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How long before the end of inflation were observable perturbations produced?

Andrew R. Liddle
Astronomy Centre, University of Sussex, Brighton BN1 9QJ, United Kingdom

Samuel M. Leach
Département de Physique Théorique, Université de Genève, 24 quai Ernest Ansermet, CH-1211 Genève 4, Switzerland

~Received 16 May 2003; published 11 November 2003!

We reconsider the issue of the number ofe-foldings before the end of inflation at which observable pertur-
bations were generated. We determine a plausible upper limit on that number for the standard cosmology which
is around 60, with the expectation that the actual value will be up to 10 below this. We also note a special
property of thelf4 model which reduces the uncertainties in that case and favors a higher value, giving a
fairly definite prediction of 64e-foldings for that model. We note an extreme~and highly implausible! situation
where the number ofe-foldings can be even higher, possibly up to 100, and discuss the shortcomings of
quantifying inflation bye-foldings rather than by the change inaH. Finally, we discuss the impact of non-
standard evolution between the end of inflation and the present, showing that again the expected number of
e-foldings can be modified, and in some cases significantly increased.

DOI: 10.1103/PhysRevD.68.103503 PACS number~s!: 98.80.Cq

I. INTRODUCTION

With observations of perturbations in the Universe reach-
ing a quality that seriously constrains inflationary models@1#,
it is timely to reexamine one of the significant uncertainties
in fixing the inflationary model, the location on the inflation-
ary potential corresponding to the observed perturbations.
This is usually quantified by the number ofe-foldings before
the end of inflation at which our present Hubble scale
equaled the Hubble scale during inflation—the epoch of ho-
rizon crossing. While in most inflation models the spectrum
of perturbations generated depends only on the dynamics of
the Universe around the horizon crossing, determination of
the number ofe-foldings requires a model of the entire his-
tory of the Universe.

Determining the appropriate number ofe-foldings may
shed light on the mechanism ending inflation~a goal that
would also be greatly assisted by a determination of the en-
ergy scale of inflation!. There are currently two popular
mechanisms: steepening of the potential leading to an end of
the slow-roll era, or the hybrid inflation mechanism where an
instability in a second field brings inflation to an end. In the
latter case, the number ofe-foldings does not have great
significance, but in the case of slow-roll violation, it is a
significant constraint on the inflationary potential that infla-
tion must come to an end a particular number ofe-foldings
after the observed perturbations were generated. It is desir-
able to combine this constraint with those coming from the
form of the observed perturbations.

In this paper we reexamine the issue of the number of
e-foldings, highlighting the sources of uncertainty. In par-
ticular, we seek to impose robust upper and lower limits on
the number ofe-foldings corresponding to observable pertur-
bations, both in the case of the standard cosmological history
and for models with different early evolution of the

Universe.1 We are able to make some technical improve-
ments to previous calculations, now that the standard cosmo-
logical model, featuring a low-density spatially flat universe,
is firmly established. Further, we are able to investigate how
the number ofe-foldings is modified as one changes the
properties of inflation models within the range allowed by
observations.

As we were completing this paper, a paper appeared by
Dodelson and Hui@2#, who also consider the maximum num-
ber of e-foldings of inflation but with a less wide-ranging
treatment than ours. While the original version of their paper
had some discrepancies as compared to ours, they submitted
a revised version of their paper simultaneously with ours
which is in good agreement where the discussion overlaps.

II. THE SIMPLEST COSMOLOGY

Our main aim is to obtain the number ofe-foldings N(k)
before the end of inflation at which a comoving scalek
equaled the Hubble scaleaH. Normally we will focus on the
scale khor5a0H0 which equals the present Hubble scale.
Current observations are able to probe from around this scale
up to k values about three orders of magnitude larger using
microwave anisotropy and galaxy clustering data, and per-
haps a further order of magnitude using quasar absorption
line features, corresponding to a range of about 10e-foldings
in total.

The number ofe-foldings during inflation,N(k), is de-
fined by

eN(k)[
aend

ak
, ~1!

1Our results say nothing about the total number ofe-foldings
which may have taken place, which is expected to be much larger.
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where aend is the value of the scale factor at the end of
inflation andak is its value when the scalek equaledaH
during inflation.2 We will useNhor to indicateN(a0H0).

