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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 them 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,un21u;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.

DOI: 10.1103/PhysRevD.67.103516 PACS number~s!: 98.80.Cq
a
e
a
o
t
c

f
in
en
fo

sk
o

ns
re
n
tr
o
b
m
n

pr
nt

an

ial,
f in-
es

ch
n
tes
ton
u-
any

n-
rat-

ion
m
ub-
s in

ich
rva-

fla-
ying
me

te-
ent
be
I. INTRODUCTION

According to the inflationary paradigm@1#, the presently
observed large scale universe originated from a very sm
patch of space which underwent a period of quasiexpon
tially accelerated expansion known as inflation. In such
inflationary approach, the very largest scales, which are n
entering the horizon, would have been in causal contac
very early times. According to inflation this causal conta
would have ceased some 50–60e-folds before the end o
inflation, corresponding to so-called horizon exit to dist
guish it from the horizon entry as observed in the pres
epoch. Inflation clearly provides an attractive explanation
why the cosmic microwave background~CMB! radiation
should have the same temperature from points in the
which would have been out of causal contact at the time
last scattering~the horizon problem!. It also accounts for the
observed flatness of the universeV51 ~the flatness prob-
lem!, consistent with the CMB data@2–7#.

Another commonly stated success of inflation@1# is the
fact that the observed primordial density perturbatio
which were first observed by Cosmic Background Explo
~COBE! @8# on cosmological scales just entering the horizo
and which are supposed to be the seeds of large scale s
ture, could have originated from the quantum fluctuations
the inflaton field, the scalar field which is supposed to
responsible for driving inflation. In this scenario the quantu
fluctuations of the inflaton field during the period of inflatio
become classical perturbations at horizon exit, giving a
mordial curvature perturbation which remains constant u
the approach of horizon entry@9#. The advantage of this
scenario is that the prediction for the nearly scale-invari
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spectrum depends only on the form of the inflaton potent
and is independent of what goes on between the end o
flation and horizon entry. The disadvantage is that it provid
a strong restriction on models of inflation. The price of su
simplicity, with one field being responsible for both inflatio
and the primordial curvature perturbation often transla
into a severe restriction on the parameters of the infla
potential. This often requires very small values for the co
plings and/or the masses which apparently renders m
such theories unnatural.

Recently it has been pointed out that in general it is u
necessary for the inflaton field to be responsible for gene
ing the curvature perturbation@10,11#. It is possible that the
inflaton only generates a very small curvature perturbat
during the period of inflation, which instead may result fro
the isocurvature perturbations of a curvaton field which s
sequently become converted into curvature perturbation
the period after inflation, but before horizon entry@10–13#.
Isocurvature perturbations simply mean perturbations wh
do not perturb the total curvature, usually because the cu
ton field contributes a very small energy densityrs during
inflation. In the scenarios presented so far@10,11,14–17#, the
curvaton is assumed to be completely decoupled from in
tionary dynamics, and is assumed to be some late-deca
scalar which decays before the time that neutrinos beco
decoupled.

The reason why the curvaton is assumed to be la
decaying can be understood from the following argum
@16#. After reheating the total curvature perturbation can
written as

R5~12 f !Rr1 fRs ~1!

where

f 5
3rs

4r r13rs
~2!
©2003 The American Physical Society16-1
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and ~on unperturbed hypersurfaces on super-horizon s
scales!

Ri'2HS dr i

ṙ i
D ;S dr i

r i
D ~3!

where the curvaton densityrs and radiation densityr r , aris-
ing from the decay of the inflaton, each satisfy their ow
energy conservation equations and eachRi remains constan
on super-horizon scales. The time evolution ofR on these
scales is then given by its time derivative,

Ṙ'2H f ~12 f !
Ssr

3
~4!

whereSsr is called the entropy perturbation defined by

Ssr.23~Rs2Rr !. ~5!

The curvaton generates an isocurvature perturbation bec
initially r r@rs , and hencef !1, so that from Eq.~1! the
curvature perturbation is dominated byRr . However as the
universe expands and the scale factora increases while the
Hubble constantH decreases, the curvaton with massm,
whose oscillations have effectively been frozen in by
large Hubble constant, begins to oscillate and act as ma
After this happensr r decreases asa24 while the energy
density in the curvaton fieldrs has a slower fall-off asa23.
Eventually the curvaton energy densityrs becomes compa
rable to the radiation density from the inflaton decayr r , and
when this happens from Eq.~2! we see thatf ;1 and from
Eqs. ~4!, ~5! this leads to the growth of the total curvatu
perturbation R from the isocurvature perturbationRs

.Rr . This mechanism, which allows the curvaton isocurv
ture perturbations to become converted into the total cu
ture perturbation, requires the curvaton scalar to be l
decaying.

The main motivation behind the present paper is to p
pose an alternative curvaton mechanism that removes
necessity for having a late-decaying scalar. To this end
make the following two observations:

~1! The first observation is that hybrid inflation@18,19#
involves more than one scalar field and ends by a ph
transition in which the fields involved move from the fals
vacuum energy dominated potential minimum, towards
global minimum, and start oscillating around it. In the pr
cess, the vacuum energy gets redistributed among the fi
such that their energy densities are comparable. Thus
isocurvature perturbation in one of the hybrid inflation fiel
may be converted into curvature perturbations during the
set of reheating. Note that the conversion does not take p
until one of the fields decays. Given that the inflaton field
a singlet field, we can choose the curvaton field to be a
direction during inflation made of a pair of charged field
where the gauge interactions imply that the curvaton dec
first.

~2! The second observation is that the supersymme
standard model provides a natural candidate for such a
of charged scalar fields: the two Higgs doublets. In orde
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allow a flat direction during inflation, we also require that t
m term which usually couples the two Higgs doublets in t
minimal supersymmetric standard model must be set to z
However, providing this obstacle can be overcome, it is na
ral to explore the attractive possibility that such Higgs fie
are the seed of large-scale structure in the Universe. The
would be that the inflaton gives a very small curvature p
turbation, with the Higgs field giving an isocurvature pertu
bation. The coupling of the Higgs scalars to the inflaton th
allows the energy densities of the inflaton and the Higgs fi
to become of similar magnitude at the onset of reheati
allowing the conversion of isocurvature density perturbatio
to curvature perturbations.

