
Physics Reports 1059 (2024) 1–155
Contents lists available at ScienceDirect

Physics Reports

journal homepage: www.elsevier.com/locate/physrep

String cosmology: From the early universe to today
Michele Cicoli a,b, Joseph P. Conlon c, Anshuman Maharana d,
Susha Parameswaran e, Fernando Quevedo f, Ivonne Zavala g,∗

a Dipartimento di Fisica e Astronomia, Università di Bologna, via Irnerio 46, 40126 Bologna, Italy
b INFN, Sezione di Bologna, viale Berti Pichat 6/2, 40127 Bologna, Italy
c Rudolf Peierls Centre for Theoretical Physics, Beecroft Building, Clarendon Laboratory, University of Oxford, Parks Road, OX1
3PU, UK
d Harish Chandra Research Institute, A CI of Homi Bhabha National Institute, Chattnag Road, Jhunsi, Allahabad 211019, India
e Department of Mathematical Sciences, University of Liverpool, Liverpool L69 7ZL, UK
f DAMTP, University of Cambridge, Wilberforce Road, Cambridge, CB3 0WA, UK
g Department of Physics, Swansea University, Swansea, SA2 8PP, UK

a r t i c l e i n f o

Article history:
Received 16 May 2023
Received in revised form 22 December 2023
Accepted 9 January 2024
Available online xxxx
Editor: Claudia de Rham

Keywords:
Early universe cosmology
String theory
Inflation
Dark energy

a b s t r a c t

We review applications of string theory to cosmology, from primordial times to the
present-day accelerated expansion. Starting with a brief overview of cosmology and
string compactifications, we discuss in detail moduli stabilisation, inflation in string
theory, the impact of string theory on post-inflationary dynamics (reheating, moduli
domination, kination), dark energy (the cosmological constant from a string landscape
and models of quintessence) and various alternative scenarios (string/brane gases, the
pre big-bang scenario, rolling tachyons, ekpyrotic/cyclic cosmologies, bubbles of nothing,
S-brane and holographic cosmologies). The state of the art in string constructions is
described in each topic and, where relevant, connections to swampland conjectures are
made. The possibilities for novel particles and excitations (axions, moduli, cosmic strings,
branes, solitons, oscillons and boson stars) are emphasised. Implications for the physics
of the CMB, gravitational waves, dark matter and dark radiation are discussed along with
potential observational signatures.
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1. Introduction

We are living in a golden age for cosmology. The exquisite precision with which the power spectrum of density
erturbations of the cosmic microwave background (CMB) has been measured over the past 25 years is simply spectacular.
he surprising discovery of the accelerated expansion of the universe in the present epoch, also around 25 years ago, has
iven rise to arguably the biggest puzzle in physics: dark energy. This, combined with ever improving observations of the
arge-scale structure of the universe and the compelling evidence for the existence of dark matter, has made cosmology
precision science dominated by big data at all scales. The standard model of cosmology, ΛCDM, has only a handful
f parameters but provides an accurate match to most observations. A successful scenario, inflation, has emerged as the
tandard description of early universe cosmology that addresses the main puzzles of the Big Bang model (flatness, horizon,
onopole problems) and, most importantly, provides the seed for the density perturbations imprinted in the CMB. Its

heoretical predictions fit remarkably well with observations.
However, unlike the Standard Model of particle physics, which is a well defined theory with concrete predictions,

he standard model of cosmology, including inflation, is not based on an underlying theory. This is a fundamental issue
iven that early universe cosmology involves temperatures and energy scales which are higher than those probed in our
aboratories. At these scales, we do not have a complete theory. Furthermore, in contrast to particle physics, gravity cannot
e neglected when addressing questions in cosmology. Therefore, in order to address the physics of the early universe,
e need to have a well defined theory of gravity which also includes all other interactions. There are also puzzles at
he longest wavelengths. Formulating quantum mechanics in an accelerating spacetime (such as the present universe) is
ubtle as it is tied to various conceptual issues of quantum gravity. Over more than 35 years, string theory has emerged as
he most promising candidate for providing a consistent quantum theory combining gravity with all other particles and
nteractions. Yet, string theory still lacks concrete predictions that can be tested experimentally with today’s technology
nd needs to be developed further so that it can be confronted with potential observations in the not too distant future.
stablishing the connections between string theory and cosmology is therefore one of primary importance for fundamental
hysics.
Not surprisingly, there have been many attempts to extract information from string theory regarding its potential

osmological implications. This is not an easy task as our understanding of string theory is still incomplete. It is not yet
ossible to answer questions tied to the Big Bang singularity in the context of string theory. Nevertheless, there are many
osmological questions that can be addressed by string theory. In particular, deriving models of cosmological inflation
rom string theory is a difficult but achievable task, as is the physics from the end of inflation to the present epoch which
overs a range of energies and temperatures many orders of magnitude and may, in a logarithmic scale, correspond to up
o half of the expansion of the universe. In addition, string theory can lead to various exotic phases in the (early) universe
r consistency conditions that have distinct implications for cosmology. These alternatives are the least understood but
ome of the most exciting directions to explore in string cosmology.
String cosmology is a natural meeting point for many disciplines. String theory has a large number of degrees of

reedom in addition to those associated with the Standard Model and gravity. Many of these can be light and of direct
elevance for cosmology. Of particular importance are moduli – the fields that control the shape and size of the extra
dimensions, thereby setting the magnitude of couplings in the 4-dimensional effective field theory. Moduli are also ideal
3
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andidates for inflatons and often acquire non-trivial time dependence in post-inflationary string cosmology leading to
ifferences from the standard cosmological timeline. In the present epoch, all moduli must be pinned to their minima or
e very slowly rolling. Thus, whether it be the early universe or the present epoch, understanding the potential energy
unctional for moduli fields and their dynamics is central to string cosmology. Therefore, string cosmology requires a
eep knowledge of string compactifications (dimensional reduction and derivation of low energy effective actions that
rise from string theory) – this involves many aspects of modern mathematics. The study of alternatives often requires
nderstanding string theory in novel regimes and has the potential to provide an answer to the question: What is string
heory? Furthermore, addressing questions such as the dimensionality of spacetime and, as most theorists believe, how
pacetime itself may emerge from a fundamental theory, may lie in the domain of string cosmology.
Finally, from the point of view of a pragmatic cosmologist, string theory can be thought of as a black box which

ontinually generates interesting models and scenarios. These have served as a useful driver for both theory and
bservational targets in cosmology. String cosmology thus brings together many areas and its study is not only central to
ur understanding of fundamental physics but also for advances in these areas.
This review aims to give a concise overview of the state of the art in the subject. It is structured as follows.

ection 2 provides a brief review of cosmology. After quickly going through Freedman–Lemaitre–Robertson–Walker
FLRW) cosmology and the history of the universe in the standard model of cosmology, we describe the physics of inflation.
e discuss how inflation provides a theory for generating inhomogeneities in the universe, thereby allowing it to connect

o precision observational cosmology. We also introduce quintessence — the possibility that the acceleration of the present
niverse is due to a slowly rolling scalar field.
Section 3 deals with string compactifications and moduli fields. After providing a general overview of moduli, we

iscuss moduli stabilisation in various string theories. A summary of various scenarios to obtain de Sitter space (as a
odel of the universe in the present epoch) is provided, emphasising the general achievements and challenges.
Section 4 is on inflation in string theory. Here, we begin by describing why it is necessary to embed models of inflation

nto theories of quantum gravity and the challenges for inflation in string theory. We present a list of well-established
tring theoretic models of inflation classified according to the form of their potential. We also give a ‘‘report card’’ in the
orm of a table which shows how each of these models fares when confronted with observations.

Section 5 is on the post-inflationary epoch between the end of inflation and the start of the Hot Big Bang. We start by
iscussing reheating in the context of string cosmology and identify the cosmological moduli problem, which is a generic
utcome of string cosmology. We go on to describe modifications of the standard cosmological timeline (such as epochs
f moduli domination and kination) which are natural in string cosmology. Opportunities and challenges in the context
f dark matter and dark radiation are summarised and concrete sources of inhomogeneities and gravitational waves are
dentified, such as oscillons.

Section 6 is on dark energy (the present day constituent of the energy budget of the universe that is driving
cceleration) in string theory. It is divided into two main parts — dark energy arising from a cosmological constant term (a
e Sitter solution) and dynamical dark energy (quintessence). In the first part, after describing the cosmological constant
roblem we discuss how the string landscape (an enormously large number of string vacua with finely spaced values of the
osmological constant) offers a potential, if controversial, solution to the problem. In the second part, interesting avenues
o construct models of quintessence in string theory are discussed and the associated challenges are outlined.

Section 7 deals with alternatives to the standard cosmology. We discuss string gas cosmology, the ekpyrotic/cyclic
niverse, rolling tachyon cosmology, pre-Big Bang cosmology, S-branes, holographic models and models including creation
r decay to nothing. This section also discusses the swampland approach, which aims at determining consistency
onditions (and their physical implications) that an effective field theory must satisfy so that it can be embedded in
tring theory or any theory of quantum gravity. We conclude in Section 8.

. Cosmology

The dynamics of our universe is described by Einstein equations in the presence of matter. The Friedmann–Lemaitre–
obertson–Walker (FLRW) metric describing the evolution of the Universe is based upon the assumption of homogeneity
nd isotropy, which is approximately true on large scales. These assumptions determine the metric up to an arbitrary
unction of time, a(t), the scale factor, which measures the time evolution of the Universe, and a discrete parameter
= −1, 0, 1, which determines the 3-dimensional curvature of the Universe, namely whether it is respectively open, flat
r closed.
Small deviations from homogeneity at early epochs played a very important role in the dynamical history of our

niverse. Small initial density perturbations grew via gravitational instability into the structures that we observe today
n the universe. The temperature anisotropies observed in the Cosmic Microwave Background (CMB) are believed to have
riginated from quantum fluctuations generated during an inflationary stage in the early universe, which we review in
ection 2.3. In this section we review the main features of the homogeneous and isotropic cosmology necessary for the
ubsequent sections. For dedicated accounts of the standard ΛCDM cosmology and the growth of cosmic structure, we
lso refer the reader to e.g. [1–4]. More technical summaries of recent progress and challenges can be found in [5–7].
The FLRW metric can be written as:

ds2 = −dt2 + a(t)
[
dr2 + f 2k (r)

(
dθ2 + sin2 θ dφ2)] , (1)
4
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fk(r) =

{ sin r if k = +1,
r if k = 0,

sinh r if k = −1.

he dynamics associated with the scale factor a(t) is determined by Einstein’s equations:

Gµν ≡ Rµν −
1
2
gµνR = 8π G4 Tµν , (2)

provided the matter content encoded in the energy–momentum tensor Tµν is specified. Let us consider an ideal perfect
fluid as the source of the energy momentum tensor. In this case we have:

Tµν = diag (−ρ, p, p, p) , (3)

where ρ and p are the energy density and pressure of the fluid, respectively.
Einstein’s equations for the metric (1) and energy–momentum tensor (3) give the two independent equations:

H2
=

8πG4

3
ρ −

k
a2
, (4)

ä
a

= −
4πG4

3
(ρ + 3 p) , (5)

here H is the Hubble parameter (function), defined as

H ≡
ȧ
a
. (6)

The energy momentum tensor is conserved by virtue of the Bianchi identities, ∇µTµν = 0, leading to the continuity
quation

ρ̇ + 3H(ρ + p) = 0 , (7)

which can be derived also from Einstein’s equations above, (4), (5). Notice already that Eq. (5) implies that in order to
have accelerated expansion, that is ä > 0, the energy density and pressure must be such that

(ρ + 3p) < 0 . (8)

One can write Eq. (4) in the form

Ω(t) − 1 =
k

(aH)2
, (9)

where we defined the dimensionless density parameter

Ω(t) ≡
ρ(t)
ρc(t)

, ρc(t) ≡
3H2(t)
8πG4

, (10)

ith ρc the critical density. From here we can see that the matter distribution determines the spatial geometry of our
niverse:

Ω > 1 or ρ > ρc ⇒ k = +1 ,
Ω = 1 or ρ = ρc ⇒ k = 0 ,

Ω < 1 or ρ < ρc ⇒ k = −1 . (11a)

Observations indicate that the current universe is very close to a spatially flat geometry [8]. This is actually a natural
result from inflation in the early universe (see below). Hence, in this section we consider a flat universe (k = 0, Ω ≃ 1).
But we will keep an open mind regarding the spatial curvature when we discuss string constructions.

2.1. Evolution of the universe filled with a perfect fluid

Let us now consider the evolution of the universe filled with a barotropic perfect fluid with an equation of state of the
form
5
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Table 1
Scale factor and energy density behaviour for matter, radiation, kinetic energy and vacuum dominated
universes for k = 0.
Stress energy ω Energy density Scale factor a(t)

Matter ω = 0 ρm ∼ a−3 a(t) ∼ t2/3

Radiation ω = 1/3 ρr ∼ a−4 a(t) ∼ t1/2

Kinetic energy ω = 1 ρKE ∼ a−6 a(t) ∼ t1/3

Vacuum (Λ) ω = −1 ρΛ ∼
Λ

8πG4
a(t) ∼ exp(

√
Λ/3 t)

p = ω ρ , (12)

here ω is a constant when the perfect fluid corresponds to matter, radiation, and vacuum domination (see Table 1).
Using the equation of state we can solve Einstein’s equations to obtain (for ω ̸= −1)

H =
2

3(1 + ω)(t − t0)
, (13)

a(t) ∝ (t − t0)
2

3(1+ω) , (14)
ρ ∝ a−3(1+ω) . (15)

or ω = −1, we see from Eq. (7) that the energy density is constant. In this case, the Hubble rate (4) is also constant and
o the evolution for the scale factor is:

a ∝ eHt , (16)

hich is a de Sitter universe. We show in Table 1 the behaviour of ρ and a(t) for typical equations of state. Using the
quation of state in Eq. (5), we see that an accelerated expansion occurs whenever

ω < −1/3 . (17)

n order to explain the current acceleration of the universe, we require an energy density, ‘dark energy’, with equation of
tate satisfying Eq. (17).
The different equations of state satisfied by radiation, matter and dark energy (see Table 1) imply that their relative

bundances differed in the past universe, since their energy densities evolve very differently as the universe expands.
The current measurements of the present-day Hubble scale, H0, tell us the present value of the total energy density

T =
∑

i ρi, of the universe. The present value of the Hubble parameter is measured to be1 H0 = 100 h0 km s−1Mpc−1,
hich gives, via (5) with k = 0,

ρtot ∼ ρc =
3

8πG4
H2

0 ∼ 10−27 kg/m3 . (18)

he Friedman Eq. (5) can then be rewritten as:∑
i

Ωi = 1 , (19)

ith Ωi (see Eq. (10)) the present-day fraction of energy density contributed by each fluid component and with i running
ver all components. At present, there is good evidence for the following four components of the cosmic fluid:

(a) Radiation, with equation of state parameter ω = 1/3 and whose energy density is dominated by CMB photons. The
total energy density of radiation today is a small fraction of the present total energy density with Ωr ≃ 10−4.

