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1. Introduction

In the context of effective field theories, an axion-like field
(henceforth, “axion”) is a pseudoscalar angular degree of freedom
that emerges as the Nambu-Goldstone mode of a complex scalar
field with a spontaneously broken chiral U(1) symmetry. The ax-
ion’s continuous shift symmetry can be explicitly broken at suffi-
ciently low energies by non-perturbative effects, such as instanton
transitions within a non-Abelian gauge sector coupled to the ax-
ion. These effects give the axion ¢ a periodic effective potential
that takes the form Vg ox cos(¢/f) in the dilute instanton gas
approximation, up to an additive constant [1]. Here the decay con-
stant f is set by the scale of spontaneous symmetry breaking. The
scope of this work will be restricted to potentials of this form. Ex-
cept for a brief discussion related to axion quintessence, we will
also assume that the net vacuum energy is negligible compared to
the amplitude of the axion potential, setting

V(p) =m?f2[cos(p/f) + 1], (1)

with m = |V”(nx f)|, n € Z, denoting the axion’s nominal mass.
The mass is exponentially sensitive to the instanton action and
can therefore take on a wide range of values depending on the
gauge sector to which the axion is coupled [1]. Moreover, the
axion’s mass is shielded from large perturbative loop corrections
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due to its (weakly broken) shift symmetry [2]. These factors have
motivated the use of axions as candidates for a wide range of cos-
mological models postulating the existence of spin-zero fields with
low masses and flat potentials, including models of inflation and
quintessence (see, e.g., [3] for a review).

In addition to being phenomenologically interesting, axions are
on strong theoretical footing due to their generic emergence in
the low-energy limit of string theory [4]. These “string axions”
can acquire a similarly wide range of masses from worldsheet
or membrane instantons [4,5], though contributions from other
non-perturbative effects remain uncertain [6,7]. Despite this uncer-
tainty, attempts to model the accelerated expansion of the universe
using string axions have continued for decades [8-14].

Independently, string-theoretic arguments (and considerations
of quantum gravity more broadly) have led to the development
of Swampland conjectures that place limits on viable effective
field theories and on the possible dynamics of cosmic expansion
[15-17]. One such conjecture is the Trans-Planckian Censorship
Conjecture (TCC), which states that a phase of accelerated expan-
sion will never last long enough for sub-Planckian perturbation
modes to be stretched to super-Hubble length scales [17]. In addi-
tion to being consistent with explicit constructions in string theory,
the TCC has been supported by general arguments from holog-
raphy and gravitational renormalizability, and it is connected to
many of the other Swampland conjectures [18-20]. As a result, the
scope of the TCC extends to systems containing axions of any ori-
gin compatible with quantum gravity, whether string-theoretic or
otherwise.
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In this work, we analyze the implications of the TCC for ax-
ions in general and for models of axion-driven cosmic acceleration
in particular. Our central goal will be to place constraints on the
decay constants characterizing systems of A/ identical axions with
masses m < Mp;, where M, = ,/hAc/(87 G) is the reduced Planck
mass. A -axion systems are frequently used in models of cosmic
acceleration [9,14,21-25], motivated by the failure of string the-
ory to produce an axion with a sufficiently large decay constant
(f 2 Mp) to drive single-field inflation [26-28] or quintessence
[2,9,21]. The goal of these models is typically to use many axions
with small decay constants to mimic a single axion with a large
“effective” decay constant, fef = f+/A/, that could drive acceler-
ated expansion [21,22]. Later arguments from string theory and
the Swampland program, however, have suggested that even fefs is
bounded from above by the Planck scale [29-32].

In Section 2, we improve upon the precision of these bounds
by showing that A -axion systems are only compatible with the
TCC if fefsr < 0.6Mp. In Section 3, we show that this bound rules
out models of A -axion inflation to a much greater degree than
the existing 20 tensions between measurements of the cosmic
microwave background (CMB) and predictions from axion-driven
“natural inflation” scenarios [33]. On the other hand, we find in
Section 4 that the TCC is compatible with A -axion quintessence
models, as long as the initial field values lie sufficiently close to
the maxima of the axions’ cosine potentials. Finally, in Section 5,
we summarize our results, elaborate on the different implications
for quintessence models when the axions are string-theoretic vs.
non-string-theoretic in origin, and comment on possible extensions
of this study. Note that throughout the remainder of this work, we
will work in units where M, =1.

2. TCC constraints on axions

The TCC restricts the duration of any phase of accelerated ex-
pansion of the universe by forbidding sub-Planckian perturbation
modes from being stretched to super-Hubble length scales. Math-
ematically, this statement can be written as

a M
end < pl )
ao Hend

(2)

where ag =1 is the scale factor at the onset of accelerated expan-
sion, and depq and Hepg are the scale factor and Hubble parameter
at its completion. This restriction can be used to constrain the
potential of any scalar field by requiring that Eq. (2) is obeyed
throughout the field’s evolution for all physically allowed initial
conditions [17]. Note that where quantum fluctuations or tunnel-
ing events are concerned, the TCC has been interpreted as a proba-
bilistic statement, with Eq. (2) holding for the expected amplitude
of fluctuations or expected tunneling time [17].

In this section, we will first develop an approximate analytic
constraint on the effective decay constant fef = f+/A/ charac-
terizing the potential of an A -axion system, and we will then
tighten this constraint using more accurate numerical methods. For
the analytic calculation, we choose to give each field ¢, (where

n=1, ..., N) an initial value
fff
0)=—5 3
¥n T «//Eg )
and initial velocity
2
, me fes
0)=—— 4
$n(0) =—— (4)

at some initial time t = 0. We also restrict our analysis to ax-
ions with masses satisfying m < 1/(N f) or m <« 1, whichever is
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stricter. This ensures that ¢,(0) < f and ¢,(0)? < V(¢n(0)), al-
lowing us to approximate

V'(¢n) ~ _mzf/)n (5)
and, per the Friedmann Equation,
N
H? ~ ) "V (gn) ~2m° f&. (6)
n=1

Our choice of initial conditions—which, no matter how con-
trived, must still obey the TCC—places the fields sufficiently close
to the hilltop (¢, = 0) to drive accelerated expansion, but suffi-
ciently far from the hilltop (and with sufficiently large velocities)
to make quantum fluctuations subdominant to classical evolution.
We derive this latter statement in Appendix A.

Using the initial conditions (3)-(4) and the approximations
(5)-(6), we solve the equations of motion

@n+3H@n + V' (gn) =0 (7)

to find an exponential growing mode

@1 (t) = Ae®t, (8)

3+ fof +9+6f7
2Joref?
wy = g (,/9+6fgff2—3). (10)

Note that A ~ ¢,(0) for any fer = 0.1, and the inverse time
constant is w4 ~ H/(2f ) in the limit ferr > 1 or alternatively
w4+ ~m in the limit fef < 1.

