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The amplitude of primordial curvature perturbations is enhanced when a radiation bath at a temperature
T > H is sustained during inflation by dissipative particle production, which is particularly significant
when a non-trivial statistical ensemble of inflaton fluctuations is also maintained. Since gravitational
modes are oblivious to dissipative dynamics, this generically lowers the tensor-to-scalar ratio and yields
a modified consistency relation for warm inflation, as well as changing the tilt of the scalar spectrum. We
show that this alters the landscape of observationally allowed inflationary models, with for example the
quartic chaotic potential being in very good agreement with the Planck results for nearly-thermal inflaton
fluctuations, whilst essentially ruled out for an underlying vacuum state. We also discuss other simple
models that are in agreement with the Planck data within a renormalizable model of warm inflation.

© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.
1. Introduction

More than three decades since its original proposal [1], inflation
has passed one of its most stringent tests with the recent measure-
ments of the temperature anisotropies of the Cosmic Microwave
Background (CMB) made by the Planck satellite [2]. In particular,
models of inflation based on the dynamics of a slowly rolling scalar
field generate a primordial spectrum of density perturbations that
is essentially adiabatic, gaussian and nearly but not exactly scale-
invariant, in agreement with observations.

While Planck has been able to place strong constraints on sev-
eral inflationary models, the question remains as to which is the
fundamental mechanism driving inflation. Canonical models as-
sume that accelerated expansion quickly erases all traces of any
pre-inflationary matter or radiation distributions, so that slow-roll
inflation occurs in an almost perfect vacuum state. However, the
inflaton field is necessarily coupled to other degrees of freedom
in order to dissipate its vacuum energy and reheat the universe,
so one may envisage scenarios where dissipative effects become
important during and not only after the slow-roll phase. These
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are generically known as warm inflation scenarios [3,4], and raise
the interesting possibility that the inflationary universe is not in a
perfect vacuum, even though vacuum energy is the dominant com-
ponent for accelerated expansion to take place.

In this Letter, we show that even when dissipative effects are
still small compared to Hubble damping, the amplitude of scalar
curvature fluctuations can be significantly enhanced, whereas ten-
sor perturbations are generically unaffected due to their weak cou-
pling to matter fields. This generically reduces the tensor-to-scalar
ratio with respect to conventional models and also modifies the
tilt of the scalar power spectrum, thereby changing observational
predictions considerably. These effects are particularly significant
when the temperature of the radiation bath T � H and also when
non-trivial inflaton occupation numbers are sustained during infla-
tion. As an example, we show that the simplest model of chaotic
inflation, V (φ) = λφ4, falls well within Planck’s observational win-
dow for a nearly-thermalized state, in a supersymmetric realiza-
tion of warm inflation with renormalizable interactions, whereas it
seems to be ruled out in a cold scenario.

2. Warm inflation dynamics

The simplest models of warm inflation consider an adiabatic
regime, where dissipative processes occur faster than Hubble ex-
pansion and the inflaton’s slow motion, such that the dissipative
part of the inflaton’s self-energy from its coupling to other fields
under the CC BY license (http://creativecommons.org/licenses/by/3.0/). Funded by
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leads to an effective friction coefficient in its equation of motion
[3–6]:

φ̈ + 3Hφ̇ + Υ φ̇ + V ′(φ) = 0, (1)

which reduces to 3H(1 + Q )φ̇ � −V ′(φ) in the overdamped or
slow-roll regime, where Q = Υ/3H . This implies the general-
ized conditions ε, |η| � 1 + Q on the slow-roll parameters ε =
(M2

P /2)(V ′/V )2 and η = M2
P V ′′/V , which in particular allow for

ε, |η| � 1 in the strong dissipation regime, Q � 1, therefore alle-
viating the need for very flat potentials [3]. Moreover, the inflaton
dissipates its energy through particle production and, if the result-
ing particles are relativistic and relax to an equilibrium configura-
tion sufficiently fast, a nearly-thermal radiation bath is sourced all
through inflation:

