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Abstract: Motivated by the old trans-Planckian (TP) problem of inflationary cosmology,

it has been conjectured that any consistent effective field theory should keep TP modes

‘hidden’ behind the Hubble horizon, so as to prevent them from turning classical and

thereby affecting macroscopic observations. In this paper we present two arguments against

the Hubble horizon being a scale of singular significance as has been put forward in the TP

Censorship Conjecture (TCC). First, refinements of TCC are presented that allow for the

TP modes to grow beyond the horizon while still keeping the de-Sitter conjecture valid.

Second, we show that TP modes can turn classical even well within the Hubble horizon,

which, as such, negates this rationale behind keeping them from crossing it. The role of

TP modes is known to be less of a problem in warm inflation, because fluctuations start

out usually as classical. This allows warm inflation to be more resilient to the TP problem

compared to cold inflation. To understand how robust this is, we identity limits where

quantum modes can affect the primordial power spectrum in one specific case.
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1 Introduction

Inflation has been rightfully heralded as one of the most successful paradigms of describ-

ing the early-universe since it can solve several problems of standard big-bang cosmology

— namely the ‘horizon’, ‘flatness’ and ‘monopole’ problems [1–5]. However, perhaps the

crowning glory of inflation is its ability to explain the origin the macroscopic density per-

turbations one observes today, which lie at the origin of large scale structure, as vacuum

fluctuations [6, 7]. In spite of this, there have been two lingering doubts cast onto the

validity of inflation — the trans-Planckian (TP) problem [8, 9] and the initial singularity

problem [10, 11]. The latter can easily be swept under the carpet as a problem for quan-

tum gravity, which would serve as a quantum completion of inflation. However, the former

problem arises when considering inflation as an effective field theory (EFT) on curved

spacetimes, without requiring any specific inputs from quantum gravity.

The intuitive understanding of the TP problem goes as follows — if we look at the phys-

ical wavelength of a classical perturbation mode at late times and blue-shift it backwards in

time, due to the expansion of spacetime, one might end up with a physical wavelength that

is smaller than the Planck length (`Pl). Turning the biggest success of inflation on its head,

it might be argued that for sufficiently long periods of accelerated expansion, one would

have macroscopic perturbations originating from TP quantum fluctuations. This would

imply that inflation needs to be valid up until energy ranges beyond the Planck scale as an

EFT, which is clearly in conflict with our understanding of quantum gravity. At first sight,

it might be argued that setting a Planck-scale cut-off is all that is required to get rid of this

problem. However, for expanding backgrounds, imposing such cut-offs typically leads to a
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time-dependent Hilbert space, with the degrees of freedom increasing in time, resulting in

complicated non-unitary evolution [12, 13]. Therefore, one typically needs some other mech-

anism to make sure that such TP modes are not part of one’s EFT on curved spacetimes.

One way proposed in the recent trans-Planckian censorship conjecture (TCC) is to ban

all such TP modes from ever crossing the Hubble horizon [14]. This was done in the spirit

of limiting the effect of TP modes from ever being part of our observations. Although there

were no theoretical motivations for invoking the TCC, it was argued that the benefits of

having such a principle would be immense. Even if there are TP modes in the system, any

consistent EFT, with an ultraviolet (UV) completion, would be such that it would prevent

them from ever being part of our observations. In order to achieve this, the authors of [14]

formulated the TCC as the requirement that a TP mode never crosses the Hubble horizon,

and in the process, puts an upper bound on the amount of inflation [15]. Consequently,

the same requirement can be used to put a bound on the lifetime of a meta-stable de Sitter

(dS) phase of expansion [14].

However, there is another way to argue against the TP problem. From this point

of view, one would say that the linear perturbation theory one relies on in claiming that

classical modes would be blueshifted to unacceptably high energies due to a long period of

inflation, breaks down much before reaching this regime. In other words, if we look at a per-

turbation mode at late times and track its physical wavelength going backwards, one would

find that linear perturbations grow to become larger than 1 (in some suitable units) before

the physical wavelength becomes smaller than or equal to `Pl. This means that the universe

is extremely inhomogenous and anisotropic on Planck scales and we cannot trust linear per-

turbation theory on those scales. In this way, one is forced to take refuge in a UV-complete

theory taking over from inflation before reaching such length scales and hope that the TP

problem gets resolved in this UV theory. At the very least, calculations like this have shown

that the TP problem, as formulated for inflation specifically, does not even arise due to the

breakdown of (linear) perturbation theory [16, 17]. In fact, long back at the time when the

TP problem was first introduced, it had been argued that in any interacting field theory,

TP modes would not cause any case for worry. In other words, if one considers gravita-

tional backreaction during inflation, then all the modes must either be in the Bunch-Davies

(BD) vacuum, or in some state that would typically reduce to the BD one with a short few

e-foldings, and would therefore have no significant effect on the dynamics of inflation [18].

At this point, let us segway into defining what we precisely mean by a TP mode. If the

universe is extremely inhomogeneous and anisotropic on Planck scales, then it would mean

very little to have field decompositions into Fourier modes on those scales.1 On the other

hand, a TP mode typically refers to energy scales when the physical momentum of a Fourier

mode is of the O(MPl), i.e. when quantum gravity effects are non-negligible. Thus, for the

purposes of this paper, we would assume that a TP mode has a physical wavelength that

is slightly larger than `Pl such that one can follow its evolution on cosmological spacetimes

from thereon. This is merely a conceptual point to emphasize that we are classifying a

1Indeed, as claimed in [16], fluctuations cause much of these regions to turn into blackholes on such

scales, effectively becoming a dynamical cutoff. Then, in some of these regions inflation cannot even start.
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mode to be a TP mode by going as far back as a mode-decomposition is valid in the sense

of an EFT on curved spacetimes.

Coming back to the TCC, it is important to note that it had been invoked as a phys-

ical motivation for the dS conjecture [19–22], the latter arising out of the stringy swamp-

land [23]. The swampland is the space of EFTs which cannot have consistent UV comple-

tions and any sensible EFT must satisfy the so-called ‘swampland conjectures’ [24, 25] to

avoid being in it (and, instead, be in the landscape). One of the most interesting swampland

conjectures is the dS conjecture which states that metastable dS states cannot arise from a

consistent UV-theory of gravity. Although motivated by the lack of a satisfactory construc-

tion of dS vacua in string theory, it has consequently been argued from other swampland

conjectures [20, 26–28] such as the swampland distance conjecture (SDC) [23, 29–33], which

has been extensively tested in string theory [32–38], albeit the derivation is only valid in

parametrically large regions of moduli space [39, 40]. Accepting the TCC on face value,

it can be shown that the (refined) dS conjecture follows from it without any restrictive

assumptions. Therefore, as shown in [14], assuming the TCC implies the existence of the

dS conjecture. However, in this paper, we would like to study the opposite question —

assuming the validity of the dS conjecture, and more generally of the swampland, does it

necessarily imply the TCC?

What we shall show is that this is not necessarily true. As shall be shown in Sec-

2, it would become obvious that any (reasonable) upper bound on the phase of quasi-dS

expansion would lead to a similar version of the dS conjecture. In other words, if one

restricts an inflationary phase by an upper bound such as

N < O(1) ln

(
MPl

H

)
, (1.1)

where N is the number of e-foldings and H is the Hubble rate at the end of inflation,

then we can still easily satisfy the dS conjecture. Here, we have added an O(1) number

in front of the TCC bound to quantify our definition of “reasonable” mentioned above.

Any such refinement to the TCC would not affect its ability to act as a motivation for

the dS conjecture. In fact, as shall be explained later on, when trying to derive the TCC

from other known facets of string theory such as the SDC or the Weak Gravity Conjecture

(WGC) [41, 42], one is typically led to such refinements of the TCC by O(1) numbers.