Accelerated expansion continues at least until ¢, ~ f, where
one also has from Eq. (8) that ¢, ~ w4 f. This can be verified
by computing the equation of state, € = %(1 +w) = %(1 + P/p),
where P and p are respectively the total pressure and energy den-
sity. In particular, for a collection of identical scalar fields, we have
that

where

A= gn(0)- 9)

_ 3%k 3
G2 +2V(pn)  14+3m/w)(f/gn)?
> approaches O(1) as

When for < 1, we see that € ~ m
on — f, signaling the end of acceleration of the scale factor (which
obeys d o« (1 — €)). In the opposite limit (fer 2 1), the equation
of state is still well below unity when ¢, ~ f, meaning acceler-
ation will go on for a bit longer—but it will certainly end before
the fields reach the minima at ¢, =7 f, where V =0 and € =3
Therefore, in either case, we can conservatively assume that accel-
eration lasts from ¢, ~ ¢, (0) until @, ~ f, and the scale factor at
the end of acceleration satisfies

(11)

tend

H
In(aend) = / H(t)dt 2 Hendtend ~ end In <£) . (12)
w4 A
t=0
The Friedmann equation gives
74 m
Heopg = pend end feff (13)

and the TCC constraint (2) thus requires the parameters of this
model to satisfy
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Fig. 1. Maximum values of fefr = f+/N allowed by the TCC as a function of axion
mass m and axion count N/, according to numerical simulations with +0.01M
precision on fef.

Mfett | (£> m( 2. (14)
V2w, A mfet

It is straightforward to check that for a broad range of masses
(any m <0.01) and axion count (any N < 1000), the constraint
(14) places an upper bound on fef that is at most O(1) and
asymptotes toward ~ 0.7 as the mass decreases. This constraint
in the low-mass regime is already somewhat tighter than other
Swampland conjectures and string-theoretic arguments, which
broadly disfavor scenarios with ferr = 1 [29-32]. Importantly, fac-
tors of O(1) in the logarithm on the right-hand side do not mean-
ingfully affect this asymptotic behavior, so our results remain true
under slight modifications to the cutoff scales in the TCC.

Due to our choice of initial conditions and analytic approxima-
tions, the above constraint on fef is a conservative one. We can
produce an even tighter bound on fef by numerically simulating
N axions beginning from rest at precisely ¢, = 0. To maximize the
accuracy of these simulations, we replace the approximations from
Egs. (5)-(6) with the exact expressions

V/(gn) = —m? f sin(gn/ f) (15)
and
N 1
2 _ 1.9
3H —;[V«pnw z‘/’n]- (16)

We account for quantum fluctuations in the fields by sup-
plementing their classical evolution (governed by Eq. (7)) with
stochastic jumps in the field values applied independently to each
field (see Appendix A for details). Since the simulations are random
in nature, we bound fes by the highest value for which fewer than
half of the simulations violate the TCC. This bound is illustrated as
a function of m and A in Fig. 1, and it closely matches the conclu-
sions from our analytic calculation in the low-mass limit (relevant,
e.g., for quintessence models), constraining

feff $0.6 (form < GeV). (17)

At higher masses (relevant, e.g., for inflationary models), the con-
straint on fef is even tighter, reflecting the shrinking hierarchy
between the Hubble scale and the Planck scale. The constraints are
also generally tighter for systems with lower axion count A/, as
predicted by the analytic constraint (14).
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3. Constraints on inflation

Inflationary models require several features to be successful, in-
cluding a period of accelerated expansion lasting sufficiently many
e-folds to establish a Bunch-Davies vacuum and generate inhomo-
geneous modes that are just today re-entering the Hubble horizon
and are observable in the CMB. These modes must also have an
amplitude, tilt, and tensor-to-scalar ratio compatible with obser-
vational bounds. In this section, we show that models of axion
inflation using the potential (1) and obeying the TCC constraint
(17) cannot satisfy all of these criteria at once, regardless of initial
conditions.

The modes re-entering the Hubble horizon today were pro-
duced N} ~ 30 — 60 e-folds of the scale factor prior to the end
of inflation, depending on the reheating temperature [34]. Note
that even protracted reheating scenarios, which have previously
been used to adjust N} and improve compatibility between nat-
ural inflation and data [35], cannot push N} below O(30) without
interfering with Big Bang Nucleosynthesis (BBN). This leads to a
constraint on the total number of e-folds of accelerated expansion,
NP = In(@eng) 2 30. It is straightforward to show that this condi-
tion cannot be satisfied in A -axion inflation models with fer <1
when the fields begin from rest in the lower half of the cosine
potential. In this case, the equation of motion (7) is solved by
damped oscillations around the minimum scaling roughly as

[on(t) — fr] ~ e ™eilt cos(mt) (trough). (18)

It is clear to see that acceleration cannot last for time scales longer
than t ~m~!, leading to a severely limited N°' = [ Hdt < ferr < 1.
This rules out inflationary models with initial conditions in the
lower half of the potential.

On the other hand, when the axion field values begin near the
maxima of their potentials, it is possible to achieve a large number
of e-folds while satisfying the TCC bound on fef, as long as the
axion mass m satisfies

mferr < 10719 (19)

This upper limit comes from a model-independent bound on the
energy scale of TCC-compliant inflation [36,37]. Even if this condi-
tion is satisfied, however, one still runs into severe inconsistencies
between N -axion inflation models and measurements of the spec-
tral tilt. (For earlier constraints on inflation driven by a single
axion, which had already begun to show tensions with observa-
tional data, see Refs. [33,38-40].)

We know from Eq. (8) and the following discussion that each
field’s trajectory near the hilltop scales roughly as

@n(t) oce™  (hilltop). (20)
Since the scale factor grows approximately as
a(t) o eHt ~ evV2/3ferrmt (21)

N7 e-folds of the scale factor correspond to about Nj/ fesr e-folds
of the field value, implying that ¢, < f at the time the large-scale
CMB modes were being created. Then, since the equation of state
(11) evaluated at ¢, < f and fer <1 is

2

e~ (22)

the equation of state would have been e* ~ e=2Ne/fer < =60
when those CMB modes were created. The tensor-to-scalar ratio
r* =16€* is therefore similarly small and consistent with the ob-
servational upper bound [41]. On the other hand, the scalar tilt is
given by
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dIn(e) dIn(e)
ne=—" A , 23
s dIn(a) € dIn(a) (23)
and since € o« 2, we have that
dIn(en) dIn(gn) 1
1—ng~?2 = ~2 24
"™ ln@) Hdt Jetr 24)

up to multiplicative factors of order unity. Clearly, any fes <1 will
be inconsistent with the observed spectral tilt (1 — ns =~ 0.03) by
at least two orders of magnitude [33]. As a result, even when the
number of e-folds is sufficient and consistent with the TCC, models
of N-axion inflation obeying Eq. (17) still fail.

