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We investigatea supersymmetriextensionof the hybrid potentialwith the mass-ternre-
placedby a self-couplingquarticone. This givesa scenariowith two disconnectedtageof
inflation. Thefirstis anusualchaoticinflation, while the seconds a vacuum-dominatedne.
However, in this modelthe latter stagerequiresa fine-tuningof the self-couplingconstanin
orderto occurandto generatehe densityperturbations.

PACS: 98.80.Cq

1 Intr oduction

Inflation [1] wasinitially invoked as a solutionto the longstandingproblemsof the standard
hot big-bangmodel as the horizon and flathessproblems. Theseare relatedto the necessity
of imposingsevereinitial conditions. Someother problemslik e the monopoleone have been
alsosolvedin the contet of inflation. Inflation also providesa mechanisnfor the generation
of primordial cosmologicalperturbationswhich are responsibleor the obserned temperature
anisotropiesn the cosmicmicrowave backgroundadiation(cmbr)andthelarge-scalestructure
of theUniverse.Theinitial versionof Guth[2] wasbasecdon afirst orderphaseransition,butin
improved models[3, 4] the inflationaryphases associateavith a secondorderphasetransition
accompaniedby a periodof slow-rolling of theinflaton (the scalarfield driving inflation). This
wasthebasicmechanisnfor all theinflationarymodelsproposedsofar.

Succesfuimplementatiorof the inflationary picturerequiresa long enoughperiodof rapid
expansionanda correctorderof magnitudefor primordial perturbationsin the simplestversion
of single-fieldinflation (the chaoticone[4]), the correspondingonstraintonthepotentialof the
inflaton (the scalarfield driving inflation) are unrealisticfrom a particle physicspoint of view.
Indeed,couplingparametersnustbefine tunedto very smallvalues while the inflaton mustbe
of the orderof the Planckmassduringinflation.

1Theinitial versionwaspresentedn the SummerSchoolof MathematicsandNuclearPhysics Safi, 6-10 July 1999,
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Theseproblemscanbe avoidedin the so-calledhybrid inflation scenarioyecentlyproposed
by Linde [5], wheremorethanonefield is relevant. This is one of the mostattractve model
of inflation at present. It shareshe bestfeatureof the slow-rolling andthe first order phase
transitionmodels. Indeed,during inflation, the noninflaton field is trappedin a falsevacuum
stateandthe Universeis dominatedy thefalsevacuumeneny. Inflation endswith afirst order
phasdransitionwhentheinflatonfield reachesomecritical value.

Furthermorejn nonsupersymmetritheories,a flat potentialdos not emege naturally (ex-
ceptin the caseof Goldstoneboson).Contrarily, it is well known that supersymmetritheories
oftenadmitnoncompactflat vacuumdirections[6]. Thesedirectionsremainflat to all orderof
perturbationtheory, in the unbroken SUSY limit, dueto the non-renormalisatiotheorem but
they gaina very small curvatureinducedby SUSY breakingwhich is very usefulfor inflation.
Thesupersymmetriflat directionsarethengoodcandidategor inflation.

Hybrid inflation is naturallyrealisedin supersymmetritheoriesandits relevanceto SUSY
hasbeenextensiely investigated7-9], Many alternatveshave beenproposed10-12]. In su-
persymmetrichybrid modelsthe inflatonwhich is usuallya scalarsingletis coupledto a Higgs
superfieldthat is chaged undersomegaugegroup G. At the end of inflation the Higgs field
recevvesa nonvanishingvev, G is thenspontaneousliproken.

The non-zerovacuumenegy density during inflation can either be due to the vev of an
F—termor thatof a D—term[13]. The scalarpotentialhastwo minima: alocal minimum of
valueof the inflaton S greaterthan somecritical value S, (with a vanishingHiggs field), and
a global supersymmetrianinimum at S = 0 anda non-zeroHiggs vev. The two fields are
assumedo have chaoticinitial conditions.While S > S., the Higgsfield rapidly setllesdown
to thelocal minimum. The SUSY is brokensincethe Universeis dominatedoy a nonvanishing
vacuumenegy. Theslow-rolling conditionsaresatisfiedandinflation takesplaceuntil S = S..
WhenS fallsbelov S, the Higgsfield startsto acquirea non-zerovev. bothfieldsthenoscillate
beforestabilisingat the global supersymmetrieninimum. However, the initial supersymmetric
realizationof hybridinflation [7] givesa scalarmpotentialwithouta slopein theinflatondirection
which meanghatinflation couldnotendin suchamodel.

