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Inhomogeneous big-bang nucleosynthesis in light of recent observations
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We consider inhomogeneous big-bang nucleosynthesis in light of the present observational situation. We
give updated limits to the baryon-to-photon ratio andVb and show that the inhomogeneous nucleosynthesis
may alleviate the tension between4He and D observations. The recent Kamiokande results are shown to
strongly disfavor the decayingt neutrino solution to this tension. The possible sources of baryon inhomoge-
neity include the QCD and electroweak phase transitions~EWPT!. It is found that EWPT produces a distinct
‘‘beer foam’’ geometry of inhomogeneity, but that the distance scale is too small for them to have a large effect
on nucleosynthesis; the effect may still be larger than some of the other small corrections recently incorporated
to SBBN codes.@S0556-2821~99!01108-X#

PACS number~s!: 98.80.Ft, 26.35.1c, 98.80.Cq
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I. INTRODUCTION

Standard big-bang nucleosynthesis@1–3# ~SBBN! pre-
dicts the primordial abundances of D,3He,4He, and7Li as a
function of a single parameter, the baryon-to-photon ra
h[nb /ng , which is related to the baryonic mass-dens
parameterVb[8pGrb0/3H0

2 by

Vbh253.7031023h10, ~1!

whereh10[1010h and h[H0/100 km s21Mpc21. The ob-
served abundances of these isotopes are in rough agree
with the SBBN predictions@4# for a range ofh10, which is
compatible with other cosmological bounds on the amoun
baryonic matter in the universe. In principle, compari
SBBN predictions with primordial abundances extrapola
from observations pins down the precise value ofh10. A few
years ago the standard result wash10;3 –4 @2,3#, but even
much tighter constraints were published~e.g., 2.69<h10
<3.12@5#!. Recently the situation has become more com
cated, and it seems that such precise determinations
have been premature.

Since the discovery of thet lepton, implying three flavors
of light neutrinos, there has been tension between4He and D
in SBBN @6,7#. Olive et al. @8# ~OSS97! have reviewed the
4He observations and their best estimate is

Yp50.23060.003. ~2!

This corresponds toh1051.460.3 and hence to primordia
D/H;22331024 in SBBN, whereas the present D/H in th
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interstellar medium~ISM! is @9# only 1.531025. Most mod-
els of galactic chemical evolution have difficulty explainin
this much deuterium astration@10#, and prefer a much lowe
primordial D/H and thus a higher baryon density,h10;5.

The conventional way to deal with this tension has be
to compromise by settling on an intermediateh10 which is
preferred neither by4He nor by D/H but is considered ac
ceptable to both. This, however, leads to an artificially hi
precision in theh10 determination, because while the ind
vidual ranges inh10 accepted by4He and D/H are wide,
their overlap is narrow. Tension increased when data w
subjected to more thorough formal statistical analysis, cul
nating in a claim of a ‘‘crisis’’ in SBBN, by Hataet al. @11#,
who concluded that given the existing data the overlap is
fact nonexistent.

In the context of SBBN the resolution of this crisis r
quires either a revision of the picture of the galactic chemi
evolution@12#, so that much more deuterium astration can
accommodated@13#, or a large systematic error in theYp
determination@4,14#. Indeed, based on a number of new4He
observations, Izotov and Thuan@15# have claimed a signifi-
cantly higherYp than the 1997 result of Olive, Steigman, an
Skillman @8# ~OSS97!:

Yp50.24460.002. ~3!

Whether this new value is to be accepted as such is
unclear, since several sources of poorly known system
effects are expected to contribute to the discrepancy@16#.

