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ABSTRACT: There has recently been considerable interest in the question whether and under
which conditions accelerated cosmological expansion can arise in the asymptotic regions
of field space of a d-dimensional EFT. We conjecture that such acceleration is impossible
unless there exist metastable de Sitter vacua in more than d dimensions. That is, we
conjecture that ‘Asymptotic Acceleration Implies de Sitter’ (AA=-DS). Phrased negatively,
we argue that the d-dimensional ‘No Asymptotic Acceleration’ conjecture (a.k.a. the ‘strong
asymptotic dS conjecture’) follows from the de Sitter conjecture in more than d dimensions.
The key idea is that the relevant field-space asymptotics almost always correspond to
decompactification and that the only positive energy contribution which decays sufficiently
slowly in this regime is the vacuum energy of a higher-dimensional metastable vacuum. This
result is in agreement with recent Swampland bounds on the potential in the asymptotics
in field space from e.g. the species bound, but is significantly more constraining. We further
note that for our asymptotic decompactification limits based on higher-dimensional de
Sitter, the Kaluza-Klein scale always falls below the Hubble scale asymptotically. In fact,
this occurs whenever |V'|/V < 2,/(d + k — 2)/k(d — 2) asymptotically, with k& the number
of decompactifying internal directions. This is steeper than what is needed for accelerated

expansion.
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1 Introduction

In recent years, doubt has been cast on whether it is possible to construct de Sitter vacua
in string theory [1, 2]. A related, maybe simpler question is whether one can exclude
accelerated cosmological expansion in the asymptotic regime of field space, e.g. by appealing
to entropy or species scale arguments [3, 4]. The possibility of asymptotic acceleration has
continued to enjoy significant attention [5-10].

In this note we present an argument that achieving accelerated expansion asymptotically
in the field space of a d-dimensional theory is precisely as hard as constructing a higher-
dimensional de Sitter vacuum. It then seems that the direct search for d-dimensional
de Sitter vacua in the interior of moduli space is the simpler and more straightforward
option to establish accelerated expansion in string theory. We note that our investigation is
motivated largely at the conceptual level and is hence distinct from the also very important
but difficult quest for realistic quintessence models in string theory, see e.g. [11-15].

Let us pause to recall why realizing asymptotic expansion in string theory is important
independently of quintessence-type phenomenological applications: it is conceivable and
maybe expected that any fundamental difficulties of constructing de Sitter space or cos-
mological inflation in string theory are related to the presence of cosmic horizons. At the
conceptual level one then expects that it should be equally hard to achieve de Sitter space



or accelerated expansion in a theory of quantum gravity. This is of course not a new point,
see e.g. [16, 17]. Crucially, if one could realize asymptotic accelerated expansion in string
theory, it would become clear that cosmic horizons are not forbidden by quantum gravity
as a matter of principle. Then one could be more optimistic about stringy de Sitter models,
even if those are not fully controlled. However, our analysis appears to suggests that the
strategy outlined above is problematic.

Before stating our main result, let us first define more precisely what we mean by
asymptotic acceleration and how this is related to the presence of cosmic horizons. For this,
we first note that acceleration (defined by @ > 0, where a is the scale factor) is equivalent to
the equation-of-state parameter fulfilling w < weyit, where wei = —(d — 3)/(d — 1). Next,
a cosmic horizon exists if the integral

dp, ~ /ttf a(z) (1.1)

stays finite at ¢ty — oo. It immediately follows that cosmic horizons exist if w(t) — werit — €,
for positive constant €. Indeed, in this case the large-t behavior of the scale factor is a ~ t"
with n = 1/[1 —¢e(d—1)/2], such that our integral converges. If we now define asymptotically
accelerating cosmologies by the requirement that w(t) < werit — € at ¢ — oo for some positive
€, then it is obvious that asymptotic acceleration implies horizons. Ruling out asymptotic
acceleration as defined above rules out a large class of cosmologies with horizons.!

Given the above definition, we may now summarize our main results in the following

central conjecture:

Conjecture 1 (‘Asymptotic Acceleration Implies de Sitter’ or ‘AA=DS’). Consider a d-
dimensional (effective) theory of quantum gravity (d > 2). If this theory realizes accelerated
expansion through rolling scalars at asymptotically large distance in field space, then this
theory is based on the compactification of a (d+ k)-dimensional theory with positive vacuum
energy. Given that no quantum gravity theories exhibit dS vacua in their fundamental
dimension, the underlying (d + k)-dimensional de Sitter model is itself the result of a
compactification. Further, whenever the potential asymptotically accelerates, this implies
that the Kaluza-Klein scale becomes lighter than the Hubble scale asymptotically.

Actually, a stronger result holds: the Kaluza-Klein scale becomes lighter than the
Hubble scale asymptotically whenever |V'|/V < 2,/(d + k —2)/k(d — 2) and V > 0. This
bound requires the potential to be steeper than what is needed for acceleration in order to

achieve scale-separation. In such a situation there is no longer a cosmic horizon, but the
Hubble scale still sets the curvature scale of the external dimensions.

