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ABSTRACT: De Sitter solutions have been recently conjectured to be incompatible with
quantum gravity. In this paper we critically assess the progress and challenges of different
mechanisms to obtain de Sitter vacua in string compactifications and compare them to
quintessence models. We argue that, despite recent criticisms, de Sitter models reached
a level of concreteness and calculational control which has been improving over time. On
the other hand, building string models of quintessence appears to be more challenging and
requires additional fine-tuning. We discuss the tension between the swampland conjecture
and the Higgs potential and find examples which can evade fifth-force bounds even if they
seem very hard to realise in string theory. We also comment on the tension with low-redshift
data and explore ultra-light axions from string theory as dark energy candidates.
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1 Introduction

Ever since the first superstring revolution, there has been constant progress in the area
of string phenomenology [1, 2]. Based on our current understanding of string theory, the
picture of the string landscape with a large number of vacua that can accommodate our
universe (with a positive cosmological constant) has emerged [3]. As our understanding
of string theory improves and new computational techniques are developed, we should be
able to establish the existence of these vacua more and more rigorously and make contact
with phenomenology. At the same time, a number of criteria to determine which effective
field theories can be consistently embedded into a theory of quantum gravity have been
proposed and are called the swampland congjectures [4-7].

Effective field theories that can be consistently embedded in string theory are part of
the string landscape, as opposed to those in the swampland which are not consistent with
quantum gravity. The typical example is the swampland conjecture about the boundary of
moduli spaces: any effective field theory is valid only within an O(M,,) field range in field
space, since new light states appear in the spectrum of the theory as one moves farther away
[5]. Recently, a new swampland criterion has been proposed [8] which is in contradiction
with the picture of a large number of (possibly dS) vacua in the string landscape and



inflationary models. The conjecture states that everywhere in field space the full quantum
scalar potential V' obeys the relation:

MIDWVV| >, (1.1)

where ¢ is an O(1) positive constant. It is important to examine whether such a criterion
can be consistent with phenomenology. The criterion (1.1) has many strong implications
for cosmology [9-11]. In particular it implies that at present we are necessarily in an
epoch of quintessence. The tight bounds on fifth-forces [12] and the time variation of
fundamental constants [13], provide strong constraints on the couplings of the quintessence
field. Furthermore, in the context of N = 1 supergravity it seems very hard to be able to
decouple a quintessence field from the Standard Model. Finally, depending on the model,
naturalness considerations require fine-tuning of the quintessence potential at the functional
level', or at least one additional tuning compared to dS models. This makes explicit
constructions of quintessence models from string compactifications very challenging.

This conjecture is the most recent of a series of articles claiming potential problems
with the standard approach to obtain a landscape of metastable dS string vacua as initiated
by the KKLT seminal paper [15] and followed-up by many other developments that have
improved the robustness of the original and other related scenarios. The challenges vary
from points of principle (e.g. how to properly define an S-matrix and a quantum theory in
general in dS space [16-18]) to details about each of the different steps of the KKLT scenario
[19-21] which seem to make it natural to explore alternatives to dS. The main purpose of
the first part of this article is to assess the pros and cons of the different approaches to dS
compactifications. This is important in order to have a clear idea of the assumptions used
and the continuous progress but also the open challenges. We will argue that dS models
reached a good level of concreteness and calculational control which has been improving
over time and provide interesting phenomenological applications to cosmology and particle
physics. Moreover we shall stress that some of the computational challenges apply also to
4D N = 1 supersymmetric vacua which, above all, do not seem to be promising starting
points for phenomenology. We will also point out that, even if dS string models are not
characterised by expansion parameters which can be made parametrically small, these
parameters can still be small enough to trust the phenomenological implications of these
constructions.

In the second part of the paper we first discuss the theoretical consistency of quintessence
models pointing out that in general, in the absence of a symmetry principle, their construc-
tion is more challenging that dS models since one needs to perform two fine-tunings to get
the correct energy scale and mass of the quintessence field. We then use a more phe-
nomenological approach to assess to which extent quintessence is a viable alternative to
dS from observations. In particular, we found (as recently shown also in [22]), that if
the quintessence picture is valid, and there is no other scalar field around other than the
Higgs, in order to satisfy the swampland conjecture (1.1), the Higgs field has to couple

LA similar problem has been discussed in the context of attempts to explain time variation of coupling
constants in terms of a time varying field [14].



directly to the quintessence field. This would be particularly challenging in any string the-
ory/supergravity scenario, as a quintessence field that couples directly to the Higgs would
also couple to the SM fermions, violating fifth-force constraints. We explore these issues,
providing examples that avoid the direct coupling of the Higgs to quintessence even if they
seem very hard to realise in a supergravity setup.

The paper is organised as follows. Sec. 2 is devoted to the discussion of dS models
from string theory. After briefly recalling the need for dS in Sec. 2.1, we provide a review
of pros and cons of type IIB string models to achieve dS vacua in Sec. 2.2. We then turn to
a more detailed analysis of various advantages and criticisms of dS vacua from anti-branes
in Sec. 2.3 and from T-branes in Sec. 2.4, while Sec. 2.5 contains short comments on other
existing string mechanisms to achieve dS vacua. After that, we turn to quintessence in
Sec. 3. In particular we discuss various general challenges for quintessence model building
in Sec. 3.1 and the constraints on the coupling between the Higgs and the quintessence
field due to the swampland conjecture in Sec. 3.2. We then review the quintessence models
already present in the literature in Sec. 3.3 and finally we study the role that ultra-light
axions can play to explain dark energy data in Sec. 3.4.

2 De Sitter in string theory

2.1 Why dS?

Present observations suggest that the current energy density of dark energy is pg ~
10120 Mg‘ and that it is consistent with a positive cosmological constant. A concrete
way to quantify this is through the equation of state parameter w = p/p which naturally
hints towards an asymptotic dS vacuum or something very close to it as recently reported
by the Planck collaboration [23]:

wo = —1.028 £ 0.032. (2.1)

If dark energy is described by the vacuum energy, we need a scalar potential V' whose size
today is of order (V)g ~ pg ~ A* ~ (meV)?. Other possibilities involve quintessence models
where the vacuum energy might be exactly zero (for example due to some yet to be found
symmetry arguments) or negative, while at present the quintessence field is slow-rolling at
positive energies. However recent low-redshift data show some tension with ACDM and
seem to disfavour quintessence models (for a recent discussion and references see [24-26]).

In a Wilsonian approach, the value of (V) is the result of integrating out all modes
from the UV down to the cosmological constant scale A ~ meV. In string models, the
4D Wilsonian effective action is evaluated by integrating out all stringy and Kaluza-Klein
modes down to the compactification scale Myy > A. Hence the vacuum energy computed
in a 4D string compactification model (V') differs from (V') since it does not take into
account corrections coming from integrating out light degrees of freedom associated to any
energy scale M between My and A. Hence we have (V)o = (V) +O(M*). Tt is reasonable
to expect M ~ TeV even if larger energy scales could also be present. Depending on the
sign of these corrections, (V') can in principle be both positive and negative. It is therefore



important to be able to obtain 4D string vacua with a positive vacuum energy which can
be tuned to cancel potentially negative low-energy O(M*) corrections and give (V)o ~ A%
This is usually guaranteed by the flux landscape where one can choose background fluxes
so that (V) cancels off any low energy correction, and then focuses on a small perturbation
of the flux superpotential which gives (V) ~ A%

2.2 Type IIB models: pros and cons

Moduli stabilisation is better understood in the context of type II models, and so we will
focus only on type I dS constructions (see however [27] for dS vacua in heterotic models?
and [29] for dS solutions in M-theory models on G5 manifolds). Type ITA models allow one
to fix all the moduli at tree-level thanks to background fluxes. However so far no stable
dS solution has been found [30-36]. These constructions have the advantage of stabilising
the moduli in 10D and at the classical level. However the 10D equations can be solved
exactly only under the approximation of smeared sources which would lead to a Calabi-Yau
internal manifold. However, in the localised case, the 4D effective field theory picture is
not under control since the backreaction of the fluxes on the internal geometry cannot be
neglected and leads to a half-flat non-Calabi-Yau metric [37, 38]. This is a serious issue for
the trustability of these solutions.

Non-geometric constructions seem to yield dS vacua without tachyons [39-43]. How-
ever also in this case the form of the effective action is not fully under control since the
exact form of the moduli space is unknown. Moreover a tree-level stabilisation procedure
naturally gives rise to a 4D potential of order the string scale with O(1) values of the
internal volume, and so it is not clear if o/ effects can consistently be neglected.

Type IIB models are instead characterised by the no-scale structure which makes the
Kahler moduli massless at tree-level. These directions are then stabilised by the inclusion
of perturbative (in both o/ and g5) and non-perturbative corrections to the effective action
which allow to find stable vacua in the regime of large volume and weak coupling. In this
way one can avoid the main part of the Dine-Seiberg problem [44]. For this reason several
dS mechanisms have been proposed within the type IIB framework. In what follows we
shall first briefly review the main features of type IIB flux compactifications, and then
discuss the advantages and challenges of these constructions.

2.2.1 Overview of IIB flux compactifications

Type IIB compactifications on orientifolds of a Calabi-Yau (CY) threefold X have several
special features that make them promising frameworks to address moduli stabilisation. Let
us briefly review the structure of their effective field theory (EFT). The relevant fields are
the axio-dilaton S, the complex structure moduli Uy, a = 1, - - - , h1? and the Kéahler moduli
T;,i=1,---,hb! where h? and h'! are the Hodge numbers of the compact CY space.
The tree-level Kéahler potential is:

K_—QInV—ln(S—i—S)—1n<—i/XQ/\Q>, (2.2)

2See also [28] for dS saddle points in heterotic orbifolds.



where V = (6 [ x V/9(6) dSy is the CY volume in units of the string length £,. The internal
volume V is a homogeneous function of degree 3/2 of the real parts of the K&hler moduli
7; that determine the sizes of internal 4-cycles. 2 is instead the holomorphic (3, 0)-form of
the CY manifold. In the presence of fluxes, the superpotential takes the form [45]:

Wﬂux = / G3 A Q, (23)
X

where the 3-form flux G3 = F3 — iSH3 contains the NS-NS flux H3 and the RR flux
F3. These 3-form fluxes are quantised since their integrals over the many 3-cycles of the
CY space give rise to flux integers which generate a potential for the S and U-moduli.
Hence the superpotential (2.3) naturally fixes the dilaton and all complex structure moduli
and reduces the number of vacua from a continuum to a discrete but large set of points
determined by quantised 3-form fluxes [46, 47]. The minimisation conditions require G to
be imaginary self-dual, i.e. *¢G3 = iG3, which is compatible with the Hodge decomposition
Gz € (2,1) @ (0,3). Notice that in general this solution breaks supersymmetry since
supersymmetry is preserved only if the (0,3) component is turned off, as considered in [46].

The Kéhler moduli 7; are not stabilised by 3-form fluxes. The reason behind this is
the fact that there exists a Peccei-Quinn symmetry T; — T; 4 ic; with constant ¢;’s that,
together with the holomorphicity of the superpotential, forbids any T; dependence of W
to all orders in perturbation theory. However these moduli are the gauge couplings for
matter fields localised on D7-branes, and so effects like gaugino condensation on D7-branes
or Euclidean D3-instantons [48] generate a non-perturbative superpotential for these fields.
The total superpotential for closed string moduli is:

W = Wi (S, U) + Wap(S, U, T) . (2.4)

The starting point of the 4D EFT is the F-term supergravity scalar potential for arbitrary
superpotential W (®,,) and Kéhler potential K (®ys, ®;;) in units of M,:

Vi = e (KMN DyWDW — 3;W\2) , (2.5)

where Dy W = Oy W + (Op K) W. The tree-level Kéhler potential for the Kahler moduli
satisfies the celebrated no-scale property K7i%i Kr, KTE = 3 which is just a consequence of
the homogeneity of V. Using this and the fact that the flux superpotential does not depend
on the T-fields, the scalar potential can be easily shown to be positive definite for the S
and U-moduli which are stabilised supersymmetrically by solving Dy, W = DgW = 0.
As long as these equations have solutions for different values of the quantised fluxes, they
generate the huge number of solutions that define the string landscape. However at this
stage all these are Minkowski vacua where the Kéahler moduli are still exact flat directions.
For a generic non-vanishing vacuum expectation value of the tree-level flux superpotential
Wo = Waux((S), (U)), corresponding to a non-zero (0,3) component of G, the T-moduli
break supersymmetry since Dy W = K7, W, # 0 [47].

