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Abstract

Motivated by the coincidence of scrambling time in de Sitter and maximum lifetime given by
the Trans-Planckian Censorship Conjecture (TCC), we study the relation between the de Sitter
complementarity and the Swampland conditions. We study thermalization in de Sitter space
from different perspectives and show that TCC implies de Sitter space cannot live long enough
to be considered a thermal background. We also revisit a-vacua in light of this work and show
that TCC imposes multiple initial condition/fine-tuning problems on any conventional infla-

tionary scenario.
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1. INTRODUCTION

It is remarkably more challenging to construct a de Sitter
vacuum in string theory than a flat or an anti-de Sitter-
vacuum. In the past few years, several Swampland con-
ditions have been proposed that aim to pinpoint a mutual
property among theories in the Landscape that could ex-
plain this hurdle in string theory [1, 2, 4]. However, string
theory is not the only place where de Sitter space sets it-
self apart from flat and anti-de Sitter spaces. Another no-
table example is its finite-sized Hilbert space and thermal
properties, which are absent from other backgrounds. It
is natural to think that all the unique features of de Sitter
space should be fundamentally interconnected. If true,
there should be some relation between the Swampland
program and the thermodynamic features of the de Sitter
space.

Interestingly, in the study of Trans-Planckian Cen-
sorship Conjecture (TCC) in [4], a strange coincidence
strongly suggestive of such a connection was noted. The
observation was that the maximum allowed de Sitter
space lifetime by TCC matches the scrambling time of
de Sitter space! At first, this might seem strange as one
timescale is motivated by string theory, and the other
comes from de Sitter complementarity. However, as we
discussed earlier, this connection is natural since both
contexts study a feature of de Sitter space, which sets it
apart from flat and anti-de Sitter backgrounds.

We investigate this nontrivial coincidence to find a
thermodynamic interpretation for TCC. The goal of this
paper is to take a small step in bridging the gap be-
tween the Swampland program and the extensive liter-
ature about thermal aspects of de Sitter space.

The organization of the paper is as follows. In Section
2, we study the consequences of the Swampland condi-
tions for the de Sitter space with a particular focus on
TCC. However, before that, we mention some of the mo-
tivations for TCC that lend support to those results. In

Section 3, we study de Sitter space from the lens of de
Sitter complementarity and other perspectives that view
de Sitter space as a thermal background. We show that
all those ideas point toward the same result that if de Sit-
ter space lives long enough, it would be a thermal back-
ground with a thermalization time of ~ % ln(%). In Sec-
tion 4, we put the Swampland picture next to the ther-
mal pictures to find a thermodynamic interpretation for
TCC. We argue that TCC, in its essence, tells us that de
Sitter space is not stable enough to be viewed as a ther-
mal background. We elaborate on the physical meaning
of this interpretation and support it by other Swampland
conditions. Finally, we show in Section 5 that TCC im-
poses a severe initial condition problem on inflation.

2. SWAMPLAND PICTURE

This section explores the picture that Swampland condi-
tions, especially TCC, offer of de Sitter space. We begin by
reviewing TCC and some motivations for it that lend sup-
port to its implications. We then study the implications of
Swampland conditions for different possible realizations
of de Sitter space.

2.1. TCC and Its Motivations

Trans-Planckian censorship conjecture (TCC) postulates that
in a consistent quantum theory of gravity, an expansion-
ary universe in which Planckian modes exit the Hub-
ble horizon cannot be realized [4]. What is special about
the Hubble radius is that when a mode exits the Hub-
ble horizon, it becomes nondynamical and freezes out
[5, 6, 7]. Moreover, super-Hubble modes undergo deco-
herence which makes them equivalent to stochastic clas-
sical perturbations [8], and the modes will remain clas-
sical even if/when they reenter the Hubble horizon. As
shown in Figure 1, a violation of TCC would lead to the
classicalization of all dynamical quantum fluctuations
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FIGURE 1: The curved lines denote the expansion of
wavelengths of two comoving modes. These two modes
correspond to the greatest and smallest dynamical modes
at time f¢. As shown in the figure, if TCC is violated over
some time interval [¢;, f], no comoving mode would stay
dynamical throughout that time window.

In the following, we review some of the arguments in
favor of TCC.

2.1.1. Central Node in the Swampland Web

The TCC implies some versions of several Swampland
conditions. These versions are shown to be true in known
controllable string theory constructions. These nontriv-
ial consistencies strongly support TCC. The connections
between TCC and other Swampland conditions suggest
that TCC is a central node in the web of Swampland con-
ditions. The TCC brings many of the Swampland con-
ditions together and provides a simple common phys-
ical justification for them. Hereinafter, we review some
of the nontrivial implications of TCC that resemble other
Swampland conditions and their consistency with string
theory.

The de Sitter Conjecture. One of the most notable implica-
tions of TCC is that in d-noncompact dimensions, @ >
m in the asymptotics of the field space. This is
similar to the de Sitter conjecture [1], but it provides a def-
inite lower bound which is remarkably satisfied in multi-
tudes of string theory constructions [4, 12].