Our conjecture deals with asymptotic accelerated expansion. Achieving a finite period
of accelerated expansion in the interior of moduli space already runs into all the control

'Note that our definition of asymptotic acceleration does not exclude models where w(t) — werit from
below, such that @ > 0 asymptotically but the approach of the critical value is so slow that the (1.1)
converges. Thus, there is room for softening our definition of asymptotic acceleration to capture these cases.
We leave that to future work. Furthermore, as we will comment on in more detail in section 3.3, the models
of cosmic acceleration that rely on negative spatial curvature (k = —1) are not counted as asymptotically
accelerating by our definition since they do not lead to horizons as recently discussed in [18].



issues of obtaining de Sitter vacua. A central point of our conjecture is that one cannot
achieve accelerated expansion in some clean parametrically controlled way by considering
the asymptotics of moduli space. Those asymptotics which give accelerated expansion rely
on higher-dimensional de Sitter vacua and so one must deal with the control issues of de
Sitter model building.

In the Swampland program, there exists a whole miasma of conjectures about positive
potentials in string theory [1-4, 13, 15, 19-28]. Most closely related to our conjecture is the
‘No Asymptotic Acceleration’ conjecture (a.k.a. the ‘strong asymptotic dS conjecture’) [24,
25], claiming that the scalar potential should obey |VV|/V > 2/y/d — 2 in d-dimensional
Planck units. But even if restricted to the asymptotics of moduli space (which is almost
certainly necessary for the reasons explained in [4]), this conjecture is stronger than ours
since it forbids accelerated expansion. Our weaker conjecture does a priori not forbid
anything — it states that to achieve asymptotic accelerated expansion, one must be able to
construct de Sitter vacua in higher dimensions. However, it turns out that in the resulting
cosmologies the KK scale eventually falls below the cosmological curvature scale. One may
then argue that accelerated expansion is forbidden after all, at least if one insists that a
d-dimensional EFT description is only useful below the KK scale.

To argue for our conjecture, we start in section 2 by considering a d-dimensional
theory in the asymptotic regime where k further dimensions decompactify. We argue that,
in this situation, accelerated expansion can only be achieved if the underlying (d + k)-
dimensional theory has a positive cosmological constant. Referring to the Emergent String
Conjecture [29-32], we explain why the above analysis of the decompactification limit
suffices to reach our conclusions in any asymptotic limit. Independent arguments for this
as well as further reasoning supporting our conjecture are provided in section 3. Finally,
section 4 discusses implications of our conjecture in the context of string model-building
and the swampland. This note has two appendices. In appendix A we discuss recent results
of [6, 8, 9] on asymptotic acceleration with multiple fields. In particular we present a
theorem of [8, 9] in a form which we will rely on in the main text. These results provide a
sufficient bound on certain scalar potentials to forbid accelerated expansion. Appendix B
presents technical calculations on the canonical normalization of the volume modulus and
the scaling of potential terms. Finally, appendix C comments on scale separation in the
context of the acceleration mechanism of [33-35], also discussed in section 3.

The reader may immediately object to our conjecture by noting that [6] appears to
provide an explicit counterexample. However, as discussed in section 3 (cf. also the very
recent paper [10]), upon closer inspection this is not actually a counterexample.

2 Scaling of positive potential terms in the decompactification limit

2.1 The decompactification limit and acceleration

In order to see whether asymptotic accelerated expansion is possible, we wish to know what
the flattest positive potential is that can be achieved asymptotically in field space in a string
compactification. The Emergent String Conjecture, as developed in [29-32], implies that
any asymptotic limit in string theory in less than ten dimensions is a limit in which a tower



of KK modes becomes light (cf. Proposal 12 and the preceding discussion in [30]). We can
then interpret any asymptotic limit in a string compactification as a decompactification
limit. This is not necessarily a decompactification to 10D.? In other words, part of the
internal dimensions may remain compactified or at least parametrically smaller than the
largest radius. Note that the only property of the decompactification limit relevant to our
analysis is that at least one of the (potentially several, different) compactification scales,
measured in d dimensional Planck units, rolls to infinity during late cosmology. While
this goes together with the lowest KK scale falling below any fixed cutoff, this aspect
is not important to us at the present point. All we need is the fact that one radius R
approaches infinity at late times, R — oco. In the rest of this section, we will take it for
granted that, to study the possibility of asymptotic accelerated expansion, it suffices to
study decompactification limits. In section 3 we will provide our own motivation for this
assumption and deal with potential counterexamples and caveats.

Let us now place bounds on the dominant term in the scalar potential. If this term
is ~ exp(—7¢), with ¢ a canonically normalized scalar, a sufficient condition to forbid
asymptotic accelerated expansion in d > 2 (to which we restrict ourselves) is

2
> = ,
Y= \/m Yacc
where d is the number of non-compact dimensions. This can be derived straightforwardly
(see e.g. [6, 8, 9]).
We consider a compactification from d+k to d dimensions, assuming that asymptotically

(2.1)

all k internal dimensions have a radius ~ R, with R rolling to infinity. Note that in this
section we neglect the existence of a rolling potential of the form V ~ exp(—y¢) in the
(d + k)-dimensional theory where ¢ is a canonically normalized scalar. This clearly provides
a loophole to our conjecture if v > 0 is allowed to be arbitrarily small. However, as we
prove in section 3 there is a lower bound on + in string theory deriving from the fact that in
10D/11D the slope of such a rolling potential is bounded. This lower bound on 7 does not
allow for asymptotic accelerated expansion in d dimensions induced by a rolling potential
in the (d + k)-dimensional theory.

