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Abstract
I review the Trans-Planckian Censorship Conjecture (TCC) and its implications for cosmology, in particular
for the inflationary universe scenario. Whereas the inflationary scenario is tightly constrained by the TCC,
alternative early universe scenarios are not restricted.
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1. INTRODUCTION
Most of our current scenarios of early universe cosmology (see
e.g. [1] for a comparative review of several scenarios) are based
on effective field theories. However, as has recently been em-
phasized in the context of the “Swampland” program, only a
small set of effective field theories are consistent with a the-
ory which is complete in the ultraviolet, specifically superstring
theory (see e.g. [2] for reviews on the Swampland program). In
particular, potentials V(ϕ) for scalar fields ϕ which dominate
the energy density of the universe are constrained to obey the
conditions [3, 4]

|V′|mpl

V
> c1 or

V′′m2
pl

V
< −c2 ,

(1)

where c1 and c2 are positive constants of order one, a prime
denotes the derivative with respect to ϕ, and mpl is the four
dimensional Planck mass. Thus, the potential either has to be
sufficiently steep, or sufficiently tachyonic. These conditions
rule out standard single field slow-roll inflation [5]. Applied
to late time cosmology they imply that dark energy cannot
be a cosmological constant, and they lead to constraints on
quintessence models [6].

In the context of early universe cosmology, the challenges for
effective field theories are accentuated due to the expansion of
space. In the standard effective field theory treatment of linear
cosmological perturbations, the fluctuating fields are expanded
in Fourier modes in comoving coordinates, and each mode is
treated as an independent harmonic oscillator (see e.g [7, 8] for
reviews of the theory of cosmological perturbations). If we now
consider a mode which today has a wavelength in the range
of current observations, then if we go back sufficiently far into
the past, the wavelength of this mode can become smaller than
the Planck length. If we follow the scale corresponding to the
present day Hubble radius back into the past using Standard
Big Bang cosmology until a temperature of 1016GeV, the scale
of particle physics Grand Unification and the energy scale of
inflation in the simplest single field scenarios, then the phys-
ical wavelength is in the range of cm, many orders of magni-
tude larger than the Planck scale. However, in the case of infla-
tionary cosmology wavelengths increase exponentially during
the period of inflation, and, as discussed in [9], this leads to a

serious problem for the applicability of the usual treatment of
fluctuations if inflation lasts for a long period of time. Inflation-
ary cosmology provides a causal mechanism for the origin of
structure according to which all fluctuation modes emerge at
the initial time (e.g. the beginning of the period of inflation) in
their local quantum vacuum state [10, 11]. But for a long period
of inflation the corresponding wavelengths are trans-Planckian
even for modes which are probed today on cosmological scales.
This problem was called the Trans-Planckian challenge for cos-
mological perturbations.1 It was shown, in fact, that, in the con-
text of inflationary cosmology, the prediction of a roughly scale-
invariant spectrum of fluctuations is not robust to changing
the assumptions about the physics on trans-Planckian scales
[9]. As mentioned in [12], trans-Planckian effects can even pre-
vent inflation from starting.2 Note that it is the expansion of
the cosmological background which is the source of the Trans-
Planckian problem. This is an effect which is not present in
other applications of effective field theory techniques, and the
arguments do not invalidate the usual applications of effective
field theory (as discussed e.g. in [14]).

The canonical variables describing cosmological fluctuations
(fluctuations induced by matter inhomogeneities, called scalar
fluctuations in the literature) and gravitational waves (ten-
sor fluctuations) oscillate on sub-Hubble scales (wavelengths
smaller than the Hubble radius H−1, where H is the expansion
rate), and freeze out and grow in amplitude once the wave-
length becomes larger than H−1. Cosmological observations
probe scales which started out sub-Hubble and propagated for
a long period of time in the super-Hubble range. This is illus-
trated in Fig. 1 in the case of inflationary cosmology. A condi-
tion for the absence of a trans-Planckian problem for fluctua-
tions in the observable range is that the corresponding wave-
lengths were always larger than the Planck length.

