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We investigatea supersymmetricextensionof the hybrid potentialwith the mass-termre-
placedby a self-couplingquarticone.This givesa scenariowith two disconnectedstagesof
inflation. Thefirst is anusualchaoticinflation,while thesecondis a vacuum-dominatedone.
However, in this modelthe latterstagerequiresa fine-tuningof theself-couplingconstantin
orderto occurandto generatethedensityperturbations.

PACS: 98.80.Cq

1 Intr oduction

Inflation [1] was initially invoked as a solution to the longstandingproblemsof the standard
hot big-bangmodel as the horizon and flatnessproblems. Theseare relatedto the necessity
of imposingsevere initial conditions. Someotherproblemslike the monopoleonehave been
alsosolved in the context of inflation. Inflation alsoprovidesa mechanismfor the generation
of primordial cosmologicalperturbations,which areresponsiblefor the observed temperature
anisotropiesin thecosmicmicrowavebackgroundradiation(cmbr)andthelarge-scalestructure
of theUniverse.Theinitial versionof Guth[2] wasbasedon afirst orderphasetransition,but in
improvedmodels[3,4] theinflationaryphaseis associatedwith a secondorderphasetransition
accompaniedby a periodof slow-rolling of the inflaton(thescalarfield driving inflation). This
wasthebasicmechanismfor all theinflationarymodelsproposedsofar.

Succesfulimplementationof the inflationarypicturerequiresa long enoughperiodof rapid
expansionanda correctorderof magnitudefor primordialperturbations.In thesimplestversion
of single-fieldinflation(thechaoticone[4]), thecorrespondingconstraintsonthepotentialof the
inflaton (the scalarfield driving inflation) areunrealisticfrom a particlephysicspoint of view.
Indeed,couplingparametersmustbefine tunedto very smallvalues,while theinflatonmustbe
of theorderof thePlanckmassduringinflation.

1Theinitial versionwaspresentedin theSummerSchoolof MathematicsandNuclearPhysics,Safi,6-10July 1999,
Morocco

2E-mail address:chafiksam@yahoo.fr
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Theseproblemscanbeavoidedin theso-calledhybrid inflation scenario,recentlyproposed
by Linde [5], wheremorethanonefield is relevant. This is oneof the mostattractive model
of inflation at present. It sharesthe bestfeatureof the slow-rolling and the first order phase
transitionmodels. Indeed,during inflation, the non inflaton field is trappedin a falsevacuum
stateandtheUniverseis dominatedby thefalsevacuumenergy. Inflation endswith a first order
phasetransitionwhentheinflatonfield reachessomecritical value.

Furthermore,in nonsupersymmetrictheories,a flat potentialdosnot emerge naturally(ex-
ceptin thecaseof Goldstoneboson).Contrarily, it is well known thatsupersymmetrictheories
oftenadmitnoncompactflat vacuumdirections[6]. Thesedirectionsremainflat to all orderof
perturbationtheory, in the unbrokenSUSY limit, dueto the non-renormalisationtheorem,but
they gaina very small curvatureinducedby SUSYbreakingwhich is very usefulfor inflation.
Thesupersymmetricflat directionsarethengoodcandidatesfor inflation.

Hybrid inflation is naturallyrealisedin supersymmetrictheoriesandits relevanceto SUSY
hasbeenextensively investigated[7–9], Many alternativeshave beenproposed[10–12]. In su-
persymmetrichybrid modelsthe inflatonwhich is usuallya scalarsingletis coupledto a Higgs
superfieldthat is chargedundersomegaugegroup G. At the end of inflation the Higgs field
receivesa nonvanishingvev, G is thenspontaneouslybroken.

