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Large scale structure from the Higgs fields of the supersymmetric standard model
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We propose an alternative implementation of the curvaton mechanism for generating the curvature pertur-
bations which does not rely on a late decaying scalar decoupled from inflation dynamics. In our mechanism the
supersymmetric Higgs scalars are coupled to the inflaton in a hybrid inflation model, and this allows the
conversion of the isocurvature perturbations of the Higgs fields to the observed curvature perturbations respon-
sible for large scale structure to take place during reheating. We discuss an explicit model which realizes this
mechanism in which thew term in the Higgs superpotential is generated after inflation by the vacuum
expectation value of a singlet field. The main prediction of the model is that the spectral index should deviate
significantly from unity,|n—1|~0.1. We also expect relic isocurvature perturbations in neutralinos and bary-
ons, but no significant departures from Gaussianity and no observable effects of gravity waves in the CMB
spectrum.
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[. INTRODUCTION spectrum depends only on the form of the inflaton potential,
and is independent of what goes on between the end of in-
According to the inflationary paradigiii], the presently flation and horizon entry. The disadvantage is that it provides
observed large scale universe originated from a very smaf strong restriction on models of inflation. The price of such
patch of space which underwent a period of quasiexponersimplicity, with one field being responsible for both inflation
tially accelerated expansion known as inflation. In such ar@nd the primordial curvature perturbation often translates
inflationary approach, the very largest scales, which are nowito a severe restriction on the parameters of the inflaton
entering the horizon, would have been in causal contact dtotential. This often requires very small values for the cou-
very early times. According to inflation this causal contactPlings and/or the masses which apparently renders many
would have ceased some 50-80olds before the end of such theories unnatural.
inflation, corresponding to so-called horizon exit to distin- Recently it has been pointed out that in general it is un-
guish it from the horizon entry as observed in the presenfecessary for the inflaton field to be responsible for generat-
epoch. Inflation clearly provides an attractive explanation foring the curvature perturbatidi0,11. It is possible that the
why the cosmic microwave backgrour@€MB) radiation inflaton only generates a very small curvature perturbation
should have the same temperature from points in the skgjuring the period of inflation, which instead may result from
which would have been out of causal contact at the time othe isocurvature perturbations of a curvaton field which sub-
last scatteringthe horizon problem It also accounts for the Sequently become converted into curvature perturbations in
observed flatness of the univerée=1 (the flatness prob- the period after inflation, but before horizon enf#0-13.
lem), consistent with the CMB dat—7]. Isocurvature perturbations simply mean perturbations which
Another commonly stated success of inflatidd is the ~ do not perturb the total curvature, usually because the curva-
fact that the observed primordial density perturbationston field contributes a very small energy density during
which were first observed by Cosmic Background Explorerinflation. In the scenarios presented so[ft0,11,14—-17, the
(COBE) [8] on cosmological scales just entering the horizon,curvaton is assumed to be completely decoupled from infla-
and which are supposed to be the seeds of large scale strd@nary dynamics, and is assumed to be some late-decaying
ture, could have originated from the quantum fluctuations ofcalar which decays before the time that neutrinos become
the inflaton field, the scalar field which is supposed to bedecoupled.
responsible for driving inflation. In this scenario the quantum The reason why the curvaton is assumed to be late-
fluctuations of the inflaton field during the period of inflation decaying can be understood from the following argument
become classical perturbations at horizon exit, giving a pri{16]. After reheating the total curvature perturbation can be
mordial curvature perturbation which remains constant untiwritten as
the approach of horizon entr§9]. The advantage of this
scenario is that the prediction for the nearly scale-invariant R=(1-H)R+ 1R, @

where
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and (on unperturbed hypersurfaces on super-horizon sizedllow a flat direction during inflation, we also require that the

scale$ w term which usually couples the two Higgs doublets in the
minimal supersymmetric standard model must be set to zero.
op; op; However, providing this obstacle can be overcome, it is natu-
Ri~—H ? - ?) ) ral to explore the attractive possibility that such Higgs fields
I

are the seed of large-scale structure in the Universe. The idea
would be that the inflaton gives a very small curvature per-
turbation, with the Higgs field giving an isocurvature pertur-
bation. The coupling of the Higgs scalars to the inflaton then
allows the energy densities of the inflaton and the Higgs field
to become of similar magnitude at the onset of reheating,
allowing the conversion of isocurvature density perturbations
. Sy to curvature perturbations.
Rm—Hf(l—f)? (4) In the remainder of the paper we shall discuss a super-
symmetric hybrid inflation model based on these observa-
tions. In this model the superpotential includes, in addition to
the two Higgs doublet superfields$, andH,4 of the super-
Sy=—3(R,—R,). (5) symmetric standard model, also two gauge singlet super-
fields, one of themp playing the role of the inflaton and the
The curvaton generates an isocurvature perturbation becaugtherN coupling to the two Higgs doublets, effectively gen-
initially p,>p,, and henceéf <1, so that from Eq(1) the erating an effectivg. term from the couplindNH,Hq4 as in
curvature perturbation is dominated &¢. However as the the next-to-minimal supersymmetric standard model
universe expands and the scale facdncreases while the (NMSSM) [20]. This happens after inflation when it gets a
Hubble constantH decreases, the curvaton with mass vacuum expectation valu®EV) No=(N). TheN superfield
whose oscillations have effectively been frozen in by thealso couples to the inflatos as #N?, and therefore acts as
large Hubble constant, begins to oscillate and act as matte? messenger allowing the Higgs fields to couple to the infla-
After this happens;r decreases aa_4 while the energy ton. In previous discussions of this mot[éD] we assumed
density in the curvaton f|e|ﬂa has a slower fall-off ag 3. that during inflation the HIggS anil fields are held at the
Eventua”y the curvaton energy densh‘_y becomes compa- Origin, but here we shall show that an alternative inﬂationa.ry
rable to the radiation density from the inflaton degay and  trajectory is possible in which the inflatas as well as the
when this happens from E) we see thaf~1 and from Higgs doublets are slowly rolling during the inflationary ep-
Egs. (4), (5) this leads to the growth of the total curvature och. The isocurvature perturbations of the Higgs fields dur-
perturbation R from the isocurvature perturbatiorR,, !ng inﬂa_tip_n are converted into curvature perturbations dur-
>R, . This mechanism, which allows the curvaton isocurva-ind the initial stages of the reheating process, when all these
ture perturbations to become converted into the total curvafields begin to oscillate with comparable energy densities.

