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Abstract: This paper reviews the theoretical and phenomenological implications of the swampland

conjectures from the perspective of inflationary cosmology, focusing on warm inflation. We demon-

strate how the swampland conjectures appear to favor the strong dissipative regime, giving warm

inflation a competitive edge over standard inflation. Additionally, we ponder the possible deeper

implications of dissipation for constructing successful inflation models from string theory.
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1. Introduction

The study of inflation as an effective field theory (EFT) is essential in order to evaluate
its theoretical soundness and the robustness of its phenomenological predictions. That is a
challenging task, given the technical complications of dealing with quantum fields in curved
spacetimes, as well as additional complexities inherent to de Sitter spacetimes [1–3]. One
can tackle these problems from either a top-down approach or a bottom-up approach [4–6]
(see [7–10] for a new perspective). With the former method, one would begin with a UV-
complete theory of gravity and investigate the implications it has on infrared (IR) degrees
of freedom and the respective EFTs that describe their dynamic.

Arguably, the swampland program [11] serves as the prime example of such approaches
(see [12–14] for reviews). This program seeks to distinguish the low-energy EFTs that
are consistent with string theory, and thus belong to the landscape, from those that are
not and are consequently relegated to the swampland. In order to make this program
truly effective, it is essential to define the limits exclusively in terms of the parameters
and properties of the EFT rather than relying on the specifics of the quantum theory of
gravity [12]. Despite this difficulty, a number of conjectures have arisen regarding the
‘location’ of these boundaries, some of which have been tested through string theory
constructions or black hole physics. While there is still much uncertainty, these tests have
provided valuable insight into the connection between different conjectures, hinting at
underlying quantum gravity principles.

In this way, the swampland conjectures have been widely used as criteria to test the
consistency of Beyond the Standard Model theories with quantum gravity. As such, one of
the most thrilling applications of the swampland program is inflationary cosmology [15],
providing model builders with an invaluable set of guidelines to assess a model, in addition
to experimental data. Notice that if these conjectures prove to be true, this is nothing but a
manifestation of the mixing of UV and IR degrees of freedom through quantum gravity,
thereby highlighting the importance of having an appropriate EFT description of inflation
that (perhaps) we are yet to uncover.

As mentioned before, a number of swampland conjectures have been proposed over
the years, and most of these can be related in some form [13]. The three main cornerstones
of the swampland program are the no-global symmetries conjecture (NGC) [16], the weak
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gravity conjecture (WGC) [17], and the swampland distance conjecture (SDC) [18]. Broadly,
the NGC proposes that global symmetries cannot exist in quantum gravity; otherwise there
would be violations of entropy bounds for black holes, among other problems. The WGC
(in its magnetic version) postulates that in any theory coupled to gravity with a U(1)
symmetry and associated coupling g, the cutoff scale Λ of the EFT must be bounded as
Λ . gMPl, where MPl is the reduced Planck mass. Finally, the SDC states that the moduli
space of a theory is non-compact, meaning that two points can be infinitely separated,
a limit that also corresponds to weak couplings. Consequently, a global symmetry could, in
principle, be restored unless quantum gravity effects intervene, leading to a breakdown of
the EFT description. The cutoff of quantum gravity then depends on the field variations
∆φ (which define the distance in moduli space). As a result, only finite variations ∆φ are
allowed, and these depend on the cutoff Λ of the EFT.

The conjectures listed above form the basis of ongoing research in the field. However,
we shall focus on those that are more pertinent to inflation model building. We will demon-
strate how each of these constraints is typically in conflict with cold inflation (CI) [19–22],
and how warm inflation (WI) [23,24] can naturally circumvent these issues [25–28]. We will
pay closer attention to the trans-Planckian censorship conjecture (TCC), which apparently
treats—and burdens—WI and CI on equal footing [29,30]. Nevertheless, we will also show
evidence that seems to point at least towards a lighter version of TCC. Finally, we will
speculate about the potential (deep) role of dissipation in shielding WI or similar theories
from the swampland conjectures.

