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We consider various candidates for Dark Energy, motivated by string theory. Several no-go the-
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also review the scenario of Thermal Dark Energy, where thermal effects in a light hidden sector
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1. Introduction

The nature of the Dark Energy that dominates our Universe today and drives its accelerated
expansion remains an entirely open question, despite more than twenty years of effort from theorists
since its discovery. As we enter the next decade, a new generation of ground-based and satellite
cosmological observations will probe the nature of Dark Energy to an unprecedented depth and
precision. Diverse and complementary techniques – using supernovae, baryon acoustic oscillations,
galaxy cluster abundances and weak gravitational lensing – will map the expansion history of the
Universe and its influence on structure formation, and thus constrain the equation of state, time-
dependence and couplings that characterise Dark Energy.

So far, observations are consistent with a Dark Energy equation of state w =−1, that is, a cos-
mological constant. However, the dark energy density is around 120 orders of magnitude smaller
than naive estimates of the cosmological constant from quantum field theory (for a review see [1]).
Especially because of its connection to the cosmological constant problem, one might expect that
the fundamental nature of Dark Energy has to be addressed within an ultraviolet complete theory of
quantum gravity. Within string theory, Dark Energy cannot be understood without understanding
supersymmetry breaking and moduli stabilisation. It has long been known that moduli stabilisation
to a de Sitter vacuum would be challenging. Dine and Seiberg [2] had noted already in the early
days of string theory that, in the perturbative regimes of the string coupling and α ′ expansions, the
dilaton and volume moduli must be runaway directions, unless there are parameters available to
tune; only by fine-tuning terms at different orders in the perturbative expansions against each other
can a local minimum be obtained. Moreover, Gibbons [3] and Maldacena and Núñez [4] proved
that two-derivative supergravity with only positive tension objects does not admit de Sitter solu-
tions. There have been many subsequent extensions to this no-go theorem, including for example
the CFT computation that rules out de Sitter vacua in heterotic string theory to all orders in α ′ (but
at string tree level) [5].

Of course, an essential ingredient of any no-go theorem is its starting assumptions, and the
no-go theorems just mentioned may well provide clues as to how the obstructions might be evaded.
The last two decades have seen considerable advances in this direction, beginning with the seminal
papers on flux compactifications [6] and KKLT [7]. The large number of possible string vacua
expected led to the picture of the String Theory Landscape [8], which ought to include our own
Universe with a tiny positive cosmological constant. Put together with a means to populate the
Landscape, such as eternal inflation, this could give rise to an anthropic explanation for a finely-
tuned cosmological constant, an idea that led quite remarkably to an early prediction of Dark En-
ergy in [9].

Several scenarios of de Sitter string theory vacua have thus been proposed, in all the different
duality regimes of string theory (for recent reviews from different perspectives see [10] and [11]).
Much technical progress has been made towards making explicit realisations of these scenarios.
However, it is fair to say that these constructions are always at – or beyond – the limits of theoretical
control. These difficulties have led to the conjecture that metastable de Sitter vacua may actually be
impossible to embed consistently in an ultraviolet complete theory of quantum gravity [12, 13, 14].
In other words, effective field theories with metastable de Sitter vacua may belong to the String
Theory Swampland, and rather than googol-like numbers of de Sitter vacua there may be none at all.

1



P
o
S
(
C
O
R
F
U
2
0
1
9
)
1
2
3

Dark Energy in String Theory Susha Parameswaran

The de Sitter Swampland Conjecture has intriguing connections to other swampland conjectures
[14, 15] and wider discussions around the quantum aspects of de Sitter [16, 17, 18, 19].

If string theory does not have metastable de Sitter vacua, then there must be some other expla-
nation for Dark Energy. And even if metastable de Sitter vacua are allowed within string theory, it
is important to consider other well-motivated alternatives, and how they might be observationally
distinguishable. There has been surprisingly little work towards alternative Dark Energy models
within string theory (see [11] for a review). In quintessence models, the accelerated expansion is
driven by an extremely light, slowly rolling field (see [20] for a review). These models not only
have the challenge of fine-tuning (see [21] for a recent discussion in the context of string theory
and supergravity), but must also somehow evade bounds from fifth forces and time-variation of fun-
damental constants. Amongst the most attractive quintessence candidates are therefore string ax-
ions, as current fifth forces experiments do not probe the spin-dependent couplings to which pseu-
doscalars give rise. However, slow-roll axion quintessence requires scenarios like super-Planckian
axion decay constant [22, 23] (difficult to find in string theory [24] and in tension with swampland
conjectures [25]), a delicate interplay of ingredients to realise alignment [26], axion monodromy
[27] or periodic plateaus [28], or a fine-tuning of initial conditions at hilltops [11]. Thus string
axion quintessence is no more under control than string de Sitter vacua. Other quintessence candi-
dates that have been considered are closed-string moduli associated with internal four-cycles [29],
but again these are based on intricate moduli stabilisation scenarios similar to those for de Sitter
vacua.

On the other hand, given the ubiquity of runaway moduli in string compactifications, one may
expect runaway quintessence scenarios to be very naturally realised, without the need for delicate
interplay between various not-so-under-control ingredients. Moreover, if the runaway direction
were a local modulus in a hidden sector, it may plausibly avoid constraints from fifth forces and
time variation of fundamental constants. However, as we will discuss, it is intriguingly challenging
to identify runaway directions in string theory that are sufficiently flat to source acceleration. The
simplest Dine-Seiberg runaway – a supersymmetric flat direction lifted by non-perturbative effects
– turns out to be always too steep [30]. We also consider several simple, well-motivated perturbative
runaways within four-dimensional supergravity, and find that constraints from supergravity are
very restrictive, almost always rendering the runaways either too steep or with negative potential
energy. Interestingly, there is a window in parameter space for Kähler potentials resembling those
for local string moduli, K = k0 +

(Φ+Φ̄)2n

k1
or K = k0 +

|Φ|2n

k1
, but only when the order of the leading

superpotential coupling, W = W0 +AΦp, is restricted to p = n. It would of course be extremely
interesting to find concrete string theory constructions that satisfy these conditions.

The lack of any compelling model of de Sitter or quintessence from string theory thus far,
drives the search for completely novel string theory origins for Dark Energy. In Thermal Dark
Energy [31], high temperature effects in a light hidden sector hold a string theory modulus away
from its zero temperature minimum. This sources a positive potential energy density that mimics a
cosmological constant, until, as the temperature falls, a phase transition to the true minimum takes
place. Thermal Dark Energy is consistent with all swampland conjectures, and has distinctive
experimental and observational signatures, including a possible resolution to the H0-tension.