In the remainder of the paper we shall discuss a sup
symmetric hybrid inflation model based on these obser
tions. In this model the superpotential includes, in addition
the two Higgs doublet superfieldsHu and Hd of the super-
symmetric standard model, also two gauge singlet su
fields, one of themf playing the role of the inflaton and th
otherN coupling to the two Higgs doublets, effectively ge
erating an effectivem term from the couplingNHuHd as in
the next-to-minimal supersymmetric standard mo
~NMSSM! @20#. This happens after inflation when it gets
vacuum expectation value~VEV! N05^N&. TheN superfield
also couples to the inflatonf asfN2, and therefore acts a
a messenger allowing the Higgs fields to couple to the in
ton. In previous discussions of this model@20# we assumed
that during inflation the Higgs andN fields are held at the
origin, but here we shall show that an alternative inflationa
trajectory is possible in which the inflatonf as well as the
Higgs doublets are slowly rolling during the inflationary e
och. The isocurvature perturbations of the Higgs fields d
ing inflation are converted into curvature perturbations d
ing the initial stages of the reheating process, when all th
fields begin to oscillate with comparable energy densities

The layout of the rest of the paper is as follows. T
model is presented in Sec. II, where the evolution for
background fields is studied. In Sec. III we discuss the na
and evolution of the perturbations during the epoch of infl
tion, and show that it is natural for the inflaton to give th
dominant curvature perturbation, but still too small to a
count for the COBE value, while the Higgs fields strong
contribute to the isocurvature perturbations. In Sec. IV
describe the evolution of the perturbations during reheat
after the Higgs field has decayed and the Universe is mad
a mixture of matter~the oscillating singlet fields! and radia-
tion ~Higgs decay products!, and show that the isocurvatur
perturbations are converted into curvature perturbations
Sec. V we comment on some of the subtleties involved in
transition from inflation to reheating, and the issue of p
heating. The predictions of the approach are discusse
Sec. VI, and in Sec. VII we provide a summary.

II. THE MODEL: A NEW INFLATIONARY TRAJECTORY

In this section we revisit the supersymmetric hybrid infl
tion model based on the superpotential@20#:

W5lNHuHd2kfN2, ~6!
6-2
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where N and f are singlet superfields, andHu,d are the
Higgs superfields, andl,k are dimensionless couplings
Other cubic terms in the superpotential are forbidding
imposing a globalU(1)PQ Peccei-Quinn symmetry. The su
perpotential in Eq.~6! includes a linear superpotential for th
inflaton field, f, typical of hybrid inflation, as well as the
singlet N coupling to Higgs doublets as in the NMSSM.
the original version of this model@20# we assumed that dur
ing inflationN andHu , Hd were set to zero. Here we discu
an alternative inflationary trajectory in which these fiel
may take small values away from the origin, consistent w
slow roll inflation.

In order to satisfy the D-flatness condition,1 we assume
the values of the Higgs doublets during inflation to be equ
Hu5Hd5h. Inflation takes place below the SUSY breakin
scale. Therefore, including the soft SUSY breaking mas
mf , mN andmh , and trilinearsAk , Al , the potential for the
real part of the fields is

V5V~0!1
k2

4
N41k2~f2fc

1!~f2fc
2!N21

1

2
mf

2 f2

1lNh2S Al

A2
2kf D 1

l2

4
h41

l2

2
N2h21

1

2
mh

2h2.

~7!

In our previous work we set the Higgs terms to zero,h50.
Allowing the Higgs terms in Eq.~7! we see that the term
proportional tolNh2 can induce a non-zero value forh and
N during inflation providing that the coefficient of this ter
is negativeAl /A22kf,0. However, providing that the
values of the fieldsN, Hu andHd are sufficiently small dur-
ing inflation, as discussed later, then inflation is controlled
the inflatonf, as in the original model@20#, and will end
whenf reaches one of its critical valuesfc

6 given by

kfc
65

Ak

2A2
S 16A12

4mN
2

Ak
2 D . ~8!

These critical values correspond to the field dependent m
squaredk2(f2fc

1)(f2fc
2)N2 changing sign and becom

ing negative, signaling the end of inflation due to the des
bilization of the inflationary trajectory, after which the field
N, f, Hu and Hd then approach their global minimum an
acquire their physical vacuum expectation values~VEVs!
N0 , f0 , vu and vd . For order of magnitude estimation
here on we will takefc.fc

1.fc
2 .

The parameters of the potential in Eq.~7! are selected by
the following physical requirements. As discussed in@20# the
global Peccei-Quinn~PQ! symmetry imposed on the supe
potential Eq.~6! solves the strongCP problem. When the PQ
symmetry is broken by the VEVs of the singlets, it leads t

1Higgs fields are charged underSU(2)L3U(1)Y interactions,
such that there is what is called a D-term contribution in the pot
tial of the form (g2

21g1
2)(Hu

22Hd
2)2/8. A ‘‘D-flat’’ direction is made

of a combination of the fields such that the D-term vanishes@21#.
10351
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very light axion in the usual way@22#. The axion scalef a is
set by the VEVs of the singlets, and it is constrained
astrophysical and cosmological observations to be roughl
the window 1010 GeV< f a<1013 GeV @23,24#. Given that
f a;fc;f0;N0;1013 GeV and the soft breaking termAk
are expected to be of the order of 1 TeV, Eq.~8!, this leads to
a coupling constant of the orderk;10210. The same applies
to l.k, with m5lN0;1 TeV. The smallness ofl andk
will be explained in a companion paper@25#. Therefore, de-
manding a zero cosmological constant at the global m
mum requires the height of the potential during inflation
be of the order of

V~0!1/4.
Ak

2
fc.~108 GeV!, ~9!

with a Hubble parameter of the order of

H5
V~0!1/2

A3mP

.10 MeV, ~10!

where mP5M P /A8p52.431018 GeV is the reduced
Planck mass.

An important condition for inflation is that the inflato
massmf ~and alsomh) needs to be small enough in order
ensure the slow roll of the inflaton, as determined by
slow roll parameters defined in the standard way as@1#

e[
1

2
mP

2 S V8

V D 2

!1 ~11!

uhu[UmP
2V9

V
U!1 ~12!

whereV8(V9) are the first~second! derivatives of the poten-
tial. In this case we find the slow roll parameters for thef
field:

hf5
mf

2

3H2
,1, ~13!

ef5
1

2
hf

2 f2

mP
2

,1, ~14!

where it is understood that these expressions are evaluat
some number ofe-folds before the end of inflation. Equatio
~14! is always satisfied oncehf,1. This would require an
inflaton mass of the order of some MeVs at most, saymf

2

;0.1H2. A similar constraint will also apply to the Higg
soft boson masses. This is also compatible with the obse
tional constraint on the spectral index,n50.9360.13 @2#,
which in terms of the slow-rolling parameters@1#, un21u
52hf26ef , giveshf,0.03. The smallness of the inflato
and Higgs soft boson masses which are orders of magni
smaller than the typical soft breaking values assumed for
trilinear couplings, is explained in a companion paper@25#.