(b) Baryons, with equation of state parameter ω = 0, corresponding to ordinary matter (i.e. nucleons, atoms), whose
fraction is ΩB ≃ 0.04.

(c) Dark Matter, also governed by an equation of state parameter ω = 0, whose fraction is observationally determined
to be ΩDM ≃ 0.27. Since both baryons and matter have the same equation of state, they can be put together to
give the total matter density fraction as Ωm = ΩB +ΩDM ≃ 0.31.

(d) Dark Energy, with equation of state parameter ω = −1. Over the last two decades, the evidence for the current
accelerated expansion of the universe has accumulated, giving the largest contribution to the total energy density,
ΩΛ ≃ 0.69.

1 The constant h ≈ 0.73 accounts for the uncertainty in H .
0 0

6
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Fig. 1. Energy density evolution for radiation ρr , non-relativistic matter ρm , (constant) dark energy ρΛ and the total energy density, ρT as a function
f the scale factor in Planck units with a0 = 1 today.

Using the present day values, we can write the Hubble parameter more generally as:

H2
=

8πG
3
ρT = 3H2

0 Ωm e−3N
+ 3H2

0 Ωr e−4N
+ 3H2

0 ΩΛ , (20)

here we introduced the number of e-foldings, N ≡ ln a, and a0 = 1 today. Because each term varies so differently with
time, the history of the universe can be decomposed into different epochs during which one or another term dominates
the expansion and so controls the overall change in ρT , as we show in Fig. 1

2.2. Major events

The Hot Big Bang model for cosmology assumes that the universe was initially a hot soup of elementary particles
at a very high temperature. In broad terms, the subsequent evolution describes the cooling of this hot soup as the
universe expands. Indeed, conservation of entropy (for relativistic particles with a constant number of species) implies
that temperature falls as

T (t) = T0

(
a0
a(t)

)
, (21)

nd can be used as an alternative to time to parameterise the history of the universe. There are two main consequences
f such an expansion and cooling:

1. Reaction rates in dilute systems are generically proportional to the number of participants per unit volume, because
the reactants must be able to find one another before they are able to react. Since particle densities fall as the
universal volume grows, reaction rates also fall. Thus interactions between particles freeze out when the interaction
rate drops below the expansion rate. This implies that one of the main trends of cosmology is that, as the universe
ages, thermal and chemical reactions fall out of equilibrium.

2. A consequence of the previous point is the appearance of bound states of particles as the universe ages. Although
the reactions forming bound states can always occur, at the earliest epochs temperatures are high enough to ensure
that collisions very efficiently destroy these bound states, leaving very few to survive in equilibrium conditions. As
the temperature drops, the inter-particle collisions become less violent and eventually the reactions of formation
can dominate to leave a population of primordial relic bound states. Moreover, in an expanding universe, broken
symmetries in the laws of physics may be restored at high energies. At very early epochs, phase transitions are
also expected to play an important role in the cosmic evolution, but as yet there is no direct evidence that such
transitions took place.

The main events constituting the history of our universe can be summarised as follows (see Table 2 and Fig. 2).

• At t ∼ 10−43 s (1019 GeV), we are near the Planck scale, where we expect quantum gravity effects, such as those of
string theory, to dominate and general relativity not to be valid. One of the fundamental issues of spacetime structure
at the Planckian scale is the question of cosmic singularities. It is expected that these problems will be addressed in
the, as yet not definitively known, non-perturbative quantum gravity theory.
7
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c

Fig. 2. A schematic representation of the different epochs and their temperatures within the history of the universe in the standard ΛCDM
osmological model.

Table 2
Brief history of our universe. Temperature units can be transformed to Kelvin using the conversion factor 1 GeV =

1.16 × 1013 K.
Temperature Time Particle physics Cosmological event

1019 GeV 10−43 s Quantum Gravity Gravitons decouple?

1019 GeV - 102GeV 10−43 s - 10−12 s Grand Unification? Desert?
String theory? Extra
dimensions?

Inflation? Topological
defects? Baryogenesis?

102 GeV 10−12 s Electroweak Breaking Baryogenesis?

0.3 GeV 10−5 s QCD scale Quark–Hadron transition

10 − 0.1 MeV 10−2 – 102 s Nuclear Physics Scale Nucleosynthesis, Neutrinos
decouple

10 eV 1011 s Atomic Physics Scale Atoms formed, CMB, Matter
domination

• The period from t ∼ 10−43
− 10−14 s corresponds to temperatures of around T ∼ 1019 GeV–104 GeV, which are not

foreseeably accessible by accelerators. In this sense, the universe can be used to test fundamental physics relevant at
this scales, such as supersymmetry, grand unification, string theory, extra dimensions, and other theories. Perhaps
the most interesting phenomenon in the above energy range is the accelerated expansion of the early universe,
inflation, which, as will be discussed below, likely occurred somewhere near grand unification scales.

• The epoch from t ∼ 10−14
− 10−10 s, corresponding to temperatures of T ∼ 104 GeV–100 GeV, may be accessible

by accelerators. In particular, the standard model of the electroweak and strong interactions is applicable here.
• At t ∼ 10−5 s, the corresponding temperature T ∼ 200 MeV, the QCD scale, where the quark–gluon transition takes

place.
• Between t ∼ 0.2 s and 200 − 300 s (where T ∼ 1 − 2 MeV at the start and T ∼ 0.05 MeV at the end), we have

temperatures at the nuclear physics scale. Two important events happen during this period. First, the primordial
neutrinos decouple from the other particles and subsequently propagate without further scatterings. Second, the
process of primordial nucleosynthesis takes place. The initial conditions for this are set by the ‘freeze out’ of the ratio
of neutrons to protons, when the interactions that keep these particles in chemical equilibrium become inefficient;
the number of the surviving neutrons subsequently determines the abundances of the primordial elements. As
nuclear reactions become efficient, previously free protons and neutrons form helium and other light elements. The
abundances of the light elements resulting from Big Bang Nucleosynthesis (BBN) are in very good agreement with
8
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observations, and this strongly supports our understanding of the universe’s evolution back to the first second after
the big bang.

• t ∼ 1011 s (T ∼ eV). This time corresponds to matter-radiation equality, which separates the radiation-dominated
epoch from the matter-dominated epoch.

• At t ∼ 1012
− 1013 s another two related important event happens. During so-called ‘recombination’, nearly

all free electrons and protons combine to form neutral hydrogen. At this stage, the photons decouple and the
universe becomes transparent to the background radiation. The Cosmic Microwave Background (CMB) temperature
fluctuations, induced by the slightly inhomogeneous matter distribution at photon decoupling, form and survive to
the present day, delivering direct information about the state of the universe at the last scattering surface.

• Finally, at our present time t ∼ 1016
− 1017 s, galaxies and their clusters have formed from small primordial

inhomogeneities as a result of gravitational instability. An important question regarding this period is the nature
of both dark matter and also the dark energy which is driving the present day accelerated expansion.

The standard cosmological model just discussed describes a simple and consistent picture of the relatively recent
universe, which is able to account for the many available observations of the overall structure and evolution of the
universe. This picture bears up to scrutiny very well, at least for all times after the epoch of BBN. This success however,
comes with some drawbacks, which can be summarised as follows:

• The horizon problem. The CMB radiation, first discovered in 1964, is known with excellent precision and is landmark
evidence of the Big Bang origin of the universe. One of its most striking features is that its variations in intensity
across the sky are tiny, less than 0.01% on average. It follows from this that the universe was extremely homogeneous
at the time of recombination. Assuming the standard expansion of the universe, we receive the same physical
information from causally disconnected regions of space. It is (apparently) a puzzle why the radiation is so uniform.

• The flatness problem. The most recent results from the CMB are consistent with a flat universe. Namely, the position
and height of the first acoustic peak on the spectrum of the CMB provides evidence for Ω = 1 (see (11)) [8]. The
flatness problem refers to the fact that for Ω to be so close to one at present, it had to be essentially one in the early
universe to extraordinarily high precision, which also constitutes an apparent puzzle.

• Dark matter & Dark Energy. The standard cosmological model, supported by the most recent data [8], postulates the
existence of two new forms of matter, namely dark matter and dark energy, for which there is no direct evidence
from particle physics or from Earth-based experiments.

– Dark matter: Besides CMB evidence for dark matter, the survey and study of the behaviour of matter, such as
rotation curves of galaxies, at many different scales, has given evidence that there should be a new kind of
matter, not present in the standard model of particle physics. This plays an important role in the explanation
of the large scale structure formation. We still do not know what dark matter is: is it a particle, or some sort
of massive compact object present in the universe?

– Dark energy: Recent results form the study of high redshifted supernovae, combined with CMB results provide
strong evidence for the fact that the universe is accelerating today (ln a ∼ −0.34, see Fig. 1). This indicates
that there should be a form of ‘dark energy’ satisfying Eq. (8) (ρ + 3p) < 0 and thus causing the universe to
accelerate today. Either an effective cosmological constant or a time varying scalar field, called quintessence, are
the main proposals for this dark energy.

All of these problems are strong guides as to the nature of necessary extensions beyond the Hot Big Bang, and in
eneral to the need for physics beyond that contained in the Standard Model of particle physics.

.3. Cosmological inflation

Cosmic Inflation was initially motivated as a way to address the flatness and horizon problems above. Quite com-
ellingly, it was later found that it also provides a simple explanation for the origin of the primordial density fluctuations
hich seeded the observed temperature fluctuations of the CMB and the formation of galaxies through gravitational
ollapse.
The main idea behind inflation is that the universe underwent a period of accelerated expansion at some point in its

ery distant past. If the inflationary period is long enough, it rapidly flattens the universe, solving the flatness problem. It
lso explains why some regions could be in causal contact with each other, solving the horizon problem. Requiring that
nflation solves both the flatness and horizon problems, one can estimate that inflation should last for N ≳ 60 e-foldings.

An accelerated expansion implies that

ä > 0 . (22)

sing (6) we can express this condition as

ä
= H2 [1 − ϵ] > 0 , (23)
a
9
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Fig. 3. An illustration of the standard picture of slow-roll inflation ending in fast roll of the inflation to a minimum and subsequent reheating of
the universe.

where we introduce the slow-roll parameter ϵ, defined as

ϵ ≡ −
Ḣ
H2 , (24)

nd thus the condition for an accelerated universe is encoded in the requirement that

ϵ < 1 . (25)

sing (4) and (7) in (24), we can write ϵ as

ϵ ≡
3
2
(1 + ω) , (26)

nd thus ϵ < 1 implies the condition (17) for an accelerated expansion, as seen previously.
This is equivalent to the statement that the comoving Hubble radius (aH)−1 shrinks in accelerated expansion, rather

han the growing behaviour of radiation and matter dominated phases. That is,

d
dt

(aH)−1
= −

1
a
[1 − ϵ] < 0. (27)

n a universe dominated by a fluid with equation of state p = ωρ, the comoving Hubble radius behaves as

1
aH

∼ t
ϵ−1
ϵ , (28)

nd thus again we see that ϵ < 1 implies that the comoving Hubble radius decreases, while for ϵ > 1, it increases. For
example, during matter domination ω = 0 and ϵ = 3/2, while during radiation domination ω = 1/3 and ϵ = 2. Note
that as soon as the condition ϵ < 1 fails, inflation ends and thus we can define the end of inflation as ϵ ∼ 1.

In the de Sitter limit, ϵ → 0, the space grows exponentially as in (16). More generally, an inflationary expansion
requires a somewhat unconventional matter content. Indeed, from (5) we see that, for a universe supported by a perfect
fluid, the energy density and pressure should satisfy

ρ + 3p < 0 , (29)

hat is, the overall pressure of the universe should be negative p < −ρ/3, which corresponds to a violation of the
trong energy condition (SEC).2This occurs in neither radiation nor matter dominated phases (for which p = ρ/3, p = 0
espectively). However, one simple energy source that can drive inflation is the positive potential energy of a single
canonically normalised) scalar field with negligible kinetic energy (see Fig. 3 for an illustrative example). As we will
ncounter later, other alternatives are also possible.