To determine the number ofe-foldings corresponding to a
scale measured in terms of the present Hubble scale, we need
a complete model for the history of the Universe. At least
from nucleosynthesis onwards, this is now well in place, but
at earlier epochs there are considerable uncertainties. At this
stage, we make the following simple assumptions for the
sequence of events after inflation, considering possible alter-
natives in the next section. We assume that inflation is fol-
lowed by a period of reheating, during which the Universe
expands as matter dominated~this assumption is not true in
all models—see Sec. II C!. This then gives way to a period
of radiation domination, which according to the standard
cosmological model lasts until a redshift of a few thousand
before giving way to matter domination, and then finally at a
redshift below one to a cosmological constant or quintes-
sence dominated era. We assume sudden transitions between
these epochs, labelling the end of the reheating period by
‘‘reh’’ and the matter-radiation equality epoch by ‘‘eq.’’ This
is illustrated in Fig. 1.

We can therefore write

k

a0H0
5

akHk

a0H0
5e2N(k)

aend

a reh

a reh

aeq

Hk

Heq

aeqHeq

a0H0
. ~2!

Some useful factors are~see, e.g. Ref.@4#!

aeqHeq

a0H0
5219V0h, ~3!

Heq55.253106h3V0
2H0 , ~4!

H051.75310261hmPl with h.0.7. ~5!

Using the slow-roll approximation during inflation to write
Hk

2
.8pVk/3mPl

2 , we obtain

N~k !52 ln
k

a0H0
1

1

3
ln

r reh

rend
1

1

4
ln

req

r reh
1 lnA8pVk

3mPl
2

1

Heq

1 ln 219V0h, ~6!

which agrees with Refs.@4,5# while being more precise about
the prefactor. In fact, ultimately the dependence on the mat-
ter densityV0 will cancel out, and though a dependence onh
remains this parameter is now accurately determined by ob-
servations.

A. A plausible upper limit

The evolution of the Universe as described above is a
plausible model for its entire history. Nevertheless, there are
significant uncertainties in applying Eq.~6!. Vk is a quantity
we would hope to extract from the perturbations, but pres-
ently only upper limits exist, as the density perturbation am-
plitude depends on a combination of the potential and its
slope, being unable to constrain either separately. Detection
of primordial gravitational waves, which so far has not been
achieved, is needed to break this degeneracy. We do not
know how prolonged the reheating epoch might be, which is
needed to determiner reh, nor how much lower the energy
densityrend at the end of inflation might be as compared to
Vk .

Nevertheless, we can impose a plausible maximum on the
number ofe-foldings by making an assumption, namely that
there is no significant drop in energy density during these last
stages of inflation, so thatVk5rend. Note, however, that this
is not the correct way to maximize Eq.~6!, a topic we return
to in Sec. II D, and so is a non-trivial assumption. Having
made it, the inflation line in Fig. 1 lies at 45°, and we can
maximize the number ofe-foldings by assuming that reheat-
ing is instantaneous, so thatr reh5rend. Focussing now on
the current horizon scale, this gives a maximum number of
e-foldings corresponding to the horizon scale of

Nhor
max

5

1

4
ln

req

Vhor
1 lnA8pVhor

3mPl
2

1

Heq
1 ln 219V0h, ~7!

and substituting in the known quantities gives

Nhor
max

568.51
1

4
ln

Vhor

mPl
4

. ~8!

2As discussed by Liddle, Parsons and Barrow@3#, it makes more
logical sense to define the amount of inflation as the ratio ofaH,
rather thana. More on that later; for now we follow the standard
usage.

FIG. 1. A plot of ln (H21/a) versus lna shows the different
epochs in thee-foldings calculation. The solid curve shows the
evolution from the initial horizon crossing to the present, with the
dashed lines showing likely extrapolations into the past and future.
The condition for inflation is that ln (H21/a) be decreasing. Lines of
constant Hubble parameter~not shown! lie at 45° ~running top left
to bottom right!. The limit of exponential inflation gives a line at
this angle, otherwise the inflation line is shallower. During reheat-
ing and matter dominationH21/a}a1/2, while during radiation
dominationH21/a}a. The recent domination by dark energy has
initiated a new era of inflation. The horizontal dotted line indicates
the present horizon scale. The number ofe-foldings of inflation is
the horizontal distance between the time whenH21/a first crosses
that value and the end of inflation.
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The potential energy is bounded by the requirement that
perturbations have the observed amplitude. For the accuracy
level currently required, we can assume that the perturba-
tions are entirely from density perturbations, whose ampli-
tude is given in the slow-roll approximation by@4#

