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Baryogenesisn the early Universe
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Abstract. We review variousattemptsto createthe obsered baryonasymmetryof the Universe.
In particular we considermodelsof GUT baryogenesidiaryogenesigia leptogenesishe Affleck—
Dine mechanismelectraveakbaryogenesiandbaryogenesisia topologicaldefectsandprimordial
blackholes.
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1. Intr oduction

Understandinghematterantimatteasymmetryof theUniverseis oneof themostinterest-
ing issuesattheinterfaceof particlephysicsandcosmology We believe thatat very early
timestherewasanequalamountof matterandantimatterin the Universe.Howeverif you
look aroundustodaythereis notmuchevidenceof that. Clearlythereis amatterantimatter
asymmetryin thesolarsystem.Furthermoretheantimatterseenin cosmicraysis well ex-
plainedby secondarynteractionswith the interstellarmediumindicatingthat our galaxy
toois madeup of only matter If onegoesto largerscalesandconsidersamattersymmetric
Universewith clusterscontainingbothmatterandantimatterthenonewould expectto see
agammaray excesscomingfrom the intraclustergasof X-ray emitting clusters.Solet us
goto evenlargerscalesandconsidera Universewith superclustersontainingclustersof
matterandantimatter Surprisinglythereis no obsenationalevidencethatrulesout sucha
scenarioj.e.,domainsof clustersize(~ 20 Mpc) arethelargestregionsfor which we can
rule outthe presencef both matterandantimatterco-existing [1]. In fact,a device called
the AlphaMatterSpectrometeor AMS which candetectantimattemup to adistanceof 300
Mpc madeatestflight in May 1998andis scheduledo be installedon the International
SpaceStationin the year2000(it will runfor 3 years).However, it hasalsobeenargued
thatunlessmatterand antimatterdomainsare separatean a scaleof at leastabout1000
Mpc (thehorizondistanceodayis 6000Mpc) the photonsfrom annihilationstaking place
betweenz = 1100 andz = 20 would have shovn up in the diffuse cosmicgammaray
spectrun2].

Therehave beenattemptgo createa Universewith largematterandantimattedomains.
Howeverwe shallonly considebelor modelsthatcreatea baryonasymmetryof ~ 1019
compatiblewith primordialnucleosynthesim the entireobsenableUniverse.
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2. GUT baryogenesis

Theoldestmodelsof baryogenesiarethe GUT baryogenesimodelswhich have alsobeen
attemptedn the context of SUSY GUTS[3]. If you startwith a Universethatis baryon
numbersymmetricandyou wantto endup with a baryonasymmetryin the Universethen
you needto have baryonnumberviolation. In GUTS thereare heary gaugeand Higgs
bosonswvhoseinteractionsviolate baryonnumber Considersucha heary bosonX which
hastwo decaychannelsX — ¢l, qg respectiely with decayratesr; andr,. Let X be
its antiparticlewith analogousiecaychannelswith decayratesr] andr). Let ¢ and! be
guarksandleptonswhich carry baryonnumberl/3 and0 respectiely. If oneassignsX
a baryonnumberbasedon one decaymodethenthe other decaymodeviolatesbaryon
number Thusonehasbaryonnumber or B, violation. OnefurtherrequiresCP violation
sothatthedecayrater; of X to quarksijs notequalto thedecayrater! of X to antiquarks.
Finally onealsoneedsB violating interactiongo be out of thermalequilibriumto createa
baryonasymmetrybecausein equilibrium,the interactionsof the particleswill drive the
baryonnumberto 0. Thesethreeconditions,namely B violation, CP violation andthe
out-of-equilibriumrequirementrereferredio asSakhare’s conditions.
Therearesomeproblemswith GUT baryogenesismodels.

1. Typically the massof the X particleis about10'® Gev. Butin aninflationaryUni-
versethe massof theinflatonis of the orderof 102 Gev/(from measurementsf the
CMBR anisotropy) andit is difficult to createX particlesduringreheatinggithervia
directinflatondecaysor in thethermalbath.

2. If onechooseghe X massto be lessthan 10!® GeV then one hasproblemswith
protondecaywhich getsworsefor supersymmetriGUTSs.

3. In supegravity andsuperstringheorieghereareanumberof massve scalarsvhich
decayafter the GUT phasetransitionreleasinga large amountof enegy into the
Universe.This dilutesthe baryon-to-entrop ratio.

In recentyearsthe understandingf reheatingn the Universeafter inflation hasgone
througha seachange.If onestudiesthe equationgor the inflaton decaythenfor certain
valuesof themomentaof thedaughteparticlesonehits aresonanceTheinflatoncanthen
decayvery quickly andexplosively via ‘parametricresonance’In this caseit is possible
for theinflatonfield to createX particlesduringreheatingevenif they areheavier thanthe
inflatonandto obtaina baryonasymmetnthroughtheir decayq4].