Two main scenarios have emerged to fix the Kahler moduli: the original KKLT pro-
posal [15] and the Large Volume Scenario (LVS) [49-51]. Both focus on the Wy # 0 case.



KKLT uses the fact that Wy can be tuned to small values in order to compete with the
small non-perturbative effects in W, to produce an AdS minimum for the T-fields. In
this case the minimum is at D;WW = 0 and supersymmetry is restored. On the other
hand, in LVS, instead of tuning W), the leading order no-scale breaking effect, which is a
V-dependent o’ correction, competes with non-perturbative corrections that depend on a
blow-up mode wrapped by an ED3-instanton or a D7-stack supporting gaugino condensa-
tion. At the resulting AdS minimum, the volume V ~ e'/9 >> 1 is exponentially large in
string units and supersymmetry is broken by the F-terms of the K&hler moduli.

Since perturbative and non-perturbative effects play an important role to fix the Kahler
moduli, let us sketch the general structure of these corrections to K and W. First of all, it is
crucial to observe that string theory has no free parameter since each coupling corresponds
to the value of a different modulus: the string coupling gs = 1/Re(SS) is determined by the
dilaton which sets also the coupling of gauge theories living on D3-branes at singularities,
while the Kahler moduli control o/ effects which come in an expansion in inverse powers of
V and the coupling of gauge theories living on D7-branes wrapping internal 4-cycles. Hence
stabilising the moduli corresponds to fixing the value of the expansion parameters. Con-
trary to standard field theories, string compactifications therefore feature many expansion
parameters. This makes difficult to extract exact results but also provides much flexibility
regarding weak coupling expansions. For weak coupling, the leading order correction to
the tree-level Kéhler potential for the T-moduli in (2.2) comes from perturbative effects
(either in o/ or g5) and we generically denote it as:

K=-2lnV+K,. (2.6)
The total superpotential (2.4) takes instead the schematic form:
W =Wy + Whyp. (2.7)
Thus the F-term scalar potential can be expanded as:
V=W+4V, (2.8)

where the tree-level potential V} is positive definite due to the no-scale structure and van-
ishes at the minimum after the S and U-moduli are stabilised. In the space of solutions for
which Re(S) > 1, the string loop expansion is under control. Since Vj = 0, the minimum
of the potential in the Kahler moduli space is determined by the quantum corrections V.
Determining the leading contributions to dV is therefore crucial to properly stabilise the
moduli. From the expansions in (2.6) and (2.7), the structure of 6V takes schematically
the form [50]:

5V oc e (W Ky + Wo Wap) (2.9)

If there were only one single expansion parameter and if Wy > Wy, and K, > Wy, (since
at weak coupling perturbative physics dominates over non-perturbative terms), the first
term would be the leading order term. It would lift the potential but would give rise to a
runaway behaviour, unless terms of different order in the perturbative expansion compete



to give a minimum which would however arise only in a regime where the perturbative
expansion breaks down since the corresponding expansion parameter would not be small.
This is the Dine-Seiberg problem [44].

Type IIB flux compactifications provide two ways to overcome this problem. First,
in the KKLT scenario the big discrete degeneracy of flux vacua is used to tune Wy to
an exponentially small value so that Wy ~ Wy,. This then requires Wr?p terms to be
also included in (2.9) stabilising the T-fields when they compete with Wy Wy, terms [15].
Notice that in this limit quantum corrections to the Kahler potential can be consistently
neglected since the first term in (2.9) is subdominant given that W§ K, < Wy Wy, ~ W§
for K, < 1 (this is always the case at large volume since the perturbative effects K, are
suppressed by inverse powers of V).

The second case is LVS models where the fact that there is more than one expansion
parameter plays the key role. In this case the two terms in (2.9) can compete with each
other to provide a minimum as long as each comes from a different expansion. Hence at
the minimum one has VVO2 K, ~ Wy Wyp which, for K, ~ 1/V and Wy, ~ e, yields
an overall volume of order V ~ Wye™. Here 75 is a blow-up mode that gets stabilised to
values of order 1/gs. It is therefore large for weak string coupling, implying that the CY
volume is exponentially large [49-51].

In summary, KKLT requires a major tuning of the fluxes to obtain Wy ~ Wy, < 1,
whereas LVS works for natural values of the flux superpotential of order Wy ~ O(1 — 100)
(as found in concrete examples [52, 53]) but depends more on perturbative corrections to
K. Notice that, from the X factor in the general expression (2.5), the order of Vj is
Vo ~ My /V? ~ My, whereas in LVS the order of 0V is 6V ~ WFMy/V? ~ MZm3 ) < M.
Having Vj vanishing at the minimum and 6V < M2 supports the validity of the EFT at
scales below Mj.

2.2.2 Advantages

We would like here to emphasise several advantages of type IIB constructions:

1. Controlled flux backreaction: Background fluxes can be turned on to generate a po-
tential for the moduli in a controlled way since their backreaction on the internal
geometry just renders the compactification manifold conformally Calabi-Yau. There-
fore the understanding of the underlying moduli space is better than in other string
theories. Some progress has been made recently in computing the form of the Kéahler
potential including the effect of warping [54-61]. Notice that the warping induces
corrections to the definition of the correct moduli coordinates which are however
negligible at large volume.

2. Suppressed scalar potential scale: The starting point of dS models is the classical
low-energy limit of type IIB string theory compactified on a CY orientifold. This is
a controlled procedure if the compactification volume is large so that the following
hierarchy of scales is valid:

E <« My = < M, = (2.10)

M,
Y1/6



As mentioned above, at tree-level the dilaton and the complex structure moduli are
fixed supersymmetrically at DgW = DyW = 0 via non-zero quantised G3 fluxes
[46, 47]. On the other hand, the K&hler moduli remain flat directions due to the
no-scale structure. The scale of the potential at tree-level is of order Vo ~ M2 but
its vacuum energy is vanishing due to the no-scale cancellation. This cancellation
allows one to keep the value of the scalar potential around this minimum below the
string and the Kaluza-Klein scale, and so guarantees that the effective field theory
approach is under control.

3. Suppressed SUSY breaking scale: As explained above, the minimisation conditions
DsW = DyW = 0 imply that G3 can only have (2,1) and (0,3) components.
Hence in general supersymmetry is broken at tree-level by the F-terms of the Kéahler
moduli which are proportional to the (0,3) component of G3 and scale as FT =
K2 | TTKTWO ~ % Therefore the scale of supersymmetry breaking is very low
since the gravitino mass mg/;, = eK2Wy ~ % is hierarchically smaller than the
Kaluza-Klein scale Mgx ~ M,/V'/6 ~ 1/V%/3 for either Wy < 1 (as in KKLT
constructions) or V > 1 (as in LVS models)?. Thanks to this suppression of the
supersymmetry breaking scale, it is thus sensible to compute non-perturbative cor-
rections to the superpotential in a supersymmetric setup even if ref. [19] pointed out
that this can be rigorously done only in the specific case where only (2, 1) background
fluxes are turned on as considered in [46]. In fact, in this case Wy = 0 which implies
FT = 0. However this case necessitates a purely non-perturbative stabilisation of the
T-moduli which requires a racetrack-type superpotential whose microscopic origin is
only poorly understood.

4. Absence of quantum instabilities: The inclusion of o corrections to K leads to a
runaway instability for the volume mode in the limit where the string coupling is set
to zero. This has been claimed to be a potential problem in [19]. However systems
which are classically unstable do not need to be necessarily unstable also at the quan-
tum level. In fact, when g effects are turned on, non-perturbative corrections to the
superpotential can dynamically turn out to be of the same order as o effects in the
regime of exponentially large volume where the scale of supersymmetry breaking is
very small compared to the string scale. This is the case of LVS models where an
analysis which includes only o’ corrections but not instanton effects would be incon-
sistent since the stabilisation procedure shows that these two effects are of the same
order of magnitude [49-51]. Notice that this scenario works for the generic case when
there is more than one Kahler modulus. It is precisely this feature that makes the
scenario work since a minimum (which in the simplest case without additional sectors
responsible to achieve dS is non-supersymmetric AdS) is dynamically generated by
the competition of two different expansions: the perturbative o/ expansion in powers
of 1/V, and the non-perturbative expansion for the small modulus in e~"s. This ex-

3Notice that in F-theory models where the string coupling can be arbitrarily large, this tree-level analysis
clearly cannot be trusted.



plains the exponentially large volume V ~ e!/9 since 7, ~ 1/gs where g5 is taken to
be in the weak coupling regime after dilaton stabilisation by suitable 3-form fluxes.
On the other hand, in KKLT models, the tuning of the flux superpotential Wy to
small values (assuming it can be done for which a large number of complex structure
moduli is usually needed) renders non-perturbative corrections to the 4D scalar po-
tential even dominant with respect to o’ contributions which can therefore be safely
neglected. In this case a supersymmetric AdS vacuum is obtained by balancing Wy
against non-perturbative effects [15].

5. Progress in computing quantum effects: A lot of progress has been made during
the last years to compute non-perturbative contributions to the superpotential (Eu-
clidean D3-brane instantons in particular [48]) and perturbative (both in o’ and gs)
corrections to the Kéhler potential. After the original computation of N =2 O(a/?)
corrections to the Kihler potential K [62], additional N = 2 O(g2a’?) and O(g2a’?)
contribution to K have been derived in [63] and generalised in [64]. Ref. [65] showed
the existence of an extended no-scale structure since O(g2a’?) contributions to the

scalar potential cancel off. This result is crucial for the stability of LVS models.

Relatively recently there has been substantial progress in understanding also N =1

perturbative effects. Ref. [66] showed that N = 1 O(a’?) corrections to the effective

action give rise to moduli redefinitions, while ref. [67] found that N = 1 O(a/3) ef-
fects produce a shift of the CY Euler number term*. Moreover, ref. [69] reconsidered

N =2 O(a’®) contributions to K including the backreaction of these corrections on

the internal geometry and found that they induce moduli redefinitions. Interesting

progress has also been made in the computation of higher derivative N = 2 O(a/3)

terms [70, 71] which can have promising implications for moduli stabilisation and

cosmology [72, 73]. Finally ref. [74-76] have recently derived N = 1 string loop
corrections to the Einstein-Hilbert term showing that they generate g2 corrections to

a term involving the CY Euler number®. We list the important corrections that still

remain to be computed in the next section focused on challenges.

It is worth stressing that none of the perturbative o’ and g5 corrections listed above
create instabilities for LVS models. On the other hand, corrections which are sub-
leading in an inverse V-expansion turn out to be very useful to lift leading order flat
directions with interesting implications for cosmology and particle phenomenology.
Notice also that sometimes one does not need to derive the full functional dependence
of these corrections on all moduli, but it is sufficient to determine their dependence on
the Kéhler moduli which have still to be stabilised. Moreover, the functional depen-
dence of string loop corrections to K on the Kdhler moduli is the easiest to determine
(together with the dilaton dependence) from both generalisations of toroidal compu-
tations and low-energy arguments [65, 78]. Another powerful tool is the requirement
of the positivity and convergence of the Kéhler metric (see section 5.2 of [79]). On the

4See also [68] for N =1 O(a'?) corrections to K in heterotic constructions which should get mapped to
type ITB O(g2a’?) effects that enjoy the extended no-scale cancellation.
®See also [77] for additional g, corrections to K.
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other hand, the dependence on the U-moduli is the hardest to determine but, given
that the complex structure moduli have already been fixed at tree-level in terms of
background fluxes, these can be safely considered just to give rise to tunable O(1)
coefficients.