2 The SEC for a perfect fluid states that ρ + p ≥ 0 [9].
10
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.3.1. Slow-roll conditions
Let us consider a single (canonically normalised) scalar field, the inflaton, with potential energy V , coupled to gravity.

ts action reads

S =

∫
d4x

√
−g

[
1

8π G4

R4

2
−

1
2
∂µϕ ∂

µϕ − V (ϕ)
]
. (30)

lthough the inflaton can in principle depend on both time and space, inflation rapidly smooths out spatial variations,
nd thus for the background evolution, it suffices to study3 ϕ = ϕ(t). In a spatially flat FLRW spacetime (1) the variation

of the action (30) with respect to ϕ gives

ϕ̈ + 3Hϕ̇ + V,ϕ = 0 . (31)

he energy momentum tensor of the field derived from (30) gives

Tµν = ∂µϕ∂νϕ − gµν

[
1
2
(∂ϕ)2 + V (ϕ)

]
. (32)

n the flat FLRW background, the energy density and pressure of the scalar are found to be

ρϕ =
1
2
ϕ̇2

+ V (ϕ) , (33a)

pϕ =
1
2
ϕ̇2

− V (ϕ) . (33b)

With this, Eqs. (4) and (5) yield

H2
=

8π G4

3

(
ϕ̇2

2
+ V (ϕ)

)
, (34)

ä
a

= −
8π G4

3

(
ϕ̇2

− V (ϕ)
)
. (35)

e now introduce the slow-roll conditions. A nearly exponential expansion can be ensured by the requirement that the
ractional change of the Hubble parameter per e-fold N is small, that is ϵ ≪ 1 (see Eq. (24)). In terms of the inflaton, ϕ,
his can be written as (from now on we use MPl rather than G4)

ϵ =
ϕ̇2

2M2
PlH2

≪ 1 . (36)

equiring that inflation lasts for a sufficiently long time that the horizon problem is solved is equivalent to requiring that
remain small for a sufficient number of Hubble times, which is measured by the second slow-roll parameter, η, defined
s

η ≡
ϵ̇

Hϵ
=

Ḧ
HḢ

+ 2ϵ = 2
ϕ̈

Hϕ
+ 2ϵ . (37)

his then implies that δϕ ≪ 1, where we defined

δϕ ≡
ϕ̈

Hϕ̇
. (38)

sing the Friedman Eq. (34), we see that the first slow-roll condition (36), implies that ϕ̇2
≪ V and therefore we can

rite (34) as

H2
≃

V (ϕ)
3M2

Pl
. (39)

oreover, using (38), we can write (31) as

3Hϕ̇ + V,ϕ ≃ 0 . (40)

In the present case of a single scalar field, we can write the slow-roll conditions (36) and (38) (equivalently (37)) solely
n terms of the scalar potential and its derivatives as follows. From the condition (36), using (39) and (40), we arrive at

ϵV ≡
M2

Pl

2

(
V,ϕ
V

)2

≃ ϵ , (41)

3
 The spatial dependence will be relevant later for the quantum fluctuations of the inflaton.

11
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Fig. 4. Horizon exit and re-entry of a density perturbation with wave number k.

which is the first potential slow-roll parameter. Next, using the conditions (39) and (40) in (38), we obtain

M2
Pl
V,ϕϕ
V

+ ϵ ≪ 1 , (42)

nd so therefore introduce the second potential slow-roll parameter, ηV ,

ηV ≡ M2
Pl

⏐⏐⏐⏐V,ϕϕV

⏐⏐⏐⏐ . (43)

hus, in single field inflation, the slow-roll parameters can be written in terms of the scalar potential and its derivatives,
hich need to be small during inflation:

ϵV ≪ 1 , ηV ≪ 1 . (44)

ote that in this case, the smallness of the ηV -parameter (which in the present single field case is equivalent to η and
ϕ), implies that the mass of the inflation, |m2

inf| ∼ |V,ϕϕ | ≪ H2 (as we will see, this conclusion no longer holds when
ore scalar fields are present [10,11]). The required smallness of the slow-roll parameters, and in particular the mass of

he inflaton, is vulnerable to quantum corrections, as we will discuss in detail when we consider UV complete models in
ection 2.3.

.3.2. Primordial fluctuations
As we have seen, the early universe is supposed to have been rendered very nearly uniform by a primordial inflationary

poch. According to our current understanding, structures in the universe originated from tiny ‘seed’ perturbations, which
rew to form all the structures we observe today. Observations of the CMB support this view, indicating that at the
ime of decoupling the universe was very nearly homogeneous with small inhomogeneities at the 10−5 level. The best
andidate for the origin of these perturbations is quantum fluctuations produced during inflation in the early universe.
hese perturbations extend from extremely short scales to cosmological scales by the stretching of space during inflation.
The shrinking of the comoving Hubble radius (Hubble horizon) during inflation implies that fluctuations leave the

orizon at some point (see Fig. 4). Once inflation ends, the Hubble radius increases and the fluctuations eventually reenter
t during the radiation – or matter – dominated epochs. Fluctuations that exit the horizon around 60 e-foldings or so
efore the end of inflation, reenter with physical wavelengths in the range accessible to cosmological observations, with
he CMB probing around 7–10 e-folds (note that the number 60 here depends on the post-inflationary evolution which, as
iscussed in Section 5, can be quite different in stringy scenarios compared to the vanilla picture of immediate reheating;
ee [12,13] for discussions in a stringy context). The spectra generated for density perturbations and gravitational waves
uring inflation provide a distinctive signature and can be measured by analysing the microwave background radiation
nisotropies.
During inflation, the inflaton field dominates the energy density of the universe, and thus any perturbation on it implies

perturbation of the energy–momentum tensor

δϕ ⇐⇒ δTµν . (45)
12
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perturbation in the energy–momentum tensor then implies, via Einstein’s equations of motion, a perturbation of the
etric

δGµν =

(
δ(Rµν) −

1
2
δ(gµν R)

)
= 8πGδTµν , (46)

nd so we have

δϕ ⇐⇒ δgµν . (47)

he metric perturbations can be decomposed according to their spin into scalar, vector and tensor perturbations with
espect to rotations of spatial coordinates on hypersurfaces of constant time. At linear order, the scalar, vector and tensor
erturbations evolve independently (decouple) and it is thus possible to analyse them separately. Vector perturbations do
ot get excited during inflation because there are no rotational velocity fields. In what follows, we summarise the analysis
f scalar and tensor perturbations in inflation. For more details see e.g. [14,15].

auge choice
An important subtlety in the study of cosmological perturbations is that the split into background and perturbations is

ot unique, but depends on the choice of coordinates or the gauge choice. It is important to note that there is no preferred
auge. To eliminate this ambiguity, one has two choices: either identify gauge invariant quantities or choose a given gauge
nd perform the calculations in that gauge. Both options have advantages and drawbacks. By selecting a certain gauge, the
alculations might be made technically simpler, but there is a risk that doing so introduces gauge artifacts or unphysical
erturbations. On the other hand, a gauge-invariant computation may be technically more involved, but has the advantage
f dealing only with physical quantities.

auge-invariant variables
As we discussed above, it is helpful to provide gauge-invariant combinations of metric and matter perturbations in

rder to avoid the problem of spurious gauge modes. There are three gauge invariant quantities that are usually defined
n calculations of inflation:

Gauge invariant variables

i. The comoving curvature perturbation. This is given by

R = Ψ + H
δϕ

ϕ̇
, (48)

where Ψ is the spatial curvature perturbation. In geometrical terms, R measures the spatial curvature of
comoving hypersurfaces.

ii. The curvature perturbation on slices of uniform energy density. This is given by

ζ = Ψ −
δρ

3(ρ + p)
. (49)

Geometrically, ζ measures the spatial curvature of constant-density hypersurfaces. For a scalar field,
(ρ+p) = ϕ̇2. Moreover, during inflation δρ ≃ −3H ϕ̇ δϕ. Thus ζ and R are equal during slow-roll inflation.
As we will see they are also equal on super-horizon scales and therefore the correlation functions of ζ and
R are the same at horizon crossing. Moreover, both are conserved on super-horizon scales during slow-roll
inflation.

iii. Scalar field perturbations in spatially flat gauge. The spatially flat gauge is defined as the slicing where there
is no curvature Ψ = 0. It gives a gauge-invariant measure of inflaton perturbations and is given by

Q = δϕ +
ϕ̇

H
Ψ . (50)

One can compute the curvature perturbation generated during inflation on super-Hubble scales, ζ or R, either using
particular gauge and computing the gauge-invariant curvature in that gauge, or by doing a fully gauge-invariant

alculation. The results are equivalent.
The gauge-invariant curvature perturbation R defined above is conserved outside of the horizon. Thus, we can compute

t at horizon exit and remain ignorant about the sub-horizon physics during and after reheating until horizon re-entry of
given R-mode, k.
The equation of motion for the curvature perturbation R, takes a simple harmonic oscillator form and thus it can be

uantised by promoting the classical field R to a quantum operator and then quantising it. One can then compute the
ower spectrum of curvature fluctuations at horizon crossing.
We summarise the results and refer the reader to the bibliography for the details on the computations [15].
13
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calar perturbations
The mode equation of motion for the Fourier components of R is given by

R′′

k + 2
z ′

z
R′

k + k2 Rk = 0 , (51)

here here a prime denotes derivative with respect to conformal time η, dη = dt/a(t); k is the wavenumber and
z ≡ a ϕ̇/H , sometimes referred to as the pump field, which satisfies

z ′

z
= aH (1 + ϵ − δ) , (52)

here we have defined4

δ ≡ −
Ḧ

2HḢ
. (53)

et us note that fluctuations are created on all length scales, λ. Relating the length scale with its wavenumber k, as
= 2πa/k this means that the fluctuations are created with a spectrum of wavenumbers, k. Fluctuations that are

osmologically relevant start their lives inside the horizon (i.e. Hubble radius), that is k/aH ≫ 1. However, while the
comoving wavenumber is constant the comoving Hubble radius shrinks during inflation. Scales for which k/aH ≪ 1 are
outside the Hubble radius; eventually, all fluctuations exit the horizon. Thus we refer to the scales as follows (see Fig. 4):

k
aH

≫ 1 ⇒ sub-horizon scales

k
aH

≪ 1 ⇒ super-horizon scales

For scales well outside the horizon, the solutions to (51) are given by

Rk(η) = C1 + C2

∫
dη
z2
, (54)

here C1 and C2 are integration constants. From (52) we have

z(a) = z0 exp
[∫

(1 + ϵ − δ) d ln a
]
, (55)

nd therefore we see that during slow-roll, when ϵ, δ ≪ 1, z ∼ a. Since in this case a ∼ −1/(Hη) we see that the term
roportional to C2 in (54) decays rapidly as a−3 outside the horizon, and is thus called the decaying mode. The curvature
erturbation is conserved at super-horizon scales and controlled by the constant mode C1. We thus see that the constancy
f Rk depends on ϵ and δ doing nothing dramatic even after horizon crossing. However, a more dramatic situation can
rise from a failure of slow-roll. If at any time after horizon crossing the friction term in (51) changes sign, becoming a
egative driving term, the decaying mode can become a growing mode with interesting cosmological implications [16–18].
his change of sign can occur whenever z reaches a local maximum, that is, whenever 1 + ϵ − δ = 0. Since ϵ is always
ositive, δ must be at least one for this to happen. This can occur during a transient period of fast-roll, ultra slow-roll or
on slow-roll period. We review below briefly this possibility.
The amplitude of the scalar power spectrum at leading order in slow-roll can be obtained by matching the super-

orizon solution with the Bunch–Davies vacuum at sub-horizon scales, to obtain5:

PR =
H4

(2π )2 ϕ̇2

⏐⏐⏐⏐
k=aH

=
H2

8π2M2
Pl ϵ

⏐⏐⏐⏐
k=aH

, (56)

here all quantities are evaluated at horizon crossing, k = aH and we have used (36) in the last equality. The power
spectrum of the cosmic microwave background scalar fluctuations is shown in Fig. 5.

4 Note from (37) that η = −2δ + 2ϵ. Note also the difference between δ, determined by the full energy density and δϕ , which is associated only
to the dynamics of a scalar fluid(s) component.
5 This is sometimes denoted as P or ∆ .
R s
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Fig. 5. The power spectrum of the scalar fluctuations of the cosmic microwave background including error bars for the ΛCDM model. This is one of
ost impressive examples of the precision level (≃10−5) reached in cosmology so far, in which only a handful of parameters is enough to explain
uch a large number of data points.
ource: Taken from [8])

rimordial tensor perturbations
Quantum fluctuations in the gravitational field are generated in a similar fashion as the scalar perturbations discussed

o far. In general, the linear tensor perturbations may be written as

ds2 = a2(η)
[
−dη2 + (δij + hij)dxidxj

]
, (57)

ith hij ≪ 1. If the energy momentum tensor is diagonal, as is the case in the simplest inflationary model we have
iscussed so far, the tensor modes do not have any source and their action is that of two (not yet canonically normalised)
ndependent massless scalar fields.6

The corresponding canonically normalised field (dropping ij indices),

vk ≡
a
2
MPl hk , (58)

atisfies the equation of motion

v′′

k +

(
k2 −

a′′

a

)
vk = 0 , (59)

hich is the equation of motion of a massless scalar field in a quasi-de Sitter epoch. It is interesting to note that, contrary
o the scalar case, no interesting effects arising from transient violations of slow-roll can occur for gravitational waves in
tandard GR.7 This can be most easily seen as follows. Defining the field

ψk =
vk

a
, (60)

q. (59) becomes

ψ ′′

k + 2aHψ ′

k + k2ψk = 0 . (61)

s the ‘pump field’ a increases for all time, the constancy of the gravitational wave amplitude after horizon crossing is
uaranteed until horizon re-entry [16].

6 The tensor hij has six degrees of freedom, but tensor perturbations are traceless, hi
i = 0, and transverse ∂ ihij = 0, (i = 1, 2, 3). These are four

onstraints, that leave only two physical degrees of freedom, or polarisations.
7 However, in general scalar-tensor theories there can be non-trivial effects as discussed in [19].
15
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The amplitude of the tensor power spectrum is found to be

PT =
2
π2

H2

M2
Pl

⏐⏐⏐⏐
k=aH

. (62)

ote that this differs from the scalar power spectrum by depending only on the value of H and not additionally on the
low-roll parameter ϵ. Consequently, a comparison of both scalar and tensor modes amplitudes provides a direct measure
f the slow-roll parameter ϵ. A more precise statement of this comparison is usually phrased in terms of the parameter
, defined as tensor-to-scalar ratio of the power spectra

r ≡
PT

PR
= 16 ϵ . (63)

.3.3. Scale dependence
The scale dependence of the power spectra is given by the spectral tilt indices and follows from the time-dependence

f the Hubble parameter. The scalar and tensor spectral indices are given, respectively, by

ns − 1 ≡
d lnPR

d ln k
, nt ≡

d lnPT

d ln k
. (64)

sing that d ln k = Hdt + d(lnH) one finds, to first order in the Hubble slow-roll parameters

ns − 1 = −2ϵ − η , (65a)

nT = −2ϵ , (65b)

where ϵ, η are defined in Eqs. (24) and (37) respectively and these quantities are defined at horizon crossing.
We see that single-field slow-roll models satisfy a consistency condition between the tensor-to-scalar ratio r and the

tensor tilt nT :

r = −8 nT . (66)

f this relation were to be falsified by future observations of the CMB anisotropies, it would indicate that inflation was
ot driven by a single field.