3. Baryogenesivia leptogenesis

In modelsof baryogenesigia leptogenesisnefirst createsleptonnumber(L) asymmetry
in amannersimilarto thatin GUT baryogenesiby theout-of-equilibriumdecaysf heavy
right-handedMajorananeutrinog5,6]. ThenoneusesB+L violating sphalerorprocesses
to corvert the leptonasymmetryinto a baryonasymmetry (We shall discusssphaleron
processef greaterdetail laterin the context of electraveakbaryogenesis.Dnecansee
how thisworksby supposinghatwe createa leptonasymmetryof 10 from heavy neutrino
decays.Rewriting thisin termsof B + L andB — L oneseeshatwehave B + L = 10
andB — L = —10, assumingno initial netbaryonnumberin the Universe. Now if we
have B + L violating processe# thermalequilibrium they will reducethe B + L to 0
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while keepingB — L constant.Thereforeoneendsup with B = —5 andL = 5. Thusa
leptonasymmetryin the Universehasbeencorvertedinto a baryonasymmetry (Actually
B ~ 1/3 (B — L) ratherthan1/2 (B — L) asabose becaus¢hesphalerorprocessesouple
only to left-handedparticles.)

Models of baryogenesivia leptogenesisre attractve for two reasons. Thesemod-
els do not requiremuch modificationof the standardnodel. One only hasto introduce
right-handedMajorananeutrinosandnot considera more complicatedGUT model. Fur-
thermore onesolutionof the solarneutrinoprobleminvolvesneutrinooscillationswhich
requiresthe light neutrinosto have mass.Modelswith heary right-handedMajorananeu-
trinos areofteninvokedto provide massto the light neutrinosvia the seesev mechanism.
Sooneseeghatmodelswith right-handedMajorananeutrinosarewell motivated. How-
everthelow reheatemperaturafterinflation constrainsnmary of thesemodelg[7].

Similar mechanism®f baryogenesisia leptogenesihave beenstudiedin which one
creategheleptonasymmetryby decaysof sneutrinosandby R-parity violating decaysof
sfermionsandneutralinos.

4. The Affleck—Dine mechanism

This is realisedin the context of supersymmetricGUTS. When supersymmetrjpreaks
certaincombinationsof squarkand sleptonfields geta mass. Furthermorein supersym-
metricGUTSthesefieldshave effective quarticcouplingsthatviolatebaryonnumber The
Affleck—Dinemechanismmakesuseof this B violation [8].

Onecanunderstandhe Affleck—Dinemechanismin the context of a toy model. Con-
sidera potentialfor acomple scalarfield ¢ givenby

V(g) = m?6" 6+ SN — ). ®

Assign ¢ a baryonnumberof 1 basedon its interactionswith standardmodelparticles.
For example,if ¢ is like a squarkthena squarkdecaysto a quarkanda photoionandso
you canassignthe baryonnumberof the quarkto the squark(photoionscarry no baryon
number).Thenthelasttermabove violatesbaryonnumber It alsoviolatesCP

In thismodelonehasinflation aftersupersymmetripreaks Dueto quantunfluctuations
in the ¢ field duringinflation (notethatthe ¢ field is nottheinflaton)the ¢ field is displaced
from the minimum of its potentialby the endof inflation. Now afterinflation onewould
expectthe ¢ field to oscillateaboutthe minimum of its potential. But a scalarfield can
only oscillateif the periodof its oscillationis lessthanthe ageof the Universe. It turns
outthatthe endof inflation is lessthanthe periodof oscillations.Soinsteadof oscillating
thefield rolls slowly. However, insteadof going straightdown its potentialthe field picks
up someangularmomentumin ¢ spacebecausef the quarticcouplings.Laterwhenthe
Universebecome®ld enoughy oscillatedn its potential.

As we mentionedearlier ¢ carriesbaryonnumber Thereforethereis a baryoncurrent
associateavith

3P = =it" 5y &= 3 ($10ude — D), @
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wherewe have used¢ = 1/v/2(¢; + i) for the secondequality Now recall that
[ j€d3z = B. Ignoringspatialvariationsin ¢, whichis agoodassumptiorafterinflation,
Jj& = B/Volume = np, wheren is thebaryonnumberdensity Therefore

np = %(¢1<7'52 - ¢2<251)- (3)

As the field ¢ rolls down its potentialthis quantity increases.Solving the equationsof
motionfor ¢; and¢, onefindsoutthevalueof ng. Whenthefield rolls sufficiently down
and¢ becomesmallthe quartic B violating couplingsbecomeineffective. Subsequently
asthefield oscillates the baryonnumberdensityonly changedecausef the expansion
of theUniverse.

