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New mechanism for generating density perturbations from inflation
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We propose a new mechanism to generate density perturbations in inflationary models. Spatial fluctuations
in the decay rate of the inflaton field to ordinary matter lead to fluctuations in the reheating temperature. We
argue that in most realistic models of inflation the coupling of the inflaton to normal matter is determined by
the vacuum expectation values of fields in the theory. If those fields are light during inflation~this is a generic
situation in the minimal models of supersymmetric inflation! they will fluctuate leading to density perturbations
through the proposed mechanism. We show that these fluctuations could easily dominate over the ones gen-
erated through the standard mechanism. The new scenario has several consequences for inflation model build-
ing and observations. The proposed mechanism allows us to generate the observed level of density perturba-
tions with a much lower scale of inflation and thus generically predicts a smaller level of gravitational waves.
The relation between the slope of the spectrum of the produced density perturbations and the potential of the
inflaton field is different from the standard relations obtained in the context of slow roll inflation. Because the
field responsible for the fluctuations is not the inflaton, it can have significantly larger self-couplings and thus
density perturbations could be non-Gaussian. The non-Gaussianity can be large enough to be detectable by
CMB and large scale structure observations.
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I. BASIC MECHANISM

In the standard picture@1#, the observed density perturba
tions are produced as follows. As the inflaton fieldf rolls
down its potential it is effectively massless, so it fluctua
up and down. These fluctuations are different in differe
regions, resulting effectively in inflation lasting differen
amounts of time in different places. At the end of inflatio
the inflaton oscillates about the minimum of its potential a
decays, reheating the universe. As a result of the fluctuat
each region of the Universe goes through the same his
but at slightly different times leading to adiabatic dens
perturbations.

Our idea is different. To reheat the universe the infla
has to couple to the ordinary particles through a coupl
schematically given by

lfqq, ~1!

whereq stands for the ordinary particles~e.g., quarks, lep-
tons and their scalar superpartners!, and l is the coupling
strength, which is assumed to beconstantin the standard
picture. For simplicity we assume that the density pertur
tions produced at the inflationary stage are negligible.
inflation ends at the same time everywhere in the Unive
The density fluctuations are created during the reheating
cess, because of fluctuations in the coupling ‘‘constant’’l.
Sincel controls the efficiency by which the energy stored
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the f-condensate gets converted into radiation, the fluct
tions inl translate into the fluctuations in the final reheati
temperature. Note that in our scenario different regions
through slightly different histories, as the couplings are d
ferent. Thermal equilibrium ensures that we get adiaba
fluctuations.

The key point of our approach is to notice thatl is not a
constant, and can fluctuate in space. The reason whyl could
fluctuate is that in supersymmetric theories as well as in
theories inspired by superstrings, the effective couplings
not constants, but rather functions of the scalar fields in
theory. In the early universe, these scalar fields can ass
different values in different regions. We shall come back
this issue below.

Assuming thatl is a stochastic variable, the new mech
nism works as follows. The decay rate of the inflaton field

G;l2m ~2!

wherem is the inflaton mass at its minimum. We shall a
sume thatG is less than the Hubble parameter during infl
tion. If this were not the case andG@H then the reheating
would be instantaneous and all the energy stored in the
flaton would immediately be converted into radiation. In th
case the reheating temperature would be independent oG.

WhenG,H during inflation, the reheating temperature
roughly
©2004 The American Physical Society05-1
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TR;AGM PL;lAmMPL. ~3!

If l fluctuates, the corresponding fluctuations in the rehe
ing temperature are

dTR

TR
;

dG

G
;

dl

l
. ~4!

The fluctuations are completely determined by the fluct
tions of G not of f.