The key sources which can contribute to the resulting scalar potential in the d-
dimensional theory are listed in table 1. These are spacetime-filling p-branes wrapped on
appropriate cycles of the compact space, the kinetic term of an [-form flux, the leading cur-
vature term (Einstein-Hilbert term), and the loop effect or Casimir energy of massless fields.
Note that here the term p-brane is not restricted to the fundamental branes of the known
superstring theories but includes any (p + 1)-dimensional defect of the (d 4 k)-dimensional
(effective) theory. The scaling of the resulting potential terms with R in d-dimensional
Brans-Dicke frame is also displayed in the table. We should emphasize that our calculations

2According to this proposal, any infinite distance limit is either a decompactification limit or a limit in
which a string becomes light. In the case where a string becomes light, a tower of KK modes always also
becomes light, with its mass scale parametrically the same as that of the string tower.

3Throughout this section, we find it convenient to assume that the fundamental theory before compactifi-
cation is the 10D critical string. However, both our analysis and our conclusions remain unchanged if we
start from 11D M-theory or any other fundamental theory of quantum gravity.



candidate p-branes [-form flux curvature loops

scaling in d dim Brans-Dicke frame | RPT1—¢ Rk—2 Rk—2 R~

Table 1. Most important sources for potential energy after compactification from d 4+ k to d
dimensions. The second line displays the scaling with the common radius R of the compact directions.

here are not at all new as similar analyses have appeared e.g. in [24, 25, 36-38]. We only
differ in the interpretation of the results. We focus on the R-dependence of the potential
terms and ignore the possible dependence on further parameters of the (d + k)-dimensional
theory. Such parameters include gs, shape moduli, or internal radii of the compactification
leading to the (k + d)-dimensional theory. If they are not stabilized then, as we will argue
in section 3, they only provide additional directions to roll and lower the potential energy.
They will hence not save situations in which the R-direction is too steep.

It is clear from table 1 that one achieves the flattest d-dimensional scalar potential
(~ RF) either from a p-brane filling all d 4+ & dimensions or 0-form flux. Both of these cases
correspond to a cosmological constant in the (d 4 k)-dimensional theory. Going to Einstein
frame and rewriting R in terms of the corresponding canonically normalized scalar ¢ (see
appendix B) provides a d-dimensional scalar potential of the form

V ~exp (— 2 i qb) . (2.2)

Vd—-2\Vk+d-2

By comparison with (2.1) one sees that such a potential always yields asymptotic accelerated
expansion.

The next-flattest potential (~ R*~1) stems from a codimension-1 brane in the (d + k)-
dimensional theory, i.e. p = d + k — 2. In Einstein frame this yields a potential

2 k+d/2—1
Vi~ exp <_\/d—2 VE(k+d—2) (b)' 23)

One sees from (2.1) that this will never give asymptotic accelerated expansion.

This is one of our central results, justifying conjecture 1. Section 3 and appendix A
provide further justification for the assumptions which went into obtaining this conclusion.

Leaving details to this appendix, let us state already now why multifield rolling does not
falsify our conjecture: the key reason is the universality of the volume modulus R. By this
we mean that every term of the resulting effective potential acquires an R dependence. In
part, this is due to the R-dependence of the 4d Planck mass, in part it comes about because
each of the underlying (d + k)-dimensional effects (e.g. flux or Casimir energy) dilutes with
growing R. If every term is steeply falling and the conditions outlined in appendix A apply,
then asymptotically the resulting dependence of the full potential can not be less steep.
This statement about the overall steepness in one distinguished field direction does not
depend on the presence of further fields.

We finally note that (2.2) provides the flattest possible potential when & = 1, in
which case the potential exactly saturates the Trans-Planckian Censorship bound [23] which



asymptotically in moduli space states that the exponent should obey v > 2/+/(d — 1)(d — 2).
A corollary of our results is then that for string compactifications the TCC holds in the
asymptotics of moduli space.

2.2 Kaluza-Klein scale becoming lighter than Hubble scale

It is natural to ask whether in the decompactification limit the Kaluza-Klein scale asymp-
totically becomes lighter than the Hubble scale. Note that the Kaluza-Klein scale becoming
lighter than the Hubble scale does not imply a complete breakdown of the d-dimensional
effective theory, for that the species scale would have to become lighter than the Hubble
scale. However, once H > 1/R, a naive d-dimensional picture is no longer the correct one
to treat certain cosmic properties such as cosmic horizons. As an example, the geometry
of a four-dimensional Nariai black hole is dSy x S?, where the dSy and S? are both of the
same length scale. From a naive dSy perspective the horizon is pointlike and the entropy is
an order one number. The correct four-dimension perspective sees the S? at the horizon
and correctly assigns an entropy proportional to the horizon area in four dimensions.