In this mechanismpne canget a baryonasymmetryas large as 10~2 which is quite
large. Thesemodelsarealsopopularin the context of superstringheories.

Sphaleronsandestrgy theasymmetrycreatedn thesescenariodut onecanwork with a
GUT thatviolatesB — L or suppresshedecayof the ¢ field beforethesphaleromprocesses
shutoff atatemperature- 100 GeV to getaroundthis problem[9].

5. Electroweak baryogenesis

In thelasttenyearstherehasbeena lot of interestin modelsof electraveakbaryogensis
in which the baryonasymmetryis createdduring the electraveak phasetransition[10].
Baryonnumbewviolationin theelectraveaksectoris relatedto the structureof thevacuum
in non-abeliangaugetheories. In non-abeliangaugetheoriessuchas SU(2), one has
degenerateracuawhich aretopologicallydistinct. Whatdistinguisheghemis thewinding
numberof the gaugefield configurationor the Chern—Simonsiumber Whenone makes
a transitionfrom onevacuumto another3 quarksanda leptonare created. This baryon
numberviolating transitionviolatesB + L butnot B — L.

t'Hooft calculatedhetransitionratefrom onevacuumo anotheiatzerotemperatur@and
foundit wasnegligible. But in the mid-80’s Kuzmin, Rubalov andShaposhnikv shoved
that at high temperaturesbove 100 GeV, whenthe electraveak symmetryis restored,
onecanhave thermalprocessesalledsphaleromrocessethatcausdransitionsfrom one
vacuumto another In the unbrolenphasetheratefor baryonnumberviolation is

T~ ajy T (4)

whereayy is theweakcouplingandT is thetemperatureandin thebrokenphaset is
a{¢)
'~ exp(—T) )

wherea is a parameteand{¢) is the expectationvalue of the Higgsfield. The standard
model(andits extensionshasCP violation which canbiasthe baryonnumberviolating
interactiongo createmorebaryonsthanantibaryons Thesemodelsassumehatthe elec-
troweak phasetransitionis first orderandproceedwia bubblenucleation. The sphaleron
processesarein equilibriumoutsidethe bubblewall andin the outerpartof thewall with
therateof B violation givenby eq.(4) while they areout of equilibriuminsidethe bubble
andin theinnerpartof thewall as{¢) in eq.(5) is large.
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Whatis appealingaboutelectraveakbaryogenesis thatonehasthe possibility of cre-
ating the baryonasymmetryat the electraveak scalewhich is experimentallyaccessible.
As we shallsee this hasallowedoneto put stringentconstrainton thesemodels.

We shallconsidetwo modelsof electraveakbaryogenesis the chagetransporimech-
anismandspontaneoubaryogenesis.

Charge transport mechanism: This mechanismis valid whenthe electraveakbubblewall
is thin, wherethick andthin walls aredefinedby whetherthe meanfreepathof theparticles
in the plasmais lessthan or greaterthanthe wall thickness. In the earliestversion of
this mechanisnone considersfourth generatiomeutrinosbouncingoff the bubble wall.
Becausef CPviolation thereflectionandtransmissionatesfor neutrinoswith respecto
the wall is differentfrom that for antineutrinos.Thereforeone getsa leptonasymmetry
outsidethe wall andinsideit. The asymmetryoutsidethe wall is then corvertedto a
baryonasymmetryvia sphaleronprocesses.Then the bubble expandsand engulfsthe
asymmetry Oncethe plasmais in the bubble thereare no B violating interactionsto
destry the asymmetrythat hasbeencreated. This methodhasalso beenusedwith top
guarksandtauleptonsbouncingoff the electraveakbubblewall.

A similar mechanisnexistsin left-right symmetricmodelswherefermionsscattering
off bubblesin a first orderleft-right symmetrybreakingphasetransitioncreatea lepton
asymmetrywhichis corvertedto a baryonasymmetryby sphalerons.

Foontaneous baryogenesis: Spontaneousaryogensisnodelswork when one hasthick
bubblewalls. In thesemodelsonehasatermin thelagrangiarike £ C 8“03‘5 where# is
a phaseassociatedvith the Higgs sector For example,in thetwo Higgs doubletmodelit
ithhe relative phasebetweernthe two Higgs doublets.Ignoring spatialvariationsin § and
Ju. weget

L C 8@ =6np =0(ny —nz), (6)

wheren, ; are baryonand antibaryonnumberdensitiesrespectiely. This then looks
like a term that contributesdifferently to the enegy of baryonsand antibaryonsand so
oneclaimsthatit behareslike an effective chemicalpotentialfor baryonnumberin the
bubble wall where# is non-zero. In that caseone hasB violating processen thermal
equilibrium and a non-zerochemicalpotentialfor baryonnumberin the outer regions
of thewall. Thenby thermodynamicargumentsthe baryonnumberdensityis driven to
np ~ (chemical potential) 72 = §T? asthe plasmapasseshroughthewall.