We have also included a constant vacuum energy con
bution V(0) in the potential in Eq.~7! whose origin we do

-

6-3
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not specify. It can be explained once the model is embed
in a supergravity~SUGRA! model @26#, where the question
of SUSY breaking can be addressed. It should be pointed
however that SUGRA corrections generically give rise
scalar masses contributions of the order of the Hubble
rameter during inflation. This is the so-calledh problem
@27#. Nevertheless, the problem can be avoided@19,26,28,29#
by a suitable choice of the SUGRA model, i.e., the Kah
potential and/or the superpotential for the scalar inflaton. O
approach is that it is natural to have scalar masses of
orderH2 during inflation, but rather slightly smaller in orde
to satisfy Eq.~13!. This would only require at most a mild
tuning of the parameters in the SUGRA Ka¨hler potential.

We now discuss an inflationary trajectory that will enab
the Higgs fields to be non-zero and slowly rolling during t
inflationary epoch, and hence to acquire an isocurvature
turbation. The requirement that theh,f fields be slow-
rolling during inflation, means that their effective field d
pendent masses must be smaller thanH2,

]2V

]h2
.l2~3h21N2!12lNS Al

A2
2kf D 1mh

2,H2 ~15!

]2V

]f2
.k2N21mf

2 ,H2. ~16!

This requirement implies that both the fieldsN and h must
take small values during inflation, with

N

fc
,10210,

h

fc
,1025, ~17!

and also, as already remarked, must have soft masses o
der an MeV or less.

The N field-dependent mass is much larger and positiv

]2V

]N2
.2k2~f2fc

1!~f2fc
2!;O~TeV2!, ~18!

where we dropped the small term 3k2N2 using Eq. ~17!.
Thus theN field will oscillate with an amplitude damped b
the expansion, following the evolution equation:

N̈13HṄ1
]V

]N
50, ~19!

where

]V

]N
'„2k2~f2fc

1!~f2fC
2!1l2h2

…N1lh2S Al

A2
2kf D

'vN
2 ~f!N1lh2S Al

A2
2kf D , ~20!

and we have again dropped the small termk2N3 in the first
line using Eq.~17!. The frequency of the oscillations is the
of the ordervN(f).kfc .
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Apparently, as far asN is concerned, we have violated th
slow roll conditions. Since we have seen thatN does not
disturb the slow roll ofh andf we should not be concerne
about this. Nevertheless, we shall see that in some senN
can be regarded as slowly rolling, according to the followi
argument. The typical time scale during inflation is set by
rate of expansion H, but the oscillations ofN are much faster
than that. On the Hubble time scale as far as the motion oN
is concerned all that we can see is the average effect of
oscillations. The motion ofN is then given by the ‘‘quasi’’
constant term~‘‘quasi’’ in the sense that is given by the othe
fieldsf andh that are slow-rolling!, plus the pure oscillatory
term with an amplitude that decays with the expansion.
when compared to the evolution of the other fields,f andh,
in a fewe-folds the oscillatory term inN will be averaged to
zero, and if we require a local minimum]V/]N50 then we
have effectively, from Eq.~20!,

N~ t !.2
lh2

vN
2 ~f!

S Al

A2
2kf D ;

h2~ t !

fc
2

f~ t !, ~21!

which relates the inflationary trajectory of the average va
of N to the slowly rollingh,f fields. Therefore the oscilla
tions of N are not exactly around zero but its center w
move along with the inflaton and Higgs field. Therefore in
effective sense theN(t) field will also slowly roll along the
valley of minima controlled by the Higgs field and the infl
ton. Effectively thethreefields will follow a slow-roll trajec-
tory,

ḟ~ t !.2hfHf~ t !, ~22!

ḣ~ t !.2hhHh~ t !, ~23!

Ṅ~ t !.2~hf12hh!HN~ t !, ~24!

with N(t)!h(t)!f(t), as in Eq.~17! andhh5mh
2/(3H2),

with hf5mf
2 /(3H2) as in Eq.~14!.

III. EVOLUTION OF THE FLUCTUATIONS DURING
INFLATION

During inflation with several light~slow-rolling! scalar
fields fa , the comoving curvature perturbation@30# can be
written as@35#

R5H(
a S ḟa

(
b

ḟb
2D Qa , ~25!

in terms of the gauge-invariant scalar field amplitude pert
bations, the Sasaki-Mukhanov variablesQi @31#,

Qa5dfa1
ḟa

H
c. ~26!
6-4
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And for the entropy perturbations@36# we have2

Sab.23HS Qa

ḟa

2
Qb

ḟb
D . ~27!

These expressions may be compared to the~more intuitive!
expressions given earlier in Eqs.~1!, ~5!, where Ra

5HQa /ḟ. More general expression can be found in Appe
dix B, Eqs. ~B13! and ~B9!. The initial curvature perturba
tion, Eq.~25!, will be dominated by the field with the larges
velocity, while the field with the smallest velocity dominat
the entropy perturbations in Eq.~27! @12,32–35#.

At first sight one might think that theN field, with the
smallest velocityṄ, according to Eq.~24!, would give the
largest isocurvature perturbation. However, since its evo
tion is controlled by the Higgs field, the ratioQN /Ṅ turns out
to be of the same order of magnitude asQh /ḣ, as discussed
in Appendix A. Thus the Higgs fields contribute strongly
the isocurvature perturbations, and in addition dominates
evolution of theN field during inflation according to Eq
~21!.

During inflation the curvature perturbation is dominat
by the field with the highest velocity, which according to E
~22! is the inflaton. For a given quantityA, the spectrum is
defined by@1#

PA~k![
k3

2p2
^uAu2&, ~28!

wherek is the comoving wave number. Using Eq.~25! we
find

PR
1/2.

3H
*
2

mf
2 f*

H*
2p

.
H*

2phff*
, ~29!

where the subscript ‘‘* ’’ denotes the time of horizon exit
H* a5k. This is by far smaller than the required COB
value PR

1/2.531025 @8#, unless we take kmf

;10218 GeV, i.e. an inflaton mass of the order of a few e
Such a tiny value3 is far smaller than the MeV value we nee
to satisfy the slow roll conditions, as discussed previou
Therefore it is natural to suppose that the curvature per
bations are initially too small to satisfy the COBE conditio
but are generated by the conversion of the isocurvature
turbations from the Higgs field, during reheating, as d
cussed in the next section.

After horizon exit, the entropy and curvature perturb
tions evolve independently until the end of inflation. Follow

2This expression forSab in terms of the scalar field perturbation
holds as far as we can neglect the coupling between the scalar

the ratioQa /ḟa.const, both of which are a good approximatio
during inflation.

3The tiny mass could be due purely to radiative correction,dmf
2

;k2(kfc)
2, if the soft-breaking mass is set to zero@26#.
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ing Ref. @12#, by the time inflation ends the amplitude of th
fluctuations can be given in terms of their values at Hub
crossing (aH* 5k),

Ru i;
H*
ḟ*

Qf
*
.2

Qf
*

hff*
, ~30!

Sfhu i;
8

3

H*
ḣ*

Qh
*
.2

8

3

Qh
*

hhh*
, ~31!

with

Qi* 5
H*

A2k3
. ~32!

