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Steep inflation: Ending braneworld inflation by gravitational particle production
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We propose a scenario for inflation based upon the braneworld picture, in which high-energy corrections to
the Friedmann equation permit inflation to take place with potentials ordinarily too steep to sustain it. Inflation
ends when the braneworld corrections begin to lose their dominance. Reheating may naturally be brought about
via gravitational particle production, rather than the usual inflaton decay mechanism; the reheat temperature
may be low enough to satisfy the gravitino bound and the Universe becomes radiation dominated early enough
for nucleosynthesis. We illustrate the idea by considering steep exponential potentials, and show they can give
satisfactory density perturbatioriboth amplitude and slopeand reheat successfully. The scalar field may
survive to the present epoch without violating observational bounds, and could be invoked in the quintessential
inflation scenario of Peebles and Vilenkin.
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[. INTRODUCTION becomes steep enough that the inflaton becomes kinetic en-
ergy dominated, leading tp, 1/a%. The gravitational par-
The realizatior{ 1] that we may live on a so-called brane ticle production scenario arises much more naturally in the
embedded in a higher-dimensional universe has significartontext of inflation on the brane. When one considers a po-
implications for cosmology. One such implication is that thetential which would ordinarily be too steep to support infla-
Friedmann equation is modified at very high enerd8§], tion, the transition to a kinetic energy dominated regime oc-
acquiring a term quadratic in the density. Such a term gencurs naturally once the energy density falls sufficiently for
erally makes it easier to obtain inflation in the early Universeth€ quadratic term to begin to lose its dominance. Thus there
by contributing extra friction to the scalar field equation of i N0 need for a feature in the inflaton potential. _
motion [4,5]. Although our scenario could be implemented for a wide
In this paper we propose to capitalize on this feature byange of inflaton potentials, for simplicity we focus our dis-
considering potentials which are normally too steep to sup€ussion on the well-studied exponential potentjai|
port inflation. As we will see, this allows a particularly natu- s
ral implementation of an unusual model for reheating at the
end OF]: inflation. In the conventional inflationary scgnario, V(¢)=Vo ex;{ B \/%QM_J
reheating is achieved by decay of the inflaton field into nor-
mal matter, either via parametric resonance or by single pakyhere M, is the four-dimensional Planck mass aads a
ticle decays. However, there are at least two other mechgpnstant. In the standard cosmology, the potential is shallow
nisms which have been proposed in the literature. One ignough to support inflation only #%<2.
reheating via the production of primordial black holés, We consider the five-dimensional brane scenario, in

whose subsequent Hawking evaporation produces the Coiyhich the Friedmann equation is modified from its usual
ventional matter—we do not discuss this possibility further.form  becoming2,3]

The second, which we exploit here, is that particles arise
from gravitational particle production, with the inflaton en-

@

ergy density subsequently redshifting sufficiently quickly H2:8_7T

that this produced radiation comes to dominate. This sce- 3M‘21p
nario was first discussed by Fofd] (see also Ref.8]) and

refined by Spokoiny9]; recent applications include baryo- whereA , is the four-dimensional cosmological constant and
genesiq 10], scaling solutions in the present Univefdd],  the final term represents the influence of bulk gravitons on
and the “quintessential inflation” scenario of Peebles andihe brane. The brane tensionrelates the four- and five-

(R € 2
S @

p
1+§

Vilenkin [12,13]. dimensional Planck masses via
In conventional inflationary models, the gravitational pro-
duction scenario is difficult to arrange. In order to redshift 3 [ M2
the inflaton density more quickly than that of the produced M=\ / s Mg, (3)
particles one needs a sharp feature in the potential, so that it 4m\ I\

0556-2821/2001/62)/0235095)/$20.00 64 023509-1 ©2001 The American Physical Society



COPELAND, LIDDLE, AND LIDSEY PHYSICAL REVIEW D 64 023509

and is constrained by the requirement of successful nucleo- VN=Vend N+1). (11)
synthesis as\>(1 MeV)*. We assume that the four-
dimensional cosmological constant is set to zero by s@se
yet undiscoveredmechanism, and once inflation begins the
final term will rapidly become unimportant, leaving us with ~ The amplitude of density perturbations is given[dy