Let us suppose both scalar kinetic energy and potential energy contribute to cosmic

evolution without assumption about which dominates. In this case®

1 5 \%
H ~ a2 M]id2¢2 +V >M,4 L (2.4)

2
Mp,d p,d

Setting V/M;id ~ exp(—y¢) and using eq. (B.6), one may write the ratio of Hubble and
KK scale as

> My o)~ M1 Z Rt 2 2.5
R~ 1R exp(—y¢/2) ~ M, 3% exp(—7¢/2) . (2.5)

Expressing R in terms of the canonical scalar via eq. (B.4) one finds

H —y d+k—2
— 2 — _— . 2.6
1/R NeXp[<2 + k(d—2)>¢] (2:6)
Hence, to avoid the cosmic scale exceeding the KK scale asymptotically, one must have
v/2 > \/(d+ k —2)/k(d — 2). Combining this with the relation yacc = 2/v/d — 2 gives

d+k—2

20 57— acc -
TN k=2 7

(2.7)

These inequalities imply that the for asymptotically accelerating cosmologies, and in fact
even for somewhat steeper potentials, one asymptotically always has H > 1/R

3 Covering additional limits and contributions to acceleration

In the present section, we want to tie up several loose ends left in section 2.

4Note that this equation assumes scalars with canonical kinetic terms and the absence of curvature in
the external directions. We will return to these assumptions in section 3.3.



3.1 The not-so-many asymptotic limits of string compactifications

First, we recall that we had simply referred to the Emergent String Conjecture litera-
ture [29-32] to claim that every infinite-distance limit with d < 10 can be thought of as a
decompactification limit. We now want to explicitly argue for this point. Second, we want
to prove that allowing for an exponentially falling potential in the (d+ k)-dimensional theory
does not endanger our conjecture. Third, we comment on the apparent counterexample
of [6]. Arguments that multiple rolling moduli do not affect our conjecture are discussed in
appendix A.

Consider first the case where only the dilaton is rolling. As shown in [8, 9] using
standard lagrangians, no asymptotic acceleration arises in this case. We note in addition
that if the radius R is fixed in Planck units, then g; — 0 can be reformulated as R/ Va! = 0.
If the compact geometry involves S's such that T-duality can be applied, one may think in
terms of the diverging T-dual radius, consistently with our decompactification assumption.
We expect that, for geometries where no T-dual formulation is possible, R/ Va! — 0 either
does not correspond to an infinite distance limit (see also below), or that within a finite
distance an effective Einstein gravity description breaks down even at the energy scale set
by the curvature of the external dimensions, see e.g. [39].

Having thus excluded situations where only the dilaton rolls, we can now dismiss the
dilaton altogether. Indeed, if g5 — 0 with R/ Vo staying finite, the radius diverges in terms
of 4d Planck units and we are thrown back to our decompactification limit. The additional
presence of a rolling dilaton should be harmless according to our arguments in appendix A.

We now turn to geometric moduli, distinguishing between the three cases where, at
infinite distance, the compact volume goes to infinity, zero or to a finite value.

The infinite-volume limit is, of course, precisely the decompactification limit which we
covered in section 2.

The zero-volume limit can be mapped to a decompactification limit by applying one
or more T-dualities. This is the same argument used above for g; — 0. It may also work
for geometries possessing no explicit torus factors but instead appropriate fibrations (cf.
Calabi-Yau mirror symmetry). If the compact volume shrinks in a way which does not
allow for a T-dual infinite-volume interpretation, we expect that the distance in moduli
space leading to this point is finite. Examples are the singular limit of the deformed or
blown-up conifold or the shrinking of the S? base of a Calabi-Yau, viewed as a T fibration.

Finally, we expect that limits in which the compact volume stays finite while a geometric
modulus rolls to infinity are always decompactification limits. One obvious example are
Calabi-Yaus which are appropriately fibred, such that e.g. some Kahler modulus governing
the base goes to infinity while at the same time the fibre shrinks. Clearly, in the infinite
distance limit the base decompactifies. Another example is that of the large-complex-
structure limit, where the T2 fibre of the Calabi-Yau shrinks and, once again its base, this
time an 53, decompactifies. In fact, in both cases eventually the small fibre has to be
T-dualized and decompactifies as well. We expect the above logic to also apply to a ‘partial
large-complex-structure limit’ where one of the moduli z* diverges. The reason is that the
volume of the mirror Calabi-Yau geometry involves this z and will hence diverge.



This logic then also applies to the apparent counterexample given in [6] where the
dilaton and a complex structure modulus are rolling which seemingly allows for accelerated
expansion. However, in that example Kahler moduli are entirely neglected. Including Kahler
moduli we expect that in general the volume modulus also rolls preventing accelerated
expansion. If all Kahler moduli could be stabilized in such a way that asymptotically V' > 0,
we expect that the volume of the mirror Calabi-Yau decompactifies. This agrees with the
finding of [6] that after mirror symmetrizing to the type IIA side no counterexample to the
No Asymptotic Acceleration conjecture [24, 25] could be found.

This still leaves one final option: one could attempt to realize an asymptotically
accelerating set-up along the lines of [6] in a geometry with no Kahler moduli, i.e. h! = 0.
In this case one obviously need not worry how Kahler moduli affect the potential. However,
such a setup should be mirror dual to a setup with only Kahler moduli. In this case one
again recovers a situation which should be equivalent to a decompactification limit. We
expect that our conjecture then excludes acceleration and hence, indirectly, the possibility
of realizing the proposal of [6] at h''' = 0. This expectation agrees with the recent results
of [10] where the authors tried to mimic the counterexample of [6] in full-fledged stringy
models with A"! = 0 without finding trajectories in field space that allow for asymptotic
accelerated expansion.

Independent of the preceding points, if the proposal of [6] does accelerate, then by
considering it in a duality frame where the geometry decompactifies, it follows from
section 2.2 asymptotically one will have H > 1/R.