Distance Conjecture. As proposed in [12], TCC suggests
a definite lower bound Lé for the order one constant A

in the distance conjecture in 4d [15]. This bound could
also be motivated by the following heuristic argument.
Suppose that ¢; and ¢, are canonically normalized fields
where ¢, is a scalar field in a tower of light states emerg-
ing as ¢; — o0. As ¢ goes to infinity, the mass of
¢ exponentially decays. After some point, ¢, becomes
light enough to be added to the spectrum of the low-
energy field theory. In this regime, the potential depends
on both ¢; and ¢, and the mass of ¢, is roughly given

by m ~ | /E)é2 V. In conventional string theory construc-

tions, the potential decays exponentially in asymptotic
directions. Suppose that the potential behaves as V ~
f(¢2) exp(—g(¢2)¢1) for large ¢y, we find that the mass
scale m decays like ~ exp(—%(])l) as ¢ goes to in-

. 2
finity. From TCC, we know that g(¢,) > NG [4]

which leads to
A>A N S (1)
— ATCC — /7(11_1)([1_2)'
In [13], the authors found a lower bound for A
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for single modulus limit in various Calabi-Yau compact-
ifications. Remarkably, this bound is stronger than the
TCC-motivated bound (1) for every d > 4. The TCC-
motivated bound has been checked more generally in a
variety of 4d string theory constructions in [14, 12].

Refined de Sitter Conjecture. The refined de Sitter conjec-
ture states that there is a universal O(1) lower bound
for |[AV|/V at local maxima [2, 3]. Interestingly, TCC im-
plies a logarithmically corrected version of this condition
for local maxima [4]. The modified condition roughly is

|AV| 16 In(V)?
Vo @2

Weak Gravity Conjecture (WGC) and Generalized Distance
Conjecture. Consider a flux-generated potential with a
charged codimension 1 brane. The brane serves as the
domain wall for tunneling between neighboring vacua.
TCC implies both the WGC and the generalized distance
conjecture for the brane in all dimensions [16].

No Eternal Inflation. Suppose that tunnelings between
neighboring vacua are nondrastic enough that a mono-
tonic quintessence potential could effectively describe
the universe’s evolution. In that case, one can show that
TCC marginally forbids eternal inflation in any dimen-
sion [16].

As discussed above, some versions of many Swamp-
land conditions could be derived from TCC.

2.1.2. Coincidence Problem

An immediate consequence of TCC is that the age of
the dark energy dominated epoch T, must be less than
% ln(%> which is true in our universe. This consistency
already provides a simple, yet nontrivial, experimental
test for TCC. Perhaps the most interesting fact is that our
universe only marginally satisfies this inequality thanks
to the logarithmic term ln(%). This “accident” is pre-
cisely the coincidence problem in cosmology. If the cos-



mological constant is a constant, i.e., the universe is stuck
in a local minimum of the potential, there is no apriori
reason for Ty ~ % Statistically speaking, for most of the
lifetime of a metastable universe, its age is of the order of
its lifetime, and TCC relates that lifetime to the Hubble
time. In fact, according to TCC, no matter the universe is
in metastable equilibrium, or it is rolling, the coincidence
of T ~ % is anticipated, which is another nontrivial con-
sistency with observation.

2.1.3. TCC as Gravitational Renormalizability

We argue that TCC could be viewed as a natural modifi-
cation of the renormalizability condition for gravitational
theories, where the conventional notion of renormaliz-
ability does not apply. To see this, let us review what
renormalizability means in field theories.

Quantum field theories typically come with UV di-
vergences that prevent them from being effective de-
scriptions at all energy scales. We usually resolve this is-
sue by restricting to the low-energy modes. To obtain a
low-energy field theory, we integrate out the high-energy
modes. This procedure effectively sets the high-energy
modes in their ground states and gives us a unitary the-
ory for the remaining low-energy modes. Renomalizabil-
ity is the condition that makes it possible to have a closed
theory for the low-energy modes. The implication of such
scale separation for the classical theory is that UV pertur-
bations must not significantly impact or be impacted by
the time evolution of low-energy classical modes. There-
fore, in flat space, renormalizability naively implies that
there exists a momentum cutoff A such that classical high
momentum perturbations with k > A do not influence
the dynamics of low-energy modes with K < A. How-
ever, this naive notion of scale separation does not apply
to GR since any expansion of the universe stretches some
modes with k > A into modes with k < A. The above
naive argument is a simple way of understanding why
GR is nonrenormalizable.

Similar to how quantum field theory’s consistency
imposes renormalizability, it is natural to expect that
a UV-complete quantum theory of gravity must satisfy
some renormalizability-like condition. As we saw earlier,
the naive scale separation (renormalizability) does not
hold in gravitational theories. The simplest relaxation to
a scale separation between classical modes with k > A
and k < A is to postulate that there are two energy scales
Ayy > Ajr such that the deep UV modes k > Ayy
do not stretch into deep IR modes k < Ajg. There are
natural candidates for these energy scales in any de Sit-
ter background: the Planck scale and the Hubble scale.
Using these scales, our candidate for gravitational renor-
malizability takes the following form:

Modes with k > % or equivalently A < Ip cannot

evolve into modes with k < H or equivalently A > %

In other words, sub-Planckian modes cannot exit the
Hubble horizon, which is precisely the statement of TCC.
In a sense, TCC is a natural gravitational analog of the
renormalizability condition in field theory.

2.1.4. Initial Condition Problem for Inflation

We want to take this opportunity to clarify a possible con-
fusion that a particular initial condition problem for infla-
tion has been a motivation for TCC. A violation of TCC
poses two apparent initial condition problems for infla-
tion. We briefly review each of these problems, the reso-
lutions proposed in the literature, and how they relate to
TCC.