The example of axion inflation considered here illustrates a
much more general tension between inflation and the TCC. It has
been shown in Refs. [36,37] that for TCC-compliant inflationary
models to be consistent with the perturbation amplitude observed
in the CMB, the equation of state N; e-folds before the end of in-
flation must satisfy In(e*) < —71. On the other hand, the observed
tilt tells us that dIn(e)/dIn(a) ~ 0.03 at that same time. In or-
der to end inflation by achieving € =1 within O(30) e-folds of the
scale factor, it is necessary for dIne€/dIn(a) to increase rapidly to at
least O(1); however, as we have demonstrated, this does not occur
naturally on cosine (or any approximately inverse-parabolic) po-
tentials. This issue has been noticed already in previous proposals
for TCC-compliant models of inflation [34,36,42]. In certain models,
it was resolved by a sharp and finely tuned cliff in the inflaton’s
potential [36] or a finely tuned waterfall phase transition that ends
acceleration as soon as the inflaton exits the slow-roll regime [34].
In any case, it is evident that the TCC requires inflationary models
to be supplemented with a “kill switch” mechanism that ends ac-
celeration at just the right time to match observational constraints.

4. Constraints on quintessence

Unlike inflationary models, a successful model of axion quint-
essence only needs to achieve O(1) e-fold of accelerated expansion
with a low (quasi-de Sitter) equation of state. Moreover, obser-
vational constraints on the time-dependence of the equation of
state are significantly weaker than in the case of inflation. As a
result, it is possible in principle for axion quintessence models to
be simultaneously consistent with the TCC and with all available
observational data.

Indeed, it was shown in Refs. [2,21,43] that models of a single
axion with f 2 0.5 can successfully reproduce the behavior of dark
energy for a broad range of initial conditions. The primary issue
with these models, however, is that they are difficult to construct
within string theory. This is because the existence of a supersym-
metry breaking sector gives rise to instanton-generated potentials
with

Vssp(p) =m% -e St cos(p/ f), (25)

where mgs is the scale of supersymmetry breaking and Si,s is the

instanton action [9,44]. As a result, an axion whose potential is

of the same order as the present-day critical energy density must

have

m% . e—Sinst 5 H% = Sinst Z 2In <%> z 200, (26)
0

assuming ms 2> TeV. Because a string axion’s decay constant is re-
lated to the instanton action via

f~1/Sinst $0.005, (27)

any string axion sufficiently light to be quintessence will have a
decay constant that falls far short of the f ~ 0.5 threshold [9]. This
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Fig. 2. Comparison of theoretical predictions (solid/dotted curves) to the observa-
tional upper bound (dashed black curve, adapted from Ref. [46]) on the dark energy
equation of state w,, as a function of redshift z. The solid-curve theoretical pre-
dictions are generated under the assumption of N 2> 10* identical axions with
feff = 0.6, while the dotted curves illustrate sensitivity to fef € {0.55,0.65}. The
blue curve, which is consistent with the observational constraints, assumes all of
these axions have initial field values satisfying 6,(0) = ¢,(0)/f = 7 /5, while the
red curve, which violates observational constraints, assumes the initial positions
are randomly, uniformly distributed across their domain. Note that these theoretical
predictions are generated by numerically simulating the axions’ classical evolution,
starting from zero initial velocity at early times (z>> 1), in the presence of ordinary
(dust-like) matter. Present-day (z = 0) is defined by reaching the fractional energy
densities Qp =0.3 and Q4 =0.7.

line of reasoning suggests that if axions are string-theoretic in ori-
gin, one needs at least N ~ 10* of them to produce a satisfactory
effective decay constant, fef= f+/N >0.5.

As it happens, depending on the particular Calabi-Yau compact-
ification, models of string theory can contain up to (10> — 106)
light axions in their low-energy limits [9,45]. It is natural to ask
whether a collection of this many axions can successfully mimic
dark energy if their initial field values are spread in a random
uniform distribution across the cosine potential. Unfortunately, nu-
merical simulations show that this scenario would require fefr =
1.4, which violates the TCC by at least O(In(m~')) e-folds of ac-
celerated expansion.

In Fig. 2, we compare the dark energy equation of state wy =
Py/py as a function of redshift z for a scenario with a random
uniform distribution of initial field values (red curve) versus one
with identical field values near the hilltop (blue curve), each with
feff = 0.6. Only the model with initial field values near the hilltop
is compatible with the observational upper limit on w,. While re-
quiring that each initial field value satisfies |6,(0)| = |@n(0)|/f <
/5 would be a modest constraint for single-axion models, it is
a much more demanding one for models with N > 10 axions.
This result suggests that mechanisms for dynamically positioning
axions near the hilltop, such as the maximal-misalignment mecha-
nism used in N-essence [30], may be essential for models of string-
axion quintessence.

If the axions do not saturate the TCC bound and instead have
a lower fef, it is still possible to comply with observational con-
straints, but only for more finely tuned initial values of ¢,. We can
estimate the necessary tuning by adapting the result from Eq. (12)
to variable initial conditions {¢,(0), ¢,(0)} and taking the limit
feff < 1, finding that the number of e-folds of acceleration accrued
during classical evolution is given by

2f ) . (28)

NtOt% o l ( 8
e X et o+ gnOym
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The argument of the logarithm depends on whether the axion be-
gins in slow-roll! (with ¢,(0)/m ~ ¢,(0)/ fefr) or with negligible
field velocity (¢,(0)/m < ¢n(0)), though this difference will not
be too important. In order to achieve at least O(1) e-fold of accel-
erated expansion, ¢, (0) must satisfy
¢n(0)/f Sefer,
where we have neglected the sub-exponential scaling with factors
dependent on the initial field velocity. Note that in the limit of a
single axion, this upper bound reproduces the result from Ref. [21]
and roughly represents the probability that an axion with a ran-
dom initial field value can drive quintessence. This bound differs
from the probability found in Ref. [13] for two important reasons.
First, we used the full definition of the equation of state (Eq. (11))
to determine when acceleration ends, rather than the approximate
slow-roll expression € ~ %|VV/V|2. Second, we required accelera-
tion to continue for O(1) e-fold to satisfy observational constraints
for quintessence, whereas the limits in Ref. [13] included cases
where the duration of accelerated expansion is arbitrarily shorter.
From Eq. (29), we see that extreme fine-tuning can classically
compensate for arbitrarily low values of fef in axion quintessence
models. In practice, however, quantum fluctuations can destabilize
extremely fine-tuned configurations. Whether fluctuations in the
field are on the order of some TCC-compliant inflationary energy
scale, the present Hubble scale, or even several orders of magni-
tude lower, they impose a lower bound on ¢,(0)/f and in turn
constrain

(29)

ferr 2 0.01. (30)

This bound is slightly looser than the analogous calculation
for a single axion in Ref. [21] (which assumed a higher, TCC-
violating inflationary energy scale), but it still disfavors models
of quintessence driven by a single string axion with f < 0.005.

Finally, we comment on the possibility of a nonzero cosmolog-
ical constant and its effect on axion quintessence models. Obvi-
ously, if the vacuum energy density is small and positive, there
is no need for quintessence in the first place. However, vacua
in string theory have a notorious preference for negative energy
densities [47], and explicit models have been constructed where
the negative vacuum energy density pyac is smaller in magnitude
than the present dark energy density ppg ~ H% [48]. In the limit
| ovac| < ppE, the phenomenology of axion quintessence models
would be indistinguishable from that arising in the present work
under the assumption pyac = 0. Moreover, numerical calculations
show that assuming a more comparable vacuum energy density,
such that V(g,) =m? f2 cos(g,/f) with no constant offset, would
only change the constraints on fef (calculated in Section 2) and
|67(0)| (calculated in this section) by (O(10%). These conclusions
are consistent with Ref. [49], which found axion quintessence mod-
els to be compatible with the presence of a small cosmological
constant of either sign.