Furthermore, it has been established in [80] that even though the flux superpotential
Wy depends explicitly on the dilaton which is directly related to the string coupling,
the superpotential is still not renormalised at any order in perturbation theory. This
is non-trivial since the standard arguments for the non-renormalisability of W relied
on the fact that W did not depend on the string coupling [81-83].

Controlled higher derivative corrections: As shown in [84], the superspace derivative
expansion is under control if Wy < V3 which corresponds to requiring a grav-
itino mass which is hierarchically smaller than the Kaluza-Klein scale. This can be
guaranteed by either tuning Wy < 1 as in KKLT models or by ¥V > 1 as in LVS
constructions.

Hierarchies for phenomenology: Type IIB models where non-perturbative effects play
a crucial role for moduli stabilisation are particularly promising for phenomenological
applications. In fact, they can generate hierarchies exploiting the exponential sup-
pression typical of non-perturbative effects. This allows one to obtain energy scales
like the inflationary scale, the gravitino mass, the soft terms or the moduli masses
which are much smaller than the string scale. Without using quantum effects, it is
at the moment unknown how to obtain nice phenomenological implications of string

vacua.

dS mechanisms: Several mechanisms have been proposed to obtain dS vacua in type
IIB models. In this paper we will avoid the use of the terminology uplift since it
conveys the wrong idea that moduli stabilisation proceeds in two steps, obtaining
first an AdS vacuum which is subsequently uplifted to dS by adding by hand a
new ingredient in the compactification. The mechanisms proposed in the literature
proceed instead in just a single step where a dS vacuum is achieved by the interplay
of several contributions to the 4D scalar potential. Some of the most popular dS
mechanisms are: (i) anti-branes [15], (#4) T-branes [85], (iii) o effects [86], (iv)
non-perturbative effects at singularities [87], (v) non-zero S and U F-terms [88].

Explicit global models: A fully working 4D string model, should not lead just to a dS
vacuum but it should also include SM-like chiral matter, an inflationary sector and
a concrete embedding in globally consistent Calabi-Yau compactifications with an
explicit choice of the orientifold involution, the brane setup, background and gauge
fluxes. A lot of progress in this direction has been made recently within the type I1B
framework [53, 90-95].

Freedom to tune the vacuum energy: As explained above, obtaining a dS vacuum is
not sufficient to match observational data since one should also have enough tuning
freedom to reproduce (V)g = A*. 1In type IIB scenarios, contrary to type IIA or
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non-geometric constructions, this is guaranteed by the fact that the number of flux
quanta (from RR and NSNS 3-form fluxes) is twice as large as the number of moduli
fixed at tree-level. Notice also that the main phenomenological features of a given
model are almost insensitive to this tuning of the cosmological constant.

11. Sources of open string moduli fizing: Most of the dS constructions available in the
literature just focus on the stabilisation of the closed string moduli but a full working
model should include the stabilisation of the open string moduli as well. For a
concrete global model with full closed and open string moduli stabilisation see [95].
In type IIB constructions with D3 and D7 branes most of the open string moduli get
fixed by background fluxes. These can be seen as supersymmetry breaking soft term
contributions to the scalar potential of D7 deformation moduli and open strings at
the intersection between different stacks of D7-branes [96]. D3 open string modes
are instead flat directions at tree-level but they can be stabilised by non-zero soft
term masses which can arise either from ' corrections to the matter Kihler metric
and non-zero F-terms of the T-moduli induced by 3-form fluxes, or from non-zero
F-terms of the S and U-moduli corresponding to TASD background fluxes which
are dynamically induced by quantum corrections to the GKP solution [97]. Notice
that TASD fluxes can be consistently included only in the presence of o' and non-
perturbative effects which give leading contributions to the soft termsS. Finally D7
Wilson line moduli develop a scalar potential due to gauge fluxes [99].

2.2.3 Challenges

We shall now discuss the main challenges that type IIB models face to reach a higher level of
control. Notice that most of these challenges are shared also by 4D N = 1 supersymmetric
Minkowski and AdS solutions. Hence if they are considered as indications against the
existence of stable dS vacua, they should also be taken into account in criticizing existing
supersymmetric solutions relevant for phenomenological applications. Here is a list of some
important challenges:

1. Full control of quantum corrections: The fact that the type IIB no-scale cancellation
requires the inclusion of quantum corrections to lift the Kéahler moduli has been the
source of criticism due to the difficulty to compute all these effects in a systematic
way. This criticism is indeed partially well-grounded since we are still lacking a deep
understanding of both string loop corrections for arbitrary Calabi-Yau backgrounds
and the exact form of o’ corrections to the bulk and the D-brane action. Nonetheless,
as discussed above, a lot of progress has been done recently, non just in computing
different quantum corrections but also in estimating the volume scaling of corrections
which can be neglected in the large volume limit. In this direction, as emphasised
in [79], one of the most important questions is to to generalise the exact results
for toroidal orientifolds in [63] to orientifolded Calabi-Yaus with non-zero 3-form

5Tn fact, considering IASD fluxes without including these quantum corrections, leads to phenomenological
inconsistencies as found in [98].
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fluxes. In fact, all other corrections relevant for the stability of the LVS vacua can
be eliminated from considerations of the positivity of the Ké&hler metric [79].

Notice that the extended no-scale structure which protects the stability of LVS models
is enjoyed by any perturbative correction which is of O(a'?) regardless of the order
in the string loop expansion [65]. Hence any correction to K of O(a2g?) ¥n does
not destabilise LVS models. Dangerous corrections would be of O(a/) at any order
in the string coupling. However so far no contribution to the Kéhler potential of this
order has been found. In order to give a definite answer to this question it would be
crucial to understand the form of string loop corrections to the Kéhler potential in
the presence of supersymmetry breaking background fluxes.

Furthermore, even if in the past decade there has been substantial progress in the
understanding of Euclidean D3-instantons [48], we are still lacking a complete picture
of these gs non-perturbative effects regarding the exact moduli-dependence of their
prefactor or zero-mode lifting by gauge and background fluxes. Let us however point
out that unknown O(1) coefficients of these non-perturbative effects do not tend
to affect the main qualitative and quantitative results of moduli stabilisation. In
addition, gaugino condensation on D7-branes has been well understood from the
standard 4D effective field theory point of view but it is more difficult to study using
the full 10D effective action and the full string theory.

Present technology only allows for the computation of the volumes of 4-cycles and
2-cycles after moduli stabilisation. This gives information only about the average
size of the curvatures, and so in principle a 2-cycle with volume which is large in
string units can be anisotropic and have regions with high curvature. While this is a
challenge, it is not expected to be a generic issue.

. Parametrically small parameters: No dS construction is characterised by full para-
metric control of the expansions used to stabilise the moduli as opposed to AdS/CFT
where the 1/N expansion can be trusted in the large N limit. While this is a fully valid
theoretical objection, we argue that small expansion parameters, even if not para-
metrically small, are still good enough to trust the phenomenological implications
of the results. A primary example is QED where the perturbative expansion is an
asymptotic series which can give only an approximate result up to non-perturbative
effects. One gets closer and closer to an exact result only when the expansion param-
eter aqep gets closer and closer to zero which in QED is the Gaussian fixed point at
vanishing energy. However, experiments are performed at a fixed energy scale, and
SO aqpp is fixed when confronting data and cannot be set arbitrarily small. Nonethe-
less perturbative QED yields results which reproduce data extremely well. In string
compactifications, the parameter controlling the o/ expansion is 1/V < 1 where V
is the internal volume in string units which can be exponentially large in type IIB
LVS models [49-51]. The limit 1/V — 0 would imply a string scale My ~ M,/v/V
below the TeV scale, and so it is not phenomenologically allowed. Theoretically it is
the decoupling limit of 4D gravity and leads to 10D string theory. However in our
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phenomenological applications we are at finite but sufficiently small values of 1/V
as to be able to trust the o expansion. Similar considerations apply to the string
coupling which in a given point of the type IIB flux landscape is lower bounded by
tadpole cancellation but can still be small enough to trust the perturbative expan-
sion. Whether one can really justify these expansions as asymptotic series like in
QED is currently unknown but hopefully may be settled at some point.

3. Supersymmetric N = 1 vacua: As stressed above, the main obstacle against con-
structing dS vacua is the difficulty to have an effective field theory which is under
full control. The reason for the lack of full calculational control is the lack of super-
symmetry for any dS vacuum which holds in any spacetime dimension. Therefore the
apparent difficulty to obtain dS vacua may be more related to the simple fact that
we do not have enough reliable techniques to tackle theories with broken supersym-
metry. However it is important to stress that most of the challenges are shared also
by 4D N = 1 supersymmetric Minkowski or AdS vacua relevant for phenomenology.
In fact, even if supersymmetry helps to control the structure of the effective field
theory, N = 1 models are still subject to quantum corrections whose exact form
for arbitrary Calabi-Yau orientifold backgrounds has not been fully understood yet.
Moreover, supersymmetric vacua do not seem very suitable starting points for phe-
nomenological applications since they are in general characterised by flat directions
which can develop a runaway behaviour when one moves away from the vacuum to
break supersymmetry. A primary example of supersymmetric vacua suffering from
this problem is the type IIB case where only supersymmetric (2,1) G3 background
fluxes are turned on [46, 47]. These are N = 1 4D vacua where the Ké&hler moduli
are flat directions. In order to be consistent with observations, one has to break
supersymmetry. If this is done by moving the dilaton or the complex structure mod-
uli away from their supersymmetric minimum, the Kéhler moduli become unstable
runaways. Alternatively, one could try to stabilise the Kéhler moduli in a supersym-
metric minimum and move them away from it to break supersymmetry while keeping
the dilaton and the complex structure moduli at their minimum. However, in order
to lift the Kahler directions, one would need to include non-perturbative effects whose
10D origin has not been fully understood yet.

4. D3-branes and sequestering: The effective action of D3-branes at singularities is
arguably the least understood aspect of 4D type IIB models. Even though a standard
expansion around vanishing vacuum expectation values, as usually done for matter
fields, can provide useful information [100], it would be desirable to develop a better
understanding of the dependence of the Kéahler potential on blow-up modes and
open string matter fields around the singularity. A particularly interesting issue for
phenomenology is a systematic study of all possible effects (perturbative and non-
perturbative) which can break the sequestering of the visible sector on D3-branes
from the sources of supersymmetry breaking in the bulk.

5. Ezplicit full moduli stabilisation: Stabilising all closed and open string moduli in a
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controlled way in an explicit Calabi-Yau example is a very demanding task. Above
all, because of the difficulty to solve the minimisation equations in the presence of
a large number of complex structure and open string moduli. A lot of progress has
been made in this direction [53, 90-95] (in particular models with an effective small
number of complex structure moduli) but a globally consistent model with full moduli
stabilisation in a controlled dS vacuum has still to be achieved. However given the
existence of a very large number of flux configurations it would be very surprising if
there is no solution to these equations.

6. Realistic phenomenology: The present accelerated expansion of our universe is just
one observational feature of Nature. Other crucial characteristics of our world are
chiral matter, the SM gauge group, dark matter and inflation. Hence it does not
make that much sense to obtain dS vacua which cannot realise these other crucial
phenomenological features. In the past few years there has been substantial progress
in building global models with dS, chiral matter and inflation [94, 95] but a fully
working model which can allow for both a realistic cosmology and particle physics is
still missing.

