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Preinflationary dynamics is known to have left observable imprints via the varied dynamics of the
inflaton and the graviton fields during those epochs. It is highlighted here that other particle degrees of
freedom, too, are capable of leaving their imprints on primordial observables if they transfer their entropies
upon annihilation after becoming nonrelativistic during a preinflationary epoch. Such annihilations of other
particles would result in lowering of the tensor-to-scalar ratio at the pivot scale (and at length scales larger
to that) which would help bring those potentials back in accordance with current observations which are
otherwise disfavored for yielding large tensor-to-scalar ratios at present.
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I. INTRODUCTION

The high precision data of the cosmic microwave
background (CMB) temperature fluctuations probe only
the 8–10 e-foldings of the nearly 60 e-foldings of accel-
erated expansion during cosmic inflaiton [1]. Though, over
the years the smaller scales of the primordial perturbations
associated with later e-foldings have been measured with
better precision, scales larger than what have already been
observed are simply beyond any measurement. Despite
such observational obstacle, study of preinflationary
dynamics has remained a subject of interest in the literature.
The theoretical motivation of studying such dynamics is
lying in the fact that it is rather difficult to sustain inflation
for a longer period which often calls for certain fine-tunings
[2–4]. Hence, the preference for “just-enough” inflation,
providing a window for observational effects of preinfla-
tionary dynamics on the CMB.
Effects of quantum gravity theories, such as loop-

quantum gravity [5] and string theory [6,7], playing a
role during preinflationary era have been studied in the
literature. However, effects of preinflationary radiation era
has been studied most extensively in the context of
preinflationary dynamics [8–15]. Effects of more general
equation of states have also been explored [16,17]. The
common effect of such preinflationary dynamics on the
temperature anisotropy spectrum is a power loss at largest
angular scales, which is in accord with the observations
since COBE [18], then WMAP [19] and now PLANCK
[20]. This can also be accounted for as an observational
motivation of studying such preinflationary dynamics.
Abruptly matching of inflaton wave functions at the
boundary of preinflationary era and the era of slow-roll
dynamics often gives rise to “ringing effects” in the lower
multipoles of the temperature anisotropy spectrum [8–14].

A gain in power at the largest angular scales can occur if
the inflaton field thermalizes before decoupling from the
cosmic soup during a preinflationary radiation era [21]. As
the current data do not suggest such an enhancement, it
puts a bound on the comoving temperature of the inflaton
field. At large, these are the noted effects of preinfla-
tionary dynamics on the CMB temperature anisotropy
spectrum.
Preinflationary dynamics can also leave its imprints on the

primordial tensor spectrum. The non-Bunch Davies vacuum
during preinflationary era resulted from the loop-quantum
cosmology can lead to a modified consistency relation
(relation between the tensor-to-scalar ratio and the tensor
spectral tilt) [5]. Stringy effects during preinflationary era can
enhance the power in the lower multipoles of the tensor
spectrum [6]. A thermalized graviton from a preinflationary
radiation era enhances the power of the lowest multipole in
the tensor spectrum [22,23]. Effects of a generic equation of
state during preinflationary epoch on the primordial gravi-
tational waves have been analyzed in [24].
However, all these observable imprints result from the

dynamics of the inflaton and the graviton fields during a
preinflationary era. None of these imprints can probe the
presence of other particle degrees of freedom which might
have been present in the preinflationary cosmic plasma.
Hence, it is natural to ask, what observable imprints other
particle degrees of freedom could have possibly left on the
CMB observations. More importantly, whether or not other
particle degrees of freedom are at all capable of leaving any
imprint on CMB observables. We will highlight in this
paper that there is one such scenario where annihilation of
other particle degrees of freedom during preinflationary
epoch could, in principle, leave their imprints by lowering
the tensor-to-scalar ratio during cosmic inflation. Such an
imprint is yielded when the gravitons and the inflaton are
both thermalized during a preinflationary era and decouple
from the cosmic plasma at different epochs.*suratna@iitk.ac.in
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II. BRIEF REVIEW OF THE DYNAMICS OF PRE-
INFLATIONARY RADIATION ERA

