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Detailed calculations of big-bang nucleosynthesis in baryon-inhomogeneous uni-
verses show that flb can be considerably larger than its limit from standard
big-bangnucleosynthesis. Such results require that late-time hydrodynamic
effects deplete overproduction of 7Li and that the QCD surface tension be
near the cube of the QCD coexistence temperature for fluctuations of the
correct length scales to arise.

1. FIRST ORDER QCD PHASE TRANSITION AND BARYON FLUCTUATIONS

During a first order QCD phase transition, the baryon chemical potentials in the quark

and hadron phases will be equal. Because of the large mass of the baryons in the hadron

phase, a substantial free-energy penalty must be paid to place a Unit of baryon number in

the hadron phase. No such penalty is paid in the quark phase, however. The consequence

is that baryon number is more "soluble" in the quark phase and that a first order cosmic

QCD phase transition could have produced inhomogeneities in the distribution of baryons

in the early universe. Such was the initial suggestion of Witten 1, although the relics that

he proposed should exist (strange matter nuggets and long wavelen.gth radiation) probably

were not produced 2.

The astrophysical consequence of baryon inhomogeneity in the early universe that has

generated the most interest has been the possible modifications that could have been made

to big-bang nucleosynthesis. Applegate and Hogan s.were the first to realize that after weak

decoupling (T _ 1 MeV) neutrons and protons would have different diffusive mean free

paths in the thermal bath of electrons, positrons, and photons. Neutrons would diffuse

out of the high baryon density regions more readily than the protons; therefore, at the

beginning of nucleosynthesis (T _ 100 keV), >.igh-density, proton-rich regions and lower-

density, neutron-rich regions would exist. Initial calculations a of the nucleosynthesis in

these cosmologies showed results considerably diffeicent from those in baryon.,homogeneous

universes.
/

The most dramatic consequence of these initial nucleosynthesis calculations was that

certain ranges of parameters characterizing the amplitude and length scale of the baryon

fluctuations allowed flb, the ratio of the present baryon density to the critical density of

the universe, to be as high as unity, in contrast to the results from the standard, homo-

geneous big-bang nucleosynthesis results 0.01 < fib <_ 0.15 s. Because inflation suggests

fl = 1 precisely, an fib of unity would indicate that all of the dark matter of the universe

is baryonic and that there is no need to invoke the existence of exotic particles such as

axions, WIMPs, or massive neutrinos to close the universe.
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2.DETAILED NUCLEOSYNTHESIS CALCULATIONS

ltiseasytounderstandwhy baxyon-inhomogeneouscosmologiesallowfibtobe larger

thaninbaryon-homogeneousones.Insn fib- I homogeneousuniverse,thehighbaryon

densityallowsefficientburningofneutronsandprotonsthroughdeuteriumup to4He. The

resultisoverproductionof4He and underproductionofD comparedwith observational

constraints.In a baryon-inhomogeneousfib --1 universe,however,thisburningisless

e_cient.Intheproton-richregions,thereaxerelativelyfewerneutronsaround,whilehl

theneutron-richregionsthe lackofprotonsmeans theburningmust waituntilneutrons

have decayedintoprotons(ri/2_ 10.3rain).At latertimes,when enough neutrons

havedecayed,thetemperatureislowerand thesubsequentburningofdeuteriumisless

efRcientthaninthehomogeneouscase.The netresultisthatrelativelyless4He ismade

inbothneutronand proton-richregionsand relativelygreateramountsofdeuteriumare

made intheneutron-richregions.The calculatedabundancesaretheninagreementwit_

observationalconstraintsforhighervaluesoffib.

VLiprovedtoberelativelyoverproducedinnearlyalltheinitialcalculationsofbaryon-

inhomogeneousnucleosynthesis.Thisisdue tothefactthatvLi ismade both asrbe in

the proton-rich regions (rBe later decays via positron emission to vLi) and as 7Li in the

neutron-rich regions. Although the deciphering of the primordial _Li abundance from

observational abundances in old stars is fraught with difficulties e, the overproduction of

Liinthebaryon-inhomogeneousuniverseswas largeenoughthatitwas deemed necessary

tofindsome means ofdestroyingit.

Malaneyand Fowlerv pointedoutthatdiffusionofneutronsbackintotheproton-rich

regionscoulddestroymuch oftherbe the1_eviaVBe(n,p)VLi(p,a)'_IIe.Thiswas one of

theprimarymotivationsforthedevelopmentofdetailednucleosynthesiscodeswhich treat

nucleosynthesisand diffusionsimultaneously.Three groupshavedevelopedsuch codes,

Kurki-Suonioand co-workerss,Terasawaand Sato°,and theLivermoregroupl°. The

resultsfrom thesecodesaxeingeneralagreement.We willdiscusstheresultsofthe last

group.