Clearly, given thath!f, we haveR!Sfhu i , so that the
isocurvature perturbation from the Higgs field is nice a
large, so that when it gets converted into the curvature p
turbation during reheating it can account for the COBE o
servation, as we now discuss.

IV. EVOLUTION OF THE FLUCTUATIONS DURING
REHEATING

The slow-rolling regime ends when the inflaton fie
reaches the critical valuefc . At this point, the effective
mass of theN field changes sign, and it starts moving t
wards the global minimum of the potential atN0;O(fc).
The effective masses off and h also start increasing, an
they also move quickly towards their global minimum va
ues. Around the global minimum, the effective massesm̄i

2 for

all the fields are of the same order of magnitude,m̄f.m̄N

.m̄h;k2fc
2;O(1 TeV). Therefore, they all start oscillat

ing with similar frequencies andamplitudesof the order of
fc . In this way, the vacuum energy dominating during i
flation is equally redistributed among the three fields,rf
;rN;rh , with the energy density of the oscillating field
behaving as matter.

This will be the situation until the fields decay and tran
fer their energy density to radiation. Because of the sm
ness of the singlet couplings, they are very long-lived, wit
decay rate of the orderGN,f.k2m̄N,f;O(10217 GeV),
where k;l;10210 whose smallness is explained in@25#.
Reheating lasts until the singlets completely decay, roug
around the timeH.Gf . On the other hand, the Higgs fiel
decays much faster through its gauge interactions, withGh

.aWm̄h;O(10 GeV). Because of this, the decay of th
Higgs fields can be considered as practically instantane
when compared to that of the singlets. However, given t
Gh /m̄h;aW;0.01, they will still have time to oscillate sev
eral times before decaying. Notice also thatGh@H at the
beginning of the oscillating phase. From that point of vie
the decay of the Higgs field can also be considered ‘‘inst
taneous’’: the Higgs decay before the energy densities in
oscillating fields have been redshifted, so that through
decay a fraction of the vacuum energy dominating dur
inflation is transferred into radiation. Given that during t

nd
6-5
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decay we can neglect the effect of the expansion, we
also assume that the fluctuations in the Higgs field at the
of inflation are converted into those of the radiation flu
with Sfr5Sfhu i as the initial condition during reheating.

Therefore, during the reheating era, we are left with a t
component fluid, made of a mixture of matterrf (f andN
oscillating! and radiationr r ~Higgs decay products!, but such
that initially rf(0).r r(0). Theevolution equations for the
system can be written as

ṙf13Hrf1Gfrf50, ~33!

ṙ r14Hr r2Gfrf50. ~34!

It will take a while for the initial large fraction of radiation to
feel the effect of the inflaton decay products, and at the
ginning it is redshifted as usual liker r}a24, with rf}a23

anda being the scale factor. It is only later when the cont
bution of the decay products become comparable to the
ready present radiation that the system is fully coupled,
we haver r}a23/2. The decay is completed by the timeH
.Gf , and we are left again with radiation which redshifts
the usual wayr r}a24.

For comoving scalesk well outside the Hubble radius,k
!aH, the evolution equations for the fluctuations duri
reheating can be approximated by4

dR
d ln a

.
8rfr r

~3rf14r r !
2

Sfr , ~35!

dSfr

d ln a
.2

12r r

3rf14r r
Sfr

2
Gf

H

rf

r r
S 3rf1r r

4r r13rf
DSfr . ~36!

Thus, at the beginning of reheating whenr r.rf , the large
isocurvature perturbations coming from the Higgs fields
Eq. ~31! which dominates the entropy perturbations, acts a
strong source for the curvature perturbationsR. Thus the
curvature perturbationsR quickly grow to become of the
same order of magnitude as the initial entropy perturbat
and afterwards remains practically constant.

The transfer from entropy perturbations to curvature p
turbations is illustrated in Fig. 1, based on a numerical in
gration of the exact evolution equations for the perturbati
given in Appendix C, Eqs.~C1!–~C3!, together with Eqs.

4The exact equations for a two-component fluid obtained fr
Ref. @36# are given in Appendix B for completeness. They al
include the equations for the relative velocity perturbationsVab . In
Appendix C we give the equations and approximate solutions
the scenario we are considering. In this case, in order to unders
the qualitative behavior of the numerical solution is enough to c
sider the evolution equations forR and Sab , without including
Vab , Eqs.~C4! and ~C5! in Appendix C.
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~33!, ~34!, with the boundary conditions in Eqs.~30! and
~31!. From the numerical integration, we find, asympto
cally,

R.
1

5
Sfhu i . ~37!

Hence, using Eqs.~31!, ~A2!, we end with the spectrum o
adiabatic perturbations

PR
1/2;

1

5
PSfr u i

1/2 ;
8

15hhh*
PQh

*

1/2 ;
8

15hh

H*
2ph*

, ~38!

which for hh;0.03, H* .1022 GeV and 2ph* .1 TeV
gives the right order of magnitude as measured by COB

The entropy perturbation also remains practically const
until the terms due to the decay of the singletsN and f
become relevant, and the radiation starts behaving asr r
}a23/2; the same as the ratiorf /H. From Eq. ~36!, the
evolution forSfr is now approximately given by

1

Sfr

dSfr

d ln a
.24

r r

rf
2

Gf

H

rf

r r
. ~39!

The main contribution in the above equation comes from
second term, which remains constant in this regime w
Gfrf /(Hr r).2.5, and thenSfr}a22.5. Therefore, when
the system of matter and radiation becomes effectiv
coupled, the entropy perturbation actually decreases du
the relative increase of radiation coming from matter, a
this effect is also seen in Fig. 1. Obviously, in this simple

r
nd
-

FIG. 1. In the upper panel we show the evolution of the cur
tureR ~solid line! and entropySfr ~dashed line! perturbations dur-
ing reheating. Both values are normalized to the initial value
Sfr . We have takenGf510217 GeV21, V(0)1/45108 GeV, f/h
51010 and hf5hh . In the inset in the upper panel we show
blow-up of the initial region on a linear vertical scale. In the low
panel we show the evolution of the energy densitiesrf and r r ,
normalized to their initial values.
6-6



an
a

qu

te
th
ta
b
bs

ils
e-
cu

ha
th
x

tin
he
n

an
b

e
-
VE
ns
he
on
i-

he
on
he
in
e
o
a

-

n

l
o
e
a

l

u
na

rb
ia
g

uch
os-

a-

opy

is

lds
his
etric
ck-
of

en-
eld
in
-
rgy
a-
The
ef-
(
t-
se
if-
e.
has

s
are

n
, in
nce
tion
-
he
n a

ale
e-
ture
the
is
has

a-
so-
tial
-
und
ac-
ee
ity

ons
end
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model of reheating once the inflaton completely decays
we are left only with radiation, the relative entropy perturb
tion vanishes in any case. We have just integrated the e
tions only until the timeGf.H, without continuing the evo-
lution afterwards when all the energy density in mat
becomes radiation. However, it is clear that the value of
curvature perturbation, which becomes practically cons
near the beginning of reheating, will not subsequently
affected by the details near the end of reheating and su
quent evolution.