Interestingly, some particle physics solutions based o
massive decaying tau neutrino@17# can now be ruled out
using the recent results from Kamiokande@18#. The direc-
tional dependence in the upward-going muon neutrino d
ciency seen in the Super Kamiokande experiment is a str
implication that the muon neutrinos undergo oscillatio
©1999 The American Physical Society05-1
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while traversing through the Earth. This implies thatnm
mixes with either a tau neutrino or a new sterile neutr
with a mass splitting of aboutdm2;1023 eV2 and with an
almost maximal mixing angle. If this mixing is betweennm
andnt , thennt is obviously light so that the scenarios bas
on heavynt decaying intonm and some scalar particle@17#
are immediately ruled out. Suppose then that the atmosph
anomaly is due to mixing betweennm and some sterile neu
trino. Now nt can be heavy and having it decay away to
muon neutrino and a scalar state prior to nucleosynth
could alleviate the tension somewhat. The effect is roug
equivalent to having about a half a neutrino degree of fr
dom worth less energy density in the universe@17# ~less en-
ergy density leads to slower expansion and, hence, later
coupling of then/p ratio!. However, the sterile state with th
requested mixing parameters is brought into full therm
equlibrium due to oscillation and quantum damping prior
nucleosynthesis@19#, overcoming the alleviating effect dis
cussed above and making the tension even worse. The
possibility to alleviate the tension is thatmnt

;few MeV and

nt decays into anelectron neutrinoin the short interval after
the electron neutrino freeze-out but prior to the onset of
cleosynthesis. In this case the excess~almost thermal! elec-
tron neutrinos can significantly increase the weak interac
rates keeping then/p ratio in equilibrium longer and henc
leading to much less helium being produced@20,21#. Bring-
ing the sterile neutrino into equilibrium makes also this s
lution less effective, but is not strong enough to rule out
possibility entirely@21,22#.

The chemical evolution of D and4He is particularly
simple: 4He increases with time, whereas D decreases
contradistinction,3He and 7Li are both produced and de
stroyed during galactic chemical evolution. This makes
difficult to estimate their primordial abundances.

For 7Li there is a very impressive plateau@23# of abun-
dances in PopII stars. The observed value is@24,25#
log10(

7Li/H) 529.7560.10. The universality of this abun
dance suggests that it is closely related to the primor
abundance. There may have been some depletion; i.e., s
of the surface7Li has been destroyed by the star. Pinso
neault et al. @25# estimate a depletion factorD750.2–0.4
dex. This corresponds to a primordial

log10~
7Li/H !p529.4560.20. ~4!

However, Vauclair and Charbonnel@26# give a lower esti-
mate

log10~
7Li/H !p529.6560.10. ~5!

These estimates for lithium are compatible with either a lo
h10;1.5, or a high,h10;426 baryon density, but disfavo
a compromise valueh10;2.523.

A promising new method with the potential to resolve th
h dicothomy is the observation of~the presumably primor-
dial abundance of! deuterium in clouds at high redshifts b
their absorption of quasar light. Unfortunately, at present
only have a small number of such D/H measurements,
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even the existing ones are still controversial. Burles a
Tytler @27# obtain from their two best observations

D/H53.460.331025, ~6!

which corresponds toh1055.160.3 in SBBN. However, the
analysis of Burles and Tytler has been debated@28# and one
observation by HST@29# from an absorption cloud atz
50.7 appears to give ahigh value of D/H;231024.

Thus the observational situation remains unclear. If
suppose that some of the determinations of primordial ab
dances are correct, but we do not know which, we are led
a SBBN range

h10;1.526. ~7!

In conclusion, there is an unsettled disagreement betw
different observations in the context of SBBN. While th
problem may lie with the observations or in the determin
tion of primordial abundances from them, another possibi
is that the primordial abundances indeed do not corresp
to the sameh in SBBN, so that it needs to be modified. I
this paper we study the possibility of inhomogenous b
bang nucleosynthesis~IBBN! in light of the present observa
tional situation. In Sec. II we discuss the generic mechanis
known to produce inhomogeneities in the baryon distribut
and the significance of the distance scale of the inhomo
neity. We describe our numerical calculations in Sec. III a
give our results in Sec. IV. Section V contains our conc
sions.

II. GENERATING THE INHOMOGENEITY

Various phase transitions which took place before nucl
synthesis were capable of producing large-amplitude sm
scale fluctuations in the baryon number density: in particu
the electroweak~EW! transition at T;100 GeV and t
;10211 s and the QCD transition atT;150 MeV andt
;1025 s.