2. Swampland Burdens on Inflation

2.1. The Challenges of de Sitter States in an Inflationary Universe

Historically, the swampland program started with the so-called de Sitter
conjecture [18,31], which remains one of the most contentious conjectures. Indeed, the ap-
peal of inflation, and especially the discovery of a positive cosmological constant, demand
that the string theory landscape be populated by theories with de Sitter vacua; otherwise,
string theory would be unable to provide an adequate description of nature. However, it
became apparent early on that anti-de Sitter vacua were far more ubiquitous in string theory,
while dS solutions were notoriously difficult to obtain, giving rise to the longstanding
conjecture that they may be completely unattainable. Constructions such as KKLT [32] and
subsequent generalizations [33,34] looked to put these worries to rest, although they have
faced criticisms related to the validity of the approximations and their status as proper
solutions of string theory. On the other hand, it has been argued that slow-roll inflation is
out of the reach of the dS conjecture, which is only limited to dark energy, where it favors
quintessence models over a cosmological constant [35]. While the existence of dS vacua in
string theory remains an open question, we will take the dS conjecture at face value and
explore the viability of warm inflation in this context.

The de Sitter conjecture states that a scalar potential of an EFT weakly coupled to
gravity must satisfy [31]

|∇V| ≥ c

MPl
V , (1)

where the derivatives are with respect to the scalar fields, and c is an O(1) constant. This
was later refined in order to keep the Higgs potential outside of the swampland. For that,
the potential could also satisfy

min(∇i∇jV) ≤ − c′

M2
Pl

V , (2)

where c′ is another O(1) constant [36]. With these conditions, the dS conjecture disallows
flat potentials that resemble a positive cosmological constant, effectively ruling out dS
minima, though not other critical points.
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In consequence, potentials with a rather pronounced slope are favored by this conjec-
ture, as opposed to the roughly flat potentials required to achieve slow-roll (cold) inflation.
For example, consistency with the dS conjecture (Equation (1)) imposes

ǫV =
M2

Pl

2

(

V′

V

)2

≥ c2

2
. (3)

The slow-roll condition ǫV ≪ 1 would be in tension with the dS conjecture if we
insists on c ∼ O(1). To see this, notice that our current bounds on the tensor-to-scalar ratio,
together with the consistency relation r = 16ǫV , bound this parameter to c < 0.067 [12].
Similarly, one can check from Equation (2) that for single–field inflation, the slow-roll
condition |ηV | = M2

Pl|V′′/V| ≪ 1 is in clear opposition to the requirement that |ηV | ≥ c′.
This simple analysis already demonstrates the potential advantages of warm inflation from

a swampland perspective. Indeed, slow-roll warm inflation requires, among other relations,

ǫH = − Ḣ

H2
≈ ǫV

1 + Q
≪ 1 , δ = − φ̈

φ̇H
≪ 1 , θ = − Q̇

H(1 + Q)
≪ 1 (4)

where Q = Υ/(3H) quantifies the relative strength of the dissipative dynamics (param-
eterized by the dissipation term Υ in the inflaton evolution equation) compared to the

expansion of the universe [37]. 1 In addition to the possibility of having larger values of ǫV ,
as favored by Equation (3), the conditions above also imply that

|ǫ + δ + θ| ≃ M2
Pl

1 + Q

∣

∣

∣

∣

V′′

V

∣

∣

∣

∣

≪ 1 , (5)

which highlights that the constraint on the second derivative of the potential is also
Q–suppressed. Consequently, even if potentials are steep, the universe can still be inflated
provided that dissipation is strong enough. It is thus apparent that, from a model-building
perspective, having a strong dissipative dynamic is one of the best ways to embrace the dS
conjecture and benefit from inflation [26,28,38,39]. Such models would necessarily differ
from a perfect dS universe, thereby allowing them to elude the tightest constraints of such
spacetimes, such as those emanating from entropy bounds [40]. Moreover, it has been
demonstrated that even if the dS conjecture is a result of these bounds, warm inflation is
still in accordance with it, despite the presence of an additional entropy in the thermal
bath [41]. Additionally, this picture is in line with the expected behavior of dS spaces
coupled to interacting quantum fields, which break the de Sitter isometry group, resulting
in the production of matter and radiation [3,42,43].