The non-zerovacuumenergy densityduring inflation can either be due to the vev of an���
termor thatof a � � term[13]. The scalarpotentialhastwo minima: a local minimumof

valueof the inflaton 	 greaterthansomecritical value 	�
 (with a vanishingHiggs field), and
a global supersymmetricminimum at 	��� and a non-zeroHiggs vev. The two fields are
assumedto have chaoticinitial conditions.While 	���	�
 , theHiggsfield rapidly setllesdown
to thelocal minimum. TheSUSYis brokensincetheUniverseis dominatedby a nonvanishing
vacuumenergy. Theslow-rolling conditionsaresatisfiedandinflation takesplaceuntil 	���	�
 .
When 	 fallsbelow 	�
 theHiggsfield startsto acquirea non-zerovev. bothfieldsthenoscillate
beforestabilisingat theglobalsupersymmetricminimum. However, the initial supersymmetric
realizationof hybrid inflation [7] givesa scalarpotentialwithoutaslopein theinflatondirection
whichmeansthatinflation couldnot endin sucha model.

In thepresentpaperweproposeasolutionto thisproblembasedonanextensionof theusual
superpotentialfor supersymmetrichybrid inflation. Thecorrespondingmodelgivesrise to two
disconnectedstagesof inflation. Thefirst onecorrespondsto asimplechaoticinflationscenario,
while the secondis a vacuum-dominatedinflation. The remainderof the paperis organizedas
follows: in section2 we give a brief review of the initial versionof thehybrid inflation in both
supersymmetricand nonsupersymmetriccases. In section3 the two-stageinflation model is
presented.Section4 is devotedto thediscussionandconclusions.

2 Hybrid Inflation

Thehybrid inflation is a multifield modelwhich wasintroducedinitially to overcomeoneof the
difficulties of the usualinflationarymodelsbasedon the slow-rolling potentialswith a single
field, namelyhow to makethepotentialveryflat andto giveriseto a rapidendof inflationanda
sufficientreheating.By usingtwo fieldsinsteadof one,thisproblemwasbeautifullysolved.One
field providesthevacuumenergy which drivesinflation,while thesecondactsastheinflaton.
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Themodelis basedon a scalarpotentialof theform [5,8]

����������� �! #" $%" �
� "& "('*) "

� " � "& '*+ "
� ", (1)

where  , g are dimensionlesscoupling constantsand $ ,m are massparameters.The global
minimumis at:

� �!- , $ (2)

� �.�
Thereis alsoa falsevacuumat

� �/� with
����� �/� ����� �! " $%0 '*+ "�132" . In this minimum

themasssquaredof the
�

field is:

+ " 45� �  #"6$%" '87, ) " � " (3)

Thismassis positiveaslongas
�!9/� 
 where

� 
 is givenby:

� 
:��; ,  <$) (4)

In the absenceof the massterm of
�

in eq. (1) we obtainan exact flat directionat
� �=�

and
�>9?� 
 alongwhich the inflation may occur. But when

�
dropsbelow

� 
 , + " 4 becomes
negativeandthesymmetryis broken.Thenthefield

�
will rapidlymovetowardits truevacuum

value(2) leadingto a waterfall endof inflation. Whenwe reintroducethe massterm, the flat
directionacquiresa nonzeroslopewhich drivestheinflatonfield

�
to its valueat theendof the

slow-rolling phase,otherwisetheinflation will neverend.
In theabove discussiontheendof inflation wasidentifiedwith

� � � 
 . However, this can
happenwell beforethis instant,whenthe slow-rolling conditions[14] ceaseto be valid aswe
will seelater.

The ideaof hybrid inflation wasalsostudiedin the context of supersymmetrictheoriesby
many authors[7–9]. Themodelis realizedby thesuperpotential[7]

@ �! �	 � $ " ' ABA (5)

where A , CA is a conjugatepair of chiral superfieldswhich belongto a non-trivial representation
of a groupG, andS is a gaugesingletsuperfield.This superpotentialis themostgeneralrenor-
malizableoneconsistentwith a D � 7 �FE symmetry(underwhich

@G�%HJILKNM<@
, 	 �OHPIQKNM 	 andABA �OH AOA ). Usingtheexpression[15]

� � K
R @R A K " ' � � Term (6)

thescalarpotentialis givenby

� �S �" $%" � ABA " '  #" 	 " A " ' A " ' � � Term (7)
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We cantake the � � termvanishingif we restrictourselvesto the � -flat direction AUT � A
whichcontainsthesupersymmetricminima.