PS,05
8V

3mPl
4

1

e
, ~9!

where

e5

mPl
2

16p
S dV/df

V D
2

~10!

is the usual slow-roll parameter which observations restrict
to e&0.05. The observed perturbation amplitude on large
scales isPS,0.2.631029 @6# ~ignoring a weak dependence
on the precise form of the perturbations generated!, giving

Nhor
max

563.31
1

4
ln e. ~11!

A similar formula was obtained by Dodelson and Hui@2#
who additionally imposed an upper limit one from gravita-
tional wave limits. Note that in some models of inflation,
particularly hybrid inflation models,e can be very small in-
deed; enough to make the last factor significant.

We have analyzed the values ofNhor
max for elements of a

Monte Carlo Markov chain fit to a set of observational data,
including WMAP and 2dFGRS, which generates values ofV
and the slow-roll parameters directly from the data as de-
scribed in Ref.@7#. This confirms that for single-field infla-
tion models the dependence on higher slow-roll parameters
~via the changed normalization! is negligible and that Eq.
~11! is an excellent description.

The formula we used for the perturbation amplitude as-
sumes that there is only one dynamically important field dur-
ing inflation, and may be modified if multi-field effects are
important—see Ref.@8#. It would require a very large change
in the perturbation amplitude to make a significant difference
to Eq. ~11!, but if such a dramatic change is expected in a
particular model, it would be necessary to recalculate the
number ofe-foldings specifically for that case.

We conclude that a plausible maximum number of
e-foldings that can correspond to observable scales is around
62 for the standard picture of cosmological evolution follow-
ing inflation. We stress that this says nothing about the total
number ofe-foldings that take place, which is expected to be
much larger.

B. A standard hypothesis

The assumptions made in the preceding section are not
expected to hold precisely, and hence the expected number of
e-foldings will be different. In this section we assess how
different the number is expected to be, while remaining in
the framework of the simplest cosmological history.

The two effects we need to allow for are thatrend will be
less thanVhor, and thatr reh will be less thanrend. We can
write

Nhor5Nhor
max

1

1

4
ln

Vhor

rend
1

1

12
ln

r reh

rend
. ~12!

The former effect is the one neglected in the previous sec-
tion. Note that itincreases the number ofe-foldings required,
an effect we study fully in Sec. II D. In hybrid inflation mod-
els, it is expected that there is very little reduction in the
energy density during the late stages, while in slow-roll in-
flation models the reduction is typically one or two orders of
magnitude. This term is therefore unlikely to increaseNhor by
much more than one.

The main uncertainty resides in the final term. Reheating
can easily be a prolonged process, during which the energy
density drops by orders of magnitude. Indeed, in supersym-
metric theories avoidance of overproduction of gravitinos re-
quires an energy density below (1011 GeV)4 @9#, implying a
drop in energy density of around 20 orders of magnitude
unlesse has a tiny value. The most extreme assumption
would be that reheating continues almost to nucleosynthesis,
giving a lower limit at about (1023 GeV)4, though usually
the electroweak scale (102 GeV)4 is regarded as the practical
limit. Luckily the dependence has a prefactor of 1/12, so
those three energy scales correspond to a reduction ofNhor
by only 4, 15 and 11, respectively, for the case of largee.
These numbers can be reduced ife is tiny as then the infla-
tionary energy scale will be lower, but then a similar correc-
tion will be accrued from the lne term in Eq.~11!. However,
the gravitino limit may not apply in all models. In summary,
a plausible value for the reduction inNhor caused by reheat-
ing is 5 e-foldings, with a likely range of about 5 in either
direction around that.

Putting that information together, in the context of the
simplest cosmology, a reasonable fiducial value for the num-
ber of e-foldings corresponding to the present Hubble scale
is around 55, with an uncertainty of 5 around that. In the
literature values of 50 or 60 are common, and in fact lie
towards the extremes. However, we will see that, under fairly
reasonable assumptions, there are several ways in which the
number ofe-foldings could lie outside that range, in either
direction.