ρ̇R + 4HρR = Υ φ̇2, (2)

with ρR = (π2/30)g∗T 4 for g∗ relativistic degrees of freedom.
In the slow-roll regime, the radiation quickly reaches a quasi-
stationary configuration where ρ̇R may be neglected and we obtain
ρR/ρφ � (ε/2)Q /(1 + Q )2 � 1. Radiation is then a sub-dominant
component, allowing for accelerated expansion, although one may
have T > H even for weak dissipation, Q � 1. At the end of in-
flation, however, for ε ∼ 1 + Q we have ρR/ρφ ∼ (1/2)Q /(1 + Q ),
and radiation may become a relevant component if Q � 1 at this
stage. In fact, in models where dissipation becomes stronger as in-
flation proceeds, radiation will typically come to dominate once
the slow-roll regime has ended, yielding a smooth ‘graceful exit’
into a radiation-dominated universe.

A well-studied dissipation mechanism considers a supersym-
metric model with a renormalizable superpotential of the form
[7,8]:

W = f (Φ) + g

2
Φ X2 + h

2
XY 2, (3)

where the inflaton corresponds to the scalar component of the
chiral multiplet Φ , φ = √

2〈Φ〉, with a scalar potential V (φ) =
| f ′(φ)2| that spontaneously breaks supersymmetry (SUSY) during
inflation. Dissipation is sourced by the coupling of the inflaton
to the bosonic and fermionic X fields and their subsequent de-
cay into Y scalars and fermions, which form the thermal bath.
In the low temperature regime, mX � (g/

√
2 )φ � T , which typ-

ically corresponds to large field values and where inflaton ther-
mal mass corrections are Boltzmann-suppressed [9], dissipation is
mainly mediated by the decay of virtual scalar modes χ → yy,
yielding [8,10]:

Υ = Cφ

T 3

φ2
, Cφ � 1

4
αh N X , (4)

for αh = h2NY /4π � 1 and N X,Y chiral multiplets. Supersymmetry
suppresses radiative and thermal corrections to the scalar poten-
tial, yielding at 1-loop order:

�V (1)/V � (αg/8π) log
(
m2

X/μ2), (5)

where αg = g2N X/4π � 1 and μ is the renormalization scale.
The heavy fields also decay into inflaton particle states through

χ → yyφ, but this is a sub-leading process, with Γ (χ → yyφ) =
(g/4π)2Γ (χ → yy), where Γ (χ → yy) = αhmX/16 [10], with in-
flaton particles from this process alone typically yielding a negli-
gible component of the radiation bath. However, dissipative par-
ticle production destabilizes the local thermal equilibrium of the
plasma, triggering decays, inverse decays and thermal scatterings
that redistribute the dissipated energy between all the interacting
fields and keep the system close to equilibrium if occurring faster
than the Hubble rate. In particular, decays and inverse decays can
be efficient thermalization processes [11] so that, in some para-
metric regimes, we expect inflaton particles to be sustained in a
quasi-thermal state at the ambient temperature T by decays and
inverse decays of the multiple heavy species in the plasma.

Although the details of the thermalization process require solv-
ing the system of coupled Boltzmann equations for all the particle
species involved, which may require full numerical simulations and
is outside the main scope of this Letter, the underlying physical
picture can be understood in simple terms. Starting from an equi-
librium configuration where decay and inverse decay processes are
occurring at equal rates, dissipation of the inflaton’s energy will
mainly produce an excess of light particles in the Y sector, which
will enhance the rate of inverse decays and consequently increase
the X sector occupation numbers above their equilibrium value.
This in turn enhances the direct decay rate, producing Y particles
and also an excess of inflaton modes. This goes on until the bal-
ance between decay and inverse decay rates is restored and the
system reaches a new equilibrium configuration. One then expects
the energy injected into the system to be distributed amongst all
species in the plasma that are produced and annihilated faster
than Hubble expansion. The common temperature of these species
would decrease due to expansion but this is compensated by the
additional energy, keeping the temperature roughly constant in the
slow-roll regime. Species that are not created/destroyed sufficiently
fast will decouple from the plasma and their effective tempera-
ture will be exponentially redshifted away during inflation, quickly
reaching a quasi-vacuum state. A measure of the efficiency of the
thermalization processes can then be obtained by comparing the
relevant decay rates with the Hubble parameter, as we examine in
more detail below in the context of chaotic inflation.