7. F-theory moduli stabilisation: Type IIB models are the weak coupling limit of more
general F-theory constructions. In order to gain more control over moduli stabili-
sation and D-brane model building, it is therefore fundamental to understand the
F-theory uplift of the existing type IIB dS mechanisms. Another crucial issue to
address is moduli stabilisation directly within the F-theory framework.

8. Populating the landscape: The landscape scenario to address the dark energy prob-
lem needs crucially a mechanism to populate the landscape. A concrete point is that
even though the flux superpotential Wy is only bounded by Wy < V'/3, the tuning
needed to address the dark energy problem requires a discretuum determined by a
distribution of values of Wy such that §Wy can be made as small as possible. For this,
Calabi-Yau compactifications with at least hundreds of complex structure moduli are
needed to be stabilised, making the computational challenges extremely difficult. Fur-
thermore a full quantitative understanding regarding the vacuum transitions among
different solutions is not under full control yet.

Having discussed the general pros and cons of IIB flux compactifications, in the follow-
ing sections we will analyse more in detail the advantages and the challenges of concrete
mechanisms to achieve dS vacua (see also [101]).

2.3 Anti-branes

Adding anti D3-branes to the KKLT and LVS setups provides a simple positive contribution
to the vacuum energy coming from their tension. This is the concrete KKLT proposal based
on the KPV construction [102] on brane-flux annihilation for which an anti-brane sitting
at the tip of a throat induced by the 3-form fluxes can annihilate with the fluxes after
polarising a NS5-brane which later decays. This process can be described in terms of
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quantum tunneling through a barrier. Fluxes can be tuned to control the size of the throat
that can be used to adjust the vacuum energy to desired values. As emphasised above, this
mechanism can be considered together with fluxes and non-perturbative effects although
in the original presentation it was introduced as an uplift mechanism of the original AdS
vacuum providing a positive correction to the scalar potential of the form:

eA

AV = a (2.11)
with e the flux-induced warp factor and v = 4/3 in the warped region while v = 2 in an
unwarped region. The warp factor can be used to tune the minimum to dS at almost zero

vacuum energy.

Criticism 1

Since it was proposed, this has been considered as the weakest part of the KKLT proposal.
Despite the relation with the KPV scenario, adding an anti-brane seems arbitrary. It
also seems to break supersymmetry explicitly, losing computational control of the EFT
and giving a runaway behaviour to 10D at the classical level’. Furthermore the original
scenario was not substantiated by explicit models on concrete Calabi-Yau orientifolds.
More recently detailed study of the geometry corresponding to anti-branes on a throat
indicated the presence of singularities that were claimed to destabilise the KKLT system
if anti-branes were present [20, 104].

Comments

The anti-brane sector has been probably the most questioned component of the KKLT
proposal. Regarding the apparent arbitrariness, the KPV scenario already provides a
natural motivation for its consideration. The fact that supersymmetry is broken has been
better understood by the recent developments relating the EFT of the anti-brane to non-
linearly realised supersymmetry a la Volkov and Akulov. Moreover, a concrete superspace
formulation in terms of a nilpotent chiral superfield X (X2 = 0) [105, 106] captures precisely
the term in (2.11) by adding to the original superpotential and K&hler potential a general
dependence on X:

AW =¢X , AK =8XX. (2.12)

Here c is in principle a function of the complex structure moduli which can be naturally
associated to warping while 8 depends also on the Kéahler moduli. The superfield X has
a single propagating degree of freedom corresponding to the goldstino. Concrete Calabi-
Yau orientifolds have been constructed (compact and non-compact) with precisely this
single degree of freedom [107, 108], so providing the first explicit realisations of the dS
KKLT scenario. Finally an EFT analysis of the anti-brane singularity has been done for
the simplest case of one single anti-brane (which is sufficient to achieve dS) for which
the probe approximation is under control and no divergences are found, so addressing the
anti-brane induced singularity problem [109, 110]. The same conclusion has been reached
recently using different techniques [101, 111, 112].

"For an early discussion of the problems with anti-branes in KKLT see [103].
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Criticism 2

Another potential obstacle has been claimed by ref. [21] regarding the calculation of non-
perturbative effects when anti-branes are present. In an effort to have a 10D description
of gaugino condensation, ref. [21] developed a technique to compute the contribution of
the anti-brane to the scalar potential and found no dS solution. This was understood also
from the 4D EFT in terms of the nilpotent superfield X by considering the X dependence
of W as:

AW =X (c+eWyyp) . (2.13)

It is easy to check that for ¢ = 0 and e # 0 the contribution of X to the scalar potential is
such that there is no dS vacuum either in KKLT [21] or in LVS [113].

Comments

The result regarding the non-perturbative superpotential in the presence of anti-branes is
based on a number of different assumptions which are not fully justified. The most relevant
is perhaps assuming that the dynamics of gaugino condensation (A\) can be described in
terms of the A\ dependence of the classical action. Gaugino condensation is clearly a 4D
non-perturbative effect due to the non-trivial low-energy dynamics of the corresponding
gauge theory. Its effect needs to be computed by properly performing the path integral
of the gauge degrees of freedom below the scale of the relevant gauge theory which is a
highly complicated quantum calculation. It is actually known in field theory that properly
computing the effective superpotential does not reproduce the result of naively substituting
A ~ Astrong in the classical effective action where Ag,ong is the condensation scale. In fact, at
least in the case of the heterotic string, one can show the conflict quite explicitly [103, 114].

From the 4D EFT perspective, the fact that the coefficient ¢ vanishes in AW (needed
to avoid dS) does not seem justified, especially since this leads to the term X W, to be the
dominant contribution which is instead expected to be very much suppressed since, besides
the non-perturbative suppression, the coefficient e is naively expected to be suppressed
by warp factors (as for ¢ in the original case). Also in the absence of non-perturbative
effects it is known that ¢ # 0. Furthermore the analysis in [21] does not include the case of
Euclidean D3-instanton contributions to the scalar potential. The proposal presented in [21]
to obtain dS by considering a racetrack scenario, while possible, has not been implemented
in concrete models and may be difficult to construct without fine-tuning coefficients of the
non-perturbative terms.

2.4 T-branes

T-branes represent a very generic and natural way to obtain dS vacua in type IIB models via
the interplay of background and gauge fluxes. From the 4D point of view, this mechanism
relies on non-zero F-terms of hidden sector fields driven by D-term stabilisation. The 8D
understanding of this system involves a background with a T-brane which is a non-Abelian
bound state of D7-branes induced by gauge fluxes. Expanding the T-brane action in the
presence of supersymmetry breaking background fluxes gives rise to a positive definite
contribution to the 4D scalar potential which can be used to obtain a dS vacuum [85]. Let
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us stress that this approach to dS vacua has been used in several explicit global Calabi-Yau
models [53, 91, 92, 94].
The generality of this mechanism is based on the following observations:

e D7 tadpole cancellation in models with O7-planes forces in general the presence of
hidden sector stacks of D7-branes.

e The absence of Freed-Witten anomalies on D7-branes requires in general to turn on
half-integer gauge fluxes on the worldvolume of D7-branes [115, 116].

e These gauge fluxes induce Kéhler moduli-dependent Fayet-Iliopoulos terms [117, 118]
which are cancelled by a non-zero vacuum expectation value of an open string mode
charged under the corresponding anomalous U(1). Hence this Abelian gauge group
is broken and the corresponding gauge boson acquires a mass of order the string
scale. This signals the fact that the anomalous U (1) should not have been included
in the 4D effective field theory. In fact, the correct low-energy theory should be built
by expanding around a non-zero vacuum expectation value of the open string mode
(as opposed to a vanishing value which would seem to lead to a U(1) factor) which
corresponds to a T-brane background characterised by a non-Abelian bound state of
D7-branes without any U(1) factor.

e The tree-level GKP solution features (0,3) background 3-form fluxes which break
supersymmetry.

e These supersymmetry breaking fluxes induce soft term masses for open string modes
on D7-branes which correspond to F-term contributions to the scalar potential [96].

e Expressing both the soft term masses and the vacuum expectation value of the
charged open string mode in terms of the Kahler moduli, one obtains a positive
definite volume-dependent contribution to the scalar potential which can raise the
vacuum energy to dS.

Let us point out that, contrary to what has been claimed in [119], the dS construction
of [85] does not require T-branes in the strong coupling regime since gauge flux densities
are always below the string scale. In fact, the 8D BPS equation determining the T-brane
background receives perturbative corrections which cannot be neglected when the Higgs
vacuum expectation value is above the string scale, implying a large gauge flux density
[120, 121]. In this strong coupling regime, at least for the N = 2 case with a large number
of branes, the system has been shown to be describable in a dual picture which involves
a single Abelian D-brane without flux but with worldvolume curvature [122]. However
the T-brane setup of [85] is in the weak coupling regime where the effective field theory
is under control since the volume in string units of the 2-cycle supporting the gauge flux
is always much larger than the flux quanta. The corresponding 4D Higgs field develops a
vacuum expectation value of order the winding scale My ~ M,VY/6 ~ M,/ V1/3. Taking
into account the right 4D field in Einstein frame, the condition of negligible perturbative
corrections to the 8D BPS equation is a 4D Higgs field below the scale M ~ Mp/V1/6. For
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Y > 1 the winding scale is below M, and so o’ corrections to the Fayet-Iliopoulos term
can be safely ignored.
Let us finally mention that this dS mechanism has two limitations:

1. The D-term is proportional to the sum of the F-terms of the volume modulus and the
charged open string mode. In KKLT models the F-term of the T-moduli is vanishing,
and so a vanishing D-term necessarily implies also that the F-term of the Higgs field
has to be zero. Hence dS KKLT vacua cannot be obtained via T-branes. On the
other hand, in LVS models the F-term of the charged Kéhler modulus is non-zero.
This guarantees that the D-term can be set to zero (at least at leading order) in a
way compatible with a non-vanishing F-term of the charged open string mode which
determines the T-brane background.

2. The volume-dependence of the positive definite contribution to the scalar poten-
tial from T-branes is 0.01¢ V83 where ¢ depends on gauge flux quanta. On the
other hand, the LVS potential generated by o/ and non-perturbative effects scales as

V=3, /In (WL()) [85]. Given that the flux quanta are O(1) integer parameters, the only

quantity which can be tuned to obtain a dS vacuum is the tree-level superpotential
Wo. For natural O(1 — 10) values of Wy, T-branes allow for dS vacua with values of
the volume in string units of order V ~ 10° — 10®. Interestingly this is in the right
ballpark to get low-energy supersymmetry in sequestered scenarios with the MSSM
on D3-branes at singularities [97, 123]. However if the volume is raised to values of
order V ~ 10'%, as needed to obtain TeV-scale soft terms in non-sequestered models
[50], the T-brane contribution to the scalar potential would yield a runaway for the
volume mode. Notice that this instability cannot be avoided by tuning Wy extremely
small since the vacuum expectation value of the volume mode is also proportional to
Woy. This implies that in T-brane dS vacua with non-sequestered visible sector, the
scale of supersymmetry breaking has necessarily to be rather high.

2.5 Other dS mechanisms

Since the original KKLT model several other mechanisms have been proposed mostly using
string inspired field theoretical arguments in which F and/or D terms yield positive con-
tributions to achieve dS (see for instance [124-126]). Even though these are not concrete
string theory models, for most of these scenarios there may be a way that some of them
can eventually find a stringy realisation. The main point is that there is a wide diversity
of model dependence on the matter sector of the hidden sectors. Since the scalar potential
of supergravity is not positive definite it is very plausible that there exist minima with all
signs of the vacuum energy. The challenge is to have concrete compactifications in which
the proposed F and D terms are realised with the matter content, matter superpotential
and Kéhler potential under control and that the corresponding extrema lie in regions of
the moduli space in which the EFT can be trusted.
We can highlight eight other string motivated proposals:
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Non-critical strings [127]: Non-critical strings have a natural positive cosmological
term (for D > 10) that can be used to obtain dS upon compactification while fixing
the moduli. It is not clear whether the corresponding EFT is under control but this
may be due only to our current limited understanding of the theory.

