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Abstract. We review variousattemptsto createthe observed baryonasymmetryof theUniverse.
In particular, weconsidermodelsof GUT baryogenesis,baryogenesisvia leptogenesis,theAffleck–
Dinemechanism,electroweakbaryogenesisandbaryogenesisvia topologicaldefectsandprimordial
blackholes.
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1. Intr oduction

Understandingthematter-antimatterasymmetryof theUniverseis oneof themostinterest-
ing issuesat theinterfaceof particlephysicsandcosmology. We believethatat very early
timestherewasanequalamountof matterandantimatterin theUniverse.However if you
look aroundustodaythereis notmuchevidenceof that.Clearlythereis amatter-antimatter
asymmetryin thesolarsystem.Furthermore,theantimatterseenin cosmicraysis well ex-
plainedby secondaryinteractionswith the interstellarmediumindicatingthatour galaxy
toois madeupof only matter. If onegoesto largerscalesandconsidersamattersymmetric
Universewith clusterscontainingbothmatterandantimatterthenonewouldexpectto see
a gammaray excesscomingfrom theintraclustergasof X-ray emittingclusters.Solet us
go to evenlargerscalesandconsidera Universewith superclusterscontainingclustersof
matterandantimatter. Surprisinglythereis noobservationalevidencethatrulesoutsucha
scenario,i.e.,domainsof clustersize( ����� Mpc) arethelargestregionsfor which we can
rule out thepresenceof bothmatterandantimatterco-existing [1]. In fact,a devicecalled
theAlphaMatterSpectrometeror AMS whichcandetectantimatterupto adistanceof 300
Mpc madea testflight in May 1998andis scheduledto be installedon the International
SpaceStationin theyear2000(it will run for 3 years).However, it hasalsobeenargued
thatunlessmatterandantimatterdomainsareseparatedon a scaleof at leastabout1000
Mpc (thehorizondistancetodayis 6000Mpc) thephotonsfrom annihilationstakingplace
between���
	�	���� and ������� would have shown up in the diffusecosmicgammaray
spectrum[2].

Therehavebeenattemptsto createaUniversewith largematterandantimatterdomains.
Howeverweshallonly considerbelow modelsthatcreateabaryonasymmetryof �
	��������
compatiblewith primordialnucleosynthesisin theentireobservableUniverse.
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2. GUT baryogenesis

Theoldestmodelsof baryogenesisaretheGUT baryogenesismodelswhichhavealsobeen
attemptedin the context of SUSY GUTS[3]. If you startwith a Universethat is baryon
numbersymmetricandyou wantto endup with a baryonasymmetryin theUniversethen
you needto have baryonnumberviolation. In GUTS thereareheavy gaugeandHiggs
bosonswhoseinteractionsviolatebaryonnumber. Considersucha heavy boson� which
hastwo decaychannels���������� � �� respectively with decayrates � � and ��� . Let �� be
its antiparticlewith analogousdecaychannelswith decayrates�! � and �" � . Let � and

�
be

quarksandleptonswhich carrybaryonnumber1/3 and0 respectively. If oneassigns�
a baryonnumberbasedon onedecaymodethen the other decaymodeviolatesbaryon
number. Thusonehasbaryonnumber, or B, violation. OnefurtherrequiresCPviolation
sothatthedecayrate � � of X to quarks,is notequalto thedecayrate �! � of �� to antiquarks.
Finally onealsoneedsB violating interactionsto beout of thermalequilibriumto createa
baryonasymmetrybecause,in equilibrium, the interactionsof theparticleswill drive the
baryonnumberto 0. Thesethreeconditions,namely, B violation, CP violation andthe
out-of-equilibriumrequirementarereferredto asSakharov’sconditions.

Therearesomeproblemswith GUT baryogenesismodels.