In the presenpapemwe proposea solutionto this problembasedn anextensionof theusual
superpotentialor supersymmetritybrid inflation. The correspondingnodelgivesrise to two
disconnectedtagef inflation. Thefirst onecorrespondso a simplechaoticinflation scenario,
while the seconds a vacuum-dominateéhflation. The remainderof the paperis organizedas
follows: in section2 we give a brief review of the initial versionof the hybrid inflation in both
supersymmetri@nd nonsupersymmetricases. In section3 the two-stageinflation modelis
presentedSection4 is devotedto thediscussiorandconclusions.

2 Hybrid Inflation

Thehybrid inflation is a multifield modelwhich wasintroducedinitially to overcomeoneof the
difficulties of the usualinflationary modelsbasedon the slow-rolling potentialswith a single
field, namelyhow to make the potentialvery flat andto give riseto arapidendof inflationanda
sufficientreheating By usingtwo fieldsinsteadof one,this problemwasbeautifullysolved. One
field providesthe vacuumenegy which drivesinflation, while the secondactsastheinflaton.
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Themodelis basedn a scalampotentialof theform [5, 8]

2.2 2,12 22
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Ve, ¥) :K?(/f* —) +gP T+ m? (1)
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wherek, g are dimensionlessoupling constantsand i, m are massparameters.The global

minimumis at:

o =+2u 2)
=0

Thereis alsoafalsevacuumat ¢ = 0 with V(¢ = 0,7) = x2u* + m”;. In this minimum
themasssquaredf the o field is:

1
my, = =k’ + 5g%Y? 3)

This masss positive aslongasy > 1. where,. is givenby:
Ve = \/Q% (4)

In the absenceof the masstermof ¢ in eq. (1) we obtainan exactflat directionat p = 0
andvy > 1. alongwhich the inflation may occut But when+) dropsbelow .., mi becomes
negative andthe symmetryis broken. Thenthefield ¢ will rapidly movetowardits truevacuum
value (2) leadingto a waterfall end of inflation. Whenwe reintroducethe massterm, the flat
directionacquiresa nonzeroslopewhich drivestheinflatonfield ¢ to its valueatthe endof the
slow-rolling phaseptherwisetheinflation will neverend.

In the above discussiorthe end of inflation wasidentifiedwith ) = 1).. However, this can
happenwell beforethis instant,whenthe slow-rolling conditions[14] ceaseo be valid aswe
will seelater.

The ideaof hybrid inflation wasalso studiedin the context of supersymmetri¢cheoriesby
mary authorqg7-9]. Themodelis realizedby the superpotentig]7]

W = kS(—p* + ¢¢) (5)
Whereqs,g; is a conjugatepair of chiral superfieldsvhich belongto a non-trivial representation
of agroupG, andS is a gaugesingletsuperfield.This superpotentiais the mostgeneralrenor

malizableoneconsistentvith aU (1) g symmetry(underwhich W — ¢W, § — ¢S and
od — ¢¢). Usingtheexpressior{15]

oW |2
V=35

+ D —Term (6)
the scalampotentialis givenby

V = &2u — o + k2[S)*(|¢)* + [¢°) + D — Term ©)
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We cantake the D—termvanishingif we restrictoursehesto the D-flat direction¢* = ¢
which containgthe supersymmetrininima.

If we set:
- ¥
s_\/§ (8)
ZT_4s=7
p=9¢=7 (9)

wherey andy arenormalizedreal scalarfields. The scalampotentialderivedfrom the superpo-
tential(5)thentakestheform (1) with kK = g andm = 0.

The potentialfor hybrid inflation is therforeobtainablefrom SUSY but without the mass-
termof v whichis necessaryor inflation since,aswe have notedabove, it givestheslopeof the
valley of minima.

Oneway to obtaina usefulflat directionfor inflation (with a nonvanishingslope)is to gener
atea potentialfor the S field throughradiative correctiong7]. Thisis possiblewhenthe super
symmetryis broken,in the exactsupersymmetrjimit the nonrenormalizatiortheoremprotects
theflat directionagainssuchcorrections.