In this talk, we will first briefly review the status of de Sitter vacua in string theory. The
aim of this section is not to do justice to the vast body of work on this topic, but to illustrate the
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technical challenges involved, and show that – with present knowledge – we have to be agnostic on
the existence or not of de Sitter vacua in string theory. We will then discuss quintessence models
in string theory, focusing on the runaway potentials that are ubiquitous in string compactifications,
summarising [30] and including some further results using supergravity. Finally we will review
Thermal Dark Energy [31].

2. De Sitter vacua in string theory

The search for de Sitter string compactifications is typically made via four-dimensional effec-
tive field theories, by looking for a scalar potential for the light moduli that has a positive-definite
metastable minimum, 〈V (φi)〉min > 0. It is important to note that finding such a de Sitter vacuum
does not alone address the cosmological constant problem, and the total vacuum energy would
typically be of the form Λ ≈ 〈V (φi)〉min + M4

kk. Put another way, any classical or quantum de
Sitter vacuum that is found within a four-dimensional effective field theory, would generally be
modified by gs, α ′ and heavy-state corrections, which contribute some ∆V to the vacuum energy.
With sufficiently large numbers of different 〈V (φi)〉min and ∆V , a fine-tuned cancellation can allow
Λ∼ 10−121M4

pl . With this caveat in place, we now briefly review the status of de Sitter string vacua.
Type IIA compactifications, having both even and odd-form fluxes, have the potential to sta-

bilise all moduli classically, and the Gibbons-Maldacena-Nuñez no-go theorem could be evaded
due to the presence of negative tension orientifold planes, essential for tadpole cancellation. How-
ever, it was shown early on that for type IIA Calabi-Yau orientifolds with standard fluxes, |∇V |

V ≥√
54
13 , thus ruling out de Sitter vacua in this class of compactifications [32] (see [33] and [12] for

generalisations). Type IIA compactifications on negative curvature manifolds are more promising.
De Sitter solutions have been found using a non-zero Romans mass, negatively curved spaces and
O6 planes [37, 38]. However – aside from control issues e.g. from smearing sources and using
unquantized fluxes – all de Sitter solutions found have turned out to have tachyonic instabilities
[39].

On another point of the duality star, heterotic orbifold compactifications lend a large amount of
control thanks to the fact that the worldsheet theory is free, so much of the low energy effective field
theory can be directly computed up to a few free parameters (see [40] for a review). Again, although
both orbifold and smooth scenarios have been proposed to realise de Sitter vacua by including non-
perturbative efffects [40, 41, 42], those explicit top-down de Sitter vacua [40] that have been found
are all tachyonic. As for the explicit type IIA compactifications [43], one technical challenge is
the large number of light moduli, with ten real degrees of freedom. On one hand, a large number
of fields can help to arrive at a de Sitter solution, as each supersymmetry breaking contribution
gives a positive definite contribution to the potential energy. However, with a random scan for
stationary points in the ten-field scalar potential, there is only a one in 210 chance of finding one with
not a single negative eigenvalue in the Hessian matrix. Moreover, concrete examples considered
in [40] have only 13 free parameters available to tune for the 10 equations and 11 inequalities
that give conditions for a metastable de Sitter minimum. Another interesting feature of heterotic
orbifold compactifications is how target-space modular symmetries acting on the geometric moduli
constrain the scalar potential, such that the potential depends on the moduli as certain modular
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forms. Studies of general modular invariant potentials have identified de Sitter saddle points, but
no de Sitter minima [30, 45].

Arguably the most studied scenarios for de Sitter vacua in string theory are in type IIB.
There, fluxes can stabilise the dilaton and complex structure, but some interplay between clas-
sical, perturbative and non-perturbative effects – in gs and α ′ – are necessary to stabilise the Kähler
moduli. KKLT [7] evades the Dine-Seiberg runaway by fine-tuning classical effects against non-
perturbative effects, whereas the Large Volume Scenario [46] exploits the fact that there are two
perturbative expansions, so the leading terms in each perturbative expansion can balance against
each other. In both cases, these interplays lead to an anti-de Sitter vacuum, which is uplifted to de
Sitter with further ingredients like probe anti-D3-branes [7], Kähler corrections [47], or T-branes
[48]. Further, examples of directly obtaining de Sitter vacua without any uplifting based on pertur-
bative and non-perturbative contributions were presented in [49].

Out of these proposed ingredients for de Sitter, anti-D3-branes are the most well understood,
but still raise many questions, such as how their backreaction affects the background solution
and the stabilisation of geometric moduli (e.g [50]). Another question is how intrinsically four-
dimensional non-perturbative effects can themselves be used to stabilise an otherwise rolling four-
dimensional compactification [51]. KKLT and the Large Volume scenarios have undergone a large
amount of scrutiny in recent years, and whether or not the proposals can be consistently realised
within string theory is still under debate.

Other interesting but not-yet-sufficiently-developed proposals for string theory de Sitter vacua
include non-geometric fluxes [52]. For all scenarios, the holy grail would be a rigorous ten-
dimensional solution with four-dimensional de Sitter space and compact internal dimensions (see
e.g. [53, 54, 55] and [56, 57] for recent work towards this objective, in type IIB and IIA, re-
spectively), together with a stability analysis. These solutions may need to include some time-
dependence (see e.g. [58]).

3. Runaway quintessence

Given the challenges in constructing metastable de Sitter solutions in string theory, and the
genericity of Dine-Seiberg runaway directions in moduli space, it is very natural to suppose that
Dark Energy might be due to a slowly rolling or frozen runaway quintessence field. The immediate
challenges are (i) the fine-tuning of the vacuum energy is now extended to the fine-tuning of the
very light mass of the quintessence field, m . 10−33eV (ii) such a light scalar field would usually
mediate unobserved fifth forces, in particular any scalar with mass less than around meV must
have weaker than Planckian couplings to the Standard Model fields (iii) as scalar fields in string
theory usually correspond to couplings, the rolling quintessence field can lead to time-variation of
fundamental constants. Problems (ii) and (iii) may be addressed if the quintessence field comes
from a hidden sector that is sequestered from the visible sector, although there are as yet no explicit
constructions that realise the degree of sequestering that would be necessary (see [59] for some
challenges, [60] for an more optimistic point of view, and [61] for recent work in this direction).

Arguably the simplest class of runaway moduli are those originating from supersymmetric flat
directions. We will now show, however, that it is impossible for such a runaway tail to play the role
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Figure 1: Potential (3.4) for n = 1 (left) and n = 3 (right) with a =
√

2 and A = e−1105/8 in Planck units.

of Dark Energy and source an accelerated expansion. Then we consider other possible runaway
moduli.