IBBN was studied extensively in the late 1980s, when
was realized that a first-order QCD transition could produ
the kind of inhomogeneity which would affect BBN@30–
32#. The original mechanism relying on chemical pressu
@34#, operative in the QCD transition, leads to a geome
where localized clumps of high density are surrounded
large voids of low baryon density@35,36#. The details of the
QCD transition are poorly known and both the amplitude a
the size of the inhomogeneities can vary significantly;
size of course is bounded by the horizon at the QCD tra
tion, which is about 23106 m ~at T51MeV)50.4
pc (today).

Also the electroweak phase transition~EWPT! generically
produces inhomogeneities and possibly with large den
contrasts. This assumes of course that the baryons we
around us today were generated during the electrow
phase transition@37#. Some scenarios@38,39# may even give
rise to regions of antibaryons mixed with the overall ba
onic excess, leading to the interesting possibility of nucle
synthesis in the presence of antibaryons@40,41#. The generic
feature leading to the formation of inhomogeneities in t
5-2
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INHOMOGENEOUS BIG-BANG NUCLEOSYNTHESIS IN . . . PHYSICAL REVIEW D59 083505
more standard scenarios is the strong dependence o
baryoproduction rate on the bubble wall velocity in the s
called ‘‘charge transport mechanism’’@42#, coupled with the
characteristic changes in the velocity of the bubble wa
during the transition@43#. For thin walls one finds a loca
baryoproduction rate

B~x!'c/vw~x!. ~8!

The velocity dependence of the local baryoproduction r
due to the ‘‘classical chiral force’’ mechanism@44#, opera-
tive in the limit of wide walls, is much weaker@45#. How-
ever, the generic geometry of inhomogeneities arising fr
the EWPT is quite the opposite to the QCD case: voids
low density surrounded by walls of high density.

After nucleation bubble walls quickly accelerate to a t
minal velocityvw;(0.120.5)c, whose exact value depend
on the parameters of the phase transition, such as the l
heat released, the surface tension, and the frictional fo
effected on the bubble wall by the ambient plasma@46,47#.
After some time ~we are only considering deflagratio
bubbles here!, the shock waves preceding phase transit
fronts collide reheating the unbroken phase plasma bac
the critical temperature. As a result the pressure forces d
ing the bubble expansion are reduced and, were it not for
general expansion of the universe, the walls would come
complete stop. Because of Hubble expansion, the walls
still continue expanding, but now with a greatly reduc
speed, typicallyvw;O(few)31023c @47#. These velocity
scales and the rate~8! indicate that the maximal density con
trast possibly generated by the EW mechanism is ab
;100.

The typical size of the voids in this ‘‘beer foam’’ geom
etry is some fraction of the horizon at the EW transitio
l H533103 m (at 1 MeV)5631024 pc (today). A nucle-
ation calculation, which ignores the thermodynamics of
bubble interactions, typically gives for the size of bubbles
the coalescence onlyl b;1023l H @47–49#. However, as a
result of reheating, the first nucleated bubbles may inhibit
growth of bubbles formed only slightly later, increasing pe
haps significantly the size of the largest structures as c
pared with the simplest nucleation estimate. Also in exten
scenarios including magnetic fields@39#, the size of a single
bubble can reach the horizon scale. We then consider
inhomogeneity size a free parameter, with valuesr;1023

21l H .
Both the EW and QCD transitions appear capable of p

ducing high initial density contrasts. In both cases the d
sity fluctuations would be non-Gaussian, consisting of hi
and low-density regions. The pattern would not be regu
but it would have a characteristic distance scale. The in
mogeneity can be described by the typical geometric sh
of these regions and the following three parameters:~1! typi-
cal distance scaler, ~2! typical density contrastR
[hhigh/h low , and ~3! the volume fractionf v of the high-
density regions.

The distance scaler is especially important. An inhomo
geneity can have a large effect on nucleosynthesis only if
distance scale is comparable to the neutron diffusion len
08350
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dn during nucleosynthesis. QCD-scale inhomogeneit
could be @36# of the scale required, although QCD lattic
calculations@50# favor values below the short end of th
range. For the EW case this range corresponds to a fluc
tion scaler *0.1l H during the transition.