ture perturbation, requires the curvaton scalar to be late- The layout of the rest of the paper is as follows. The
decaying. model is presented in Sec. Il, where the evolution for the

The main motivation behind the present paper is to probaCkgrOUnd fields is studied. In Sec. Il we discuss the nature

pose an alternative curvaton mechanism that removes ttnd evolution of the perturbations during the epoch of infla-

necessity for having a late-decaying scalar. To this end wé&on, and show that it is natural for the inflaton to give the

make the following two observations: dominant curvature perturbatio_n, but s'gill too small to ac-
(1) The first observation is that hybrid inflatiqns,19 ~ count for the COBE value, while the Higgs fields strongly

involves more than one scalar field and ends by a phas@ontnbute to the isocurvature perturbations. In Sec. IV we

transition in which the fields involved move from the false, describe the evolution of the perturbations during reheating,

vacuum energy dominated potential minimum, towards thefter the Higgs field has decayed and the Universe is made of

global minimum, and start oscillating around it. In the pro-@ Mixture of mattexthe oscillating singlet fieldsand radia-

cess, the vacuum energy gets redistributed among the field§n (Higgs decay productsand show that the isocurvature

such that their energy densities are comparable. Thus arerturbations are converted into curvature perturbations. In

isocurvature perturbation in one of the hybrid inflation fieldsSec. V we comment on some of the subtleties involved in the

may be converted into curvature perturbations during the ontransition from inflation to reheating, and the issue of pre-

set of reheating. Note that the conversion does not take pladi€ating. The predictions of the approach are discussed in

until one of the fields decays. Given that the inflaton field isSec. VI, and in Sec. VIl we provide a summary.

a singlet field, we can choose the curvaton field to be a flat

direction during inflation made of a pair of charged fields, || THE MODEL: A NEW INFLATIONARY TRAJECTORY

where the gauge interactions imply that the curvaton decays

first. In this section we revisit the supersymmetric hybrid infla-
(2) The second observation is that the supersymmetriéion model based on the superpotent0]:

standard model provides a natural candidate for such a pair

of charged scalar fields: the two Higgs doublets. In order to W=ANH_Hy— kN2, (6)

where the curvaton densipy, and radiation density, , aris-
ing from the decay of the inflaton, each satisfy their own
energy conservation equations and ea&;hremains constant
on super-horizon scales. The time evolution7dfon these
scales is then given by its time derivative,

whereS,, is called the entropy perturbation defined by
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where N and ¢ are singlet superfields, and, 4 are the very light axion in the usual waj22]. The axion scalé, is
Higgs superfields, and\,x are dimensionless couplings. set by the VEVs of the singlets, and it is constrained by
Other cubic terms in the superpotential are forbidding byastrophysical and cosmological observations to be roughly in
imposing a global(1)pq Peccei-Quinn symmetry. The su- the window 16° GeV<f,<10" GeV [23,24. Given that
perpotential in Eq(6) includes a linear superpotential for the f,~ ¢.~ ¢y~ Ny~ 10 GeV and the soft breaking terd,
inflaton field, ¢, typical of hybrid inflation, as well as the are expected to be of the order of 1 TeV, E&), this leads to
singletN coupling to Higgs doublets as in the NMSSM. In a coupling constant of the order 10 1°. The same applies
the original version of this mod¢R0] we assumed that dur- to A=k, with u=ANy~1 TeV. The smallness of and «

ing inflationN andH ,, Hq were set to zero. Here we discuss will be explained in a companion papl5]. Therefore, de-
an alternative inflationary trajectory in which these fieldsmanding a zero cosmological constant at the global mini-
may take small values away from the origin, consistent withmum requires the height of the potential during inflation to

slow roll inflation. be of the order of
In order to satisfy the D-flatness conditibnye assume /e
the values of the Higgs doublets during inflation to be equal, s VK
H,=Hg=h. Inflation takes place below the SUSY breaking V(0)™= 5 $.=(10° Gev), 9

scale. Therefore, including the soft SUSY breaking masses,
m,, my andmy,, and trilinearsA,., A, , the potential for the ~ With a Hubble parameter of the order of
real part of the fields is

V(o)l/Z
K’ N 1 = =10 MeV, (10
V=V(0)+ - N*+ k(= ) (b b )N*+ S m 62 V3m
A NIRY L where mp=Mp/\87=2.4x10"®GeV is the reduced
2 A NMoal M 2R, T 22 Planck mass.
FAND (\/5 w¢ |+ 4 o 2 N"h+ thh ' An important condition for inflation is that the inflaton

massm,, (and alsom;,) needs to be small enough in order to
() ensure the slow roll of the inflaton, as determined by the

In our previous work we set the Higgs terms to zdre;0. slow roll parameters defined in the standard waylds

Allowing the Higgs terms in Eq(7) we see that the term 1 V' 2

proportional toNh? can induce a non-zero value fbrand €= —mﬁ,(—) <1 11
N during inflation providing that the coefficient of this term 2 v

is negativeA, /\2— k¢<0. However, providing that the 2y

values of the fieldN, H, andH4 are sufficiently small dur- |,]|E‘ P~ <1 (12)
ing inflation, as discussed later, then inflation is controlled by \

the inflaton¢, as in the original mod€l20], and will end

when ¢ reaches one of its critical values given by whereV’ (V") are the firs{second derivatives of the poten-

tial. In this case we find the slow roll parameters for the

Y 4mﬁ field:
« ns= 3—|f2< 1, (13

These critical values correspond to the field dependent mass

squaredk?(¢p— o2 ) (d— ¢ )N? changing sign and becom- )

ing negative, signaling the end of inflation due to the desta- €, = 1772 ¢_<1 (14)
bilization of the inflationary trajectory, after which the fields 42 'f’m,% '

N, ¢, H, andHy then approach their global minimum and
acquire their physical vacuum expectation valf¥€Vs) where it is understood that these expressions are evaluated at