3.2 Higher-dimensional potential

Let us now allow for a potential of the form V ~ exp(—y¢) in the (d + k)-dimensional
theory which was disregarded in section 2. If

2
> = ————
Y Z Yacc,d+k /7(1 T k2 ’

the potential does not allow for asymptotic acceleration in d dimensions, as observed in [24].

(3.1)

By contrast, if v < Yacc,d+k, then we already have accelerated expansion in the (d + k)-
dimensional theory. In other words, compactifying a theory with exponential potential to d
dimensions produces asymptotic acceleration only if the underlying (d + k)-dimensional
theory already had asymptotic acceleration. This argument can be applied iteratively until
we reach the fundamental dimension of the theory, i.e. d = 10 or 11 string theory. In this
case there is either no potential (type IIB, M-theory, heterotic) or the potential does not
allow for acceleration. The latter occurs in massive type IIA, the non-SUSY O(16) x O(16)
heterotic string [40], or the supercritical string with a linear dilaton [41]. We hence conclude
our that conjecture is not endangered by adding exponential potentials to the allowed
energy sources.

3.3 External energy sources

Until now we have considered contributions to the d-dimensional equations of motion coming
from sources in the compactified directions which one can effectively treat as part of the



d-dimensional scalar potential. One can also consider sources which one can not treat as
part of the d-dimensional potential. We will focus on two such sources and show that they
do not lead to accelerated expansion in the strict asymptotic limit. In both cases it is
however possible to achieve accelerated expansion for an arbitrarily large finite period of
time, asymptoting to an equation of state w = —(d —3)/(d —1). The latter is the borderline
case between accelerating and non-accelerating cosmologies. Crucially, in a set-up with
such asymptotics all cosmic horizons eventually recede and all observers come into causal
contact with each other.

First, one may consider curvature in the external dimensions. For homogeneous negative
curvature, one has an equation of state w = —(d — 3)/(d — 1). As just noted, this does
not provide acceleration but rather represents the borderline between accelerating and
non-accelerating expansion. In [42-44], string compactifications with negative curvature in
the external dimensions were shown to realize cosmologies with accelerated expansion at
arbitrarily large finite time. Such a behaviour is not unexpected and can be understood
as a deviation from the borderline case, realized by the negative curvature. The origin
of such a deviation may be additional sources, for example a potential which is too steep
to accelerate by itself. Even if acceleration is present at any finite time, such cosmologies
always asymptote to w = —(d — 3)/(d — 1). In the strict asymptotic limit such cosmologies
then do not have cosmic horizons and do not accelerated.

Second, the extremely interesting idea of employing axions in the d-dimensional EFT to
obtain acceleration was suggested and explored in [33-35]. String-theoretically, axions arise
from g-form gauge fields in the (d + k)-dimensional theory, which upon integration over
a g-cycle in the k internal dimensions realize a scalar field in the non-compact spacetime.
Kinetic energy from these axions can contribute to cosmic evolution. In d-dimensional
Einstein frame, the kinetic terms of the axion ¢ and its dual (d — 1)-form H4_; scale as

k(d—=2) ¢
k+d—2k"

dualizing
E—

exp (—2k1¢) (8c)? exp (2k19) (Ha-1)*, k1= (3.2)
As before, ¢ denotes the canonically normalized volume modulus. For an FLRW cosmology
with scale factor a, one has that Hy 1 ~ 1/a%"! as it homogeneously fills all spatial
directions. The field-strength energy for a (d — 1)-form then scales as exp(2k1¢)/a?(@1.
This affects the rolling of ¢ like an exponentially growing potential, albeit one the prefactor
of which decays with increasing a.

The resulting cosmology is now determined by the interplay between the potential for ¢,
driving it to infinity, and the (d — 1)-form field strength term, slowing it down as explained
above. The two terms must be decaying at the same rate, V ~ exp(2k;¢)/a*?1). We now
assume an explicit potential V' ~ exp(—ka¢) and demand that the resulting cosmology is
borderline-non-accelerating, i.e. that the energy density scales as ~ 1/a%. This corresponds
to an equation of state parameter w = —(d — 3)/(d — 1). We obtain

e R R0 /2001 1 /g2 (3.3)

It immediately follows that exp(ko¢) ~ a2, exp(k1¢) ~ a®2, and hence ky /ky = (d — 2)/2.



To get acceleration, the kinetic-term prefactor must be steeper or the potential flatter, i.e.
ki/ka > (d —2)/2. This agrees with the analysis of [33] in the d = 4 case.
Now, using the definition of ks for the potential of a p-brane, eq. (B.5), one finds

k1 q(d —2)
= = . 4
ks 2—pld—2) 1 dd+k—3) (34)
Asg<kandp<d+k—1it follows that
ki, d—2
k:72<T. (3-5)

We see that, at least within our simplified treatment of the stringy derivation, axion kinetic
energy never yields asymptotic acceleration. One cannot even achieve the borderline case
w = —(d —3)/(d — 1) unless one starts with a higher-dimensional cosmological constant
(p = d+k —1). One may ask whether the Kaluza-Klein scale becomes asymptotically
lighter than the Hubble scale in the presence of axionic kinetic energy. We investigate this
in appendix C, where we also comment on an interesting heterotic example from [35] with
the critical value w = —1/3 in d = 4.