If one does not need the precise version of the TCC, as formulated in [14], but rather

any refinement of it does the job as far as its swampland ambitions are concerned, how

was this exact version motivated? As mentioned earlier, the upper limit on the duration

of a (quasi)-dS phase of accelerated expansion was derived using the restriction that a TP

quantum mode never crosses the Hubble horizon. Since this restriction of not allowing a

TP mode to cross the Hubble radius seems to be extremely arbitrary on first sight, the

authors of [14] made the assertion that the TCC requires that “sub-Planckian quantum

fluctuations should remain quantum”. This seems to be a rather different definition of

the TCC when compared with its goal of limiting the lifetime of metastable dS phases;

however, these two definitions can be shown to be exactly equivalent once crossing the

Hubble horizon is equated with classicalization [14]. This was the main reasoning used to
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claim that TP modes should always remain quantum and never affect our observations as

macroscopic classical perturbations.

On the other hand, in the next section we shall show why the TCC can be refined by

O(1) numbers and yet act as a motivation for the dS conjecture. This naturally brings into

question the assertion that a TP mode should never the cross the Hubble horizon. In fact,

what we plan to show in this work is that classicalization does not necessarily require a

TP mode to cross the Hubble horizon at all. If one has an interacting theory, decoherence

for a TP mode can occur inside the Hubble radius and therefore, turn it classical. We

demonstrate this through one explicit, and yet well-known, example in Sec-3, and then

mention several other possible mechanisms. If one cannot use crossing the Hubble horizon

as a necessary criteria for turning classical, there is no sense in demanding that a TP

mode should never cross it. Thus, in this paper, we would like to show that one can

easily have some criterion by which one puts a bound on the lifetime of an accelerating

phase of expansion and yet not require that TP modes remain inside the Hubble horizon.

The former requirement is backed up by a lot of evidence which have gathered up in

favour of the absence of long-lived metastable dS space [19, 20, 43, 44], at least for time-

independent backgrounds [45–47], in any consistent UV-theory of gravity while the latter

has no theoretical footing. Thus, our primary job is to de-link these two definitions of the

TCC to show that putting an upper bound on the duration of inflation does not equal to

banishing TP modes from decohering and turning classical.

Another clear example where the TCC does not imply the lack of decoherence of

TP modes is one where perturbations are already classical. The primary scenario for

this is warm inflation [48, 49], where the primordial spectrum is dominated by thermal

fluctuations. Then, it seems that the only way the TCC might come into play is by

limiting the lifetime of metastable dS spaces [50] (see also [51–54]), which in turn may

leave some imprint on the (subdominant) quantum contribution to the power spectrum.

Considering this, we compute this contribution looking at a special case with excited states

for fluctuations. This would not be the generic warm inflation dynamics, but our main new

input is to show an example where the quantum part of the spectrum can be significantly

enhanced, compared to the standard BD value, in sync with what happens for cold inflation.

One of the motivations for choosing such a Bogolyubov rotation of a BD state as our

starting point lies in the fact that, given inflation lasts for a limited extent of time, such

states parametrize our ignorance about pre-inflationary dynamics. Although long periods

of inflation essentially wash out the effects of such states, as the BD vacuum is a (quantum)

attractor [16], this is precisely where the TCC (albeit, some refined version of it) would come

into play to suggest that there should be some reasonable upper bound on the duration of

inflation. Furthermore, a low scale model of inflation, as preferred by the TCC, actually

requires many more e-foldings to wash away the effects of a modified initial state than what

it takes for standard slow-roll models [16, 18]. Given these considerations, we examine the

effects of such non-Bunch Davies (NBD) states for warm inflation.

– 4 –
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2 Swampland conjectures & refinements of the TCC

Our main goal in this section is to show whether the validity of the dS conjecture necessarily

leads us uniquely to the TCC. As we shall find, in fact, the dS conjecture would remain valid

as long as we have some refined version of the TCC (as defined in (1.1)). In order to do this,

we shall proceed as following: although the TCC was invoked as a mechanism to motivate

the dS conjecture from more general quantum gravity arguments, in this work let us first try

to take the opposite approach. Since we are interested in testing the validity of the TCC, it

makes sense to try and see how, and if, one can come to this conclusion starting with other

well-tested aspects of string theory. In this regard, it was shown in [55] that starting from

the SDC, and assuming the species bound [56–58], one can arrive at the TCC with some as-

sumptions regarding the slow-roll dynamics. However, there was another possibility which

was mentioned only in passing, namely that from the same starting point, and with fewer

assumptions, one can arrive at a refinement of the TCC, weakening it in the sense of (1.1).

Let us revisit those arguments in order to highlight this fact. Furthermore, it would be clear

from our calculations that for any such refined version of the TCC, one would still have

bounds on the lifetime of metastable dS states and consequently, the (refined) dS conjecture.

The SDC tells us that, on parametrically large distances on field space, |∆ϕ|/MPl � 1,

there appears a tower of light states descending from the UV

N∗ (ϕ) ∼ ea |∆ϕ|/MPl , (2.1)

with an O(1) constant a > 0. On the other hand, the species bound states that the

effective UV cut-off for a gravitational theory is lowered from MPl due the presence of a

large number of weakly-interacting particles, as follows:

ΛG .
MPl√
N∗

. (2.2)

The number of light states, appearing in the SDC tower, below this cut-off ΛG is then given

by

N∗ (ϕ) ∼ ΛG
MPl

ea |∆ϕ|/MPl . (2.3)

Using (2.3) and (2.2), one can see that the effective cut-off gets lowered exponentially

due to large field-excursions, namely

ΛG .MPl e
−a |∆ϕ|/(3MPl) . (2.4)

The energy density of the universe, characterized by the Hubble parameter H, must remain

below this scale for the EFT of inflation to be under perturbative control

H < ΛG ⇒ H < MPl e
−a |∆ϕ|/(3MPl) . (2.5)

Before going on to motivate the TCC from this equation, let us make a few points first.

Firstly, neither this reasoning, nor this result, is new. It was this same argument which has

also been used to motivate the dS conjecture in [26]. Eq. (2.5) is, in fact, a generalization

– 5 –
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of the old Dine-Seiberg argument [59]. More importantly, albeit we have derived this

equation starting from the SDC and the species bound, other authors have arrived at the

same equation using other aspects of string theory. For instance, it has been shown that

one gets such an upper bound starting from the WGC (and its variations) [60] as well as

from Bousso entropy bounds for quasi-dS spaces [61, 62]. All of this is to suggest that one

arrives at such a bound quite generally in string theory.

After arriving at (2.5), and having demonstrated its robustness, the next step is the

crucial argument used to derive the TCC. The number of e-folds of inflation is given by

N =

∫ tf

ti

Hdt =

∫ ϕf

ϕi

H

ϕ̇
dϕ . (2.6)

Using the expression for the rate of change of the Hubble parameter in terms of the scalar

field

Ḣ = −
(

ϕ̇2

2M2
Pl

)
, (2.7)

we can express (2.6) as

N '
[

1√
2εH

]ϕf

ϕi

|∆ϕ|√
2MPl

=

[
1
√
εH

]ϕf

ϕi

|∆ϕ|
2MPl

(2.8)

where εH := −Ḣ/H2 and the square brackets indicate the averaged value of a quantity

over the entire field range.