.3.4. Lyth bound
Note that from Eqs. (36) and (63), we see that the tensor-to-scalar ratio relates directly to the evolution of the inflaton

s a function of the number of e-foldings N =
∫
Hdt:

r =
8
M2

Pl

(
dϕ
dN

)2

. (67)

herefore, the total field evolution, between the time when CMB fluctuations left the horizon at Nhc and the end of inflation
t Nend, is given by

∆ϕ

MPl
=

∫ Nhc

Nend

dN
√

r
8
. (68)

aking the conservative assumption that r remains approximately constant during the inflationary period probed by the
MB, the inflaton must satisfy the so-called Lyth bound8 [21,22]:

∆ϕ

MPl
≳ 2 ×

( r
0.01

)1/2
. (69)

his relation indicates that ‘large’ values of the tensor-to-scalar ratio, r ∼ 0.01, correlate with ∆ϕ ∼ MPl, or large-field
nflation. The vulnerability of large-field inflation to quantum corrections will be discussed in Section 2.3.

Using Eqs. (62) and (63), one can also immediately relate the Hubble parameter during inflation to the tensor-to-scalar
atio or slow-roll parameter ϵ:

Hinf =

√
8π2PR ϵMPl . (70)

8 Taking into account that the fact that r does not remain constant gives a much stronger bound [20].
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Fig. 6. The most recent constraints on inflationary models in the tensor-to-scalar ratio r and spectral index ns plane, taken from [24]. A substantial
mount of inflationary models are already in tension with observations.

he observational constraints that we are about to summarise might then make a high GUT-scale, large-field inflation
eem more likely in the context of a single inflaton field.

.3.5. Current inflationary constraints
In this section we summarise the most recent CMB experimental results that have tested the physics of inflation [23]

see Fig. 6). Let us start by providing the current best-fit value for the power spectrum amplitude, defined through

PR = As

(
k
k∗

)ns−1

, (71)

where k∗ is a pivot scale taken at k∗ = 0.05Mpc−1 in the Planck analysis [8], and found to be

As = (2.100 ± 0.030) × 10−9 (68%, Planck TT,TE,EE+lowE+lensing) . (72)

The spectral tilt [23] index and latest bound on the tensor-to-scalar ratio [24] given by

ns = 0.9649 ± 0.0042 (68%, Planck TT,TE,EE+lowE+lensing), (73)
αs = −0.0045 ± 0.0067 (68%, Planck TT,TE,EE+lowE+lensing) (74)

r0.05 < 0.036 (at 95% confidence) , (75)

here αs constrains the scale dependence of the scalar spectral index and is defined by

αs ≡
dns

d ln k
. (76)

.3.6. Inflationary models, a selection
In the box below we illustrate three prototypical vanilla single field inflationary models together with their predictions

or ns, r,∆ϕ. All these examples have monotonically increasing slow-roll parameters and can be considered as large field
nflation. Notice, indeed, that whereas super-Planckian field ranges correspond to around r ≳ 10−2 in the conservative
yth bound (69), once the spectral tilt is taken into account, super-Planckian field ranges are obtained already around
hen r ≳ 10−5 [20]. We also comment that, whilst the squared monomial and natural inflation models are in tension
ith the latest cosmological data, the Starobinsky model is well within the current data (see Fig. 6).
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Selected inflationary models

1. Monomial inflationa: V = V0
φ2

2

ns = 0.9666 , r = 0.133 , ∆ϕ = 14.411MPl (77)

2. Starobinsky inflation: V = V0

(
1 − e−

√
2/3ϕ

)2
ns = 0.9674 , r = 0.003 , ∆ϕ = 4.809MPl (78)

3. Natural inflation: V = V0 (1 − cos(ϕ/f ))

ns = 0.9626 , r = 0.069 , ∆ϕ = 12.903MPl (79)

(f = 7MPl).

a All observables are computed at N∗ = 60.

2.4. Multi-field inflation

So far, we have discussed the simplest (vanilla) inflationary scenario, where a single canonically normalised scalar
ield drives inflation. However, as discussed at more length in Section 3, in string theory there are usually many scalar
ields (as well as other fields of various spin) which may either drive inflation or act as spectator fields with interesting
osmological implications. In what follows, we briefly review these possibilities from a pure field theory perspective,
hich will be important for our discussion on string inflation in Section 2.3.
Let us consider the Lagrangian for several scalar fields, minimally coupled to gravity9:

S =

∫
d4x
√

−g
[
M2

Pl
R
2

−
1
2
gab(φc)∂µφa∂µφb

− V (φa)
]
, (80)

here gab is the field space metric. The equations of motion derived from this action are given by

H2
=

1
3M2

Pl

(
ϕ̇2

2
+ V (φa)

)
, (81)

φ̈a
+ 3Hφ̇a

+ Γ a
bc φ̇

bφ̇c
+ gabV,b = 0 , (82)

here

ϕ̇2
≡ gabφ̇aφ̇b (83)

nd the Christoffel symbols in (82) are computed using the scalar manifold metric gab, while V,a denotes derivatives with
espect to the scalar field φa.

The slow-roll conditions and rapid turning in multi-field inflation can be understood neatly using a kinematic basis to
ecompose the inflationary trajectory into tangent and normal directions (i.e. adiabatic and entropic). Focusing on the two
ield case for concreteness, we introduce unit tangent (adiabatic) and normal (entropic) vectors T a and Na, as follows:

T a
=
φ̇a

ϕ̇
, T aTa = 1 , NaTa = 0, NaNa = 1 . (84)

The equations of motion (82) for the scalars φa projected along these two directions become:

ϕ̈ + 3Hϕ̇ + VT = 0 , (85)
DtT a

+ΩNa
= 0 , (86)

here VT = V,aT a, VN = V,aNa and the turning rate parameter, Ω , is defined as

Ω ≡
VN

ϕ̇
. (87)

he field-space covariant time derivative is defined as:

DtT a
≡ Ṫ a

+ Γ a
bcT

bφ̇c . (88)

9 For a recent review on multi-field inflation in field theory see [25].
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Using the equations of motion, we can write the projections of the Hessian elements along the tangent vector
s [10,26–28]:

VTT

3H2 =
Ω2

3H2 + 2 ϵ −
η

2
−
ξϕ

3
, (89)

s well as the projection along T and N as [11]:
VTN

3H2 = w

(
1 − ϵ +

η

3
+
ν

3

)
. (90)

n these equations we introduced the slow-roll parameter

ξϕ ≡

...
ϕ

H2ϕ̇
, (91)

s well as the dimensionless turning rate, w, which measures the non-geodesicity of the trajectory:

w ≡
Ω

H
, (92)

nd a new slow-roll parameter, which arises only in the multi-field case, ν:

ν ≡
ẇ

H w
. (93)

Note that the expressions (89), (90) are exact, as we have not made use of any slow-roll approximations. On the other
hand, VNN depends on the inflationary trajectory in a model-dependent fashion.

2.4.1. Slow-roll in multi-field inflation
Let us revisit the slow-roll conditions in the case that more than one field is present. These require the slow-roll

parameters ϵ, η, δϕ above, to be much smaller than one in order to guarantee long-lasting, slow-roll inflation, that is,
ϵ, η, δϕ, ξϕ ≪ 1. It is easy to check that these conditions imply

H2
≃

V
3MPl

, (94)

3Hϕ̇ + VT ≃ 0 , (95)

nd thus that the tangent projection of the derivative of the potential needs to be small:

ϵT ≡
M2

Pl

2

(
VT

V

)2

≪ 1 . (96)

n the other hand, the normal projection VN can be large, and it is related to the turning rate defined in Eq. (87). Moreover,
rom (89) we see that during slow-roll, the equations of motion imply

VTT

3H2 ∼
Ω2

3H2 , (97)

hile from (90), requiring η ≪ 1 (equivalently δϕ ≪ 1) implies that (barring possible cancellations)

VTN

3H2 ∼
Ω

H
, and ν ≪ 1 . (98)

ence, we see that ν behaves as a new slow-roll parameter in multi-field inflation: the turning rate is guaranteed to be
lowly varying during slow-roll [11,29].
We see then that in the multi-field case, slow-roll inflation does not require small eigenvalues of the Hessian [10,11],

s usually believed. Namely, defining the multi-field generalisation of the ηV parameter (43) as

ηmV ≡ M2
Pl

⏐⏐⏐⏐min eigenvalue
(

∇
a
∇bV
V

)⏐⏐⏐⏐ , (99)

t is clear that ηmV does not need to be small and indeed can be much larger than one in multi-field inflation [10,11].
his implies that in multi-field inflation, all inflatons can be heavier than the Hubble scale [10]. Thus the η-problem in
ulti-field inflation may manifest itself, if present, in a different form. For example, the curvature of the field space metric,
fs, may in general be non-zero and in particular could be large (in Planck units). Therefore, this introduces a new scale,
nd the flatness of the potential may be constrained over this new scale (see e.g. [30]). However, in general, we expect

to be of order one in Planck units.
fs
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ulti-field inflation and swampland constraints
Let us finally make some comments between multi-field inflation and the recently proposed dS conjectures [31–33],

hich require that (see Section 7.7)

∇V
V

≥
c

MPl
or

min(∇a
∇bV )

V
≤ −

c ′

M2
Pl
, (100)

here c, c ′ are O(1) constants. From our discussion on slow-roll inflation in the multi-field case, it can be easily seen that
he first condition in (100) can be satisfied, so long as the turning rate Ω/H is sufficiently large [34]. Indeed, the potential
low-roll parameter (41) in the multi-field case is given by

ϵmV ≡
M2

Pl

2
V aVa

V 2 = ϵT +
Ω2

9H2 ϵ . (101)

For ϵT ≃ ϵ, one arrives at the relation [27,34]:

ϵmV ≃ ϵ

(
1 +

Ω2

9H2

)
, (102)

nd therefore we see that in a multi-field inflationary model, where Ω ̸= 0, for sufficiently large turning rate Ω/H ϵmV can
e comparable to or larger than one. On the other hand, the second condition in (100) is precisely the requirement that
m
V be large (with negative eigenvalue). As we discussed above, this can happen in multifield slow-roll inflation without
isrupting it.10 In summary, multi-field inflation allows for new inflationary attractors, which do not need to satisfy the
ingle field potential flatness conditions (41), (43).

.4.2. Cosmological perturbations, the multi-field case
The presence of more than one field changes the kinds of primordial fluctuations which are possible, because with

everal fields there can be perturbations, for which the total energy density, δρ = 0, remains unchanged. Such fluctuations
are called isocurvature fluctuations, in contrast to the adiabatic fluctuations involving nonzero δρ considered in the single
field case.

There are strong observational constraints on the existence of isocurvature fluctuations and current observations are
consistent with purely adiabatic oscillations at horizon re-entry [8,23]. Primordial isocurvature modes need not be a
problem for an inflationary model even if they are generated at horizon exit, provided they are subsequently erased
before horizon re-entry. Moreover, the presence of more than one field can give rise to large non-Gaussianities in the
power spectrum, which are also constrained by observations [35]. At the same time, additional scalars – as well as other
higher spin fields – may give rise to interesting phenomenology and are thus of great interest for future experiments.11

2.4.3. Spectator fields during inflation
Scalar fields acting as spectators during inflation are well motivated not only from a purely field theory perspective, but

also from a phenomenological point of view. Any additional fields may give rise to interesting features that could produce
observable effects which would then be of great importance. The same can be said for spin one fields such as U(1) vector
fields, producing for example anisotropies, as well as SU(2) gauge fields, potentially sourcing tensor perturbations, and
evading the Lyth bound discussed above (see e.g. [43] for a review). We will not review here the vast literature on the
subject, but will mention some interesting possibilities in the context of string cosmology in Section 2.3.

2.5. Quintessence

As we mentioned before (see Section 2.2), current observations provide strong evidence for the current acceleration
of the universe. In the ΛCDM standard model of cosmology, this is due to a constant vacuum energy, Λ. However, the
constant vacuum energy appears to be much smaller than would be expected from estimates based on quantum field
theory. This has led to the widespread speculation that the vacuum energy may not be constant, but it may now be small
because the universe is old. Such a time-varying vacuum energy is called quintessence [44–46].12

The natural way to introduce a time-varying vacuum energy is to assume the existence of one or more scalar fields,
on which the vacuum energy depends, and whose cosmic expectation values change with time. We have seen that scalar
fields of this type play a crucial role in cosmological inflation and thus the discussion of quintessence uses several of the
concepts which already appear in inflation. Considering a single scalar field, the idea is that its dynamics drive the present
epoch of accelerated expansion. Dark energy started to dominate relatively recently, namely less than a single e-fold ago

10 A field theory example with large values of c ′ is given in [28]. Supergravity examples with large c ′ are given in [11].
11 See [36–38] for studies of the imprints of new (higher spin) particles on the non-Gaussianities of the cosmological fluctuations and [39–42] for
proposals of dark matter as higher spin fields, and their phenomenology.
12 The name quintessence was coined in [47]. For reviews and several references see e.g. [48–50].
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see Fig. 1). It may therefore seem easy to have a sufficiently flat scalar potential, which starts dominating the energy
ensity less than an e-folding ago. The original and simplest example is provided by the following potential [44–46]

V (φ) = M4+αφ−α, (103)

here α is positive but otherwise arbitrary, and M is a constant with units of mass. We can call this type of potential
unaway like. We give a brief discussion here, but explore this class of runaway potentials in string theory more in
ections 5 and 6, in the context of both transient post-inflationary runaways and also quintessence dynamics in the
ate-time universe. The model (103) can be solved in some detail as a concrete example of quintessence (see e.g. [2] and
urther discussion in Section 6).