Motivated both by the swampland program and by the
above considerations, Bedroya and Vafa recently put forwards
the Trans-Planckian Censorship Conjecture (TCC) [15]. which
states that no effective field theory emerging from superstring
theory can lead to a situation where fluctuation modes which
were initially trans-Planckian ever exit the Hubble radius. This
conjecture leads to [16] very strong constraints on possible in-
flationary models. On the other hand, alternative cosmologies
such as bouncing and emergent models are consistent with the
TCC, as will be discussed.

1I use the word “challenge” and not “problem” to indicate the a correct un-
derstanding of Planck-scale physics can lead to signatures which can be looked
for in cosmological observations.

2There has been a lot of work on the Trans-Planckian issue for inflationary
cosmology. For a review with references to the original works see e.g. [13].
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In the following section, I will review the TCC and provide
a number of motivations for it.3 In Section 3, I then discuss the
constraints on inflationary models which follow from the TCC.
In Section 4, I consider application to some alternative early
universe models and to late time cosmolgy, and give a further
discussion of the results.

In the following we will consider a homogeneous and
isotropic background cosmology given by the space-time met-
ric

ds2 = dt2 − a(t)2dx2 , (2)

where t is physical time and x are comoving spatial coordinates.
The Hubble expansion rate is given by

H(t) =
ȧ
a

. (3)

We will work in natural units in which the speed of light,
Planck’s constant and the Boltzmann constant are set to 1.

2. TRANS-PLANCKIAN CENSORSHIP
CONJECTURE (TCC)

The TCC [15] states that in all models consistent with super-
string theory the situation can never arise that an initally trans-
Planckian wavelength of a fluctuation mode grows to be super-
Hubble. The mathematical statement of this condition is [15]

a(t)
a(ti)

lpl ≤ H−1(t) ∀t > ti (4)

which must hold for any initial time. This condition states that
the physical wavelength of a mode which at the initial time ti
was equal to the Planck length cannot grow to ever become
larger than the Hubble radius at some later time t.

The TCC implies that all information about trans-Planckian
scales remains hidden from the “classical domain”, the domain
where fluctuations grow and can classicalize, i.e. the super-
Hubble region.4

In non-accelerating cosmological backgrounds the physical
size of the Hubble radius grows more rapidly than the phys-
ical wavelength of any mode, and hence (4) does not lead to
any restrictions. Similarly, in bouncing cosmological models
and emergent cosmologies without a phase of acceleration after
the bounce (or after the emergent phase), the TCC is automat-
ically satisfied as long as the energy scale η of the bounce (or
the emergent phase) is smaller than the Planck scale, since in
this case the modes which exit the Hubble radius during the
phase of contraction (in the case of a bouncing cosmology) or
at the end of the emergent phase (in the case of an emergent
cosmology) always had a physical wavelength larger than lmin,
where

lmin ∼ m−1
pl

(mpl

η

)2
. (5)

3See [17] for a verification of the TCC in a supergravity context, and [18] for a
derivation based on the swampland criteria, but see also [19] for a more critical
view.

4Since in principle nonlinearities could also form on sub-Hubble scales and
become effectively classical, the above form of the TCC can be viewed as a necces-
sary but not a sufficient condition to have physics safe from the trans-Planckian
region.

For the inflationary scenario, however, tight constraints result
[16] which will be discussed in the following section. Before
moving on, however, I will provide some heuristic arguments
to support a milder form of the TCC, namely the statement that
the condition (4) must be satisfied in any cosmological model in
which an effective field theory description applies. In a model
in which (4) is violated, a valid analysis must include effects
which go beyond a local effective field theory. In this form, the
condition should hold for any approach to quantum gravity,
not just for superstring theory.

One justification of the TCC is in analogy with Penrose’s
Cosmic Censorship (CCH) hypothesis [20] which applies to
black holes, and according to which any time-like singularity
must be hidden from the outside observer by an event hori-
zon. General Relativity as an effective field theory admits so-
lutions with charge greater than the mass for which the CCH
would be violated. For such solutions, the outside observer
would not be shielded from the singularity, and the Cauchy
problem for time evolution would not be well defined. The
CCH states that in any theory which is complete in the ultra-
violet such pathological solutions of the effective field theory
cannot arise. The TCC can be viewed as an extension of this
postulate to momentum space, and replacing the singularity by
the set of trans-Planckian wavelengths and the event horizon
by the Hubble radius (the Hubble horizon). In the same way
that in the case of black holes the external observer must be
shielded from the singularity by the event horizon, in cosmol-
ogy the observer having access to infrared modes (sub-Hubble
modes) must be shielded by the Hubble horizon from the trans-
Planckian modes (see [21] where this argument was presented).