C. The special case of lf4

The quartic potentialV5lf4 has been of particular in-
terest lately as it lies in the region excluded by the WMAP
analysis@1#. As the precise predictions for the spectra depend
on the number ofe-foldings, some care is required with mod-
els which are close to the exclusion limit, as highlighted by
Bargeret al. @10#.

It turns out that for lf4 we can be more precise,
because reheating in a quartic potential has an unusual
property—the expansion during the scalar field oscillations is
as the radiation dominated@11#, rather than the matter-
dominated expansion given by oscillations in a quadratic po-
tential. Accordingly, the duration of the epoch of reheating

HOW LONG BEFORE THE END OF INFLATION WERE . . . PHYSICAL REVIEW D 68, 103503 ~2003!

103503-3



no longer matters and we can take the Universe as radiation-
dominated beginning at the end of inflation.3 This gives

Nhor
quartic

5Nhor
max

1

1

4
ln

Vhor

rend
. ~13!

Additionally, as we have a definite model we can compute
the ratioVhor/rend, which the slow-roll approximation gives
as ~see, e.g. Ref.@4#!

Vhor

rend
.N2, ~14!

and the value ofe which is 1/N. Putting all this together
gives

Nhor
quartic

563.31
1

4
ln Nhor, ~15!

whose solution isNhor
quartic

564. Hence under the assumptions
of the simplest cosmology, the quartic potential allows an
accurate specification of the number ofe-foldings, the only
approximation being the assumption of instantaneous transi-
tions between epochs. The value in this model is unusually
high because of the non-standard behavior during reheating
and the significant reduction inH during the late stages
which leads to it violating the limit of the preceeding section.
This large value means that the model is around the border-
line of what present data allows@1,2,7,10#.

D. Extreme cases, and a better definition of inflation

As thelf4 case has illustrated, the plausible upper limit
of Sec. II A is not as rigid as one would like, because reduc-
tion of the energy scale during inflation can play an impor-
tant role. What inflation is really trying to achieve is to in-
crease the ratioaH, and every reduction inH by a factore
then requires an extrae-folding of expansion to counter it. In
terms of Fig. 1, the inflation line is shallower, and hence has
a greater horizontal extent before reaching the standard post-
inflationary evolution. Although the reduction in energy den-
sity shortens the evolution after inflation, it is clear from the
figure @or inspection of Eq.~6!# that reducing the energy
density during inflation wins, with the largest possibleN be-
ing given by the smallest possiblerend ~if all other param-
eters are unchanged! accompanied by instantaneous reheat-
ing. This again gives us Eq.~13!, and in absolute generality
rend could be as late as nucleosynthesis, giving

Nhor
extreme

.107. ~16!

This is a surprisingly large value, and no plausible infla-
tion model will generate it, but we mention it as possible in
principle. To achieve such a large reduction in energy density
while inflating, inflation must take place extremely close to
the ‘‘coasting’’ limit of a}t, at whichaH remains constant.
In that limit, thee-foldings of inflation are very inefficient at
pushing scalesk outside the horizonaH. Note that such an
evolution is not possible on scales with observable perturba-
tions, as the generated spectrum would be far from scale
invariant, but nothing in principle stops it occurring at the
later stages.

A concrete example would be as follows. At a high energy
scale, sayVhor5(1016 GeV)4, we have a typical inflationary
expansion, generating nearly scale-invariant perturbations
and pushing them around 20e-foldings outside the horizon.
This epoch then gives way to a fast-rolling inflationary
epoch4 with a}tp, wherep only slightly exceeds 1, with this
fast-rolling epoch continuing all the way down torend
5(1 GeV)4. During the fast-roll era the perturbation spec-
trum will have sharply decreasing amplitude. As the density
during this fast-roll stage isr}1/a2/p, this generates a further
DN5(2/p) ln (Vhor/rend)572/p.72 e-foldings. As during
this evolutionaH}tp21.const, scales are not pushed fur-
ther outside the Hubble radius during the fast-roll epoch, and
so the perturbations generated during the slow-roll phase are
correctly positioned to be those observable at the present
epoch, even though nearly 100e-foldings have taken place
since they were generated.