There may be other possible sources of baryon inhom
geneity in addition to the EW and QCD phase transitio
Moreover, there is a considerable uncertainty regarding
parametersr, R, and f v from each transition. Therefore it i
natural to treat the two questions separately:~1! Are there
IBBN parameter regions where IBBN agrees with obser
tions equally well or better than SBBN?~2! Could the EW or
QCD phase transition produce inhomogeneity in this para
eter region?

III. COMPUTATIONS

The IBBN code used for this paper is based on the c
used in@31# and the nuclear reaction rates have been upda
according to@3#. In the 4He yield we take into account th
various corrections to the weak reaction rates@7,5,51#. We
also take into account the theoretical uncertainty in the7Li
yields @3#.

We assume spherical symmetry and use a nonuniform
dial grid of 64 zones representing a sphere with comov
radiusr, with reflective boundary conditions both at the ce
ter and atr. This setup allows us to model both geometri
discussed above: the centrally condensed density desc
the QCD-type geometry and spherical shells of high den
describe the EW-type geometry. The volume fraction co
ered by the high-density region in each geometry is

f v5 f r
3 ~centrally condensed!, ~9!

f v512~12 f r !
3 ~spherical shell!, ~10!

where f r denotes the fraction of the radius covered by t
high-density region. Given the geometry, the model is spe
fied by four parameters:r , f v , R described above, and th
average baryon-to-photon ratioh.

The most dramatic effect is obtained when the neut
diffusion out of the high-density region leads to a large e
cess of neutrons in the low-density region. This require
density contrast

R@S p

nD
0

1

f v
, ~11!

where (p/n)0;7 is the SBBN proton/neutron ratio at th
onset of nucleosynthesis. IncreasingR further leads to a
stronger effect, but the increase soon saturates, and one
almost a maximal effect atR520/f v already. In most case
we chose to run with large enoughR to have close to this
maximal effect. This leaves us with three paramet
f v , h, r . We did runs with 11 different values off v alto-
gether~Table I!.

For the runs with spherical shell geometry, we keptR
51000 constant. For the centrally condensed geometry s
5-3
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KAINULAINEN, KURKI-SUONIO, AND SIHVOLA PHYSICAL REVIEW D 59 083505
of the volume fractions were so small that a largerR was
needed to get the large inhomogeneity effect. For the c
trally condensed runs we kept the productf vR5100 constant
instead.

IV. RESULTS

It has been customary in IBBN studies@32,33# to plot the
regions in the (h,r ) plane allowed by different observation
constraints. Since the observational situation has bec
rather less clear recently, we present the results first as a
dance contours for a givenf v , so the different constraint
can then be applied afterwards. For4He we plot the mass
fraction Yp ; for D and 7Li we plot the number ratios D/H
and 7Li/H. To save space, the less interesting3He is not
shown. In Figs. 1 and 2 we present the results for the c
trally condensed~c.c.! runs with f r51/2 and f r51/4. The
results from other runs described in Table I are qualitativ
similar. In the spherical shell~s.s.! geometry the distance
scales where one gets the strongest effects are larger th
the c.c. geometry.

It is clear that at the distance scales attainable in the
transition ~indicated by the lower horizontal dashed line
the figures! the IBBN results do not significantly differ from
SBBN results; the observational uncertainties are certa
much larger. However, even with scales as small ar
;0.05l H , the effect of inhomogeneity~see Fig. 3! can be
larger than certain small corrections recently included i
the SBBN computations@51#.

A. Optimum scales

How much 4He is produced depends on the number
neutrons available. The yield is minimized at an optimu
distance scaler opt;104–105 m, where a maximal number o
neutrons diffuse out from the high-density region~where
most of the 4He is produced!, but not too many of them

TABLE I. The different geometries studied.R is the density
contrast between the high and low density,f r is the high-density
fraction of the grid radius, andf v is the corresponding volume
fraction.

R fr f v f vR
Centrally condensed~c.c.!