No, ¢, vy anduvy. For order of magnitude estimations, Some number oé-folds before the end of inflation. Equation

here on we will takep,= ¢ = b, . (14) is always satisfied oncg,<1. This would require an
The parameters of the potential in Eg) are selected by inflator12 mass of the order of some MeVs at most, E@’
the following physical requirements. As discusse@?f] the ~ ~0.1H. A similar constraint will also apply to the Higgs

global Peccei-QuiniiPQ symmetry imposed on the super- Soft boson masses. This is also compatible with the observa-
potential Eq(6) solves the stron@P problem. When the PQ tional constraint on the spectral indem=0.93+0.13 [2],

symmetry is broken by the VEVs of the singlets, it leads to awhich in terms of the slow-rolling parametef$], [n—1|
=27,—6¢€,, givesn,<0.03. The smallness of the inflaton

and Higgs soft boson masses which are orders of magnitude
IHiggs fields are charged und&U(2), X U(1)y interactions, sm_aller than the typical soﬁ brea_king values _assumed for the
such that there is what is called a D-term contribution in the potentrilinear couplings, is explained in a companion pajis]. .
tial of the form @3+ g?) (H2—H2%)%/8. A “D-flat” direction is made We have also included a constant vacuum energy contri-
of a combination of the fields such that the D-term vanigi24s. bution V(0) in the potential in Eq(7) whose origin we do
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not specify. It can be explained once the model is embedded Apparently, as far abl is concerned, we have violated the
in a supergravitf SUGRA) model[26], where the question slow roll conditions. Since we have seen ti\itdoes not
of SUSY breaking can be addressed. It should be pointed owlisturb the slow roll oh and ¢ we should not be concerned
however that SUGRA corrections generically give rise toabout this. Nevertheless, we shall see that in some dénse
scalar masses contributions of the order of the Hubble pasan be regarded as slowly rolling, according to the following
rameter during inflation. This is the so-callegl problem  argument. The typical time scale during inflation is set by the
[27]. Nevertheless, the problem can be avoifE2126,28,29  rate of expansion H, but the oscillationshfare much faster
by a suitable choice of the SUGRA model, i.e., the Kahlerthan that. On the Hubble time scale as far as the motidw of
potential and/or the superpotential for the scalar inflaton. Ouis concerned all that we can see is the average effect of the
approach is that it is natural to have scalar masses of thescillations. The motion oN is then given by the “quasi”
orderH? during inflation, but rather slightly smaller in order constant terni“quasi” in the sense that is given by the other
to satisfy Eqg.(13). This would only require at most a mild fields ¢ andh that are slow-rolling, plus the pure oscillatory
tuning of the parameters in the SUGRAMer potential. term with an amplitude that decays with the expansion. So
We now discuss an inflationary trajectory that will enablewhen compared to the evolution of the other fieldsandh,
the Higgs fields to be non-zero and slowly rolling during thein a few e-folds the oscillatory term itN will be averaged to
inflationary epoch, and hence to acquire an isocurvature perero, and if we require a local minimuaV/9dN=0 then we
turbation. The requirement that the ¢ fields be slow- have effectively, from Eq(20),
rolling during inflation, means that their effective field de-

pendent masses must be smaller thn \h2 [ A, ) h2(t)
N)=———|=—kd|~—5 &), (21
Py, A, , wi(d)\ 2 :
—=\2(3h2+N?)+2AN| —=— k¢ | + mi<H? (15
oh? 2

which relates the inflationary trajectory of the average value
) of N to the slowly rollingh, ¢ fields. Therefore the oscilla-
ﬂN 2N2 4 m2 2 tions of N are not exactly around zero but its center will
=Kk“N“+mj<H®. (16) ) X . . .
> move along with the inflaton and Higgs field. Therefore in an
effective sense thil(t) field will also slowly roll along the
This requirement implies that both the fieldlsandh must  valley of minima controlled by the Higgs field and the infla-

take small values during inflation, with ton. Effectively thethreefields will follow a slow-roll trajec-
tory,
N h
—<10%%,  —<107%, (17 .
o o d()=—nyHe(1), (22)
and also, as already remarked, must have soft masses of or- i
der an MeV or less. h(t)=—7,Hh(t), (23

The N field-dependent mass is much larger and positive:

, N(t)=—(74+27) HN(1), (24)

Vv

—— =2k2(p— ) (p— ) ~O(TeV?), 18
PN (=) (@ dc)~ Ol ) (18 with N(t)<h(t)<¢(t), as in Eq.(17) and 7,=m/(3H?),
with 7,=m’/(3H?) as in Eq.(14).

where we dropped the small termkaN? using Eq.(17).
Thus theN field will oscillate with an amplitude damped by

the expansion, following the evolution equation: lll. EVOLUTION OF THE FLUCTUATIONS DURING

INFLATION
N+3HN+ N _ 0 (19) During inflation with several light(slow-rolling) scalar
N fields ¢, , the comoving curvature perturbati¢0] can be
written as[35]
where
v ) Al r=H3 [ 2 |q 29
—~(2K2(¢—¢+)(¢—¢c)+>\2h2)N+>\h2(——K¢) : “
N ¢ a 2
) 2 % 2
2 2 A)\ . . . . .
~wy(P)N+Nh| —=—k |, (200  in terms of the gauge-invariant scalar field amplitude pertur-
2 bations, the Sasaki-Mukhanov variab@s[31],
and we have again dropped the small texAN? in the first 5
line using Eq.(17). The frequency of the oscillations is then _ Pa
of the orderwy( @)=« ¢, . Qu=0¢at H 4 (26)
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And for the entropy perturbatiof86] we havé

|

These expressions may be compared to(there intuitive
expressions given earlier in Eqggl), (5), where R,

Q. Qg

(75} !

(27)

a

=HQ,/$. More general expression can be found in Appen-

dix B, Egs.(B13) and (B9). The initial curvature perturba-
tion, Eq.(25), will be dominated by the field with the largest
velocity, while the field with the smallest velocity dominates
the entropy perturbations in E(R7) [12,32—-34.

At first sight one might think that th&\ field, with the

smallest velocityN, according to Eq(24), would give the
largest isocurvature perturbation. However, since its evolu

tion is controlled by the Higgs field, the ra@N/N turns out

to be of the same order of magnitude@g/h, as discussed
in Appendix A. Thus the Higgs fields contribute strongly to
the isocurvature perturbations, and in addition dominates th
evolution of theN field during inflation according to Eq.
(21).

During inflation the curvature perturbation is dominated
by the field with the highest velocity, which according to Eq.
(22) is the inflaton. For a given quanti#, the spectrum is
defined by[1]

k3 )
PA(k)EZ_ﬂ_2<|A| ) (28)

wherek is the comoving wave number. Using EQ5) we
find

(29

where the subscript«” denotes the time of horizon exit,

H,a=k. This is by far smaller than the required COBE
value PR?=5x10"° [8], unless we take xmy

~10 8 GeV, i.e. an inflaton mass of the order of a few eV.
Such a tiny valugis far smaller than the MeV value we need
to satisfy the slow roll conditions, as discussed previously.
Therefore it is natural to suppose that the curvature pertu
bations are initially too small to satisfy the COBE condition,
but are generated by the conversion of the isocurvature pe

turbations from the Higgs field, during reheating, as dis-

cussed in the next section.
After horizon exit, the entropy and curvature perturba-
tions evolve independently until the end of inflation. Follow-

2This expression foB, in terms of the scalar field perturbations

r_
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ing Ref.[12], by the time inflation ends the amplitude of the
fluctuations can be given in terms of their values at Hubble
crossing 6H, =k),

LT (30
! g.{)* S 7](}5(15*’
S 8 H, 8 Qn, a1
¢h||~§EQh* “ 3, (31
with
H,
Qi*zﬁ- (32

Clearly, given thath<¢, we haveR<S,|;, so that the
isocurvature perturbation from the Higgs field is nice and
large, so that when it gets converted into the curvature per-
ngbation during reheating it can account for the COBE ob-
servation, as we now discuss.