2.2. Bounds on the Amplitude of the Inflaton Excursions

Another challenge to the inflationary picture emerges when one considers the SDC
together with the Lyth bound [44]. As discussed before, one of the consequences of the
former is that the cutoff of the EFT and the field variations are coupled, with Λ exponentially
suppressed for large values of ∆φ. This relation can be expressed as follows:

Λ := Ae−α∆φ/MPl MPl , (6)

where A and α are O(1) parameters. Then, ∆φ must be small enough in order for Λ to
remain relatively high, keeping the EFT description valid. For this, we ask

Λ > EInf ≃ V1/4 ≃ 7.6 × 10−3
( r

0.1

)1/4
MPl . (7)

On the other hand, the field variation can be written in terms of r, as follows:

∆φ

MPl
=
∫ Ncmb

Nend

dN

√

r

8
≃ ∆N

60
×
( r

0.002

)1/2
, (8)
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where ∆N is the minimum number of e−folds required to solve the standard cosmological
problems. Thus, accounting for the entire duration of inflation, we have

∆φ

MPl
≥ ∆N

60
×
( r

0.002

)1/2
. (9)

Therefore, while large values of r would lower the EFT cutoff, it is not necessarily an
issue due to the current upper bound of r < 0.036 [45]. Ultimately, the parameter A in
Equation (6)—which corresponds to the mass scale of the tower of states—is the one that
truly stands to limit inflationary models [12]. Nevertheless, the parameter α should not
be disregarded, as even for Starobinsky models [46], one of the most favored by data [47],
small variations in α could determine whether or not eternal inflation is accessible.

By allowing for dissipative dynamics, we can see that the above analysis for cold
inflation must change, with Equation (8) now taking the form:

∆φ

MPl
=
∫ Ncmb

Nend

dN

√

r

8

[

1 + 2n∗ +
T

H

2π
√

3Q√
3 + 4πQ

]

, (10)

where the expression inside the square brackets comes from the scalar power spectrum
(without considering the growing mode present for temperature-dependent dissipative
coefficients), and n∗ represents the statistical distribution of modes at the horizon crossing
(see, e.g., [37,48]). Once again, taking the limit of strong dissipation, we have

∆φ

MPl
&

∆N

60
×
(

r(WI)

0.002

)1/2

, (11)

where we have made it explicit that in this case, one must consider the tensor-to-scalar ratio
in warm inflation, which is necessarily smaller than its CI counterpart in Equation (9). Thus,
WI can also fall into the category of small-field models, clearly alleviating the constraints
emerging from Equations (6) and (7).

It is worth mentioning that the categorization of small and large-field models can be
vital when discussing the initial conditions of inflation, particularly for plateau potentials.
For instance, cold inflation necessitates large field excursions in order to be situated inside
the attractor region [49]. This presents a challenge from a phenomenological standpoint,
as seen from Equation (8), as it would then predict an overly large value of r. On the other
hand, warm inflation requires smaller field excursions in order to comply with current
bounds on r, although this would place it outside of the attractor region. Nevertheless,
Ref. [50] has demonstrated that fluctuation–dissipation dynamics can be utilized to locate
the field within a flat plateau about the origin, thus creating the necessary conditions
for inflation.

Before going into the one conjecture warm inflation appears to be vulnerable to, it
should be highlighted that the allure of WI from a swampland perspective is rooted in the
strong dissipative regime (Q ≫ 1). If dissipation is weak (Q < 1), the same constraints as
for cold inflation apply, albeit with phenomenological differences still present. Conversely,
if dissipation is not insignificant, but not sufficiently strong (Q ∼ 1), then some of the
appeal of WI may be restored, although one would still have to adjust the O(1) factors.
Consequently, the consistency of warm inflation with the swampland conjectures is not
generically guaranteed outside of the strong dissipative regime, but it is still arguably in a
better position than cold inflation.