Negative curvature spaces [128]: Non-supersymmetric compactifications on manifolds
with negative curvature naturally induce a positive term in the effective potential
that can be used to obtain dS. Again, being non-supersymmetric, the EFT is under
less control but these compactifications are in principle viable.

Kabhler uplift [86, 129, 130]: Here o’ corrections to the Kahler potential in the KKLT
scenario can compete with the fluxes and the non-perturbatively effects to produce
minima with positive vacuum energy. This is possible if the volume is small enough
for o/ corrections to be relevant. Therefore the obtained dS minima are in regions at
the edge of validity of the EFT. An explicit CY compactification has been constructed
in [52] with all geometric moduli stabilised to dS space.

Dilaton dependent non-perturbative effects [87]: In type IIB models hidden and
observable sectors can be localised on either D3 or D7-branes. In general, non-
perturbative effects depend on the T-modulus which controls the volume of the divi-
sor wrapped by an ED3-instanton or by a D7-stack supporting gaugino condensation.
Another possibility is however to consider dilaton-dependent non-perturbative effects
coming from E(—1)-instantons or strong dynamics on a hidden sector of D3-branes
at singularities. In this case, after including the shift of the dilaton proportional
to the blow-up mode resolving the singularity, the corresponding non-perturbative
term generates a positive definite contribution to the scalar potential similar to that
coming from anti-branes. Concrete CY compactifications with these superpotentials
have not been constructed yet and it would be an interesting avenue to explore.

Complex structure F-terms [88]: The complex structure moduli have minima at the
supersymmetric points DyW = 0. However there may be further minima for these
fields for which DyW # 0. These may give rise to dS minima without the need
of further ingredients but need to tune quantities such that the corresponding new
minimum, coming from O(1/V?) terms in the scalar potential, does not wash out the
large volume minimum coming from terms of order O(1/V3). An intrinsic limitation
of these constructions is the difficulty to realise explicit examples with large volume
since they would require to fix a large number of complex structure moduli to achieve
enough tuning freedom. A concrete example with V ~ 10* was however constructed
in [88] but using a continuous flux approximation.

Non-perturbative dS vacua [89]: dS minima can emerge from stabilising all the geo-
metric moduli in just one-step via the inclusion of just background fluxes and non-
perturbative effects. The main problems of this approach are the poor knowledge of
the S and U-moduli dependence of the prefactor of non-perturbative effects and the
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computational difficulty to find a numerical solution for the minimisation equations
in the presence of a large number of geometric moduli.

e Heterotic dS vacua [27]: The heterotic string compactified on smooth Calabi-Yau
threefolds can lead to 4D dS models where the gauge bundle moduli, together with
the dilaton and the U-moduli are fixed supersymmetrically at leading order via the
requirement of a holomorphic gauge bundle, fractional fluxes and non-perturbative
effects. The Kéahler moduli can instead be fixed a la LVS by the interplay of world-
sheet instantons, o’ effects and threshold corrections to the gauge kinetic function
which provide a positive term responsible for achieving a dS vacuum. The main lim-
itations of this construction are: (i) the phenomenological value of the GUT gauge
coupling forces the minimum to lie only at moderately large volume and (ii) the lack
of tunability of the vacuum energy due to the absence of Ramond-Ramond fluxes.

e Go compactifications [131, 132]: Even though little is known about concrete Gy holon-
omy compactifications of M-theory, interesting scenarios have been proposed address-
ing phenomenological issues. In particular, superpotentials with two exponentials but
without fluxes have been proposed to stabilise all moduli. Some of the minima can
be dS even if the absence of fluxes makes it difficult to tune the vacuum energy to
small values. The freedom to perform this tuning relies on the possibility to find a
small value of the cosmological constant by scanning through different ranks of the
condensing gauge groups.

3 Quintessence in string theory

In the previous section we have argued that there are explicit string theoretic constructions
which seem to violate the conjecture (1.1) even if there are still some technical issues
that have to be fully sorted out. In this section we will argue that the alternative, i.e.
potentials which satisfy the conjecture and lead to quintessence models, are far less likely
to be consequences of string theory.

The simplest alternative to a vacuum energy of order (V) ~ A* ~ (meV)? is a scalar
field which is slow-rolling at positive energies. The dynamics of this scalar field is driving
the present epoch of accelerated expansion (for a review see [133]). A simple example of
such a phenomenological potential would be® V' = A%e™X where A is the current dark
energy scale at y = 0 today.

In the presence of a plethora of scalar fields like in the string landscape, it might seem
rather natural to expect that one of them is at present rolling away from its minimum. This
picture seems also to be suggested by the recently proposed swampland conjecture which
forbids the existence of stable dS solutions [9]. Even if this is still a conjecture not based on
any rigorous derivation, it is worth exploring its phenomenological implications. In what
follows we shall discuss in particular the interplay of quintessence and the swampland
conjecture with the Higgs potential and low-redshift cosmological data.

8In this section we work in Planck units except where other units are explicitly invoked for clarity.
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3.1

Challenges for quintessence

The main challenges for quintessence are:

e Fine-tuning problems: Standard dS models are plagued by the problem of obtaining

the right value of the cosmological constant. Quintessence models share the same
problem together with an additional fine-tuning problem related to the necessity to
obtain a scalar field which is light enough to drive the present epoch of accelerated
expansion. In fact, why should the quintessence field be today exactly at the point
where V ~ A*? Moreover, in order to have a working model, the quintessence field
has to be extremely light with m ~ 10732 eV. How can one make a scalar field so
light? What symmetry is protecting the mass of this field?

In fact, the quintessence potential is usually given as a phenomenological construct
valid at cosmological scales. In this case any quantum corrections are also of the
same order (i.e. O(A*) since the cutoff is of order A), and so will not destabilise this
potential. However if one is to obtain this from some more fundamental theory at
a higher scale, then this immediately faces a problem of destabilisation. This is the
old problem of the cosmological constant but with an additional twist since we need
to preserve not only the vacuum energy but also the running of the latter with the
rolling of the quintessence field”.

For instance consider a simple quintessence model with potential V = A% e™X +m?2¢?
where x is rolling while ¢ is a massive field. After integrating out the field ¢, which
is sitting at the minimum of its potential, the quintessence model at the cutoff scale
looks like:

_ 1

where the ellipses indicate lower order terms. In the presence of fermions, there will
be corresponding negative contributions to the right-hand side but unless there is
unbroken supersymmetry at these scales there will be a positive contribution that is
much larger than the current cosmological constant. If one now tunes the vacuum
energy (choosing x = 0 at present), then to have the current value of dark energy we
need:

1
4 4
A = —g52Me (3.2)

Thus this will destabilise the potential. In general in such a model to restore the
phenomenological quintessence model one would need to do functional fine-tuning.
It is also possible that there are quintessence models in which the potential takes the
form:

V=AeX41. (3.3)

In which case the quantum fluctuations of ¢ can be absorbed by fine tuning V4. In this
case we would be left just with two fine-tunings (as in generic quintessence models)
i.e. one more than in generic dS models. However, in the absence of an underlying

For a detailed discussion of quantum corrections see [134].
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symmetry protecting the quintessence potential, it is not clear to us whether such a
model (i.e. with V # 0 and fine tunable) can be constructed that will satisfy the
conjecture of [8].

Moreover, let us point out that in a string inspired supergravity setup, after super-
symmetry breaking, the corrections to the quintessence field potential would be of
order mg /2A2

o~ G1ven that the gravitino mass mg/y sets the scale of the soft-terms,

Mot ~ Mg, it cannot be smaller than the TeV scale. Since the cutoff scale A.yon,
which in 4D string models is naturally given by the Kaluza-Klein scale, has to be
larger than mg/y in order to control the effective field theory, we conclude that the
quintessence potential will generically receive corrections which cannot be smaller
than (TeV)*. This poses a serious challenge for any quintessence model.

Phenomenological problems: The quintessence field can be either a scalar or a pseudo-
scalar. If it is a pseudo-scalar like an axion, it can avoid fifth-force constraints, but a
typical axion potential is flat enough to drive a period of accelerated expansion only
if its decay constant is trans-Planckian [135]. This is in disagreement with recent
studies of axion field ranges from string theory [136-141]. On the other hand, if
the quintessence field is a scalar, it is not clear how to avoid the existing stringent
bounds from fifth-forces [12]. Moreover, if the quintessence field is a string modulus
which sets the visible sector gauge kinetic function, a rolling modulus would give
rise to a time variation of the coupling constants. This last problem can be avoided
simply by considering a modulus which is not supporting the visible sector stack of
D-branes. However, evading fifth-force bounds is more complicated. The volume
mode couples democratically to all fields with Planckian strength, and so it cannot
be the quintessence field. This is a direct consequence of the locality of the SM
construction. The fact that the volume mode has to couple to SM fields can be
seen by looking at the relation between the physical Yukawa couplings f’ijk and the
holomorphic ones Y1 (U) which depend just on the complex structure moduli because
of the holomorphicity of the superpotential and the axionic shift symmetry [142]:

}A/"k — K/2 Yijr(U)
YR ~ = ~ Y
\/ KKK

where K is the Kahler metric for matter fields. Due to locality, the physical Yukawa

(3.4)

couplings should not depend on the overall volume, and so the matter Kéhler metric
K; has to depend on the volume mode V in order to cancel the powers of V in

K/2

e*/=. Consequently, the volume mode has always a direct Mp-suppressed coupling

to SM-fields from expanding the matter Kahler metric in the kinetic terms.

The best case scenario is therefore when the quintessence field is a modulus differ-
ent from the overall volume which supports a hidden sector stack of branes, while
the visible sector is localised on a blow-up mode which does not intersect with the
quintessence divisor. This has been advocated in the context of swampland conjec-
tures in [9]. However even in this case, one would need to check that no interaction
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between the quintessence modulus and visible sector fields is induced by kinetic mix-
ing between the moduli (see for example the moduli redefinitions in [143-145] induced
by non-canonical kinetic terms) or between hidden and visible sector Abelian gauge
bosons [146-149]. This issue is currently under detailed investigation [150].

3.2 The swampland and the Higgs

As already pointed out in [22], the swampland conjecture is in tension with basic features
of the Higgs potential. In fact if h is the standard Higgs field and x the quintessence field,
the total scalar potential can be written as:

V=V(h)+V(x) with V(h)=x(h*-v?)". (3.5)
The swampland conjecture at the maximum of the Higgs potential for A = 0 then implies:

VV]
v

() Vi)

V
21 & = ~ = ~
V(h)+V(x) Mt+V(x)

> 1. (3.6)

However the quintessence potential today has to scale as V(Xo) = A?. Typical quintessence
potentials have the form V() = A%e™X with xo ~ 0. Hence VX(XO) ~ V(xo0) = A%, imply-
ing that the ratio in (3.6) violates the swampland conjecture by 57 orders of magnitude!