First Initial Condition Problem. If some fluctuations, e.g.,
Hubble sized CMB fluctuations, trace back to trans-
Planckian fluctuations, it seems that part of the needed
initial condition is inaccessible to the field theory. This
raises a practical question. What initial state should we
consider for those modes as they become sub-Planckian
and enter the range of field theory?

Resolution. Requiring the vacuum to be like the Minkowski
vacuum at short distances fixes the de Sitter vacuum
at Planckian momenta [11]. Essentially, the equivalence
principle naturally screens the trans-Planckian physics
from sub-Planckian observers. This argument resolves
the problem as long as de Sitter space is stable as a semi-
classical background. This “problem” has not been a mo-
tivation for TCC, and the mentioned resolution is not af-
fected by TCC.

Second Initial Condition Problem. In contrary to the
Minkowski space, the de Sitter space does not have a
unique vacuum. There is a family of vacua called a-
vacua where all are invariant under symmetries of de Sit-
ter space. However, the only a-vacuum that would give
scale-invariant CMB fluctuations is the Bunch-Davies
(BD) vacuum. Why did the universe choose this partic-
ular vacuum state in the inflationary era?

Resolution. The authors in [11] argued that any deviation
from the BD vacuum eventually exits the Hubble horizon
and disappears. Therefore, inflation automatically sets
the universe in the BD vacuum. We revisit the de Sitter
vacua and this argument in Section 3, and we contrast it
with TCC in Section 4. We show that the argument in [11]
makes an assumption that is fundamentally inconsistent
with TCC. In other words, a violation of TCC is baked in
the argument. Assuming that TCC is correct, this argu-
ment no longer works. We will come back to this initial
condition problem later in Section 5.

2.2. de Sitter Space and the Swampland

Swampland conditions suggest that the de Sitter space
is in tension with a UV-complete theory of gravity. The
de Sitter conjecture forbids the de Sitter space altogether,



but TCC allows it as long as it is sufficiently short-lived.
TCC requires the de Sitter space to undergo some sig-
nificant transformation by trcc = % ln(%) so that the
Planckain fluctuations do not exit the Hubble horizon.
This transformation could be a significant drop in cos-
mological constant, tunneling to a different vacuum, the
quantum breaking of spacetime, or the effective field the-
ory’s breakdown. Following, we study each of these pos-
sibilities separately.

Suppose that the cosmological constant continuously
discharges (quintessence); TCC tells us that a major part
of A have to be discharged by tr¢cc. This implies that the
quintessence potential could not be too flat. For mono-
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totics of the field space and |LV/‘ > O(In(V)~?) in the inte-
rior of the field space [4]. For local maxima on the other
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hand, TCC roughly implies w z (dlﬂ?% [4].

Suppose that the universe undergoes tunneling; i.e.,
a bubble of a more stable vacuum forms and expands
until it takes over the Hubble patch. TCC implies that
the metastable vacuum'’s lifetime must be less than t7cc.
This has important implications for the domain wall of
the bubble. In particular, the domain wall must satisfy
both WGC and the generalized distance conjecture [16].

Another way to avoid violating TCC is that the QFT
in curved background description breaks down. This
could happen in two ways: (1) breakdown of the classi-
cal background, often referred to as quantum breaking,
(2) breakdown of the EFT due to the emergence of new
light states in the theory. Whichever happens first, TCC
tells us that it must take place by Trcc. The authors in
[17,18, 19] argued that the quantum breaking time for de
Sitter space is ~ H~3, which is greater than trcc. How-
ever, the de Sitter and the distance conjectures show that
the EFT breaks down by Trcc in the asymptotics of the
field space [20].

All in all, we expect the de Sitter space to undergo
some significant physical transformation before t7¢c. No
matter which scenario happens, we come across the same
time scale Trcc, after which the initial de Sitter descrip-
tion should no longer work.

in asymp-

3. COMPLEMENTARITY PICTURE

In this section, we study the de Sitter space from the
complementarity perspective. First, we review black hole
complementarity from which most of the ideas for de
Sitter complementarity have originated. As we will see,
black holes do not share some of the strange features of
de Sitter space, which makes black hole complementarity
simpler and easier to understand than its de Sitter coun-
terpart.

3.1. Review of Black Hole Complementarity

In a nutshell, the black hole complementarity is a partial
resolution to a tension between well-established physical
principles. We briefly review the argument in [21] that
leads to the idea of complementarity.

We assume the following postulates’:

1) Unitary semiclassical QFT in curved spacetime: we
treat gravity classically and other fields quantum me-
chanically. We assume that every spacelike Cauchy sur-
face has an associated Hilbert space for the quantum
fields living on it. The time evolution between any two
such Cauchy surfaces is given by a time-dependent
unitary operator dependent on the gravitational back-
ground.

2) Equivalence principle: every free-falling observer
must be unable to distinguish the spacetime from
Minkowski space through performing local experiments.

3) No remnant: we assume that the black hole will
completely evaporate at a finite time.

Consider a mater distribution that collapses into a
black hole and evoporates in a finite time. Suppose that
Y_ and X are two Cauchy surfaces in the far past and
the far future with respect to the black hole as shown
in Figure 2. Cauchy surface Xpy passes through the for-
mal intersection of the horizon and the singularity in the
Penrose diagram 2. ¥;;, and X, denote the parts of Ly
that are, respectively, inside and outside of the black hole.
Suppose that [ip_), |¢+), and |Ppy) are the states of the
quantum fields, respectively, on £_, >, and Xppy, and
pin and poy are the density matrices associated with the
quantum fields inside and outside the black hole given

by

Pin = Tra,, [¥8H) (¥BH|,

3
Pout = Tr”Hm |¢BH> <¢BH| . ©

From postulate 1, we know that some unitary trans-
formation maps |¢—) to |¢4).