2.3. The Issue with Trans-Planckian Modes

Arguably, the most significant success of inflation is its ability to explain the origin of
the macroscopic density perturbations as emerging from vacuum fluctuations during an
earlier stage of the Universe. However, if inflation lasted long enough, certain present-day
scales could be traced back to the trans-Planckian (TP) realm. If TP modes can reach visible
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wavelengths, inflation should be valid up to energy ranges beyond the Planck scale as an
EFT [51–54]. Potential solutions such as setting a Planck-scale cutoff are not viable due to
well-known issues such as the violation of diffeomorphism invariance or, for expanding
backgrounds, the increase of the number of degrees of freedom with time, resulting in a
complicated non-unitary evolution [55,56]. Against this background, the trans-Planckian
censorship conjecture (TCC) has been proposed as a way to ensure that TP modes are
not part of the EFT on curved spacetimes [29,30]. This conjecture states that the lifetime
of metastable dS spaces must be such that TP modes cannot cross the horizon. For this,
the lifetime of dS spaces must satisfy

t ≤ 1

H
ln

MPl

H
. (12)

Thus, EFTs that allow dS states whose lifetime violate this bound belong to the swamp-
land. Notice that, string theory considerations aside, TCC stands out as one of the swamp-
land conjectures with a particularly strong physical motivation. The notion of forbidding
TP modes from crossing the horizon is to prevent them from becoming classical, thereby
making them unobservable. That is why TCC applies ubiquitously to any inflation model.

Bounding the duration of inflation as prescribed by the TCC is highly taxing when
constructing a model, especially concerning the energy scale of inflation. To better study
this problem, let us focus on the WI case [28], although the analysis can be readily adapted
for CI. First, the TP modes that have the longest time to cross the horizon are those that are
trans-Planckian at the beginning of inflation, so that

ℓPl

ai
<

1

a f H f
=⇒ eNe :=

a f

ai
<

MPl

H f
(13)

where ai (a f ) denotes the scale factor at the start (end) of inflation, H f is the Hubble
parameter at the end of inflation, and Ne is the number of e-folds of inflation. As can be
seen, the relations above already set an upper bound on Ne.

On the other end, we consider the requirement that inflation should solve the horizon
problem, for which it must persist for a sufficient number of e-folds. To guarantee that, one
must impose that the present comoving horizon has to be contained within the comoving
horizon at the beginning of inflation, i.e.,

1

a0H0
<

1

ai Hi
. (14)

Rearranging terms and conveniently introducing the scale factor at the end of inflation,
the inequality above becomes

1

H0
<

a0

a f

a f

ai

1

Hi
⇐⇒ 1

H0
<

Tf g1/3
∗ (Tf )

T0g1/3
∗ (T0)

eNe
1

Hi
, (15)

or equivalently,
1

H0
<

Tf

T0
eNe

1

Hi
⇐⇒ Hi

Tf

T0

H0
< eNe , (16)

where we have assumed that the ratio between the (cubic root) number of degrees of freedom
g∗ at the end of inflation and at present day is of order one. Thus, Equations (13) and (16) imply

T0

H0
<

Tf

H f

MPl

Hi
. (17)
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Finally, assuming slow-roll and a rapid thermalization, such that the radiation energy

density scales with temperature as ρr ∝ T4, we have that 2

Tf

H f
≃
[

9

2

Q f

1 + Q f

]1/4
MPl

V1/4
f

. (18)

In the swampland context, the strong dissipative regime is the most interesting. In this
regime, we obtain

V1/2
i V1/4

f < 5 × 10−30M3
Pl , (19)

where we have used that T0/H0 ≈ 1.7 × 1029. Furthermore, since Vi > Vf , we can find a
bound for the energy scale at the end of inflation of

V1/4
f < 1.7 × 10−10MPl ∼ 4 × 108 GeV . (20)

For comparison, the bound on the energy scale of cold inflation is V1/4 . 3 × 10−10 MPl [30].
Then, TCC in the form here presented bounds r to be less than O(10−30), so any possibility
of detection of tensor modes would be discarded.

Despite the severe bound on the energy scale of inflation, this is only an inconvenience
from an experimental standpoint. In reality, it does not prevent inflation itself, as could

be argued for the other swampland conjectures. 3 Thus, observational prospects aside,
there are certainly models that can satisfy the constraints of TCC. For example, the strong
dissipative regime of warm inflation can naturally lead to such a result [28,58,59]. In WI,
the tensor-to-scalar ratio also serves the purpose of comparing the relative strength of
quantum (tensor) and thermal (scalar) perturbations, and when the dissipation rate is
high, the thermal perturbations will outweigh the quantum perturbations, resulting in a
suppressed value of r. As such, several WI models satisfy the requirements of the TCC out
of the box.