Onemustpointoutthattheaboveis asomevhatolderdescriptiorof electraveakbaryo-
genesis.More currentdescriptiondake into accountparticletransportdiffusion, the fact
thata thin wall may appeathick to a particleincidenton the bubbleat a closeto grazing
angle.etc.

Thereareproblemswith electraveakbaryogenesimodelsin thecontext of thestandard
model. First of all thereis insufficient CP violation in the standardmodel. Secondly
experimentaldatafrom CERN indicatesthat the standardmodel Higgs massis greater
than95 GeV. But in thatcasethe electraveakphasetransitionappeargo be secondorder
or weaklyfirst order If it is secondrderthennoneof theabove mechanismsvork. If it is
weaklyfirst order theseparatiometweerthetwo vacuais smallandonehasphasemixing.
This makesit difficult to createan asymmetry Thirdly, if the Higgs massis greaterthan
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45 GeV thenthe Higgsvacuumexpectationvalueinsidethe bubbleis too smallto shutoff
sphalerorprocessesThereforeany asymmetrycreatedn or outsidethe wall is destrgyed
insidethe bubble. Of course asT decreasesphaleromrocessewvill ultimately stopbut
by thattimeit is too late.

To getaroundthe above problemsone considersextensionsof the standardnodel. In
supersymmetriextensionsone hasextra phaseghat canenhancehe CP violation in the
theory To geta first orderphasedransitiononeconsiderdwo Higgs doubletmodelsasin
theminimal supersymmetristandardnodel.

6. Topologicaldefects

Topologicaldefectshave alsobeenusedto createa baryonasymmetry{11]. Monopole
annihilationcan give heary GUT bosonswhosedecayscan give a baryonasymmetry
With cosmicstringstherearethreewaysof producingabaryonasymmetry Cosmicstrings
networks containloops. Theseloopsoscillategiving out gravitational radiationbut when
their sizebecomesomparabldo their width they collapseproducingheary GUT bosons
whosedecayscangive an asymmetry Secondly cuspson stringsor string loops, which

arepiecesof the stringmoving atthe speedf light, canannihilateproducingheary GUT

bosonsFinally whenstringsintersectandloopsareformedquantaof GUT bosonscanbe

released.

Recentlyan interestingmodelhasalsobeenproposedhat can simultaneouslyexplain
the baryonasymmetryof the Universeby the decaysof GUT bosonsproducedby topo-
logical defectsat early times as well asthe extra high enegy cosmicrays seentoday
(E > 10! GeV) by decayf GUT bosonseleasedn recentepochsy defectsrelatively
closeby (d < 100 Mpc) [12].

7. Primordial black holes

Thereexist threekinds of baryogenesisodelsthatinvolve primordialblackholes[11].

1. If theblackholeis hotenougho radiateGUT gaugeandHiggsbosonghenabaryon
asymmetrycanbe obtainedn theasymmetricdecayof theseheavy particles.

2. In a B violating theoryif the coupling of matterto gravity containsCP violating
termsthenbecausef grey bodyeffects,i.e.,becausef differenttransmissiorcoef-
ficientsfor baryonsandantibaryonsn the gravitationalfield of the black hole, the
Hawking radiationcancontainmorebaryonsthanantibaryons.

3. Finally evenin aB conservingheorythefinal Hawking radiationcancontainmore
baryonsthanantibaryons.Let the black hole be hot enoughto radiatesomeheary
particle A which decaysvia CP violating couplingsto LH and LH, whereL is a
light baryonandH is a heavy baryon. Becauseof CP violation let us assumehat
thefirst channels preferredandsaythatonegets10 L and H pairsand5 L and H
pairs. SinceH and H areheavy they aremorelikely to be recapturedy the black
hole. In that caseoneis ultimately left with 10 L and5 L particles,which implies
anetbaryonasymmetryin the radiatedparticles. The black hole itself absorbshe
oppositebaryonnumbertbut this cannotbemeasurear seenn subsequerradiation
asblackholeshave nobaryonichair.
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The problemwith all thesemodelsis thatit is difficult to estimatethe massdistribution
andnumberdensityof blackholesin the early Universe.

8. Conclusion

| hopel have givenyou a flavour of the large variety of approachepeoplehave adopted
to createa matterantimatterasymmetry More technicaldetailscanbe obtainedfrom the
sourcedistedin thereferences.
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