Detailed discussion of the methods and results of the Livermore code may be found in

reference 10. The code begins with a spherically condensed, _sothermal, baryon fluctuation

in a Wigner-Seitz cell of radius r. The fractional volume taken up by the high density

region is )'_, while the ratio of the densities in the high density to low density region
is R. The evolution of the fluctuation through diffusion and nucleosynthesis is followed

from T = 1011K to T = 106 K. Sincediffusionand nucleosynthesistimescalescan

be comparableor verydifferent,thecodecoup!_ the diffusionand nucleosynthesisina

completelyimplicitscheme.

Nucleosynthesisresultswereobtainedfora largerangeofr,j',,and R. The optimal

resultsforlargefibwerefornarrow,high-density-contrastfluctuations,inparticular,for

r = 50 m (atT = 100 MEV), j._/3= 0.25,and R = 10G. The nucleosynthesisyields
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forthesefluctuationsovera rangeon fibare shown infig.1. The homogeneousresults

arealsoshown forconstrast,As discussed,4He productionisdown whileD production

hsup, compared to the standardbig-bangresults.The boxesindicateagreementwith

observationalconstraints.From the 4He and D results,flbcan be aslargeas0.8hna

baryon-_nhomogeneousuniverse./SHe resultsindicatefib__0.4,althoughthisconstraint

isuncertaindue toSHe productioninstars,s 7Li isstillOverproducedby a fairlylarge

amount.

3. COMPLICATIONS

Al_ocketal.11haveshown thatatlatetimes(atT ~ 20 keV),when themean free

pathofphotonshasbecome longerthauthelengthscaleofthehighdensityregions,rapid

hydrodynamicdksipationof the highdensityregionsmay occur. A reverseMalaney-

Fowlereffectthusoccursby drivingrbe inthehighdelmi_regionsout intotheneutron-

richregions.The authorsinreference11 foundinsimplemodelsup to two ordersof

magnitudeofdestructionofvLifrom thiseft'ect,whichmay relievetheoverproductionof

7Liproblem.Much more detailedwork needstobedoneon thisquestion,however,before

any deRnltiveconclusionscan bemade.

Anothercomplicationk thattheuniversecertainlydidnotconsistofbaryonfluctu-

ationssitting at unique separations from each other. Meyer et _.1_ have computed the

distribution 0f nucleation-site separations expected to result in the small supercooling limit

of the classical nucleation scenario. If a duaUty is then assumed between nucleation sites

and baryon fluctuations, the same distribution may be used to describe the distribution

of fluctuation separations. The authors in reference 12 found that when they averaged

the results of reference 10 over this distribution, their limit on f]b of 0.8 from the 4He

yields dropped to 0.59. Moreover, they found that in order to get fib _ 0.15, the upper

limit from standard big-bang nucleosynthesis, they required tr, the QCD surface tension,

' to benearlyequaltoTs,whereToisthecoexistencetemperatureofthequarkand hadron

phases.Recentlatticegaugeresultsindicatethatthisisneartheupperlimiton a.

A thirdcomplicationhasbeenpointedoutby Adams and FreeseIsconcerningtherela-

tionbetweennucleationsitesand baryonfluctuations.Insome casesgrowinghadronbul>-

blesmay become unstabletodendriticgrowth._The resultwillbe thatbaryon-fluctuation

lengthscaleswillbe relatedtothenucleation-sitelengthscalesina complicatedway. In

fact,dendriticinstabilitymay resultinsuchshortlengthscalesthatdiffusionhomogenizes

theuniversewellbeforenucleosynthesis.These questionswillonlybe resolvedwhen de-

tailedmodelsofthephasetransitionaremade and studied.

4.s RY
At presentitseemsdii_iculttoclosetheuniversewithbaryons,f_bmay be largerthan

0.15,theupperlimitfromstandardbig-bangnucleosynthesis,however,iftheQCD surface
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tension is near the cube of the QCD coexistence temperature andif late-time hydrodynamic

effects can substantially deplete the 7Li produced in baryon-inhomogeneous universes.

In light of _1 of the unknown physics surrounding discussion of nucleosynthesis in

baryon-inhomogeneous universes, it would be nice to find some clear-cut nucleosynthetic

signature, such as high 9Be production 14 or a primordial r-process 15, whose observation

could confirm or rule out inhomogeneity in the early universe. Such a signature does not

seem to be forthcoming, however, so further progress will probably be made only by reso-

lution oftheoutstandingproblemsalludedtoinsection3.
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