5. Conclusions & discussion

The central finding in this work is that the TCC constrains any
system of N\ identical axions with simple cosine potentials to have
decay constants satisfying ferr = f+/N < 0.6 in reduced Planck
units. This bound is even tighter for axions with masses near the

1 We caution that even if the axion is slowly rolling at the onset of acceleration,
much of its later trajectory will occur outside of the slow-roll regime. Indeed, one
can check using Eqs. (8) and (10) that a necessary condition for slow-roll, ¢ < Hg,
breaks down when the growing mode is dominant in models with ferr < 1.
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Planck scale (see Fig. 1). Because the TCC must hold for any phys-
ically allowed initial conditions (and not just the initial conditions
in our own observable universe), these constraints apply to all such
systems of axions, regardless of whether or not they are responsi-
ble for driving accelerated expansion.

We have shown that this constraint rules out models of axion-
driven inflation, as larger values of f.f are required to achieve
sufficiently many e-folds of inflation and produce the correct spec-
tral tilt. We have also argued that reconciling any inflationary
model with the TCC—axionic or otherwise—requires a mechanism
for ending inflation via a sharp and sudden increase of the equa-
tion of state €, rather than the traditional graceful exit. Some ex-
amples in the literature show that this can be accomplished in
principle, but they rely on an extraordinary amount of fine-tuning
[34,36].

In contrast to axion-driven inflation, models of axion quint-
essence can be simultaneously compatible with the TCC and ob-
servational data, as long as 0.01 < ferr < 0.6 and the axions’ ini-
tial field values are near the top of the potential at the level of
tuning specified by Eq. (28). In the case of a single axion with
f ~ 0.6, the necessary tuning is relatively modest, requiring the
initial dimensionless field value to satisfy 0| = |p|/f < /5. Ul-
tralight string axions, however, typically have much lower decay
constants f < 0.005, and one would therefore need A/ > 10* of
them, each aligned to within 47 /5 radians of the maximum, in or-
der to achieve the same effect. Alternatively, one could have fewer
string axions (resulting in a lower fef) with more finely tuned
initial conditions, up to the limit set by quantum fluctuations. In
either case, axions that are specifically string-theoretic in origin
appear to require a mechanism to perch them near the hilltop.

We emphasize that the bounds and constraints derived in this
work apply specifically to models of N identical axions with co-
sine potentials. Models of inflation making use of multiple non-
identical axions [50,51] or axions coupled to a bath of radiation
[52-54] are not directly constrained by the present work, but they
are unlikely to overcome the general obstacles for TCC-compliant
inflation outlined above. Models of quintessence using axions with
a small range of masses and decay constants would likely still be
feasible with some additional tuning, but more elaborate models of
axion quintessence, which may incorporate nontrivial interactions
between axions, monodromies, contributions from higher-order in-
stanton corrections, or interactions with dynamical moduli, require
their own independent analysis.
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Appendix A. Quantum fluctuations

While the axion fields are located at the hilltops of their poten-
tials with sufficiently low classical velocities, their evolution may
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be dominated by quantum fluctuations. The initial conditions used

2
for the analytic calculation in Section 2, namely ¢, (0) = :Ljféf and
2
on(0) = mGJ{Eff, are specifically chosen to avoid this regime. To see

this, we can consider the RMS fluctuation [55] of a massive field
in a de Sitter background,

HZ
(A@n)ms = | 55— (€2110@ — 1), (A1)
n
and compare its time-derivative
X H3€2nln(a)
(AP)ims = =g (A.2)
s 8772(A(Pn)rms

to the field’s classical velocity. Here, a is the scale factor, n =
—m?/(3H?), and we have taken H to be approximately constant.
Since 1 < 0, we have that

H3

<— A3
8m? (A@n)rms (A-3)

(A¢n)rms

50 we can conservatively estimate that (A@p)gms < @n(0) when

H? < m? fefe
87 2(A@n)ms ~ 67

2
MJ o
76

In other words, the initial conditions we chose ensure that quan-
tum effects offset the initial field values by a factor less than
O(1). Additionally, the classical equations of motion (7) ensure
that ¢, ~m?@, — 3H¢, remains positive when starting from these
initial conditions, amplifying the fields’ classical velocities while
(A@n)ims falls off.

To simulate the effects of quantum fluctuations numerically, we
employ a random walk with time step dt, where at each time step,
the field value of each axion changes by

= (APn)ms 2 (A4)

H
8¢n = +—+/Hdt - e"'"@ (A5)
2
At each time step, the scale factor changes according to dIn(a) =
Hdt, and so the variance of this random walk at some future time
with scale factor a will be, indeed,

In(a)
Hdt 1,3

H ,
2y _ 25 (jHdt)
1) _E dt - e“"V
(pn) j—047T2

(A.6)

H3 .
~ / mdt’ezn(]Hdt)dj
j=0
2
__H (21n@ _ 1
812y ’

(A7)

(A8)

References

[1] C.G. Callan, R. Dashen, DJ. Gross, Toward a theory of the strong interactions,
Phys. Rev. D 17 (10) (1978) 2717-2763, https://doi.org/10.1103/PhysRevD.17.
2717.

[2] J.A. Frieman, C.T. Hill, A. Stebbins, I. Waga, Cosmology with ultralight pseudo
Nambu-Goldstone bosons, Phys. Rev. Lett. 75 (11) (1995) 2077-2080, https://
doi.org/10.1103/PhysRevLett.75.2077, publisher: American Physical Society.

[3] DJ.E. Marsh, Axion cosmology, Phys. Rep. 643 (2016) 1-79, https://doi.
org/10.1016/j.physrep.2016.06.005, arXiv:1510.07633 [astro-ph, physics:hep-
ph, physics:hep-th].

[4] P. Svrcek, E. Witten, Axions in string theory, ]J. High Energy Phys. 2006 (06)
(2006) 051, https://doi.org/10.1088/1126-6708/2006/06/051.

[5] E. Witten, Some properties of O(32) superstrings, Phys. Lett. B 149 (4) (1984)
351-356, https://doi.org/10.1016/0370-2693(84)90422-2.

Physics Letters B 846 (2023) 138251

[6] J.P. Conlon, The QCD axion and moduli stabilisation, ]J. High Energy Phys.
2006 (05) (2006) 078, https://doi.org/10.1088/1126-6708/2006/05/078.

[7] M. Demirtas, N. Gendler, C. Long, et al., PQ axiverse, J. High Energ. Phys. 2023
(2023) 92, https://doi.org/10.1007/JHEP06(2023)092.

[8] K. Choi, String or M theory axion as a quintessence, Phys. Rev. D 62 (Feb. 1999),
https://doi.org/10.1103/PhysRevD.62.043509.

[9] P. Svrcek, Cosmological constant and axions in string theory, arXiv:hep-th/
0607086, Jul. 2006.