Suppose some early Universe scenario, such as inflation, which ends in a supersymmetric
Minkowski minimum in which most of the string moduli, Φi, are stabilised and heavy:

〈DiWsusy〉= 0 and 〈Wsusy〉= 0 . (3.1)

Assume for simplicity a single flat direction, corresponding to the chiral superfield, Φ, with scalar
component also labelled Φ = φ + iθ , with saxion φ and axion θ . For example, a bulk modulus may
have leading Kähler potential:

K =−n ln(Φ+ Φ̄) , (3.2)

with e.g. n = 3 for the overall volume modulus, or n = 1 for another Kähler modulus, a complex
structure or dilaton, or some other n < 3 for a fibre modulus.

As we are in a supersymmetric Minkowski background, the flat direction is protected to all
finite orders by the non-renormalisation theorem: a Peccei-Quinn shift symmetry forbids depen-
dence on θ , and holomorphicity of the superpotential implies dependence on φ is also forbidden
[62] (see [63] and [64] for interesting generalisations). Even if K can receive perturbative correc-
tions, the flat direction cannot be lifted so long as W = 0. The Peccei-Quinn shift symmetry is bro-
ken by non-perturbative effects, so at some scale, say before BBN, a leading order non-perturbative
superpotential is generated:

W = Ae−aΦ . (3.3)

which leads to a scalar potential:

V =
A2

2nn M2
pl

e−2aφ
φ
−n (n2 +4a2

φ
2 +n(−3+4aφ)

)
. (3.4)

Thus the flat direction for φ is lifted. The axion, θ , at this leading order remains a flat direction,
but will be lifted by subleading corrections. The overall scale of the potential energy is fixed by
the constant A, and the exponential suppression in φ . In a complete string theory model, A would
depend on the heavy moduli, Φi, and it could itself be exponentially suppressed in those heavy
moduli. For example, in gaugino condensation in a hidden sector, W = µ2e−a f , where µ is the
scale at which gaugini condense, a is determined from the hidden sector beta function coefficient,
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and the gauge kinetic function is given by f =Φ+∆1−loop(Φi), with one-loop threshold corrections
depending on heavy moduli. So it should not be difficult to obtain a non-perturbatively generated
potential energy density of order Λ∼ e−280M4

pl .
However, it is very simple to show that such a scalar potential cannot source an accelerated

expansion at its tail. Indeed, as is well known, the Friedman and Klein-Gordon equations conspire
together to reveal that for a frozen or slowly rolling field to dominate the Universe (over matter and
radiation) and drive an accelerated expansion, the slow-roll condition:

εV =
M2

pl

2
gφφ

(
V ′(φ)
V (φ)

)2

< 1 (3.5)

must be satisfied. Note that so long as the field is frozen by Hubble friction, it mimics effectively
a cosmological constant, but as the Hubble parameter falls the field will eventually begin to roll.
Plugging (3.4) into the slow-roll condition (3.5), and considering the tail of the runaway, φ → ∞,
one finds:

εV →
4
n

a2
φ

2 as φ → ∞ . (3.6)

Therefore it is impossible to satisfy the slow-roll condition εV < 1 (3.5) and drive an accelerated
expansion at the tail of the non-perturbative runaway. Another way to state this is that the scalar
potential for the canonically normalised field, ϕ = Mpl

√ n
2 logφ :

V (ϕ)≈ 4A2a2

2nn M2
pl

e−2ae

√
2
n

ϕ

Mpl
(

e
√

2
n

ϕ

Mpl

)2−n

at large ϕ, (3.7)

with its double-exponential dependence, is too steep to allow a slow-roll accelerated expansion.
Note that with suitably fine-tuned initial conditions, it is possible to obtain viable models of frozen
quintessence at the hilltop of the potential V (φ) with n = 1, seen in Figure 1 (a fine-tuning of
around 4% for the parameter space studied in [30] is sufficient). However, it is difficult to find an
explanation for such special initial conditions, even an anthropic one.

Perturbative runaway directions may seem more promising. However, consider for example
the Kähler potential (3.2) with a perturbative superpotential (later we will extend the superpotential
to W =W0 +AΦp):

K =−n ln(Φ+ Φ̄) and W = AΦ
p , (3.8)

for which:

V (φ) =
A2

2nn M2
pl

φ
−n(φ 2 +θ

2)−1+p (((−3+n)n−4np+4p2)
φ

2 +(−3+n)nθ
2) . (3.9)

It is useful to consider the potential around θ ≈ 0:

V (φ) =
A2

2nn M2
pl

(
(−3+n)n−4np+4p2)

φ
−n+2p

+
A2

2nn M2
pl

p
(
(−3+n)n−4np+4p2 +4(n− p)

)
φ
−2−n+2p

θ
2 +O(θ 3) (3.10)
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It is easy to see that θ = 0 corresponds to a metastable minimum as long as

p <
n+1

2
−
√

n+1
2

or p >
n+1

2
+

√
n+1
2

(3.11)

while the scalar potential V (φ)> 0 at θ = 0 provided

p <
n
2
−
√

3n
2

or p >
n
2
+

√
3n
2

(3.12)

For example, if n = 1 and p≥ 2, then θ is stabilised at θ = 0, and the potential for the canonically
normalised ϕ becomes V (ϕ) = A2

2M2
pl
(−2−4p+4p2)e(−1+2p)

√
2ϕ/Mpl > 0 with, however, a slow-roll

parameter εV = (1−2p)2 always greater than one. For general n > 0 and p, assuming θ = 0, the
slow-roll parameter is:

εV =
(n−2p)2

n
, (3.13)

and it is straightforward to show that it is impossible to have simultaneously εV < 1 and V (φ)> 0.
If we relax somewhat the constraints from a supergravity description of the action, a Käh-

ler potential (3.2) implies that any power-law scalar potential for φ , V (φ) = Aφ−p will lead to a
standard exponential scalar potential for the canonically normalised field:

V (ϕ) = Ae
−
√

2p2
n

ϕ

Mpl . (3.14)

We’ve seen above that supergravity imposes relations within the perturbative scalar potential, be-
tween its linear-coefficient and the coefficient in the exponent, such that it is impossible to have
both slow-roll εV < 1 and V (ϕ) > 0. However, for (3.14), a slow-roll accelerated expansion is
possible for:1

p2

n
. 1 . (3.15)

For the value n = 1 often seen for bulk string moduli, then we would need p . 1. A fibre modulus
with e.g. n = 2 [44] would need p .