A second justification is based on the non-unitarity of effec-
tive field theory in an expanding universe [22]. In an effective
field theory, an ultraviolet cutoff on the physical momentum
of the field modes is required which cannot be higher than the
Planck scale. Since the physical momentum of modes redshifts,
one is forced to add Fourier modes to the Hilbert space of the
effective field theory as the universe expands, in order to main-
tain the same ultraviolet cutoff in physical coordinates. The
TCC is required to shield the observed from the non-unitarity
of the effective field theory.5

Let us give a preview of the implications of the TCC for early
universe cosmology. Figure 1 represents a space-time sketch of
inflationary cosmology [23], the vertical axis being time and the
horizonal axis representing physical distance. The phase of in-
flation (taken to be exponential in this figure) lasts from time ti
until time tR. After tR the universe evolves as in Standard Big
Bang cosmology. The solid blue curve indicates the Hubble ra-
dius which is constant during the inflationary phase (note that
the causal horizon grows exponentially during this phase), but
the wavelength of a fluctuation mode (indicated by the solid
red curve marked k grows exponentially. Thus, modes which
initially wave a very small wavelength are stretched and even-
tually re-enter the Hubble radius at late times as fluctuation
modes which can be probed in cosmological observations. It is
clear from this figure that if the period of inflation lasts a long
time, there is the danger that modes which we observe today
originate with a wavelength smaller than the Planck length.
Thus, the TCC will have a major impact on inflationary cos-
mology.

5Once again, this is a necessary but not a sufficient condition for the non-
unitarity to effect cosmological observables.
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FIGURE 1: Space-time sketch of inflationary cosmology. The
vertical axis is time, the horizontal axis corresponds to phys-
ical distance. The inflationary phase of accelerated expansion
lasts from time ti until time tR. During this time interval and
in the case of exponential expansion, the Hubble radius (the
solid blue curve) is constant while the physical wavelength of
a fixed comoving fluctuation mode (solid red curve marked by
k) grows exponentially. Hence, modes can exit the Hubble ra-
dius. After inflation the universe evolves according to Big Bang
cosmology, the Hubble radius grows linearly in time, and scales
re-enter the Hubble radius.

As will be discussed in Section 4, some bouncing cosmolo-
gies (see e.g. [24] for a recent review on bouncing cosmologies)
can provide an alternative to cosmological iinflation for solv-
ing the horizon and flatness problem of Standard cosmology,
and for providing a causal mechanism to generate cosmolog-
ical fluctuations with a roughly scale-invariant spectrum. Fig-
ure 2 depicts a space-time sketch of the resulting cosmology.
The vertical axis represents conformal time τ, and in this case
the horizontal axis is comoving distance. The bounce time is
denoted by τB. For τ < τB the universe is contracting, for
τ > τB space is expanding. To obtain a bouncing cosmology
there has to be new physics which operates near the bounce
point (between times τB− and τB+. The comoving Hubble ra-
dius |H|−1 decreases in the contracting phase, and increases af-
ter the bounce. In comoving coordinate, the wavelength λ of a
fluctuation mode is fixed. Modes corresponding to fluctuations
probed in cosmological observations originate at early times in
the contrating phase with a wavelength similar to the current
wavelength, and as long as the energy scale of the bounce is less
than the Planck length, no mode which exits the Hubble radius
ever and exit the Hubble radius. Hence, the TCC does not im-
pose any constraints on an effective field theory description of
fluctuations in a bouncing cosmology.