In order to understand in more detail how our mechan
works we will consider a toy model~see also Ref.@12#!. We
write down the full set of perturbation equations in a la
section. Let us follow the cosmological evolution in two d
ferent domains of the Universe in whichl takes two differ-
ent values equal tol1 andl2 respectively. For definitenes
we shall assume thatl1.l2. According to our assumption
right after inflation the energy densities in the two doma
are equal, and evolve as nonrelativistic matter,

e1matter5e2matter;
1

a3 ~5!

wherea is the scale factor. The inflaton decay in each d
main takes place when

G5H;
Ae

M PL
~6!

whereH is a Hubble parameter. In the approximation of
instant decay~which we adopt for the moment! the reheating
temperature is given by Eq.~3!. Sincel1.l2, the condition
~6! gets first satisfied in thel1 domain. Thus when

G15l1
2m;H ~7!

the energy in this domain gets converted into radiation:

e1rad;TR1
4 ;l1

4m2M PL
2 ~8!

which subsequently scales as 1/a4. Right after this moment
the energy densities in two domains are still equal. Howe
in the l1 domain it is stored in radiation, whereas in thel2
domain it is still stored in inflaton oscillations and evolves
nonrelativistic matter. From this moment on up until rehe
ing in the l2 domain, the energy densities in the two d
mains evolvedifferently.

The l2 domain gets reheated when

G25l2
2m;H ~9!

and gets filled with radiation of an energy density

e2rad;TR2
4 ;l2

4m2M PL
2 . ~10!

For equal values of scale factors, the energy in the first
main is redshifted to

e1rad;S l2

l1
D 4/3

l2
4m2M PL

2 . ~11!
02350
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The resulting radiation energy densities in these domains
related as

e1rad;S l2

l1
D 4/3

e2rad . ~12!

The density perturbations are

de rad

e rad
}

dl

l
}

dG

G
. ~13!

Thus, during the reheating process, the fluctuations inl are
translated in density perturbations. The precise calculatio
the above model~Sec. IV and the Appendix! actually gives
de rad /e rad'0.1dG/G.

II. THE ORIGIN OF THE FLUCTUATIONS
IN THE DECAY RATE

Let us now discuss why the fluctuations inG could be
generated in the first place. The reason why coupling ‘‘co
stants’’ can fluctuate, is that in unified theories, such as
persymmetric theories, the couplings are not constant but
determined by expectation values of fields in the theo
Many of these fields have very flat potentials and thus
strongly fluctuate during inflation.

In general we can think ofl(S) as a function of a scala
field S. Let us assume thatq-s are the ordinary fermions, an
their supersymmetric partners. The coupling can be
panded in series ofS

l~S!5l0S 11
S

M
1••• D ~14!

where M is some scale, which may be of orderM PL or
smaller. Since we want to keep our discussion maxima
general, we should not specify the value ofM. Depending on
the gauge symmetries of the theory the first~and some of the
higher terms! of expansion may or may not be absent. W
shall assume thatS is a light field, with mass smaller than th
Hubble parameter during inflation. ThenS fluctuates during
inflation, dS;H and these fluctuations translate into fluctu
tions of l, which after reheating translate into the dens
fluctuations.

We can definef to be the fraction of the coupling con
trolled by the fluctuating field. If the VEV ofS during infla-
tion is ^S& then f 5^S&/M . In terms off we can write, to first
order inS/M ,

dG

G
52 f

dS

^S&
. ~15!

The observed level of density perturbation implies th
dG/G;1025. The fluctuations ofS are of order,dS;H, so
the observed level of fluctuations can be the result of^S&
@H or of f !1.

The fluctuations ofSwill be Gaussian if̂ S&@H and non-
Gaussian in the opposite limit. Thus depending on the V
of S during inflation we can get fluctuations with a varyin
level of non-Gaussianities. Our mechanism for generat
5-2
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non-Gaussianities is different from the multifield inflatio
models~eg. @2,3# and references therein!.

Example

Let us consider a simple illustrative example: minim
supersymmetric standard model~MSSM! plus an inflatonf.
The chiral superfield content of the model consists of t
Higgs doublets~we shall call themh,h̄), quark and lepton
superfields plus their antiparticle superfields~we shall denote
them asq,qc), and an inflaton superfield (f). Following the
usual practice, we shall assume that the inflaton is a sin
under the MSSM gauge group. The specific form of the
flaton potential is unimportant. All we assume is that it giv
us a sufficient amount of inflation, for solving the flatne
and horizon problems. We shall also assume that the den
fluctuations created by the inflaton fluctuations are v
small.

At the end of inflation,f has to decay and reheat th
Universe. Let us ask, how couldf decay into quarks and
leptons. Sincef is a gauge singlet, it has three options f
transmitting its energy into ordinary particles.

~1! f can directly decay into the ordinary particle
through the renormalizable interaction in the superpoten

l0fhh̄. ~16!