283 1/A2 0.3536 100
800 1/2 0.125 100
2263 1/2A2 0.0442 100
6400 1/4 0.0156 100
51200 1/8 0.0020 100

Spherical shell~s.s.!
1000 1/4 0.5781 578
1000 1/8 0.3301 330
1000 1/16 0.1760 176
1000 1/32 0.0909 91
1000 1/64 0.0461 46
1000 1/128 0.0233 23
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FIG. 1. The 4He, D, and7Li yields from inhomogeneous nu
cleosynthesis runs with the centrally condensed geometry, witR
5800 and f r51/2 (f v50.125). The contours of~a! Yp , ~b!
log10D/H, and~c! log10

7Li/H are plotted as a function of the aver
age baryon-to-photon ratioh and the distance scaler of the inho-
mogeneity. The two horizontal dashed lines denote the hori
scalel H at the QCD~upper! and EW~lower! phase transitions.
5-4
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INHOMOGENEOUS BIG-BANG NUCLEOSYNTHESIS IN . . . PHYSICAL REVIEW D59 083505
diffuse back when the nucleosynthesis in the high-den
region starts consuming free neutrons.

We find thatr opt goes down with increasingh, roughly as
h22/3. Also, the s.s. geometry gives a larger optimum sc

FIG. 2. Same as Fig. 1, but forR56400 and f r51/4 (f v
50.0156).
08350
ty

e

than does the c.c. geometry with the samef v , and the de-
pendence onf v is different with different geometries: fo
centrally condensed spheresr opt goes down with decreasin
f v , whereas for spherical shells it increases with decreas
f v .

It is possible to derive the parametric dependence ofr opt
on h and f v analytically. Consider the diffusion of neutron
after the weak freeze-out but before the start of nucleos
thesis. The flux of neutrons into the low-density region
proportional to the neutron diffusion coefficientD, to the
surface areaA of the boundary, and to the gradient of th
neutron density at the boundary, roughly (nhigh

2nlow)/ADt. HereADt is the diffusion length of neutrons
and nhigh and nlow are the average neutron densities in t
high- and low-density regions, respectively.nhigh decreases
as

V
]nhigh

]t
;2AD

nhigh2nlow

ADt
, ~12!

where V is the volume of the high-density region. If w
ignore nuclear reactions and weak inteactions, we can i
grate out Eq.~12!:

nhigh2nlow;expS 2
A

V

ADt

~12 f v!
D . ~13!

The optimum scale corresponds to

A

V

ADtns

~12 f v!
;1, ~14!

where tns is the starting time of nucleosynthesis. At scal
larger than the optimum scale, the neutrons have not diffu
out effectively before the synthesis of4He begins. On the

FIG. 3. Effects of small-scale inhomogeneity on the4He yield.
This figure is for the spherical shell geometry appropriate for
EW transition, and forf v50.3301 andh1055. The three lines cor-
respond toR510 ~solid line!, 100 ~dashed line!, and 1000~dotted
line! ~or f vR53.3,33,330), showing how the effect saturates
large R, so that there is little difference betweenR5100 andR
51000. The horizontal axis gives the ratio of the distance scal
the EWPT horizon.
5-5
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KAINULAINEN, KURKI-SUONIO, AND SIHVOLA PHYSICAL REVIEW D 59 083505
other hand, making the scale smaller than the optimum s
does not significantly increase the number of neutrons
fusing out, but makes the back-diffusion at later times m
effective.

Now it is easy to see why the optimum scales are sma
for condensed spheres. For the samef v , the surface-to-
volume ratioA/V is smaller for condensed spheres than
shell geometry, which makes the out-diffusion less effect
and optimum scales smaller.

The h dependence of the optimum scale is through
dependence on the diffusion length. The diffusion at
boundary is controlled by the smaller diffusion coefficient
the high-density region. The diffusion is dominated by sc
tering on protons,Dnp,Dne . After electron-positron annihi-
lation the diffusion constant depends on the proton den
and temperature as

Dn.Dnp}
1

hhighT
5/2

'
f v

hT5/2
. ~15!

The starting temperatureTns of nucleosynthesis depends o
hhigh. The dependence in the rangehhigh510210–1028 is
Tns}hhigh

g , g50.07–0.1. Thus the diffusion length shou
go as

ADtns}hhigh
21/2Tns

29/4}nhigh
21/229g/45nhigh

2a , ~16!

wherea50.6520.73;2/3, so that for the optimum scale

~12 f v!
V

A
}hhigh

22/3. ~17!