IV. EVOLUTION OF THE FLUCTUATIONS DURING
REHEATING

The slow-rolling regime ends when the inflaton field
reaches the critical valu@.. At this point, the effective
mass of theN field changes sign, and it starts moving to-
wards the global minimum of the potential Bt~ O(¢.).
The effective masses ap and h also start increasing, and
they also move quickly towards their global minimum val-

ues. Around the global minimum, the effective magségor
all the fields are of the same order of magnitudg,=my

:mh~K2¢§~O(1 TeV). Therefore, they all start oscillat-
ing with similar frequencies andmplitudesof the order of
¢ . In this way, the vacuum energy dominating during in-
flation is equally redistributed among the three fields,
~pn~pnr, With the energy density of the oscillating fields
behaving as matter.

This will be the situation until the fields decay and trans-
fer their energy density to radiation. Because of the small-
ness of the singlet couplings, they are very long-lived, with a

decay rate of the ordefy 4=«’my 4~0O(10 ! GeV),
where k~\~10"1° whose smallness is explained [i25].
Reheating lasts until the singlets completely decay, roughly
g_round the timeéH=1I",. On the other hand, the Higgs field
decays much faster through its gauge interactions, Wjth

= aym,~0(10 GeV). Because of this, the decay of the
Higgs fields can be considered as practically instantaneous
when compared to that of the singlets. However, given that
I'y,/my,~aw~0.01, they will still have time to oscillate sev-
eral times before decaying. Notice also thgt>H at the
beginning of the oscillating phase. From that point of view,

holds as far as we can neglect the coupling between the scalar, ailde decay of the Higgs field can also be considered “instan-

the ratioQ,,/¢,~const, both of which are a good approximation taneous”: the Higgs decay before the energy densities in the
during inflation. oscillating fields have been redshifted, so that through the

3The tiny mass could be due purely to radiative correctiﬁma
~ k?(k)?, if the soft-breaking mass is set to zd&6].

decay a fraction of the vacuum energy dominating during
inflation is transferred into radiation. Given that during the
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decay we can neglect the effect of the expansion, we will

also assume that the fluctuations in the Higgs field at the enc '° [ Srore——m—e—e—mee—ee—e—ees — R

of inflation are converted into those of the radiation fluid, 'ﬁ

with Sy, =S,|; as the initial condition during reheating. 10° | 02 T \\sq,r
Therefore, during the reheating era, we are left with a two S

component fluid, made of a mixture of matiej (¢ andN 01 oy

oscillating and radiatiorp, (Higgs decay productsbut such 10
that initially p ,(0)=p,(0). Theevolution equations for the

system can be written as - 0
. 10°
. 1 / Inflaton decay
pr+4Hp, =T 4p,=0. (34 Higgs decay 5

It will take a while for the initial large fraction of radiationto 19
feel the effect of the inflaton decay products, and at the be-
ginning it is redshifted as usual likg a4, with p¢°<a_3 107
anda being the scale factor. It is only later when the contri-
bution of the decay products become comparable to the al-
ready present radiation that the system is fully coupled, and g, 1. In the upper panel we show the evolution of the curva-

we havep,<a”*% The decay is completed by the tinke  tyre R (solid line) and entropys,, (dashed lingperturbations dur-
=I"y4, and we are left again with radiation which redshifts ining reheating. Both values are normalized to the initial value of

4 6 10
Log,,(a/a,)

the usual wayp,>a™*. Sy We have taker,=10" GeV™%, V(0)¥*=1(F GeV, ¢/h
For comoving scalek well outside the Hubble radiug, ~ =10" and »,=7,. In the inset in the upper panel we show a

<aH, the evolution equations for the fluctuations during blow-up of the initial region on a linear vertical scale. In the lower

reheating can be approximated‘by panel we show the evolution of the energy densiigsand p,,

normalized to their initial values.

dR _ 8pypr " (35)  (33), (34), with the boundary conditions in Eqs30) and
dina (3p¢+4pr)2 (31). From the numerical integration, we find, asymptoti-
cally,
dS¢r - 12Pr S 1
dina  3pg+dp, R2§S¢h|i- (37
— &ﬁ M Syr - (36)  Hence, using Eq931), (A2), we end with the spectrum of
H pr14pi+3py adiabatic perturbations
Thus, at the beginning of reheating wher=p,,, the large 1o 8 w8 Hy

PH2~ (39)

isocurvature perturbations coming from the Higgs fields in
Eg. (31) which dominates the entropy perturbations, acts as a
strong source for the curvature perturbatidRs Thus the which for 7,~0.03, H,=10"2 GeV and 2rh,=1 TeV
curvature perturbation® quickly grow to become of the gives the right order of magnitude as measured by COBE.
same order of magnitude as the initial entropy perturbation, The entropy perturbation also remains practically constant
and afterwards remains practically constant. until the terms due to the decay of the singlétsand ¢

The transfer from entropy perturbations to curvature perbecome relevant, and the radiation starts behaving,as
turbations is illustrated in Fig. 1, based on a numerical intex<a™ 2% the same as the ratip,/H. From Eq.(36), the
gration of the exact evolution equations for the perturbationgvolution forS,, is now approximately given by
given in Appendix C, Egs(C1)—(C3), together with Egs.