The issues raised in this section would be completely
avoided had the more logical definition of the amount of
inflation as the change inÑ[ ln (aH) been used@3#. This
definition automatically accounts for the reduction inH dur-
ing inflation, and is given by

Ñ~k !5N~k !1 ln
Hend

Hk
5N~k !2

1

2
ln

Vk

rend
. ~17!

This is sufficient to change the sign of the troublesome co-
efficient in Eqs.~12! and~13!, thus ensuring thatÑ is maxi-
mized by taking the largest possiblerend andr reh. The plau-
sible upper limit of Eq.~11! would then apply in general to
Ñ, including in the case of the quartic potential whereÑ is
significantly less thanN.

III. NON-STANDARD COSMOLOGIES: UPPER AND
LOWER LIMITS

The previous section considered only the case of the sim-
plest cosmology, where inflation gives way to reheating and
then to the standard Hot Big Bang evolution. However, the
appropriate value forNhor is sensitive to modifications to that
assumption, and there are no direct constraints on the evolu-
tion for most of the early history of the Universe.

In general these modifications could either increase or de-
creaseNhor. The two modifications we discuss which are

3This picture may be altered if there is significant preheating@12#.
However, usually it is assumed that the particles produced by
preheating are rapidly converted to radiation, in which case the
result as described is unchanged. If more complicated preheating
phenomenology takes place~e.g. as in Ref.@13#! our results may be
modified. 4See Ref.@14# for a general discussion of fast-roll inflation.
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restricted to the period after inflation both serve to reduce the
value of Nhor. However, we also discuss two possibilities
which can raiseNhor, though both require modifications to
the way inflation is modelled.

In this section we will neglect the possibility of a signifi-
cant reduction in the energy density during the last stages of
inflation, though such a reduction should be combined with
the effects discussed here whenever a definite model is under
discussion, and could be conveniently addressed by use ofÑ
in place ofN.

A. An upper limit

Although Sec. II A gives a plausible upper limit to the
number ofe-foldings for inflation assuming roughly constant
energy density, it is still possible to raise the number further.
What is needed is to replace part of the radiation-dominated
era with a period where the Universe expands even more
slowly. The limiting case consistent with causality is a stiff
fluid dominated era wherep5r, giving a}t1/3 and r
}1/a6. In fact, such a period is not at all ridiculous, as this is
the expansion law for a kinetic-energy dominated scalar
field, and the literature contains several proposals for ending
inflation by the inflaton field making a transition from poten-
tial energy domination to kinetic energy domination@15#.
Further, such kinetic energy dominated periods tend to be
prolonged if reheating is to proceed by gravitational particle
production@11,16#.

Instead of conventional reheating, we will consider a stiff
fluid to dominate until an energy densityrkin , before giving
way to radiation domination as before. Considering Eq.~6!,
the effect is to make the replacement

1

3
ln

r reh

rend
1

1

4
ln

req

r reh
→

1

6
ln

rkin

rend
1

1

4
ln

req

rkin
. ~18!

In order to find out how large this effect could be on the
maximum number ofe-foldings, we again taker reh5rend for
the original scenario, while in the new scenario we takerkin
to be as small as possible. The Universe must have attained
thermalized radiation domination by the time of nucleosyn-
thesis, so the most radical modification is for the kinetic
regime to end shortly before nucleosynthesis, atrnuc
.(1023 GeV)4. The possible increase inN is therefore

Nextra5
1

12
ln

rend

rnuc
. ~19!

As rend could be as high as (1016 GeV)4, in the most ex-
treme case this can increase the number ofe-foldings by as
much as 15, as compared to the plausible maximum of Sec.
II A.

In fact, stuff fluid cosmologies are constrained by the pos-
sibility of an excessive gravitational wave amplitude, which
does not permit the stiff matter period to extend all the way
to nucleosynthesis@17#. In practice, therefore, the increase
permitted will not be as large as this calculation indicates.
However, a rather detailed calculation would be required to
determine the balance of reducing the inflationary energy

scale and shortening the stiff matter era which maximizesN
without violating the gravitational wave constraint.