The surface-to-volume ratio of the high-density region is

A

V
5

3

f v
1/3r

~c.c.!, ~18a!

A

V
5

3

r

~12 f v!2/3

f v
~s.s.!. ~18b!

Combining Eqs.~17! and~18! we find the observed behavio
for the optimum scale:

r opt}
f v

1/3

~12 f v!
h22/3 ~c.c.!, ~19a!

r opt}
h22/3

f v
1/3~12 f v!1/3

~s.s.!. ~19b!

B. Constraints on h

We now compare our IBBN yields to observational co
straints. Since at present there is no agreement about
constraints to use, we consider a number of different set
constraints.

The most fundamental abundance constraints are the
per limit to primordial 4He and the lower limit to primordia
D/H, obtained directly from observed abundances, si
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chemical evolution always increases the4He abundance and
reduces D/H. So in our first set we conservatively take
4He the 2s upper limit by Izotov and Thuan@15#,

Yp<0.248, ~20!

and for D/H we use the present ISM abundance@9# as the
lower limit:

D/H>1.531025. ~21!

It turns out that all our IBBN models which satisfy Eq.~20!
satisfy Eq.~21! also. In Fig. 4 we have plotted the conto
~20! from the c.c. models. In SBBN the constraint~20! gives
an upper limit toh, h10<6.3. We see that IBBN raises thi
upper limit to

h10<19, or Vbh2<0.07. ~22!

Similar results were obtained for the s.s. geometry.
While IBBN raises the upper limit toh from 4He and

D/H by a factor of 2–3, upper limits from7Li are raised at
most by a factor of 1.4 and, if we choose a very tight7Li
limit, not at all. Thomas et al. @33# used 7Li/H,1.4
310210, which gives them a SBBN upper limith10<3.1,
and this limit was not relaxed at all by IBBN. We confirm
that none of our IBBN models raises the upper limit toh
from this constraint. However, their upper limit for7Li al-
lows essentially no depletion at all.

As our second set we take the case for a highh based on
the high-z deuterium value of Burles and Tytler@27#. We use
the 2s range

D/H53.460.631025 ~23!

FIG. 4. Conservative upper limit toh from Yp<0.248 and
D/H>1.531025. The plot is for the c.c. geometry: the thick curve
are for f r51/A2 ~solid line!, 1/2 ~dashed line!, 1/2A2 ~dot-dashed
line!, and the thin curves are forf r51/4 ~solid line! and f r51/8
~dashed line!. The allowed region is to the left of each curve.
5-6
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INHOMOGENEOUS BIG-BANG NUCLEOSYNTHESIS IN . . . PHYSICAL REVIEW D59 083505
as our constraint. For4He we continue to use the Izotov
Thuan @15# upper limit Yp<0.248 and for7Li we use the
range of Pinsonneaultet al. @25#:

log10~
7Li/H !p529.4560.20. ~24!

The results for this set are displayed in Fig. 5.
In SBBN these constraints lead to a baryon density in

narrow rangeh1054.625.8. In IBBN the allowed range is

h1053.928.2 ~h1053.7210.5! ~25!

for the c.c.~s.s.! geometry.
In our third set we consider the case for lowh in SBBN

@12#. ~See Fig. 6.! The 2s OSS97 limits forYp ,

0.224<Yp<0.236, ~26!

correspond to7Li near the Spite plateau and a large primo
dial D. Hence we here use a conservative upper limit to

D/H<2.531024, ~27!

and the Vauclair-Charbonnel@26# upper limit for 7Li,

log10
7Li/H<29.55. ~28!

The results for this set are given in Fig. 6. The SBBN ran
is h1051.522.1 ~lower limit from D/H, upper limit from
Yp). The IBBN upper limits are higher:

h10<3.6 ~3.8!. ~29!

We finally demonstrate that IBBN can alleviate the tens
between low 4He and low D. If we use the constraints

Yp<0.238 ~SBBN h10<2.4!, ~30!