3. Primordial power spectrum

Fluctuation–dissipation dynamics modifies the evolution of in-
flaton perturbations, which are sourced by a gaussian white noise
term, ξk [3,12,13]:

δφ̈k + 3H(1 + Q )δφ̇k + k2

a2
δφk � √

2Υ T a−3/2ξk, (6)

in the slow-roll regime. We recall that the intensity of the noise
is related to the dissipation coefficient through the fluctuation–
dissipation theorem and, as shown in the first article in [10], dis-
sipation from scalar modes dominates over the fermionic one in
the low temperature regime that we are considering here. Spa-
tial correlation properties may, however, be different for fermionic
modes [14]. Also, as mentioned above, dissipative processes may
maintain a non-trivial distribution of inflaton particles, n(k), which
for sufficiently fast interactions should approach the Bose–Einstein
distribution at the ambient temperature, nBE(k) = (ek/aT − 1)−1.
In this case the associated creation and annihilation operators
have correlation functions 〈â−kâ†

k′ 〉 = [n + 1](2π)3δ3(k + k′) and

〈â†
k′ â−k〉 = n(2π)3δ3(k + k′). For a generic inflaton phase-space

distribution at the time when observable CMB scales leave the
horizon during inflation, t∗ , one then obtains the dimensionless
power spectrum [3,5,12,13,15]:

�2
R =

(
H∗
φ̇∗

)2( H∗
2π

)2[
1 + 2n∗ +

(
T∗
H∗

)
2
√

3π Q ∗√
3 + 4π Q ∗

]
, (7)

which yields the standard cold inflation result in the limit n∗, Q ∗,
T∗ → 0. This expression neglects, however, the coupling between
inflaton and radiation fluctuations associated with the temperature
dependence of the dissipation coefficient in Eq. (4), an effect that
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may significantly enhance the perturbation growth for strong dissi-
pation, Q � 1 [16]. Since this coupling is negligible if the relevant
scales become super-horizon when dissipation is weak, we can ob-
tain an accurate description of the spectrum by taking the limit
Q ∗ � 1 in the expression above, which yields:

�2
R �

(
H∗
φ̇∗

)2( H∗
2π

)2[
1 + 2n∗ + 2π Q ∗

T∗
H∗

]
. (8)

This assumption is justified in models where Q grows during in-
flation, such that dissipation has a negligible effect 50–60 e-folds
before the end of inflation but becomes stronger towards the end,
thus helping to prolong the period of accelerated expansion. We
show below that this is indeed the case for our working exam-
ple of chaotic inflation and discuss the potential effects of strong
dissipation at horizon-crossing at the end of this Letter.

Note that both the second and third terms within the brackets
in Eq. (8) are positive-definite, the former corresponding to non-
trivial inflaton occupation numbers and the latter to the leading
effect of fluctuation–dissipation dynamics. Hence, the amplitude of
the scalar power spectrum always exceeds the vacuum result in
warm inflation scenarios. On the other hand, gravity waves are
weakly coupled to the thermal bath and the spectrum of ten-
sor modes retains its vacuum form, �2

t = (2/π2)(H2∗/M2
P ). This

therefore suppresses the tensor-to-scalar ratio, yielding a modified
consistency relation for warm inflation:

r � 8|nt |
1 + 2n∗ + 2π Q ∗T∗/H∗

, (9)

where nt = −2ε∗ is the tensor index. The primordial tensor spec-
trum can thus be used to distinguish warm from cold inflation
scenarios, the former consequently evading the Lyth bound [17,
18] (see also [19] for other scenarios where the Lyth bound does
not apply). Whereas previous studies have focused more on the
strong dissipation regime, this result explicitly shows that warm
inflation can have a significant observational impact for weak dis-
sipation, where temperatures well above the Hubble rate can be
sustained. Most importantly, non-trivial inflaton occupation num-
bers may also generically lower the tensor-to-scalar ratio, which as
we illustrate below may have a very significant effect on inflation-
ary predictions.