In fact due to the gauge symmetry, the only candidates
such a decay are the Higgs doublets.

~2! f can also decay through non-renormalizable inter
tions in the superpotential

f
q

M
qq1f

qc

M
qcqc1f

h

M
qqc1••• ~17!

whereM is some mass scale. This scale can be;M PL or
may be a lower scale coming from integrating out so
heavy particles belowM PL . The precise origin of the cou
pling is not important.1 Analogous, couplings may be in
cluded in Kähler potential.

~3! Finally, f can decay into some heavy exotic particl
with MSSM gauge charges, which quickly rescatter and th
malize with the ordinary particles. In particular, the effecti
non-renormalizable couplings of the form~17! can result
from integrating out such states.

Let us focus on the second possibility. If during inflatio
and reheating one of the sfermions participating in the c
pling gets a VEV, then through Eq.~17! f can experience a
direct two-body decay into theq-quanta. The decay rate i
regulated by an effective coupling

l5
^S&
M

~18!

1Some of the above interactions break baryon number, how
they cannot lead to proton decay iff has a zero VEV today. Break
ing of baryon number conservation could be even welcome
generating baryon asymmetry during reheating. This issue will
be discussed here.
02350
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where^S& is the VEV of a scalar component of one of theq
superfields. The properties of the density perturbations, s
as Gaussianity will be determined by the balance betw
the different channels, and on the value ofdS. Let us briefly
discuss this issue.

In MSSM Scorresponds to one of the manyflat directions
of the potential. These flat directions are flat only in t
unbroken SUSY limit, but are lifted by SUSY breaking e
fects, and acquire curvature;TeV.

During inflation ~or reheating! the inflationary energy
density breaks supersymmetry and lifts the flat directio
even more, providedH.TeV. So in general, the flat direc
tion fields acquire masses;H and may acquire big VEVs a
well ~see@4#!.

The physical reason behind the;H2 curvature of flat
directions during inflation is very transparent. The point
that a positive vacuum energy density, that drives inflati
breaks supersymmetry spontaneously. This breaking is e
F or a D-type, meaning that the vacuum energy density
dominated by either theF or the D terms. In case of,
F-breaking, the breaking is universally transmitted to all t
fields through the couplings in the Ka¨hler potential, e.g., of
the following form:

E d4xd4u
f* f

M2 S* S ~19!

wheref is the superfield with a nonzeroF-term, andS is a
flat direction field. Such couplings will be generated both
supergravity~in which caseM;M PL) and by gauge interac
tions @4# ~in which caseM!M PL). For instance, in the cas
of a minimal Kähler, the gravity-mediated curvature of th
flat directions is

mgrav i ty
2 53H21

uWu2

M PL
4

~20!

whereW is a superpotential. However, in the MSSM mod
the flat directions are usually lifted also by gauge-media
contribution. For instance, if the inflatonf can couple to
some gauge-charged fields~which is usually the case!, the
flat directions receive a two-loop gauge contribution to t
masses@4#

mgauge
2 5H2S a

4p D 2S M PL

ufu D 2

. ~21!

One-loop contributions are also possible. The over-all sign
the contribution and their balance is very model depend
For instance, inD-term inflation@5# gravity-mediated curva-
ture is !H2, and the gauge-mediated contribution is dom
nant.

The bottomline of our discussion is that, generically, fl
directions are lifted during inflation by gravitational an
gauge effects. As a result their VEVs are shifted. The lo
tion of the minima, and effective masses in those minima
very model dependent and it is impossible to draw a gen
conclusion. On the other hand construction of a particu
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t
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model which would accommodate our needs is trivial. T
condition under which the new mechanism of the dens
perturbations will dominate is that the mass ofS during in-
flation be slightly belowH ~say;0.1H or so!. ThenH be-
haves as practically massless during inflation and we h
dS;H.

Corrections of the form~20! would inevitably ruin infla-
tion, and must be avoided. Inflationary scenarios that univ
sally suppress the gravity-mediated curvature~20! of flat di-
rections, e.g., such as theD-term inflation@5#, are therefore
highly motivated, as they protect the flatness of the infla
potential from dangerous gravity-mediated corrections;H2.
In such scenarios our mechanism will generically be ope
tive and contribute to the density perturbations.