Eliminating |∆ϕ| between eqs. (2.5) and (2.8) gives us the equation

N <

(
3

2a

)[
1
√
εH

]ϕf

ϕi

ln

(
MPl

H

)
. (2.9)

This looks like a refinement of the original TCC. Firstly, the (3/2) factor comes from

dimensional factors, and in d-dimensions, should be replaced by (d− 1) / (d− 2). The

second major factor arises from the appearance of
[

1√
εH

]ϕf

ϕi

which is certainly bigger than

1 for any accelerating background. The only way one can recover the original form of the

TCC from this expression is if a is big enough to counteract these two factors mentioned

above, namely if (in d-dimensions)

a >

(
d− 1

d− 2

) [
1
√
εH

]ϕf

ϕi

. (2.10)

In order to get an estimate for a, we can do several things. For a single Kaluza-Klein tower

of modes, we find that a ∼
√

(d− 2) / (d− 1) and is thus not typically large enough to

recover the original TCC. However, to get a more rigorous argument, we can consider, say

the (scalar) WGC [63] as was done in [60]. This case shall be discussed later on in some

more detail. Alternatively, one can use entropy arguments to estimate for a [61, 62], or

use arguments regarding black holes on dS spacetime [64], for both of which the exponent

turns out to be of the same order of magnitude. However, at first, instead of guessing

for a, we shall show how it must be necessarily smaller than the lower bound required

– 6 –
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in (2.10), if one has to recover the refined dS conjecture. Our derivation shall serve the

dual purpose of demonstrating that one can have an upper bound on the amount of inflation

(or, alternatively, on the lifetime of a metastable dS phase) and yet violate the original

TCC constraint.

Let us return to our trusted eq. (2.5). Using the Friedmann equation, for a positive

potential V , one immediately finds that due to the positivity of the kinetic term

Vf < MPlAe
− 2a|∆ϕ|

3MPl , (2.11)

which has already been pointed out in [14]. Here A is a constant depending to the di-

mension of spacetime and shall be inconsequential for our discussion. As has been shown

in [14, 55], one can derive the refined dS conjecture from this expression which includes log-

arithmic corrections, consequently allowing for short-lived meta-stable dS solutions, when

considering all parts of field space. However, in the strict limit of |∆ϕ|/MPl →∞, we are

inevitably led to the conclusion that there cannot be any meta-stable dS vacua. In fact,

one also gets the original lower bound on the slope of a (positive) potential V , given as[
|V ′|
V

]
∞
>

2a

3MPl
∼ O(1) , (2.12)

where the left hand-side denotes the averaged value of V over asymptotically large field

regimes. Plugging in (2.10), we find that for the original version of the TCC to be valid,

we get

[
√
εV ]∞ >

[
1√
2εH

]
∞
, (2.13)

where we assume the usual definition for εV . In other words, we rule out all quasi-dS spaces

if we are to derive the exact original version of the TCC!

On the other hand, requiring the existence of the dS conjecture does not lead to such

dire consequences if one is happy to relax the TCC a bit. For instance, if we now choose

a to be such that the O(1) number on the right hand side of (2.12) is the same as in [14],

then we find

N < 3 ln (MPl/H) , (2.14)

since a =
√

3/2 in this case, and we have
[√
εV
]
∞ >

√
2/3, as in [14]. Of course, as has

been shown in [55], this requires using the slow roll relation εH ∼ εV . This explicitly shows

that a bound on the slope of the potential, as given by the dS conjecture, enforces a bound

on the duration of inflation — just that, it is a milder one than the original TCC.

From another perspective, without using such slow-roll relations, one can explicitly find

such a refinement of the TCC coming from the scalar WGC, as has been shown in [60]. In

this case, one gets an estimate for the exponent of the SDC a from either the sWGC [42]:

2 (∂ϕm)2 > m2 , (2.15)

which implies a ∼
√

2/3 or from the strong version of the sWGC [63]:

2
(
V ′′′
)2 − V ′′V ′′′′ > (V ′′)2 , (2.16)

– 7 –
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which leads to a ∼ 1/3. Both these cases lead to refinement to the TCC due to O(1)

numbers [60], as was the case for using the dS bound above.

Finally, there has also been a recent study regarding chaos and complementarity for

dS spacetimes [65]. In its application to inflationary backgrounds, the authors find that

to have backreaction under control, a statement somewhat equivalent to the TCC can be

made but only with a refinement such that

N < ln(SdS) = 2 ln (MPl/H) , (2.17)

from considerations of the scrambling time for dS spacetime. Thus we find that assuming

the TCC leads one to the dS conjecture with a O(1) lower bound; however, when going in

the other direction, multiple stringy arguments suggest that one gets a refined version of

the TCC, in the sense of (1.1). From the perspective of putting an upper bound on the

duration of inflation, or the lifetime of a metastable dS state, this is not a big difference at

all.2 However, if one were to take the requirement of not letting a quantum mode which

was O(`Pl) not cross the Hubble horizon very seriously, then our arguments show that such

a condition is very difficult to achieve from quantum gravity arguments. In fact, this gives

us some hints that the Hubble horizon is probably not that special, a sentiment which we

shall establish more rigorously in the rest of the paper.

3 Decoherence of TP modes

Since there does not seem to be any compelling argument for restricting TP modes from

crossing the Hubble radius, it is now pertinent to question the premise that any consistent

EFT should not allow TP modes from turning classical. In order to critically examine this

claim, let us take the following approach — we want to show that a TP mode can turn

classical even without crossing the Hubble horizon. If such a claim can be established,

then there should be no fundamental argument against refining the TCC with some O(1)

number, as has been done for all the other swampland conjectures in the past.

Therefore, we will explore (some of the) possible mechanisms through which a sub-

horizon mode can decohere, even when they could have originated from TP scales. Behind

the assertion of the TCC that: Sub-Planckian quantum fluctuations should remain quan-

tum [15], lies the assumption that a particular mode will decohere only once it crosses

the Hubble horizon. This criteria is more or less accepted, since the phase space region

corresponding to a certain mode (that crossed the Hubble horizon during inflation) gets

squeezed, rendering some resemblance to a classical distribution. However, that does not

necessarily check the boxes for other criteria, and in fact, one can even get away with not

defining an environment or any interaction with it, which is why it is sometimes referred to

as ‘decoherence without decoherence’ [66]. For these reasons, at first sight it might seem

enough to prevent the classicalization of TP modes by keeping them hidden within the

Hubble radius, as stated in the TCC.

2Naturally, it goes without saying that if the TCC is refined by an O(1) number, so would the upper

limit on the lifetime of metastable dS be, following the arguments of [14].
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However, we would like to argue that in spite of keeping such modes smaller than

the Hubble horizon during inflationary expansion (and consequently thereafter), there are

a plethora of mechanisms through which the said modes can classicalize. In fact, even

without inflation TP modes can be present today at observable scales as a consequence

of the expanding Universe. To get an intuitive understanding of the situation, we will

present a few concrete examples of how much a TP mode is stretched, and how in every

case classical physics is dominant, showing from this standpoint that TP modes come as a

part and parcel of an expanding Universe.

3.1 Expansion of TP modes

In this subsection we will explore some simple albeit meaningful examples to get a grasp

of the length scales we are dealing with when tracking the expansion of TP modes. We

will look at examples at three different energy scales. In each case, at the start of the

expansion from the initial energy scale, we will examine a mode that has wavelength just

larger than `Pl, in spirit of what we are calling a TP mode, based on our discussion in

the Introduction. For the considerations here, it does not really matter if the wavelength

was somewhat smaller or bigger than `Pl, but to stay clear of the issues discussed in the

Introduction of whether a field decomposition makes sense for length scales less than `Pl, we

will treat the wavelength just bigger than `Pl and continue to call that the TP mode. What

we will do is for each of three energy scales considered below, we will examine a mode that

has wavelength just bigger than `Pl and follow its expansion history to determine what

its wavelength is today. In all three cases we will see that these initial TP modes have

redshifted to present day lengths that are easily within the realm of classical observable

physics, even macroscopic physics. To do this, we consider a physical wavelength of a mode

and see how it changes from its initial stage I, which will be one of the energy scales we

consider, to its final stage 0 which is the present day.