As will also be discussed in Section 4, emergent universe sce-
narios can also provide an alternative to the theory of cosmo-
logical inflation. In these scenarios, the expanding phase of Big
Bang cosmology emerges from an early phase which cannot
be described by standard effective field theory. It might be a
static Hagedorn phase of the gas of strings [25], or a topologi-

cal phase as recently suggested in [26]. The space-time diagram
in such a scenario is sketched in Figure 3. Here, the vertical axis
is time and the horizontal axis corresponds to the physical dis-
tance. The time tR is when the transition from the initial phase
to the radiation phase of Standard cosmology takes place. The
solid blue curve represents the Hubble radius which starts out
an infinity if the initial phase is static, and rapidly shrinks to a
microscopic value as the transition time is approached. The red
curves labelled k1 and k2 indicate the wavelengths of two fluc-
tuation modes which exit the Hubble radius at times ti(k1) and
ti(k2), respectively. Like in the case of a bouncing cosmology,
as long as the energy scale of the initial phase is lower than the
Planck scale, no mode which is ever super-Hubble was trans-
Planckian at any earlier time. Hence, the TCC imposes no con-
straints on the effective field theory description of fluctuations.

3. TCC AND INFLATIONARY
COSMOLOGY

In this section we start by reviewing the constraints derived in
[16] on standard slow roll inflation. If inflation is to be consis-
tent with the TCC, then there is a conservative upper bound on
the duration of the inflationary phase by demanding that the
Planck length at the time ti, the beginning of the inflationary
phase, does not become larger than the Hubble length at the
time tR, the end of the period of accelerated expansion (after
that time no scales will exit the Hubble radius), i.e.

a(tR)

a(ti)
lpl < H−1(tR) . (6)

Depending on the evolution of the universe before the onset
of inflation, more stringent constraints can be derived, as was
done in [27] assuming that the inflationary period is preceded
by a phase of radiation-dominated expansion.

On the other hand, if inflation is to provide a causal mech-
anism for the origin of structure in the universe, then fluctu-
ations on the scale of the current Hubble radius H1 (t0) must
originate inside the Hubble radius at the beginning of inflation.
This leads to a lower bound on the duration of inflation:

a(ti)

a(t0)
H−1(t0) < H−1(ti) , (7)

where t0 denotes the present time.
From Figure 1 it is easy to see that the consistency of the

two bounds (6) and (7) will lead to an upper bound on the en-
ergy scale of inflation. The higher the energy scale of inflation,
the smaller the Hubble radius is during inflation, and the less
time (in units of Hubble expansion times) it takes for the Planck
length to grow to become as large as the Hubble radius. On the
other hand, it takes a longer time (again in units of the Hubble
expansion time H−1) for the waves whose wavelength equals
the Hubble radius today to shrink to become to become sub-
Hubble at the beginning of inflation. It is straightforward to
work out that the constraint on the energy scale η of inflation6

(details are given in [16]) is

η <
√

3m2
pl
(
TeqT0

)1/2 ∼ 6× 108GeV , (8)

6In the case of inflation driven by the almost constant potential energy V of a
slowly rolling scalar field we have η = V1/4.
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FIGURE 2: Space-time sketch of a bouncing cosmology. The ver-
tical axis is conformal time, the horizontal axis corresponds
to comoving distance. The bounce happens at time τB. Before
that time, the universe is contracting, afterwards it is expand-
ing. The comoving Hubble radius |H|−1 (shown as a solid
black curve) decreases in the contracting phase, and thus scales
(which have constant comoving wavelength) can exit the Hub-
ble radius as they do in inflationary cosmology. However, the
physical wavelength of the fluctuation mode is larger than the
Planck length at all times, assuming that the energy scale of the
bounce is smaller than the Planck scale.

In the above, Teq and T0 are the temperatures at the time of
equal matter and radiation and the present time, respectively,
and mpl is the Planck mass. This energy scale should be com-
pared to the scale usually assumed in simple inflationary mod-
els in which the amplitude of the induced cosmological per-
turbations agrees with the observed value and is of the order
1015GeV, the scale of particle physics Grand Unification. We
thus see that inflationary models consistent with the TCC re-
quire a very low scale of inflation. Note that this constraint is
independent of how inflation is obtained, and it also applies
to warm inflation models [28], models which can be made to be
consistent with the swampland constraints [29], and to other in-
flationary models which can be made to be consistent with the
swampland constraints (see e.g. [30] for a discussion of some of
these models). In particular, the TCC also applies to models in
which inflation is obtained without making use of scalar matter
fields.