If we set:

	WV
�
; , (8)

A � A V
�
, (9)

where
�

and
�

arenormalizedrealscalarfields. Thescalarpotentialderivedfrom thesuperpo-
tential(5)thentakestheform (1) with  X� ) and+ �W� .

The potentialfor hybrid inflation is therforeobtainablefrom SUSY but without the mass-
termof

�
which is necessaryfor inflationsince,aswehavenotedabove,it givestheslopeof the

valley of minima.
Oneway to obtainausefulflat directionfor inflation(with anonvanishingslope)is to gener-

atea potentialfor theS field throughradiative corrections[7]. This is possiblewhenthesuper-
symmetryis broken,in theexactsupersymmetrylimit thenonrenormalizationtheoremprotects
theflat directionagainstsuchcorrections.

Whenwe considertheradiative corrections,theoneloop effectivepotentialfor
�Y9�9Z� 
 is

thengivenby [7]

�
eff
�[��� �! " $ 0 7 '  "\],<^ "

_a`  " � ",]b " '
\
, (10)

which providesa small slopein the
�

directionthat will drive
�

to its valueat the endof the
slow-rolling phase.

Anotherway is to modify thesuperpotentialof Eq.(5)by usingthe first nonrenormalizable
contributioninsteadof renormalizabletrilinearcoupling.Thenew superpotentialis then[21–23]

@ �S	 � $ 'dc A AUe "f " (11)

where
f

is a massscaleof the order of the compactificationscale
f 
hg 7 ��iFj GeV which

controlsthe nonrenormalizabletermsin the superpotentialof the theory. The scalarpotential
obtainedfrom

@
of Eq.(11)is;

���[kX�Ul%� � $ " �
k "
7Qm f "

" ' k " l "
7Lm f 0 (12)

Althoughthispotentialis verysimilar to theoneof theEq.(1)with + �.� , it possessessome
crucialdifferences.Theflat directionat

k �.� with
���[k �W� �nl%� �8$%0 is now alocalmaximum

in the
k

directionfor all valuesof
l

, but two valleysof localminimadeveloppon bothsidesand
closeto this flat directionat

k "po & $ " f "]q \ l " (
l " ��$ f ) with

� o $ 0 � 7 � , $ " f "]q ,Br l 0 � .
Thesevalleys have an inbuilt slopeandthusthey canin principlebeusedfor inflation [21,23].
This is calleda smoothhybrid inflation model.
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3 Two-StageInflation

3.1 The model

Ourmainmotivationis to contributebyanew alternativeto theresolutionof theabovementioned
problemof thevanishingmassof the inflatonby a modificationof thesuperpotentialof Eq.(5).
Ourmodelis basedona superpotentialof theform:

@ �! �	 � $ " ' ABA 'tsvu\ 	%w (13)

This is a simple extensionof the superpotential(5) which involvesa renormalizableself-
couplingof thesingletscalarsuperfield3.

Thescalarpotentialderivedfrom theabovesuperpotentialis thengivenby:

���[�x�n�y� �! " $ " �
� "& "(' ) " '  szu

� " � ", ' s
� 0& '  szu $ " � " (14)

where s � s " u , andwherethefieldsdefinitionis thesameasin (8) and(9).
As weshallseelater, thetypicalorderof magnituedeof thecouplingconstants is { � 7 � C i 0 � ,

andwith thechoice) �  |g!{ � 7 � C i � we cantake:

) ", '  svu g ) ", (15)

Sinceduring the inflationaryphasewe are interestedin the large valuesof
�

(
��9�9}� 
 ),

the mass-term szu $ " � " canbe neglectedwith respectto the
� 0 -term. The mass-termcanbe

consideredin a classof hybrid inflation calledinvertedhybrid inflation [16] wherethe inflaton
rolls away from theorigin.