Any successful quintessence must have the property that at early times, the energy density of the quintessence field is
ubdominant over radiation to avoid conflict with BBN. With potential (103), one can show that the field has a solution
t early times during radiation domination such that

ρφ ∝ t−2α/(α+2) , (104)

nd thus at early times (t ≪ 1) ρφ is indeed less than ρr which goes as t−2. This solution turns out to be an attractor,
nown as a tracker solution. After radiation domination, the universe undergoes an epoch of matter domination, but the
racker solution of φ continues to have energy density falling as ρφ ∼ t−2α/(α+2), and since ρr and ρm decrease faster
t−8/3, t−2 respectively in matter domination) eventually, both will fall below ρφ .

At late times, one finds ρφ ∝ t−α/(2+α/2), or ln a ∝ t2/(2+α/2) and the expansion is dominated by the quintessence field.
The point when ρm = ρφ is given by tc ≈ M−(4+α)/2G−(2+α)/4

4 , which gives φ(tc) ≈ G−1/2
4 . Finally, to achieve agreement

with observations, setting the critical time tc at which ρm ≈ ρφ to be close to the present moment t0 ≈ 1/H0, requires
the constant factor in V (φ) to take the value

M4+α
≈ G−1−α/2

4 H2
0 . (105)

There is, however, no fundamental explanation as to why this should be the case.
Although quintessence has been proposed as a potential candidate to explain the current acceleration, it still faces

several challenges. We will discuss later on in more detail how these manifest in the context of string theory (see
Section 6.2.1), but let us briefly mention here some of the main challenges for any model of quintessence.

• Fine-tunings. As can be evident from the above discussion, quintessence models need to explain why the field has
to be exactly at the point where V (φ0) ≃ ρ0 ≃ (0.003 eV)4 today. Moreover, it is not hard to check that a successful
quintessence model requires the mass of the field to be extremely light, mφ ≃ H0 ≃ 10−33 eV (at least in the case
of single field), which must be protected against quantum corrections.

• Phenomenological constraints. Phenomenological problems to realise quintessence arise as the quintessence field must
be extremely weakly coupled to ordinary matter; otherwise, its exchange would generate observable long-range
forces, which are severely constrained by experiments. The quintessence field can be a scalar as we saw above, or a
pseudoscalar, such as an axion.13 The advantage of axions is that they can avoid fifth-force constraints, but a typical
axion potential requires a trans-Planckian decay constant to drive any successful period of accelerated expansion.

2.6. Possible tensions with ΛCDM?

We end this overview section on cosmology with mention of various possible hints towards tensions between Planck
observations of the CMB and other cosmological probes. Although the statistical significance of these tensions is not
definitive, and even still under debate, if any are confirmed and not due to systematics, this would be exciting evidence
of new physics beyond the ΛCDM model.

The most famous of these tensions is the Hubble tension. Planck constraints on today’s Hubble parameter, which is
obtained by assuming the standard six parameter ΛCDM model, yields H0 = 67.44± 0.58 km s−1 Mpc−1 [8]. This is to be
contrasted with recent direct local distance ladder measurements of H0 from the SH0ES collaboration, which gives instead
H0 = 74.03± 1.42 km s−1 Mpc−1 [51]. This amounts to a 4.3σ discrepancy, with other direct measurements going in the
same direction. For a recent review on the H0 discrepancies and phenomenological solutions see [52]; see [53] for a critical
perspective. Proposals to resolve the tension include increasing the number of effective neutrino species Neff, modifying
the dark energy equation of state, and the presence of some early dark energy; for a systematic comparison of several
proposals and their relative success see [54]. A review of all the current discordances, covering H0, the σ8–S8 tension, and
other less statistically significant anomalies, together with an experimental outlook, is given in [55].

13 Other fields have also been proposed as quintessence, however the same problems arise as for the scalar case.
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Table 3
The massless bosonic spectrum of the five string theories and of 11-dimensional supergravity. The corresponding
massless fermionic spectrum is determined by supersymmetry. Moduli fields all originate from these simple spectra
in 10d, reduced on the internal manifold. There are also matter states, which in IIA and IIB string theories come from
D-brane intersections and in heterotic string theory come from solutions of the Dirac equation with non-trivial gauge
configuration. Further moduli, such as open string moduli from separation between D-branes or closed string bundle
moduli, can also be present.
Theory Dimension Supercharges Massless Bosons

Heterotic 10 16 gMN , BMN , φ

E8 × E8 Aij
M

Heterotic 10 16 gMN , BMN , φ

SO(32) Aij
M

Type I 10 16 gMN , φ, A
ij
M

SO(32) CMN

Type IIA 10 32 gMN , BMN , φ

CM , CMNP

Type IIB 10 32 gMN , BMN , φ

C0 , CMN , CMNPQ

M-Theory 11 32 gMN , CMNP

3. Moduli

3.1. String compactifications

Even if a full non-perturbative understanding of string and M-theory is still lacking, it has long been understood that
t low energies there are 5 different limits of string theory in 10-dimensional flat space, which are related to each other
y duality transformations. The M-theory picture also leads to a sixth limit, namely 11-dimensional supergravity, often
eferred to as the low-energy limit of M-theory, the still-not-fully-defined theory that encompasses all the string theories
s different limits.
What these limits have in common, and arguably the single most important physical implication of string theories, is

he existence of extra dimensions. The process of starting from a higher-dimensional theory and then obtaining a 4-
imensional effective theory is known as compactification, and over the past 35 years string compactifications have
een studied in much detail. Starting from a 10-dimensional theory, the different fields have to be decomposed into
heir components in the 4 non-compact dimensions and also their ones in the extra compact dimensions. For instance,
he 10-dimensional graviton gMN splits into the 4-dimensional graviton gµν , a set of scalar fields gmn that correspond
o moduli fields and potentially also vector fields gµn. Notice that from the 4-dimensional perspective the indices m, n
re just internal indices, as in compactification the extra dimensions are regarded as no longer directly visible from the
-dimensional perspective:

gMN =

(
gµν gµn
gnν gmn

)
µ, ν = 1, . . . , 4 ; m, n = 1, . . . , 6 (106)

similar decomposition is performed with the higher-form antisymmetric tensors BMN , CMNP , etc present in each of the
theories, with the form content of each theory shown in Table 3.
The most studied compactifications are those that preserve N = 1 supersymmetry. These offer a greater degree of

ontrol over the effective action compared to non-supersymmetric theories, while also allowing for the presence of chiral
ermions and sufficient dynamics to allow for hierarchies and a non-supersymmetric vacuum state.

These correspond in the case of the heterotic or type I theories to the internal space being a Calabi–Yau (CY) manifold.
hese are manifolds of SU(3) holonomy (or vanishing first Chern class). CY manifolds are complex Kähler manifolds,
eaning that the metric can be written as a second derivative of a Kähler potential K (zi, z̄ȷ̄): gīȷ = ∂i∂ȷ̄K . However, since

hey do not have isometries, except for a few numerical examples, there are no known analytic metrics for compact CY
anifolds of complex dimension greater than one. Instead, we rely mostly on their topological structure (and indeed,

he full details of the internal metric are not needed for most parts of the 4-dimensional effective Lagrangian). The most
elevant topological quantities are the non-trivial homological cycles. Their number are given by the corresponding Hodge
umbers hp,q.
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Fig. 7. A schematic representation of the complicated geometry and topology of higher-dimensional Calabi–Yaus.

The simplest CY manifold is the one complex dimensional case corresponding to the torus. This has only two non-trivial
omological cycles (h0,1

= h1,0
= 1) and its homological structure is summarised by the Hodge diamond:

h1,1

h1,0 h0,1

h0,0
=

1
1 1

1

Compactifying a string theory on a 2-torus gives rise to two geometric moduli. These are the Kähler modulus T and the
omplex structure modulus U corresponding to

T =
√
g + iB12, U =

√
g

g22
+ i

g12
g22
, (107)

here gij, Bij are the components of the metric and the antisymmetric tensors, with g = det gij. Roughly speaking, Re
determines the size of the torus and Re U the shape. These simple properties (Kähler and complex structure moduli,
hich respectively correspond to size and shape of the compact space) generalise to the more complicated CY 3-folds
nd 4-folds which are relevant for string and F-theories. A schematic representation of a Calabi–Yau is Fig. 7.
The corresponding Hodge diamond for a 3 complex dimensions CY manifold is:

h3,3

h3,2 h2,3

h3,1 h1,1 h1,3

h3,0 h2,1 h1,2 h0,3

h2,0 h2,2 h0,2

h1,0 h0,1

h0,0

=

1
0 0

0 h1,1 0
1 h2,1 h2,1 1

0 h1,1 0
0 0

1

The relevant numbers here are h1,1, counting the number of Kähler moduli Ti, i = 1, . . . , h1,1 (volumes of 4-cycles or
their dual 2-cycles), and h1,2, counting the number of complex structure moduli Uα, α = 1, . . . , h1,2 (number of 3-cycles).
There exist databases of millions of Calabi–Yau manifolds with different values of h1,1 and h1,2. Typically, these numbers
can be as high as hundreds or thousands, see e.g. [56]. A recent package, CYTools [57], provides tools to compute various
topological properties of CY manifolds efficiently.

Another ‘universal’ modulus of great importance is the dilaton φ (see the table) whose vacuum expectation value ⟨φ⟩

determines the string coupling, gs. This reflects the fact that string theory has no free parameters and so the strength of
string interactions, gs, is itself the expectation value of a field.

In addition to these ‘universal’ moduli, there are also normally other moduli present in the effective theory. These
include open string moduli associated to the motion and deformation of branes and corresponding gauge moduli, such
as bundle moduli, associated to deformations of vector bundles present in the compactification.
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.2. General properties of moduli

We have said above that the existence of extra dimensions is the most important physical implication of string theory.
s moduli are the way these extra dimensions manifest themselves in the 4-dimensional effective field theory, moduli are
rguably the most important type of particle arising in string compactifications. The moduli are scalar degrees of freedom
n the effective action of the 4-dimensional observer and describe low energy excitations in the extra dimensions (such as
hape and size of the extra dimensions). They are gauge singlet scalars, typically with gravitational strength interactions. In
he simplest supersymmetric compactifications with extended supersymmetry, the potential remains flat and the moduli
re massless. Besides other issues such as the absence of chiral matter, such models are automatically ruled out since
hese massless moduli would mediate unobserved long-range scalar gravitational-strength interactions (fifth forces).

Luckily, for models with N = 1 or 0 supersymmetry (which, in any case, are the ones of phenomenological interest),
here exist ‘moduli stabilisation mechanisms’. These lift the flat potentials, give them a mass and allow for the construction
f phenomenologically viable models. Even though moduli are gauge singlets and hard to detect experimentally, their role
n string cosmology cannot be over-emphasised.

Why? Moduli are, in a stringy context, the most natural candidates to be inflaton fields or to drive any alternative
arly universe cosmology. This is already very important. But what is perhaps even more important, and highly relevant
or the later cosmological evolution of the universe, is that in this context the inclusion of moduli into the spectrum has
unique ability to undercut and render invalid the pre-existing cosmology. As we discuss in detail in chapters 2.3, 5 and
, moduli fields can potentially help address many important unanswered questions such as the nature of dark energy,
ark matter and dark radiation.
Furthermore, vacuum expectation values of moduli also determine the low energy effective action of a model. As

entioned above, string theory has no free dimensionless parameters: couplings and ratios of scales in the low energy
ffective action are set by the values taken on by the moduli. Thus, the task of computing moduli potentials and finding
heir minima lies at the heart of string phenomenology.

At some levels, moduli are simply examples of scalar fields. The discovery of the existence of an apparently fundamental
calar (the Higgs) confirms the existence of scalar fields in nature and gives further motivation for studying their
roperties. However in many ways, the properties of moduli are crucially different from more familiar scalars such as the
iggs, and intuitions carried over from the Standard Model electroweak theory or the Minimal Supersymmetric Standard
odel (MSSM) are misleading when applied to moduli.
Let us list some of these differences:

• Moduli are uncharged under Standard Model gauge fields It is a basic feature of string moduli that they are
neutral under the Standard Model, and also normally under any additional hidden sector gauge groups that may
be introduced. Neutrality under gauge interactions is key to some of the most interesting features of moduli, as it
implies they have no ‘quick’ decay modes.14

• The couplings and interactions of moduli come with M−1
Pl factors Even neutral fields can decay rapidly if they have

renormalisable couplings to Standard Model (SM) matter, for example Φhhh, where Φ is some modulus field, and
h some scalar SM field (such as the Higgs). However string moduli often descend from higher-dimensional modes
of the graviton. This means that all their couplings – both self-couplings and couplings the Standard Model sector –
are ‘really’ non-renormalisable. This includes apparently renormalisable couplings such as

λΦ4
∈ L . (108)

In such a coupling, λ is dimensionless. However, for moduli λ is given by mΦ
MPl

or m3/2
MPl

, where m3/2 is the gravitino
mass. In this case, λ carries hidden factors of M−1

Pl and so is numerically extremely small. The fundamental scale
in string theory is the string scale, Ms, and not the 4-dimensional Planck scale MPl. In cases where the string scale
and Planck scale are widely separated – for example with a large compactification volume – the difference can
be significant. Moduli that control local properties of the extra dimensions, such as the size of blow-up cycles, have
interactions suppressed by the string scale, whereas moduli that control global properties, such as the overall volume,
have interactions suppressed by the 4d Planck scale. Cosmologically it is the latter that are most relevant, as they
have the weakest interactions and so survive for the longest time period. Combined with the neutrality of moduli,
the consequence of the MPl suppression is that moduli always interact weakly. They are hard to produce — but once
produced, they are also hard to get rid of, as they do not thermalise and so live for a long time.