[p4) = Uy [Pp—). 4)

Similarly, since £ and X, are both Cauchy surfaces of
region I in Figure 2, pyy is related to [+ ) (4| by a uni-
tary transformation. Therefore, there must be a pure state
|our) which satisfies pour = |Pout) (Pout| and is related to
|+ ) via some unitary transformation U,.

|l/Jout> = u2 WJ+> . (5)
Combining (4) and (5) gives
[$out) = Us [p—), (6)

where Uz = UpUj. Postulate 1 tells us that |— ) is unitar-
ily mapped to |¢pp) as well. The only way |p—) could

1O0ur list of postulates is slightly different from that of [21], but the
following argument is almost identical.
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FIGURE 2: Penrose diagram of evaporating black hole.

be unitarily mapped to both |¢py) and |¢ous) is that
[YBr) = i) @ |Pour) for some constant state |¢;,) €
‘Hiy,. This, however, would mean that if a free-falling ob-
server falls into the black hole and hits ¥;,, they would
see a fixed state |¢;,,) independent from the initial state
|¢—). This is different from what an inertial observer
would see in flat spacetime and, therefore, is a violation
of the equivalence principle.

The black hole complementarity is a principle to get
around this paradox. The principle is that there are two
different but complementary descriptions for the physics
depending on the observer’s trajectory. For outside ob-
servers at a fixed distance from the black hole, the evolu-
tion could be studied independently from the interior of
the black hole as shown in Figure 3. All the black hole in-
teractions with the exterior are explained by a real phys-
ical membrane at Planckian distance from the horizon.
This membrane is called the stretched horizon. The falling
of matter inside the black hole could be viewed as the
stretched horizon absorbing its energy. For outside ob-
servers, the Hawking radiation is the thermal radiation
of the stretched horizon.

In contrast to the accelerating observers at a fixed dis-
tance from the black hole, a free-falling observer falling
into the black hole will not see the stretched horizon.
This leads to two different descriptions of the physical
events on a given Cauchy surface that extends to the in-
side of the black hole. This might seem paradoxical at
first; however, since the two observers are causally dis-
connected, they cannot communicate their different nar-
ratives to each other. In other words, no observer can ex-
perience both physics 2.

As we mentioned above, the black hole’s Hawking
radiation could be interpreted as the stretched horizon’s
thermal radiation. When an object falls in the black hole,
it perturbs the stretched horizon and causes a small devi-
ation from the equilibrium. After some time, the system’s

2Such an observer is often called a superobserver in the literature.

Overall quantum state
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FIGURE 3: The black hole complementarity allows us to
isolate the black hole’s exterior and study the evolution
in it independently.

information thermalizes and can be radiated away in the
form of thermal radiation. The time it takes for external
perturbations to thermalize is called the scrambling time.
In the following, we give a more rigorous definition of it
and study it in more detail.

The scrambling time of a system is the time that it
takes for the information of a generic pure state to dis-
perse among all microscopic degrees of freedom. More
precisely, it is the time by which the density matrix p =
Try, |1) (| becomes thermal for almost every subsystem
‘Hs with half the degrees of freedom. In [22], it was con-
jectured that for any quantum system at inverse temper-
ature B, the scrambling time 7g is bounded from below

by
% > f(B)In(S), @)

where f(p) captures the interaction strength and S is the
total entropy. The systems that saturate the above bound
for some function f(B) are called fast scramblers. Based
on the complementarity principle, it was conjectured that
both black holes and de Sitter space are fast scramblers
with the scrambling time given by [22, 23]

T ~ % In(S). (8)

It is worth taking a while to review the argument that
bounds the black hole scrambling time from below. We
review a thought experiment presented in [22] that shows
that if the scrambling time is too short, the no-cloning the-
orem could be violated.

Suppose that we have two observers Alice and Bob
each carrying a g-bit that are fully entangled with each
other. Bob jumps in the black hole, and right after he
passes the horizon by a Planck length?®, he measures the
g-bit. Then, he sends a null signal in the outward radial
direction that carries the measurement’s outcome infor-
mation. On the other side, Alice waits at a short distance
outside the horizon until the black hole radiates away

3Smaller distances are not meaningful to a semi-classical observer.



Bob’s g-bit information. She then collects the Hawking
radiation that contains Bob’s g-bit’s information*.

FIGURE 4: If Alice’s worldline (the red curve) could meet
Bob’s signal (blue wavy curve), the no-cloning theorem
would be violated.

The time Alice needs to wait is precisely the scram-
bling time. As soon as Alice receives a copy of Bob’s g-
bit’s information through Hawking radiation, she jumps
in to catch Bob’s signal (Figure 4). If she succeeds, she will
have two copies of Bob’s information, which violates the
no-cloning theorem. Moreover, both copies are fully en-
tangled with Alice’s g-bit, which violates the monogamy
theorem. The scrambling time must be long enough so
that Alice’s future light cone and Bob’s signal do not in-
tersect to avoid these contradictions. This gives a lower
bound of ~ ﬁ log(M) for the scrambling time [22].

In the next subsection, we apply the ideas we covered
in this subsection to de Sitter space to develop the de Sit-
ter complementarity.