Theeffectivepotentialcanthenbeapproximatedby:

���[�x�n�y� �! #" � $%" �
� "& � " '*) "

� " � "& ' s
� 0& (16)

in theseconditions.
This scalarpotentielhasthe sameform asthe oneof the initial Linde’s model(1) but the

mass-termis now replacedby a s � 0 -term.

3.2 Two-stageinflation

Sincethe s � 0 -termandthe + " � " -termarethetwo familiar termsin thechaoticonefield infla-
tionary modelswe canexpectthe above potentialto describethe samedynamicsasthe model
(1). However, aswe shallseelater, this modelgivesriseto two disconnectedstagesof inflation.
A similar resulthasbeenfoundby theauthorsof thereference[17] but thatmodelwasbasedon
two massivescalarfieldswith no directinteractionbetweeenthem,andeachstageof inflation is
drivedby oneof them. In suchmodelsthe spectrumof densityperturbationsmay have a very
rich andnontrivial structure.

3Althoughsomeauthorsusuallyinvoke a continuous~�� symmetrythat forbidssucha term, for phenomenological
reasonsthis symmetrycannotbeusedto exclud this trilinear term[24]



294 H. Boutalebet al.

As for Linde’smodeltheabovepotentialpresentsaglobalminimumat
� �/� and

� �!- , $
anda flat directionfor

�N�Y9W� 
 �n� �/� � , alongwhich thepotentialis:

����� �.� ����� �� " $ 0 ' s
� 0& (17)

At large
�

thepotential(17) is dominatedby thesecondterm( s 13�0
9�9  " $ 0 ) andthemodel

reducesto a simplechaoticone[4]. In thechaoticinflation we only impose,asinitial condition
for theinflatonfield:

s
� 0&��g + 0 � (18)

in order to insure the validity of the classicaldescriptionof the Universe,this implies that
;  ]$!� + � , which is realizableby thechoice$!g 7 �Bi�� GeV (this choiceis dictatedby some
particle physicsconsiderations,in particular to give a connectionwith the successionof the
phasetransitionsin theearlyUniverse),thepotentielis dominatedby the

���
term.Theequation

of motionfor thescalarfield in a flat isotropicFriedmannUniverseis:

�� ' \����� � � R �R � (19)

where
� "Zo jQ�w6� 2 �

�
. Thus,if we assumetheexistenceof someregion of theUniverseof size� g � C i in whichthefield

�
is sufficiently homogeneousandisotropicwith theinitial condition

(18), this region undergoesa periodof chaoticinflation if we canneglect the first term in the
Eq.(19).

Theinflation takesplaceaslongaswe have[14]

� V + " �
7Qm ^

�:���N���
���[��� " � 7 (20)

� � + " ���^
�:� ���N���
���N��� � 7 (21)

Sinceour potentialis reducedto a quarticoneduring this stageof inflation we canwrite� � "w � , theconditionfor inflation to occurreducesthento � � 7 .
As we havementionedabovetherearetwo differentwaysin which inflation mayend:
i/-
�

reachsthevalue
� 
 duringtheslow-rolling phase,theninflationendsthroughinstability

of thefield
�

and
�

dropsto its globalminimum.
ii/- If the � growsto beof orderunity, theslow-rolling conditions(20)and(21)areno longer

valid andinflationendsbefore
�

reaches
� 
 . Thismayoccurat somevalue

����9/� 
 .
In our model,inflation endsin thesecondway. Indeed,thevalueof

�
at which � g 7 is by

meansof Eq.(20)��� g�{ � + � � (22)

which is much greaterthan
� 
 given by the equation(4), if we take $�g 7 �Bi�� Gev (grand

unificationscale)andthecouplingconstantof order 7 � C i (for particlephysicsconsiderations).
Thisis aplausiblechoicein orderto achieveavacuum-dominatedinflationasweshallseebelow.
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After the endof inflation the field
�

undergoesa phaseof oscillationsaboutits minimum
duringwhich its energy decreasesuntill thevacuumenergy

� �Y " $ 0 becomesdominant,then
thesecondstageof inflation begins.