5 Suli 15ph, Pan, 15y, 27h,

B Y LU 4= (39)

“The exact equations for a two-component fluid obtained from . L )
Ref. [36] are given in Appendix B for completeness. They also 1 N€ main contribution in the above equation comes from the

include the equations for the relative velocity perturbatigps. In ~ S€cond term, which remains constant in this regime with

Appendix C we give the equations and approximate solutions fol ¢p4/(Hp;)=2.5, and thenS,«a>° Therefore, when

the scenario we are considering. In this case, in order to understaie system of matter and radiation becomes effectively

the qualitative behavior of the numerical solution is enough to concoupled, the entropy perturbation actually decreases due to
sider the evolution equations fok and S,;, without including  the relative increase of radiation coming from matter, and

Vs, Egs.(C4) and(C5) in Appendix C. this effect is also seen in Fig. 1. Obviously, in this simplest
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model of reheating once the inflaton completely decays andecay the fields still have time to oscillate several times, such
we are left only with radiation, the relative entropy perturba-that the energy density is redistributed among the three os-
tion vanishes in any case. We have just integrated the equaillating scalar fields. During the initial stage of the oscilla-
tions only until the timd’ ,=H, without continuing the evo- tions, as far as the three species behallen average like
lution afterwards when all the energy density in mattermatter, the curvature perturbati@remains practically con-
becomes radiation. However, it is clear that the value of th&tant on super-Hubble scales and it is not affected by entropy
curvature perturbation, which becomes practically constanperturbationgsee Eqs(B11) and (B23) in Appendix BJ. In
near the beginning of reheating, will not subsequently besther words, the change in the curvature perturbation is
affected by the details near the end of reheating and subsgiven by the large-scale non-adiabafientropio pressure
quent evolution. perturbation, which is negligible as far as the scalar fields
behave with similar effective equation of state. However, this
V. DISCUSSION argument does not take into account the possible parametric
amplification of the scalar quantum fluctuations in a back-
It is worth pointing out a few subtleties regarding detailsground of oscillating fields, a process that in the context of
of the transition from inflation to reheating. A detailed de-inflation generically is known as “preheating[37,3.
scription of such transition may be relevant for a more accuThrough parametric resonance, induced by the time depen-
rate estimation of the final value &. Here we raise some dent effective mass term in the evolution equations, field
of the concerns related to this point, and point out to whainode amplitudes can grow exponentially with time within
extent our conclusions can be affected. During inflation thecertain resonance bands knspace. Thus, preheating be-
background evolution equations for the fields are approxicomes a more effective mechanism of transferring energy
mately given by the slow-roll equations, EqR2)—(24); from the oscillating background fields to quantum fluctua-
whereas reheating starts with the fields already oscillatingions than the standard perturbative decay of the fields. The
and their energy densities averaged like matter until theyjuestion then is whether it also provides a different and ef-
decay into radiation. During the transition from one to an-ficient source for non-adiabaticity, with super-Hubblle (
other, the kinetic energies of the fields start increasing anecaH) fluctuations exponentially amplified during preheat-
they cannot be neglected any longer. Indeed it is going to bihg [39,40. This would translate into an exponential increase
the N field which first starts moving away from the false in the curvature perturbation which would be somehow dif-
vacuum once¢ reaches the critical value, with its field- ficult to keep at the level of the COBE observational value.
dependent squared mass becoming negative, and its VEXs usual, the answer is model dependent. For example, it has
and velocity growing accordingly. Its quantum fluctuationsbeen pointed out that for a massimass larger than the
Qn will also feel the same instability, and increase until theHubble parameterfield during inflation the mechanism is
effective mass become positive again and the oscillationmefficient, because previous to preheating fluctuations are
begin. Given Eq(25), this may mean that during the transi- first exponentially damped during inflatidd1]. However,
tion period it is theN field, with both its kinetic energy and this restriction does not apply to light fields during inflation
the amplitude of its fluctuations increasing relatively to the[42], as in the model presented in this paper. Moreover, in
others, which will end dominating the curvature perturbation.hybrid inflation the effect can be stronger due to the presence
Still, our conclusion that the Higgs field is responsible for theof negative effective squared masses at the end of inflation
final value of the adiabatic perturbations holds, although in{43,44), which areper sea source of instabilities in the evo-
directly. It is through the coupling of the Higgs fields to the lution equations for the fluctuations. To which extend the
N field that the quantum fluctuations of the latter are notcombined effect on super-Hubble scales is relevant is then a
suppressed during inflation, as it should correspond to a magjuestion ofwhenthe resonance endg5]. Sooner or later,
sive field (see Appendix A We also note thatQy/N  this occurs due to the backreaction effect of the small-scale
=Qy/h, so that even if the\ kinetic energy dominates be- (SUb_'HUb_b@ modes WhiCh_ also grow resonantly during pre-
fore the oscillations begin, we will end in any case Wih heating; in some models it may happen before the curvature

G : . ... perturbation exceeds the COBE value, depending on the
~HQn/N~HQu/h, and our order of magnitude estimation value of the inflaton coupling constant. Again, the issue is

holds. However, this assumes that the ra&iQ/N remains  hjghly model dependent. Preheating in the present model has
constant once the fielN start moving toward the global peen studied previously in R#3], but without neither tak-
minimum. This does not seem unreasonable given that boting into account the Higgs fluctuations nor metric perturba-
the background field and its quantum fluctuations will feeltjons, It was shown that the combination of parametric reso-
the same instability in the effective mass. However, it maynance plus tachyonic instability gives rise to the exponential
happen that as the fields$ andh move toward the global grow of the inflaton anc field fluctuations, and the reso-
minimum with increasing speedl and h, their quantum nance was stronger on the small-scale perturbations around

fluctuations still behave as those of a light field withoutk~o.3§¢_ At the same time and because of that, backreac-
changing appreciably. This will tend to decrease the finatjon effects become important very quickly after only three
ratiosQy /N andQy,/h, and therefore the value &. oscillations of the fields. Given that the tachyonic instability
On the other hand, we have started evolving the perturbawill be still present mainly in the effectivd mass, we do not
tions during reheating after the Higgs field decay into radia-expect this conclusion to change once the Higgs fluctuations
tion. As mentioned in the previous section, before the Higgsare also taken into account. Even they may speed up the end
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of the resonance, keeping under control the growth of the-10 MeV, but the typical value for the VEV of the Higgs
curvature(and entropy perturbations. Moreover, an increase field is h~1 TeV, the linear term clearly dominates in Eq.
due to parametric resonance might compensate for a pote4l) given a Gaussian spectrum. The small non-Gaussian
tial decrease during the end of the slow-roll regime. Nevereffects can be parametrized p46]

theless, the final answer would require the numerical integra-

tion of the evolution equations, for both the background 5 ’5ph/ph 7

5
~ §|77h|1 (42)

fields and quantum fluctuations, from inflation to reheating, [Fail= 12
which is beyond the scope of the present publication.