[10] T. Grimm, Axion inflation in type II string theory, Phys. Rev. D 77 (Nov. 2007),
https://doi.org/10.1103/PHYSREVD.77.126007.

[11] S. Panda, Y. Sumitomo, S.P. Trivedi, Axions as quintessence in string theory,
Phys. Rev. D, Part. Fields 83 (8) (Apr. 2011), https://doi.org/10.1103/PHYSREVD.
83.083506, https://www.osti.gov/biblio/21541447.

[12] G. Gupta, P. Sudhakar, A. Sen, Observational constraints on axions as
quintessence in string theory, Phys. Rev. D, Part. Fields 85 (Aug. 2011), https://
doi.org/10.1103/PhysRevD.85.023501.

[13] M. Kamionkowski, J. Pradler, D.G.E. Walker, Dark energy from the string
axiverse, Phys. Rev. Lett. 113 (25) (2014) 251302, https://doi.org/10.1103/
PhysRevLett.113.251302, arXiv:1409.0549 [astro-ph, physics:hep-ph, physics:
hep-th].

[14] M. Cicoli, K. Dutta, A. Maharana, N-flation with hierarchically light axions
in string compactifications, J. Cosmol. Astropart. Phys. 2014 (08) (2014)
012, https://doi.org/10.1088/1475-7516/2014/08/012, arXiv:1401.2579 [astro-
ph, physics:hep-ph, physics:hep-th].

[15] C. Vafa, T.D. Brennan, F. Carta, The string landscape, the Swampland, and the
missing corner, in: Proceedings of Theoretical Advanced Study Institute Sum-
mer School 2017 “Physics at the Fundamental Frontier” — PoS(TASI2017), Sissa
Medialab, Boulder, Colorado, 2018, p. 015.

[16] H. Ooguri, E. Palti, G. Shiu, C. Vafa, Distance and de Sitter conjectures on
the Swampland, Phys. Lett. B 788 (2019) 180-184, https://doi.org/10.1016/j.
physletb.2018.11.018.

[17] A. Bedroya, C. Vafa, Trans-Planckian censorship and the Swampland, J. High
Energy Phys. 2020 (9) (2020) 123, https://doi.org/10.1007/JHEP09(2020)123.

[18] A. Bedroya, Holographic origin of TCC and the distance conjecture, arXiv:2211.
09128, Nov. 2022.

[19] A. Bedroya, de Sitter complementarity, TCC, and the Swampland, Lett. High En-
ergy Phys. (Mar. 2021), https://doi.org/10.31526/lhep.2021.187, http://journals.
andromedapublisher.com/index.php/LHEP/article/view/187.

[20] D. Heisteeg, C. Vafa, M. Wiesner, D.H. Wu, Bounds on field range for
slowly varying positive potentials, https://www.semanticscholar.org/
paper/Bounds-on-Field-Range-for-Slowly-Varying-Positive-Heisteeg-Vafa/
13cace27465c29ca7073f2a14dea8647e824c7eb, 2023.

[21] N. Kaloper, L. Sorbo, Of pNGB quiN'tessence, ]. Cosmol. Astropart. Phys.
2006 (04) (2006) 007, https://doi.org/10.1088/1475-7516/2006/04/007.

[22] S. Dimopoulos, S. Kachru, J. McGreevy, ]. Wacker, N-flation, J. Cosmol. Astropart.
Phys. 2008 (08) (2008) 003, https://doi.org/10.1088/1475-7516/2008/08/003,
arXiv:hep-th/0507205.

[23] S.A. Kim, AR. Liddle, N-flation: multifield inflationary dynamics and perturba-
tions, Phys. Rev. D 74 (2) (2006) 023513, https://doi.org/10.1103/PhysRevD.74.
023513, publisher: American Physical Society.

[24] R. Easther, L. McAllister, Random matrices and the spectrum of N-flation, J.
Cosmol. Astropart. Phys. 2006 (05) (2006) 018, https://doi.org/10.1088/1475-
7516/2006/05/018, arXiv:hep-th/0512102.

[25] M.E. Olsson, Inflation assisted by heterotic axions, J. Cosmol. Astropart. Phys.
2007 (04) (2007) 019, https://doi.org/10.1088/1475-7516/2007/04/019.

[26] K. Freese, ].A. Frieman, A.V. Olinto, Natural inflation with pseudo - Nambu-
Goldstone bosons, Phys. Rev. Lett. 65 (1990) 3233-3236, https://doi.org/10.
1103/PhysRevLett.65.3233.

[27] EC. Adams, J.R. Bond, K. Freese, J.A. Frieman, A.V. Olinto, Natural inflation:
particle physics models, power-law spectra for large-scale structure, and con-
straints from the cosmic background explorer, Phys. Rev. D 47 (2) (1993)
426-455, https://doi.org/10.1103/PhysRevD.47.426.

[28] T. Banks, M. Dine, PJ. Fox, E. Gorbatov, On the possibility of large axion decay
constants, J. Cosmol. Astropart. Phys. 2003 (06) (2003) 001, https://doi.org/10.
1088/1475-7516/2003/06/001.

[29] B. Heidenreich, M. Reece, T. Rudelius, Weak gravity strongly constrains large-
field axion inflation, ]. High Energy Phys. 2015 (12) (2015) 1-41, https://doi.
org/10.1007/JHEP12(2015)108.

[30] M. Reig, The stochastic axiverse, ]. High Energy Phys. 2021 (9) (2021) 207,
https://doi.org/10.1007/JHEP09(2021)207.

[31] P. Agrawal, G. Obied, PJ. Steinhardt, C. Vafa, On the cosmological implications
of the string Swampland, Phys. Lett. B 784 (2018) 271-276, https://doi.org/10.
1016/j.physletb.2018.07.040.

[32] T. Rudelius, On the possibility of large axion moduli spaces, ]. Cosmol. As-
tropart. Phys. 04 (2015) 049, https://doi.org/10.1088/1475-7516/2015/04/049,
arXiv:1409.5793.

[33] Y. Akrami, F. Arroja, M. Ashdown, ]J. Aumont, C. Baccigalupi, M. Ballardini,
AJ. Banday, R.B. Barreiro, N. Bartolo, S. Basak, K. Benabed, J.-P. Bernard, M.
Bersanelli, P. Bielewicz, ].J. Bock, J.R. Bond, ]J. Borrill, ER. Bouchet, F. Boulanger,
M. Bucher, C. Burigana, R.C. Butler, E. Calabrese, ]J.-F. Cardoso, ]J. Carron, A.