For the first example, we consider a hypothetical case where there was no inflation at

all. The Universe starts at energy scale TI ∼ MPl, and it simply undergoes standard big

bang cosmology evolution up to today. Clearly such an expansion history is not sufficient

to solve the cosmological puzzles, but for the sake of argument, let us just see how large

can a mode that starts as TP at I expands to today. This would be given by

λ0 = λI

(
a0

aI

)
= λI

TI
T0

g∗(TI)
1/3

g∗(T0)1/3
, (3.1)

where g∗ is the number of degrees of freedom. Hereafter, we neglect the ratio between the

number of degrees of freedom as it only introduces a small correction. Thus, the current

wavelength of these modes is given by λ0 = λITI/T0, where T0 ∼ 10−31MPl. For TP

modes λI ∼ `Pl, it leads to λ0 . 1031`Pl ∼ 10−4 m. This means that in this scenario a TP

mode would have been stretched to a length roughly the size of a (large) bacteria. Perhaps

more importantly, these scales are typical of the thermal radiation emitted by objects at

room temperature. The fact that a TP mode can redshift to lengths typical of (classical)

electromagnetic radiation highlights our point. Even if one excluded any consideration of

inflation whatsoever, a mode that was TP at the earliest stage of the Universe will expand,
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just by standard big bang evolution, to a length scale today in the realm occupied by

classical physics. We will show in the next subsection dynamical mechanisms that can

render such modes to be classical, but even without these specifics it seems very plausible

just from these length scale considerations that modes expanding to these scales today

would somehow have become classical. In a similar fashion to the TCC one could censor a

portion of the spectrum as a way to deal with this. However, the futility of such approach

is clear for the case at hand.

For the next example, we consider the case of a standard inflation, which lasts for 60

e-folds and is followed by a reheating phase with a temperature Tr ∼MGUT. Then,

λ0 = λI e
Ne+Nr

Tr
T0

g∗(Tr)
1/3

g∗(T0)1/3
, (3.2)

where the subindex r denotes values at the reheating phase and I stands for the beginning

of inflation. Similar to the previous case, we neglect the ratio of the numbers of degrees

of freedom, while also ignoring the amount of expansion during reheating. Thus, λ0 ∼
λIe

60Tr/T0 ∼ 1057λI , such that for TP modes λ0 ∼ 1022 m ∼ 5×1010 AU, i.e., roughly the

size of the largest galaxies! Of course this comes as no surprise, since, crudely speaking,

this is the TP problem/window, in the sense that large scales can be traced back to trans-

Planckian fluctuations at the beginning of inflation. As an aside, notice that if we once

again ignored inflation and just looked at how large a TP mode at the start of the GUT

scale redshifts to today under just big bang expansion, it also leads to a fairly large length

scale today, λ0 ∼ 10−6 m. This is a scale larger than the size of proteins, ribosome and the

size of some bacteria (E-coli). Once again, classical processes are ubiquitous at this scale,

including some portion of the visible spectrum.

Finally, we examine the inflationary scenario constrained by TCC in [15]. In that case,

the energy scale V 1/4 ∼ Tr . 10−10MPl, with an amount of expansion during inflation of

Ne & 44.4 e-folds (larger amounts of inflation correspond to smaller energy scales). Then,

the present day length of modes which were TP at the start of this inflation, would be

λ0 ∼ 1040 `Pl ∼ 105 m. This is just one order of magnitude less than the typical radius of

a planet. Also, antennas can generate waves at these wavelengths for military purposes.

Furthermore, notice that this is a cautious prediction, since we have considered the largest

scale allowed by TCC (smaller energies lead to more inflationary expansion) and we have

neglected the expansion during reheating. This low energy inflation was constructed by [15]

to prevent classicalization of TP modes, but as this simple length scale argument shows,

TP modes at the start of this inflation would today be at planetary scales, and that alone

makes it hard to imagine how they would not have become classical by now. Nevertheless,

if one wished to entertain that possibility, the next subsection outlines various mechanisms

that could decohere such modes and make them classical.

3.2 A mechanism for sub-horizon decoherence for TP modes

So far, we have just looked at length scales and made the point that TP modes would have

stretched to macroscopic scales, even when the TCC is accounted for. One could still argue

that this does not necessarily imply a classicalization of those modes. However, there are
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many subhorizon processes that could turn such modes classical. Some examples are as

follows. Mechanisms involving considerable particle production at a given mode may be

invoked. The most well-known example in cosmology is (p)reheating [67, 68]. Such a dy-

namics is pictured to occur at the end of cold inflation as a means to turn the supercooled

universe after inflation into one in a thermal state at high temperature in a radiation dom-

inated regime. During (p)reheating the scalar field driving inflation (inflaton) decays into

other particle species which then thermalize via collisions. Arguably, a thermal distribu-

tion is the example par excellence of classicality. Also, it has been established that particle

production by itself can be a decoherence factor [69]. There, it was shown that the physical

vacuum decoheres only if the expansion leads to particle creation, with a direct relationship

between the suppression of interference and the number of created particles. Furthermore,

and more relevant to our case, particle creation due to parametric resonance during preheat-

ing can also be an effective mechanism for decoherence, as discussed in [70, 71]. This sort

of (p)reheating process need not follow after an inflationary phase. Similar dynamics might

also ensue during some phase transition in the early universe. For our proposes here, the

point is it demonstrates an explicit mechanism that classicalizes subhorizon modes of a field.

Taking inspiration from the well-known treatment of reheating as given in [67], we

will show that it is possible to have efficient particle production for modes that were once

TP. We will work with a light scalar field χ and show that modes of it that were once

TP can become classical at subhorizon scales during a (p)reheating process. For this, we

also need a second (spectator) scalar field φ, that starts oscillating around the minimum

of its potential. As a demonstrative example, we will consider the Electroweak scale. The

potential has the form

V (φ) =
λ

4
(φ2 − σ2)2 , (3.3)

where σ is the expectation value of the field. For asymptotically large times, the oscillations

take the form

φ(t) = Φ(t) sin(mt), Φ(t) =
MPl√
3πmt

, (3.4)

where m is the mass of the φ scalar field. Furthermore, we assume φ to be coupled to the

light scalar field χ through the interaction Lagrangian LI ∼ −g2φ2χ2/2. The χ field is

expanded in modes as

χ̂(x, t) =
1

(2π)3/2

∫
d3k

(
χ∗k(t) âk e

ik·x + χk(t) â
†
k e
−ik·x

)
, (3.5)

where k denotes the physical momentum. Then, we will interpret the growth of these

modes as particles being created at that momentum. This will happen as long as the

amplitude of the oscillations of φ decay faster than shown in (3.4). Moreover, if linearity

holds, then each mode is decoupled and satisfies the equation of motion

χ̈k + (k2 +m2
χ + g2Φ2 sin2(mt))χk = 0 . (3.6)

Changing the variable to z = mt renders the so-called Mathieau equation:

χ′′k + (Ak − 2q cos(2z))χk = 0 , (3.7)
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where the constants are given by

Ak =
k2 +m2

χ

m2
+ 2q, q =

g2Φ2

4m2
. (3.8)

The Mathieau equation shows unstable regions that lead to the exponential growth of the

occupation number of the modes, which increase as eqz. There are two alternatives in this

regard. First, for q � 1, particle production occurs in a narrow band about k = m. At

the opposite end, q � 1 leads to particle production for a wide range of wavelengths. This

is known as parametric resonance.

