosynthesis step. The ex-
pansion step evolves the FRW (0) spacetime, changing
the average baryon density with expansion and giving the
distance scale for the diffusion step. We assume three
Aavors of massless neutrons.

The difFusion step is further divided into a neutron
diffusion step and a proton diffusion step. Thus our code
diffused both neutrons and protons but not the other nu-
clei. For the diffusion coe%cients we use the values cal-
culated by AHS, except that we have corrected their nu-
merical value for D„„where the factor a/16 was miss-
ing. Thus,

1/x
D„,=3.95X10 cm /s,x x)

where x = T/m, and f (x)= 1+3x +3x . In the neutron
diffusion coefficient we have included scattering from

electrons and positrons and from protons, but not from
the other nuclei. This should not be a serious omission,
since protons are much more abundant. If a region forms
with a very high He fraction, our code overestimates the
n diff'usion through the region because the He nuclei are
not "seen." The proton diffusion should not have a large
effect in our runs because on the scales we are studying
there is very little of it. We did a few runs both with and
without proton diffusion to see how large an effect there
is. We have ignored diffusion of other nuclei, which
should have even less effect than that of protons.

The protons scatter from thermal electrons and posi-
trons, which are still quite abundant at T9 —1. Because
proton scattering from neutrons and nuclei becomes im-
portant only after nucleosynthesis, we have not paid at-
tention to it. To prevent numerical problems towards the
end of the run, when electrons and protons have annihi-
lated, the code has

D '=D '+D
pe np

i.e., protons are not allowed to diffuse faster than neu-
trons.

Our diffusion time step is fully implicit. The diffusion
coefFicient is inhomogeneous because it depends on the
proton denstiy. For each zone edge we use the average of
the proton densities at the two neighboring zones before
the diffusion step.

Because we compute the weak n~p reactions in the
nucleosynthesis time step, there is no need to introduce
any cutoff temperature below which the neutrons and
protons retain their identities and begin to diffuse at
different rates, as was done in the simple-diffusion model.

The nucleosynthesis time step is done independently
for each zone. Our reaction network contains all 30
strong reaction rates listed by Fowler, Caughlan, and
Zimmer mann ' and Harris, Fowler, Caughlan and
Zimmerman that involve nuclei with mass numbers
A ~ 7 only, and their inverse reactions. Those are
sufficient to calculate the cosmologically significant iso-
topes H, He, He, and Li. We use a neutron mean life-
time r„=896 s (Ref. 25).

The code runs until the temperature has dropped to
T9=0.025, by which time the strong nuclear reactions
have essentially ceased and the total amounts of the pri-
mordial isotopes are determined. The time step follows
the expansion so that the relative expansion is the same
in each time step, except that during the main nucleosyn-
thesis action a shorter time step is used: For the temper-
ature range T9=0.25 —1.0, the time step is reduced to —,

'

and during the main He production, the time step is
made even shorter by tying it to the change in total He
fraction so that about 25%%uo of the code time is spent in
the short period when most of the He is produced. A
typical run thus uses about 6000 time steps from T9 =50
to T9 =0.025.

The code was tested by checking that in the small-
distance-scale limit in the results agree with the standard
homogeneous nucleosynthesis results and that in the
large-distance-scale limit the results agree with the
weighted average of the homogeneous results for the high
and low densities.
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The accuracy of the results were confirmed by repeat-
ing the runs three times: with a doubled time step, with a
doubled grid spacing, and with both a doubled time step
and a doubled grid spacing. We required that the He
fraction should not change by more than 0.001 and that
the common logarithms of the other mass fractions
should not change by more than 0.05. In some runs we
had to go to 128 or 256 grid zones and to 12000 or 24000
time steps to achieve the required accuracy. The most
difficult cases were the runs with the highest density con-
tracts, the runs where a small high-density volume frac-
tion made the number of high-density zones very small,
and the runs with the intermediate distance scale, where
the neutron-diffusion efFects were strongest, expect that
accurate deuterium values with p& =p„;, were the most
difficult to obtain with smaller distance scales where H
was rapidly approaching (as a function of the distance
scale) the low homogeneous nucleosynthesis values.