https://doi.org/10.1103/PhysRevD.17.2717
https://doi.org/10.1103/PhysRevD.17.2717
https://doi.org/10.1103/PhysRevLett.75.2077
https://doi.org/10.1103/PhysRevLett.75.2077
https://doi.org/10.1016/j.physrep.2016.06.005
https://doi.org/10.1016/j.physrep.2016.06.005
https://doi.org/10.1088/1126-6708/2006/06/051
https://doi.org/10.1016/0370-2693(84)90422-2
https://doi.org/10.1088/1126-6708/2006/05/078
https://doi.org/10.1007/JHEP06(2023)092
https://doi.org/10.1103/PhysRevD.62.043509
http://refhub.elsevier.com/S0370-2693(23)00585-3/bib6A0C958B7B9DBAA781DE42874841F914s1
http://refhub.elsevier.com/S0370-2693(23)00585-3/bib6A0C958B7B9DBAA781DE42874841F914s1
https://doi.org/10.1103/PHYSREVD.77.126007
https://doi.org/10.1103/PHYSREVD.83.083506
https://doi.org/10.1103/PHYSREVD.83.083506
https://www.osti.gov/biblio/21541447
https://doi.org/10.1103/PhysRevD.85.023501
https://doi.org/10.1103/PhysRevD.85.023501
https://doi.org/10.1103/PhysRevLett.113.251302
https://doi.org/10.1103/PhysRevLett.113.251302
https://doi.org/10.1088/1475-7516/2014/08/012
http://refhub.elsevier.com/S0370-2693(23)00585-3/bib6DE35355A26A1C42438A4FF1DA86B5DDs1
http://refhub.elsevier.com/S0370-2693(23)00585-3/bib6DE35355A26A1C42438A4FF1DA86B5DDs1
http://refhub.elsevier.com/S0370-2693(23)00585-3/bib6DE35355A26A1C42438A4FF1DA86B5DDs1
http://refhub.elsevier.com/S0370-2693(23)00585-3/bib6DE35355A26A1C42438A4FF1DA86B5DDs1
https://doi.org/10.1016/j.physletb.2018.11.018
https://doi.org/10.1016/j.physletb.2018.11.018
https://doi.org/10.1007/JHEP09(2020)123
http://refhub.elsevier.com/S0370-2693(23)00585-3/bibD4791306671093F72FE8E6E86453BFABs1
http://refhub.elsevier.com/S0370-2693(23)00585-3/bibD4791306671093F72FE8E6E86453BFABs1
https://doi.org/10.31526/lhep.2021.187
http://journals.andromedapublisher.com/index.php/LHEP/article/view/187
http://journals.andromedapublisher.com/index.php/LHEP/article/view/187
https://www.semanticscholar.org/paper/Bounds-on-Field-Range-for-Slowly-Varying-Positive-Heisteeg-Vafa/13cace27465c29ca7073f2a14dea8647e824c7eb
https://www.semanticscholar.org/paper/Bounds-on-Field-Range-for-Slowly-Varying-Positive-Heisteeg-Vafa/13cace27465c29ca7073f2a14dea8647e824c7eb
https://www.semanticscholar.org/paper/Bounds-on-Field-Range-for-Slowly-Varying-Positive-Heisteeg-Vafa/13cace27465c29ca7073f2a14dea8647e824c7eb
https://doi.org/10.1088/1475-7516/2006/04/007
https://doi.org/10.1088/1475-7516/2008/08/003
https://doi.org/10.1103/PhysRevD.74.023513
https://doi.org/10.1103/PhysRevD.74.023513
https://doi.org/10.1088/1475-7516/2006/05/018
https://doi.org/10.1088/1475-7516/2006/05/018
https://doi.org/10.1088/1475-7516/2007/04/019
https://doi.org/10.1103/PhysRevLett.65.3233
https://doi.org/10.1103/PhysRevLett.65.3233
https://doi.org/10.1103/PhysRevD.47.426
https://doi.org/10.1088/1475-7516/2003/06/001
https://doi.org/10.1088/1475-7516/2003/06/001
https://doi.org/10.1007/JHEP12(2015)108
https://doi.org/10.1007/JHEP12(2015)108
https://doi.org/10.1007/JHEP09(2021)207
https://doi.org/10.1016/j.physletb.2018.07.040
https://doi.org/10.1016/j.physletb.2018.07.040
https://doi.org/10.1088/1475-7516/2015/04/049

D. Shlivko

Challinor, H.C. Chiang, L.P.L. Colombo, C. Combet, D. Contreras, B.P. Crill, F. Cut-
taia, P. d. Bernardis, G.d. Zotti, ]J. Delabrouille, J.-M. Delouis, E.D. Valentino,
J.M. Diego, S. Donzelli, O. Doré, M. Douspis, A. Ducout, X. Dupac, S. Dusini,
G. Efstathiou, F. Elsner, TA. Enflin, H.K. Eriksen, Y. Fantaye, ]. Fergusson, R.
Fernandez-Cobos, F. Finelli, F. Forastieri, M. Frailis, E. Franceschi, A. Frolov, S.
Galeotta, S. Galli, K. Ganga, C. Gauthier, R.T. Génova-Santos, M. Gerbino, T.
Ghosh, ]. Gonzalez-Nuevo, K.M. Gérski, S. Gratton, A. Gruppuso, J.E. Gudmunds-
son, J. Hamann, W. Handley, FK. Hansen, D. Herranz, E. Hivon, D.C. Hooper, Z.
Huang, A.H. Jaffe, W.C. Jones, E. Keihdnen, R. Keskitalo, K. Kiiveri, J. Kim, T.S.
Kisner, N. Krachmalnicoff, M. Kunz, H. Kurki-Suonio, G. Lagache, ]J.-M. Lamarre,
A. Lasenby, M. Lattanzi, C.R. Lawrence, M.L. Jeune, ]. Lesgourgues, F. Levrier,
A. Lewis, M. Liguori, P.B. Lilje, V. Lindholm, M. Lépez-Caniego, P.M. Lubin, Y.-
Z. Ma, ]J.F. Macias-Pérez, G. Maggio, D. Maino, N. Mandolesi, A. Mangilli, A.
Marcos-Caballero, M. Maris, P.G. Martin, E. Martinez-Gonzélez, S. Matarrese,
N. Mauri, J.D. McEwen, P.D. Meerburg, PR. Meinhold, A. Melchiorri, A. Men-
nella, M. Migliaccio, S. Mitra, M.-A. Miville-Deschénes, D. Molinari, A. Moneti,
L. Montier, G. Morgante, A. Moss, M. Miinchmeyer, P. Natoli, H.U. Nergaard-
Nielsen, L. Pagano, D. Paoletti, B. Partridge, G. Patanchon, H.V. Peiris, F. Per-
rotta, V. Pettorino, F. Piacentini, L. Polastri, G. Polenta, ].-L. Puget, ].P. Rachen,
M. Reinecke, M. Remazeilles, A. Renzi, G. Rocha, C. Rosset, G. Roudier, J.A.
Rubifio-Martin, B. Ruiz-Granados, L. Salvati, M. Sandri, M. Savelainen, D. Scott,
E.PS. Shellard, M. Shiraishi, C. Sirignano, G. Sirri, L.D. Spencer, R. Sunyaev,
A.-S. Suur-Uski, J.A. Tauber, D. Tavagnacco, M. Tenti, L. Toffolatti, M. Tomasi,
T. Trombetti, J. Valiviita, B.V. Tent, P. Vielva, F. Villa, N. Vittorio, B.D. Wan-
delt, LK. Wehus, S.D.M. White, A. Zacchei, J.P. Zibin, A. Zonca, Planck 2018
results - X. Constraints on inflation, Astron. Astrophys. 641 (2020) A10, https://
doi.org/10.1051/0004-6361/201833887, publisher: EDP Sciences.