Other conditions need to be satisfied in order to have particle production; in particular,

the adiabaticity condition must be violated, which happens when ω̇k > ω2
k, with

ω2
k = k2 +m2

χ + g2Φ(t)2 sin2(mt) . (3.9)

Hence, particle production takes place for modes satisfying

k2 ≤ 2

3
√

3
gmΦ−m2

χ . (3.10)

This expression is easily generalized to include the Hubble expansion, which renders

p2 ≡ k2

a2
≤ 2

3
√

3
gmΦ−m2

χ , (3.11)

where p and k denote the physical and comoving momenta, respectively. One gets access

to a broader range of momenta when the background field is roughly

φ(t) = φ∗ ≈
1

2

√
mΦ

g
≈ 1

3
Φq−1/4 , (3.12)

which corresponds to a momentum of

p∗ ∼
√
gmΦ =

√
2mq1/4 . (3.13)

Then, one can estimate that particle production in this regime takes place on a timescale

of order ∆t∗ ∼ p−1
∗ , roughly the period of one oscillation of χ, in agreement with the

uncertainty principle. The process will be efficient if

qm & Γ , q2m & H , (3.14)

where Γ is the decay rate of the field. Using now the electroweak energy scale, HEW '
4.46 × 10−33MPl, and we will assume that m ' 5 × 10−17MPl, i.e., the Higgs mass. This

is a sensible assumption since one expects the mass of the particles to be of the order of

the temperature at that stage, TEW ∼ 10−16MPl. Then, the inequalities above can be

easily satisfied for any q > 1 (and even smaller), which is precisely the regime favoured for

parametric resonance. The specific value of q is not particularly important for our purposes,

since for a wide range q1/4 ∼ O(1 − 10), rendering p∗ ∼ 10−16MPl. Finally, notice that
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p−1
∗ � H−1

EW, which signals how the particle production rate is faster than cosmological

expansion as a consequence of (3.14). Thus, decoherence will occur during a Hubble time.

Next, we need to check if TP modes of the χ field can stretch to the scale we just

found. We will consider the more restrictive case, which is that imposed by TCC in the

model of [15]. As mentioned in the previous section and found in [15], Ne ' 44 e-folds and

Tr ∼ 10−10MPl, which implies that by the time of the EW phase transition the TP modes

would stretch to pTP & 10−33MPl. Clearly, p∗ lies in that range, so a TP mode becomes

classical due to particle production.

A few comments are in order. First, we have chosen the EW scale and the value of the

Higgs mass just for the sake of concreteness. No explicit association is being made here with

the Standard Model. However EW is one scale where due to the experimental discovery

of the Higgs particle, it is highly suggestive that a phase transition did occur in the early

universe. This makes the case for classicalization of modes during the EW transition less

hypothetical. Nevertheless, for our example neither φ nor χ are assumed to be coupled to

any of the SM particles. In this sense, χ would be mimicking a dark matter field, resembling

scenarios explored elsewhere [72–75]. Of course similar arguments could be applied to the

actual EW phase transition, where particle production can follow from processes like baryo-

genesis or even from the gravitational wave environment resulting from bubble nucleation.

Although the example above was for (p)reheating, there are other dynamical processes

in such a phase transition that could also render a mode to become classical. For example,

dissipative dynamics similar to that found in warm inflation. In [76], warm inflation type

dissipative dynamics was applied to phase transitions. It was shown that such a process

could delay spontaneous symmetry breaking during the standard cosmological history and

induce late periods of warm inflation, which would further enhance the decoherence effect

on field modes, some of which may have been TP modes in the past.

So far we have focused on a specific mechanism for decoherence inside the horizon, but

clearly it is not the only one. In a general sense, one needs a system interacting with an

environment in order to achieve decoherence, regardless of any length scales considerations.

In [77], it was shown how non-linearities in a quantum theory can lead to classical distribu-

tions. There, the quantum fluctuations of the field as well as of the ones it interacts with act

as the environment. The same principle may be applied to other scenarios. For instance,

classicality of a field configuration can arise following a phase transition [78, 79], where

the decoherence mechanism again involves the interaction of long-wavelength modes of the

order parameter with an environment consisting of higher energy modes of the field itself

as well as others. As a consequence, topological defects like domain walls and vortices are

formed. Another example of decoherence inside the Hubble radius was given in [80], where

the environment was considered to be a thermal bath of photons. They found that the

decoherence rate depends strongly on the coupling to the environment. Hence, decoherence

is a consequence of dissipative processes. We will get a sense of this in a different setup in

the next section. Finally, another interesting example discussed in the literature is that of

decoherence induced by a thermal graviton ensemble [81], which can also have consequences

throughout the entire cosmological history due to potential effects for vacuum decay rates.
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As an aside, note that this analysis also has relevance for recent work looking for

signatures of quantum nature which would allow to discriminate between warm and cold

inflation in observations. The search for such signatures has been done by looking at vio-

lations of Bell’s inequalities [82] or specific fingerprints in non-Gaussianities [83]. However,

one should notice that it is plausible that none of these scenarios leave purely quantum

or classical signatures. Case in point, as argued above, the reheating phase that follows

cold inflation can classicalize modes inside the horizon and probably others that re-enter

it during the process. Then, not only quantum signatures should be expected from cold

inflation, and any endeavour to look for such signatures should account for that fact. A

similar argument can be applied for warm inflation. Clearly, in that case the thermal spec-

trum is dominant, but a quantum contribution can also be accommodated. Furthermore,

if the duration of inflation is to be restricted by TCC, then it is natural to expect some

enhancement to the quantum bit of the spectrum originated by the excited initial state.3

In the next section we will show that this is in fact the case, while also providing another

example of the interplay between quantum and classical perturbations.

4 Quantum contribution to the primordial power spectrum in warm in-

flation

In this section we examine a different role played by TP modes in cosmology. It is un-

derstood that warm inflation can accommodate both a quantum as well as a thermal

contribution to the primordial power spectrum. Observables are mostly dependent on the

dominant thermal term, but in some regimes of low dissipation, remnants of the quantum

contribution could manifest themselves. To understand to what degree TP modes affect

warm inflation, the regimes where quantum modes play a role need to be identified.

Since we have shown that there is no pressing need to banish TP modes from crossing

the horizon, one can ask what are the remaining takeaways from the TCC? As shown earlier,

it seems that even if the TCC gets refined, there would still be some reasonable constraint

on the amount of inflation allowed. In fact, this also comes out as a common finding of the

swampland conjectures in general that any phase of accelerated expansion must be short-

lived. Nevertheless, numerically our refined TCC implies it could still allow for enough e-

folds of inflation, even at high energy scales, to solve the cosmological puzzles, which is the

foremost accomplishment of inflation. However, given this restriction on the lifetime of dS

states, it is pertinent to point out that one of the most significant consequence of this would

lie in modifying the initial state of perturbations from the BD vacuum.4 In this section,

we will outline the computation of a special case where the quantum contribution to the

spectrum has excited states for quantum fluctuations. As mentioned in the Introduction,

such states arise generically from different considerations of pre-inflationary dynamics such

3Even in the case of cold inflation, such excited quantum states can also produce similar effects in the

expression for the bispectrum (in the folded limit) [84, 85], as the ones expected from a classical distribution

of perturbations [83], thus making such a distinction far more murky than typically presumed.
4In the context of cold inflation, another consequence of the swampland is the preference of hilltop-type

models [86].
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as due to multi-field dynamics [87], cosmological phase transitions [88], tunnelling from

a false vacuum state [89], anisptropic expansion [90], some non-attractor phase [91] or

more generally, due to some UV physics [92, 93]. The phenomenological implications for

considering such states is well known in the context of cold inflation [84, 85, 94–100]. In fact,

in the wake of the original TP problem, there were several suggestions pointing to the fact

that signatures of TP physics would manifest themselves in the initial state of inflation in

their deviation from the BD vacuum [101–104]. However, in the context of warm inflation,

such states have largely remained unexplored. Firstly, we note that the appearance of such

states would be rather natural given some version of the TCC restricting the duration of

inflation to not be very large. It is then rather pertinent to consider such states also from

the perspective of model-building in warm inflation (since it has eased phenomenological

considerations for cold inflation, given the TCC [105]). More importantly, à priori, one does

not know if the quantum and thermal parts of the spectrum would mix with each other in

a nontrivial way. In this section, we show that the quantum contribution can indeed be

enhanced significantly due to a NBD state while keeping the thermal part unaltered.