Whenwe considertheradiative correctionsthe oneloop effective potentialfor ) >> 1. is
thengivenby [7]

1{2 I<&2’I/J2 3
3272 (m A2 T 5)] (10)
which providesa small slopein the v directionthatwill drive « to its valueat the end of the
slow-rolling phase.

Anotherway is to modify the superpotentiabf Eq.(5) by usingthe first nonrenormalizable
contributioninsteadof renormalizablérilinear coupling. The new superpotentialk then[21-23]

wo=s(-us %2) 1)

Vefi (V) = £2pt [1 +

where M is a massscaleof the order of the compactificationscale M, ~ 10'® GeV which
controlsthe nonrenormalizabléermsin the superpotentiabf the theory The scalarpotential
obtainedrom W of Eq.(11)is;

2 2 2 2
2 X X0

Althoughthis potentialis very similar to theoneof the Eq.(1)with m = 0, it possessesome
crucialdifferencesTheflat directionat y = 0 with V(y = 0,0) = u* is now alocalmaximum
in the x directionfor all valuesof ¢, but two valleys of local minimadeveloppon bothsidesand
closeto thisflat directionat x? ~ 4u?M? /302 (02 > puM) with V >~ p*(1 — 22 M? /270%).
Thesevalleys have aninbuilt slopeandthusthey canin principle be usedfor inflation [21,23].
Thisis calleda smoothhybrid inflation model.
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3 Two-Stagelnflation

3.1 The model

Ourmainmotivationis to contributeby anew alternatve to theresolutionof theabove mentioned
problemof the vanishingmassof the inflaton by a modificationof the superpotentiabf Eq.(5).
Ourmodelis basedn a superpotentiabf theform:

W = kS (—p* + ¢¢) + %53 (13)

This is a simple extensionof the superpotentia(5) which involvesa renormalizableself-
couplingof thesingletscalarsuperfield.
Thescalampotentialderivedfrom the above superpotentiais thengivenby:

9021/}2
2

A% U
V(, @) = K2 (,u2 - I) + (92 + FG)\S) + /\Z + kA 2p? (14)
where) = )2, andwherethefields definitionis the sameasin (8) and(9).
As we shallseelater, thetypical orderof magnituedef the couplingconstant\ is O(10~14),

andwith thechoiceg, k ~ O(10~ ') we cantake:

2 2
g g
( ~+ wA ) > (15)

Sinceduring the inflationary phasewe areinterestedn the large valuesof ¥(v >> 1.),
the mass-terms )\, ;.21? canbe neglectedwith respecto the ¢/*-term. The mass-terncanbe
consideredn a classof hybrid inflation calledinvertedhybrid inflation [16] wherethe inflaton
rolls away from theorigin.

Theeffective potentialcanthenbe approximatedy:

()02

V(¥,0) = k*(0* = 70)* + g

2,02 4
2Py Y
A— 16
AW (16)
in theseconditions.
This scalarpotentielhasthe sameform asthe one of the initial Linde’s model (1) but the

mass-termis now replacedoy a A% -term.

3.2 Two-stageinflation

Sincethe \y*-termandthe m 2« 2-termarethe two familiar termsin the chaoticonefield infla-
tionary modelswe canexpectthe above potentialto describethe samedynamicsasthe model
(1). However, aswe shall seelater, this modelgivesriseto two disconnectedtagef inflation.
A similarresulthasbeenfoundby the authorsof thereferencg17] but thatmodelwasbasedn
two massie scalarfieldswith no directinteractionbetweeerthem,andeachstageof inflationis
drived by one of them. In suchmodelsthe spectrumof densityperturbationsnay have a very
rich andnontrivial structure.

3Although someauthorsusuallyinvoke a continuousR—symmetrythat forbids sucha term, for phenomenological
reasonshis symmetrycannotbe usedto exclud this trilinear term[24]
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As for Linde’s modeltheabove potentialpresentsa globalminimumaty = 0 andy = +2u
andaflat directionfor (¢ > v, ¢ = 0), alongwhich the potentialis:

Vie=0,9) =r’u" + Aw{ (17)

At large thepotential(17)is dominatecbytheseconcterm()ﬁ%4 >> k2pu*) andthemodel
reducego a simplechaoticone[4]. In the chaoticinflation we only impose,asinitial condition
for theinflatonfield:

s
in order to insurethe validity of the classicaldescriptionof the Universe,this implies that
VL < my, whichiis realizableby the choicep. ~ 10'° GeV (this choiceis dictatedby some
particle physicsconsiderationsin particularto give a connectionwith the successiorof the
phaseransitionsin the early Universe) the potentielis dominatedy the )—term. The equation
of motionfor thescalarfield in aflat isotropicFriedmannUniverseis:

; . bl
3HY = —— 19
b+ 3 = =50 (19)
whereH? ~ BTV . Thus,if we assumehe existenceof someregion of the Universeof size

I ~ H~Yin whichthefield v is sufficiently homogeneouandisotropicwith theinitial condition
(18), this region undegoesa period of chaoticinflation if we canneglectthe first termin the
Eq.(19).