B. Early matter domination

One possible modification to the simplest cosmology is
for the long radiation-dominated epoch after reheating to be
punctuated by epochs of matter domination, for example
when long-lived massive particles go out of equilibrium and
come to dominate the Universe before decaying. Moduli
fields provide an example@18#, though they are too long
lived in many scenarios to be compatible with requirements.

Inserting a period of matter domination into Eq.~6! is
simple, and it reducesNhor by DN5@ ln rf /r i#/12 wherer i
and r f are the densities at the beginning and end of the
matter-dominated era, just as in the derivation of Eq.~12!. A
very prolonged period of matter domination is required to
give a significant reduction.

C. Thermal inflation

Thermal inflation was introduced in Ref.@19# as a means
of solving relic abundance problems left over from the origi-
nal phase of inflation. It is envisaged as one or more short
periods of inflation, which are not so prolonged as to gener-
ate observable perturbations. The consequence pertinent to
the present discussion is that thermal inflation corresponds to
an extra stretching of the primordial perturbations, thus re-
ducingNhor.

Under the reasonable assumption that the energy density
does not change significantly during thermal inflation, the
effect is simply to reduceNhor by the number ofe-foldings
N thermalof thermal inflation. If thermal inflation is to achieve
its purpose, this number is expected to be about 10, though
there is also the possibility of multiple periods of thermal
inflation.

D. Braneworld cosmology

Another possible modification to the standard cosmology
is if the Friedmann equation is modified at high energies, the
archetypal example being the braneworld cosmology. For ex-
ample, in the Randall-Sundrum type II model@20#, at high
energies we expect

H2
5

8p

3mPl
2 S r1

r2

2l
D , ~20!

wherel is the brane tension. A full discussion of the conse-
quences of this is beyond the scope of this paper, but we note
an interesting case wherel is much smaller than the energy
at the end of inflation, so that the initial phase of the reheat-
ing, and possibly of the radiation-dominated era, take place
during the high-energy regimer@l.

Within the high-energy regime, the expansion laws corre-
sponding to matter and radiation domination are slower than
in the standard cosmology, beinga}t1/3 anda}t1/4, respec-
tively, though the behavior of the densities as a function of
the scale factor is unchanged. Slower expansion rates mean a
greater change inaH relative to the change ina, which can
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increaseNhor. However, a full calculation would have to
include that inflation was taking place during the high-energy
regime, which tends to force down the normalization of the
potential giving rise to a particular amplitude of perturba-
tions @21#, and is beyond the scope of this paper.

E. An absolute minimum for Nhor

Given the uncertainties in the cosmological model, is it
possible to say anything robust concerning the minimum
possible value ofNhor? The only guidance is that the success
of primordial nucleosynthesis suggests that we should not
seek to modify the standard cosmology after that epoch. As

anucHnuc

a0H0
.108, ~21!

we conclude thatNhor has a minimum of about 18e-foldings
from the end of inflation. However, this extreme limit can
only be realized in the unlikely case that either all the infla-
tion really happened at such a low scale, or where repeated
bouts of thermal inflation served to hold the perturbations on
superhorizon scales long after they were formed.

IV. CONCLUSIONS

We have carried out an extensive analysis seeking to
clarify the appropriate choices for the number ofe-foldings
from the end of inflation corresponding to observed pertur-
bations. Assuming the simplest cosmology, we find a plau-
sible maximum value of around 60, in good agreement with
a recent paper of Dodelson and Hui@2#, but noted that even
fairly standard scenarios can violate it, an example being the
lf4 case which gives a higher value of 64e-foldings. That

model is also an exceptional one where a more accurate cal-
culation is possible despite uncertainties about reheating.

In general, however, the number is sensitive both to a
possible reduction in energy scale during the late stages of
inflation, and to the complete cosmological evolution, and
we have highlighted the effects of some plausible non-
standard scenarios. In some cases, these may permit a higher
maximum number ofe-foldings than the standard cosmol-
ogy.

Obviously the total number ofe-foldings of inflation must
be greater thanNhor, which concerns only observable scales.
In almost all models of inflation it is expected to be very
much greater, though thesee-foldings are not accessible to
observations.