Sinceweareinterestedin
�!�/�y� �

where
�y�¡�

is thevalueof
�

, 60e-foldingsbeforetheend
of inflation (seebelow), we mustimposethefollowing conditionin orderto achieve a vacuum-
dominatedinflation:

s& � 0�¡� �¢ " $ 0 (23)

Thenumberof e-foldingsof expansionwhich occurbetweenthetwo scalarfield values
� K and��£

is givenby:

¤¥�N� K ��� £ � � � ��^+ " �
1B¦
1�§

���[���
� � �N���]¨ � (24)

Thenumberof HubbletimesH(k) of whichinflationoccursafteragivenscaleleavesthehorizon
is:

¤¥��©�� � m , � _N` 7 ��i
��ª�«n¬
�®�¯

� _a` ©
° � � � (25)

wheresubscript0 indicatespresentvalues[14]. Theinflationaryenergy scaleis
� �¯ g 7 ��i

�
Gev

which makestheObservableUniverseleaving thehorizonabout60 e-foldingsbeforetheendof
inflation. Thevalueof

�±�¡�
is thencalculatedby taking

¤ � m � ���²£ � � 
 and
� K � �y� � in the

expression(24):

� � � � 7 " $ "
) ", �

\ �^ + " � s$ " C 2 (26)

Substitute(26) in (23)yelds:

s o/³X´ 7 � C i " (27)

3.3 The density perturbation

The adiabaticdensityperturbationwhich is generallythoughto be responsiblefor large-scale
structureoriginatesasa vacuumfluctuationduring inflation. Its spectrumis determinedby the
quantity µ¡¶ which is givenin theslow-rolling approximationby theexpression[14]:

µ "¶ ��©�� �
\],
r ³
� T+ 0 � 7� T (28)

where� is theslow-rolling parameterdefinedearlierandthesubscript
�¸·��

indicatesthattheright-
handsideis to beevaluatedasthecomoving scale

©
equalstheHubbleradius

��© � ° � � during
inflation.

Assumingthatgravitationnelwavesarenegligible, thespectrummeasuredby COBEis [19]

µ¡¶¢� 7<¹ ºB7 ´ 7 � C � (29)
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ComparingEq(28)with thevalueEq(29)yelds

+ C w�
�¼»
2� � � ³ ¹ \ ´ 7 � C 0 (30)

Sinceduringthelaststageof inflation we have
� o  " $ 0 [Eq.(23)] this gives:

+ C w�  w $ �
s � w o�³

� \ ¹½7 � C 0 (31)

The left-handsideof the expression(31) is to be evaluatedwhenthe relevent scalescrossthe
horizon(

© � ° � ). This occursaboutm � e-foldingsbeforetheendof inflation [Eq.(26)]. which
correspondsto anonstrangevalueof s :

s o/³ ¹½7 � C i " (32)

whichis veryconsistentwith thevalueof Eq.(27).In fact,thesmallnessof s is acommonfeature
of all modelsof inflation.

A scalarpotentialof theform of Eq.(16)hasbeenconsideredin anonsupersymmetriccontext
in thereference[20] wheretheauthorshavestudiedthetwo waystheinflationendsin, andin the
simplestcasewherethescalesof astrophysicalinterestcrossedoutsidetheHubbleradiusduring
thesecondstageof inflation thecorrectsizeof densityperturbationsconstraintstheparameters ,
to be s � 7 � C i " .