Since the amplitude of the spectrum of primordial gravita-
tional waves generated during inflation is set by the energy
scale of inflation, or equivalently by the value of the Hubble ex-
pansion rate H during inflation, the constraint (8) implies that
the predicted amplitude [11] of the dimensionless power spec-

trum Ph(k) of primordial gravitational waves is negligible7:

Ph(k) ∼
(

H(k)
mpl

)2

∼ 10−40 , (9)

where H(k) is the value of H when the mode k crosses the
Hubble radius (which is nearly scale-independent for nearly
exponential expansion during inflation). Note that given this
bound on the amplitude of the primordial gravitational waves,
the spectrum of gravitational waves will be dominated by sec-
ondary effects.

Since in standard slow roll inflation models the dimension-
less power spectrum Pζ of cosmological perturbations is given
in terms of the slow roll parameter ε by

Pζ ∼
1

16ε
Ph(k) , (10)

then, to obtain the observed amplitude of 10−9, a value of

ε < 10−32 (11)

is required. In the case of inflation driven by a scalar field, then
to satisfy this condition requires extreme fine tuning of the po-
tential, in particular if one wants a scenario in which the slow
roll trajectory is a local attractor in initial condition space (see
[32] for a review on the initial condition issue in inflationary
cosmology).

In the above, it was assumed that the period of inflation is al-
most exponential and that the transition to the radiation phase
of Standard cosmology is instantaneous. Allowing for a non-
standard post-inflation history or a multi-field inflation sce-
nario leads to slightly weaker constraints [33], but this benefit is
at the cost of adding extra physics. Replacing almost exponen-
tial inflation by power law inflation also leads to relaxed con-
straints. As shown in [34], the energy scale of inflation at the
time when scales corresponding to presently measured cosmic
microwave background (CMB) anisotropies exit the Hubble ra-
dius can be as high as η ∼ 10−5mpl , which leads to a relaxed
upper bound on the dimensionless amplitude of the gravita-
tional wave power spectrum of Ph(k) < 10−20.

As was already mentioned, stronger constraints on the
scale of inflation can be derived if we consider specific pre-
inflationary dynamics. In an expanding phase before inflation,
the wavelength of fluctuations is increasing, and hence de-
manding that no scale which was trans-Planckian at the begin-
ning of the pre-inflationary dynamics ever exited the Hubble
radius leads to a stronger constraint than simply demanding
that no scale which was trans-Planckian at the beginning of the
period of inflation became larger than the Hubble radius [27].
Specifically, assuming a radiation phase between the Planck
density and the onset of inflation leads to the constraint

η < 104GeV . (12)

Note that in the context of inflationary cosmology, the TCC
leads to other constraints on cosmology (see e.g. [35]). Also,
slightly weaker versions of the TCC have been studied [36].

7For an even tighter bound, derived in a less general context, see [31].
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FIGURE 3: Space-time sketch of an emergent cosmology. The
vertical axis is time, the horizontal axis corresponds to physi-
cal distance. The transition between the early emergent phase
(modelled here as being quasi-static) and the radiation phase
of Standard Big Bang cosmology occurs at the time tR. The
Hubble radius is given by the solid bllue curve, while the two
red curves labelled by k1 and k2 are the physical wavelengths
of two comoving fluctuation modes. The physical wavelength
of the fluctuation modes are larger than the Planck length at
all times, assuming that the energy scale during the emergent
phase (which sets the value of the Hubble radius at the time tR)
is smaller than the Planck scale.

4. DISCUSSION
As has been reviewed here, the TCC is a condition for an ef-
fective field theory description of cosmology to be consistent.
It leads to important constraints on any accelerating phase in
the early universe, constraints which are independent of how
this phase is obtained. The constraints force the energy scale of
the hypothetical inflationary phase to be low (for concrete mod-
els in which this can be realized see [37]). Early universe mod-
els which do not involve an accelerating phase are hardly con-
strained by the TCC. However, the TCC also constrains models
in which the period of canonical inflation is replaced by a pe-
riod of k-inflation [38] or a period of superluminal sound speed
[39]. The TCC also applies to holographic cosmology [40], but
it is not constraining in the context of nonlocal gravity [41].