Then depending on which is the dominant channel of
inflaton decay, we get different pictures in perturbation sp
trum. If couplings like Eq.~17! are the dominant source o
reheating, then the density perturbations are given by

de

e
;

dS

^S&
. ~22!

In which case to get the correct level of density perturbati
we have to demand that^S&;105H, and resulting perturba
tions will be Gaussian, as in the case of an ordinary inflati

Another possibility is when the channel~16! dominates.
In this case

de

e
;

^S&dS

l0
2M2 ;

^S&H

l0
2M2 . ~23!

Since nowScan stay near its inflationary minimum, the pe
turbations can be non-Gaussian.

III. CONSEQUENCES FOR MODEL BUILDING

We have argued that our new mechanism for genera
density perturbations creates fluctuations of orderH/M
whereM is a scale that could be significantly lower than t
Plank scale~the origin ofM depends on the particular mode
it could be related to the VEV of a field or with physics
scales intermediate between Hubble during inflation and
Planck scale!. In other words our mechanism can create
observed density perturbations with a much lower scale
inflation than the standard scenario where density pertu
tions are given byH/M PLAe, with e5(M PLV8/V)2.

If our mechanism is responsible for the observed per
bations then we predict a much lower background of gra
tational waves than in standard scenarios. The amplitud
the gravity wave background is still given byH/M PL and
thus it is greatly suppressed relative to density perturbatio
of orderH/M .

The relation between the slope of the power spectrum
density perturbations and the characteristics of the infla
potential is different in our scenario,
02350
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n215
d ln H2

d ln a
our scenario

n215
d ln H2/e

d ln a
standard case. ~24!

As a result, both the energy scale of inflation and the ch
acteristics of the inflaton potential would be misinterpreted
our mechanism was operating but the observations were
lyzed using the standard assumptions.

Moreover, there is a significant chance that the fluct
tions generated by our mechanism could be at least slig
non-Gaussian. The fields that determine the couplings are
slow rolling during inflation and do not dominate the ener
density. As a result, their potentials need not satisfy the st
gent slow-roll conditions the inflaton needs to satisfy. The
conditions imply that non-Gaussianities generated in st
dard one-field models of inflation are very small, probab
unobservable with current techniques@6#. The fields deter-
mining the couplings could have for example larger self co
plings ~such would be, for instance, the quasiflat directio
stabilized by quartic Yukawa couplings in the superpotent!
leading to observable non-Gaussianities.

The slow roll condition on thekth derivative of the infla-
ton potential (V(k)) is

ek/221
M PL

k V(k)

V
,1. ~25!

For k53 for example, this leads to the constraint th
V(3)/H,H/M PLe1/2;1025. In our scenario couplings muc
larger that this are allowed. The cubic coupling overH is
roughly given bymS

2/^S&H;H/^S& so if ^S& is not much
larger thanH significant non-Gaussianities are possible.

The bound on the three point function from WMAP ca
roughly be translated intoV(3)/H,1023 @7#. On the other
hand to match the correct level of density perturbatio
f dS/^S&;1024 ~as we will show in the next section th
solution of the full equations imply that the potential fluctu
tions are of order 1/9dG/G so we set the combination
f dS/^S& to 1024 rather than 1025). This means that when
f ;0.1 the non-Gaussianities saturate the WMAP bound
more detailed analysis of the constraints set by WMAP is
for a future publication.

IV. PERTURBATION EQUATIONS

In this section we will explicitly write the relevant pertur
bation equations in the conformal gauge@8,9#. We will con-
sider two fluids—radiation and the inflaton field which fo
simplicity we will treat as nonrelativistic matter. Our mech
nism should also work for preheating@11#, but here we only
discuss the simpler case.

First we write the equations for the background evolutio
The background metric is flat FRW universe,ds25a2(dh2

2dx2), h is the conformal time,a8/a5H is the conformal
Hubble constant, with8[d/dh. The unperturbed Friedman
equations are
5-4
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em8 523Hem2Gaem , ~26!

e r8524He r1Gaem , ~27!

H 25~8/3!pGa2~e r1em!. ~28!

These describe a matter-dominated universe at small
and a radiation-dominated universe at large time. We sol
them assuming that expansion rate wasH* and x[em/(em
1e r)51 at the beginning. The fractionx remains around one
until it suddenly drops tox50 at the time whenH;G.
Before that timeH2}a23 and after thatH2}a24. Here H
[H/a is the standard Hubble parameter.