1. Typically themassof the � particleis about 	��#�%$ GeV. But in aninflationaryUni-
versethemassof theinflatonis of theorderof 	��#�%& GeV(from measurementsof the
CMBR anisotropy) andit is difficult to create� particlesduringreheatingeithervia
directinflatondecaysor in thethermalbath.

2. If onechoosesthe � massto be lessthan 	��#�%&('*),+ thenonehasproblemswith
protondecay, whichgetsworsefor supersymmetricGUTs.

3. In supergravity andsuperstringtheoriesthereareanumberof massivescalarswhich
decayafter the GUT phasetransitionreleasinga large amountof energy into the
Universe.This dilutesthebaryon-to-entropy ratio.

In recentyearsthe understandingof reheatingin the Universeafter inflation hasgone
througha seachange.If onestudiesthe equationsfor the inflatondecaythenfor certain
valuesof themomentaof thedaughterparticlesonehitsaresonance.Theinflatoncanthen
decayvery quickly andexplosively via ‘parametricresonance’.In this caseit is possible
for theinflatonfield to create� particlesduringreheatingevenif they areheavier thanthe
inflatonandto obtainabaryonasymmetrythroughtheir decays[4].

3. Baryogenesisvia leptogenesis

In modelsof baryogenesisvia leptogenesisonefirst createsaleptonnumber(L) asymmetry
in amannersimilar to thatin GUT baryogenesisby theout-of-equilibriumdecaysof heavy
right-handedMajorananeutrinos[5,6]. ThenoneusesB+L violating sphaleronprocesses
to convert the leptonasymmetryinto a baryonasymmetry. (We shall discusssphaleron
processesin greaterdetail later in thecontext of electroweakbaryogenesis.)Onecansee
how thisworksby supposingthatwecreatea leptonasymmetryof 10from heavy neutrino
decays.Rewriting this in termsof -/.10 and -
230 oneseesthatwe have -/.10��4	��
and -42105�
26	�� , assumingno initial net baryonnumberin the Universe. Now if we
have -7.�0 violating processesin thermalequilibrium they will reducethe -7.80 to 0
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while keeping-
290 constant.Thereforeoneendsup with -:�;2=< and 08�7< . Thusa
leptonasymmetryin theUniversehasbeenconvertedinto a baryonasymmetry. (Actually-7�
	">!? ( -32@0 ) ratherthan1/2( -92@0 ) asabovebecausethesphaleronprocessescouple
only to left-handedparticles.)

Models of baryogenesisvia leptogenesisare attractive for two reasons.Thesemod-
els do not requiremuchmodificationof the standardmodel. Oneonly hasto introduce
right-handedMajorananeutrinosandnot considera morecomplicatedGUT model. Fur-
thermore,onesolutionof thesolarneutrinoprobleminvolvesneutrinooscillationswhich
requiresthelight neutrinosto have mass.Modelswith heavy right-handedMajorananeu-
trinosareoften invokedto provide massto the light neutrinosvia theseesaw mechanism.
Sooneseesthatmodelswith right-handedMajorananeutrinosarewell motivated.How-
ever thelow reheattemperatureafterinflation constrainsmany of thesemodels[7].

Similar mechanismsof baryogenesisvia leptogenesishave beenstudiedin which one
createstheleptonasymmetryby decaysof sneutrinosandby R-parityviolating decaysof
sfermionsandneutralinos.

4. The Affleck–Dine mechanism

This is realisedin the context of supersymmetricGUTS. When supersymmetrybreaks
certaincombinationsof squarkandsleptonfields get a mass.Furthermorein supersym-
metricGUTSthesefieldshaveeffectivequarticcouplingsthatviolatebaryonnumber. The
Affleck–Dinemechanismmakesuseof this B violation [8].