R= ioo He
4He

We concentrate here on two geometries, planar and
spherical, with high density at the center. The results
from a spherical case with high density at the outermost
zones were very similar to the planar case, except for a
shift in distance scale, so that the same thickness of the
high-density region tended to yield similar results, instead
of the same r;. The results from the cylindrical geometry
were intermediate between the planar and the spherical
geometry.

Our R =100 results with the two geometries are shown
in Figs. 2 —4. We present the results as a function of the
distance scale r, . The results are very sensitive to r, ,
since it determines the neutron difFusion effects. The

III. RESULTS

With our simplified two-denstiy form for the inhomo-
geneity, there still remain five parameters to specify the
baryon inhomogeneity. They are q, the average baryon-
to-photon ratio, R, the density contrast between the high-
and low-density regions, f„ the volume fraction of the
high-density region, r„the distance scale of the inhomo-
geneity, and the geometry, i.e., the shape of the regions.

The baryon-to-photon ratio is related to the present
baryon density through

qto
——r)/10 ' =15.0Xpb(2. 7K)/10 gcm

~ ~ ~ ~

~ ~ ~
ys

~ ~ ay

—28 '7o

pb= 4, 7 x IO g/cm
-30 3

(Qb=I foI H =50)

—26 &o

pb= 0.47 x lO g/crn

The distance scale r, is the length of our grid, which in
our computations has only one high-denstiy region. Be-
cause we use rejective boundary conditions, r& corre-
sponds to half the distance between the centers of neigh-
boring high-density regions. The grid is comoving, i.e.,
"expands" with the Universe. Therefore, the distance
scale is given in comoving units or has to be specified at a
certain moment. We refer to it in units of present
(T=2.7 K) light hours (h). This unit corresponds to
about one meter at T=100 MeV if the Universe is in the
quark phase, and to about 1.5 m if in the hadronic phase.
At T9 =1, when nucleosynthesis is about to begin, i't cor-
responds to 2.5 km.

We did runs with three different values of average
baryon density, g&p=3, 7, and 70. The highest value
70 corresponds to the critical density for Hp =50
kms ' Mpc '. The values 3 and 7 are low and high
"standard" values, respectively. In the standard homo-
geneous model, g,p=7 gives He close to its upper obser-
vational limit and a low population I Li value. &&p=3
corresponds to minimum Li production (a low popula-
tion II value) and fairly high H.

For most of our runs, we used three values for the den-
sity contrast, R = 10, 100, and 1000. We concentrate here
on the R = 100 runs, since higher values seem implausible
and lower values lead to less prominent effects. For the
high-density volume fraction, we used values —,', —,', —,'„and
~'~; and for the distance scale r,- = 1000, 500, 200, 100, 50,
20, 10, 5, 2, and 1 h.

pb=O 2 x lO g/cm

—24'7o

oooo 100
r~ (h) homog

FIG. 2. He production (mass fraction) in our R= 100 runs.
The results are plotted as a function of the distance-scale pa-
rameter r; given in units of present light hours. This unit corre-
sponds to about one meter at T= 100 MeV and to about 2.5 km
at T =10 K. As r; becomes large, the results approach no-

. diffusion nb/n~-inhomogeneity results. With small r;, the re-
sults approach the homogeneous results ( X ) for the respective
average baryon densities. Thus the curves form three groups
according to the average baryon density used for the models.
From top to bottom, we have g~p=70 gyp=7, and 7]~p=3. The
vertical bar on the left denotes the observational range for pri-
mordial He. In Figs. 2—4, the different styles for the lines cor-
respond to different geometries and high-density fractions:

plane, f, = ~; —"—,plane, f„=s; —.——,plane,l. I.
f„=—,'6; ———,spherical (centrally condensed), f„=—,';
spherical (centrally condensed), f, = ~'~. It can be seen that the
geometry has little effect on the results; the cylindrical
geometries were intermediate between the plane and the spheri-
cal cases.
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mass
fraction

R = IQO H

graphs show the transition from mere nb/n~ inhomo-
geneity with little diffusion at large distance scales,
through strong n/p inhomogeneities created by neutron
diffusion, towards the homogeneous results. For refer-
ence, the inhomogeneity from the quark-hadron phase
transition has an estimated upper limit r; ~100 h, and
no lower limit is known.