3.2. de Sitter Complementarity

Several authors [26, 27, 28, 29, 30, 31, 32, 33, 34] have
proposed a complementarity principle for de Sitter space
similar to the black hole version that we discussed in
the previous subsection. The proposal is that the physics
inside the Hubble horizon could be described indepen-
dently from the outside of the Hubble patch. Similar to
the black hole version, there is a stretched horizon lo-
cated at a Planck distance from the Hubble horizon. The
stretched horizon disappears from free-falling observers
crossing the Hubble horizon. When a system crosses the
Hubble horizon of a comoving observer, the information
of that system thermalizes over the stretched horizon and
gets radiated toward the observer after a scrambling time
(see Figure 5).

A key difference between black hole complementar-
ity and its de Sitter counterpart is in information recovery.
In order to recover the information of a system that has
crossed the black hole’s horizon, one needs to wait out
the Hawking-Page transition [24]. This is to ensure that
half of the black hole’s entropy is radiated away so that

“The experiment is done after the Page time so that Alice can retrieve
Bob’s g-bit information with O(1) bits of Hawking radiation [24, 25].

FIGURE 5: Penrose diagram of de Sitter space. The left
side is the world line of a comoving observer A and the
dashed blue curve denotes its corresponding stretched
horizon. B is a system that exits A’s Hubble horizon. The
information of B thermalizes over the stretched horizon
after the scrambling time 7; and is partially radiated by
the Hawking radiation in the red region.

Hayden-Perskill protocol [25] could be implemented. An-
other way to think about the Page time is when the ra-
diated matter is maximally entangled with the remain-
ing of the black hole. The significant role of the maxi-
mal entanglement is especially evident in ER=EPR du-
ality [35]. Suppose that one collapses the maximally en-
tangled radiated matter into a second black hole. It was
conjectured that this would create a wormhole geometry,
which makes the information recovery possible [36, 37].
Information recovery is a bit trickier in de Sitter
space. For starters, there is no Hawking-Page transition
in de Sitter space. This is due to the fact that the maxi-
mum entropy that can be stored in the Hubble patch is
a third of de Sitter entropy [38]. At first, this might seem
to suggest that information in de Sitter space is irretriev-
able. However, collecting half the entropy is unnecessary
as long as we have access to a maximally entangled state
with the stretched horizon. In that case, the information
can be recovered as soon as it is scrambled. As we will
discuss in more detail in Subsection 3.3, after the scram-
bling time, the vacuum evolves into the Bunch-Davies
vacuum, which is maximally entangled across the hori-
zon. Therefore, after the scrambling time, all the neces-
sary ingredients to recover information are in place. The
authors in [9] present an elegant method to recover in-
formation after scrambling time with the use of shock-

WE’&VES5 .

"By computing out-of-time-order correlators, they show that de Sit-
ter space is a fast scrambler (&, ~ % In(%)). A similar argument for fast
scrambling in de Sitter space was discussed in [10].



For de Sitter space, the conjectured value (8) for the
scrambling time takes the form

SENES)

where H « /A is the Hubble parameter. As pointed out
earlier, the scrambling time matches TCC time Tr¢cc. In
this section, we focus on de Sitter scrambling time and try
to understand (9) better. We try to find an argument sim-
ilar to the thought experiment we mentioned for black
holes that justifies (9). In Appendix A, we present a
thought experiment analogous to the one we discussed
for black holes. We show that 7 must be greater than
~ % ln<%) to avoid a violation of the no-cloning prin-
ciple. Here, we propose a different thought experiment
that offers a clear insight into the relation between the
scrambling time and the maximum lifetime from TCC.

Thought Experiment: Observational Consistency. In the
framework of complementarity, different observers expe-
rience different physics. The comoving observers see a
stretched horizon while the free-falling observers cross-
ing the Hubble horizon do not. This is consistent as
long as observers who experience different physics can-
not communicate their different narratives to each other.
This is trivially satisfied for black holes, but in de Sitter
space, the situation is more tricky. We consider a thought
experiment to check if observers who experience differ-
ent physics can communicate their experiences to each
other. We show that the consistency of complementarity
imposes a lower bound % ln(%) on the scrambling time.

Consider two comoving observers Alice and Bob
with initial positions of r4 = 0 and rg = l att = 0.
Consider that a g-bit crosses Alice’s horizon at t = 0, but
it accelerates afterward such that it never crosses Bob’s
horizon. Suppose that Alice and Bob continue to stay on
their comoving paths until f = 7;. From Alice’s perspec-
tive, Hawking radiation carrying part of (even if very
small) the g-bit’s information radiates inward. However,
from Bob’s point of view, that would not happen since the
g-bit has never exited his horizon. If Bob is still within
Alice’s Hubble horizon at this time, Alice can catch the
radiation with the g-bit’s information and communicate
her different narrative to Bob (see Figure 6). Alice and
Bob must have exited each other’s Hubble horizon by the
scrambling time to prevent these inconsistent narratives
from ever meeting each other. Therefore, scrambling time
should be longer than the time it takes for a comoving
length [ to stretch beyond the Hubble radius.

1 1

Alice

FIGURE 6: Setup of the thought experiment. System C ex-
its Alice’s Hubble horizon but stays inside Bob’s Hubble
patch. The dashed blue line is Alice’s stretched horizon
and the red squiggly line is the Hawking radiation which
carries part of C’s information.