3.4 Steep kination-dominated potentials

We have argued that whenever an asymptotic limit is accelerating or even when the potential
is somewhat steeper than necessary for acceleration, H > 1/R asymptotically. We have not
concerned ourselves with what happens when the potential is very steep and the dynamics
are dominated by kination. In [45], see also [38], it has been proposed that when the
potential is too steep asymptotically, in that V ~ exp(—=A¢) with A > 2./(d —1)/(d — 2),
kination will dominate the evolution if only the scalar field drives cosmic evolution,® resulting
in a big crunch singularity in the external directions. Combined with our results, one might

conclude that only when 2/(d + k — 2)/(k(d — 2)) < A < 2/(d — 1)/(d — 2) does one have

an asymptotic limit with H < 1/R and no crunch if the cosmic evolution is completely

driven by a rolling scalar.

4 Discussion

The central claim of this note is that, as per conjecture 1, achieving asymptotic accelerated
expansion in quantum gravity is as hard as constructing a de Sitter vacuum in higher
dimensions. Crucially, if one wishes to achieve asymptotic accelerated expansion in four
dimensions, one should be able to construct a de Sitter vacuum in more than four dimensions.
Even if this can be achieved, the KK scale falls below the cosmological curvature scale
asymptotically, making the 4d description questionable.

An obvious comment in this context (not depending on conjecture 1) is the following:
if one were certain that asymptotic acceleration is impossible in d = 3 (by sharpening the
arguments in [3, 15] or on other ground), then long-lived metastable de Sitter vacua in
d = 4 would be ruled out. This follows by considering an S' compactification to d = 3.

®These conclusions change in the presence of e.g. radiation in the external dimensions [45].
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Returning to the issue of getting 4d asymptotic acceleration by compactifying dS
vacua, we note that proposed constructions of de Sitter space in string theory mainly
focus on compactifications to four our less spacetime dimensions. The limited work on
de Sitter constructions in d > 5 (see e.g. [46-48]) is certainly in part due to the obvious
phenomenological interest in d = 4. However, it is also clear that it is significantly more
difficult to construct higher-dimensional de Sitter vacua.

A first issue is that in five or more dimensions one cannot have SUSY with four
supercharges. Omne must either have at least eight supercharges or completely break
supersymmetry. This provides an obstacle to first stabilizing some or all of the moduli in a
SUSY set-up and then achieving the de Sitter uplift as a small controlled deformation of
this SUSY set-up.

A second obstacle is that the set of available compact geometries is more limited.
In particular, the ingredients for de Sitter uplifting are dimension-dependent, e.g. the
Klebanov-Strassler throat necessary for the antibrane uplift in IIB requires six internal
dimensions.

It then seems to us that if anything, it should be easier to construct 4D de Sitter vacua
in the interior of moduli space than to achieve 4D asymptotic accelerated expansion.

In this note we have raised the point that to achieve asymptotic accelerated expansion,
one requires a de Sitter vacuum in higher dimensions. If, as we suggest, the underlying
reason for this is that de Sitter space and accelerated expansion are at some conceptual
level ‘equally difficult’, then one might expect that some converse statement is also true: if
in the higher-dimensional theory one has (not necessarily asymptotically) some region in
the scalar field space where the potential is positive and sufficiently flat, then it should be
possible to construct a de Sitter vacuum in lower dimensions. In fact, [49] showed that if
|V'|/V is sufficiently small compared to the rate at which gauge couplings change as the
scalars roll then it is possible to construct a lower-dimensional de Sitter vacuum, in line
with this expectation.

There exist various swampland conjectures on the profile of the scalar potential. Often
an argument for a certain bound on the profile is given in the asymptotics of moduli space
and it is then merely suggested that this bound may also apply to the interior of moduli
space. By the results of our paper, any bound on the asymptotics has implications for the
interior of moduli space in a higher-dimensional theory.

For instance, [3, 4] provided arguments for the refined® de Sitter conjecture |V'|/V > ¢
with crucial elements being the entropy of the cosmic horizon, the entropy of towers of
states or simply their large number. Because of the central role of the towers of light states,
these arguments clearly only apply to the asymptotics of moduli space. Unfortunately, since
in this argument the value of the coefficient ¢ could not be determined, one cannot make a
clear statement about de Sitter vacua in higher dimensions based on this asymptotic result
alone. Later works have proposed possible asymptotic values for c.

To be precise, the refined de Sitter conjecture states that the potential must obey either |V’|/V > ¢ or
V" /V < ¢ with c and ¢’ order one coefficients. The arguments for this conjecture are presented in four
spacetime dimensions, but the generalization to arbitrary dimension d > 2 is obvious.
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In particular, the Trans-Planckian Censorship conjecture (TCC) [23, 50] proposes
that ¢ = 2/+/(d — 1)(d — 2) asymptotically. Recently, [7] also argued for this asymptotic
behaviour based on towers of states becoming asymptotically light. By our proposal,
the flattest slope one can achieve asymptotically in a string compactification exactly
saturates this bound. Our results then provide an alternate argument for the asymptotic
statement of the TCC. For this bound to be saturated, it is necessary that there exist
long-lived metastable de Sitter vacua in the higher-dimensional theory. If there exist no
higher-dimensional de Sitter vacua, then our results for the asymptotics of field space are
essentially equivalent to the No Asymptotic Acceleration conjecture ¢ = 2/+/d — 2 of [24, 25].
Formally, (2.3) (or more generally (B.5) for a brane of finite codimension) saturates the
No Asymptotic Acceleration conjecture as k — +00. As the number of internal directions
is finite, the lower bound we obtain on |V’/|/V in the absence of higher-dimensional de
Sitter vacua is slightly stronger than the No Asymptotic Acceleration conjecture for a given
number of decompactifying dimensions.