The Trans-Planckian Censorship Conjecture also has impli-
cations for late time cosmology. In particular, it implies [15]
that Dark Energy cannot be a cosmological constant. In fact,
any cosmology in which accelerated expansion continues ar-
bitrarily far into the future is ruled out. As shown in [15], a
metastable de Sitter state is consistent with the TCC provided
that the lifetime is shorter than

Tmax =
1
H

log
mpl

H
. (13)

In this sense, the TCC is a weaker condition than the de Sitter
swampland condition (1) which rules out such cosmologies. In-
terestingly, the above time scale is the same at which the back-
reaction of infrared cosmological perturbations indicates an in-
stability of de Sitter space (see e.g. [42] for a review), which in
turn is the same as the quantum break time of de Sitter space in
the approach of [43].

Applied to a period of quintessential dark energy which lasts
for a finite field range, the TCC leads to conditions on the slope
of the scalar field potential which are [15] similar but more spe-
cific than the criteria from the swampland conditions. In fact,
in [44], the central role of the TCC in the swampland program
was discussed.

Returning to the motivations for the TCC discussed in Sec-
tion 2, we see that they are based on considering the evolution
of fluctuations at the level of an effective field theory. Thus,
a point of view that one could take is that the TCC does not
necessarily imply that inflationary models with an energy scale
which exceeds the bounds discussed in Section 3 are ruled out,
but simply that they cannot be described at the level of an ef-
fective field theory. This is the view presented in [45]. In this
aspect there is a connection with the question of whether de
Sitter solutions can be consistent with string theory. Based on
the swampland criteria and on the TCC, the answer is “no”. In
fact, there are no-go theorems for the existence of de Sitter solu-
tions at the level of an effective field theory (assuming that the
internal manifold is time-independent) [46] (There is, however,
a lot of controversy on this issue. For an opposing point of view
see e.g. [47].). However, going beyond an effective field theory
approach it is possible to obtain de Sitter solutions, although
they are unstable [43, 48].

It is important to remember, however, that inflationary cos-
mology is not the only model which can explain the current
date on CMB anisotropies and on the large-scale structure of
the distribution of matter. As was discussed ten years before
the development of inflationary cosmology [49, 50], given a
roughly scale-invariant spectrum of almost adiabatic adiabatic
fluctuations, the existence of the acoustic oscillations in the
CMB angular power spectrum, and of baryon acoustic oscil-
lations in the matter power spectrum follow. The inflationary
scenario was the first scenario proposed which [10] yields such
a spectrum based on causal physics, but it is not the only one.
A bouncing cosmology in which the scales which are currenly
observed exit the Hubble radius during a matter-dominated
phase of contraction also yields such a spectrum, assuming that
one starts (as one does in inflationary cosmology) with quan-
tum vacuum perturbations [51]. This scenario, however, has
anisotropy problems [52] and is also in tension with the ob-
served limit on the tensor to scalar ratio [53]. The Ekpyrotic
scenario [54] is a promising alternative to inflation since in this
case the contracting phase is a global attractor in initial condi-
tion space. In the original Ekpyrotic scenario, it was necessary
to add a spectator scalar field in order to obtain scale-invariant
curvature fluctuations, but in the new version based on the ad-
dition of an S-brane to the low energy effective action [55] scale-
invariant spectra of both cosmological perturbations and gravi-
tational waves emerge directly. It would be interesting to study
possible embeddings of this scenario in string theory.

Emergent cosmologies with holographic scaling of thermal
correlation functions also provide an alternative to inflation for
explaining the large scale structure of the universe. In the con-
text of String Gas Cosmology [25], the analysis of fluctuations

5



Letters in High Energy Physics LHEP-198, 2021

was done in [56], and the prediction of a blue tilt of the spec-
trum of gravitational waves emerged [57]. Since this scenario is
based on string theory, the swampland and TCC constraints are
trivially satisfied. However, a good understanding of the emer-
gent phase is still missing, but see [26, 58] for some promising
approaches.

To end with a brief outlook: the tensions between the
swampland constraints (and in particular the TCC) and the in-
flationary scenario indicate that it may be more promising to
look beyond the inflationary scenario to obtain a good theory
for the very early universe.
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