where we have used the approximations in E§4), (37)
VI. SPECTRAL INDEX, GAUSSIANITY AND GRAVITY and (41). Within the approximations involved in the above
WAVES equations, and using,<0.03 we then gétf | <0.3, which
is below the expected upper bound by the PLANCK satellite
In this section we discuss the main predictions of the|f, | <5 [46]. Therefore we do not expect significafutb-
mechanism discussed here as compared to both the stand@qﬂvab@ non-Gaussian effects in this model.
curvaton mechanism, based on the late-decaying scalar, or on concerning gravity waves, as is typical of hybrid inflation
standard hybrid inflation. models with a low inflation scale, the previous mof20]
In the original hybrid inflation model based on the predicted negligible effects in the CMB spectrum from grav-
NMSSM [20], where the inflaton was responsible for curva-jty waves. In the present approach we similarly expect small

ture perturbations, we predicted a flat spectrum of curvatur@ffects of gravity waves in the CMB spectrum. Gravitational
perturbations with a spectral index indistinguishable from \yaves are generated with a spectrfh

=1. In the present NMSSM hybrid inflation model, in which

the Higgs field has large isocurvature perturbations which get 1o H,

transferred to curvature perturbations during reheating, we PT ~8.2 Mo’ (43
would expect a spectral index controlled by the Higgs fields P

instead of the inflaton and given by and the tensor-scalar ratio, from E&7) and above, is then

) ) given by
N—1=2%,—6€,=2n,=2m;/(3H?). (40
P h, |2
The prediction for the spectral index in E40) involves the P—T:(lzw)zehm(m—*) , (44
R P

soft mass parameten, which depends on the details of the
supersymmetry breaking mechanism. For example in th@v

tra-di ional model introduced in th . here the value of the Higgs field at the time of horizon exit
extra-dimensional model introduced In the companion pape typically h, ~1 TeV, which is negligible compared to the

s e, i Tcliced lack mass, Thereore we do ot xpectany
Using n=0.93+0.13 [2] we have an upper bound on the observable effect; of gravity waves in the CMB spectrum.
o : . : It has been pointed out that in general for the curvaton
spectral index < 1.06 which leads to a constraint on the Soft o5 ased on a late-decaying scalar the entropy perturba-
Higgs bosop mass Of’h<0'93' The inflaton mass on Fhe tion originated during inflation might survive the reheating
other hand IS on.Iy constrained by the. slow—r'oll.pondmon era as a relic isocurvature perturbation between radiation and
74<1, since the mflaton does not contribute S|gn|f|cantly_ tOsome other present component, say cold dark métieu-
curyatgre perturbations. We would therefore expect typic ralinog or neutrinog15,16. In th’e framework described in
deviations such a.$n—1|~0.1. If. n=1"1is measure_d VeY this paper the Higgs fields can decay into neutralinos and in
accurately then this would be ewdgnce for the original mﬂa-addition give rise to leptogenesis during the reheating pro-
ton generat_ed_ curvature pertu_rbatlons. cess[47]. Therefore the Higgs isocurvature perturbations
. In the Or'gmb.ﬂ single field inflaton modgR0] we pre- might be expected to give rise to relic isocurvature perturba-
dicted a Gaussian CMB spectrum. In the present case Wfons both in neutralino dark matter and in baryons, as com-

would expect small .non—Gaussm_n effects, as.dlscussed l;'S‘ared to photons. However the Higgs excitations decay near
Ref.[16], which contribute quadratically to the Higgs energy 1, peginning of the reheating era, and any neutralinos pro-

density, duced at that time are relativistic and share the curvature
h )2 perturbation with that of the photons. Therefore once the

%:25_+ (oh) . (41)  neutralinos decouple from the radiation fluid, their curvature

Ph h h?2 perturbation will remain constant and equal to that of the

radiation at the time. On the other hand throughout reheating

Given that the amplitude of the field perturbations at horizorthe radiation will be coupled to the matter energy density
crossing are of the order of the Hubble paramedér-H., through the decay of the inflaton field. For such a coupled
system, individual curvature perturbations are not conserved,

unlike the late-decaying scalar scenario[it0,11,14-17,

SThis prediction for the spectral index is valid when there is noand so in our case we expect the isocurvature perturbation of
relic isocurvature perturbation which can significantly affect thethe photons to change in a complicated way during the re-
CMB power spectrum. heating process. Thus in our case the final neutralino isocur-
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vature perturbation will depend on the details of the reheat- ACKNOWLEDGMENTS
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would be interesting to explore this quantitatively in a future pport.
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APPENDIX A

The equation of motion for the gauge invariant quantum
fluctuationQ,, with comoving wave numbek, can be writ-

To summarize, we have proposed and discussed a net@n as[49]
implementation of the curvaton scenafib0,11,14—17 in
which quantum fluctuations of light scalar fields other than
the inflaton can be responsible for the generation of the pri-
mordial anisotropies in the Universe. Unlike the previous
scenarios, we do not assume a late-decaying scalar which is =0, (A1)
decoupled from the inflaton field. Instead we have proposed ) ) . _

a new mechanism based on supersymmetric hybrid inflation€reVa,=d°V/idd,d¢g. For the inflaton and Higgs fields
in which the isocurvature perturbations of a hybrid field during inflation, we hav&/ ;,, Vi, V4n<H?, and therefore
coupled to the inflaton could be transferred to curvature perthe fluctuation®Q , andQy, will be frozen to a constant value
turbations during the initial stages of reheating. We have furonce outside the horizork<<aH, given approximately by
ther suggested that good candidates for such fields are the value at horizon crossing,

Higgs doublets of the supersymmetric standard model, which

VII. SUMMARY

1 [(a®. .\
Vaﬁ__<ﬁ¢a¢ﬁ) QB

. . k?
Q. +3HQ+ Q.+ 2 5
a? 3 am3

may have a flat direction during inflation provided that the _ Hy A2
term is generated after inflation. We have discussed in detail Qux = 23’ (A2)

a specific model which implements this mechanism, based
on a supersymmetric hybrid inflation model wh_ich_is a vari-for a= ¢,h. On the other hand, neglecting for simplicity the
ant of the NMSSM, based on the superpotential in @).  sub-dominant terms coming from metric contributions, the
We have shown that for this particular model our mechanisngvolution equation foQ, reads

leads to

k2

On+3HQN+ QntVingQo+ VinQn=0.
(45 (A3)

H
P%ZN 277:1 '
*
Like in the case of the evolution of the background fisld
now the large mass terMNN~O(K2¢§)>H2 gives rise to
Escillations with an amplitude decaying as', but dis-
placed from zero due to th@, and Q, terms. Therefore,

which for a typical value of the Higgs VEV2h, =1 TeV
gives the correct order of magnitude as measured by COB
P%Z~ 10" °. This is an important success of both the particu- fter hori . d g he f lati .
lar model and of the proposed mechanism in general. Thater orizon exit, and averaging over the fast oscillations in