To end, we reiterate that it would be conceptually extremely important to obtain
asymptotic acceleration in string theory, even in a phenomenologically irrelevant setting.
We hope that proving or disproving our AA=DS Conjecture may be a useful step in
this context. A more modest goal may be to think about higher-dimensional EFTs which,
without allowing for asymptotic acceleration themselves, can be compactified to models with
asymptotic acceleration. If one allows for any lagrangians, this can probably be achieved.
The less trivial task is to find such higher-dimensional EFTs which one may reasonably
expect to arise from string theory.
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A Condition for asymptotic accelerated expansion

The purpose of this appendix is twofold. First, we discuss asymptotic acceleration in the
multifield case [6, 8, 9] focusing in particular on a recent theorem due to [8, 9] which shows
that for certain potentials accelerated expansion is forbidden. Second, we explain in what
way we will rely on this theorem in the main text. We will also argue, without proof, why
we expect the theorem of [8, 9] to be relevant for a broader class of potentials than those
for which it has been proven. Note that for the specific case where the scalar evolution is
described by gradient flow results similar to [8, 9] appeared previously in [6].

Consider a multifield scalar potential of scalars ¢*. We will assume that all terms in
the potential are exponential. This is expected to be true for the asymptotics of string
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compactifications that we are interested in. The potential is then given by
V= Z Ajexp (— Zvégﬁa) . (A1)
7 a

When a distinction needs to be made, we will denote by A (A;) the positive (negative) A;.

We denote by i (vi7) the % exponents of a term with a A" (A;) coefficient in front.

(2

We want to know under what conditions one asymptotically in field space achieves
accelerated expansion. To do so we will rely on the results of [8], recently also extended in [9].
Let us first focus on the case where A; > 0 for all i. We further focus for clarity” on

the case where all v* > 0. Then let v~ = min; 74", It is then the case that if

(Z% %) >4 (42)

there cannot be accelerated expansion at asymptotically late time [8]. It immediately follows

that if for any of the ’y;'
2

d—2

there cannot be accelerated expansion. This is the bound we will rely on for our results in

Va > Yace 5 (A.3)

section 2: one asks what the smallest possible v, one can achieve in a compactification is.
If even this satisfies (A.3) one clearly cannot achieve accelerated expansion asymptotically.

We now need to address what happens if there are also negative terms in the potential.
This involves making some technical distinctions, but the main claim we will make (without
a complete proof) is that introducing additional negative terms will not help one achieve
accelerated expansion. If the bound (A.3) holds it will still be impossible to asymptotically
achieve accelerated expansion.

As a first condition, one should have V' > 0 asymptotically despite the presence of
these negative terms to even have a chance of achieving accelerated expansion. We now
need to distinguish between two cases. Define I'; = max; 75~.

Consider first the case when v > T, for all a. In this case it was shown by [8] that it
is still true that if (A.2) holds there cannot be accelerated expansion.

Finally there is the case of mixed exponents involving multiple scalars where some
of the 42~ are larger than some of the 7t and some of the 4.~ are smaller than some
of the v4F. In such a case the theorem of [8] does not apply. While we are not able to
contribute to clarifying this situation, it is our expectation that generically one of the
following three possibilities will be realized in the asymptotic regime: first, the potential can
become negative if one rolls far enough, excluding asymptotic acceleration. Second, some of
the moduli can become stabilized in terms of other moduli. In this case one performs the
analysis of whether one has accelerated expansion in a smaller moduli space of the remaining

"If for some of the ¢¢ scalars v&+ < 0 for all terms involving those scalars, then by redefinition ¢ — —¢®
for those specific scalars, one recovers our situation. If a scalar has both positive and negative y.", one
should set v, = 0 for that scalar. The reason for this is intuitively clear if one considers a single scalar with
potential V(¢) = exp(¢) + exp(—¢). At asymptotically late times, this scalars will stabilize at ¢ = 0 and so
not contribute to the slope of the rolling of the potential at all.
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independently rolling fields. Third, one may be able to show that in the asymptotics certain
negative terms with mixed exponents can be neglected. In the second and third case, one
may then hope that, after the appropriate simplification of the potential has been made, a
situation arises where the theorem of [8] applies.

Let us summarize what this implies for string compactifications. In principle, having
multiple fields can help achieving asymptotic acceleration, as for example in the case of
assisted inflation [51] (see also below). But we expect that this will not enable asymptotic ac-
celeration in string compactifications. The reason is that one specific scalar field, namely the
volume modulus, appears in each term of the scalar potential. We have argued that this field
dependence is too steep for each term. As a result, (A.3) is satisfied for this particular field.