How do these results answer the questions we asked in
the Introduction? In short, answers to both of them seem
to be negative. Let us go over them in detail.

First question. Are the observational constraints for H,
He, and "Li satisfied in our g&o=70 (closure density)

runs?
He. There is only a narrow range of distance scales

(within 5 —50 h, depending on geometry) where neutron
diffusion effects bring "He below its homogeneous value,
and then only very slightly. The lowest value in our runs
with R =100,g,0=70 was 26.9%%uo (mass fraction), com-
pared with the homogeneous result 27.2%%uo. This is clear-
ly above the observational range.

H. Baryon inhornogeneity can raise H production
dramatically without any neutron diffusion effects. Our

results show that neutron diffusion does not bring any ad-
ditional increase, in contrast with the simple-diffusion
model. Instead, neutron diffusion begins to bring H
down towards the homogeneous result. Thus, even if by
adjusting the parameters we could raise H to the obser-
vational range for the largest r;, the agreement would not
extend to those r; where neutron diffusion effects are
shifting He and Li towards their observational range.

Li. Li was very high in all our R =100, g]p=70 runs.
There is a slight dip at the same values of r, as for He,
but not enough to bring Li even to the homogeneous
g&0=70 value.

Second question. In our g&o=3 and g&O=7 runs, is the
agreement with observational values destroyed by
R ( 100 inhomogeneity?

H and He. A baryon inhomogen city without
diffusion raises both He and H and thus destroys the
agreement for any g if the inhomogeneity is strong
enough. Our results show, however, that neutron
diffusion effects bring both elements down, and thus the
agreement is restored for r; ~ 100 h. Note that the effects
have shifted towards larger distance scales than in the
q&0=70 case. That happens because (1) the lower proton
density allows the neutrons to diffuse faster and (2) the
nucleosynthesis happens later.

Li. The conclusions for Li depend on whether one
believes in population I or population II stars as having
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FIG. 3. H production in our R = 100 runs. The presentation
is similar to that of He in Fig. 2. Now, however, the g&p=3
group appears at the top and the q&p=70 group at the bottom.
The values are mass fractions. The homogeneous q&p= 70 value,
1.5X10, did not fit into the graph. The smallest-scale (r;

10 h) results for H, which fall very rapidly with decreasing
r;, did not satisfy our accuracy criterion (+0.05 in log&p H), be-
ing too sensitive to changes in time step and grid spacing.

FICx. 4. Li production (mass fraction) in our R =100 runs.
The q&p

=70 group is at the top and the q&p
= 3 group at the bot-

tom. The closure density g&p=70 curves are nowhere in agree-
ment with observation. The pip=7 and q»=3 show a broad
range (r; 5 100) where these neutron-diffusion R=100 calcula-
tions of Li are in agreement with observations if the homogene-
ous computations are.
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the primordial Li mass fraction at their surfaces. The
population II value, corresponding to the Li minimum
in the homogeneous results, constrains nucleosynthesis
very severely. However, our plane-symmetric R=100,
f„=4, g&o=3 run kept Li within the population II con-
straints up to and including r,. =50 h. Our q,o=7 results
show that if the average baryon density is away from the
Li minimum, then baryon inhomogeneity with neutron

diffusion can in some cases lower Li from the homogene-
ous value. Thus, we see no basis for claiming that Li
would rule out strong baryon inhomogeneities. If
r; & 100 h, R =100 density contrast seems to be accept-
able.