√
2. It would be very interesting to identify such perturbative

runaways in explicit, well-under-control string constructions, though the lack of supersymmetry
might make this particularly difficult. If successful, one would then have to furthermore explain
how the hierarchy in the vacuum energy and mass are stable with respect to the ultraviolet cutoff,
and how to avoid fifth forces (note that, even if not sequestered, fundamental constants would not
vary with time so long as the quintessence field is frozen by Hubble friction).

Bearing in mind the need to suppress fifth forces, it is interesting to consider a local modulus,
which may be sequestered from the Standard Model using geometric separation within the extra
dimensions. However, we will now see that the simplest models within supergravity again do not
allow for slow-roll quintessence. Consider e.g. a blow-up modulus with Kähler potential (see e.g.
[65] for explicit string examples of such moduli):

K = k0−2ln(k1− k2(Φ+ Φ̄)3/2)≈ k0−2ln(k1)+2
k2

k1
(Φ+ Φ̄)

3
2 , (3.16)

1See [34, 35] for a dynamical systems analysis of such potentials. In [36], observational constraints on the dark
energy equation of state w(z) were used to constrain the constant in the de Sitter swampland constraint |∇V | & cV to
c . 0.6. Here, we consider the simplest scenario of a frozen field mimicking a cosmological constant, w =−1, for most
of the cosmological history.
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Figure 2: Potential arising from blow up modulus with K given in (3.16) and a non-perturbative superpo-
tential, W = Ae−aΦ, for k0 =−265, k1 = 2075, k2 = 1, A = 1.5 and a = 0.1, in Planck units.

where in the ≈ we assumed small values of the blow-up modulus, k2
k1
(Φ+ Φ̄)3/2 � 1. Then, the

canonically normalised field for the blow-up modulus is:

ϕ =
27/4
√

3

√
k2

k1
φ

3
4 . (3.17)

Consider a non-perturbative superpotential, W = Ae−aΦ. The full scalar potential is:

V (φ) =
A2

3k2
1M2

pl
ek0−2aφ+2 k2

k1
(2φ)3/2

(
−9+8(aφ)

aφ

k2
k1
(2φ)3/2

−24(aφ)+18
k2

k1
(2φ)3/2

)
(3.18)

When aφ < k2
k1
(2φ)

3
2 � 1 or k2

k1
(2φ)

3
2 < aφ � 1 this leads to negative potential energy:

V (φ)≈−3A2ek0

k2
1 M2

pl
. (3.19)

When instead aφ & 1, the potential has an exponential dependence in φ :

V (φ)≈ 8A2

3k2
1M2

pl
ek0−2aφ k1

k2(2φ)3/2 a2
φ

2 . (3.20)

The slow-roll parameter εV for the latter case is:

εV =
k1

2k2(2φ)3/2

2
3
(1−4aφ)2, (3.21)

so εV > 1, and slow-roll quintessence is impossible, unless φ ∼ 1
4a , which corresponds to fine-

tuning the initial value of φ to the hilltop, shown in Figure 2.
Another candidate amenable to sequestering would be a local modulus corresponding to the

deformation parameter at the tip of a conifold, which has Kähler potential of the form [66]:

K = k0 + k1|Φ|2
(

ln
(

k2

|Φ|

)
+1
)
+ k3|Φ|

2
3 , (3.22)

8



P
o
S
(
C
O
R
F
U
2
0
1
9
)
1
2
3

Dark Energy in String Theory Susha Parameswaran

and a flux-generated superpotential:

W =−iw1Φ

(
ln
(

k2

Φ

)
+1
)
+ iw2Φ . (3.23)

For example, assuming a highly-warped scenario with |Φ| � l3
s , the k3 term dominates over the k1

term in K. The slow-roll parameter turns out to be:

εV ≈
16
3

(
1+

3

4k3|Φ|
2
3

)
> 1 . (3.24)

More generally, a local modulus with Kähler potential of the form K = k0 +
|Φ|2n

k1
or K = k0 +

(Φ+Φ̄)2n

k1
with a non-perturbative superpotential W = Ae−aΦ (again, below we will extend this to

W =W0 +Ae−aΦ) leads, respectively, to the scalar potentials with exponential envelopes:

V (φ) =
A2

n2 M2
pl

ek0−2aφ+ φ2n
k1

(
(aφ)2 k1

φ 2n −3n2−2n(aφ)+n2 φ 2n

k1

)
for θ = 0

≈ A2

n2 M2
pl

ek0−2aφ
(
a2

φ
2) k1

φ 2n when φ
2n� k1 and aφ &

φ 2n

k1
(3.25)

or

V (φ) =
A2

(2n−1)2n M2
pl

ek0−2aφ+ (2φ)2n
k1

(
4(aφ)2 k1

(2φ)2n −6n(2n−1)−8n(aφ)+4n2 (2φ)2n

k1

)
≈ A2

(2n−1)2n M2
pl

ek0−2aφ
(
4a2

φ
2) k1

(2φ)2n when (2φ)2n� k1 and aφ &
(2φ)2n

k1
, (3.26)

(for aφ < φ n

k1
� 1, we instead have a negative potential energy V (φ)≈−3A2ek0

M2
pl

for both potentials).

The corresponding approximate slow-roll parameters are, respectively:

εV ≈
(n−1+aφ)2

n2
k1

φ 2n > 1 (3.27)

or

εV ≈
2(n−1+2aφ)2

(2n−1)n
k1

(2φ)2n > 1 . (3.28)

Instead, a local modulus with Kähler potential of the form K = k0 +
|Φ|2n

k1
or K = k0 +

(Φ+Φ̄)2n

k1
with

a perturbative superpotential W = AΦp (extended to W =W0 +AΦp below) leads, respectively, to
the power-law scalar potentials:

V (φ) =
A2

n2 M2
pl

ek0+
φ2n
k1 φ

2p k1

φ 2n

(
p2−n(3n−2p)

φ 2n

k1
+n2 φ 4n

k2
1

)
for θ = 0

≈ A2ek0

n2 M2
pl

k1

φ 2n φ
2p p2 when φ

2n� k1 (3.29)

9
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or

V (φ) =
A2

(2n−1)2n M2
pl

ek0+
(2φ)2n

k1 φ
2p k1

(2φ)2n

(
4p2 +2n(3−6n+4p)

(2φ)2n

k1
+4n2 (2φ)4n

k2
1

)
≈ A2ek0

(2n−1)2n M2
pl

k1

(2φ)2n φ
2p(4p2) when (2φ)2n� k1 . (3.30)