• There is generally no concept of ‘zero VEV’ for moduli Many scalar fields have a well-defined notion of zero VEV,
which acts as a preferred locus in field space. The zero VEV location often corresponds to the restoration of a broken
symmetry. For example, for gauge charged scalars, the gauge symmetry is spontaneously broken for non-zero VEV
and restored at zero VEV. An example of this behaviour is the Higgs field, for which the VEV signals electroweak

14 In some cases a modulus may be non-linearly charged under an anomalous U(1). This only applies for moduli with shift-symmetries (see below).
n this case, the real part of the modulus enters the Fayet–Iliopoulos D-term, and the axionic part of the modulus is eaten by the massive U(1). The
-term condition then fixes a combination of the real part of the modulus and the matter fields that are charged under the anomalous U(1), with
he orthogonal combination remaining massless.
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symmetry breaking. This is not true of moduli. The VEVs of string moduli should instead be interpreted as the values
of compactification parameters. For example, the vev of the volume modulus corresponds to the compactification
volume (with the canonically normalised field Φ being defined as Φ = −MPl lnV) and the VEV of the dilaton
corresponds to the string coupling. There is no preferred value for these fields and thus there is no notion of zero
VEV for the moduli.15 In the low energy theory, the values of these VEVs set the coupling ‘constants’, such as the
gauge couplings and the Yukawa couplings. Note that one exception to this idea are the blow-up moduli (note the
universal moduli such as the volume or dilaton do not fall into these categories). These moduli control the blow-up
of singularities in the geometry, from zero size to a finite radius. These are commonly associated to orbifold points
(where the blow-up moduli are also called twisted sector moduli). In this case, the notion of zero VEV does make
sense — zero VEV corresponds to the singular limit in which the cycle is blown down to zero size, whereas finite
VEV corresponds to the resolution of the singular geometry into a smooth space.

• The ‘infinite VEV’ limit represents a decompactification limit There are generally certain directions in field space
– specifically for the volume and dilaton modulus – where the moduli space is unbounded. Along such directions,
the VEV of the volume or dilaton modulus can be increased arbitrarily, while remaining within the low energy
4-dimensional effective field theory. Even if towers of states descend exponentially in mass as per the swampland
distance conjecture [33,58], as long as there remains a hierarchical separation between moduli and KK masses, so
that mΦ/mKK ≪ 1, the 4-dimensional effective field theory remains a good description of the low-energy physics.
In the simplest 1-modulus example, the metric on moduli space is set by K = −3 ln(T + T ) (for the overall volume
modulus) or − ln(S + S) (for the dilaton), giving the kinetic terms

3
∂µτR∂

µτR

4τ 2R
+ 3

∂µτI∂
µτI

4τ 2R
(volume modulus), (109a)

∂µSR∂µSR
4S2R

+
∂µSI∂µSI

4S2R
(dilaton) , (109b)

where T = τR + i τI , S = SR + i SI . The canonically normalised fields are ΦT =

√
3
2 ln τR, ΦS =

√
1
2 ln SR, and from this

it follows that the limits τR → 0, τR → ∞, SR → 0 or SR → ∞ are all at infinite distance in field space from any finite
value of τR or SR. The infinite limits correspond to a decompactification limit, in which the string scale Ms =

g3/4s√
4π

MPl√
Vs

(where Vs is the compactification volume in string frame related to the volume in Einstein frame V as Vs = g3/2
s V

after Weyl rescaling to 10-dimensional Einstein frame16 for a) is infinitely smaller than the 4-dimensional Planck
scale MPl = 2.4 × 1018 GeV: Ms/MPl → 0.

• Moduli often carry shift symmetries When the low-energy effective field theory preserves N = 1 supersymmetry,
it is common for the moduli representing the scalar part of the chiral multiplet to carry shift symmetries. For
example, in type IIB D3/D7 compactifications, the dilaton and Kähler moduli carry shift symmetries while the
complex structure moduli do not (in type IIA compactifications, it is the complex structure moduli which have shift
symmetries). Moduli with shift symmetries generally enter the gauge kinetic functions, where their imaginary parts
are the axions of the corresponding gauge groups. In such cases, the origin of the shift symmetry is normally that
the real part of the modulus corresponds to the size of a cycle, Σi, whereas the imaginary part of the modulus
corresponds to the reduction of an RR form field on this cycle,

∫
Σi

Ci. The shift symmetry of the modulus arises
from the fact that the RR fields have no perturbative couplings to the string modes, and only couple to branes. As
chiral multiplets, the statement of the shift symmetry for a modulus T is that the perturbative action is invariant
under T → T + i c , where c is a constant, and is thus a function only of T + T . The imaginary part of these moduli,
Im(T ), are axions, and are massless in perturbation theory. In terms of moduli stabilisation, the significance of a
shift symmetry is that a potential for the modulus cannot be generated perturbatively, and can only appear via
non-perturbative effects such as brane instantons or gaugino condensation [60]. In a weakly coupled theory, where
such non-perturbative effects are automatically small, this implies that such moduli are light.

With this, we end our general discussion of the properties of moduli fields and now turn to moduli stabilisation.
Our discussion aims to provide an overview of the subject, without getting into the technicalities. We refer the reader
to the review articles and lecture notes [61–67] for more technical discussions. The book [68] provides comprehensive
introduction to string phenomenology (along with a discussion on moduli stabilisation). We defer related discussions
around conjectured swampland constraints on low energy effective field theories to Section 7.7.

15 One can of course define the ’zero vev locus’ as the position of the modulus at the full minimum of the potential. However, this is semantics
as this locus does not have any a prior significance prior to the determination of the potential.
16 The relation between the metrics in string and Einstein frames in 10 dimensions is convention dependent and in general is given by
S

= e
φ−φ0

2 GE , the above choice of conventions corresponds to φ = 0. See [59] for a guide into frames conventions used in string compactifications.
MN MN 0

25



M. Cicoli, J.P. Conlon, A. Maharana et al. Physics Reports 1059 (2024) 1–155

3

g
t
t

i
M
t
s
a
s

l
s
t
a
f
d

F
t

.3. Moduli stabilisation

The low energy effective action of string theories in ten dimensions can be organised in a double expansion: the α′ and
s expansions. The former captures the effect of integrating out heavy string modes (i.e the massive string states) whereas
he latter describes string loops. At leading order, the effective low-energy actions are the 10-dimensional supergravity
heories (and 11-dimensional supergravity in the case of M-theory).

The simplest compactified vacuum configurations are those in which the internal flux fields vanish and the scalar fields
n the 10-dimensional actions are constant. As a result, the 10-dimensional matter stress-tensor vanishes, leading to a
inkowski compactification with a Ricci flat internal manifold. A requirement that some supersymmetry is preserved

hen implies that the internal manifold is a Calabi–Yau. Upon dimensional reduction, this leads to massless (complex)
calars whose wavefunctions in the extra dimensions are given by harmonic forms on the Calabi–Yau (Kähler deformations
nd axionic fields that arise from the dimensional reduction of form fields pair up as complex scalars, whereas complex
tructure deformations are intrinsically complex).
As mentioned earlier, these massless scalars are disastrous for phenomenology and so construction of phenomeno-

ogically viable models requires incorporating effects that stabilise the moduli. This requires going beyond the simplest
olutions and incorporating various additional effects into the effective action. The analysis depends on the type of string
heory. Before getting into the details for each case, we give a qualitative description of the key ingredients. As the
ppearance of moduli within simple compactifications is due to the presence of flat directions in the low energy effective
ield theories’ scalar potential, to lift them we need to include effects that lead to a non-trivial energy profile along these
irections.

• Fluxes: A p-form flux can thread a p-cycle, Σp, in the internal manifold. The threading is characterised by integers, as
the Dirac quantisation condition forbids continuous deformations. The presence of background flux can lead to a non-
trivial energy profile along various directions in field space. For instance, for the overall radius of the compactification
(R), a p-form flux contributes to the potential (see [61,69] for derivations of these different scalings) as

V (R) ∝ R−6−2p,

lifting the flatness of the radial direction. These fluxes are crucial to all flux compactifications, and also appear in
e.g. the maximally supersymmetric AdS5 × S5 solution used in the AdS/CFT correspondence [70].

• Localised objects: Space filling D-branes and orientifold planes are consistent with maximal symmetry in four
dimensions and contribute to the moduli potential. For a p-dimensional localised object, the contribution to the
potential for the radial mode scales as

V (R) ∝ TpRp−15,

where Tp is the tension of the object. We note that this tension is negative for O-planes.
• Extra dimensional curvature: Backgrounds with non-trivial matter stress-tensors have non-vanishing curvature in the

extra dimension, which also contributes to the effective potential. For the radion,

V (R) ∝
1
R8 ,

with a positively curved internal space making a negative contribution to the potential (e.g. in the S5 in the AdS/CFT
AdS5 × S5 solution).

• α′ and loop corrections: The effective potential receives contributions order by order in the α′ and gs expansions.
These can lift directions which are flat in the leading order approximation. For instance, the leading α′ correction in
type IIB [71] makes a contribution to the radion potential which behaves as

V (R) ∝
1
R18 .

Such α′ corrections are crucial in e.g. the Large Volume Scenario.
• Non-Perturbative effects: Non-Perturbative effects such as gaugino condensation or wrapped Euclidean branes play

a key role in stabilising flat directions associated with axionic shift symmetries. These symmetries are broken
non-perturbatively and potentials are induced which are exponential functions of the moduli.

• Supersymmetry breaking: Breaking of supersymmetry leads to (low energy) loop corrections to the potential which
will themselves depend on the moduli VEVs.

Understanding how these effects can combine to yield vacua where all moduli are stabilised is highly non-trivial.17
urthermore, there are various problems and no-go theorems, which clarify the challenges involved, while at the same
ime providing guidance on the necessary ingredients for any successful stabilisation mechanism.

17 Given this, one interesting alternative avenue is to look for string vacua which from the onset have either a small number of moduli or no
moduli at all. Asymmetric orbifolds (see e.g. [72–74]) are one approach in this direction. However, to the best of our knowledge, there is no yet a
single 4-dimensional construction without moduli.
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Fig. 8. Dine–Seiberg problem. The scalar potential as a function of the volume or dilaton modulus vanishes asymptotically. Since these fields are
he α′ and loop expansion parameters respectively, the only region in which these expansions are under full control is the runaway region III. If
here is a non trivial minimum it would naturally fall in the small volume/strong coupling region I. In order to obtain reliable minima in the desired
egion II in which hierarchies and weak couplings exist (as seen in nature), compactification parameters, such as integer fluxes or ranks of gauge
roups, need to be used.

The Dine–Seiberg problem [75]: The Dine–Seiberg problem (illustrated in Fig. 8) stems from the fact that the parameters
or the loop and α′ expansions are themselves moduli VEVs (the dilaton and the volume of the compactification). Leading
rder flatness in these directions implies that stabilisation must necessarily involve competition between subleading
erms. The Dine–Seiberg problem is the claim that if two terms in the g−1

s or R−1 expansions are competing, then all
terms should compete and thus any resulting vacuum, except for the runaway-one corresponding to the 10-dimensional
free theory, is at strong coupling and so not trustable. In epigraph form: ‘If the expansion can be trusted, the modulus is
not stabilised; if the modulus is stabilised, the expansion cannot be trusted.’

Key to this formulation is the idea that stabilisation of either dilaton or Kähler moduli involves comparing terms from
a single expansion in which there is no extra structure to suppress the strength of each term. Later, we will discuss how
this problem is alleviated in the context of type IIB flux compactifications (either through additional moduli or the use of
the no-scale structure present in the compactification).

Constraints from positivity conditions of the stress tensor: Positivity conditions obeyed by stress tensors of low energy
effective actions lead to interesting constraints on the allowed solution space. As the 10 and 11-dimensional supergravity
theories that arise in string theory obey the strong energy condition, this leads to an important no-go theorem [76–78].

The general 10-dimensional metric consistent with maximal symmetry in 4 dimensions is of the form

ds2 = gMNdxMdxN = e2A(y)g̃µνdxµdxν + gmn(y)dymdyn,

here g̃µν is the metric of a maximally symmetric space in 4 dimensions. The trace reversed Einstein equation in the
on-compact directions reads

Rµν = R̃µν − g̃µν
(
∇

2A + 2(∇A)2
)

= Tµν −
1
8
e2Ag̃µνT L

L . (110)

ontracting this with gµν one finds

R̃ + e2AT̂ = 2e−2A
∇

2e2A, (111)

here we have defined

T̂ = −Tµµ +
1
2
T L

L =
1
2

(
−Tµµ +

1
2
Tm

m

)
. (112)

t is easy to check that T̂ is positive semi-definite for all p-form flux configurations which are consistent with maximal
ymmetry. In particular, it is positive semi-definite for p ≥ 1 and vanishes for p = 1. Now, multiplying (111) by e2A
nd integrating over the compact manifold one concludes that dS compactifications are impossible while Minkowski
ompactifications allow only 1-form flux. This ‘no-go theorem’ can be evaded by making use of local terms in the
upergravity action. For example, orientifold planes in IIB string theory carry negative tension and provide (localised)
27
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egative contributions to T̂ . Furthermore higher derivative corrections, loop corrections and non-perturbative effects will
n general modify (111).

The above result has been generalised to various settings in [79–85]. In particular, [83] obtained a no-go theorem for
S solutions (of any dimensionality) to all orders in the α′ expansion in heterotic strings (recently this was generalised
o one loop in a specific setting involving string theory without spacetime supersymmetry [86]). Implications for other
tring theories follow from dualities.
Attempts to construct dS space in string theory always involve the inclusion of corrections to the effective action which

llow for the evasion of the no-go theorems. That said, we note that there also exist arguments that the obstacles to dS
re deeper and more fundamental than simply the absence of particular objects in the low-energy supergravity theory.
or examples of these principled obstructions to dS, see [31,87–90] (the Swampland dS conjectures will be discussed in
ection 7) and also [91] for an alternative perspective.
We next discuss the generation of moduli potentials – moduli stabilisation – in various string theories. Our focus will be

n the form of the effective potential and Minkowski/AdS/dS solutions in four dimensions. Time-dependent cosmological
olutions will be discussed in the later sections. We start with arguably the most developed constructions, those of type
IB string theory.