V. DISCUSSION

It is worth pointing out a few subtleties regarding deta
of the transition from inflation to reheating. A detailed d
scription of such transition may be relevant for a more ac
rate estimation of the final value ofR. Here we raise some
of the concerns related to this point, and point out to w
extent our conclusions can be affected. During inflation
background evolution equations for the fields are appro
mately given by the slow-roll equations, Eqs.~22!–~24!;
whereas reheating starts with the fields already oscilla
and their energy densities averaged like matter until t
decay into radiation. During the transition from one to a
other, the kinetic energies of the fields start increasing
they cannot be neglected any longer. Indeed it is going to
the N field which first starts moving away from the fals
vacuum oncef reaches the critical value, with its field
dependent squared mass becoming negative, and its
and velocity growing accordingly. Its quantum fluctuatio
QN will also feel the same instability, and increase until t
effective mass become positive again and the oscillati
begin. Given Eq.~25!, this may mean that during the trans
tion period it is theN field, with both its kinetic energy and
the amplitude of its fluctuations increasing relatively to t
others, which will end dominating the curvature perturbati
Still, our conclusion that the Higgs field is responsible for t
final value of the adiabatic perturbations holds, although
directly. It is through the coupling of the Higgs fields to th
N field that the quantum fluctuations of the latter are n
suppressed during inflation, as it should correspond to a m
sive field ~see Appendix A!. We also note thatQN /Ṅ
.Qh /ḣ, so that even if theN kinetic energy dominates be
fore the oscillations begin, we will end in any case withR
;HQN /Ṅ;HQh/ḣ, and our order of magnitude estimatio
holds. However, this assumes that the ratioQN /Ṅ remains
constant once the fieldN start moving toward the globa
minimum. This does not seem unreasonable given that b
the background field and its quantum fluctuations will fe
the same instability in the effective mass. However, it m
happen that as the fieldsN and h move toward the globa
minimum with increasing speedṄ and ḣ, their quantum
fluctuations still behave as those of a light field witho
changing appreciably. This will tend to decrease the fi
ratiosQN /Ṅ andQh /ḣ, and therefore the value ofR.

On the other hand, we have started evolving the pertu
tions during reheating after the Higgs field decay into rad
tion. As mentioned in the previous section, before the Hig
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decay the fields still have time to oscillate several times, s
that the energy density is redistributed among the three
cillating scalar fields. During the initial stage of the oscill
tions, as far as the three species behaveall on average like
matter, the curvature perturbationR remains practically con-
stant on super-Hubble scales and it is not affected by entr
perturbations@see Eqs.~B11! and ~B23! in Appendix B#. In
other words, the change in the curvature perturbation
given by the large-scale non-adiabatic~entropic! pressure
perturbation, which is negligible as far as the scalar fie
behave with similar effective equation of state. However, t
argument does not take into account the possible param
amplification of the scalar quantum fluctuations in a ba
ground of oscillating fields, a process that in the context
inflation generically is known as ‘‘preheating’’@37,38#.
Through parametric resonance, induced by the time dep
dent effective mass term in the evolution equations, fi
mode amplitudes can grow exponentially with time with
certain resonance bands ink space. Thus, preheating be
comes a more effective mechanism of transferring ene
from the oscillating background fields to quantum fluctu
tions than the standard perturbative decay of the fields.
question then is whether it also provides a different and
ficient source for non-adiabaticity, with super-Hubblek
!aH) fluctuations exponentially amplified during prehea
ing @39,40#. This would translate into an exponential increa
in the curvature perturbation which would be somehow d
ficult to keep at the level of the COBE observational valu
As usual, the answer is model dependent. For example, it
been pointed out that for a massive~mass larger than the
Hubble parameter! field during inflation the mechanism i
inefficient, because previous to preheating fluctuations
first exponentially damped during inflation@41#. However,
this restriction does not apply to light fields during inflatio
@42#, as in the model presented in this paper. Moreover
hybrid inflation the effect can be stronger due to the prese
of negative effective squared masses at the end of infla
@43,44#, which areper sea source of instabilities in the evo
lution equations for the fluctuations. To which extend t
combined effect on super-Hubble scales is relevant is the
question ofwhen the resonance ends@45#. Sooner or later,
this occurs due to the backreaction effect of the small-sc
~sub-Hubble! modes which also grow resonantly during pr
heating; in some models it may happen before the curva
perturbation exceeds the COBE value, depending on
value of the inflaton coupling constant. Again, the issue
highly model dependent. Preheating in the present model
been studied previously in Ref.@43#, but without neither tak-
ing into account the Higgs fluctuations nor metric perturb
tions. It was shown that the combination of parametric re
nance plus tachyonic instability gives rise to the exponen
grow of the inflaton andN field fluctuations, and the reso
nance was stronger on the small-scale perturbations aro
k;0.3m̄f . At the same time and because of that, backre
tion effects become important very quickly after only thr
oscillations of the fields. Given that the tachyonic instabil
will be still present mainly in the effectiveN mass, we do not
expect this conclusion to change once the Higgs fluctuati
are also taken into account. Even they may speed up the
6-7
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of the resonance, keeping under control the growth of
curvature~and entropy! perturbations. Moreover, an increa
due to parametric resonance might compensate for a po
tial decrease during the end of the slow-roll regime. Nev
theless, the final answer would require the numerical integ
tion of the evolution equations, for both the backgrou
fields and quantum fluctuations, from inflation to reheati
which is beyond the scope of the present publication.

VI. SPECTRAL INDEX, GAUSSIANITY AND GRAVITY
WAVES

In this section we discuss the main predictions of
mechanism discussed here as compared to both the sta
curvaton mechanism, based on the late-decaying scalar, o
standard hybrid inflation.

In the original hybrid inflation model based on th
NMSSM @20#, where the inflaton was responsible for curv
ture perturbations, we predicted a flat spectrum of curva
perturbations with a spectral index indistinguishable fromn
51. In the present NMSSM hybrid inflation model, in whic
the Higgs field has large isocurvature perturbations which
transferred to curvature perturbations during reheating,
would expect a spectral index controlled by the Higgs fie
instead of the inflaton and given by5

n2152hh26ef.2hh.2mh
2/~3H2!. ~40!

The prediction for the spectral index in Eq.~40! involves the
soft mass parametermh which depends on the details of th
supersymmetry breaking mechanism. For example in
extra-dimensional model introduced in the companion pa
@25#, Higgs soft boson masses are not expected to be m
suppressed with respect to the Hubble rate of expansion@25#.
Using n50.9360.13 @2# we have an upper bound on th
spectral indexn,1.06 which leads to a constraint on the so
Higgs boson mass ofhh,0.03. The inflaton mass on th
other hand is only constrained by the slow-roll conditi
hf,1, since the inflaton does not contribute significantly
curvature perturbations. We would therefore expect typ
deviations such asun21u;0.1. If n51 is measured very
accurately then this would be evidence for the original infl
ton generated curvature perturbations.