However, Is This Really an Issue?

Just as with the other swampland conjectures, TCC is not free of controversy. There
are those who have argued that there is no such thing as a trans-Planckian problem in the
first place. For instance, Ref. [60] suggests that at Planck scales, the Universe is essentially
inhomogeneous and anisotropic, with fluctuations transforming some regions into black
holes at such scales, which function effectively as a dynamical cutoff. This is only an
example of how quantum gravity effects could take over in the Planckian regime. Along
the same lines, one could argue that linear perturbation theory breaks down before classical
modes can be blueshifted to the TP regime, thus necessitating quantum gravitational effects
to take over from inflation. This line of thinking is reminiscent of what was expected
to solve the horizon problem before inflation was introduced [61]. Going even further,
Ref. [62] argues that it is not sensible to blueshift modes too far into the past, since their
production is exponentially suppressed for wavelengths λ ≪ H−1. Thus, according to this
argument, if we trace back a mode to the TP realm, we would be going beyond its birth
time. In addition to all these arguments, Burgess et al. have asserted that even if the EFT
includes TP modes and breaks down at earlier times, the late-time predictions of inflation
are not affected provided that there is adiabatic behavior at those times [63].

TCC has also come under scrutiny for prohibiting TP modes from crossing the horizon
on the basis that any quantum mode would decohere as it does so. However, this argument
overlooks the fact that many interactions can cause decoherence even inside the cosmic
horizon. For example, it was shown in Ref. [64] how the electroweak phase transition could
have easily produced the classicalization of modes that were originally TP at earlier times.
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Considering the arguments above, there is really no reason to strictly impose the
bound shown in Equation (12). Instead, one could still limit the lifetime of dS spaces
as follows:

Ne < O(1) ln
MPl

H
, (21)

which is a condition that has been obtained from other swampland conjectures such as
the SDC and the dS conjecture [64–68]. These modifications to TCC are not drastically
different from the original formulation but are sufficient to support high-energy scales of
inflation. Interestingly, it has been demonstrated that in order to regain the original TCC
from other swampland conjectures, all quasi-dS spaces must be excluded. As a result, it is
generally accepted that a limitation on the slope of the potential will imply a restriction
on the duration of inflation, though not as firm as the one set by TCC. A strong support
for a refined version of TCC comes from similar bounds obtained while investigating
chaos and complementarity in dS spacetimes, which resulted in Ne < 2 ln(MPl/H) [69,70]
(see also [71,72]). Bottom-up calculations have also arrived at similar conclusions, which
suggest that the lifetime of dS spacetimes may indeed be finite, yet not short enough to
impose any stringent phenomenological constraints [73].

3. Discussion

If some version of the dS conjecture (or its TCC reincarnation) is correct, then only
short-lived dS vacua are allowed to have UV-completions. As we have pointed out multiple
times in the draft, there appears to be plenty of arguments both in favour of and against
such an assertion. However, in this section, let us assume that this conjecture is sacrosanct
in quantum gravity and ponder the consequences invoked by such a hypothesis.

Most papers in the literature have focused on what it means for physically accelerating
solutions, describing both the very early and late universe expansions, if the dS conjecture
is correct and how to circumvent it for cosmological models. Another important question,
largely left unanswered, is the following—if indeed the dS phase “lives” for a short duration,
what happens to it after that? In other words, what does the dS vacuum decay into?
One traditional option is to consider the tunneling from the meta-stable minima to some
Minkowski spacetime. Indeed, in string theory, it is well-known that on sufficiently long

time-scales, the 4-d dS solution decompactifies to 10-d flat space 4. Another idea in M-theory
is to consider dS as a coherent (or Glauber–Sudarshan) state built over a supersymmetric
Minkowski background. Once again, this is allowed only for a short duration of time, after
which the system becomes strongly coupled, and one returns to the higher-dimensional flat
space [77–80]. It might simply be that either dS is only allowed as an unstable maximum or,
if realized as a meta-stable minimum, it must tunnel into a different, more stable minimum
within the swampland-predicted timescale (which may or may not be the scrambling time).
If indeed such a tunneling effect is to be responsible for ending a dS phase, one must come
up with a physical reason behind it.