For this, we will take a stochastic approach as introduced by Starobinsky for the

standard inflationary scenario [106, 107], but applied here in the context of warm inflation,

building upon the work by Ramos and da Silva [108]. In this program, one separates the

perturbation modes into a macroscopic (classical) and a microscopic (quantum) part. As

discussed in previous sections, the standard way to split both realms is to compare the

scale of interest to the horizon. Then, one can use a suitable window function (see below)

which filters the quantum or the classical modes and which includes some parametrization

of our ignorance about where exactly the quantum (or the classical) domain begins. In the

end, one expects that the results are independent of this parameter. In this sense, in this

approach decoherence is imposed (or parametrized) by hand.

First, let us consider the Langevin-type equation of motion of warm inflation for the

full inflaton field, [
∂2

∂t2
+ 3H(1 +Q)

∂

∂t
− ∇

2

a2

]
Φ +

∂V (Φ)

∂Φ
= ξT , (4.1)

where Q ≡ Υ/(3H) is the dissipative ratio, V (Φ) denotes a renormalised effective potential

and ξT is the noise term which satisfies the fluctuation-dissipation relation〈
ξT (x, t)ξT (x’, t′)

〉
= 2ΥTa−3δ(x− x’)δ(t− t′) . (4.2)

Next, we decompose the field into a “short” and “long” wavelength part, such that

Φ(x, t) −→ Φ>(x, t) + Φ<(x, t) . (4.3)

Subsequently, we identify the quantum modes with the short wavelength part, and the

classical part with the long ones. In this way, one can find the quantum bit through a

window function such that

Φ<(x, t) ≡ φq(x, t) =

∫
d3k

(2π)3/2
W (k, t)

[
φk(t)e−ik·xâk + φ∗k(t)eik·xâ†k

]
, (4.4)
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where W (k, t) is the window filter function, which in its most trivial form can be written as

W (k, t) = θ(k − µaH) , (4.5)

with 0 < µ� 1. This splitting considers every ‘long’ wavelength mode to be superhorizon,

whereas some of the ‘short’ modes are also superhorizon, but most of them are inside the

horizon. The long wavelength modes can be further split into a background contribution,

and perturbations on top of it, as

Φ>(x, t) −→ φ(t) + δϕ(x, t) , (4.6)

where φ(t) is the background field and δϕ(x, t) represents the classical field perturbation,

whose strochastic properties are those that give rise to observable quantities.

Expanding (4.1) around Φ(x, t) = φ(t), with δφ = δϕ+ φq, yields

∂2φ

∂t2
+ 3H(1 +Q)

∂φ

∂t
+ V,φ +

[
∂2

∂t2
+ 3H(1 +Q)

{
∂

∂t
+H(θ − ε+ η)

}
− ∇

2

a2

]
δφ

= ξT , (4.7)

where the slow-roll parameters are ε = −d lnH/dN , η = −d lnV,φ/dN and θ = d ln(1 +

Q)/dN . We identify the background evolution equation as the first line of the l.h.s., and

recover the quantum and classical variables for the field fluctuations, rendering[
∂2

∂t2
+ 3H(1 +Q)

{
∂

∂t
+H(θ − ε+ η)

}
− ∇

2

a2

]
δϕ = ξq + ξT , (4.8)

where the quantum noise is given by

ξq = −
[
∂2

∂t2
+ 3H(1 +Q)

{
∂

∂t
+H(θ − ε+ η)

}
− ∇

2

a2

]
φq . (4.9)

Let us now go to Fourier space while noticing that, for a de Sitter universe, the con-

formal time parameter is given by τ = −1/(aH). For the Fourier modes, the equation for

the classical perturbation follows

δϕ′′(k, τ)− 1

τ
(2 + 3Q)δϕ′(k, τ) +

[
k2 +

3

τ2
(1 +Q)(θ − ε+ η)

]
δϕ(k, τ)

=
1

H2τ2
[ξT (k, τ) + ξq(k, τ)] , (4.10)

where primes denote derivatives w.r.t. τ . Evidently, the quantum noise (4.9) is now given by

ξq(k, τ) = −H2τ2

[
∂2

∂τ2
− 2 + 3Q

τ

∂

∂τ
+

{
k2 +

3

τ2
(1 +Q)(θ − ε+ η)

}]
φ̂q(k, τ) , (4.11)

where one can easily see from (4.4) that

φ̂q(k, z) = W (k, τ)
[
φk(τ)â−k + φ∗k(τ)â†k

]
. (4.12)
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As we shall see later on, it will prove useful to express these equations in terms of the

dimensionless parameter z ≡ k/(aH), which in the case of the quantum noise renders

ξq(k, z) = −H2z2

[
∂2

∂z2
− 2 + 3Q

z

∂

∂z
+

{
1 +

3

z2
(1 +Q)(θ − ε+ η)

}]
φ̂q(k, z) . (4.13)

Plugging (4.12) into (4.11), the quantum noise can be written as

ξq(k, τ) = −H2τ2

{[
W ′′(k, τ)− 2 + 3Q

τ
W ′(k, τ)

]
φk(τ) + 2W ′φ′k(τ)

+ W (k, τ)

[
φ′′k(τ)− 2 + 3Q

τ
φ′k(τ) +

{
k2 +

3

τ2
(1 +Q)(θ − ε+ η)

}
φk(τ)

]}
â−k

+ h.c. (4.14)

From the Fourier decomposition of the full field and its equation of motion (4.1), the ex-

pression inside the brackets in the second line of the equation above vanishes, yielding

solutions of the form

φk(τ) = τν [C1(k)Jα(kτ) + C2(k)Yα(kτ)] , (4.15)

where Jα and Yα are the Bessel functions of the first and second kind respectively, and

ν =
3(1 +Q)

2
, α =

[
ν2 − 3(1 +Q)(θ − ε+ η)

]1/2
. (4.16)

Consequently, the quantum noise reduces to

ξq(k, τ) = −H2τ2fk(τ)â−k + h.c. , (4.17)

where

fk(τ) =

[
W ′′(k, τ)− 2 + 3Q

τ
W ′(k, τ)

]
φk(τ) + 2W ′φ′k(τ) . (4.18)

Finally, the correlation for the quantum noise is conveniently written like〈
ξq(k, τ)ξq(k

′, τ ′)
〉

=
(
ττ ′
)2
H4
[
fk(τ)f∗k′

(
τ ′
) 〈
â−kâ

†
k′

〉
+ f∗k(τ)fk′

(
τ ′
) 〈
â†k′ â−k

〉]
= (2π)3δ

(
k + k′

) (
ττ ′
)2
H4[2n(k) + 1] Re

[
fk(τ)f∗k′

(
τ ′
)]
, (4.19)

where n(k) denotes the statistical distribution of the modes. In particular, one could take

the Bose Einstein distribution, such that

n(k) =

[
exp

[
k

aT

]
− 1

]−1

. (4.20)

4.1 Stochastic properties

Observables are related to the emergent stochastic properties of the field perturbation.

Specifically, one needs to compute the power spectrum

Pδϕ =
k3

2π2

∫
d3k′

(2π)3

〈
δϕ(k, τ)δϕ(k′, τ)

〉
. (4.21)
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As advertised before, it is convenient to work with the dimensionless parameter z = k/(aH).