To illustrate this, we first briefly review the dynamics of
thermalized inflaton and gravitons in a preinflationary era.
It was first noted in [21] that if inflation is preceded by a
radiation era then the inflaton field might have been in
thermal equilibrium with the preinflationary cosmic plasma
due to its gravitational and other couplings. Even if the
inflaton field decouples from this plasma prior to inflation
it would retain a thermal distribution which would be
reflected in its power spectrum.
If the inflaton perturbations δϕðx; τÞ (τ being the

conformal time) are expanded in the Fourier space then
due to the thermal distribution the modes will have an
occupation number:

ha†kak0 i ¼ 1

eEk=T inf
d − 1

δ3ðk − k0Þ; ð1Þ

where k is the comoving wave number, T inf
d is the

(physical) decoupling temperature of the inflaton field
and Ek is the corresponding energy of the k mode. As
the temperature of a decoupled species scales as T ∝ 1=a
and Ek ¼ k=ad (ad being the scale factor at decoupling),
one has Ek=Tinf

d ¼ k=ðadT inf
d Þ ¼ k=ðainiT inf

ini Þ ¼ k=T inf ,
where aini and T inf

ini are the scale factor and physical
temperature at the onset of inflation and T inf is the
comoving temperature of the inflaton perturbations.1

On the other hand, in the vanilla model of single field
inflation (where the scenario is not preceded by a radiation
era) the occupation number of the inflaton modes would
read as ha†kak0 i ¼ 0 in vacuum. Because of this very
difference between these two scenarios, the scalar ampli-
tude in this case of thermalized inflaton would get modified
by a multiplicative coth factor as [21]

As ¼
1

24π2ϵ

V
M4

Pl

coth

�
k

2T inf

�
; ð2Þ

enhancing the power at the largest scales or for the smallest
wave numbers k.2 It is to note that, as the modification
through the coth factor dependson comovingwavenumberk
and comoving temperature T of the modes alone, which do
not depend on the number of e-foldings, such an effect will

not get diluted away in scenarios beyond “just enough”
inflation.Hence, suchasignaturewill sustaineven if inflation
lasts longer. The signature of such thermalized inflaton on
primordial non-Gaussianities has been studied in [27].
Similarly, gravitons, which interact only gravitationally

with the cosmic plasma, might have been decoupled from
the preinflationary radiation bath near the Planck era and
would have retained a thermal distribution, same as the
inflaton field. The tensor perturbations during inflation
would then be generated by stimulated emissions into this
pre-existing thermal background of gravitons. Effects of
such thermal gravitons on the primordial tensor perturba-
tions (the BB spectrum of CMB) has been studied in [22].
As the two polarization states, hþ and h×, of the primordial
gravitational waves evolve independently, and each of them
behaves like a massless scalar field, expanding each of
these two polarizations (i≡þ;×) in Fourier space as

hðiÞðx; τÞ ¼
ffiffiffi
2

p

aðτÞMPl

×
Z

d3k

ð2πÞ32 ½b
ðiÞ
k fkðτÞ þ bðiÞ†−k f

�
kðτÞ�eik·x; ð3Þ

it is straightforward to note that each of these polarization
modes would have an occupation number

hb†kbk0 i ¼ 1

ek=T
grav − 1

δ3ðk − k0Þ; ð4Þ

where T grav is the comoving temperature of the tensor
modes, resulting in a similar multiplicative coth term in the
primordial tensor amplitude:

AT ¼ 2

3π2
V
M4

Pl

coth

�
k

2T grav

�
; ð5Þ

ashasbeenshown in [22].As in the caseof scalars, signatures
of such a modification to the tensor power spectrum, too,
would sustain even when inflation lasts longer.

III. LOWERING OF THE
TENSOR-TO-SCALAR RATIO

If both the gravitons and the inflaton fields interact with
the plasma through gravitational interactions alone and thus
decouple at the Planck scale, then in such a case, the
decoupling temperatures of both the graviton and inflaton
fields would be the same. Even though they evolve as two
separate species thereafter, both their temperatures would
scale as 1=a,3 yielding them to have the same temperature

1Note that in [21] T and T have been used to represent the
physical and comoving temperatures respectively, opposite to the
notations adopted here.

2It was pointed out in [25,26] that if the matching of the scalar
mode functions at the boundary of transition from preinflationary
era to inflationary epoch is taken into account along with the
thermal distributions of inflaton modes then the lowering effect of
the mode function matching cancels out the enhancing of the
power at the largest scales due to thermal distribution, leaving
negligible effect on the CMB temperature anisotropy spectrum.
However, this is of no interest in the present analysis.