We set [ to the smallest possible meaningful distance

lmin~

Ts > %ln(%mm) ()]
If l;in = lp, the above lower bound matches TCC time.
This thought experiment elucidates the relation between
scrambling time and TCC time. They are both the time it
takes for Planckian lengths to stretch beyond the Hubble
radius. What is nice about this argument is that it tells us
that the two times would match even if the smallest phys-
ical length scale [,,;,, was different from Planck lengthé. It
is reasonable to believe that in such a background, TCC

time scale as the maximum lifetime of de Sitter space gets

replaced with % ln< Hll,,,,-,l ) . This is because the fundamen-

tal idea behind the TCC time scale is to ensure that the
smallest physical quantum fluctuations do not exit the
Hubble horizon and classicalize’.

3.3. Thermalization in de Sitter Space

In the previous subsection, we studied thermalization in
the framework of complementarity and showed that it
takes t ~ % In < %) to happen. In this subsection, we sup-
port that result by studying the de Sitter vacua. We re-
view quantum backgrounds with approximate de Sitter
symmetries (de Sitter vacua) and an argument that shows
in a time of order Trcc all of them evolve into a particular
one called the Bunch-Davies (BD) vacuum. The BD vac-
uum is a thermal background, which is why we call this
process thermalization.

For example, the size of the compact dimensions could set a greater
lower bound for physical lengths.
7We thank Matthew Reece for sharing this insight.



If we have a de Sitter vacuum |Q)), the Wightman
two-point functions (Q|¢(x)$(y) |Q?) must respect the
isometries of the de Sitter space. Additionally, they are
Green'’s functions of the free scalar field equation of mo-
tion. All such functions can be parametrized by a com-
plex number a with a negative real part®. The states |a)
for which

Gu(x,y) = (a| p(x)P(y) &) (12)

are called a-vacua. For &« = —oo, Green’s function
matches the thermal Green’s function [39, 40]. This vac-
uum is called the Bunch-Davis vacuum. A review of the
mode expansions that lead to these vacua can be found in
[41]. The modes ¢ (k) corresponding to the BD vacuum
have a special property that

l T o .
as k= oo = ¢F(K) ~ —HZ “erTR - (13)

where (¥,7) are comoving coordinates. Equation (13)
tells us that at large momenta (short distances), the BD
modes exhibit the same behavior as their Minkowski
counterparts. Therefore, the BD vacuum looks like the
Minkowski vacuum at short distances which is consistent
with the equivalence principle. The creation and annihi-
lation operators for the rest of « vacuua do not share this
property. The annihilation operators for a-vacua are re-
lated to the ones for the BD through Boguliobov transfor-
mations [42]:

1
g = (aED — aED tor ) (14)

The stability of de Sitter space is built in the symme-
try group of it. So, the instability of de Sitter space must
manifest in the form of the impossibility of defining states
that respect all de Sitter symmetries, i.e., de Sitter vacua.
In the following, we mention several issues with a-vacua
that are closely related to the instability of the de Sitter
space.

* We use adiabatic approximation as we assume
that for a comoving mode k, the state satisfying
ax |) = 0 will continue satisfying it at later times.
However, in [43], it was shown that this assump-
tion does not hold. In other words, quantum effects
make it impossible to find a true de Sitter vacuum
that respects this symmetry.

® Due to the previous point, the time at which the
condition af [p) = 0 is imposed for a given co-
moving mode matters. In [44], it was argued that
the BD vacuum is the state we get by imposing
these conditions at + = —oco. This makes BD un-
physical since, at that time, all the comoving modes

8See [39] for the analytic expression of the two-point function G,.

are trans-Planckian. Physically, we can impose the
annihilation conditions only after the modes enter
the sub-Planckian regime. In [45], this issue was re-
solved by introducing a more physical alternative
to the BD vacuum by imposing the annihilation
condition of each mode at the time it enters the sub-
Planckian regime. This state is called the Instanta-
neous Minkowski Vacuum (IMV). It was shown that
this modification leads to decay of A with a lifetime
of ~ H™! [46, 47].

e Equation (14) tells us that all a-vacua (except
BD) are UV divergent. This is because any «-
vacuum other than the BD vacuum has arbitrar-
ily high momentum excitations with respect to the
BD vacuum, which leads to a divergent energy-
momentum tensor. The fact that the short distance
behavior of a-vacua is different from Minkowski
violates the equivalence principle.

The a-vacua must be regulated at short distances to
avoid the last problem. This could be done by introduc-
ing a cutoff A and imposing a?P &) g = 0 fork > A
reg = 0 for k < A. Note that the two-point func-
tion at scale ~ 1/A is no longer invariant under de Sitter
space isometries. This is another example where preserv-
ing the symmetries of de Sitter space at all scales is im-
possible.

The regulated a-vacua |«),,, differ from BD only for
modes with k < A. All of these modes exit the Hubble
horizon in % ln(%). In other words, after % ln<%>, any
de Sitter vacuum evolves into the BD vacuum which is a
thermal background. This result is identical to what we
found in the previous subsection from de Sitter comple-
mentarity.

and af |«)

3.4. Complementarity in de Sitter Space

Both of the perspectives that we discussed point to-
ward the same expression %m(%) for de Sitter ther-
malization/scrambling time which matches the conjec-
tured value in [23]. The thought experiment in Section 3.2
gives us a unique insight into complementarity. It tells
us that after the scrambling time, all the Hubble patch
information exits the Hubble horizon and gets radiated
back in the form of Hawking radiation. Let us say that
we have put observers on a comoving lattice with the ini-
tial spacing of Planck length. After a scrambling time, all
observers exit each other’s respective Hubble horizons.
In a sense, each observer gets their own universe! Each
observer will see all the other ones exit their horizon and
receive their information in Hawking radiation after the
scrambling time. There will be many isolated universes,
each having a copy of the initial information in the form
of Hawking radiation of everything else that crossed their
Hubble horizon. This is the complementarity picture of
de Sitter space.