.4. Moduli stabilisation: IIB

Moduli stabilisation in the context of semi-realistic vacua (i.e. incorporating hierarchies and supersymmetry breaking)
s best understood in the context of type IIB models and we start by discussing these models. In type IIB, for a special (albeit
arge) choice of the fluxes and localised sources, one has the knowledge of 10-dimensional solutions which incorporate the
ackreaction of fluxes. These fluxes also stabilise the dilaton and complex structure moduli. This class is often referred to
s pseudo-BPS. We discuss these following [92–94] (see e.g. [95–97] for earlier work). The construction of these solutions
tarts by considering an orientifolded Calabi–Yau (all field configurations and fluctuations are required to be consistent
ith the orientifolding, for details see [98]). The 3-form fluxes of the IIB theory, F3 and H3 are turned on and satisfy Dirac
uantisation conditions

1
2πα′

∫
Σ3

F3 ∈ 2πZ,
1

2πα′

∫
Σ3

H3 ∈ 2πZ. (113)

hese thread the 3-cycles of the Calabi–Yau. The 10-dimensional Einstein frame metric takes the form

ds2 = e−2A(y)ηµνdxµdxν + e2A(y)g̃mn(y)dymdyn, (114)

here g̃mn(y) is the metric of the underlying Calabi–Yau and e−2A(y) is the ‘warp factor’. Thus, one is naturally led to
arped compactifications with an internal manifold which is conformal to a (orientifolded) Calabi–Yau — an appealing
spect since it preserves much of the structure and intuition of pure CY compactifications.18
The warp factor is sourced by 3-form flux and localised objects19 which carry D3-charge and is determined by the

quation:

−∇̃
2e−4A

=
GmnpG̃mnp

12ReS
+ 2κ2

10T3ρ̃
loc
3 (115)

here S = g−1
s − i C0 is the axio-dilaton, G3 = F3 − iSH3 is the complexified 3-form flux, ρ̃ loc

3 is the localised D3 brane
harge density and T3 the tension of D3-branes in the 10-dimensional Einstein frame. The superscript tilde is used to
ndicate the use of the metric g̃mn.

The localised sources which contribute to the D3-charge are D3-branes and O3-planes which are point-like in the extra
imensions, as well as D7-branes and O7-planes which wrap four cycles of the Calabi–Yau (these are the only localised
ources allowed for these pseudo-BPS solutions). Note that the contribution of the fluxes to the right hand side of (115)
s positive definite. Thus, cancellation of the D3 tadpole condition requires the presence of carriers of negative D3 charge.
This is provided by the O3-planes20 or wrapped D7-branes. Thus, the choice of flux quanta is limited to those whose total
D3-charge is less in magnitude than the upper bound set by the contributions from the negative charge carriers.21 While

18 The metric does not take the form (114) for general solutions in IIB; this form applies only for those in the pseudo-BPS class. We will describe
below the conditions that this implies on the localised sources and fluxes.
19 These have to be space-filling to maintain Poincare invariance.
20 As mentioned above, the orientifold planes are central to the very existence of these compactifications, as they have a negative tension and
hence can provide a negative contribution to T̂ (as defined in (112)). This evades the no-go theorem and enables the existence of warped Minkowski
compactifications.
21 The solutions can be generalised to F-theory, where, the induced D3-charge from the D7-branes D3 is given by the Euler number of the
associated four-fold X, Q =

χ (X) .
D3 24
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inite (see for instance [99,100]), the number of consistent flux configurations for a given Calabi–Yau can be enormous,
eading to the idea of the string landscape [64,101–103]. We will discuss this in more detail in Section 6.1.2.

The equations of motion also require that the complexified 3-form flux is imaginary self-dual, i.e.

G3 = i ∗6 G3 . (116)

n terms of Hodge decomposition, this implies G3 ∈ (2, 1) ⊕ (0, 3) within the Hodge structure of the Calabi–Yau.
In general, these solutions break supersymmetry. Supersymmetry is preserved if G3 is purely (2, 1) (it is the presence

of a (0, 3) component that breaks supersymmetry). Even if supersymmetry is broken at this level, we note that higher
order corrections in the 4-dimensional effective action can then restore supersymmetry, and we will see explicit examples
of this later in the section.

For a given choice of flux quanta in (113), the imaginary self dual condition can be regarded as an equation for the
metric and the dilaton, which fixes the values of the complex structure moduli and the dilaton.22 As a result of the
presence of fluxes, complex structure moduli acquire a mass

mcs ∼
MPl

V
,

here V is the Einstein frame volume of the internal manifold measured in string units (our frame conventions throughout
his section will be those described below Eq. Eq. (109)). In general, there is no reason that a particular flux configuration
hould lead to the dilaton being stabilised at weak coupling. To have control over the effective field theory, only those
lux choices that lead to gs ≪ 1 are relevant. The Kähler moduli remain unfixed at this level. As we will see, these Kähler
irections can be stabilised at large volumes by the inclusion of perturbative (in both α′ and gs) and non-perturbative
orrections to the effective action. This leads to isolated vacua at gs ≪ 1 and large volume, where the effective field
heory is under control. For this reason, models combining moduli stabilisation, hierarchies and supersymmetry breaking
re best understood in type IIB and several proposals for the construction of dS vacua have been made in the setting.
A further phenomenologically appealing feature of the solutions is the presence of regions in the internal manifold with

arge warping. The compactifications therefore provide a realisation of the ideas of Randall and Sundrum [118,119] in an
ltraviolet complete setting. Large warping arises when fluxes thread a shrinking 3-cycle. For instance, if M units of flux
hread the shrinking ‘A cycle’ of a conifold singularity and K units thread its dual ‘B cycle’, then the conifold singularity
s resolved and the warp factor on the minimal volume S3 associated with the resolution is

eA0 = exp
(
−2πK

/
3Mgs

)
.

ote that this factor is exponentially small in the integer flux quanta. Locally, the geometry is well described by the
lebanov Strassler solution [120] and such regions of large warping are often referred to as warped throats. Warped
hroats have a wide variety of phenomenological applications and will appear repeatedly in our discussion of cosmological
odels.
We next turn to the 4-dimensional effective action describing the low energy fluctuations about these backgrounds

obtained once the Kaluza–Klein modes are integrated out). This is crucial for developing Kähler moduli stabilisation and
lso provides a complementary 4-dimensional perspective for looking at the complex structure moduli stabilisation.
We first describe basic features of the effective action (see [92,98] for further details). The relevant closed string fields

re the complex structure moduli Ua, a = 1, . . . , h1,2
− (the number of harmonic (2, 1)-forms of the Calabi-Yau that are

dd under the orientifold involution), the axio-dilaton S, and the Kähler moduli Ti, i = 1, . . . , h1,1. For simplicity, here we
iscuss the case where h1,1

− = 0 (for a detailed analysis of the effective action for compactifications with h1,1
− ̸= 0 see [98],

nd e.g. [121] for a recent discussion). The Kähler moduli are then complexified by the definitions:

Ti =
1
2

∫
Σi

J ∧ J + i
∫
Σi

C4 ≡ τi + iθi ,

where J is the CY Kähler form (in the Einstein frame, in units of the string length ℓs = 2π
√
α′) and C4 the 4-form

otential. The integrals are performed over 4-cycles of the orientifolded Calabi–Yau.
In the language of N = 1 supersymmetry, the fields lie in chiral multiplets and the low energy effective action is

pecified by the Kähler potential and superpotential. The tree-level Kähler potential (in the limit of large volume) is given
y

K = Kkah + Kdil + Kcs

= −2 lnV − ln
(
S + S

)
− ln

(
−i
∫
X
Ω ∧Ω

)
, (117a)

22 For early work on complex structure moduli stabilisation in specific settings see [93,104–108]. More recently, explicit studies of the flux induced
potential have been carried out in [109,110]. An interesting recent development is the ‘tadpole conjecture’ (see [111–117]). This suggests a tension
between stabilising complex structure moduli at generic points in moduli space and keeping the flux-induced contribution to the D3-tadpole within
the bounds allowed by the orientifold.
29



M. Cicoli, J.P. Conlon, A. Maharana et al. Physics Reports 1059 (2024) 1–155

T
f
s

b

w

W

s

T
p
t
h
(
V

p
a
c
T

T
K
b

T
m
c

S
a

where V = ℓ−6
s

∫
X
√
g(6) d6y is the volume of the internal manifold (in the Einstein frame) in units of the string length ℓs.

he internal volume V is a homogeneous function of degree 3/2 of the real parts of the Kähler moduli τi, the volumes of the
our cycles. Ω is the holomorphic (3, 0)-form of the manifold. The effect of fluxes is captured by the Gukov–Vafa–Witten
uperpotential [94]:

Wflux =

∫
X
G3 ∧Ω. (118)

Recall that the F-term supergravity scalar potential for a superpotential W (ΦI ) and Kähler potential K (ΦI ,Φ Ī ) is given
y (in units where MPl = 1):

VF = eK
(
K IJ DIWDJW − 3|W |

2
)
, (119)

here K IJ is the inverse of the Kähler metric and DI are Kähler covariant derivatives: DI ≡ ∂I + (∂IK )W . For the Kähler
potential (117a) and superpotential (118), the potential (119) only depends on the Kähler moduli through the overall
prefactor eK . This comes from a combination of the following facts:

• The superpotential (118) is independent of the Kähler moduli. This is obvious from its expression, as the holomorphic
3-form only depends on the complex structure data. But, there is also a symmetry reason behind this perturbative
absence of the Kähler moduli from the superpotential. The imaginary part of the Kähler moduli are axionic fields
which enjoy shift symmetries Ti → Ti + i ci with constant ci’s. This, together with the fact that the superpotential is
holomorphic, implies that the superpotential cannot depend on Ti (within perturbation theory). This shift symmetry
is preserved to all orders in perturbation theory [60,122–124], and hence the superpotential is independent of the
Kähler moduli to all orders in perturbation theory.

• The Kähler potential is of the no-scale form [125,126] i.e K TiT ȷ̄KTiKT ȷ̄
= 3. This is a consequence of the fact that the

volume V is a degree 3/2 homogeneous polynomial in τi.

ith this, the potential is solely a function of the complex structure moduli and the dilaton:

V no−scale
F = eKKαβ DαWDβW ,

where the indices α, β now run only over the complex structure moduli and the dilaton. The potential is minimised by
olving

DαW = 0.

his can be shown to be equivalent to the imaginary self-dual condition on the fluxes (116). At the minimum, the
otential vanishes (consistent with the fact that these are Minkowski compactifications). Since DαW are proportional
o the corresponding F-terms, this means that the complex structure and dilaton moduli do not break supersymmetry,
owever the F-terms of the Kähler moduli (Fi = DTiW ) are non-vanishing and supersymmetry is broken unless W = 0
which is equivalent to G3 being (2, 1)). These reflect the standard properties of no-scale vacua: a vanishing vacuum energy
= 0 together with broken supersymmetry.
Let us next discuss the stabilisation of the Kähler moduli. As discussed above, the shift symmetries of the axionic

arts of the Kähler moduli forbid their appearance in the superpotential to all orders in perturbation theory. However,
s these moduli represent the gauge couplings for matter fields on D7-branes, non-perturbative effects like gaugino
ondensation on D7-branes or Euclidean D3-instantons can generate a superpotential for them (see [127] for a review).
he full superpotential for closed string moduli takes the form:

W = Wflux(S,U) + Wnp(S,U, T ) . (120)

he Kähler potential for the Kähler moduli receives various perturbative corrections. In general, the no-scale condition
TiT ȷ̄KTiKT ȷ̄

= 3, satisfied by the tree level Kähler potential, will be broken by these corrections. We denote the corrections
y Kp, i.e.

Kkah = −2 lnV + Kp. (121)

he correction terms Wnp and Kp in (120) and (121) lead to a potential for the Käher moduli. This potential generates a
inimum for the moduli, stabilising them, and is also crucial for understanding the moduli dynamics in a cosmological
ontext.
There are two major scenarios for fixing the Kähler moduli. These are the KKLT construction [128] and the Large Volume

cenario (LVS) [129], which we now describe these in detail. Other proposals for Kähler moduli stabilisation within the
mbit of IIB flux compactifications include [130–136]. The most pertinent details of these two main constructions are
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• The KKLT construction makes use of the fact that the vacuum expectation value of the flux superpotential can be
tuned to small values. This serves as a small parameter, allowing for various contributions to the potential arising
from Wnp to compete. The result is an AdS minimum which is supersymmetric.

• The LVS construction makes use of the perturbative no-scale breaking effect in (121) driven by a V-dependent
α′ correction. This competes with a non-perturbative correction on a small (blow-up) 4-cycle, resulting in a non-
supersymmetric AdS minimum. At the minimum, the volume V ∼ e1/gs ≫ 1 is exponentially large in string units.
Supersymmetry continues to be broken by the F-terms associated with the Kähler moduli.