We now considersuper-horizonperturbations induced by
perturbations in the decay rateG. We use the conforma
gauge with perturbed metricds25a2

„(112F)dh22(1
22F)dx2

…. The perturbed Einstein and matter equations
scribing forcedsuper-horizonperturbations are

HF81H 2F52~4/3!pGa2~emdm1e rd r !, ~29!

dm8 53F82Ga~dG1F!, ~30!

d r854F81~em /e r !Ga~dG1F1dm2d r !. ~31!

Heredm[dem /em , d r[de r /e r , dG[dG/G.
We solved Eqs.~29!–~31! numerically. The solution for

the gravitational potential is shown in Fig. 1. The gravi
tional potential directly gives the level of microwave bac
ground anisotropies which are simply proportional toF ~see
@8# for details on the calculation of CMB anisotropies in t
conformal gauge!. As we have estimated before, the potent
fluctuations are of orderdG/G. More specifically F
'1/9 dG/G with only a weak dependence ofG/H* , pro-

FIG. 1. Evolution of the gravitational potential in units ofdG/G
as a function of N5 ln a. The curves correspond toH* /G
55,10,20~solid, dotted, dashed!.
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vided G/H* is relatively small. In the limitG/H* →0, one
obtains~Appendix! the exact resultF5(1/9)dG/G.

V. CONCLUSIONS

We have proposed a new way in which density pertur
tions could be created during inflation. The density fluctu
tions produced by the new mechanism could easily domin
over the ones produced in the standard scenario. Our me
nism allows for the energy scale of inflation to be signi
cantly lower than usually assumed. The fluctuations p
duced are also adiabatic and nearly scale invariant, altho
the relation of the spectral slope to the inflation potentia
different from the usual. If the scale of inflation is lower, w
generically predict a lower background of gravitation
waves.

Our mechanism has no trouble generating no
Gaussianities that could be observed by future experime
If such signal were to be found it would give additional clu
as to the details of the inflationary model and how it fits
the general framework of particle physics.
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APPENDIX: ISOMORPHISM BETWEEN FREE
AND INDUCED PERTURBATIONS. EXACT SOLUTION

Equations for free perturbations are obtained just by dr
ping the terms withdG from equations for induced perturba
tions ~29!–~A1!:

HF81H 2F52~4/3!pGa2~emdm1e rd r !, ~A1!

dm8 53F82GaF, ~A2!

d r854F81~em /e r !Ga~F1dm2d r !. ~A3!

Let F, dm , d r be a solution of the free perturbation equ
tions ~A1!–~A3!. Then F15F2dG , dm15dm12dG , d r1
5d r12dG is a solution of the forced perturbation problem
We are interested in the purely forced mode, whenF1
5dm15d r150 at h50. The purely forced mode can b
obtained from the free solution which satisfiesF5dG , dm
522dG , d r522dG at h50. This is just an adiabatic per
turbation in the matter-dominated universe. Thatd rÞ0 at
h50 is irrelevant, because the radiation energy is smal
small h.

We will show below that the free adiabatic~not growing
for h→0) perturbation satisfies the well known matchin
condition @10#
5-5
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F~`!

F~0!
5

11pm

11pr
5

10

9
. ~A4!

Here the indicesp characterize the expansion rate of t
universe,a}tp. For matter dominationpm52/3, and for ra-
diation dominationpr51/2.

The problem of calculating the forced metric perturbati
is thus solved. The fluctuating reaction ratedG induces a
super-horizon potential perturbation

F5
1

9

dG

G
. ~A5!

It remains to prove Eq.~A4!. The free perturbation equa
tions ~A1!–~A3! can be written as

~3em14e r !
2z85emS, ~A6!
02350
S852
9em110e r

2em12e r
HS, ~A7!

wherez ~the Bardeen parameter! andS are

z5F2
emdm1e rd r

3em14e r
, ~A8!

S5He r~3d r24dm!1Ga~emdm1e rd r !. ~A9!

There are two scalar modes of free perturbations. The m
SÞ0 is obtained from Eq.~A7!. The other mode isS50,
z5const. One can show that the latter mode describes a
batic perturbations ath→0. We can therefore usez5const
to prove the matching condition~A4!.
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