B. Perturbations and the COBE normalization

, 8w p A2 5127 V3 (1+ v)3 8 v4 (12
=——p|1+ | =——— |1+ | =0 ———.
H amz” o @ So7sME V2l T 20 75 a3
We assume that the scalar field is confined to the brane, sbhe observed value from COBEAss=2x 10" °[16], which
that its field equation has the standard form we apply 50e-foldings from the end of inflation; using Egs.
(8) and(11) we obtain the simple result
. . dv
$+3He=— 15 ) ya 9X107° - 1x10' GeV
end= —, Ma= - : (13
Il. CONSTRAINTS . L .
Equivalently, this fixes the brane tension as
We analyze our model following closely the formalism of
Maartenset al.[4]. As we will see later, suitable values af 4x10°Y7 . 10 Gev\*
will be greater than about five; such potentials would not A= s My= 7 : (14
give inflation in the conventional cosmology. @ @
) ) or the five-dimensional Planck mass as
A. Inflationary dynamics
Following Maartenset al. [4], we define a slow-roll pa- M _2.3X 10_3M  3X10° GeV (15)
rametere, generalizing the usual ong$5], by 5T a 4T a :
H B Mi V'\2 1+VI\ For consistency it should be verified that enough inflation
E:_m_ﬂ V2 (2+VIN)2' ®  can indeed occur. The assumption that the scalar field is

confined to the brane becomes unreliabl®/i# M. Impos-

where prime indicates & derivative and the slow-roll ap- Ing this condition along with the Cosmic Background Ex-
proximation has been employed. Inflation takes place whenplorer (COBE) normalization leads to the simple result
evere<1. For our model we can always take>\ during

inflation, so Nmax= 4% 10°, (16)

2 a®\ independent of botx and\. This large dimensionless num-

v (7) ber has its origin in the small dimensionless number corre-
sponding to the observed temperature anisotropy. It may be
that more inflation is possible before the scalar field becomes
confined to the brane, but the observable last 50 or so

Vond=2a2\. gy  efoldings will be in that regime.
The spectral index of the density perturbation spectrum
Notice that even at the end of inflation, typically the termcan also be found following Ref4], leading to
quadratic in the density still dominates the linear term by a
significant factor. N1 T 17
The amount of inflation that takes place is given by the N+1°
number ofe-foldings[4]

€=

The end of inflation will take place whes= 1, giving

This result is independent of both and the brane tension,
and with the usual assumption of S8foldings givesn
dé. ©) =0.92. This is compatible with current observatiosg.,
see Ref[17]), but can be strongly tested in the future.
In the high-energy limit of the braneworld scenario the
contribution of gravitational waves relative to density pertur-
bations is suppressed, and the relative amplitude is given by

8 ¢endV( N V
M3Je V'’ 2\

As V> during inflation, this simply becomes

1
~ —_ 1
N_zmz(v“‘ Vend (10 [18]
_ _ _ A2 3MZ(V’'\22)\
and so the potentiaVy a given number oe-foldings from 2 Ter\V V:O.O3, (19
the end of inflation is given by As
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which again is independent of all model parameters. This is Aecome dominant. Once the high-energy correction to the

significant level of production, not far from current upper Friedmann equation becomes unimportant, the potential is so

limits; in terms of the commonly used quantity steep that the evolution becomes completely kinetic-energy

=47A2/A% we haver=0.4, and it is believed that the dominated, withp,>1/a®. We first assume this behavior sets

Planck satellite will eventually measurevith an error bar of  in as soon as inflation ends, and examine the opposite case in

around 0.05. the next paragraph. When the kinetic energy is completely
dominant, we have

C. Reheating by gravitational particle production

At the end of inflation, the scalar field density is given by “xa2,
Veng- Some of this energy needs to be converted to conven- Pe
tional matter to restore the hot big bang cosmology. Usually
this is brought about by decay of the inflaton field, thoughFrom Eq.(20), we can estimate that the radiation comes to
this could only proceed to completion if the potential is dominate after the Universe has expanded by a factor around

modified to introduce a minimum. 10" to 1@ after inflation, at which stage the temperature,
Instead, we take advantage of the possibility of reheatingvhich obeysT«1/a, is

by gravitational particle productiofi7,9,11], where the re-

quired particles are produced quantum mechanically from 10° GeV

the time-varying gravitational field. Standard calculations Te=—

[7,9] give the density of particles produced at the end of

inflation as

(23

(24)

a

We see that radiation domination sets in comfortably before
Vgnd nuc_:rlﬁpsynthgsis. _ low for th .
~0. 4 0. __end is needs some correction to allow for the period be-
PR 0-01prod Fend=0 zgpmd)\sz{' 19 tween the end of inflation and the onset of validity of the
usual Friedmann equation at=2\, which will cause a de-
whereg,qis the number of fields experiencing particle pro- Jay before Eq(23) applies. As inflation has ended, we know
duction, Ilker to be between 10 and 100. This result dependghatpd) must fall off at least as qu|ck|y asdt This means a
only on the fields’ equations of motion and the expansionyorst-case scenario where the scale factor has increased by
rate, and so remains valid in the braneworld scenario. Thgn extra factor of Vend2\)%%=a®? by the time the usual
relative densities at the end of inflation are Friedmann equation sets in, as compared to the argument of
the previous paragraph. The radiation temperature at that
_ _ 17 time is therefore smaller by that factor, and so extra expan-
p_¢_0-29prod)\2M3 =50proax 1077, 20 jon by a factora®® will be required to bring on radiation
domination. For typical parameters this may reduce the tem-
where the last equality uses the COBE normalization, Eqgperature at the onset of radiation domination by a factor be-
(13) and (14). The numerical value of the radiation density, tween a hundred and a thousand as compared to(Z.