There are several ways to cure this problem but none of them seems very natural from
the string theory point of view:

e Higgs as quintessence: As a first pass at a solution one might ask whether the
quintessence field can be identified with the Higgs field itself along the lines for
instance of Higgs inflation, modified appropriately for quintessence. In this case at
low energies (below the scale of electroweak breaking) the Higgs potential (for the
neutral Higgs in unitary gauge) may acquire the form:

V=A 4 CteFMM (3.7)

Imposing that the Higgs is rolling today at h = v with values of the slow-roll pa-
2 2
rameter € = % (%) of order 1/2 and V ~ A* together with the right Higgs

mass, one can fix the values of the parameters C' and k at C ~ 10*5262'5'1071Mp and
k = 10%. Notice that this model is in agreement with observational data since, due
to the huge value of k, one can get around 5 efoldings of exponential expansion for
Ah ~ 10787 M, implying that no time-variation of the fermion masses could be
observable. However the unreasonable value of k£ and C' show that this is more a
curious observation rather than a real solution.

e A direct Higgs-quintessence coupling: Ref. [22] modified the initial potential
(3.5) via the introduction of a coupling between x and h of the form:

V=)V +V(x) with  f)=e*. (3.8)
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In this case the swampland conjecture is satisfied since the ratio in (3.6) at h = 0
where V},(h) = 0 takes the form:

fx(X) ‘:/(h) + VX(X) ~ fx(X)
fOOVI+Viy)  FO

~1. (3.9)

However, even if the Higgs-quintessence coupling in (3.8) is not ruled out by fifth-
force constraints [22], one would need to explain why the SM fermions are instead
decoupled from the quintessence field since a direct coupling between them and x
would not be allowed by fifth-force bounds. Given that in 4D string models a direct
coupling between x and h would generically also imply a direct coupling between the
quintessence field and SM fermions, we interpret this tension as a phenomenological
hint against the validity of the swampland conjecture.

Adding more fields: Another solution involves the introduction of a third field ¢
which is heavy in the electroweak vacuum but makes a non-trivial contribution to
the criterion at the symmetric point of the Higgs potential. Hence the potential (3.5)
gets modified to:

V=F@)V(h) +9(8)+V(x)- (3.10)

Defining the function y(¢) = M\v* f(¢)+g(¢), the swampland criterion (3.6) evaluated
at h = 0 then looks like:

v3(0) + V200 y(9)
y(@)+V)  y(@)

>1. (3.11)

Notice that y4(¢) corresponds the gradient of the potential in the ¢ direction at the
symmetric point of the Higgs potential. Thus the field ¢ can help to satisfy the
swampland criterion if y4(¢) ~ y(¢).

On the other hand, the same ratio evaluated at the minimum of the Higgs potential
at h = v becomes:
2 72
95(2) +AVX (x) _9s(9)
9@ +Vi)  9(@)

In order for ¢ to be stabilised at the present Higgs vacuum at h = v, we need also

(3.12)

to impose that the function g(¢) admits at point in field space ¢g where g4(¢o) =
g(¢po) = 0 so that (3.6) is satisfied. Moreover, we need also to require that f(¢g) =1
in order to obtain a massive Higgs field.

We now turn to writing down explicit models where the criterion is satisfied and
point out the challenges in realising them:

Model 1:

The simplest choices for the functions y(¢) and g(¢) satisfying the requirements
(3.11) and (3.12) are y(¢) = Mv'e? and g(¢) = m>Ap? with Ap = ¢ — ¢p, which
imply a coupling function of the form f(¢) = e® — % A¢?. Notice that the potential
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(3.10) admits a point with A different from either zero or v where the swampland
conjecture might seem to be violated since V;; = V}, = 0 with positive energy. In fact,
Vi, = 0 can be solved also for a negative value of A¢ such that e®0er? = )\m—; A¢?,
and then a certain value of h would solve V; = 0. However, if ¢g > 1 and m is
not too large, this solution would require |A¢| > 1, in a regime not allowed by the
swampland conjecture on field distances. Notice that if the microscopic origin of the
auxiliary field ¢ is a string modulus, we expect ¢g > 1 in order to trust the effective
field theory. As an example, consider the volume mode 7 which needs to be fixed
at values much larger than unity and would be related to the canonically normalised
field ¢ by the transformation ¢ = \/g In7. The upper bound on m can be obtained

by setting V = 73/2 < 10%° which would correspond to TeV-scale strings. In turn,
¢o < 56 which would require m < 1 MeV to have the extra solution discussed above at
|A¢| > 1. If we instead set V < 10% which would correspond to a TeV-scale gravitino,
0o < 28 which would require m < 1 eV. These values of m are still large enough to
be able to couple ¢ to both the Higgs and any SM fermion without introducing any
fifth-force. Hence this solution does not feature any observational problem but does
not look very appealing since it requires a particular form of the coupling function
f(@). Notice, in particular, that an order one change in the coefficient of the ¢-Higgs
coupling proportional to m? would violate the conjecture.

Model 2:

One could consider the more standard case where f(¢) = e® which implies Planck
suppressed couplings between the Higgs and ¢ whose field range is taken to be |¢| < 1
(motivated by the swampland conjecture on field ranges) with ¢ = 0 at the present
vacuum. The requirement (3.11) can still be satisfied with y(¢) ~ Av*e? if the
function g(¢) is such that it is always subleading with respect to Av?e? for |¢| < 1.
This is true if g(¢) has a bounded range with a maximum and a minimum well below
the electroweak scale. A simple way to realise this is if g(¢) tends to a constant
value, i.e g(¢) is linear in regions away from its minimum. To analyse the case of the
linear potential, we take g(¢) = u?A2h(¢/A) where h(z) satisfies h(0) = h/(0) = 0,
R"(0) = O(1), and h(z) ~ x for x > 1'%, With this, the mass of ¢ at the ¢ = 0
minimum is of order p. The parameter A appears in the Taylor expansion about the
origin in field space. The condition (3.11) is then satisfied if y2A < Av*. Taking A
to be order of p this implies p < 0.5 MeV =~ m,. Notice that this mass is well within
the fifth force bounds if ¢ interacts with the entire SM sector with Planck suppressed
couplings''. However if in the early universe the field is displaced from its minimum,
it would decay after BBN creating cosmological problems. In Appendix A we check
the validity of the conjecture for all points in field space. This solution features
a standard coupling function f(¢) = e? but it requires g(¢) to have a particular
property, i.e g4(¢) has a bounded range with a maximum and a minimum well below
the electroweak scale. This will generically imply that that the self interactions of

10A function with the listed properties is h(z) = In(cosh(z)).
11 A similar mechanism can also be implemented for the low energy QCD effective potential.
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¢ are set by the very low scale y. Furthermore, from the scaling dimensions ¢ has
the properties of a fundamental scalar and not a composite. One possibility is that
the field ¢ is localised in a warped region. One could also think of alleviating this
tension by considering potentials g(¢) in which the mass is not correlated with the
asymptotic value of the energy, but this seems unnatural.

Model 3:

Another possibility to satisfy (3.11) is the case where the gradient of the potential
along the ¢ direction can vanish at a point in field space if also y(¢) = 0 at the same
point. This would correspond to the case where y(¢) = m?(¢ — p)? and g(¢) = m?¢?
with m = v/ Av?/p which implies a coupling function of the form f(¢) =1 — 2%. For
p = My, one would recover a standard modulus with Planck suppressed interactions
to matter fields. However in this case the mass of ¢ would need to be m = \/XU2/Mp o~
0.01 meV which is too low to satisfy present fifth-force bounds [12]. Hence the scale
i has to be smaller than M. Moreover, we stress again that O(1) changes in the
coefficients of f(¢) would invalidate this solution.

Notice that a way to address this challenge between the Higgs potential and the swampland
conjecture is to modify the conjecture to allow saddle points at positive values of the
potential as recently suggested in [10]. This could also take care of the recent observation
regarding the existence of dS critical points associated with any supersymmetric KKLT-like
AdS vacuum [151].

Supergravity issues

In the previous section we discussed how to avoid a coupling between the Higgs and the
quintessence field within the context of a non-supersymmetric theory. However if the 4D
effective action coming from string theory is an N = 1 supergravity it seems hard to get
the decoupled structure that we have suggested'?. This is a simple consequence of the fact
that the potential has to be written in terms of a K&hler potential and a superpotential
if one assumes that, after all the heavy moduli are integrated out, one still has the field
content of a supergravity. We shall now consider a particular supergravity setup which
seems to be the best starting point to realise a quintessence field decoupled from the Higgs,
but we shall in the end show that the intrinsic nature of supergravity always induces an
M,-suppressed coupling between the two fields.

In N = 1 supergravity, the potential has the form (setting M, = 1 and ignoring
D-terms which would not change our conclusion):

V(x,®) = X0 (ID, W) + |DeW |2 - 3|W|2). (3.13)

where y is the quintessence field and ® collectively denotes matter fields'®. In this context

123ee [22] for an earlier discussion on some challenges for quintessence in the context of supergravity. Our
treatment is more general.

13Notice that this example does not contain the case of [152] which we shall review in Sec. 3.3. In this
model the quintessence field x, being a Kéhler modulus orthogonal to the volume mode, does not appear in
the tree-level Kéhler potential. This is a key feature to guarantee the absence of Mp-suppressed couplings
of x to SM fields.
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the most one can do to isolate the quintessence field ¢ from matter fields i.e. supersymmet-
ric standard model (MSSM) fields and all other matter fields (BSM, moduli, dark matter)
® is to write:

K = Kq(x) + Kn(®), (3.14)
W = Wy(x) + Wi (®). (3.15)

Here Wy(x), Wi (®) are the quintessence and MSSM superpotentials. Since the Kéhler
metric is block diagonal we can take x to be canonically normalised i.e. K, = xx without
affecting the other fields. To ensure that a quintessence potential of the form V ~ Ae #Xr
(where A is the cosmological constant today) is obtained we need W, = %\ﬂe—%ﬂx.

The supergravity expression for the potential then gives a coupling between the MSSM
potential and the quintessence field of the form (restoring M,):

SV ~ 6eXa| DeW 2 ~ %&(m@m?. (3.16)
b

There is a similar coupling to fermions of the form:
X0
0L ~ 5€Kq/2£fermion ~ de £fermion . (317)
P
Also due to the Weyl anomaly there is a Kahler potential dependent correction to the
physical (Einstein frame) gauge coupling:

1 3T (G
3 — = Rf - 16( 2)
gphys ™

Klo, (3.18)

(here T'(G) is a group theory number) giving similarly a quintessence dependence to the
gauge field kinetic terms of the form:

3T(G) xo
167’(‘2 ﬁg X'Cgauge-

0L ~ — (3.19)
By choosing the value of the quintessence field x today to be xg = 0 one can of course avoid
fifth-force bounds today. However, for a quintessence potential of the form V(X) = Ae Fx
with k£ ~ O(1), the quintessence field is expected to move a distance A¢ ~ O(1)M,, and
so at some point before the transition in the past to a matter/radiation dominated phase
one would have had xo ~ O(1)M,. In this case we would have Planck suppressed linear
couplings of the quintessence field for which there are strong bounds.

Thus we have to conclude that at scales where the type of model such as that given
in (3.10) is valid (and gives a quintessence model with no fifth-force issues) supersymme-
try is badly broken. In other words the field content at these scales are not those of a
supersymmetric theory'?.

MYWhile this paper was being prepared for publication the paper [153] appeared which constructed two
supergravity quintessence models. The first is an axionic model which we have argued would not be
compatible with string theory expectations. The second model and its analysis appears to be consistent
with our arguments above. We would also like to point out that the fact that a generic supergravity leads
to a quintessence field with a mass equal to that of the gravitino can be avoided by having a term mgqMpx
in Wy(x) and fine-tuning m, to cancel the term proportional to ms ;.
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3.3 String quintessence models

Candidates for quintessence fields can be naturally searched in the vast moduli sector of
string compactifications. The first natural candidates that can be thought of are the overall
volume and the dilaton since they are model independent. They may be rolling towards
the infinite volume or zero coupling limit or towards a local minimum corresponding to
dS or AdS. However they both couple to all matter fields and then the strong bounds on
fifth-forces and varying constants would make this option untenable.