In doing so, (4.10) becomes

δϕ′′(k, z)− 1

z
(2 + 3Q)δϕ′(k, z) +

[
1 +

3

z2
(1 +Q)(θ − ε+ η)

]
δϕ(k, z)

=
1

H2z2
[ξT (k, z) + ξq(k, z)] , (4.22)

where the primes now denote derivatives w.r.t. z. Then, the correlation of the classical

perturbation is given by〈
δϕ(k, z)δϕ(k′, z)

〉
(4.23)

=
1

H4

∫ ∞
z

dz2

∫ ∞
z

dz1G (z, z1)G (z, z2)
(z1)1−2ν

z2
1

(z2)1−2ν

z2
2

〈
ξq (k, z1) ξq

(
k′, z2

)〉
+

1

H4

∫ ∞
z

dz2

∫ ∞
z

dz1G (z, z1)G (z, z2)
(z1)1−2ν

z2
1

(z2)1−2ν

z2
2

〈
ξT (k, z1) ξT

(
k′, z2

)〉
,

where we have expressed the solution of (4.22) as

δϕ(k, z) =

∫ ∞
z

dz′G(z, z′)
(z′)1−2ν

z′2H2

[
ξq(z

′) + ξT (z′)
]
, (4.24)

with its Green’s function written as

G(z, z′) =
π

2
zνz′ν

[
Jα(z)Yα(z′)− Jα(z′)Yα(z)

]
. (4.25)

Observable quantities are related to the comoving curvature perturbation, which in

warm inflation receives contributions from the radiation bath and the scalar field, such that

R = − H

ρ+ p
[Ψφ + Ψr] , (4.26)

where Ψα denotes the momentum perturbation (in the spatially-flat gauge) of each species.

Numerical [109] and analytical [110] studies show that R can be well-approximated by

R =
H

φ̇
δϕ, (4.27)

similarly to the cold inflation case. Consequently, the power spectrum is given by

∆2
R =

(
H

φ̇

)2

Pδϕ, (4.28)

where the last term includes the quantum and thermal contributions shown in (4.23).

From now on we will focus on the quantum bit of (4.23), specifically focusing on

NBD states. We refer the interested reader to [108] for the computation of the thermal

part of the spectrum as well as the quantum one using a BD initial state. In our case

the thermal contribution to the spectrum remains the same as that computed in that

reference. Conversely, [111] shows the computation of the thermal contribution in the
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strong dissipative regime by imposing initial conditions at finite past. Since this part of

the spectrum is assumed to be purely classical, we consider that the effects of NBD states

should only be accounted for in the quantum part of primordial spectrum.

To get back to the point, notice that when working with the variable z, the quantum

noise term may be written in a similar fashion as in (4.14). Case in point,

ξq(k, z) = −H2z2fk(z)â−k + h.c. , (4.29)

where5

fk(z) =

[
∂2W (k, z)

∂z2
− 2 + 3Q

z

∂W (k, z)

∂z

]
φk(z) + 2

∂W (k, z)

∂z

∂φk(z)

∂z
(4.30)

and the Fourier component of the field can be expressed as

φk(z) = −i
√
πzνH

2
√
k3

[
αkH

(1)
α (z)− βkH(2)

α (z)
]
, (4.31)

with H
(1)
α and H

(2)
α denoting the Hankel functions of the first and second kind, respectively.

In the limit βk → 0, the function corresponds to the BD states. On the contrary, a non-

negligible value of βk describes a Bogolyubov rotation of the BD vacuum corresponding to

an excited state, i.e., the NBD vacuum. We shall focus on this case.

The quantum contribution to the power spectrum of the (classical) field perturbation

is given by

P qu
δϕ =

k3

2π2
|Fk(z)|2[2n(k) + 1] , (4.32)

where

Fk =

∫ ∞
z

dz′G(z, z′)(z′)1−2νfk(z
′) . (4.33)

Then, our task is reduced to computing Fk, since it will easily lead to the quantum con-

tribution to the power spectrum by means of (4.32). For this, plug (4.25) and (4.30)

into (4.33), which renders

Fk =

∫ ∞
z

dz′
[π

2
zν(z′)ν

(
Jν(z)Yν(z′)− Jν(z′)Yν(z)

)]
(z′)1−2ν (4.34)

×
{[

∂2W (z′ − µ)

∂(z′)2
− 2 + 3Q

z′
∂W (z′ − µ)

∂z′

]
φk(z

′) + 2
∂W (z′ − µ)

∂z′
∂φk(z

′)

∂z′

}
.

The integral can be performed by using the properties of the Heaviside step function,

yielding

Fk = − ∂

∂z′
[
G(z, z′)(z′)1−2νφk(z

′)
]∣∣∣∣
z′=µ

+

[
2
∂φk(z

′)

∂z′
− 2 + 3Q

z′
φk(z

′)

]∣∣∣∣
z′=µ

, (4.35)

where the first term on the r.h.s. comes from the second derivative of the window function

and the last term comes from the first derivative, resulting in a Dirac delta.

5Notice that the definitions in (4.18) and (4.30) are different.
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Next, we take the slow-roll approximation at zeroth order, such that ν ' α, to then

use the following property of the Hankel and Bessel functions (generically denoted as Zα),

dZα(z)

dz
= Zα−1(z)− α

z
Zα(z) . (4.36)

Hence, from (4.25) and the NBD state (4.31) we get

∂G(z, z′)

∂z′
=
π

2
zν(z′)ν

[
Jν(z)Yν−1(z′)− Jν−1(z′)Yα(z)

]
+O(ν − α) , (4.37)

dφk(z)

dz
= −i

√
πzνH

2
√
k3

[
αkH

(1)
ν−1(z)− βkH

(2)
ν−1(z)

]
+O(ν − α) . (4.38)

Then, taking the derivatives in (4.35) and replacing the expressions above, we arrive to the

simple formula

Fk(z) = −iπ
3/2zνH

4k3/2

{
µ
[
αkH

(1)
ν−1(µ)− βkH

(2)
ν−1(µ)

]
[Jν(z)Yν(µ)− Jν(µ)Yν(z)] (4.39)

−µ
[
αkH

(1)
ν (µ)− βkH(2)

ν (µ)
]

[Jν(z)Yν−1(µ)− Jν−1(µ)Yν(z)]
}
.

Expanding around µ = 0 simplifies considerably this expression, yielding

Fk(z) ' −iπ
3/2zνH

4k3/2

(
− 2

π

)[
αkH

(1)
ν (z)− βkH(2)

ν (z) +O(µ2ν)
]
. (4.40)

Furthermore, working at order O(Q), such that ν = 3/2 and noticing that for small z

H
(1)
3/2(z) ' −

√
2

πz
eiz
[
1 +

i

z

]
, (4.41)

H
(2)
3/2(z) ' −

√
2

πz
e−iz

[
1− i

z

]
, (4.42)

gives the usual non-BD expression for cold inflation, i.e.,

Fk(z) ' −iH√
2k3

[
αk(z + i)eiz − βk(z − i)e−iz

]
. (4.43)

This is usually written in terms of the conformal time, such that

Fk(τ) ' H√
2k3

[
αk(1 + ikτ)e−ikτ + βk(1− ikτ)eikτ

]
, (4.44)

with |αk|2 − |βk|2 = 1.

If a vacuum mode k contains Nk particles, and the relative phase between the coeffi-

cients is θk, then we can write

αk =
√

1 +Nk e
iθk , βk =

√
Nk . (4.45)

In the limit τ → 0, we have that

|Fk(τ)|2 ' H2

2k3
|αk + βk|2 =

H2

2k3

[
1 + 2Nk + 2

√
Nk(Nk + 1) cos θk

]
, (4.46)
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so that the quantum contribution to the power spectrum of the field perturbation is

P qu
δϕ '

H2

4π2

[
1 + 2Nk + 2

√
Nk(Nk + 1) cos θk

]
[1 + 2n(k)] . (4.47)

As a consequence, the quantum bit of the warm inflation primordial spectrum can be

doubly enhanced. On one side, there is a thermal enhancement coming from the statistical

distribution of the modes, which may be seen as a thermal influence on the quantum

modes. On the other hand, we have found that excited initial states manifest through

another enhancement factor similar to that in cold inflation, and it should be considered a

purely quantum effect.