In the original single field inflaton model@20# we pre-
dicted a Gaussian CMB spectrum. In the present case
would expect small non-Gaussian effects, as discusse
Ref. @16#, which contribute quadratically to the Higgs ener
density,

drh

rh
.2

dh

h
1

~dh!2

h2
. ~41!

Given that the amplitude of the field perturbations at horiz
crossing are of the order of the Hubble parameter,dh;H*

5This prediction for the spectral index is valid when there is
relic isocurvature perturbation which can significantly affect t
CMB power spectrum.
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;10 MeV, but the typical value for the VEV of the Higg
field is h;1 TeV, the linear term clearly dominates in E
~41! given a Gaussian spectrum. The small non-Gauss
effects can be parametrized by@46#

u f NLu.
5

12Udrh /rh

R U; 75

8
uhhu, ~42!

where we have used the approximations in Eqs.~31!, ~37!
and ~41!. Within the approximations involved in the abov
equations, and usinghh,0.03 we then getu f NLu,0.3, which
is below the expected upper bound by the PLANCK satel
u f NLu,5 @46#. Therefore we do not expect significant~ob-
servable! non-Gaussian effects in this model.

Concerning gravity waves, as is typical of hybrid inflatio
models with a low inflation scale, the previous model@20#
predicted negligible effects in the CMB spectrum from gra
ity waves. In the present approach we similarly expect sm
effects of gravity waves in the CMB spectrum. Gravitation
waves are generated with a spectrum@1#

PT
1/2.8A2

H*
mP

, ~43!

and the tensor-scalar ratio, from Eq.~37! and above, is then
given by

PT

PR
.~120p!2eh}S h*

mP
D 2

, ~44!

where the value of the Higgs field at the time of horizon e
is typically h* ;1 TeV, which is negligible compared to th
reduced Planck massmP . Therefore we do not expect an
observable effects of gravity waves in the CMB spectrum

It has been pointed out that in general for the curva
models based on a late-decaying scalar the entropy pertu
tion originated during inflation might survive the reheatin
era as a relic isocurvature perturbation between radiation
some other present component, say cold dark matter~neu-
tralinos! or neutrinos@15,16#. In the framework described in
this paper the Higgs fields can decay into neutralinos an
addition give rise to leptogenesis during the reheating p
cess @47#. Therefore the Higgs isocurvature perturbatio
might be expected to give rise to relic isocurvature pertur
tions both in neutralino dark matter and in baryons, as co
pared to photons. However the Higgs excitations decay n
the beginning of the reheating era, and any neutralinos p
duced at that time are relativistic and share the curva
perturbation with that of the photons. Therefore once
neutralinos decouple from the radiation fluid, their curvatu
perturbation will remain constant and equal to that of t
radiation at the time. On the other hand throughout rehea
the radiation will be coupled to the matter energy dens
through the decay of the inflaton field. For such a coup
system, individual curvature perturbations are not conserv
unlike the late-decaying scalar scenario in@10,11,14–17#,
and so in our case we expect the isocurvature perturbatio
the photons to change in a complicated way during the
heating process. Thus in our case the final neutralino iso
6-8
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LARGE SCALE STRUCTURE FROM THE HIGGS FIELDS . . . PHYSICAL REVIEW D 67, 103516 ~2003!
vature perturbation will depend on the details of the rehe
ing process, in particular when the neutralino decouples
becomes non relativistic during the reheating process
would be interesting to explore this quantitatively in a futu
work.

VII. SUMMARY

To summarize, we have proposed and discussed a
implementation of the curvaton scenario@10,11,14–17# in
which quantum fluctuations of light scalar fields other th
the inflaton can be responsible for the generation of the
mordial anisotropies in the Universe. Unlike the previo
scenarios, we do not assume a late-decaying scalar whi
decoupled from the inflaton field. Instead we have propo
a new mechanism based on supersymmetric hybrid infla
in which the isocurvature perturbations of a hybrid fie
coupled to the inflaton could be transferred to curvature p
turbations during the initial stages of reheating. We have
ther suggested that good candidates for such fields are
Higgs doublets of the supersymmetric standard model, wh
may have a flat direction during inflation provided that them
term is generated after inflation. We have discussed in de
a specific model which implements this mechanism, ba
on a supersymmetric hybrid inflation model which is a va
ant of the NMSSM, based on the superpotential in Eq.~6!.
We have shown that for this particular model our mechan
leads to

PR
1/2;

H*
2ph*

, ~45!

which for a typical value of the Higgs VEV 2ph* .1 TeV
gives the correct order of magnitude as measured by CO
PR

1/2;1025. This is an important success of both the partic
lar model and of the proposed mechanism in general.
main prediction is that the spectral index is expected to
viate significantly from unityun21u;0.1. If n51 is mea-
sured very accurately then this would be evidence for
original inflaton generated curvature perturbations. No
servable signals of non-Gaussianity, or gravity waves are
pected in the CMB spectrum. However there may be obs
able relic isocurvature perturbations between radiation
some other present component, say cold dark matter~neu-
tralinos! or neutrinos which depend on the details of rehe
ing and differ significantly from the expectations of a lat
decaying scalar@15,16#.

To conclude, we have proposed and discussed the at
tive possibility of having the Higgs field of the supersymm
ric standard model as being responsible for the large-s
structure of the Universe, providing a further strong link b
tween cosmology and particle physics of the kind recen
emphasized in@48#. Eventually, if such a theory as that pr
sented here is realized in nature, it should be possible, f
both laboratory and cosmological measurements, to dem
strate the links between particle physics and cosmology
herent in such a model@48#.
10351
t-
d
It

ew

i-
s

is
d
n

r-
r-
he
h

ail
d

-

E
-
e
-

e
-
x-
v-
d

t-

c-
-
le
-
y

m
n-
-

ACKNOWLEDGMENTS

V.D.C. and S.F.K. would like to thank PPARC for finan
cial support.

APPENDIX A

The equation of motion for the gauge invariant quantu
fluctuationQa , with comoving wave numberk, can be writ-
ten as@49#

Q̈a13HQ̇a1
k2

a2
Qa1(

b
FVab2

1

a3mP
2 S a3

H
ḟaḟbD •GQb

50, ~A1!

whereVab
5]2V/]fa]fb . For the inflaton and Higgs fields

during inflation, we haveVff , Vhh , Vfh!H2, and therefore
the fluctuationsQf andQh will be frozen to a constant value
once outside the horizon,k,aH, given approximately by
the value at horizon crossing,

Qa* 5
H*

A2k3
, ~A2!

for a5f,h. On the other hand, neglecting for simplicity th
sub-dominant terms coming from metric contributions, t
evolution equation forQN reads

Q̈N13HQ̇N1S k2

a2
1VNND QN1VNfQf1VNhQh.0.