3
PR Vend

given the COBE normalization, is which is still early enough for successful nucleosynthesis. In
any event, this worst-case scenario will not be attained in
10 Gev\4 practice, leading to a higher temperature at the onset of ra-

PRzgprou(T) , (2D diation domination.

Notice that while in this cosmology the formal epoch of

which if immediately thermalized would give a temperature radiation domination does not begin until quite a low tem-

perature[Eq. (24), corrected as described in the previous
Oprod 1a paragrapl the radiation originally was created at a much
I ' (22 higher temperaturgeqg. (22)]. It may well be therefore that

processes such as baryogenesis might occur within the radia-
whereg, is the total number of species in the thermal bathtion fluid at an epoch before it comes to dominate the density
(which may be somewhat higher thag,,). This tempera- of the Universe—see Ref10].
ture is around that at which thermal production of gravitinos

10" GeVv

Tend™ T (

via two-particle collisions becomes problemafit9], and D. Scaling in the present Universe
only more detailed calculationéncluding the amount of ) o o ) ) o
cooling during the final thermalizatiprcan clarify whether The period of kinetic domination will not last indefinitely;

the gravitino limit can be satisfied. It also needs to be deterlt is Well known that the late-time behavior for steep expo-

mined whether or not non-thermal gravitino production nential potentials is a scaling solution where the scalar field

might be significan{see, e.g., Ref.20]). See Ref[13] for

other model-building difficulties that may arise in construct-

ing a working scenario. !In the standard cosmology this would ba?4/coming from the
Although the ratio of radiation to scalar field densities atinflationary conditionp<—p/3, but in the high-energy limit of

the end of inflation is small, it is possible for the radiation to brane cosmology the inflationary condition becompes— 2p/3 [4].
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exhibits the same redshift dependence as the dominant fluigkdinarily too steep to sustain accelerated expansion, with
in the Universg21,22. The scaling density, assuming spa- the end of inflation brought on by the braneworld corrections

tial flatness, is losing their dominance. While standard reheating could be
considered, this scenario allows a particularly natural imple-
3(w+1) mentation of reheating via gravitational particle production,
¢:T' (29 and we have confirmed that all existing constraints can be
satisfied.
where the dominant fluid has equation of statewp. If the For the particular implementation of this idea using steep

scaling solution is already attained by nucleosynthesis, theXponential potentials, a distinctive prediction is that the
field acts as an extra relativistic species and will adverselppectral index of density perturbations is givenrby 0.92,
affect the standard picture unles8=20[11,27. If the scal-  independent of all parameteréexcept the number of
ing solution is not attained by nucleosynthe@s may well ~ €-foldings to the end of inflation This prediction, along with
be the case as the kinetic energy has a tendency to overshdbg large predicted amplitude of gravitational waves, is
the scaling solution by several orders of magnitude beforgeadily testable with upcoming experiments.
approaching it from beloy1]) this limit can be evaded, but ~ Although we have not attempted to place this scenario
a similar limit can be derived from the effect of the scalarWithin the context of a realistic particle physics model, it
field on density perturbations at the present epldd. should be emphasized that current M-theory models have a
Because the scalar field survives to the present, a suitabimber of likely candidate scalar fields with steep exponen-
feature in the potential near its present value can give rise téal potentials living on the brane. These include the dilaton
quintessence behavior; this is a version of the quintessenti#l five-dimensional heterotic M theory23], the dilaton
inflation scenario of Peebles and VilenKih?] in which the ~ Presentin self-tuning mechanisms to cancel the cosmological
same scalar field gives both early Universe inflation and th€onstant on the bran@4], and combinations of the dilaton
present observed acceleration. More attractively, one coul@nd moduli fields that arise in heterotic M theory when
use a different form of the potential, such as an inversétudying the cosmological stabilization of these fielas].
power law, which allows a natural transition to quintessencel he important point is that all of these models would be
at late times and which merits further investigation. Ouraffected by the presence of the corrections to the Friedmann
model allows such a scenario with a much simpler choice ofquation, and intriguingly this could open up the possibility
potential than in Einstein gravity models due to our exploi-Of inflation occurring before the moduli fields become stabi-
tation of the braneworld effects. lized.
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