In the first case, the deformation-like modulus, the slow-roll parameter is:

εV =
k1

φ 2n

(
p2(p−n)+3n(p−n)φ 2n

k1
−n2(2n−3p)φ 4n

k2
1
+n3 φ 6n

k3
1

)2

n2
(

p2−n(3n−2p)φ 2n

k1
+n2 φ 4n

k2
1

)2 (3.31)

=
(n− p)2

n2
k1

φ 2n +O

(
φ 2n

k1

)
or

φ 6n

k3
1
+O

(
φ 8n

k4
1

)
for n = p

and εV < 1 is only possible for p = n, where V (φ) = A2k1
M2

pl
ek0+

φ2n
k1

(
1− φ 2n

k1
+ φ 4n

k2
1

)
> 0. In this

example, θ remains a flat direction. Unfortunately, for the well-known string theory example we
considered, the deformation modulus of the deformed conifold, n = 1/3 and p = 1, so slow-roll is
not possible. Again, it would be extremely interesting to identify string theory constructions where
p = n. In the second case, the blow-up-like modulus, the slow-roll parameter is:

εV =
k1

(2φ)2n

(
8p2(n− p)+12np(2n−1−2p) (2φ)2n

k1
+n2(2n−3−6p) (2φ)4n

k2
1
−n3 (2φ)6n

k3
1

)2

2n(2n−1)
(

4p2−2n(6n−3−4p) (2φ)2n

k1
+4n2 (2φ)4n

k2
1

)2 (3.32)

=
4(n− p)2

(2n−1)2n
k1

(2φ)2n +O

(
(2φ)2n

k1

)
or

(2φ)2n

k1

9
2n(2n−1)

+O

(
(2φ)4n

k2
1

)
for n = p .

It is straightforward to show that εV < 1 is only possible for p = n, for which

V (φ)= A2k1
2n(n−1) M2

pl
ek0+

(2φ)n
k1

(
n− (n−3) (2φ)n

k1
+n (2φ)2n

k2
1

)
> 0. We must moreover have n> 1 in order

for the axion value θ = 0 to be metastable.
So far we have assumed that the light quintessence field starts as flat direction, and that along

the runaway direction, φ → ∞ for a bulk or fibre modulus and φ → 0 for a local modulus, W → 0.
We may extend the analysis to include a non-vanishing constant term, W0, in the superpotential
originating from the stabilisation of the heavy moduli, e.g. from fluxes. Motivated by the simplicity
of a runaway tail, we will assume in this analysis that there is no particular fine-tuning between the
different ingredients. We will also not consider the possibility of fine-tuning initial values of φ to
hilltops, but focus on sourcing quintessence along the runaway tail. The axion, θ , will be set to
zero. It will be helpful to introduce the following dimensionless variables

x =
W −W0

W0
y = K− k0� 1 z = aφ (3.33)

where y only applies to the local moduli (y = φ 2n

k1
for a deformation modulus and y = (2φ)2n

k1
for

a blow-up modulus and we always assume y� 1 for consistency) and z only applies to the non-
perturbative superpotential (in actual string theory constructions, one usually needs z > 1 in order

10
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to neglect higher order non-perturbative effects), while x always measures the hierarchy between
the terms in the superpotential (x = Ae−aφ

W0
for the non-perturbative superpotential and x = Aφ p

W0
for

the perturbative one, see [67] and [68] for recent work on hierarchically small and large W0). It
is a straightforward exercise to explore the parameter space for regions that allow, simultaneously,
V (φ)> 0 and εV < 1. The results are summarised in Tables 1-3.

K =−n log(Φ+ Φ̄) , W =W0 +Ae−aΦ

V =
W 2

0
M2

pl

n(n−3)(1+x)2+4nx(1+x)z+4x2z2

n2nφ n

εV = (n(1+x)+2xz)2(n(n−3)(1+x)+4xz(n−1+z))2

n(n(n−3)(1+x)2+4nx(1+x)z+4x2z2)2

Parameters V → εV → V > 0 εV < 1

x� 1
z� 1 W 2

0
M2

pl

4x2z2

n2nφ n > 0 4z2

n > 1 No-go

z� 1 W 2
0

M2
pl

(n−3)x2

2nφ n n≥ 1 No-go

x� 1
xz� 1 W 2

0
M2

pl

4x2z2

n2nφ n > 0 4z2

n > 1 No-go

xz� 1 W 2
0

M2
pl

(n−3)
2nφ n

(n(n−3)+4xz2)2

n(n−3)2 ≥ 1 No-go

K =−n log(Φ+ Φ̄) , W =W0 +AΦp

V =
W 2

0
M2

pl

(n(x+1)−2px)2−3n(x+1)2

n2nφ n

εV = (n(1+x)−2px)2(n(n−3)+n(n−3)x−4px(n−p))2

n(4p2x2+n2(1+x)2−n(1+x)(3(1+x)+4px))2

Parameters V → εV → V > 0 εV < 1

x� 1 W 2
0

M2
pl

x2((n−2p)2−3n)
n2nφ n

(n−2p)2

n No-go

x� 1 W 2
0

M2
pl

(n−3)
2nφ n n No-go

Table 1: Summary of interesting parameter space for string inspired supergravity models of runaway
quintessence with a bulk like or fibre like modulus. The parameters x,y,z are defined and discussed in
and around eq. (3.33). Note that when W0 = 0, one should take the limit W0x2 → Ae−aφ or W0x2 → Aφ p

respectively. In actual string compactifications, one usually requires z = aφ > 1, to be able to neglect higher
order non-perturbative terms.
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K = k0 +
|Φ|2n

k1
, W =W0 +Ae−aΦ

V =
W 2

0
M2

pl

ek0+y

n2y (n2(1+ x)2(y−3)y−2nx(1+ x)yz+ x2z2)

εV = (n(1+x)y−xz)2(n2(1+x)(y−2)y+nx(1−2y)z+(z−1)xz)2

n2y(n2(1+x)2(y−3)y−2nx(1+x)yz+x2z2)2

Parameters V → εV → V > 0 εV < 1

x� 1
z� y W 2

0
M2

pl

ek0

n2 x2
( z2

y −3n2
) (n−1+z)2

n2( z2
y −3n2)

z2

y (
z
y )

2 No-go

z� y −W 2
0

M2
pl

ek0
n x2 (3n+2z)< 0 4y

9 No-go

x� 1
xz� y W 2

0
M2

pl

ek0

n2

( (xz)2

y −3n2
) (n−1+z)2

n2(3n2− (xz)2
y )2

(xz)2

y ( xz
y )