~A3!

Like in the case of the evolution of the background fieldN,
now the large mass termVNN;O(k2fc

2)@H2 gives rise to
oscillations with an amplitude decaying asa21, but dis-
placed from zero due to theQf and Qh terms. Therefore,
after horizon exit, and averaging over the fast oscillations
a Hubble time, theN field fluctuation will also tend to a
constant value given by

QN.
VNf

VNN
Qf1

VNh

VNN
Qh . ~A4!

Using VNN.2k2fc
2 , and VNf.4k2fcN2lkh2, VNh

.2lkfch, we have

QN.S 2
N

fc
2

lh2

2kfc
2D Qf1

lh

kfc
Qh

.
lh

kfc
Qh . ~A5!

Therefore, the fluctuationQN is suppressed with respect t
Qh by the same factor than the background fieldN is sup-
pressed with respect toh, Eq. ~21!, such that

Ṅ.2
lh

kfc
ḣ, ~A6!
6-9
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and then

QN

Ṅ
.2

Qh

ḣ
. ~A7!

APPENDIX B

In this appendix we summarize our conventions and
tation for the perturbations, and give the evolution equati
for curvature and entropy perturbations in a multi-compon
fluid. These can be found in Refs.@36,12#. Using linear per-
turbation theory, the equations are given in terms of gau
invariant quantitiesDc5drc /r, V andh describing the am-
plitude perturbation of the total density in the comovi
frame, velocity and entropy respectively. In addition we ha
the relative gauge-invariant variables between any two c
ponentsa andb: entropySab and relative velocityVab .

Gauge-invariant quantities are defined from the origi
perturbations in the stress-energy tensor and the metric.
ear scalar perturbations of the metric are given by the
element:

ds252~112A!dt212aBidxidt1a2@~122c!d i j

12Ei j #dxidxj , ~B1!

wherec is the gauge-dependent metric perturbation. Co
bining c, B andE, one can define the gauge-invariant va
able

F52c2Ha~B2aĖ!, ~B2!

which is the curvature perturbation in the longitudinal~or
zero-shear! gauge (aĖl2Bl50).

Each fluid component is described by a perfect-flu
stress-energy tensor, with background energyra and pres-
sure Pa . Although the total stress-energy tensor is co
served, the stress-energy tensor of each component ma
be conserved individually. Therefore, the unperturbed co
nuity equation for a given componenta is given in general
by

ṙa13H~ra1Pa!5Ca , ~B3!

where a dot denotes derivate with respect to time, andCa are
source terms subject to the total energy-momentum con
vation constraint(aCa50. For example, in Eqs.~33! and
~34! we haveCf52Cr52Gfrf . For later use, we define
the equation of state for each component,wa5Pa /ra , and
the sound velocitycsa

2 5 Ṗa / ṙa . To simplify notation, we
also defineha5ra1Pa .

Perturbations in the stress-energy tensor are given
dra , dPa and the momentum perturbationdqa ~neglecting
the anisotropic stress!. Gauge-invariant variablesdrca , Va
andha are defined as

drca5dra1 ṙa

dq

r1P
, ~B4!
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Va52
k

a S dqa

ra1Pa
2aB1a2ĖD , ~B5!

Paha5dPa2csa
2 dra , ~B6!

such that

drc5(
a

drca , ~B7!

~r1P!V5(
a

~ra1Pa!Va , ~B8!

Sab5
drca

ra1Pa
2

drcb

rb1Pb
, ~B9!

Vab5Va2Vb . ~B10!

The total entropy perturbation~or non-adiabatic pressure pe
turbation! Ph5dP2cs

2dr can be written in terms of the
individual entropy perturbationsha for each component and
Sab as

w

11w
h5(

a

ha

h

waha

11wa
1

1

2 (
a

(
b

hahb

h2
~csa

2 2csb
2 !Sab

1
Dc

11w (
a

csa
2 Ca

3Hh
. ~B11!

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

Paha5~12csa
2 !S drca2

a

k
ṙa~Va2V! D . ~B12!

The comoving curvature perturbation is defined by

R5c2
H

r1P
dq52F1

aH

k
V52

3

2 S aH

k D 2

Dc1
aH

k
V,

~B13!

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

F5
3

2 S aH

k D 2

Dc . ~B14!

On the other hand, the curvature perturbation on const
density hypersurfaces is given by

z52c2H
dr

ṙ
, ~B15!

which is related to the comoving curvature perturbationR by

2z5R2
2r

9~r1P! S k

aHD 2

F. ~B16!
6-10



n

r
sy

ity

re

he
lest

the

s,

LARGE SCALE STRUCTURE FROM THE HIGGS FIELDS . . . PHYSICAL REVIEW D 67, 103516 ~2003!
Therefore, for super-Hubble scales,k!aH, z andR are ap-
proximately the same.

We note that we have followed Refs.@12,36# in defining
the entropy perturbationSab . An alternative definition re-
lated to the individual curvature perturbationsza , used in
Refs.@10,16#, is given by

S̃ab523HS dra

ṙa

2
drb

ṙb
D 53~za2zb!. ~B17!

In terms ofS̃ab , the total entropy perturbation is then give
by

w

11w
h5(

a

ha

h

waha

11wa
1

1

2 (
a

(
b

hahb

h2
~csa

2 2csb
2 !S̃ab .

~B18!

Nevertheless, for a system of uncoupled fluids, Eqs.~B9! and
~B17! become identical.Sab andS̃ab differ by terms propor-
tional to the source termsCa when there is energy transfe
between components. For example, for a 2-component
tem, their relation can be written as

~12qa!~12qb!S̃ab5Sab1~qa2qb!
drc

r1P
, ~B19!

where 12qa52 ṙa /(3Hha).
The evolution equations for the total density and veloc

fluctuations in a flat Universe are given by

Dc853wDc2~11w!
k

aH
V, ~B20!

V852V2
3

2 S aH

k DDc1
k

aH S cs
2

11w
Dc

1
w

11w
h D , ~B21!

where prime means derivative with respect to lna. Thus,
taking the derivative in Eq.~B13! and using Eqs.~B20!,
~B21!, the evolution equation for the comoving curvatu
perturbation reads

R 85~113w!
3

2 S aH

k D 2

Dc2
3

2 S aH

k D 2

Dc82
1

2
~113w!

aH

k
V

1
aH

k
V8 ~B22!

5
cs

2

11w
Dc1

w

11w
h5

2

3 S k

aHD 2 cs
2

11w
F1

w

11w
h.

~B23!