4. COMPLEMENTARITY AND THE SWAMPLAND

In the last section, we saw multiple arguments with
different logics for why the scrambling time in de Sit-
ter space is of the order of the TCC time. The Swamp-
land conditions suggest that the de Sitter space cannot
be viewed as an equilibrium thermal background. This,
however, does not mean that the de Sitter space does not
have any statistical interpretation. For instance, the de
Sitter entropy is still a meaningful quantity that counts
the number of quasi-stable de Sitter microstates. How-
ever, this should be viewed as a fine-grained entropy not
to be confused with the thermodynamic entropy, which
satisfies the second law of thermodynamics (see [48] for a
review of fine and coarse-grained entropies). For the ther-
modynamic entropy to make sense, the system must be
able to reach equilibrium. In a sense, the complementar-
ity picture breaks down according to TCC.

It is worth mentioning that de Sitter space, if viewed
as a thermal background, has some strange features. For
example, the number of particles in the thermal radia-
tion is O(1) [49]. In a sense, the de Sitter space would be
the minimal thermodynamical system which is quantum-
mechanically sensible.

There are some key differences between black hole
complementarity and de Sitter complementarity. For ex-
ample, Hawking-Page phase transition has no analog in
de Sitter space [38]. Another fundamental difference be-
tween the two is that the horizon is real and observer-
independent in the black hole version. In contrast, in
de Sitter space, the horizon is apparent and observer-
dependent that could significantly differ from the real
horizon. The difference between real and apparent hori-
zons is especially significant for fastly decaying de Sitter
spaces such as those predicted by TCC. It is intriguing to
see if there is a modified version of the complementarity
principle that applies to all real horizons and is consistent
with the Swampland picture.

A nice demonstration of the tension between Swamp-
land conditions other than TCC and thermal aspects of de
Sitter space can be found in [20]. The number of light de-
grees of freedom in a 4d de Sitter space is given by the
de Sitter entropy N ~ % Applying the de Sitter conjec-
ture and the distance conjecture to a rolling quintessence
potential shows that the number of accessible degrees of
freedom increases by more than N, over a scrambling
time [20]. Therefore, the low-energy EFT breaks before
the de Sitter space can thermalize any non-thermal per-
turbation.

5. COSMOLOGICAL IMPLICATIONS

The fluctuations of CMB are scale-invariant. The only «-
vacuum that generates scale-invariant fluctuations is the
BD vacuum. This poses a fine-tuning problem for infla-
tion’s initial condition unless there is a natural mecha-
nism that sets the vacuum to BD. As discussed in the last

section, if the de Sitter space lasts more than the scram-
bling time, any initial vacuum would eventually evolve
to BD. However, we saw that the Swampland conditions
forbid this. In the following, assuming a lifetime 7 for the
de Sitter space, we find the range of the a-vacua that get
turn into BD vacuum within the lifetime of de Sitter. The
smallness of this range determines the severity of the ini-
tial condition problem for inflation.

Suppose that |i), is the projection of |a) over the
Fock space of particles with momentum k. Let |¢), =
Y. ¢n |n), where |n) is the n-particle state with respect to
BD modes. Since a* [i), = 0, from (14), we find

Qi e

Cir1 =0 and ¢y = Nen] (15)

Therefore, the average excitation number of the momentum-

k mode is

L(2i=D! 2
5 Zizo 21( 1(21‘))! eZI Re(a)

ne =~ . - . (16)
ZizO (2i (2%))!”(321 Re(w)
For large n, we have
i1t _1& 11

From exponentiating the above equation, we find

% ~n /4, Plugging this into (16) leads to

~ ZIZO 2i3/482i Re(w)

np ~ P BT 7
21201 1/402i Re(w)

(18)

This can be expressed in terms of the polylogarithm func-
tions as ny ~ f(), where ¢ = exp(2Re(a)) € [0,1) mea-

sures theLdeViation from the Bunch-Davis vacuum and
1 X

fx) = Zﬁ The average momentum is
4

f\k\<A dP-1x nik
f\k\ <A a1k
where A is the field theory cutoff and D is the dimension

of spacetime. The time that it takes for these excitations
to freeze out (thermalize) is

(k) ~ ~ Af(@), (19)

T = %m(%) (20)

For the fluctuations to be scale invariant at the end of in-
flation, the duration inflation T must be longer than this

time.
> %ln(Af(g)) (21)
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which can be rearranged into the following form:
§ < Gmax = fHE T/ A), (22)

where 7, = % ln(%) is the de Sitter scrambling time and
also the maximum de Sitter life time according to TCC.
Figure 7 shows the graph of Emax = f~1(eHT)/A).