FIG. 5. The regions in the (r ,h) plane allowed by D/H5 3.4
60.631025, Yp<0.248, and log10

7Li/H529.4560.20. The
meaning of the different line styles is the same as in Fig. 4.
08350
e

,

e

n

D/H<1024 ~SBBN h10>2.6!, ~31!

log10
7Li/H<29.25 ~SBBN h10<8.3!, ~32!

no value ofh is allowed in SBBN~the ‘‘crisis’’ !. However,
as shown in Fig. 7, some IBBN models satisfy these c

FIG. 6. The case for lowh. This figure is similar to Fig. 5, but
the constraints used areYp50.23060.006, D/H<2.531024, and
log10

7Li/H<29.55.

FIG. 7. Alleviating the BBN ‘‘crisis.’’ This figure is similar to
Figs. 5 and 6, but the constraints used areYp<0.238, D/H
<1024, and 7Li/H<1029.25. These constraints are incompatib
with each other in SBBN, but are compatible in IBBN with th
optimal distance scale. The allowed regions for the two geomet
are shown in the same plot. The ones for the s.s. geometry are
the same distance scale. For the c.c. geometry we get allowe
gions for three of the considered volume fractions, and they
below the s.s. regions.
5-7
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straints, with 2.6<h10<6.0 ~c.c.! or 2.3<h10<6.5 ~s.s.!,
in a narrow~about a factor of 2! range of the inhomogenity
distance scaler. This is the ‘‘optimum’’ distance scale
which for these values ofh varies between 5 km and 30 km
~at 1 MeV! for the centrally condensed geometry. Simil
solutions were found withr about 70 km for the spherica
shell geometry, proving that the result essentially depe
only on the scale and is robust against using different ge
etries.

V. CONCLUSIONS

We have studied the possibility of inhomogenous nucl
synthesis on the basis of the new observational situat
paying attention to the particular mechanisms capable of
ducing the inhomogeneities in the very early universe.

First we studied the typical foamlike inhomogeneity ge
erated during the electroweak phase transition, which
modeled by using spherical symmetry with thin shells
high-density regions. We find that the scale from the E
transition tends to be too small to cause large deviati
from SBBN predictions; that is, the bound onh is not sig-
nificantly changed. However, the effects on theoretical yie
can beof equal size or larger than some of the more deta
corrections recently included into the SBBN computatio
As a result of the genericity of the EW inhomogeneitie
these corrections may be viewed as setting the scale o
curacy achievable in SBBN computations.

Second, we considered the full parameter space of
IBBN models in both centrally condensed~QCD-type! and
spherical shell~EW-type! geometries.

To answer the first question posed at the end of Sec
IBBN models can satisfy the observational constrai
equally well and, for some small region of the parame
space, even better than SBBN. For inhomogeneities with
tance scales near the ‘‘optimum’’ scaler opt, where the inho-
v.

.

nd

J.

et

08350
s
-

-
n,
o-

-
e
f

s

s
d
.
,
c-

e

II:
s
r
s-

mogeneity effects are maximized, this agreement is obtai
for a larger baryon density than in SBBN; precise valu
dependintrinsically on the observational constraints, but th
upper limit to h from the upper limit to4He and from the
lower limit to D/H may be raised by a factor of 2–3, where
upper limits set by the7Li/H data are raised less, at most b
a factor of 1.4. However, it is not possible ever to geth large
enough to makeVb51. For smaller scales the agreement
obtained for similar or slightly smaller values ofh as in
SBBN.

Regarding the second question, this optimum dista
scale is not only larger than the EWPT horizon, but it is a
several orders of magnitude larger than the QCD transi
distance scale favored by QCD lattice calculations of
surface tension and the latent heat. However, the uncerta
in these values is as large as the values themselves so t
much smaller latent heat, leading to a larger distance scal
still allowed; thus we cannot presently rule out the possibi
of reaching the optimum inhomogeneity distance scale in
QCD transition.

There is a region of parameter space, where the ten
between4He and D/H is alleviated compared to SBBN. Th
takes place if the inhomogeneity distance scale is close
r opt. The effect is however rather small, and for a low de
terium, say D/H<531025, we cannot accommodate les
helium thanYp50.240; so IBBN cannot present itself as
solution to a dicothomy in observations. Since we a
pointed out that the present Kamiokande result rules out
simplest particle physics solution to possible tension
SBBN, the conclusion that the problems are probably as
ciated with the observations is bolstered.
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