In the limit where inflaton particle production is inefficient and
n∗ gives a negligible contribution to the power spectrum, the scalar
spectral index is nevertheless modified by the third term in Eq. (8),
yielding:

ns − 1 � 2η∗ − 6ε∗ + 2κ∗
1 + κ∗

(7ε∗ − 4η∗ + 5σ∗), (10)

where σ = M2
P V ′/(φV ) < 1 + Q and we have used the slow-roll

equations, 3H(1 + Q )φ̇ � −V ′(φ) and ρR � (3/4)Q φ̇2, to deter-
mine the variation of κ ≡ 2π Q T /H as different scales become
super-horizon during inflation.

Modifications are, however, more prominent in the opposite
limit of nearly-thermal inflaton fluctuations, with n∗ � nBE∗ . For
T∗ � H∗ and Q ∗ � 1 we then obtain:

ns − 1 � 2σ∗ − 2ε∗, (11)

which is, in particular, independent of the curvature of the poten-
tial, which only determines its running:

n′
s � 2σ∗(σ∗ + 2ε∗ − η∗) − 4ε∗(2ε∗ − η∗). (12)

In this case, a red-tilted spectrum, ns < 1, corresponds to either
potentials with a negative slope, such as hill-top models, or large
field models where ε∗ > 2(M P /φ∗)2.
4. Chaotic warm inflation

To illustrate the effects of both dissipation and occupation
numbers on observational predictions, let us consider the quar-
tic model, V (φ) = λφ4, which corresponds to a superpotential
f (Φ) = √

λΦ3/3 and is the canonical model of chaotic inflation
[20]. In this case, we have ε = 2σ = 2η/3 = 8(M P /φ)2, which
yields ns − 1 � −8(M P /φ∗)2 for a thermalized inflaton distribu-
tion from Eq. (11). This gives a red-tilted spectrum with ns � 0.96
for φ∗ � 14M P , which is super-planckian but smaller than the cor-
responding field value in the vacuum case, φ∗ � 25M P . This also
gives r � 8(1 − ns)(H∗/T∗), within the upper bound obtained by
Planck, r < 0.11 (95% CL), for T∗ > 2.9H∗ , as well as a small
negative running n′

s = −(ns − 1)2 � −0.0016 and a tensor index
nt = 2(ns − 1) � −0.079.

The number of e-folds of inflation can be computed by integrat-
ing the slow-roll equations, which may be done analytically for the
quartic model [21]. In particular, one can use the form of the dis-
sipation coefficient in Eq. (4) to express the coupled inflaton and
radiation equations in the slow-roll regime as a single equation for
the dissipative ratio Q :

dQ

dNe
= C∗

Q 6/5(1 + Q )6/5

1 + 7Q
, (13)

where C∗ � 5ε∗ Q −1/5∗ for Q ∗ � 1. This shows explicitly that Q
grows during inflation, justifying our assumption that the system
may evolve from the weak to the strong dissipation regime. In-
flation ends in this case when |η| = 1 + Q , which yields Q e �
(2/3(1 − ns))

5/2 Q 1/2∗ for a thermal spectrum and hence Q e � 1
for Q ∗ � 10−6. As discussed earlier, the relative abundance of ra-
diation will then also grow towards the end of inflation, with
ρR/V (φ) ∝ Q 7/5 in this case, until it smoothly takes over after
slow-roll has ended. Integrating Eq. (13) from horizon-crossing to
the end of the slow-roll regime, we obtain:

Ne � ε−1∗
(
1 + bQ 1/5∗

)
, (14)

where b � 2.81. This yields the required 50–60 e-folds of infla-
tion with ns � 0.96–0.97 for Q ∗ � 0.001–0.01. For comparison, in
the standard cold inflation regime, one finds ns = 1 − 3/Ne , giving
ns = 0.94–0.95 for Ne = 50–60. This clearly shows that even for
weak dissipation at horizon-crossing one may obtain substantially
different observational results.

For both limits of nearly-thermal and negligible inflaton occu-
pation numbers, one can use the observed amplitude of curvature
perturbations, �2

R � 2.2 × 10−9 [2] and the form of the dissi-
pation coefficient in Eq. (4) to relate the different quantities at
horizon-crossing, with e.g. Q ∗ � 2×10−8 g∗(H∗/T∗)3 in the nearly-
thermalized regime. This allows one to express both ns and r in
terms of the dissipative ratio or temperature at horizon-crossing
for a given number of e-folds of inflation and relativistic degrees
of freedom, which is illustrated in Fig. 1.