4 Discussionand conclusion

Theabove resultis really consistentwith thecondition(27) for thesecondstageof inflation to
take place.Indeed,we canconsiderthatthereleventscalesfor thestructureformationleave the
horizononly duringthesecondstage,andsowe do not needto imposesucha fine-tuning.This
considerationagreeswith the fact that the inflation that increasedthevolumeof theobservable

Universebeyond the Hubbleradiusmustoccurat an energy scale
� �

¾g & ´ 7 ��i
�

GeV [18],
which is truefor thevacuumenergy thatdrivesthesecondstageinflation.

FromEq.(22)it is clearthat theexistenceof two stagesof inflation doesnot dependon the
parameters . This is dueto thefact thatwe have neglectedthevacuumenergy term,otherwise
wewould havethecondition:

; sX¿
��^
\ + " �  ]$%" (33)

to haveabreakof theinflationaryphaseatsomevalue
�yÀ

of thescalarfield. But for theinflation
to restartwe mustimposea strongconstrainton s [Eq.(27)]. This requiredvalueis confirmed
by theconstraintimposedby thespectrumof densityperturbations[Eq.(32)]. consequentlythe
regimeof two-stageinflation is narrower thanthesimpleone.

Theideaof two epochsof inflationwasalsoinvokedin thereference[17] but in thiscasethe
two-stage(doubleinflation)aredrivedrespectively by two massivenoninteractingscalarfields:
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a heavy onewith mass+5Á anda light onewith mass+ ¾ . Thesystemis describedby thescalar
potential:

��� A ¾ � AzÁ � � 7, +5Á�A " Á 'Y+ ¾ A " ¾ (34)

A doubleinflationwith abreak(Thetwo phasesof inflationareseparatedby anoninflation-
ary onewith ° �NÂÃ� g Â "6Ä w ) occurswhentheenergy of thelight field is too small to drive inflation
at themomentwhen A ¾ � + � q ,<^ , andtheenergy of theheavy onecannotsustaininflation any
more.Thisgivesthecondition:

+ ¾ A ¾ � +WÅ]+ � q ,<^ (35)

this modelcontainstwo freeparameters+ ¾ and+5Á which arefundamental.
In this paperwe have consideredan extensionof the usualsuperpotentialof the supersym-

metrichybrid inflation. This modeldescribestwo disconnectedstagesof inflation.Thefirst is a
simplechaoticinflation while thesecondoneis a vacuum-dominatedone. The typical scaleof
thefirst stageis of orderof thePlanckmass.After theendof this stage,the inflatonmovesto-
wardstheminimumof thepotentialaroundwhich it beginsto oscillate.During this intermediate
stagetheenergy densityis reducedthroughexpansion.Thesecondstagebeginswhentheenergy
densityfallsbelow thefalse-vacuumenergy densityassociatedwith a phasetransitioninvolving
the otherfield. The homogeneitybeyond the Hubbleradiusthat wasproducedduring the first
stagemakesnaturaltheonsetof thesecondstage.

In this modela sever fine-tuningof theself-couplingconstantis requiredasa conditionfor
thesecondstageof inflation to occur. But thesamefine-tuningis alsorequiredin orderto allow
thecorrectmagnitudeof thespectrumof densityperturbations.Therfore,eventhoughthefine-
tuning is alwaysseenasan unplausiblefeatureof inflationarymodels,this fact seemsto give
a self consistency for this model. Furthermore,the fine-tuningusually imposedby the COBE
observationson theself-couplingconstantof thechaoticinflation modelis somewhatrelaxedin
thismodel.Indeed,it is notnecessaryto requirethegenerationof thecorrectspectrumof densty
fluctuationsduringthefirst stagesinceit will besufficient to assumethattherelevantscalesfor
thestructureformationleave thehorizononly during thesecondstageof inflation. The role of
thefirst stagein this modelcanthenberestrictedto provide thenecessaryhomogeneityfor the
onsetof thesecondone.

Thefact that thetwo stagesoccurat two differentenergy scales,namelythePlanckandthe
GUT scalescanbeseenasoneof theadvantagesof this extension.This exhibits thesuccession
of thephasetransitionsin theearlyUniverse.
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