Onecanunderstandthe Affleck–Dinemechanismin the context of a toy model. Con-
sidera potentialfor acomplex scalarfield A givenby

BDC AFEG��H � A�I�AJ. 	�
K�L C ANM=2OAFI%M!EFP (1)

Assign A a baryonnumberof 1 basedon its interactionswith standardmodelparticles.
For example,if A is like a squarkthena squarkdecaysto a quarkanda photoionandso
you canassignthebaryonnumberof thequarkto thesquark(photoionscarryno baryon
number).Thenthelasttermaboveviolatesbaryonnumber. It alsoviolatesCP.

In thismodelonehasinflationaftersupersymmetrybreaks.Dueto quantumfluctuations
in the A field duringinflation(notethatthe A field is nottheinflaton)the A field is displaced
from theminimumof its potentialby theendof inflation. Now after inflation onewould
expect the A field to oscillateaboutthe minimum of its potential. But a scalarfield can
only oscillateif the periodof its oscillationis lessthanthe ageof the Universe. It turns
out thattheendof inflation is lessthantheperiodof oscillations.Soinsteadof oscillating
thefield rolls slowly. However, insteadof goingstraightdown its potentialthefield picks
up someangularmomentumin A spacebecauseof thequarticcouplings.Laterwhenthe
Universebecomesold enoughA oscillatesin its potential.

As we mentionedearlier A carriesbaryonnumber. Thereforethereis a baryoncurrent
associatedwith

Q#RS �T2 K A IVUW S AX� 	
�
C A � W S A � 2OA � W S A � E � (2)
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wherewe have used AY�Z	">�[ � C A � . K A\�"E for the secondequality. Now recall that] Q R�_^ &�`a��- . Ignoringspatialvariationsin A , which is agoodassumptionafterinflation,Q R� ��-b>"+dc�egf�hb)_�ji R , wherei R is thebaryonnumberdensity. Therefore

i R � 	
�
C A �

kA � 2OA � kA � EFP (3)

As the field A rolls down its potentialthis quantity increases.Solving the equationsof
motionfor A � and A � onefindsout thevalueof i R . Whenthefield rolls sufficiently down
and A becomessmallthequartic - violating couplingsbecomeineffective. Subsequently,
asthefield oscillates,the baryonnumberdensityonly changesbecauseof theexpansion
of theUniverse.

In this mechanism,onecanget a baryonasymmetryas large as 	���� � which is quite
large.Thesemodelsarealsopopularin thecontext of superstringtheories.

Sphaleronscandestroy theasymmetrycreatedin thesescenariosbut onecanwork with a
GUT thatviolates-l2m0 or suppressthedecayof the A field beforethesphaleronprocesses
shutoff ata temperature�
	���� GeV to getaroundthis problem[9].

5. Electroweakbaryogenesis

In the last tenyearstherehasbeena lot of interestin modelsof electroweakbaryogensis
in which the baryonasymmetryis createdduring the electroweakphasetransition[10].
Baryonnumberviolation in theelectroweaksectoris relatedto thestructureof thevacuum
in non-abeliangaugetheories. In non-abeliangaugetheoriessuchas nGo C ��E�p one has
degeneratevacuawhicharetopologicallydistinct.Whatdistinguishesthemis thewinding
numberof thegaugefield configurationor the Chern–Simonsnumber. Whenonemakes
a transitionfrom onevacuumto another3 quarksanda leptonarecreated.This baryon
numberviolating transitionviolates -8.30 but not -T2q0 .

t’Hooft calculatedthetransitionratefrom onevacuumto anotheratzerotemperatureand
foundit wasnegligible. But in themid-80’sKuzmin,Rubakov andShaposhnikov showed
that at high temperaturesabove 100 GeV, when the electroweak symmetryis restored,
onecanhave thermalprocessescalledsphaleronprocessesthatcausetransitionsfrom one
vacuumto another. In theunbrokenphase,theratefor baryonnumberviolation is

r ��s M tXuvM (4)

where s t is theweakcouplingand u is thetemperature,andin thebrokenphaseit is

r �j)xwzy C 2V{
| AF}
u E (5)