However, in the context of inflation, there is a much more elegant mechanism to deal
with this. What if the energy of the inflaton dissipates continuously into another phase,
such as has been long postulated for warm inflation? In other words, it might well be
that the dS phase decays into a radiation era, and the coupling here is necessitated by
considerations of UV physics. One way to think of this would be the standard interacting
dark energy dark matter models, but now applied to inflation. Let us assume the inflaton
to be one of the moduli from string theory. Then, as the inflaton rolls down its potential, it
would reach asymptotic parts of moduli space and would lead to the descent of an infinite
number of massless states (in the simplest case, these are the ‘winding’ or ‘momentum’
modes from string theory). It is very much possible that such winding modes annihilate
each other, which would otherwise have stopped expansion, and a radiation-dominated
era ensues. The argument regarding the winding modes is the standard one used in string
gas cosmology [81] (see [82–84] for its more modern incarnations). However, in light of the
more general swampland conjectures, it is easy to see how the winding modes may come
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into play through the rolling of one of the string moduli (the one corresponding to the
inflaton), and this can henceforth lead to a radiation phase. The reasoning given here for
decay of the dS phase into radiation could also apply to the reheating phase after cold
inflation. Its simply down to timescales, where the decay in the warm inflation case would
be more gradual versus for reheating after cold inflation, where it would be much faster.
This question could only be understood if an actual dynamics for this proposed scenario
was realized.

There is, perhaps, a complementary way to think of the above problem. If inflation
was to last forever, we would end up in an empty universe, and thus, one posits a period
of damped oscillations of the inflation field in order to account for the creation of the
standard matter content in our universe. The role of IR modes during inflation can also
raise some obstructions in a very long-lasting quasi-dS phase of expansion. Put differently,
there have been some recent studies which show that away from the spurious limit of
k → 0, long wavelength modes can have a non-negligible effect through their backreaction
on the background dynamics [85–88]. The role of IR modes in inflation has been a matter of
some debate for some time (see, e.g., [89,90], and contrast with [2,91]). However, in warm
inflation, one is not allowed to neglect the dissipative effects altogether, and this would lead
to the energy density of inflation becoming sub-dominant to the thermal energy density
of radiation at some point quite naturally. This implies that the quasi-dS evolution is
naturally overpowered by the ambient radiation, and the IR modes need to play any crucial
role in the process. These IR modes can be sensitive to the choice of the UV vacuum [92],
and warm inflation, thus, is naturally free from such ambiguities.

It goes without saying that our discussion above is a rather heuristic one; nevertheless,
it has its underpinnings in a very simple idea. If indeed dS vacua have to be short-lived,
where does the energy of the dS phase leak into? We conjecture that it is natural to
assume that this energy dissipates into a radiation phase. This was the original idea behind
warm inflation and how it cured the reheating problem. However, the swampland seems
to be suggesting that such a dissipation might not just be an elegant idea but rather a
necessary one in order to have UV completion. If true, this would place warm inflation
in a theoretically favored position, where it will automatically have an embedding in
string theory.
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Notes

1 Recall that in warm inflation, the damping term is (3H + Υ)φ̇, where Υ is a dissipation term arising from the interaction between

the inflaton and other fields.
2 We have used g∗ = 228.75 in the expression for the radiation energy density corresponding to the MSSM. Other choices change

the numerical values by a factor of O(1) at most.
3 It has also been argued that TCC also leads to a fine-tuning problem [57]. In particular, the models of cold inflation which survive

the TCC are low-scale models, and these are typically the ones which require a high degree of fine-tuning to be started.
4 This is not a swampland statement—it merely states that, at the very least on Poincaré recurrence times, it is expected that the

moduli destabilizes, and dS is not eternal. For reference, the swampland version of this statement for eternal inflation is given

in [74–76]. Notice that the time-scales involved are nevertheless extremely large.
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