[34] K. Schmitz, Trans-Planckian censorship and inflation in grand unified theo-
ries, Phys. Lett. B 803 (2020) 135317, https://doi.org/10.1016/j.physletb.2020.
135317.

[35] N.K. Stein, W.H. Kinney, Natural inflation after Planck 2018, ]. Cosmol. As-
tropart. Phys. 2022 (01) (2022) 022, https://doi.org/10.1088/1475-7516/2022/
01/022, publisher: IOP Publishing.

[36] A. Bedroya, R. Brandenberger, M. Loverde, C. Vafa, Trans-Planckian censorship
and inflationary cosmology, Phys. Rev. D 101 (10) (2020) 103502, https://doi.
org/10.1103/PhysRevD.101.103502, publisher: American Physical Society.

[37] R. Brandenberger, Trans-Planckian censorship conjecture and early universe
cosmology, LHEP 2021 (2021) 198, https://doi.org/10.31526/lhep.2021.198,
arXiv:2102.09641.

[38] K. Freese, W.H. Kinney, On natural inflation, Phys. Rev. D 70 (2004) 083512,
https://doi.org/10.1103/PhysRevD.70.083512, https://ui.adsabs.harvard.edu/abs/
2004PhRvD..70h3512F.

[39] Planck Collaboration, PAR. Ade, N. Aghanim, C. Armitage-Caplan, M. Arnaud,
M. Ashdown, F. Atrio-Barandela, ]. Aumont, C. Baccigalupi, AJ. Banday, R.B. Bar-
reiro, J.G. Bartlett, N. Bartolo, E. Battaner, K. Benabed, A. Benoit, A. Benoit-Lévy,
J.P. Bernard, M. Bersanelli, P. Bielewicz, ]. Bobin, ].J. Bock, A. Bonaldi, ].R. Bond, J.
Borrill, ER. Bouchet, M. Bridges, M. Bucher, C. Burigana, R.C. Butler, E. Calabrese,
J.E. Cardoso, A. Catalano, A. Challinor, A. Chamballu, H.C. Chiang, LY. Chiang,
PR. Christensen, S. Church, D.L. Clements, S. Colombi, L.PL. Colombo, F. Cou-
chot, A. Coulais, B.P. Crill, A. Curto, F. Cuttaia, L. Danese, R.D. Davies, R]J. Davis,
P. de Bernardis, A. de Rosa, G. de Zotti, J. Delabrouille, ].M. Delouis, FX. Désert,
C. Dickinson, J.M. Diego, H. Dole, S. Donzelli, O. Doré, M. Douspis, J. Dunkley, X.
Dupac, G. Efstathiou, T.A. EnRlin, H.K. Eriksen, F. Finelli, O. Forni, M. Frailis, E.
Franceschi, S. Galeotta, K. Ganga, C. Gauthier, M. Giard, G. Giardino, Y. Giraud-
Héraud, ]. Gonzalez-Nuevo, K.M. Gérski, S. Gratton, A. Gregorio, A. Gruppuso, J.
Hamann, EK. Hansen, D. Hanson, D. Harrison, S. Henrot-Versillé, C. Hernandez-
Monteagudo, D. Herranz, S.R. Hildebrandt, E. Hivon, M. Hobson, W.A. Holmes,
A. Hornstrup, W. Hovest, K.M. Huffenberger, A.H. Jaffe, T.R. Jaffe, W.C. Jones, M.
Juvela, E. Keihdnen, R. Keskitalo, T.S. Kisner, R. Kneissl, ]J. Knoche, L. Knox, M.
Kunz, H. Kurki-Suonio, G. Lagache, A. Lihteenmadki, ].M. Lamarre, A. Lasenby,
RJ. Laureijs, C.R. Lawrence, S. Leach, J.P. Leahy, R. Leonardi, J. Lesgourgues, A.
Lewis, M. Liguori, P.B. Lilje, M. Linden-Vernle, M. L6pez-Caniego, P.M. Lubin, J.F.
Macias-Pérez, B. Maffei, D. Maino, N. Mandolesi, M. Maris, D.J. Marshall, P.G.
Martin, E. Martinez-Gonzélez, S. Masi, M. Massardi, S. Matarrese, F. Matthai, P.
Mazzotta, P.R. Meinhold, A. Melchiorri, L. Mendes, A. Mennella, M. Migliaccio, S.
Mitra, M.A. Miville-Deschénes, A. Moneti, L. Montier, G. Morgante, D. Mortlock,
A. Moss, D. Munshi, J.A. Murphy, P. Naselsky, F. Nati, P. Natoli, C.B. Netter-
field, H.U. Nergaard-Nielsen, F. Noviello, D. Novikov, I. Novikov, 1J. O’'Dwyer,

Physics Letters B 846 (2023) 138251

S. Osborne, C.A. Oxborrow, F. Paci, L. Pagano, F. Pajot, R. Paladini, S. Pandolfi,
D. Paoletti, B. Partridge, F. Pasian, G. Patanchon, H.V. Peiris, O. Perdereau, L.
Perotto, F. Perrotta, F. Piacentini, M. Piat, E. Pierpaoli, D. Pietrobon, S. Plaszczyn-
ski, E. Pointecouteau, G. Polenta, N. Ponthieu, L. Popa, T. Poutanen, G.W. Pratt,
G. Prézeau, S. Prunet, J.L. Puget, ].P. Rachen, R. Rebolo, M. Reinecke, M. Re-
mazeilles, C. Renault, S. Ricciardi, T. Riller, I. Ristorcelli, G. Rocha, C. Rosset,
G. Roudier, M. Rowan-Robinson, ].A. Rubifio-Martin, B. Rusholme, M. Sandri,
D. Santos, M. Savelainen, G. Savini, D. Scott, M.D. Seiffert, E.P.S. Shellard, L.D.
Spencer, J.L. Starck, V. Stolyarov, R. Stompor, R. Sudiwala, R. Sunyaev, F. Sureau,
D. Sutton, A.S. Suur-Uski, J.F. Sygnet, ]J.A. Tauber, D. Tavagnacco, L. Terenzi, L.
Toffolatti, M. Tomasi, ]. Tréguer-Goudineau, M. Tristram, M. Tucci, ]. Tuovinen,
L. Valenziano, J. Valiviita, B. Van Tent, ]. Varis, P. Vielva, F. Villa, N. Vittorio, L.A.
Wade, B.D. Wandelt, M. White, A. Wilkinson, D. Yvon, A. Zacchei, ].P. Zibin,
A. Zonca, Planck 2013 results. XXIIl. Constraints on inflation, Astron. Astro-
phys. 571 (2014) A22, https://doi.org/10.1051/0004-6361/201321569, https://
ui.adsabs.harvard.edu/abs/2014A&A...571A..22P.