Theinflation takesplaceaslong aswe have [14]

_omy (V')
_ my V" (1))
= % V) <1 (21)

Sinceour potentialis reducedto a quartic one during this stageof inflation we canwrite
€= %n, theconditionfor inflationto occurreduceghento e < 1.

As we have mentionedabove therearetwo differentwaysin whichinflation mayend:

i/- ) reachghevaluey. duringtheslow-rolling phasetheninflation endsthroughinstability
of thefield ¢ and+) dropsto its globalminimum.

ii/- If thee growsto beof orderunity, the slow-rolling conditions(20) and(21) areno longer
valid andinflation endsbeforey reaches).. Thismayoccuratsomevaluey, > ..

In our model,inflation endsin the secondvay. Indeed thevalueof ¢ atwhiche ~ 1 is by
meansof Eq.(20)

Ve ~ O(myp) (22)

which is much greaterthan . given by the equation(4), if we take . ~ 10'5 Gev (grand
unificationscale)andthe couplingconstanof order10~! (for particle physicsconsiderations).
Thisis aplausiblechoicein orderto achieze avacuum-dominateihflation aswe shallseebelow.
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After the endof inflation the field ¢y undegoesa phaseof oscillationsaboutits minimum
duringwhich its enegy decreaseantill thevacuumenegy V = «2u* becomeslominant,then
the secondstageof inflation begins.

Sincewe areinterestedn ¢ < g9 Whereyyg, is thevalueof ¢, 60 e-foldingsbeforetheend
of inflation (seebelow), we mustimposethe following conditionin orderto achiese a vacuum-
dominatednflation:

A ,
Z?ﬁgo < Rt (23)

The numberof e-foldingsof expansionwhich occurbetweernthe two scalarfield valuesy; and

1y is givenby:

_sm (YY)
m2 Sy, V')

Thenumberof HubbletimesH(k) of whichinflation occursafteragivenscaleleavesthe horizon
is:

N (i, hy) =

di (24)

1016 GeV k
—1In

N(k)=62—1n V% o~z
I

(25)

wheresubscrip indicatespresentalues[14]. Theinflationaryenegy scaleis VI% ~ 10'6 Gev
which makesthe ObsenableUniverseleaving the horizonabout60 e-foldingsbeforethe endof
inflation. Thevalueof v is thencalculatedby taking N' = 60,1y = 1. andy; = g in the
expression24):

b= [ (5 L2 =

Substitutg26) in (23) yelds:

NE

A~ 5x 1012 (27)

3.3 The density perturbation

The adiabaticdensity perturbationwhich is generallythoughto be responsibldor large-scale

structureoriginatesasa vacuumfluctuationduring inflation. Its spectrumis determinedoy the

quantityd g whichis givenin the slow-rolling approximatiorby the expressior{14]:
32V, 1

75 mg €x

37 (k) (28)
wheree is theslow-rolling parametedefinedearlierandthe subscript(x) indicateshattheright-
handsideis to be evaluatedasthe comoving scalek equalsthe Hubbleradius(k = a«H) during
inflation.

Assumingthatgravitationnelwavesarenggligible, the spectrunmeasuredy COBE s [19]

Sg = 1.91x107° (29)
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Comparingeq(28)with thevalueEq(29)yelds

LV .

Sinceduringthelaststageof inflationwe have V' ~ x2u* [Eq.(23)]this gives:

3,6
-3k p

N —4
AW ~ 5,3.10 (31)

m

The left-handside of the expression(31) is to be evaluatedwhenthe relevent scalescrossthe
horizon(k = aH). This occursabout60 e-foldingsbeforethe endof inflation [Eq.(26)]. which
correspond$o anonstrangevalueof \:

A~ 510712 (32)

whichis very consistentvith thevalueof Eq.(27).In fact,thesmallnes®f A isacommonfeature
of all modelsof inflation.