Finally, for a two-component fluid, such thatCa5
2Cb , the equations for the relative fluctuationsSab and
Vab are given by
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Sab8 52
k

aH
Vab23S waha

11wa
2

wbhb

11wb
D2

Ca

Hh S hb

ha
~11csa

2 !

2
ha

hb
~11csb

2 ! DSab2
Ca

H

h

hahb

w

11w
h

2
Ca

H

h

hbha
S 11cs

21
ha

h
csb

2 1
hb

h
csa

2 D Dc

11w

1
Ca

H

h

hahb
Eca , ~B24!

Vab8 5S 3csa
2 hb

h
13csb

2 ha

h
21DVab1

k

aH S csa
2 hb

h

1csb
2 ha

h DSab1
k

aH S waha

11wa
2

wbhb

11wb
D1

k

aH
~csa

2

2csb
2 !

Dc

11w
2

Ca

Hh S ~11csa
2 !

hb

ha
2~11csb

2 !
ha

hb
DVab ,

~B25!

whereEca5Ecb are the gauge invariant perturbations of t
energy transfer term in the comoving frame. For the simp
caseCa5Gara thenEca5drca /ra .

APPENDIX C

For the scenario considered in this paper, we can take
component ‘‘a ’’ to be the oscillating fields behaving like
matter (wa5csa50),‘‘b ’’ then refers to the radiation (wb
5csb51/3) initially coming from the Higgs decay product
and Ca5Cf52Gfrf . Then, the evolution Eqs.~B23!,
~B24! and ~B25! for the curvature R, Sfr and V̂fr
5(Ha/k)Vfr reduce to

R 85
Dc

11w S rf14r r

3rf14r r
D1

8rfr r

~3rf13r r !
2

Sfr

1
36rfr r

~3rf13r r !
2 S 11

Gf

3H D V̂fr , ~C1!

Sfr8 52S k

aHD 2

V̂fr23
Dc

11w
2

12r r

3rf14r r
Sfr

2
36r r

3rf14r r
V̂fr2

Gf

H

rf

r r
S 3rf1r r

3rf14r r
DSfr

1
Gf

H

9rf

3rf14r r
S 124

r r

rf
1

Gf

3H D V̂fr

1
Gf

H

r r13rf

3r r

Dc

11w
, ~C2!
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V̂fr8 52
113w

2
V̂fr1

8r r

3rf14r r
V̂fr1

2

3

Dc

11w

1
4r r1rf

3rf14r r
Sfr1

Gf

H S 8r r
223rf

2

r r~3rf14r r !
D V̂fr .

~C3!

For super-Hubble scales such thatk!aH, we can further
simplify the system by neglecting the contribution of t
terms}(k/aH)2, and that ofDc52(k/aH)2F/3. In order to
understand the qualitative behavior of the solutions to
above system of equations, we can focus on the evolutio
the curvatureR and Sfr , without taking into account the
terms due toV̂fr . From the evolution equations we can s
that Sfr and V̂fr will behave approximately the same, s
both of them will affect the curvatureR in a similar way;
then the main effect is obtained by keeping only those te
due toSfr in the evolution equations. We have checked t
the numerical solution of Eqs.~C1!–~C3! is well approxi-
mated by that of

R 8.
8rfr r

~3rf13r r !
2

Sfr ~C4!

Sfr8 .2
12r r

3rf14r r
Sfr

2
Gf

H

rf

r r
S 3rf1r r

3rf14r r
DSfr . ~C5!

In order to solve analytically the equations, we can dist
guish two regimes depending on the evolution of the ba
ground energy densitiesrf andr r , as it can be seen in Fig
1: ~a! from the beginning of the reheating period ata0, with
r r(a0).rf(a0), up to saya1, the decay products comin
from the singlets have no effect on the radiation, and b
components, matter and radiation, behave as if they w
decoupled, withr r}a24 and rf}a23; ~b! from a1 to the
end of reheating, the singlets decay products start contri
ing to the background radiation, withr r}a23/2 and rf
}a23. Therefore, fora0<a<a1, Eqs.~C4! and~C5! can be
solved neglecting the terms proportional toGf /H, and we
obtain forR andSfr

R.R~a0!1
8

343
Sfr~a0!S 52

2a0
2

a2
2

3a0

a D , ~C6!

Sfr.S 413a/a0

7a/a0
D 3

Sfr~a0!, ~C7!

whereR(a0)!Sfr(a0) are the initial values of the perturba
tions taken as those at the end of inflation. It can be seen
very quickly R will tend to a constant value withR
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e
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at

.Sfr(a0)/10. Similarly, the entropy perturbations go
Sfr.0.08Sfr(0). That is, entropy perturbations act as
source for the curvature perturbations only at the beginn
as far as the ratior r /rf is not suppressed. Afterwards,r r
!rf , andR remains constant.

Entropy perturbations will not further affect the evolutio
of the curvature even when the background equations
come coupled ata1, and the effects ofGf cannot be ne-
glected. At this point we can still assume that the ene
density is dominated by that of the singlets, behaving l
matter, withH}a23/2. Therefore, froma1 onwards, the com-
bination Gfrf /(Hr r) remains constant until the single
completely decay. Numerically we findGfrf /(Hr r).2.5,
independently of the value ofGf . Taking this into account,
we can now solve Eq.~C5! including theGf term:

Sfr~a.a1!.0.07Sfr~a1!S a1

a D 2.5

. ~C8!

That is, the relative perturbation between matter~singlets!
and radiation decreases. With this result, we can see tha
source term in the evolution equation for the curvature p
turbation,

R 8.
8r r

3rf
Sfr}S a

a1
D 22

, ~C9!

also decreases in time and it is no longer effective, even i
the end of the reheating periodr r.rf again.

The evolution of the perturbations plotted in Fig. 1 is t
result of the numerical integration of the system of Eq
~C1!, ~C2!, with initial conditions at the end of inflation@12#:

Ru i.
H*
ḟ*

Qf
*
.2

Qf
*

hff*
, ~C10!

Sfr u i.
8

3

H*
ḣ*

Qh
*
.2

8

3

Qh
*

hhh*
, ~C11!

aH

k
Vfr u i.2

1

3
Sfr u i . ~C12!

Given that for the amplitude of the field perturbations at t
time of horizon crossing we haveQf* .Qh* .H* /A2k3, it
is more convenient to normalize the above perturbations w
respect to the initial value of the entropy perturbationSfr u i ,
such that

R
Sfr

U
i

.2
3hhh*
8hff*

, ~C13!

aH

k

Vfr

Sfr
U

i

.2
1

3
. ~C14!
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@30# V. Lukash, Zh. Éksp. Teor. Fiz.79, 1601 ~1980! @Sov. Phys.

JETP 52, 807 ~1980!#; D.H. Lyth, Phys. Rev. D31, 1792
~1985!.

@31# M. Sasaki, Prog. Theor. Phys.76, 1036 ~1986!; V.F. Mukha-
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