Notice that this analysis at order O(Q) already shows the physics of NBD states in a

warm inflationary setup. However, one could consider higher order terms in Q in (4.40),

which would show some non-trivial relation between dissipation and the quantum part of

the spectrum. This would be a dynamical effect that would need to be studied in more

detail elsewhere.

4.2 Another (possible) example of subhorizon decoherence

As mentioned above, the parameter region defined by 0 < µ � 1 implies that all the

classical modes are larger than the horizon as well as some of the quantum modes (at least

for the window function (4.5)). However, in the same spirit as the rest of this work, we ask

ourselves the consequences of working with µ � 1, which would model a scenario where

every quantum mode is subhorizon as well as some portion of the classical modes, i.e.,

decoherence inside the horizon.

Fortunately, the analysis is rather similar to the previous section, where for the con-

venience of the reader we re-write (4.35),

Fk(z) = −iπ
3/2zνH

4k3/2

{
µ
[
αkH

(1)
ν−1(µ)− βkH

(2)
ν−1(µ)

]
[Jν(z)Yν(µ)− Jν(µ)Yν(z)] (4.48)

−µ
[
αkH

(1)
ν (µ)− βkH(2)

ν (µ)
]

[Jν(z)Yν−1(µ)− Jν−1(µ)Yν(z)]
}
.

Approximating this for very large values of µ leads to a similar expression as before, i.e.,

Fk ' −i
π3/2zνH

4k3/2

(
− 2

π

)[
αkH

(1)
ν (z)− βkH(2)

ν (z)
] [

1 + µ−4f(Q)
]
, (4.49)

where

f(Q) = −3

8
Q− 15

32
Q2 +O(Q3). (4.50)

There are a few conclusions we can get from this. Firstly, at leading order, the power

spectrum is independent of the window parameter µ both for small and larger values of

µ. Differences emerge only at higher orders. Case in point, for µ � 1 the higher-order

terms vary as µ−4, and f(Q) in fact enhances this factor. One could argue that this is just

a consequence of a well-known fact, dissipation induces decoherence. A clear argument

in favour of this statement is that for cold inflation (or Q = 0) this term is completely

absent. Hence, because warm inflation has dissipation built in, it is another example of
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decoherence of subhorizon modes. In theory, modes well inside the horizon (larger values

of µ) could undergo classicalization so long as dissipation is strong enough.

On the other hand, consider the parameter region 0 < µ� 1, where higher-order terms

vary as µ3(1+Q) (eq. (4.40)), which could be interpreted as the lack of dissipation-induced

decoherence for superhorizon modes. Curiously, this suppression is enhanced by larger

values of Q. This means that as Q becomes more predominant so do classical processes,

which cannot have non-local effects, like the decoherence of superhorizon modes. These

are only some qualitative observations. Further consideration would require a dynamical

treatment looking at interactions between the classical and quantum processes.

5 Discussion

It has been recently argued that macroscopic physics should not arise from modes that were

TP at any point in the past. That underlies the TCC condition that no TP mode should

cross the Hubble horizon or, in other words, the decoherence time of TP modes should ef-

fectively be infinite. Therefore, it is assumed that even if TP modes can be generated, they

cannot become classical and thus observable. In this work we have demonstrated this not to

be the case. First, from string theory arguments and other swampland conditions, we have

shown that the TCC conditions can be relaxed somewhat, to the extent that allows some

TP modes to cross the horizon. This loosening of the TCC condition though not significant,

is still adequate to make meaningful differences in inflation model building. Moreover, a

second point argued here is that even if TP modes remain well inside the horizon, they can

still become classical due to interactions throughout the standard cosmological expansion.

Thus, the TP classicality condition is simply not consistent with an interacting quantum

field theory in an expanding Universe. To emphasize this point, we showed that even with-

out inflation, TP modes can be redshifted up to observable physics scales. Thus, Fourier

modes that were TP in the past might be ubiquitous nowadays, and their role is evident re-

gardless of horizon crossing nor from any role of inflation in the early history of the Universe.

Moreover, if TCC is to be understood as the lack of classicalization of TP modes, this

rationale should be applied in the same way for other alternatives like string gas cosmol-

ogy [112, 113], ekpyrotic scenario [114] and matter bounce cosmology [115]. Such scenarios

are supposed to be shielded against the TP problem (remaining insensitive to TCC) be-

cause cosmological length scales today cannot be traced back to the sub-Planckian realm.

However, as we have seen, if TP modes can be stretched enough to make them macroscopic

even in the absence of inflation, then the argument of them remaining quantum does not

hold. If the TCC is going to stand as a principle of not letting TP modes turn classical,

it seems that banishing accelerated expansion is not sufficient to realize such an objective.

In fact, if TP modes can become classical even without crossing the Hubble horizon, then

there must be a dynamical process that prevents TP modes from being generated at all. In

that sense, string gas and bouncing cosmologies recover their appeal, whereas for inflation

some other UV-complete theory must step in, like the production of black holes providing

a natural mechanism against the generation of TP modes to begin with.
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It should be emphasized that we are not arguing against the restriction on the dura-

tion of inflation due to some form of a relaxed TCC condition, as in fact, we have shown

how the dS conjecture can naturally lead to such constraints. Actually, a relatively short

inflationary period is not in tension with observations [116, 117], particularly with re-

spect to the low quadrapole momentum measured by the COBE [118], WMAP [119] and

Planck [120] missions. A standard inflationary scenario fails to explain this feature unless

one invokes cosmic variance, systematic errors or astrophysical phenomena, and even then,

it might not be enough to exhibit a lack of large-angle correlation [121]. In this sense, a

primordial cosmological account may be preferred. This idea has been further explored

in [122, 123] and more recently in [124, 125], where it is pointed out that a minimal dura-

tion together with the appropriate dynamics/setup at the beginning of inflation (usually a

radiation-dominated era) can yield to a suppressed power spectrum at low `. The existence

of short-lived meta-stable dS spaces and the bound on the duration of inflation from TCC

can also have other appealing theoretical features. Firstly, a short period of inflation (close

to the lower bound) can follow from anthropic considerations [126]. Moreover, they could

be considered as the embodiment of the solution to the graceful exit problem. In the early

days of inflation, it was thought that this process should end through quantum tunneling

to the minimum of the potential, but it was rather difficult to connect inflation with the

radiation dominated era. This was solved by introducing the concept of slow-roll inflation,

which ends for values of the field where the potential is too steep. This picture describes

inflation taking place on metastable regions (no minimum of the potential considered), in

accordance with the restrictions imposed by the swampland conjectures and TCC. Thus,

slow-roll and the mechanism to end inflation can be thought of as a natural consequence of

short-lived meta-stable dS spaces and the relaxed TCC conditions obtained in this paper.

Hence, small(er) inflationary periods seem to be more generic, which in turn implies

that one should consider NBD initial states, even more so for pre-inflation scenarios with

earlier radiation-dominated eras or for multi-stage inflationary scenarios (see [50, 127–134]

for such setups and similar in the context of TCC). This is common to every inflationary

scenario, regardless of the nature of perturbations. Therefore, one should take this into

account even in warm inflation, where thermal fluctuations are generally predominant, but

for exceptional cases there may be some mixture with quantum fluctuations. Considering

this, we have computed the quantum contribution to the power spectrum in warm inflation

for the case where there are excited initial states. As expected, at leading order one recovers

the same expression as for cold inflation times a generic enhancement term (for warm

inflation) coming from a potential statistical distribution of the modes. Further corrections

for non-negligible dissipation remain to be explored. Finally, this scenario proved to be

another laboratory for the idea of decoherence inside the horizon, which can be possible

due to dissipation, one of the key features of warm inflation.
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