2 No-go

xz� y −W 2
0

M2
pl

ek0
n (3n+2xz)< 0 y

9n4

( xz2

y −2n2
)2 No-go

K = k0 +
|Φ|2n

k1
, W =W0 +AΦp

V =
W 2

0
M2

pl

ek0+y

n2y ((px+n(1+ x)y)2−3n2(1+ x)2y)

εV = (p3x2+3n2 px(1+x)(y−1)y+n3(1+x)2(y−2)y2+np2x(y+x(3y−1)))2

n2y(p2x2+2npx(1+x)y+n2(1+x)2(y−3)y)2

Parameters V → εV → V > 0 εV < 1

p 6= n
x� 1 W 2

0
M2

pl
ek0 p2

n2
x2

y > 0 (p−n)2

n2
1
y > 1 No-go

x� 1
x� y W 2

0
M2

pl

p2ek0

n2

( x2

y −3 n2

p2

) (n−p)2

n2
(

x2
y −3 n2

p2

)2
x2

y (
x
y )

2 > 1 No-go

x� y − 3W 2
0 ek0

M2
pl

< 0 4y
9 < 1 No-go

Parameters V → εV → V > 0 εV < 1

p = n

x� 1 W 2
0

M2
pl

ek0 x2

y > 0 (1+ xy)2 y
x2 < 1 Yes

x� 1
x2� y W 2

0
M2

pl
ek0 x2

y > 0 4y
x2 < 1 Yes

x2� y − 3W 2
0 ek0

M2
pl

< 0 4y
9

(
1+ x

y

)2
< 1 No-go

Table 2: Summary of interesting parameter space for string inspired supergravity models of runaway
quintessence with a deformation like modulus. The parameters x,y,z are defined and discussed in and
around eq. (3.33). Note that when W0 = 0, one should take the limit W0x2 → Ae−aφ or W0x2 → Aφ p re-
spectively. We always assume y� 1 for consistency. In actual string compactifications, one also usually
requires z = aφ > 1, to be able to neglect higher order non-perturbative terms.
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K = k0 +
(Φ+Φ̄)2n

k1
, W =W0 +Ae−aΦ

V =
W 2

0
M2

pl

ek0+y

n(2n−1)y (2n2(1+ x)2(y−3)y+2x2z2 +n(1+ x)y(3− x(3−4z)))

εV = 2(2n3(1+x)2(y−2)y2−2x2(z−1)z2−3n2(1+x)y(−2xz+y(−1+x(2z−1)))+nxz(−2xz+y(−5+2z+x(−5+6z))))2

n(2n−1)y(2n2(1+x)2(y−3)y+2x2z2−n(1+x)y(−3+x(4z−3)))2

Parameters V → εV → V > 0 εV < 1

x� 1
z� y W 2

0
M2

pl

2ek0
n(2n−1)x2

( z2

y −
3n(2n−1)

2

) 2(n−1+z)

n(2n−1)
(

z2
y −

3n(2n−1)
2

)2
z2

y (
z
y )

2 No-go

z� y − 3W 2
0 ek0

M2
pl

x2 < 0 2n(4n−3)2

9(2n−1)3 y < 1 No-go

x� 1
xz� y W 2

0
M2

pl

2ek0
n(2n−1)

( (xz)2

y −
3n(2n−1)

2

) 2(n−1+z)2

n(2n−1)
(
(xz)2

y −
3n(2n−1)

2

)2
(xz)2

y ( xz
y )

2 No-go

xz� y − 3W 2
0 ek0

M2
pl

< 0 2y
9n

( xz2
y −n(4n−3))2

(2n−1)3 No-go

K = k0 +
(Φ+Φ̄)2n

k1
, W =W0 +AΦp

V =
W 2

0
M2

pl

ek0+y

n(2n−1)y (2p2x2 +4npx(1+ x)y+n(1+ x)2(3+2n(y−3))y)

εV = 2(2p3x2+2n3(1+x)2(y−2)y2+3n2(1+x)y(2px(y−1)+(1+x)y)+npx(3(1+x)y+2p(y+x(3y−1))))2

n(2n−1)y(2p2x2+4npx(1+x)y+n(1+x)2(3+2n(y−3))y)2

Parameters V → εV → V > 0 εV < 1

p 6= n
x� 1 W 2

0
M2

pl

2p2ek0

n(2n−1)
x2

y > 0 2(n−p)2

n(2n−1)
1
y > 1 No-go

x� 1
x� y W 2

0
M2

pl

2p2ek0

n(2n−1)

( x2

y −
3n(2n−1)

2p2

) 2(n−p)2

n(2n−1)
(

x2
y −

3n(2n−1)
2p2

)2
x2

y (
x
y )

2 > 1 No-go

x� y − 3W 2
0 ek0

M2
pl

< 0 2n(4n−3)2

9(2n−1)3 y < 1 No-go

Parameters V → εV → V > 0 εV < 1

p = n
x� 1 W 2

0
M2

pl
ek0 2n

2n−1
x2

y > 0 9y
2n(2n−1) < 1 Yes

x� 1
x2� y W 2

0
M2

pl
ek0 2n

2n−1
x2

y > 0 (4n−3)2

2n(2n−1)
y
x2 < 1 Yes

x2� y − 3W 2
0 ek0

M2
pl

< 0 2n
9

(4n−3)2

(2n−1)3

(
1+ x

y

)2y No-go

Table 3: Summary of interesting parameter space for string inspired supergravity models of runaway
quintessence with a blow-up like modulus. The parameters x,y,z are defined and discussed in and around eq.
(3.33). Note that when W0 = 0, one should take the limit W0x2→ Ae−aφ or W0x2→ Aφ p respectively. We al-
ways assume y� 1 for consistency. In actual string compactifications, one also usually requires z = aφ > 1,
to be able to neglect higher order non-perturbative terms.
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To summarise this section, non-perturbative runaway potentials for bulk like and fibre moduli
with K =−n ln(Φ+ Φ̄), which contain exponentials of exponentials in the canonically normalised
saxion, are too steep to source slow-roll quintessence along their tails. One might have expected
that a bulk like modulus with a perturbative runaway W (Φ) = AΦp could lead to an exponential-
like quintessence model for the canonically normalised saxion. However, we have shown that it is
impossible to satisfy simultaneously εV < 1 and V (φ) > 0. Similarly, a local modulus with K =

k0+
(Φ+Φ̄)2n

k1
or K = k0+

|Φ|2n

k1
with a non-perturbative runaway would have an exponential envelope

in the scalar potential for the canonically normalised saxion, but it turns out to be impossible to
realise slow-roll quintessence. A local modulus with a perturbative runaway allows power-law
slow-roll quintessence within supergravity only in very special cases, where the leading power in
the superpotential, p, is equal to n in the leading power in the Kähler potential. It would be very
interesting to find concrete string theory realisations of this scenario.