[40] E. Pajer, M. Peloso, A review of axion inflation in the era of Planck, Class. Quan-
tum Gravity 30 (21) (2013) 214002, https://doi.org/10.1088/0264-9381/30/21/
214002, arXiv:1305.3557 [astro-ph, physics:gr-qc, physics:hep-ph, physics:hep-
th].

[41] M. Tristram, A. Banday, K. Gérski, R. Keskitalo, C. Lawrence, K. Andersen, R.
Barreiro, ]. Borrill, L. Colombo, H. Eriksen, R. Fernandez-Cobos, T. Kisner, E.
Martinez-Gonzélez, B. Partridge, D. Scott, T. Svalheim, I. Wehus, Improved lim-
its on the tensor-to-scalar ratio using BICEP and $Planck$ data, Phys. Rev.
D 105 (8) (2022) 083524, https://doi.org/10.1103/PhysRevD.105.083524, pub-
lisher: American Physical Society.

[42] S. Das, G. Goswami, C. Krishnan, Swampland, axions, and minimal warm in-
flation, Phys. Rev. D 101 (10) (2020) 103529, https://doi.org/10.1103/PhysRevD.
101.103529, publisher: American Physical Society.

[43] V. Smer-Barreto, A.R. Liddle, Planck satellite constraints on pseudo-Nambu-
Goldstone boson quintessence, J. Cosmol. Astropart. Phys. 2017 (01) (2017) 023,
https://doi.org/10.1088/1475-7516/2017/01/023.

[44] A. Arvanitaki, S. Dimopoulos, S. Dubovsky, N. Kaloper, ]J. March-Russell, String
axiverse, Phys. Rev. D 81 (12) (2010) 123530, https://doi.org/10.1103/PhysRevD.
81.123530, arXiv:0905.4720 [astro-ph, physics:gr-qc, physics:hep-ph, physics:
hep-th].

[45] V.M. Mehta, M. Demirtas, C. Long, D.J.E. Marsh, L. McAllister, M.J. Stott, Su-
perradiance in string theory, ]J. Cosmol. Astropart. Phys. 2021 (07) (2021)
033, https://doi.org/10.1088/1475-7516/2021/07/033, arXiv:2103.06812 [astro-
ph, physics:hep-ph, physics:hep-th].

[46] G. Montefalcone, PJ. Steinhardt, D.H. Wesley, Dark energy, extra dimensions,
and the Swampland, J. High Energy Phys. 2020 (6) (2020) 91, https://doi.org/
10.1007/JHEP06(2020)091.

[47] Juanmaldacena, Carlosnufiez, Supergravity description of field theories on
curved manifolds and a no go theorem, Int. J. Mod. Phys. A 16 (Jan. 2012),
https://doi.org/10.1142/50217751X01003937.

[48] M. Demirtas, M. Kim, L. McAllister, J. Moritz, A. Rios-Tascon, Exponentially
small cosmological constant in string theory, Phys. Rev. Lett. 128 (1) (2022)
011602, https://doi.org/10.1103/PhysRevLett.128.011602, publisher: American
Physical Society.

[49] Ruchika, S.A. Adil, K. Dutta, A. Mukherjee, A.A. Sen, Observational constraints
on axion(s) dark energy with a cosmological constant, Phys. Dark Universe 40
(2023) 101199, https://doi.org/10.1016/j.dark.2023.101199.

[50] M. Czerny, F. Takahashi, Multi-natural inflation, Phys. Lett. B 733 (2014)
241-246, https://doi.org/10.1016/j.physletb.2014.04.039.

[51] T.C. Bachlechner, M. Dias, ]. Frazer, L. McAllister, Chaotic inflation with kinetic
alignment of axion fields, Phys. Rev. D 91 (2) (2015) 023520, https://doi.org/
10.1103/PhysRevD.91.023520, publisher: American Physical Society.

[52] L. Visinelli, Natural warm inflation, J. Cosmol. Astropart. Phys. 2011 (09) (2011)
013, https://doi.org/10.1088/1475-7516/2011/09/013.

[53] H. Mishra, S. Mohanty, A. Nautiyal, Warm natural inflation, Phys. Lett. B 710 (2)
(2012) 245-250, https://doi.org/10.1016/j.physletb.2012.02.005.

[54] G. Montefalcone, V. Aragam, L. Visinelli, K. Freese, Observational constraints
on warm natural inflation, J. Cosmol. Astropart. Phys. 2023 (03) (2023) 002,
https://doi.org/10.1088/1475-7516/2023/03/002, publisher: IOP Publishing.

[55] J.M. Bardeen, GJ. Bublik, Quantum fluctuations and inflation, Class. Quantum
Gravity 4 (3) (1987) 573, https://doi.org/10.1088/0264-9381/4/3/015.


https://doi.org/10.1051/0004-6361/201833887
https://doi.org/10.1051/0004-6361/201833887
https://doi.org/10.1016/j.physletb.2020.135317
https://doi.org/10.1016/j.physletb.2020.135317
https://doi.org/10.1088/1475-7516/2022/01/022
https://doi.org/10.1088/1475-7516/2022/01/022
https://doi.org/10.1103/PhysRevD.101.103502
https://doi.org/10.1103/PhysRevD.101.103502
https://doi.org/10.31526/lhep.2021.198
https://doi.org/10.1103/PhysRevD.70.083512
https://ui.adsabs.harvard.edu/abs/2004PhRvD..70h3512F
https://ui.adsabs.harvard.edu/abs/2004PhRvD..70h3512F
https://doi.org/10.1051/0004-6361/201321569
https://ui.adsabs.harvard.edu/abs/2014A&A...571A..22P
https://ui.adsabs.harvard.edu/abs/2014A&A...571A..22P
https://doi.org/10.1088/0264-9381/30/21/214002
https://doi.org/10.1088/0264-9381/30/21/214002
https://doi.org/10.1103/PhysRevD.105.083524
https://doi.org/10.1103/PhysRevD.101.103529
https://doi.org/10.1103/PhysRevD.101.103529
https://doi.org/10.1088/1475-7516/2017/01/023
https://doi.org/10.1103/PhysRevD.81.123530
https://doi.org/10.1103/PhysRevD.81.123530
https://doi.org/10.1088/1475-7516/2021/07/033
https://doi.org/10.1007/JHEP06(2020)091
https://doi.org/10.1007/JHEP06(2020)091
https://doi.org/10.1142/S0217751X01003937
https://doi.org/10.1103/PhysRevLett.128.011602
https://doi.org/10.1016/j.dark.2023.101199
https://doi.org/10.1016/j.physletb.2014.04.039
https://doi.org/10.1103/PhysRevD.91.023520
https://doi.org/10.1103/PhysRevD.91.023520
https://doi.org/10.1088/1475-7516/2011/09/013
https://doi.org/10.1016/j.physletb.2012.02.005
https://doi.org/10.1088/1475-7516/2023/03/002
https://doi.org/10.1088/0264-9381/4/3/015

	Trans-Planckian censorship constraints on properties and cosmological applications of axion-like fields
	1 Introduction
	2 TCC constraints on axions
	3 Constraints on inflation
	4 Constraints on quintessence
	5 Conclusions & discussion
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Quantum fluctuations
	References