A scalampotentialof theform of Eq.(16)hasbeenconsideredn anonsupersymmetricontext
in thereferencd20] wheretheauthorshave studiedthetwo waystheinflation endsin, andin the
simplestcasewherethe scalef astrophysicainterestcrosseutsidethe Hubbleradiusduring
thesecondstageof inflation the correctsizeof densityperturbationgonstraintgshe parameten,
tobel < 10712

4 Discussionand conclusion

The above resultis really consistenivith the condition(27) for the secondstageof inflation to
take place.Indeed we canconsiderthatthereleventscaledor the structureformationleave the
horizononly duringthe secondstage andsowe do not needto imposesucha fine-tuning. This
consideratioragreeswith the factthatthe inflation thatincreasedhe volume of the obsenable

Universebeyond the Hubbleradiusmustoccurat an enegy scaleV/ « L4 x 106 GeV [18],
whichis truefor the vacuumenepy thatdrivesthe secondstageinflation.

FromEqg.(22)it is clearthatthe existenceof two stagesf inflation doesnot dependon the
parameter\. Thisis dueto thefactthatwe have neglectedthe vacuumenegy term, otherwise
we would have the condition:

8w

VA > WKMQ (33)

to have abreakof theinflationaryphaseat somevalue . of thescalarfield. But for theinflation
to restartwe mustimposea strongconstrainton A [EQ.(27)]. This requiredvalueis confirmed
by the constrainimposedby the spectrumof densityperturbationgEq.(32)]. consequentlyhe
regime of two-stagenflation is narroverthanthesimpleone.

Theideaof two epochf inflation wasalsoinvokedin thereferencd17] but in this casethe
two-staggdoubleinflation) aredrivedrespectiely by two massie noninteractingscalarfields:
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aheavry onewith massm;, andalight onewith massm;. The systemis describedy the scalar
potential:

Vior, 1) = 5 (madh + mio?) (34)

A doubleinflation with a break(Thetwo phase®f inflation areseparatedtby a noninflation-
ary onewith a(t) ~ t*/3) occurswhenthe enegy of thelight field is too smallto drive inflation
atthemomentwhen¢;, = m, /27, andtheenegy of theheary onecannotsustaininflation ary
more. This givesthe condition:

my¢p <K mhmy /27 (35)

this modelcontainswo free parametersn; andm; which arefundamental.

In this paperwe have considerecan extensionof the usualsuperpotentiabf the supersym-
metric hybrid inflation. This modeldescribeswo disconnectedtagef inflation. Thefirst is a
simplechaoticinflation while the secondoneis a vacuum-dominatedne. The typical scaleof
thefirst stageis of orderof the Planckmass.After the endof this stage the inflaton movesto-
wardsthe minimumof the potentialaroundwhichit beginsto oscillate.During thisintermediate
stagetheenepy densityis reducedhroughexpansion.The secondstagebeginswhentheenegy
densityfalls below thefalse-\acuumenepgy densityassociatedvith a phaseransitioninvolving
the otherfield. The homogeneitybeyond the Hubbleradiusthat was producedduring the first
stagemakesnaturalthe onsetof the secondstage.

In this modela sever fine-tuningof the self-couplingconstanis requiredasa conditionfor
the secondstageof inflation to occur But the samefine-tuningis alsorequiredin orderto allow
the correctmagnitudeof the spectrumof densityperturbations Therfore,eventhoughthefine-
tuning is always seenas an unplausiblefeatureof inflationary models,this fact seemdo give
a self consistenyg for this model. Furthermorethe fine-tuningusuallyimposedby the COBE
obsenationson the self-couplingconstanpf the chaoticinflation modelis somavhatrelaxedin
thismodel.Indeed|t is notnecessaryo requirethe generatiorof the correctspectrunof densty
fluctuationsduring thefirst stagesinceit will be suficientto assumehatthe relevantscalesor
the structureformationleave the horizononly during the secondstageof inflation. The role of
thefirst stagein this modelcanthenbe restrictedto provide the necessarjiomogeneityfor the
onsetof thesecondne.

Thefactthatthetwo stagesoccurat two differentenegy scalesnamelythe Planckandthe
GUT scalescanbe seenasoneof theadvantagef this extension.This exhibits the succession
of the phaseransitionsin theearlyUniverse.
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