: S : . Hubble time, theN field fluctuation will also tend to a
main prediction is that the spectral index is expected to deéonstant value aiven b
viate significantly from unityyn—1|~0.1. If n=1 is mea- 9 y
sured very accurately then this would be evidence for the Vg Vih
original inflaton generated curvature perturbations. No ob- QN:V—Q¢+ V_Qh' (A4)
servable signals of non-Gaussianity, or gravity waves are ex- NN NN
pected i.n the CMB spectrum. Hoyvever there may pe _observUSing VNN:2K2¢§, and VN¢Z4K2¢CN_ Akh2, Vg,
able relic isocurvature perturbations between radiation ancLz)\K(ﬁ
some other present component, say cold dark matteu- ¢
tralinog or neutrinos which depend on the details of reheat-
ing and differ significantly from the expectations of a late- QN:(
decaying scalaf15,16].

To conclude, we have proposed and discussed the attrac-
tive possibility of having the Higgs field of the supersymmet- _ Ah Q (A5)
ric standard model as being responsible for the large-scale T ke <M
structure of the Universe, providing a further strong link be-
tween cosmology and particle physics of the kind recently! herefore, the fluctuatioQy is suppressed with respect to
emphasized ifi48]. Eventually, if such a theory as that pre- Qn by the same factor than the background fidlds sup-
sented here is realized in nature, it should be possible, froraressed with respect o Eq. (21), such that
both laboratory and cosmological measurements, to demon- \h
strate the links between particle physics and cosmology in- N=——Hh, (AB)

herent in such a mod¢#8]. K

h, we have

N Ah? \h
b Qn

22— —— +—
bc 2K¢5§ K
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and then k(i d9, .
V,=—— —aB+a’E|, (B5)
Q 9 alp,tP,
N h
N R (A7) P 7a= 6P ,—C2
N h aMa= 0Py C5,0pq, (B6)
such that
APPENDIX B
In this appendix we summarize our conventions and no- Spc=2 SPcy, (B7)

tation for the perturbations, and give the evolution equations

for curvature and entropy perturbations in a multi-component

fluid. These can be found in Ref86,12. Using linear per- (p+P)V=2, (pa+P)V,, (B8)

turbation theory, the equations are given in terms of gauge- @

invariant quantitied\ .= dp./p, V and » describing the am-

plitude perturbation of the total density in the comoving s OPca _ Opcp

frame, velocity and entropy respectively. In addition we have B p+P, pgtPg’

the relative gauge-invariant variables between any two com-

ponentsa and 3. entropyS,; and relative velocity . Vap=Va—Vp. (B10)
Gauge-invariant quantities are defined from the original

perturbations in the stress-energy tensor and the metric. Linthe total entropy perturbauc(lmr non-adiabatic pressure per-

ear scalar perturbations of the metric are given by the lindurbation P»=sP—c3sp can be written in terms of the

element: individual entropy perturbatlonsa for each component and

S.p as

(B9)

ds?= —(1+2A)dt?+ 2aBdx dt+a?[(1-2¢) 5

o W h, w,7 1
.. 1 J —_— = —a @ —_ 2 —_ 2
+2E;;]dxX'dx, BY 7 %}h w32 2.~ C2)Sup
where ¢ is the gauge-dependent metric perturbation. Com- A c
bining ¢, B andE, one can define the gauge-invariant vari- +—= E cga — (B11)
able 1+w @ 3Hh

Individual entropy perturbations, vanish for adiabatic per-
turbations, but cannot be neglected for example in the case of
a scalar field, in which case they are given by

®=—y—Ha(B—aE), (B2)

which is the curvature perturbation in the longitudiriat

zero-sheargauge &E,—B,=0). )
Each fluid component is described by a perfect-fluid Pama=(1-Cs,)

stress-energy tensor, with background enesgyand pres-

sure P, . Although the total stress-energy tensor is con- The comoving curvature perturbation is defined by

served, the stress-energy tensor of each component may not

Spea— Ebawa—w). (B12)

indivi - H aH 3(aH\> aH
be.conserv_ed |nd|V|du.aIIy. Therefore, tlhe gnpe_rturbed conti- 5 _ Y sq=—d+ —v=—2| ) A+ Sy,
nuity equation for a given componeatis given in general p+P k 2\ k k
by (B13

where in the last equality we have used the relation between
@ and the comoving total density perturbation through the
energy constraint given by

Pat3H(p,+P)=C,, (B3)

where a dot denotes derivate with respect to time,@pdre
source terms subject to the total energy-momentum conser- 3/aH\?2
vation constrain ,C,=0. For example, in Eq¥33) and b= s
(34) we haveC,=—C,=—Typ,. For later use, we define

the equation of state for each componemi=P./p,, and  On the other hand, the curvature perturbation on constant-
the sound velocit)cga:Pa/pa. To simplify notation, we density hypersurfaces is given by

also defineh,=p,+P,.

A.. (B14)

Perturbations in the stress-energy tensor are given by op
Sp., 0P, and the momentum perturbatiaiy, (neglecting {(=—y¢—-H ?' (B15)
the anisotropic stregsGauge-invariant variablegp.,, V,
and »,, are defined as which is related to the comoving curvature perturbafioby
. &q 2p k\?2
Opca= 5Pa+pam7 (B4) _sz—m A (OR (B16)
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Therefore, for super-Hubble scaléssaH, ¢ andR are ap-
proximately the same.

We note that we have followed Refd2,3€6 in defining
the entropy perturbatios,z. An alternative definition re-
lated to the individual curvature perturbatiofis, used in
Refs.[10,16), is given by

Opa
Pa

)
- ﬁ) ~3({,—¢p). (B1D
Pp

In terms of~SaB, the total entropy perturbation is then given
by

hg
h2

a

2 _
sa

(c Cgﬁ)éaﬁ .