More promising models involve instead moduli which control the sizes of cycles hosting
hidden sector branes and can in principle be a quintessence candidate. This is the case
for the model considered in [152] which is based on an LVS string embedding with sta-
bilised moduli [154] of the 6D Supersymmetric Large Extra Dimension (SLED) proposal
[155]. In this case low-scale gravity is used to address the hierarchy problem whereas su-
persymmetry is exploited to protect the quintessence potential from receiving dangerously
large corrections. In fact, TeV-scale strings correlates with a gravitino mass of order the
meV-scale. Notice that in these constructions supersymmetry is only non-linearly realised
on the SM brane, and so m3/, is decoupled from the mass of the supersymmetric particles
which is instead around the string scale. Moreover, in the presence of just two large extra
dimensions, the Kaluza-Klein scale also reduces to the meV-scale. Hence corrections to the

quintessence potential from loops of bulk fields of order mg /2A2 + scale as (meV)?*, show-

cuto:
ing that supersymmetry is the symmetry which makes this quintessence model natural,
similarly to the model of [156].

The difference between the two models is that in [156] the quintessence field is the
overall volume mode which suffers from problems associated with the mediation of unob-
served fifth-forces. On the other hand, in the string model of [152], the quintessence field
is a fibre modulus with a weaker-than-Planckian coupling to SM fields which does not give
rise to any problem with fifth-forces. The reason for this small coupling is two-fold: (7)
the SM is localised on a blow-up cycle which has no intersection with the fibre divisor and
(i) since the fibre divisor is a leading order flat direction, there is no leading order mixing
between the quintessence field and the volume mode which can induce a Planck-strength
coupling with SM fields. The main challenges of this model are the need to develop a
proper 6D understanding since the gravitino mass is of order the Kaluza-Klein scale, to-
gether with the need to perform a detailed analysis of any correction which can induce a
direct M-suppressed coupling between the fibre divisor and SM fields. One should also
carefully check that, according to the SLED proposal [155], loops of brane states are indeed
cancelled by backreaction effects.

Other quintessence candidates are the axionic partners of the moduli which have an
approximate shift that protects their couplings [157-159]. Having compact support, the
potential for these fields has to have a minimum. In order to perform a proper study of the
implications for quintessence, they have to be considered within a full moduli stabilisation
mechanism'®. However, as mentioned above, one generically needs trans-Planckian axionic

!5Gee for instance the discussion in [158].
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decay constants to drive a period of accelerated expansion [135] while recent studies of
axion field ranges in string theory showed that this is very hard to achieve [136-141].

A typical criticism of having a rolling scalar field in string compactifications with
moduli stabilisation is that there is need for a double tuning, first the overall value of the
cosmological constant and second the slope of the rolling field, both independently small
numbers. However in LVS the axion partner of the volume modulus is a natural candidate
for quintessence since its mass is of order m ~ O(e‘v2/3) and the volume exponentially
large. For volumes of order V ~ 103 — 10° for which the string scale is of order GUT
scale, the axion masses can be as small as m ~ 10732 eV [160]. In order to build a
concrete model, one should check however that the axionic potential is flat enough to drive
the present acceleration of our universe for a sub-Planckian decay constant. Furthermore
any modulus that is stabilised by perturbative effects (by a combination of o and loop
effects) has a corresponding axionic partner with a mass which is doubly exponentially
suppressed. It is then natural to have several candidates for dark energy but also for ultra-
light axion dark matter. Notice that these fields can also give rise to condensates (axion
stars) with masses of order Moy ~ Mg /m which can be as heavy as 1020 solar masses
[161-163]. Moreover, as we shall show in Sec. 3.4, notice that ultra-light axions oscillating
around a minimum with positive vacuum energy can induce an oscillating equation of state
parameter which yields a small modification of the standard ACDM model.

3.4 String axion quintessence

We will consider now in more detail what in our opinion are the most promising candidates
for a dynamical field for dark energy: string axions.

One of the most generic predictions of string theory is the existence of a string az-
iverse [164-166], i.e. a large number of axions arising upon Kaluza-Klein reduction of
the antisymmetric form fields on the internal cycles of the compactification space. The
number of axions is related to the number of cycles in the compactification space and can
easily be of O (100) or larger. Various non-perturbative corrections can give a mass to
such fields, roughly of order m, ~ e™" My, where 7 is the corresponding saxion whose
value parametrises the size of the cycle supporting non-perturbative effects. As 7 can be
rather large, i.e. much larger than the values needed to trust the effective field theory, the
axion mass can easily be very small, as required for quintessence. Moreover, if the saxions
receive a mass from perturbative effects, the low-energy EFT includes only the ultra-light
axions. Concrete examples that feature all these properties are LVS models which admit
at least one ultra-light axion corresponding to the axionic partner of the overall volume
mode (which is stabilised perturbatively) with mass [50, 167]:

gs M,

_m)2/3
g m e N Mp s (320)

Mg =
which can be in the right range for example for gs = 0.1, N = 3 (N is the rank of the
condensing gauge group) and V = 1400 as required to match the observed amplitude of the
density perturbation in fibre inflation models [168]. LVS models with more than one large
cycle would feature more ultra-light axionic candidates for explaining dark energy (as in
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the case of fibred CY threefolds where the fibre moduli are stabilised perturbatively and the
corresponding axions remain light [168]). Another positive property of axions is that they
feature a shift-symmetry at the perturbative level that naturally prevents their potential
to acquire large quantum corrections. Finally ultra-light axions, being pseudo-scalars, can
easily evade existing constraints from fifth-forces. For these reasons, axions are arguably
one of the best candidate fields for quintessence in string theory. In this section we briefly
review how axions can give rise to an accelerated late-time expansion of the universe.

In a moduli stabilisation scenario such as LVS we can separate the moduli between
those that are stabilised by non-perturbative effects (such as blow-up modes) and those that
are stabilised by perturbative effects (such as the overall volume and many fibre moduli).
For the first group both the modulus and its corresponding axion get mass of the same
order mg ~ mgp. For the second group, the axions are much lighter than the moduli
and we can study the EFT only for these ultra-light axions after integrating out all other
massive fields. Since most known CY manifolds have a fibration structure, the number
Nypa of ultra-light axions can be very large (Nypa ~ O(100)). To leading order in the

non-perturbative expansion this axion potential takes the form!:

Nuyra w
V=A*— Acos| =) +--- 3.21
(A f b
i—1 g

where f; is the axion decay constant of the i-th canonically normalised axion field a;, A
is the cosmological constant scale that can be tuned by fluxes and A; is the scale of the
non-perturbative effect that gives mass to the i-th axion. In string compactifications the
axion decay constant is roughly given by f; ~ M, /7 < M, for 7, > 1 [164-166]. For a

2 \V
The scalar potential in (3.21) has a minimum at (V) = A* — 3. A} and a maximum at
Vinax = A* + > Af with inflection points at Vipg = A* as well as many (2NULA*1) saddle
points. In phenomenological and cosmological discussions it is usually assumed that the

. . o M2 ()2 :
quintessence candidate we need the slow-roll condition ¢ = =& L) < 1 to be satisfied.

minimum is tuned to zero but this is not natural in the landscape since the tuning for the
overall minimum is not necessarily related with the scales of each the A;’s. Therefore we
may study different possibilities in particular for A greater, smaller or of the same order as
the smallest A;.

Depending on the values of 7; and the coefficients of the non-perturbative effects, the
corresponding axions can also be integrated out until we reach the lightest one, that we
denote with ay. Focusing for simplicity on ay, the corresponding slow-roll condition is:

AN Mp] 2 sin? (ar/ fo) <1
AV M, _ (3.22)
<A> fe (1 — (Ag/A)* cos (ae/f£)>2

However, before integrating out the heavier axions, the original potential can give rise to

1

2

interesting early universe cosmology. In particular, as the universe evolves and the Hubble
parameter decreases, each axion field is essentially frozen at its value after inflation due to

16For potential generalisations of this scalar potential see for instance [169].

— 30 —



the large Hubble friction. Once the Hubble scale hits the mass threshold of a given axion,
the axion starts to roll and oscillates around its minimum. Depending on the relative values
of A and A; as well as the initial value of the field, the slow roll condition may or may not
be satisfied.

Depending on the values of different constants we will have distinctive scenarios which
we now state:

1. Alignment mechanism: If the minimum of the potential is tuned to be at vanishing
energy (i.e. if A = Ay) as is usually done in the literature, we can observe from eq.
(3.22) that in order to get an accelerated expansion of the universe the axion decay
constant has to be f; 2 M. Getting a (super-)Planckian axion decay constant is a
well-known issue in string theory since it is in tension with the fact that the cycles
volumes are expected to be larger than the string scale (7, 2 1). However there might
be possible way-outs that rely on alignment mechanisms involving two [170, 171] or
many fields [172, 173].

2. Hilltop quintessence: As explained above, the generic situation is to have axions
with sub-Planckian decay constants. In this case, even if A = Ay, the axion a, could
still drive the present epoch of accelerated expansion without the need to rely on
complicated misalignment-like mechanisms. In fact, if the maximum of the potential
for ay is located at positive energy (i.e. A* —I—Af-‘ > 0), as in the two examples reported
in Fig. 1, and the field is initially displaced close to it, the universe undergoes
accelerated expansion [174]. Notice that in order for this mechanism to work, the
minimum of the potential does not need to be tuned to 0: the crucial point is just
that a region of the potential around the maximum is at positive energy. Moreover,
axion fields are very light, and so it is very easy to displace them from their minima,
e.g. during inflation. Given the large number of ultra-light axions in generic string
compactifications, we expect that the displacement of these fields is evenly distributed
in the range a;/ f; € [—m, 7], and so it should not be difficult to find one of them around
its maximum. We stress that this case would be the only way to get axion inflation
when f, < M, even if the initial position of the axion has to be tuned extremely close
to the maximum to obtain enough efoldings of inflation [175].

3. Quasi-natural quintessence: Notice that in the landscape there is no reason to
tune the minimum to vanishing vacuum energy. If the minimum of the potential for
the lightest axion is tuned to be of the order of the current value of the cosmological
constant A, the slow-roll condition just implies (the term which depends on as/f; in
eq. (3.22) is always smaller than 1):

A\
fe 2 () M, , (3.23)
A
which allows for a sub-Planckian axion decay constant f, < M, as long as A > A,.

The slow-roll condition € < 1 is naturally satisfied for a very large region of field space,
not only close to the hilltop as can be seen in Fig. 2). The corresponding equation
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Figure 1. Examples of potentials that allow for hilltop quintessence. The red domains schemati-
cally represent the regions of the potentials where slow-roll can take place.

of state would give a small modification to the cosmological constant scenario:

('12

-V 1—1e 2
~——3 14 Ze. (3.24)
a——|—V 1"‘56 3

N

2
2
It is worth mentioning that the case A > A, is never considered for inflation since the
energy scale of the potential would be of order the cosmological constant scale, and so
would be way too low to match the observed amplitude of the density perturbations.
Moreover, for A > Ay, if f; is not too low, € is below unity everywhere in the axion
field space, and so there would be no way to end inflation.

4. Oscillating scalar: Another possible modification of the constant dark energy sce-
nario could be given by an oscillating axion. Assuming that A is tuned at the current
value of the cosmological constant as in the left panel of Fig. 3 and that ay is initially
displaced from its minimum, the field starts oscillating around its minimum when H
is of order of its mass. This will then produce an interesting oscillating equation of
state, as shown in the right panel of Fig. 3 for f/M, = 1 and Ay/A = 0.85. This
expected behaviour could be used to study the existence of axions with mass of the
same order of Hy, comparing with low-redshift observations.