4. Thermal Dark Energy

Given the difficulties encountered in building de Sitter vacua and quintessence in string theory,
and the several upcoming observational probes into Dark Energy, it is extremely interesting to
consider well-motivated alternative Dark Energy scenarios in string theory. In the remainder of this
talk we will review the proposal [31].

Although reliable metastable de Sitter vacua in string theory are hard to find, we know that
unstable de Sitter vacua do exist. Consider e.g. the simplest example of a bulk modulus K =

− ln(Φ+ Φ̄) and a non-perturbative superpotential W = Ae−aΦ, illustrated in Figure 1. Moreover,
there are strong reasons to believe that unstable de Sitter vacua exist in Nature, most notably from
the Mexican hat potential of the Higgs field. Reflecting on the Higgs field, it is interesting to
note moreover that high temperature effects transform the Higg’s unstable de Sitter vacuum to a
metastable de Sitter one, in which the electroweak symmetry is restored. So it would also seem
that metastable de Sitter vacua produced via high temperature effects exist in Nature. In the history
of our Universe, this positive potential energy density did not lead to an accelerated expansion
because it was dominated by the radiation energy density. However, as we will now show, in string
theory there may very well be light hidden sectors, in which thermal effects generate a metastable
de Sitter minimum that temporarily dominates the Universe and drives an accelerated expansion.

Consider a light hidden sector that is in internal thermal equilibrium in the present day Uni-
verse, that is interaction rates in the hidden sector are larger than the Hubble expansion rate, ΓI >H,
with some hidden temperature Th. Suppose that it includes a scalar field, φ , whose zero temperature
potential energy functional, V (φ), stabilises it to some vacuum expectation value, 〈φ〉 = φ1. For
example, we may consider a Higgs-like quartic potential:

V (φ) = λφ
4−

m2
φ

2
φ

2 +C (4.1)

for which φ1 =mφ/
(

2
√

λ

)
. We will fix the constant C =m4

φ
/(16λ ) to give V (φ1) = 0, though this

condition can be relaxed. Suppose moreover that φ has Higgs-like interactions with other hidden
sector states, e.g. hidden fermions with interactions yiφψ̄ iψ i or hidden scalars with interactions
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λaφ 2χaχa. When φ acquires a vacuum expectation value, these hidden fermions or scalars acquire
masses.

The plasma of light hidden sector particles interacts with the homogeneous scalar field back-
ground, 〈φ〉 = φc, whilst this background also determines the masses and interactions of the par-
ticles in the plasma. This leads to a thermal effective potential for φ , which at one loop takes the
form (see e.g. [69]):

V (φc,Th) =V0(φc)+
T 4

h
2π2

(
−∑

ψ i

nψ i JF

(
m2

ψ i(φc)

T 2
h

)
+∑

χa
nχa JB

(
M2

χa(φc)

T 2
h

))
(4.2)

where nψ i and nχa are the number of degrees of freedom in the fermion ψ i and scalar χa, respec-
tively; the mass-squareds of the hidden sector fermions and scalars are, respectively, m2

ψ i(φc) =

y2
i φ 2

c and M2
χa(φc) = λaφ 2

c ; and JF/B are the fermionic/bosonic thermal functions, whose high tem-
perature limits are, respectively:

JF(x2) =
7π4

360
− π2

24
x2 +O(x3) when |x| � 1

JB(x2) = −π4

45
+

π2

12
x2 +O(x3) when |x| � 1 (4.3)

(in the low temperature limit, the thermal functions are exponentially suppressed). Therefore, at
temperatures much higher than the masses in the thermal bath, Th�mψ(φc),Mχ(φc), the thermally
corrected scalar potential for φ takes the form:

V (φ ,Th) = λφ
4−

m2
φ

2
φ

2 +
m4

φ

16λ
−aT 4

h +bT 2
h φ

2 , (4.4)

where a and b can be inferred from the expressions above, and depend on nψ i , nχa , yi and λa.
For sufficiently high temperatures:

Th >
mφ√

2b
, (4.5)

the minimum of the scalar potential (4.4) is shifted from φ = φ1 to φ = 0. Since at φ = 0, states in
the thermal bath are massless, the high temperature approximation used in eqn. (4.4) is automati-
cally valid. At temperatures so high that eqn. (4.4) is valid even at φ = φ1, φ = 0 becomes a global
minimum. As the temperature falls, the high temperature approximation may break down at larger
φ , where hidden fermions and scalars are heavy. Then the zero temperature potential dominates
in this part of the field space, and there is a minimum close to φ = φ1, which is deeper than the
minimum at φ = 0 if T 4�m4

φ
/λ . See Figure 3 for an illustrative example of the finite temperature

scalar potential (4.4).
As we have seen, for sufficiently high temperatures, φ is trapped in a minimum at φ = 0.

Because of the shifted vacuum expectation value of φ , it carries a non-trivial potential energy2 that
contributes to the dark energy density:

ρDE =V (φ = 0) =
m4

φ

16λ
. (4.6)

2Note that the finite temperature terms in the potential do not directly contribute to the Einstein’s equations, see e.g.
[70].
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0 10 155
0

0.5

1

ϕ /eV

V (ϕ, Th)

ρDE

0 10-35×10-4

1-2ϵ

1-ϵ

1

1+ϵ

ϕ /eV

V (ϕ, Th)

ρDE

Figure 3: Finite temperature scalar potential (4.4) for a model with φ coupled to a single Dirac fermion with
Yukawa coupling y = 1, and mφ = 10−6eV and λ = 2.44×10−15. The hidden sector temperature is fixed to
Th = 10−4.5eV. The potential is symmetric about φ = 0. The vertical axis has been normalised to the present
day dark energy density, ρDE = (2.3meV)4. In the right panel a close up is given, with ε = 10−8. Figure
reproduced from [31].

Intriguingly, the scale of the observed Dark Energy is roughly the same order of magnitude as
the meV upper bound from fifth force constraints for light scalars with Planckian couplings to the
visible sector. However, there are other constraints on the model that narrow the window of the
parameter space.