To elucidate what the theorem in this appendix does (and does not) imply, it may
be useful to consider assisted inflation [51]. Specifically, consider assisted inflation in four
spacetime dimensions, for simplicity with just two scalars ¢1, ¢ subject to the potential

V =exp (—\/§¢1) + exp (—\@(ﬁg) . (A.4)

Each of the terms separately is too steep to permit accelerated expansion. However, consider
the change of basis ¢1 = (¢} +¢5)/v2 and ¢ = (¢} —¢5)/v/2. In the new basis the potential
takes the form

V = exp(—¢}) [exp(—¢) + exp(+¢5)] - (A.5)

Clearly, a trajectory where ¢} is stabilized at ¢}, = 0 and only ¢/ is rolling solves the equations
of motion and permits accelerated expansion. None of this however is in contradiction with
the theorem. If one applies the theorem to the potential eq. (A.4) one finds 7;” = 0 because
the second term in the potential has the smallest exponent with respect to ¢1, namely zero.
Analogously, one also has 75~ = 0 such that (3,7 7+) = 0 and the theorem does not forbid
accelerated expansion. Crucially, there is no field direction in which both terms are steep,
in contrast to what we expect to hold in string theory with respect to R.

B Canonically normalized volume modulus and induced brane potential

In order to calculate the slope of the potential of the k dimensional volume modulus in the
d dimensional theory we need to canonically normalize its kinetic term.
Therefore, we consider the (d + k)-dimensional Einstein-Hilbert action and write the
metric as
ds® = g, da*ds” + R(z)2Gmndy™dy" (B.1)

where Greek indices label the external dimensions and run over 0,...,d — 1. Latin indices
label the internal dimensions and run over d,...,d + k — 1. Compactifying the (d + k)-
dimensional Einstein-Hilbert term, one finds

- R k(k—1) (OR\?
SO M;ﬁ_’ﬁf/dda:\/—g RF (2 + (2) (R) ) : (B.2)

where My, 44 is the (d + k)-dimensional Planck mass.
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After Weyl rescaling (B.2) by g, — R*2k/(d*2)gw one finds

_ 2
55 Mkt [ateyg (722 -2 (%) ) . (B3

From here, the canonically normalized scalar ¢ corresponding to R can easily be read
off. One may also relate this scalar to the dimensionless volume of the internal space,
V = (M a1 R)*, as follows:

k(d —2)

hrd—2°]" (B4)

Y = exp
In section 2 we have shown that the dominant contribution to the potential of V is induced
by a cosmological constant followed by a (d + k — 2)-brane. To derive the scalar potential of
V induced by these two effects, we calculate the contribution to the potential of a general
p-brane. It is given by®

Vi bran MG R kd—2) [ d 1-d
. bda = =4 p7d+kd = Apexp [ — ( ) ( _pe ) |, (BS5)
My, Mg, k+d—2\d—-2 k
=y
where M, 4 is the d dimensional Planck mass given by
d—2 d+k—2 pk
Myq" =M, R (B.6)

and A, a positive constant.

C Scale-separation analysis with axionic kinetic energy

In section 3.3 we discussed the asymptotic behaviour in the decompactification limit in the
presence of a rolling axion. Similarly to the analysis in section 2.2, one may ask also in this
case whether scale separation is lost, i.e. whether H > 1/R.

We start by thinking in d-dimensional effective theory, suppressing powers of M, 4 for
simplicity. Using (3.2) and (B.4), the (dualized) scalar kinetic energy may be rewritten

according to
1

exp(2k1 @) Hi 1 ~ (Mpas B)*

(C.1)

Now recall that, when the axion drives acceleration, kinetic and potential energy decay at the
same rate. The Friedmann equation then implies that (C.1) scales like H2. Moreover, it is
well known that an equation-of-state parameter w implies H? ~ 1/a" with n = (d—1)(1+w).

2
Thus, (C.1) scales like 1/a™ and it follows that a ~ (M, g1k R)Q(d—%—".

8This potential follows from dimensional analysis for effective p-branes in the d + k-dimensional theory.
We have assumed that the potential does not depend on any other rolling parameters by assuming that g is
stabilized and any additional spacetime dimensions other than the d + k& we consider are stabilized. It is
straightforward to check that allowing these to roll will not yield a flatter potential, see also the discussion
in section 3.
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Now we are ready to compare the d-dimensional parameter H to the higher-dimensional
parameter 1/R. At this point it is necessary to restore M, ; and use (B.6). The ratio of
Hubble and KK scale then takes the form

H M, an/2 d+k—2 dtk—2___ _qn
1/R "~ pid//R = (Myask R) 72 a™"? ~ (Mpgip R) &2 2@D=0 (C2)
Hence, scale separation is lost if
(d+k—2)(2(d—-1)—n)>nqg(d—2). (C.3)

For the borderline case of n = 2 (or equivalently w = —(d — 3)/(d — 1)) one finds that scale
separation is lost for

which is always true in d > 2 since ¢ < k. This then agrees with the analysis in section 2.2.

Interestingly, [35] also provides an example in d = 4 where the attractor has w = —1/3
based on the heterotic compactifications of [52]. Crucially, this set-up involves a rolling
axiodilaton such that our preceding analysis of when H > 1/R is not applicable to this case.
It would be interesting to analyze this case further and see whether H > 1/R asymptotically.
Let us stress however that since w = —1/3 asymptotically, this case does not accelerate
asymptotically per our definition and this example is not a counterexample to our conjecture
even if it does not stem from a higher-dimensional de Sitter vacuum.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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