Notice that cases (3) and (4) necessarily violate the swampland conjecture (1.1) since
they require dS minima, while case (1) would violate the swampland conjecture on field
distances [5] since it requires trans-Planckian physics. On the other hand, as shown in Fig.
1, case (2) just requires the presence of a maximum at positive energy but it would work
also for sub-Planckian axion decay constants. Hence this case would violate the swampland
conjecture (1.1) but it would still be allowed by a refined conjecture which does not exclude
dS maxima [10].

Considerations of ultra-light axions corresponding to a quintessence field have been
made in several recent studies [174, 176, 177]. The fact that there may be many axions
dominating the energy density at different stages of the evolution of the universe may be a
way to address the apparent discrepancy among the different measurements of H at high
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Figure 2. In the case A > A, slow-roll can happen also in the region close to the inflection point

of the potential, and given (3.23) this does not require a super-Planckian axion decay constant.
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Figure 3. We illustrate how the equation of state oscillates while the axion oscillates around its

minimum (time is in units of the axion mass). Contrary to the dark matter case in which the
average w vanishes, here the presence of A causes the average to be non-zero. This behaviour can
be compared with data from low-redshift observations, in order to explore the existence of axions

with mass around Hy.

and low redshift. Their considerations can be adapted to the present discussion but with

the difference that we do not assume the minimum of the potential to vanish.

In summary string theory axions provide interesting candidates to be quintessence for

several reasons:

e Ultra-light axions are a natural outcome of moduli stabilisation scenarios with expo-

nentially suppressed masses.

e Depending on the value of these masses, the axions can be ultra light dark matter or

dark energy.
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e These ultra-light axions are also natural candidates for dark radiation produced after
the decay of the corresponding modulus field [178-182] which can put constraints on
string scenarios but also can partially address cosmological issues such as the tension
between high and low redshift measurements of the Hubble parameter by increasing
the value of Neg [183]'7.

e The fact that there may be hundreds or thousands of ultra-light axions can give rise
to interesting cosmological periods in early universe cosmology with also potential
implications for different measurements of H.

e If the overall minimum of the potential is not tuned at zero several scenarios emerge
with accelerating universes. A negative vacuum energy is allowed if slow-roll starts
close to a maximum or a saddle point at positive V and the slow-roll condition can
be easily satisfied with no trans-Planckian decay constant as long as A > Ay. The
different axions oscillating around their minima do not risk overclosing the universe
since the minimum is not at zero. An oscillating scalar around a minimum with
positive vacuum energy can give rise to a varying equation of state. The time in
which the field climbs the potential may mimic w < —1 as suggested in [184]. How-
ever, reproducing the recent analysis, which suggests a turning point for the Hubble
parameter [24-26], remains a theoretical challenge if these results were confirmed.

4 Conclusions

In this paper we have analysed general aspects regarding dS and quintessence scenarios to
have a concrete realisation in effective field theories derived from string compactifications.

We have seen that even though in order to have full control of dS moduli stabilisation a
non-perturbative formulation of string theory is needed, there has been substantial progress
in the past decades to be confident that these solutions do exist and that the string theory
landscape is a generic outcome of string theory. It is actually remarkable that, without
having a full non-perturbative formulation of the theory and not knowing even the metric
of the extra dimensional manifolds, there is a coherent picture in which all moduli are
stabilised and dS space in 4D can appear as a solution.

It is worth emphasising that this procedure uses explicit string theory features with
solid mathematical structures such as the topological properties of the compact space,
warping induced by fluxes, tadpole cancellation conditions, brane and anti-brane dynamics,
explicit computations of leading order perturbative and non-perturbative corrections to the
effective field theory, etc. It is fair to say that a full control is difficult to achieve with our
current understanding of string compactifications which are not maximally supersymmetric
but not having full control on the calculations should not be confused with having no control
at all. The results are based on well defined approximations which are justified as long as

"Notice however that larger values of Neg, even if they decrease the tension between different determi-
nations of Hp, increase the existing tension between different measurements of the os parameter.
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the couplings are weak and the volumes are large enough. Luckily this is the regime that
is also interesting for phenomenological applications'®.

We have also seen that the natural alternative to dS space, quintessence, can also be
accommodated in string compactifications albeit in a more complicated way. Having a
rolling direction which is flat enough to give rise to the observed dark energy requires all
other moduli to be stabilised in a similar way as in dS compactifications or rolling even
more slowly, something which is more challenging than getting dS. Typical candidates for
the quintessence field such as the overall volume and the dilaton are not appropriate to be
the quintessence field since they couple to all matter in hidden and observable sectors, and
so would be subject to stringent fifth-force constraints [12]. On the other hand, moduli
associated with cycles hosting only hidden sector fields [152] may still be allowed by obser-
vational constraints although that may require a very small string scale. A low string scale
has also appeared in efforts to construct quintessence models in warped throats [158].

We also studied the nature of the Higgs couplings to various fields in light of the
swampland conjectures. We have found that a direct coupling between the Higgs and the
quintessence field can be avoided if there are other fields which give non-trivial contributions
to VV at the symmetric point of the Higgs potential. However such realisations seem
difficult to realise from the point of view of string theory.

We have also analysed the possibility of quintessence in the context of supergravity
and illustrated the presence of generic couplings (including one loop effects) between all
fermions and the quintessence field, which are in tension with the observational bounds.
Moreover, analysis of renormalisation group effects showed the requirement of functional
fine-tuning of the tree-level potential of the quintessence field or at least additional fine-
tuning compared to dS models.

The best candidates of quintessence fields are the multiple axions that abound in
string compactifications. Considering them just as rolling quintessence fields is a very
limited option. However since they correspond to periodic fields with a compact support,
their scalar potential has to have a minimum. A natural possibility is that these fields may
be oscillating around a dS minimum giving rise to a small modification of the standard
ACDM scenario.

It is important to notice that in general some of the Kéhler moduli obtain mass via
perturbative effects. This implies that the corresponding axions, which get lifted only by
non-perturbative effects, are much lighter yielding a large mass hierarchy among the two
components of the same complex scalar field. This is precisely the case for the overall
volume modulus and fibration moduli in LVS models. It is worth emphasising that having
an extremely light axion is the most model-independent prediction of LVS constructions.
Having fibre moduli is also very generic. It is then possible to have one of the axions
to correspond to ultra light dark matter with a mass of order 10722 eV and another to
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provide dark energy with a mass of order 1 eV. Furthermore both can be candidates

8Notice that the challenge to obtain proper inflationary models from string theory with large tensor
modes is mostly due to the fact that, if these modes were observable, the corresponding EFT would be at
the edge of its validity.
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to be part of dark radiation for which there are strong constraints. This justifies a more
detailed study of the cosmological implications of these light axions.

It would be highly desirable to count on a non-perturbative formulation of string theory
that could hopefully determine once and for all that there are or not dS or quintessence
solutions of string theory (as it would also be good to have a full proof of the AdS/CFT
correspondence or the finiteness of string theory or any potential alternative). As usual in
science we have to content ourselves to extract information based on limited experimental
input and theoretical control. In the Standard Model we have experimental data which we
can confront whereas string constructions cannot at the moment be discriminated on the
basis of observations. In the case of dS vs quintessence we hope we have argued that the
theoretical progress made over the years, although not 100% satisfactory, is encouraging
and present a coherent picture. Furthermore, experimentally, the fact that the equation
of state w has been converging over the years towards w = —1 is tantalising to bend the
preference in favour of dS, following standard Bayesian criteria. However, the recent tension
among values of the Hubble parameter determined from high and low redshift may hint at
a variable equation of state that could be at odds with both dS and quintessence (see for
instance [24-26]). Even though it is too early to judge the robustness of this analysis we
have to keep an open mind. Low redshift measurements have surprised us already once,
against our theoretical prejudices, and may do it again.

Finally we would like to remark that it is healthy to challenge the different approaches
to obtain dS space in a fundamental theory. Having criticism and skepticism to a concrete
scientific development helps to sharpen the arguments and clarify the achievements and
open questions. In view of the lack of further experimental input, this is the best avenue
to address theoretical questions and converge towards the best possible explanations. In
the case of dS vacua, the question is of utmost importance and having an open debate
helps to streamline all the arguments and eventually improve the existing constructions to
make them more explicit and coherent or even rule them out. Given the importance of the
question being addressed, a high level of scrutiny of the solutions is important — in fact
no bar is too high a bar. We hope to come back and address some of the open questions
highlighted in this article.

Acknowledgements

The authors would like to thank B. Acharya, D. Andriot, C.P. Burgess, J.P. Conlon, O.
DeWolfe, D. Ghosh, A. Hebecker, S. Krippendorf, L. Pando-Zayas, V. Poulin, A. A. Sen,
A. Sen, R. Sheth, C. Vafa, R. Valandro and G. Villadoro for discussions. We also want to
acknowledge discussions at different stages with J. Moritz, J. Polchinski, A. Retolaza, R.
Savelli, S. Sethi, G. Shiu and A. Westphal. MC, SdA and AM would like to thank ICTP
for hospitality. AM is supported in part by a Ramanujan Fellowship, DST, Government of
India.

— 36 —



A Checking the swampland conjecture for model 2

Now, we turn to explicitly verifying that the swampland criterion is not violated by the
potential for model 2. For concreteness we will take the potential of the field ¢ to be
g(¢) = p?A%1In cosh(%) and A ~ O(n). The quintessence contribution becomes important
only around the critical point with h = v and x = 0 where the energy density stored in the
two fields h and x vanishes. There, the conjecture gives ¥ = |VV| /V ~|3| and 8 can be
of order O(1) for quintessence.

It is easy to realise (and check numerically) that the conjecture is satisfied for all the
regions in field space away from the critical points of the potential. Since we are interested
in the field range |¢| < 1, the exponentials can be estimated with numbers of O(1): e? ~ 1.
Recall that we are interested in the region p < v. For instance, consider the region
v < h < 1. In this region, the potential and its derivatives behave parametrically as:

[VV[~ O(%) + (O(h") + O(1*)) = O(r%), (A1)
V ~OhY) +0(ut) ~ 0(hY), (A.2)

where we have used the fact that © < v < h. The first term in [VV| comes from the
Higgs potential, while the terms in bracket come from Vi, analogously considerations hold
for the potential V. This gives ¥ ~ O(1/h) 2 1 for h < 1. Similar arguments hold in the
region 0 < h < v. For example, restricting to the region yu < h < v. Then the potential
and its derivatives behave parametrically as'®

IVV| ~ O(hv?) + (O(v*) + O(1?)) , (A.3)
V ~ 0@ +0(ut) ~ 0@, (A.4)

then the function ¥ is bounded from below and does not fall below unity. The region
h < p < v can be examined similarly.

Concerning the critical points, in the broken Higgs vacuum h = v and for x = 0 the
conjecture is trivially satisfied due to the contributions from the quintessence field. The
behaviour of the function in a neighborhood of this critical point is shown in Fig. 4. The
symmetric point of the Higgs potential (h = 0) does not violate the conjecture, contrary
to what happens in the two-field case of [22]. As shown in Fig. 4, the direction h = 0 is
potentially dangerous. However, it is immediate to see that the function ¥ is bounded from
below in that locus: ¥ 2 1. Another interesting locus to examine is that of V;, = 0 (for
values the of h for which solutions to this exists). For values of h such that V(h) < u3, we
have ¢ ~ ey where € = V(h)/p3. With this, the contributions to the potential and the its

gradient from the field ¢ are subdominant and ¥ ~ ﬁ On the other hand, for V(h) ~ u3,

¢ > p. In this regime, [VV| ~ vu®/? and there is no violation of the conjecture. Similar
arguments hold for ¢ ~ p.

9The term O(u?) is subleading with respect to O(hv?). The result depends on whether h < v* or the
opposite. In the former case |VV| ~ O(v*), otherwise [VV| =~ O(hv?). In both cases the function ¥ is
bounded from below.
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Figure 4. We plot the function ¥ in the x direction at h = v.
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