where { is a parameterand
| AF} is the expectationvalueof theHiggs field. The standard

model(andits extensions)hasCP violation which canbiasthe baryonnumberviolating
interactionsto createmorebaryonsthanantibaryons.Thesemodelsassumethat theelec-
troweakphasetransitionis first orderandproceedsvia bubblenucleation.Thesphaleron
processesarein equilibriumoutsidethebubblewall andin theouterpartof thewall with
therateof B violation givenby eq.(4) while they areout of equilibriuminsidethebubble
andin theinnerpartof thewall as

| AF} in eq.(5) is large.
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Whatis appealingaboutelectroweakbaryogenesisis thatonehasthepossibilityof cre-
ating the baryonasymmetryat the electroweakscalewhich is experimentallyaccessible.
As we shallsee,thishasallowedoneto put stringentconstraintson thesemodels.

Weshallconsidertwo modelsof electroweakbaryogenesis– thechargetransportmech-
anismandspontaneousbaryogenesis.

Charge transport mechanism: This mechanismis valid whentheelectroweakbubblewall
is thin,wherethick andthin wallsaredefinedby whetherthemeanfreepathof theparticles
in the plasmais lessthan or greaterthan the wall thickness. In the earliestversionof
this mechanismoneconsidersfourth generationneutrinosbouncingoff the bubblewall.
Becauseof CPviolation thereflectionandtransmissionratesfor neutrinoswith respectto
the wall is differentfrom that for antineutrinos.Thereforeonegetsa leptonasymmetry
outsidethe wall and inside it. The asymmetryoutsidethe wall is then convertedto a
baryonasymmetryvia sphaleronprocesses.Then the bubble expandsand engulfs the
asymmetry. Once the plasmais in the bubble thereare no B violating interactionsto
destroy the asymmetrythat hasbeencreated.This methodhasalsobeenusedwith top
quarksandtauleptonsbouncingoff theelectroweakbubblewall.

A similar mechanismexists in left-right symmetricmodelswherefermionsscattering
off bubblesin a first order left-right symmetrybreakingphasetransitioncreatea lepton
asymmetrywhich is convertedto a baryonasymmetryby sphalerons.

Spontaneous baryogenesis: Spontaneousbaryogensismodelswork when one hasthick
bubblewalls. In thesemodelsonehasa termin thelagrangianlike ~j� W Sz� Q RS where

�
is

a phaseassociatedwith theHiggssector. For example,in thetwo Higgsdoubletmodelit
is therelative phasebetweenthetwo Higgsdoublets.Ignoringspatialvariationsin

�
andQ RS weget

~j� k� Q R� �
k� i R � k� C i���2li��� E � (6)

where i ��� � � are baryon and antibaryonnumberdensitiesrespectively. This then looks
like a term that contributesdifferently to the energy of baryonsandantibaryonsandso
oneclaimsthat it behaveslike an effective chemicalpotentialfor baryonnumberin the
bubblewall where

k�
is non-zero. In that caseonehasB violating processesin thermal

equilibrium and a non-zerochemicalpotential for baryonnumberin the outer regions
of the wall. Thenby thermodynamicargumentsthe baryonnumberdensityis driven toi R � C,��� )�hJ� �x� e�y\c���)x�#��� � e�E u � � k� u � astheplasmapassesthroughthewall.

Onemustpointout thattheaboveis asomewhatolderdescriptionof electroweakbaryo-
genesis.More currentdescriptionstake into accountparticletransport,diffusion,thefact
thata thin wall mayappearthick to a particleincidenton thebubbleat a closeto grazing
angle,etc.