To source an accelerated expansion, ρDE must dominate over the hidden sector radiation den-
sity:

m4
φ

16λ
>

π2ghT 0
h

4

30
, (4.7)

where gh is the number of hidden sector relativistic degrees of freedom and T 0
h is the hidden sector

temperature today. Note also that observational bounds on the total effective number of relativistic
degrees of freedom at early times imply that T 0

h < T 0
v , where the temperature of the visible sector

CMB photons today is T 0
v ∼ 0.24 meV. Put together with the condition that finite temperature

effects are sufficient to produce a new minimum at φ = 0 (4.5) implies that:

mφ � Th and λ � 1 . (4.8)

For example, with a single Dirac fermion with Yukawa coupling y = 1, and mφ = 10−6eV, λ =

2.44× 10−15 and Th = 10−4.5eV, the potential energy of the field φ that is induced by finite tem-
perature effects matches the Dark Energy density and dominates our Universe today. The Dark
Energy epoch ends when Th ∼ mφ , with the onset of a first order phase transition towards the true
vacuum, and conversion to hidden sector radiation, matter and gravitational waves. For the param-
eters just mentioned, the total number of efolds of Dark Energy domination can be computed to be
NDE = 4.1.

Figure 4 shows the parameter space for which a scalar with zero temperature potential (4.1),
coupled to a single Dirac fermion with y = 1, can give rise to a Thermal Dark Energy that more-
over matches the observed Dark Energy. Note that the Lagrangian mass parameter, mφ does not
correspond to the physical mass of the scalar around the metastable minimum in the present day
Universe, which is sourced by thermal effects:

m2
phys = 2bT 0

h
2
. (4.9)
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Figure 4: Allowed parameter space for Thermal Dark Energy with zero temperature scalar potential (4.1)
and a single Dirac fermion with y = 1. For details see text. Figure reproduced from [31].

Also shown in the figure are constraints on T 0
h . 0.3T 0

v arising from the effective number of neu-
trino species, ∆Ne f f ; constraints from requiring that the metastable minimum is sufficiently long-
lived, that is the rate of bubble-nucleation to the true vacuum is sufficiently suppressed Γnucl�H4

0 ;
constraints from requiring that the metastable minimum is a global minimum in the early Universe,
thus explaining how the scalar field starts in what is today a very shallow local minimum.

For the simplest models, the time dependence of Dark Energy is negligible, and the model
predicts an equation of state wDE = −1. Portal interactions between visible and hidden sectors
are constrained by fifth forces and the requirement that the hidden sector stays cool to keep ∆Ne f f

small. Larger portal couplings increase the chances of observing fifth forces in future experiments,
however, they also increase the amount of fine-tuning necessary in the model. Note that the amount
of sequestering needed for a scalar of mass around m ∼ 10−6 eV is much easier to achieve than
what is required for a quintessence field, with m∼ 10−33 eV. As well as deviations from the Stan-
dard Model prediction for ∆Ne f f , possibly the most promising observational signatures for Thermal
Dark Energy are remnants from earlier Thermal Dark Energy3 epochs, where hidden sectors asso-
ciated with distinct mass scales provide a setup for the Early Dark Energy scenario [71]. Although
model dependent, the decay of early Thermal Dark Energy components could lead to stable hidden
sector relics and a stochastic background of gravitational waves. Early Thermal Dark Energies
may also help resolve the discrepancy between cosmological and astrophysical measurements of
today’s Hubble parameter, H0 (for a review see [73]).

The requirement of a small dimensionless parameter in order for the Thermal Dark Energy
to dominate over the total radiation density is seen for other forms of the zero-temperature scalar
potential. Indeed, the absence of such a hierarchy for the Standard Model Higgs is why there is no
period of Thermal Dark Energy domination before electroweak symmetry breaking. Attractively,
the hierarchy required in Thermal Dark Energy can be made technically natural, by embedding it
in a mildly sequestered supersymmetric hidden sector.

3Thermal Inflation [72] may be one such epoch sourced by the visible sector itself at scales ∼TeV.
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5. Outlook

Our current knowledge of string theory requires us to work always within the weak coupling
and large volume perturbative limits. The Dine-Seiberg runaway argument and several no-go theo-
rems then indicate that moduli stabilisation in a de Sitter vacuum will be at the limits of theoretical
control, requiring a delicate interplay between diverse string theoretic ingredients. We have fo-
cussed, therefore, on two alternative scenarios for Dark Energy: runaway quintessence (reviewing
[30] and presenting some further results) and Thermal Dark Energy [31].

Runaway moduli are ubiquitous in string theory constructions, and a very simple explanation
for Dark Energy would be a runaway string modulus, where the saxion is frozen or slowly rolling
down its runaway tail. We have considered several simple, single-field, supergravity runaway di-
rections motivated by string theory, where the leading superpotential goes as W = W0 +Ae−aΦ or
W =W0+AΦp (including the case where the Φ starts off as a flat direction with W0 = 0). Bulk and
fibre moduli where K =−n ln(Φ+ Φ̄), cannot sustain slow-roll quintessence, as it is impossible to
satisfy simultaneously V > 0 and εV < 1. A local deformation-like modulus, where K = k0 +

|Φ|2n

k1

can achieve V > 0 and εV < 1 only for the perturbative superpotential with p = n, with a mini-
mum for the axion if n > 1. A local blow-up-like modulus, where K = k0 +

(Φ+Φ̄)2n

k1
, can similarly

achieve V > 0 and εV < 1 only for the perturbative superpotential with p = n, where now the axion
remains a flat direction, possibly stabilised by subleading effects. Unfortunately, the well-known
deformation modulus for the deformed conifold does not satisfy the required condition. It would
be very interesting to identify concrete string moduli with runaway superpotentials that does fulfill
it.

Thermal Dark Energy is motivated by the prevalence of hidden sectors in string theory, and the
challenges in obtaining both de Sitter vacua and slow-roll directions in explicit string constructions.
Finite-temperature effects in a light hidden sector can explain Dark Energy, by holding a light scalar
field away from the minimum of the zero-temperature potential. The resulting potential dark energy
has equation of state parameter w =−1, and yet is consistent with the Swampland Conjectures. In
order that the dark energy dominates over dark radiation, some hierarchy in the model parameters is
necessary. For scalar masses mφ . µeV, which could be technically natural via sequestering, there
are large regions of viable parameter space consistent with observations. Thermal Dark Energy is
potentially observable via fifth forces and ∆Ne f f , and earlier Thermal Dark Energy epochs could
explain the H0 tension and potentially leave interesting gravitational wave signatures. It would be
very interesting to explore in more detail these signatures, as well as to embed the scenario in an
ultraviolet complete theory like string theory.

Finally, in view of the great mystery that Dark Energy presents, it remains vital to conceive of
other well-motivated candidates for its origin, and their possible signatures for the impending Dark
Energy observations.
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