As one can see, observational predictions for the quartic model
depend on the distribution of inflaton fluctuations, n∗ . For n∗, κ∗ �
1, the spectrum has the same form as in cold inflation, but from
Eq. (14) one obtains Ne = 50–60 for smaller field values than in
cold inflation, yielding a larger tensor fraction and a more red-
tilted spectrum. When κ∗ � 1, however, the spectrum becomes
more blue-tilted and r is suppressed, although for weak dissipa-
tion it remains too large.

On the other hand, for nearly-thermal inflaton occupation num-
bers tensor modes are more strongly suppressed and one obtains
a remarkable agreement with the Planck results for T∗ � H∗ . Note
that for T∗ � H∗ the concept of thermal equilibrium is ill-defined,
since the average particle modes have super-horizon wavelengths,
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Fig. 1. Trajectories in the (ns, r) plane for V (φ) = λφ4 as a function of the dissi-
pative ratio, Q ∗ < 0.01, 50–60 e-folds before the end of inflation, compared with
the Planck results [2], for g∗ = 228.75 relativistic degrees of freedom. The dark
green (light blue) curves correspond to nearly-thermal (negligible) inflaton occu-
pation numbers n∗ , with dashed branches for T∗ � H∗ . Note that corresponding
curves converge in the cold inflation limit, T∗, Q ∗ → 0. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

so in Fig. 1 we represent this regime with dashed curves to nev-
ertheless illustrate the transition from a cold to a warm spectrum.
Also, we take the MSSM value g∗ = 228.75 only as a reference,
with fewer light species further lowering the tensor-to-scalar ratio,
since T∗/H∗ is larger.

This agreement is particularly significant, since the quartic po-
tential is the simplest renormalizable model of chaotic inflation,
involving no other scales other than the inflaton field value. As
originally argued by Linde [20], in large-field models inflation is
naturally triggered from a chaotic field distribution following the
pre-planckian era, in domains where V (φ) ∼ M4

P quickly dom-
inates over gradient and kinetic energy densities. On the other
hand, when inflation only occurs for a V (φ) � M4

P plateau, the
post-planckian universe must be unnaturally smooth, requiring a
fine-tuning of initial conditions that the inflationary paradigm is
supposed to solve [22].

While other modifications such as a non-minimal coupling to
gravity may also bring the quartic model into agreement with ob-
servations [23], the renormalizable nature of the interactions lead-
ing to dissipation is an attractive feature of warm inflation, with
only a few controllable parameters. Note, in particular, that in-
teractions with other bosonic and/or fermionic fields are always
required since the vacuum energy of the inflaton field must be
transferred into light degrees of freedom at the end of inflation
to ‘reheat’ the universe. In this sense, warm inflation scenarios
do not introduce any non-standard modifications to the basic in-
flationary models but simply correspond to parametric regimes
where the universe is kept warm throughout inflation, T � H .
For the dissipation coefficient in Eq. (4), one obtains in particu-
lar T∗/H∗ ∼ (Cφ/g∗)N−2

e � 1, which may be achieved for N X 
NY � 1 and g,h � 1, while keeping radiative corrections under
control, αg,h � 1. We may express the number of heavy species as:

N X � 8 × 105

αh

(
0.04

1 − ns

)4( r

0.01

)2( Q ∗
10−3

)
, (15)

where we have assumed a thermal distribution of inflaton pertur-
bations. This large multiplicity of X species is typical of the form
of the dissipation coefficient in Eq. (4) [24,25], but is expected to
be significantly reduced in other regimes, such as for on-shell X
modes [10]. Large multiplicities may be obtained in D-brane con-
structions [26], where the X fields correspond to strings stretched
between brane and antibrane stacks and their number thus grows
with the square of the brane multiplicity. Due to brane–antibrane
annihilation at the end of inflation, these modes will not, however,
play a role in the post-inflationary universe. Field multiplicities are
also enhanced by the Kaluza–Klein tower in extra-dimensional sce-
narios [27].