Thereareproblemswith electroweakbaryogenesismodelsin thecontext of thestandard
model. First of all there is insufficient CP violation in the standardmodel. Secondly
experimentaldatafrom CERN indicatesthat the standardmodel Higgs massis greater
than95 GeV. But in thatcasetheelectroweakphasetransitionappearsto besecondorder
or weaklyfirst order. If it is secondorderthennoneof theabovemechanismswork. If it is
weaklyfirst order, theseparationbetweenthetwo vacuais smallandonehasphasemixing.
This makesit difficult to createanasymmetry. Thirdly, if theHiggsmassis greaterthan
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45GeVthentheHiggsvacuumexpectationvalueinsidethebubbleis too smallto shutoff
sphaleronprocesses.Thereforeany asymmetrycreatedin or outsidethewall is destroyed
insidethebubble. Of course,as u decreasessphaleronprocesseswill ultimatelystopbut
by thattime it is too late.

To get aroundthe above problemsoneconsidersextensionsof the standardmodel. In
supersymmetricextensionsonehasextra phasesthatcanenhancetheCPviolation in the
theory. To geta first orderphasetransitiononeconsiderstwo Higgsdoubletmodelsasin
theminimal supersymmetricstandardmodel.

6. Topologicaldefects

Topologicaldefectshave alsobeenusedto createa baryonasymmetry[11]. Monopole
annihilationcan give heavy GUT bosonswhosedecayscan give a baryonasymmetry.
With cosmicstringstherearethreewaysof producingabaryonasymmetry. Cosmicstrings
networkscontainloops. Theseloopsoscillategiving out gravitational radiationbut when
their sizebecomescomparableto their width they collapseproducingheavy GUT bosons
whosedecayscangive an asymmetry. Secondly, cuspson stringsor string loops,which
arepiecesof thestringmoving at thespeedof light, canannihilateproducingheavy GUT
bosons.Finally whenstringsintersectandloopsareformedquantaof GUT bosonscanbe
released.

Recentlyan interestingmodelhasalsobeenproposedthat cansimultaneouslyexplain
the baryonasymmetryof the Universeby the decaysof GUT bosonsproducedby topo-
logical defectsat early times as well as the extra high energy cosmicrays seentodayC,��� 	��z���F'*)�+�E by decaysof GUT bosonsreleasedin recentepochsby defectsrelatively
closeby ( �D�� 	���� Mpc) [12].

7. Primordial black holes

Thereexist threekindsof baryogenesismodelsthatinvolveprimordialblackholes[11].

1. If theblackholeis hotenoughto radiateGUT gaugeandHiggsbosonsthenabaryon
asymmetrycanbeobtainedin theasymmetricdecayof theseheavy particles.

2. In a B violating theory if the couplingof matterto gravity containsCP violating
termsthenbecauseof grey bodyeffects,i.e.,becauseof differenttransmissioncoef-
ficientsfor baryonsandantibaryonsin the gravitationalfield of the blackhole, the
Hawking radiationcancontainmorebaryonsthanantibaryons.

3. Finally evenin a B conservingtheorythefinal Hawking radiationcancontainmore
baryonsthanantibaryons.Let theblackholebe hot enoughto radiatesomeheavy
particleA which decaysvia CP violating couplingsto 0 �� and �0 � , whereL is a
light baryonandH is a heavy baryon. Becauseof CP violation let us assumethat
thefirst channelis preferredandsaythatonegets10 0 and �� pairsand5 �0 and

�
pairs. Since

�
and �� areheavy they aremorelikely to berecapturedby theblack

hole. In thatcaseoneis ultimately left with 10 0 and5 �0 particles,which implies
a netbaryonasymmetryin the radiatedparticles.Theblackhole itself absorbsthe
oppositebaryonnumberbut thiscannotbemeasuredor seenin subsequentradiation
asblackholeshavenobaryonichair.
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The problemwith all thesemodelsis that it is difficult to estimatethe massdistribution
andnumberdensityof blackholesin theearlyUniverse.

8. Conclusion

I hopeI have givenyou a flavour of the largevarietyof approachespeoplehave adopted
to createa matter-antimatterasymmetry. More technicaldetailscanbeobtainedfrom the
sourceslistedin thereferences.
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