In summary, for a typical inflation model it remains a
sensible working hypothesis that the number ofe-foldings
lies between 50 and 60, where this number refers to the
amount of expansion from when our present Hubble radius
equalled the Hubble radius during inflation up until the end
of inflation. However, if a particular model is under investi-
gation, it may pay to attempt a more accurate calculation, at
least to highlight the effect of assumptions concerning the
cosmological evolution. This is particularly true if the model
is expected to have a slow rate of inflation at its late stages,
or to have an unusually low energy scale~corresponding to
very smalle), or to have a particularly prolonged reheating
period.

ACKNOWLEDGMENTS

S.M.L. was supported by the European Union CMBNET
network, and A.R.L. in part by the Leverhulme Trust. We
thank Michae¨l Malquarti for useful discussions.

@1# The WMAP Team, H. V. Peiriset al., Astrophys. J. Supp.148,
213 ~2003!.

@2# S. Dodelson and L. Hui, Phys. Rev. Lett.91, 131301~2003!.
@3# A. R. Liddle, P. Parsons, and J. D. Barrow, Phys. Rev. D50,

7222 ~1994!.
@4# A. R. Liddle and D. H. Lyth,Cosmological Inflation and

Large-Scale Structure ~Cambridge University Press, Cam-
bridge, 2000!.

@5# A. R. Liddle and D. H. Lyth, Phys. Rep.231, 1 ~1993!.
@6# S. M. Leach and A. R. Liddle, Mon. Not. R. Astron. Soc.341,

1151 ~2003!.
@7# S. M. Leach and A. R. Liddle, Phys. Rev. D~to be published!,

astro-ph/0306305.
@8# A. A. Starobinsky and J. Yokoyama, gr-qc/9502002; J. Garcı`a-

Bellido and D. Wands, Phys. Rev. D53, 5437~1996!; N. Bar-
tolo, S. Matarrese, and A. Riotto,ibid. 64, 123504~2001!; A.
A. Starobinsky, S. Tsujikawa, and J. Yokoyama, Nucl. Phys.
B610, 383 ~2001!; S. Tsujikawa, D. Parkinson, and B. A. Bas-
sett, Phys. Rev. D67, 083516~2003!.

@9# M. Kawasaki and T. Moroi, Prog. Theor. Phys.93, 879~1995!.
@10# V. Barger, H.-S. Lee, and D. Marfatia, Phys. Lett. B565, 33

~2003!.

@11# L. H. Ford, Phys. Rev. D35, 2955~1987!.
@12# J. H. Traschen and R. H. Brandenberger, Phys. Rev. D42,

2491 ~1990!; L. Kofman, A. Linde, and A. A. Starobinsky,
ibid. 56, 3258~1997!.

@13# G. N. Felder, L. Kofman, A. D. Linde, and I. Tkachev, J. High
Energy Phys.08, 010 ~2000!.

@14# A. D. Linde, J. High Energy Phys.11, 052 ~2001!.
@15# M. Joyce, Phys. Rev. D55, 1875~1997!; P. G. Ferreira and M.

Joyce,ibid. 58, 023503~1998!; P. J. E. Peebles and A. Vilen-
kin, ibid. 59, 063505~1999!; E. J. Copeland, A. R. Liddle, and
J. E. Lidsey,ibid. 64, 023509~2001!.

@16# L. P. Grishchuk and Y. V. Sidorov, Phys. Rev. D42, 3413
~1990!; B. Spokoiny, Phys. Lett. B315, 40 ~1993!.

@17# V. Sahni, M. Sami, and T. Souradeep, Phys. Rev. D65, 023518
~2002!.

@18# B. de Carlos, J. A. Casas, F. Quevedo, and E. Roulet, Phys.
Lett. B 318, 447 ~1993!; T. Banks, D. B. Kaplan, and A. E.
Nelson, Phys. Rev. D49, 779 ~1994!.

@19# D. H. Lyth and E. D. Stewart, Phys. Rev. Lett.75, 201~1995!;
Phys. Rev. D53, 1784~1996!.

@20# L. Randall and R. Sundrum, Phys. Rev. Lett.83, 4690~1999!.
@21# R. Maartens, D. Wands, B. A. Bassett, and I. P. C. Heard, Phys.

Rev. D 62, 041301~R! ~2000!.

A. R. LIDDLE AND S. M. LEACH PHYSICAL REVIEW D 68, 103503 ~2003!

103503-6