An interesting possibility arises when we consider B- and CP-
violating interactions for the X fields in Eq. (3), with complex
couplings and distinct decay channels. In this case, the out-of-
equilibrium nature of dissipation can generate a cosmological
baryon asymmetry during inflation [28]. The resulting baryon-to-
entropy ratio depends on the inflaton field, so that inflaton fluctu-
ations yield both adiabatic and baryon isocurvature (BI) perturba-
tions with a nearly-scale invariant spectrum. For the quartic model
with n∗ � nBE∗ , BI and adiabatic modes are anti-correlated with
relative amplitude B B � 3(ns − 1) � −0.12 and a blue-tilted spec-
trum niso � (3 − ns)/2 � 1.02 [29]. This then yields for the rela-
tive matter isocurvature spectrum βiso � (Ωb/Ωc)

2 B2
B � 4.8×10−4,

well within the bound βiso < 0.0087 obtained by Planck for anti-
correlated isocurvature modes with ns � niso , which is in fact the
case that best improves the fit to the data [2].

The interactions required to produce a baryon asymmetry
through dissipation are analogous to those considered in conven-
tional thermal GUT baryogenesis or leptogenesis models, with the
scalar X fields corresponding to e.g. heavy GUT bosons or right-
handed neutrinos [28]. However, since only virtual X modes are
involved in the dissipative processes, baryogenesis may occur be-
low the GUT scale, as opposed to thermal GUT baryogenesis mod-
els, avoiding the production of dangerous relics such as monopoles.
In particular, we obtain for the temperature at the end of inflation
in the quartic model:

Te � 1014
(

1 − ns

0.04

) 5
2
(

0.01

r

) 1
2
(

10−3

Q ∗

) 3
10

GeV. (16)

We note that the effective reheating temperature is roughly an or-
der of magnitude lower since radiation typically takes a few e-folds
to take over after the end of slow-roll [21]. While gravitinos may
still be ubiquitously produced at these temperatures, the inflaton
may not decay completely right after inflation if Q e � 10 [30], as
is the case of the quartic model for Q ∗ < 0.01. The inflaton may
then come to dominate over the radiation bath at a later stage and
the entropy produced by its eventual decay may dilute the excess
of gravitinos, thus avoiding the potentially associated cosmological
problems [30].

Our results motivate a closer look at thermalization processes
and, in particular, we can estimate the total production rate of in-
flaton particles from the 3-body decay rate of the N X heavy species
in the plasma given above. At horizon-crossing, the inflaton is a
relativistic degree of freedom, since mφ∗ = √

3η∗H∗ � T∗ , and we
obtain:

Γφ∗
H∗

� 9(αgαh)
3
2

(
1 − ns

0.04

) 3
2
(

0.01

r

) 3
2
(

0.005

Q ∗

) 1
2

, (17)

where we assumed n∗ = nBE∗ . Moreover, finite temperature Bose
factors may considerably enhance this for small couplings [31],
with e.g. the two-body decay width increasing up to a factor
T /mY ∼ √

12/h [10]. Also, Γφ/H increases during inflation, so
that deviations from thermal equilibrium should become less sig-
nificant. We then expect inflaton particles to be produced suf-
ficiently fast and remain close to thermal equilibrium with the
ambient plasma if the effective couplings αg,h are not too small.
Both the inflaton and other light fields could actually be in a
pre-inflationary thermal state with T � H , with dissipation and
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the above mentioned processes maintaining a slowly-varying tem-
perature. Without dissipation, however, thermal effects would be
quickly redshifted away, yielding quite different observational fea-
tures [32].

5. Conclusion

In this Letter, we have shown that the presence of even small
dissipative effects at the time when observable scales leave the
horizon during inflation may have a significant effect on the spec-
trum of primordial fluctuations in the warm regime, for T � H .
This generically lowers the tensor-to-scalar ratio and yields a mod-
ified consistency relation for warm inflation that may be used
to distinguish it in a model-independent way from the standard
supercooled scenarios if a tensor component is found and accu-
rately measured. The main modifications to the scalar spectrum
arise from the presence of dissipative noise that sources inflaton
fluctuations and from the changes in the phase space distribution
of inflaton modes as a consequence of inflaton particle produc-
tion in the plasma. We have shown, in particular, that the lat-
ter effect may bring the simplest chaotic inflation scenario with
a quartic potential into agreement with the Planck results for a
nearly-thermal distribution. Inflation may thus be triggered from
chaotic initial conditions at the Planck scale in an observationally
consistent way, through simple renormalizable interactions with
matter fields that must be present in any inflationary model, as
opposed to e.g. a non-minimal coupling to the gravitational sec-
tor. The cosmic baryon asymmetry may also be produced during
warm inflation, inducing baryon isocurvature perturbations that
are within the current Planck bounds for a quartic potential and
which may be probed in the near future.