3It is to note that here it has been assumed that the pre-
inflationary epoch can be described by as a standard FRW
radiation dominated era, which has been also considered in
the literature previously [8–15,25,26]. The consequences of such
an assumption has been discussed at length in [25].
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at the onset of inflation. But, if the inflaton field has
interactions beyond the mere gravitational ones with the
preinflationary cosmic plasma, then it is logical to assume
that the inflaton field would decouple at a much later stage
than the gravitons. In such a case, the decoupling temper-
atures of the inflaton and the graviton fields would be
different. However, if no other species of the cosmic plasma
annihilate upon becoming nonrelativistic and transfer their
entropy to the bath in between the decouplings of the
gravitons and the inflaton, then the temperature of the
decoupled gravitons and inflaton would be the same at the
onset of inflation. This is due to the conservation of entropy
because of which the temperature of the cosmic plasma
scales as T ∝ g−1=3�S a−1, where g�S is the relativistic degrees
of freedom associated with entropy density. If none of the
other species annihilate then g�S would remain invariant
throughout the evolution before inflaton decouples, hence
the temperature of the cosmic plasma as well as that of the
inflaton in local thermal equilibrium would scale as
T ∝ a−1, same as that of the decoupled gravitons.
In both these scenarios when the gravitons and the

inflaton retain the same temperature at the onset of
inflation, one has at the pivot scale T inf� ¼ Tgrav

� or
T inf ¼ T grav. In such a case, the coth factors contributing
to the scalar and tensor amplitudes (as given in Eq. (2) and
Eq. (5) respectively) would render to be the same, yielding
a tensor-to-scalar ratio at the pivot scale:

r� ¼ 16ϵ; ð6Þ

and leaving no imprint of preinflationary dynamics on this
CMB observable.
However, the gravitons and the inflaton would evolve

with different temperatures if some of the species annihilate
and transfer their entropies to the cosmic plasma in between
the decouplings of the gravitons and the inflaton. In such a
case, the tensor-to-scalar ratio would then turn out to be

r� ¼ 16ϵ

�
coth

�
k�

2T grav

�
= coth

�
k�

2T inf

��
; ð7Þ

where k� is the pivot scale. Such an effect would also not
get diluted away if inflation lasts longer than the bare
minimum amount of e-folds.
In [21], the pivot scale has been chosen at k� ¼

0.05 Mpc−1, and using the WMAP data4 a bound on
the comoving temperature of the inflaton field has been
derived as

T inf < 1.0 × 10−3 Mpc−1: ð8Þ

The tensor-to-scalar ratio, on the other hand, is generally
quoted at a pivot scale k� ¼ 0.002 Mpc−1 [1], and a bound
on graviton comoving temperature has been considered
in [22] as

T grav < 1.0 × 10−3 Mpc−1; ð9Þ

same as that of the inflaton modes. As the BB anisotropy
spectrum B-mode polarization spectrum is yet to be
observed, obtaining a direct upper bound on the comoving
temperature of the tensor modes is beyond the scope.
However, such a consideration is well justified as in general
the decoupled gravitons and the inflatons would have similar
comoving temperature (at least of the same order) at the onset
of inflation.Wewill consider, in our later derivations, that the
bound on the inflaton comoving temperature will remain the
same if we shift the pivot scale from 0.05 Mpc−1 to
0.002 Mpc−1, as the comoving temperature of the inflaton
fieldwould not varywith thewave number k. It is to note that
cothðxÞ can be expanded as cothðxÞ ∼ 1=xþ � � � when
0 < jxj < π. Now, taking k� ¼ 0.002 Mpc−1, we have
k�=2T inf;grav ¼ 1 if we take T inf;grav ¼ 0.001 Mpc−1. This
would allow us to expand the coth’s in Eq. (7) at the pivot
scale k ¼ 0.002 Mpc−1 to have

r0.002 ≈ 16ϵ

�
T grav

T inf

�
: ð10Þ

As T grav < T inf due to the annihilation of the in-between
particle degrees of freedom, the tensor-to-scalar ratio would
be lowered than the usual cold-inflation case. We will now
see how T grav and T inf are related in a simple scenario when
the species annihilate in between around the same time.
Let us assume that at physical temperature Tgrav

d the
gravitons decoupled from the cosmic soup. Some time later
at t ¼ t1, some species become nonrelativistic, annihilate in
equilibrium and transfer their entropy to the cosmic plasma
instantaneously. We denote the (physical) temperature of
the plasma before and after the annihilation of these
particles as Tb and Ta, respectively. Conservation of
entropy would imply then

Tb

Ta
¼

�
g�a
g�b

�
1=3

; ð11Þ

where g�b and g�a are the relativistic degrees of freedom
before and after the annihilation of the particles, respectively.
If no other species annihilates before the inflaton

decouples at the temperature T inf
d , then we have for the

temperature of the graviton at the onset of inflation as:

Tgrav
ini ¼ agravd

aini
Tgrav
d ; ð12Þ

4It is to note that the coth factor affects only the largest scales
or the lowest multipoles and leave the smaller scales unaffected as
cothðxÞ ∼ 1, when x ≫ 1. As the error bars in the PLANCK data
for the lowest multipoles receives not much improvement from
the previous WMAP data, we do not expect any improvement in
the bound on the comoving temperature obtained in [21].
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where agravd and aini are scale factors at the decoupling of
the graviton and at the onset of inflation.
On the other hand, for the inflaton field we have

T inf
ini ¼

aa
ainf

Ta ¼
aa
ainf

Tb

�
g�b
g�a

�
1=3

; ð13Þ

where aa is the scale factor after the annihilation of the
particles. We also see that agravd Tgrav

d ¼ abTb (ab being the
scale factor before the annihilation of the particles),
including which in the above equation we have

T inf
ini ¼

aa
ab

agravd

aini
Tgrav
d

�
g�b
g�a

�
1=3

: ð14Þ

As the particles annihilates and transfer their entropy
instantaneously at t1 we have aa ¼ ab. Thus the above
equation yields

T inf
ini ¼

�
g�b
g�a

�
1=3

Tgrav
ini ; ð15Þ

which also implies that

T inf ¼
�
g�b
g�a

�
1=3

T grav: ð16Þ

Inserting this into Eq. (10) one gets

r0.002 ≈ 16ϵ

�
g�a
g�b

�
1=3

: ð17Þ

As g�a < g�b, the tensor-to-scalar ratio would be lowered
than in the generic cold inflation case.
This phenomenon of lowering of tensor-to-scalar ratio

due to preinflationary dynamics can be exploited in those
cases where the potentials yield way too large tensor-to-
scalar ratios to be in accordance with the observations, a
classic example of which is the well-known monomial
potentials appearing in chaotic inflation [1]. Let us consider
the case of quartic potential which is now disfavored by the
current data in the case of generic cold inflation [1]. The
reason for this is as follows. For the quartic potential,
VðϕÞ ¼ λϕ4, we get ϵ ¼ 8M2

pl=ϕ
2 and N ¼ ϕ2=8M2

pl, N
being the total number of e-foldings. Thus we have

r� ∼ 16ϵ ¼ 16=N ∼ 0.267; ð18Þ

for N ¼ 60. The current bound on the tensor-to-scalar ratio
is r0.002 < 0.064 [1], which clearly disfavors the quartic
inflaton potential. But in the above discussed scenario, the

quartic potential can be made in tune with the present
data if

�
g�a
g�b

�
1=3

< 0.064 ×
N
16

∼ 0.24; ð19Þ

for N ¼ 60. If we assume nearly 20 species of pair of
fermions (spin 1=2 particles) annihilates transferring their
entropy to the cosmic plasma leaving the inflaton alone to
sustain then we get g�b ¼ 1þ ð7=8Þ × 4 × 20 ¼ 71, and
g�a ¼ 1, leading to the above factor. Similarly, for quadratic
potential, one has ϵ ∼ 1=2N, which yields r0.002 ∼ 0.133.
Thus, quadratic potentials could be made in accordance
with observations if

�
g�a
g�b

�
1=3

< 0.064 ×
N
8
∼ 0.48; ð20Þ

for N ¼ 60. In this case, only three such fermionic species,
like in the case of quartic potential, are required to annihilate
and transfer their entropies to the plasma (yielding g�b ¼
23=2 and g�a ¼ 1) in order to achieve the above bound.

IV. CONCLUSION

To summarize, it is shown that the other particle degrees
of freedom, apart from the inflaton and the gravitons,
present in the preinflationary cosmic plasma are capable of
leaving observable imprints on the CMB observables. If
these particles transfer their entropy to the preinflationary
cosmic plasma upon annihilation after becoming non-
relativistic, then they would result in a temperature differ-
ence between the gravitons and the inflaton field when the
inflaton decouples from the plasma afterwards. This
temperature difference would result in lowering of the
tensor-to-scalar ratio measured at a pivot scale at
0.002 Mpc−1. Such an effect would help bring the poten-
tials like quadratic and quartic chaotic potentials, which are
otherwise ruled out for yielding way too large tensor-to-
scalar ratios, within the range of the current observations.
Moreover, such an effect can provide glimpses of the rich
dynamics of a preinflationary thermal era, which has not
been reported before to our knowledge.
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