To explain the scale-invariance of CMB fluctuations
without fine-tuning of the initial vacuum state, generic
initial states, including those with 1 — ¢ < 1, must have
enough time to thermalize into BD by the end of infla-
tion. Therefore, we need 1 — {max < 1. From Figure 7,
we can see that this condition implies (") /A > 1.
IfA = O(Mpl), we would need T — 7, > H~1, which is
inconsistent with TCC. Thus, TCC implies that inflation
cannot last long enough for a generic initial vacuum to
create the observed almost scale-invariant CMB fluctua-
tions. This imposes a severe fine-tuning problem on in-
flation. This is in addition to another fine-tuning problem
that TCC imposes on inflationary models due to the very
short field range of the inflaton [7]. In conclusion, any
conventional form of inflation seems to be in severe ten-
sion with TCC. A TCC-compatible potential alternative
for inflation was recently proposed by Prateek Agrawal
et al. for the early phase of our universe [50].

6. CONCLUSIONS

We saw from two different points of view that sup-
posing that the de Sitter space lives long enough, the
time %111(%) could be viewed as the thermalization
time. From the complementarity standpoint, this is when
out-of-equilibrium perturbations thermalize over the
stretched horizon before getting radiated back into the
Hubble patch. From another point of view, this is when
deviations from the thermal BD vacuum exit the Hubble
horizon. These are two different, yet compatible, ways of
viewing the thermalization process in de Sitter space.
The TCC states that the lifetime of de Sitter space
is less than the de Sitter thermalization time. In other
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words, the universe will quickly access more light de-
grees of freedom than the ones available to it in a given
de Sitter background and will not stay in the de Sitter
Hilbert space long enough to reach thermal equilibrium.
Because of this, TCC poses a severe initial condition prob-
lem for any conventional inflationary scenario producing
the scale-invariant CMB fluctuations.

It would be interesting to study the possibility of
a more general principle that quantum gravity forbids
finite-dimensional thermal systems in the sense that the
thermal distribution in any finite-dimensional subspace
cannot be confined to that subspace for more than its ther-
malization time.

Appendix A. THOUGHT EXPERIMENT

We present the de Sitter version of the thought experi-
ment discussed in Subsection 3.1. This thought experi-
ment was developed in conversations with Cumrun Vafa
and Georges Obied. We show that s 2 Trcc.

We assume that the vacuum is BD after a scrambling
time. This is consistent with our final result 7; 2 Trcc, be-
cause as we showed in Subsection 3.3, every de Sitter vac-
uum evolves into BD in trcc. Since BD vacuum is max-
imally entangled across the Hubble horizon, we can use
it to perform the Hayden-Perskill protocol [25] to recover
the information. Therefore, the information of a system
that has exited the Hubble horizon can be recovered after
the scrambling time.

Consider Alice and Bob carrying two fully entangled
g-bits. The idea is to have Bob cross Alice’s horizon and
see if Alice can get two copies of Bob’s state: one through
Hawking radiation and another via a null signal from
Bob. If Alice succeeds, both the no-cloning theorem and
the monogamy theorem would be violated.

Alice is initially stationary with respect to the co-
moving frame. Bob crosses Alice’s stretched horizon lo-
cated at ~ [p from the Hubble horizon and the spacetime
point X. After he is one Ip outside the Hubble horizon,
he makes a measurement on the g-bit and sends the out-
come by a null ray toward Alice. We consider an extra Ip
since any emergent phenomenon from quantum gravity
such as a horizon has a Planckian resolution.

We call the spacetime point at which Bob sends the
signal Y. As Bob jumps in, the information of the g-bit
he is carrying will thermalize and radiate back to Al-
ice from the stretched horizon after a scrambling time
ts ~ 1/Hlog(1/H). We denote the point of radiation by
Z.Suppose that Alice moves toward the horizon on a null
ray and catches the signal midway at spacetime point T.

We consider a de Sitter space with flat coordinates
such that tx = 0 and the scale factor at X is set to 1.

The metric takes the form

ds? = dt* — a(t)® [dr® + d0?], (A1)



where a(t) = eflt. Therefore, ry % —1land txy = 0.
From ds?> > 0, we find ty — tx > ry — rx. By plugging in
rx = % —landry = % + 1, we find ty > 2. Bob’s infor-
mation radiates back from the stretched horizon after a
scrambling time 7;. Thus, t7 ~ T;. The physical distance
of Z which is on the stretched horizon from the Hubble
horizon is ~ Ip; therefore,
).

Now, we solve the null ray equation to find when the ra-
diation will reach Alice at T.

a(ty)ry = 1., ry =e HT (% - (A.2)

H

1
ds=0—A=e Mt =7
S He r

— e Hir — o~ HT (H+ %) .

(A.3)

Now, to see if there is any cloning paradox, we should see
if the future lightcones of T and Y intersect. For points in
the future light cone of T, we have

1wy —H
‘SH (61 . , (A4)
—r< g (eiHT” (H+ E) —eth> .
For points in the future light cone of Y, we have
% (—e’HtY +e’Ht) <r—ry s
Srsppttize®

From (A .4) and (A.5), we find that the following inequal-
ity must hold to prevent the future lightcones of T and
Y from intersecting so that the no-cloning theorem is not
violated.

1 1—e2H
—Ht, L)<
e <1+2H) _1—|—7H . (A.6)
For sub-Planckian energy densities H < 1, the LHS is
e~ H% (1) and the RHS is O(1).

1 1
e Hs <H 51 > ﬁln<—).

o (A7)

Note that if Bob could send his signal right after ex-
iting the horizon instead of Ip beyond the horizon, Alice
could catch it and the experiment would fail. The Planck-
ian resolution of the stretched horizon plays an important
role in preventing a cloning paradox.
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Alice

FIGURE A.8: Penrose diagram of the thought experiment
in de Sitter space. The red and blue squiggly lines each
carries a copy of Bob’s g-bit information
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