Although for the quartic model a nearly-thermal spectrum is
observationally preferred, as e.g. for V (φ) ∝ φ6, this is not neces-
sarily true in general. For example, models such as SUSY hybrid
inflation driven by small radiative corrections [33], which follows
from Eq. (3), are consistent with the Planck data when n∗ is negli-
gible and only the fluctuation–dissipation term modifies the spec-
trum. In particular, dissipation increases the number of e-folds in
this case, whereas in the cold regime only Ne < 50 is observation-
ally allowed [2]. Other low-scale models such as hill-top scenarios
are consistent for both the thermal regime [34] and when the
fluctuation–dissipation term in Eq. (8) is dominant, the same hold-
ing for exponential [6] or inverse power-law potentials, although
an alternative reheating mechanism is needed for Q ∗ � 1 since
dissipation never becomes sufficiently strong in this case. A de-
tailed analysis of these and other potentials is, however, outside
the scope of this Letter and will be presented elsewhere.

We have focused on the regime where dissipation is still sub-
leading at horizon-crossing, which is simpler to realize since it
requires smaller values of T∗/H∗ and lower field multiplicities.
Non-gaussian effects should also be suppressed in this case, with
f N L ∼ O(1) by extrapolating the results in [35] to weak dissipa-
tion, within the bounds obtained by Planck [2]. The Planck col-
laboration has searched for signals of non-gaussianity in warm
inflation models in the strong dissipation regime [36], but a dedi-
cated analysis of the bispectrum for Q ∗ � 1 is required and further
motivated by our results.

For strong dissipation the coupling between inflaton and radi-
ation perturbations enhances the growth of fluctuations, making
the spectrum more blue-tilted for increasing Q . To check the va-
lidity of our results for the quartic potential, we have evolved the
fluctuations numerically extending the analysis in [37] to weak
dissipation, the details of which will be presented in a separate
publication. We find that the primordial spectrum is modified if
Q ∗ � 0.01 when the largest scales become super-horizon, since
in this case the smallest observable scales leave the horizon 8–10
e-folds later when Q � 1. Shear viscous effects have been shown
to suppress the enhanced growth [37], but since these imply de-
partures from thermal equilibrium a more detailed analysis is re-
quired. The results presented in Fig. 1 for Q ∗ < 0.01 are never-
theless in good agreement with the numerical spectrum. Note that
even weak dissipative effects can lower the tensor-to-scalar ratio
below the expected reach of Planck, r � 0.05, or other CMB po-
larization experiments such as the Atacama B-mode Search or the
South Pole Telescope, with r � 0.03.

The significant changes to the primordial spectrum from dis-
sipative and thermal effects may also extend beyond the SUSY
realization of warm inflation considered in this Letter. In non-SUSY
models, for example, while couplings between the inflaton and
other fields must be smaller to prevent large radiative corrections,
there may exist parametric regimes where thermalization occurs
sufficiently fast to yield near-equilibrium occupation numbers. One
could also envisage alternative models, e.g. the decay of multiple
scalar fields that become underdamped at different stages during
inflation and produce inflaton particles during the first few oscilla-
tions about the minima of their potential.

Warm inflation may thus provide a first principles dynamical
mechanism to sustain non-trivial occupation numbers for the infla-
ton and other light particles, based on renormalizable interactions,
and it would be interesting to investigate whether phenomenolog-
ical excited states [38,39] could find concrete realizations in this
context. The most important effect of dissipation and/or a non-
trivial inflaton particle distribution is the lowering of the tensor-
to-scalar ratio in the modified consistency relation in Eq. (9), so
we expect next year’s Planck release and future CMB B-mode po-
larization searches to shed new light on the nature of inflaton
fluctuations.
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