To save space, we do not show our results for the lower
density contrasts, which were less interesting. They can
be summarized by saying that they were qualitatively
similar to the R =100 results, but the effects were smaller.
If one takes the homogeneous results as a reference point,
in the f„=—,

' runs, going from R = 100 to R = 10 reduced
the deviations to about —,

' and going to R =6 to about —,'.
With f, =

—,', and R=10, the inhomogeneity effects were

very small.
We also did some runs with a higher density contrast,

R=1000, but it was difFicult to obtain accurate results
with our code in this case. For larger f„e.g. , f, =

—,', the
effect of a large density constrast begins to saturate above
R=100, and results with R=1000 were not very much
different. Runs with a large R with a small f, seemed to
lead to the most dramatic results. We made an effort to
obtain at least a few reliable numbers for this case. We
chose R =1000, f, =

—,', and from the less accurate runs
chose those values of r; where the diffusion seemed to
have the strongest effect; we then redid these runs with a
refined grid and shorter time step. The spherical case
had the lowest He for r; =5 h. With 256 zones and
48000 time steps, we finally obtained for this case He
=27.0%, log, o H= —6.0, log&o Li= —6.1. For the pla-
nar case the lowest He was achieved with r,- =50 h. We
needed 512 zones and 48 000 time steps to get an accurate
result: He =26.6%, log&o H = —5.5, log&o Li= —6.3.
For the planar case the less accurate runs produced a
sharp dip (as a function of r, ) in Li at r, =50 h (our base-
line run with 64 zones gave log&o Li= —7.1), raising
false hopes of achieving low lithium, but with a finer zon-
ing this effect was greatly reduced.

The parametrization f„R may not be the most ap-
propriate one. If the high-density region already contains
most of the baryons, large increases in R only lower the
insignificant low-density value without appreciable
change in the high-density value. We did a few runs with
R =10, so that the low-density regions were extremely
baryon poor. We did not expect a large change from the
R =1000 runs, but we noticed a curious effect. With the
runs having the largest distance scales, where diffusion
usually was not significant, we got very low Li values.
These runs were perhaps rather inaccurate, but an exam-
ination of the details of these runs revealed what was go-
ing on: In the (extremely) low-density regions, nucleosyn-
thesis never begins. Nucleosynthesis in the high-density
regions consumes essentially all neutrons, dropping the

free-neutron density much below that of the low-density
region. The low-density regions had a very low neutron
density to begin with, of course, but these neutrons have
remained free. Diffusion finally becomes important with
these large distance scales. When nucleosynthesis has
effectively ended in the high-density region, neutrons
from the low-density region diffuse into it, destroying the
Be there, thus leading to low final Li. Thus, we seem to

have found the effect proposed by Malaney and Fowler"
to solve the problem of Li overproduction, but in rather
curious circumstances.

The charged nuclei diffuse much slower than neutrons.
Can their diff'usion be ignored? We have included the
diffusion of protons in our model. To answer the ques-
tion, we did a few runs (g&o=70, R =100,f, =

—,'4,

r, = 1 —100, spherical) with proton diffusion disabled.
There was no appreciable change in other abundances ex-
cept for H. Without proton diffusion we got higher H
production. H actually then had a shallow peak (as a
function of r, ) at r; =20, where it exceeded the with-
proton-difFusion value by —,'. The relative difference grew
with smaller r, (as the H production went down), and
was a factor of 2 at r, = 1.

IV. CONCLUSION

We arrived at a negative answer to both questions we
asked in the Introduction. With a critical baryon densi-
ty, g &o

=70, all three abundances, He, He, and Li,
remain in significant disagreement with observations,
even with a density contrast as high as R=100. If the
density contrast is smaller, the results will be even closer
to the homogeneous results and substantially in disagree-
ment with observations.