(B18)

Nevertheless, for a system of uncoupled fluids, Eg9) and

(B17) become identicalS, andéaﬁ differ by terms propor-
tional to the source term&, when there is energy transfer

between components. For example, for a 2-component sys-

tem, their relation can be written as

opc

(1-02)(1-0g)Sup=Sept (da0p) 5. (B19

where 1-q,=—p,/(3Hh,).
The evolution equations for the total density and velocity
fluctuations in a flat Universe are given by

k
Ag=3wAc—(1+w) 5V, (B20)
vio_y_ 3[aH), |, K cl

VA an Tew e
+ d B21
w7 (B21

where prime means derivative with respect ta.Ifirhus,
taking the derivative in Eq(B13) and using Eqs(B20),
(B21), the evolution equation for the comoving curvature
perturbation reads

(143 3/aH ’—’A 3/aH ZA, 1 113 aHV

—(H3WS| ) Aem gl ) Aem 3w
aH

+ v (B22)
K

_C§A+w C2[ k)%l LW

1wt 1+w 7 3laH) 1+w 1+w 7

(B23)

Finally, for a two-component fluid, such that,=
—Cg, the equations for the relative fluctuatioSgs and
V,.p are given by

PHYSICAL REVIEW D 67, 103516 (2003

, k Waﬂa W,B”,B C
S“B__a_HV“B_3(1+Wa_1+WB ~hh —<1+Csa)
h (1+ ))S C, h w
Csp) |9~ T mnn 1w
hg P H h,hg 1+w
C, h h, hg , | Ac
TH g | TS Rt O Ty
+C“ " E B24
H hh, e (B24)
, hg h, k [, hg
V“B: 3C F+3C5ﬁ h -1 Vaﬁ‘f‘a—H CSQF
h k a')?a WB')?B k 2
+C5/3h) Ses 3R 1w, _1+WB an (G
C,
s 1+w Hh (1+csa)——(1+csﬁ) Vg,
(B25)
whereE.,=E.z are the gauge invariant perturbations of the

energy transfer term in the comoving frame. For the simplest
caseC,=T,p, thenE.,=pc./pa-

APPENDIX C

For the scenario considered in this paper, we can take the
component ‘@” to be the oscillating fields behaving like
matter (v,=cg,=0),"“B” then refers to the radiationvw,
=Cgp= 1/3) initially coming from the Higgs decay products,
and C,=Cy=—-T4p,. Then, the evolution Eqs(B23),
(B24) and (B25 for the curvatureR, S, and \A/(,)r
=(Ha/k)V, reduce to

R Ac [ pytap 8pypr

1+wl3py+ap)  (3p,+3p)2 "

36, r
irz(l SS)V"”' (CD
(3pg+3pr)

o - k \2. A 12p,

o laH) " T1+w  3p,+4p,
36 _&@(&nﬁpr
3pstape P H p\3pytdp )T
r, 9
b IPs [ 4Pr
H 3p,+4p, ! 4 Py 3H Vo
Ty p+3ps A
+_‘f’u ¢ (C2)

H 1+w’

3p;
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-, 1+3w.. 8p, . 2 A =S,(a9)/10. Similarly, the entropy perturbations go to
o1 T o Vgt 3p¢+4prv¢r+§ 1+w S4r=0.085,,(0). That is, entropy perturbations act as a
source for the curvature perturbations only at the beginning,
4p+p, ry, 8pf—3p2,/, N as far as the ratip, /p, is not suppressed. Afterwards,
3p4+4p, T H \ p(Bpytap)) P <p,, andR remains constant.

Entropy perturbations will not further affect the evolution

(C3 of the curvature even when the background equations be-
come coupled ag;, and the effects of’,, cannot be ne-
glected. At this point we can still assume that the energy
density is dominated by that of the singlets, behaving like

atter, withHo=a %2 Therefore, froma; onwards, the com-

ination I' 4p ,/(Hp,) remains constant until the singlets
completely decay. Numerically we find,p,/(Hp,)=2.5,
independently of the value df,. Taking this into account,
we can now solve EqCS) including thel’,, term:

For super-Hubble scales such thakaH, we can further
simplify the system by neglecting the contribution of the
termso (k/aH)?, and that ofA ;=2 (k/aH)?®/3. In order to
understand the qualitative behavior of the solutions to th
above system of equations, we can focus on the evolution
the curvatureR and S, without taking into account the

terms due tcf/¢r. From the evolution equations we can see

that S, and \A/qsr will behave approximately the same, so
both of them will affect the curvatur® in a similar way;

then the main effect is obtained by keeping only those term a;|2°

due toS,, in the evolution equations. We have checked that Syr(@>a;)=0.07S,(a;) g) : (C9
the numerical solution of EqSC1)—(C3) is well approxi-

mated by that of That is, the relative perturbation between matiinglets

and radiation decreases. With this result, we can see that the
source term in the evolution equation for the curvature per-

8p4pr (Cca) turbation,

 (3pyt3p)?
-2

8p, a
R'=5—Su*|—| . (C9
12p, 3pg a,
S:ﬁfz - 3 +4 S¢T L. o . .
Py aPr also decreases in time and it is no longer effective, even if by
Ty pyl 3pstp the end of the reheating perigg=p, again.
— e 20 T Syr - (CH) The evolution of the perturbations plotted in Fig. 1 is the
H pr\3pytap result of the numerical integration of the system of Egs.

In order to solve analytically the equations, we can distin-(Cl)’ (C2), with initial conditions at the end of inflatidri.2]:
guish two regimes depending on the evolution of the back-

ground energy densitigs, andp, , as it can be seen in Fig. R|= H_* b= Q. , (C10
1: (a) from the beginning of the reheating periodagt with b, N¢bs

pr(@0)=p4(ao), up to saya,, the decay products coming

from the singlets have no effect on the radiation, and both 8 H, 8 Qn,

components, matter and radiation, behave as if they were S¢r|i”—“§-—Qh*2—§ ~ (C1y
decoupled, withp,<a~* and p(z,oca*3; (b) from a, to the hy ThT

end of reheating, the singlets decay productsg/gtart contribut- aH 1

ing to the background radiation, witp,ca and p, Tv¢r|i:_§s¢r|i- (C12

xa 3. Therefore, fomy<a=<a,;, Egs.(C4) and(C5) can be
solved neglecting the terms proportional It /H, and we

obtain for R andS,, Given that for the amplitude of the field perturbations at the

time of horizon crossing we hav@,, =Qp, =H, 1\2K3, it
is more convenient to normalize the above perturbations with
respect to the initial value of the entropy perturbatﬁqzmi ,

8 2
R=TR(ag)+ 37'334»(30)( 5— 2 ?) ., (C6)  such that

4+3alay)\? s |7 78 ’
Sur=|"Zaja, | Ser(): (€7 orli 76
whereR(ag) <Sy(ag) are the initial values of the perturba- aH V 1
tions taken as those at the end of inflation. It can be seen that b4 P (C19
very quickly R will tend to a constant value withR K Ser 3
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