There remains, of course, the possibility that an agree-
ment could be found with an even more extreme inhomo-
geneity. Our R = 100 runs did have indications of change
toward the right direction for all three abundances; a
baryon inhomogeneity raises H, and neutron diffusion
effects caused a dip in He and Li for intermediate dis-
tance scales. We did some runs with higher values of R
and saw that those effects did become stronger. Because
it became very expensive to obtain accurate results for
very large R, we did not attempt an extensive survey of
those. For very large R with f„«1 and f„R ))I, a
simultaneous agreement might be found with some pa-
rameter values for a narrow range in r, In addition to
requiring fine-tuning the distance scale, such a result
would face the difticulty of explaining where such inho-
mogeneities could come from. In an earlier paper we
presented a scenario for the quark-hadron phase transi-
tion, where the inhomogeneity would appear as sharp
spikes so that the density contrast indeed might be very
large. But in this scenario the total amount of baryons in
those spikes was small, so that f,R « 1, leading to negli-
gible effect on nucleosynthesis.

Nucleosynthesis results cannot be used to rule out
strong small-scale, r; & 100 h, prenucleosynthesis inhomo-
geneities in the baryon density. For larger scales, the old
baryon inhomogeneity results without diffusion apply,
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and very strong inhomogeneities are ruled out by over-
production of Li and either He or H, depending on
average density.

Nucleosynthesis cannot be used to constrain the
baryon density contrast across a quark-hadron phase in-
terface for at least three reasons. (1) It is not clear how
the resulting inhomogeneity after the phase transition is
related to this density contrast during the phase transi-
tion. (2) The distance scale of the bubble/droplet struc-
ture during the phase transition has not been determined;
it could be too small to affect nucleosynthesis (our results
for the smallest r, approa. ched the homogeneous results).
(3) The results presented here show that the predicted
baryon inhomogeneity leaves no strong signature in the
final nuclear abundances.

If one wished to use nucleosynthesis to tell us sorne-
thing about the parameters of the quark-hadron phase
transition, we can only offer the following: To get
significant effects on nucleosynthesis —if that is desirable,
perhaps in the pursuit of the critical baryon density —the
distance scale has to be fairly large, close to Hogan's
upper limit. One can then study the quark-hadron
phase transition with this assumption. With a large dis-
tance scale it becomes dificult to see how the baryon-
density contrast developing at the phase interface could
extend itself to the interiors of the regions. Thus, we
would just expect relatively thin layers of high baryon
density. After the hadron bubbles have touched, the
structure of the region remaining in the quark phase
would be too large scale for surface tension to pull the
baryons into spherical droplets. ' Thus, the remaining
structure and the shape of any resulting baryon inhomo-
geneity would not be spherical blobs, but rather sheets
and filaments. A large-scale structure also would imply
deep supercooling before the transition, leading to entro-
py generation, shock waves in the beginning of the transi-
tion, and an energy density inhomogeneity after the tran-
sition.

Note added in proof The decrea. se of He by
0.002—0.003 due to corrections to the weak rates calcu-
lated by Dicus et al. has not been included in our re-
sults.

Fowler ' has called to our attention the reaction
Li(n, y) Li, which in standard nucleosynthesis is

insignificant but could affect lithium abundance in late-
time neutron-rich conditions of nonstandard nucleosyn-
thesis. We have looked at the effect of this reaction by
adding it as a sink and using the theoretical rate given by
Malandy and Fowler. In our computations the final
averaged Li is affected for small g and large r,. only and
even then by not more than about 1&o decrease.

In the high-density models most of the final Li is in
the form of Be during the end stages of nucleosynthesis.
Thus, the main effect of late-time neutrons is through
Be(n, a) He and Be(n,p) Li, of which the latter has the

larger rate [ Li is then consumed by several reactions, e.g.
Li(p, a) "He and Li(d, na) He]. This can indeed cause

significant reduction in the final Li for the intermediate-
distance scales, as discovered by Malaney and Fowler. "
As can be seen from Fig. 4, the efFect is especially strong
for the pb =0.47 X 10 g/cm case. For a critical
baryon density, the effect is weaker because fewer neu-
trons survive until the late stages. Mathews, Fuller, Al-
cock, and Kajino have done a calculation where by us-
ing an extremely high density contrast (over 20000) they
have found a length scale (their 1=30 m corresponds to
our r, =10 h), where the predicted abundances (except
7Li) for a critical baryon density can be brought to agree-
ment with observations. To us, a density contrast this
high appears unrealistic.
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