.4.1. The KKLT construction
As we have seen, the effect of turning on fluxes in type IIB is to generate a potential for the dilaton and complex

tructure moduli, while leaving the Kähler moduli flat. The first step in the KKLT construction involves integrating out
he dilaton and complex structure moduli, and then considering the low energy effective action for the Kähler moduli
lone. Although a realistic model will have multiple Kähler moduli, we will work with a single modulus to illustrate the
asic features of the model. The non-perturbative contribution to the superpotential can arise as a result of Euclidean
3-branes or gaugino condensation on wrapped D7-branes. In both cases, the superpotential takes the form23

Wnp = A(U, S) e−aT ,

here the pre-factor A is a function of complex structure moduli U and the dilaton S, but has no dependence on the
ähler moduli. The constant ‘a’ is equal to 2π when the effect is generated by Euclidean D3-branes, while in the case
f gaugino condensation on wrapped D7-branes a = 2π

/
N , where N is the rank of the condensing gauge group. With

he dilaton and complex structure moduli integrated out, the flux superpotential makes a constant contribution to the
uperpotential (W0). The full superpotential is then

W = W0 + A e−aT .

key requirement of KKLT is that the fluxes are tuned so that |W0| ≪ 1. Working with the tree-level Kähler potential
= −3 log

(
T + T

)
, the resulting potential is

V =
|aA|

2

6τ
e−2aτ

+
a|A|

2

2τ 2
e−2aτ

+
a Re(AW ∗

0 e
−iθ )

2τ 2
e−aτ .

fter adjusting the phase of the axion to its minimum, one obtains a supersymmetric minimum DTW = 0 with

τ ∼
1
a
ln |W0|

−1 > 1.

rom the logarithmic dependence of τ on |W0|, we understand why a small |W0| is a key requirement of the construction.
he existence of a large number of choices of flux quanta which lead to small values of |W0| follows from statistical
onsiderations [146]. Recently, explicit constructions with |W0| as low as 10−120 have been carried out [147,148] (for
earlier work on obtaining low values of |W0| see [106,108,149,150]). Sufficiently large τ is necessary to ensure that
any perturbative corrections to the Kähler potential yield sub-leading contributions to the potential that we can safely
ignore, and thereby justifying the use of the tree level Kähler potential. Furthermore, the masses of the Kähler moduli
are [151,152]

mT ∼ m3/2 ln
(

MP

m3/2

)
,

here the gravitino mass m3/2 = eK/2|W |. Although logarithmically enhanced compared to m3/2, this implies that the
asses of the Kähler moduli are parametrically lighter than those of the complex structure moduli, as required for the
onsistency of the 2-step procedure. For work on realising the KKLT construction in explicit settings, see e.g. [148,150,153].
Note that the no-scale structure present in the pure flux GKP compactifications is absent from KKLT; the process

f stabilisation generates a supersymmetric vacuum and returns the mass of the Kähler modulus to above that of the
ravitino mass. This is an important qualitative difference between KKLT and LVS, which we now discuss, where the
o-scale structure survives in the leading approximation.

.4.2. The large volume scenario
The starting point for the LVS construction [129] is the same as for KKLT, namely the low energy effective field theory

fter the complex structure and the axio-dilaton have been integrated out. LVS requires at least two moduli, with the
alabi–Yau having some form of ‘Swiss-cheese’ structure, i.e described by an overall volume with subsequent moduli
epresenting geometric ‘holes’ corresponding to blow-up moduli. The simplest realisation is for the case of two Kähler
oduli. Here the expression for the volume of the Calabi–Yau takes the form:

V = τ
3/2
b − τ 3/2s ,

23 For a superpotential to be generated, the divisor associated with the Kahler modulus has to be rigid or be rigidified by the presence of fluxes
see e.g. [127,137–144] for technical discussions. Recently, there have been conjectures on challenges in generating such a superpotential term [145].
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here τb is volume of a big 4-cycle (in Einstein frame) and τs measures the volume of a hole in it (more precisely τs
ontrols the volume of an exceptional del Pezzo divisor resolving a point-like singularity). The leading α′ correction to
he Kähler potential [71] is included,

K = −2 ln

⎛⎝V +
ξ

2

(
S + S
2

)3/2
⎞⎠ ,

ith ξ ≡ −
χ (X)ζ (3)
2(2π )3

where χ (X) is the Euler number of the Calabi–Yau and ζ is the Riemann zeta function. LVS also requires
non-perturbative effect supported on the small cycle,

W = W0 + As e−asTs . (122)

s discussed above, here as = 2π
/
N in the case that the effect arises as a result of gaugino condensation and as = 2π in

the case of wrapped Euclidean branes. Working in the limit τb ≫ τs, after fixing the axionic partner of τs at its minimum,
the scalar potential (119) takes the form:

V =
4
3
a2sA

2
s
√
τse−2asτs

sV
−

2asAs|W0|τs e−asτs

sV2 +
3
√
s ξ |W0|

2

8V3 . (123)

inimising the potential,24 one finds a minimum at

⟨V⟩ ≃
3
√

⟨τs⟩ |W0|

4asAs
eas⟨τs⟩ and ⟨τs⟩ ≃

1
gs

(
ξ

2

)2/3

. (124)

et us stress some important aspects of the scenario:

1. The minimum arises as a balance between an α′ correction (giving a term in the potential scaling as V−3) and
non-perturbative effects on the small 4-cycle (which are definitely generated for a rigid del Pezzo divisor like τs).
As a result, the overall volume is exponentially large in the size of the small 4-cycle.

2. The construction generalises to the situation with multiple blow-up moduli. In the general situation with blow
up and fibre moduli, the fibre moduli can be stabilised by loop effects [154] or higher derivative corrections [155].
Moduli stabilisation in the large volume scenario has been extensively studied, see [131,134,136,156–172] for recent
studies.

3. In LVS models, a small value of the dilaton helps guarantee that the effective field theory is under control. For
gs ≲ 0.1, (124) implies that τb and τs are much larger than the string scale, and hence the use of the supergravity
approximation is justified.

4. The models can be constructed for natural values of |W0|; W0 ∼ O(1− 10). See [173] for a discussion and [174] for
a concrete example.

5. The LVS vacuum is AdS with the value of the potential at the minimum VLVS ∼ −m3
3/2MPl. It is non-supersymmetric

with the largest F-term given by F Tb ∼ τb m3/2 (inherited from the no-scale structure). Hence the Goldstino is the
fermionic partner of Tb in the corresponding N = 1 chiral multiplet. This is eaten up by the gravitino which develops
a non-zero mass.

.4.3. Attractive features of IIB models
Much of our discussion of cosmological models will be set in IIB flux vacua. There are two major reasons for this:

irst, the low energy effective action is well understood, and second, this low energy effective action has many attractive
eatures from the point of view of phenomenology. Let us list some of these:

1. Controlled flux backreaction: The backreaction of the fluxes on the internal geometry is well understood and leads to
internal manifolds which are conformally Calabi–Yau. The understanding of the resulting underlying moduli space
is better than in other settings, with the effect of the warp (conformal) factor on the low energy effective action
being negligible at large volume. For progress in computing the form of the Kähler potential including the effects
of warping see [175–184].

2. Suppressed scalar potential scale: IIB offers vacua at large volume, where there exists a clean separation between the
string, Kaluza–Klein and moduli mass scales (recall that the Kaluza Klein scale MKK ∝ MPl

/
V2/3 and Ms ∝ MPl

/
V1/2).

On the other hand, the mass of the complex structure moduli behave as Mcs ∝ MPl
/
V . Thus, at large volume

Mmoduli ≪ MKK ≪ Ms.

The moduli effective action therefore provides a good description of the low energy dynamics.

24 Here, s is to be thought of as parameter, it is fixed along with the complex structure moduli as result of the presence of fluxes.
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3. Hierarchically suppressed SUSY breaking scale: Supersymmetry is broken at tree-level by the F-terms of the Kähler
moduli which are proportional to the (0, 3) component of G3. The gravitino mass is given by m3/2 = eK/2W0 ∼

W0
/
V . This is hierarchically smaller than the Kaluza–Klein scale for both KKLT (where W0 ≪ 1) and LVS models

(where V ≫ 1). See [173] for a detailed discussion.
4. Progress in computing higher order corrections to the effective action: Since the Kähler moduli are flat at tree level,

higher order corrections to the effective action become crucial for their stabilisation and cosmological dynamics.
There has been a lot of progress in understanding these.
The first computation in this direction was the N = 2 O(α′3) corrections to the Kähler potential K [71]. Additional
N = 2 O(g2

s α
′2) and O(g2

s α
′4) contributions to K have been obtained in [185] and further advanced in [157]. In

this context, Ref. [186] showed the existence of an ‘‘extended no-scale structure’’ which implies that O(g2
s α

′2)
contributions to the scalar potential vanish. Moreover, Ref. [187] reconsidered N = 2 O(α′3) contributions to the
Kähler potential incorporating the backreaction of these terms on the geometry and found that they lead to moduli
redefinitions. Higher derivative N = 2 O(α′3) terms have been computed in [188,189].
There has also been substantial progress in understanding N = 1 perturbative effects. Ref. [190–192] obtained
N = 1 string loop corrections to the Einstein–Hilbert term showing that they generate g2

s corrections to a term
involving the CY Euler number (see also [135]). In [193,194] it was shown that worldsheet 1-loop corrections can
also led to field redefinitions of the Kähler moduli at 1-loop level. Ref. [195] showed that N = 1 O(α′2) corrections
to the effective action lead to moduli redefinitions, while Ref. [196] found that N = 1 O(α′3) effects are captured
by a shift of the CY Euler number term. Recently, a systematic treatment of corrections in the F-theory setting has
been carried out in [197].
It is often not necessary to obtain the full functional dependence of these corrections on all moduli. Rather,
it is sufficient to determine their dependence on the Kähler moduli (which are the light ones). The functional
dependence of string loop corrections to K on the Kähler moduli can often be determined from generalisations of
toroidal computations and low-energy arguments [186,198]. Another powerful tool is imposing the positivity of the
Kähler metric [199]. Moreover, Ref. [200] used the 2 scaling symmetries of the 10-dimensional action at tree-level
to infer the dependence on the overall volume mode and the dilaton of any arbitrary perturbative correction to
the effective action. Recently, the one loop correction to the Kähler potential has been related to a supersymmetric
index [201].

5. Expansion parameters: As mentioned in our discussion of the Dine–Seiberg problem, moduli stabilisation cor-
responds to fixing the values of fields whose VEVs themselves give the expansion parameters of the theories.
Furthermore, the asymptotic weakly-coupled regions in field space correspond to runaway potentials. Thus, an
interesting question is: how can small expansion parameters arise when moduli are stabilised? To answer this, let
us start by taking the superpotential and Kähler potential to be of the general form in (120) and (121). We write
the F-term potential as

V = V0 + δV , (125)

where V0 is the tree-level potential and δV is the correction term in the potential arising as a result of the correction
terms in (120) and (121). Since V0 is independent of the Kähler moduli, the minimum of the potential in the Kähler
moduli space is determined by δV . The leading contribution to δV takes the form [156]:

δV ∝ eK
(
W 2

0 Kp + W0 Wnp
)
. (126)

The most obvious regime to consider is where both the tree level contribution to the superpotential dominates over
the non-perturbative part (W0 ≫ Wnp) and also the perturbative corrections to the Kähler potential are much larger
than the non-perturbative corrections to the superpotential (Kp ≫ Wnp). In this regime, the first term in (126) is
the leading order term. It would lift the potential and give a runaway behaviour (unless terms of different order
in the perturbative expansion compete, but such a competition will always lead to problems with the perturbative
expansion if there is only one expansion parameter.25) This is the Dine–Seiberg problem [75] for the setting. Type
IIB flux compactifications provide at least two concrete ways to alleviate the problem:

* In the KKLT construction, the large discrete degeneracy of flux vacua is used to tune W0 to be exponentially
small so thatW0 ∼ Wnp. As a result, terms which are of orderW 2

np are also required to be included in (126). The
Kähler moduli are stabilised due to competition between terms which are of the order W0 Wnp and W 2

np. Note
that in this regime corrections to the Kähler potential can be consistently neglected since their contribution
to the scalar potential is sub-leading.

* LVS models exploit another possibility. Here, the key idea is that string compactifications can feature more than
one expansion parameter (with each corresponding to the vacuum expectation value of one of the many fields
in string theory). The two terms in (126) can consistently compete with each other to generate a minimum

25 Recently an exception to this rule was pointed out in [202] in the sense that there exist cases in QFT for which the perturbative expansion can
be resummed as in the renormalisation group case, this may allow for a reliable perturbative minimum for V as long as the dilaton has been fixed
at weak coupling.
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Fig. 9. A cartoon representation of a typical Calabi–Yau configuration as used in KKLT and LVS scenarios. The D7-branes wrapped 4-cycles and may
host the gauge theory that provides the corresponding non-perturbative effects in the superpotential. The non-trivial fluxes typically lead to the
3-cycles corresponding to long throats that give rise to warped factors in the metric and may host anti-D3-branes at their tip to provide the dS
uplift.

so long as each arises from a different expansion. In LVS, the first term in (126) is part of an expansion in
terms of inverse powers of the overall volume of the compactification (1

/
V) while the second term is part

of an expansion in the size of non-perturbative effects on a small 4-cycle (e−asτs ). These compete to yield a
minimum at large volume.

3.4.4. De Sitter in IIB
The vacua we have discussed so far are AdS. It is possible to obtain dS vacua either by incorporating additional effects

which are part of the low energy effective action or taking a more general approach to finding minima of the effective
action. Below, we describe various proposals for constructions of dS vacua26 in the IIB setting, illustrating such general
constructions in Figs. 9 and 10.

• Anti-branes: This was proposed as part of the original KKLT construction [128]. Anti-D3-branes experience a potential
in the imaginary self dual backgrounds of [92]. This drives them to the bottoms of warped throats within the
compactification. An anti-D3-brane at the bottom of a warped throat makes a positive definite contribution to the
potential. This is given by

VD3 ∼
e4A0

(T + T )2
,

where eA0 is the value of the warp factor at the bottom of the throat. Such a contribution uplifts the KKLT AdS
vacuum to a dS one. The introduction of an anti-brane takes the configuration away from the pseudo-BPS class, and
various aspects of the effective field theory remain to be understood (see e.g. [205–214] and references therein).
Embedding of the system in a supersymmetric effective field theory by making use of the nilpotent field formalism
is discussed in [215] and references therein. A recent construction [216], provides a way to make dS constructions
with anti-D3-branes minimalistic (in addition to keeping the effective field theory under control).

• Magnetised branes [217]: Here, one considers U(1) fluxes localised in a warped throat on D7-branes wrapping the
T (volume) modulus. If the vacuum expectation values of the matter fields charged under the U(1) are zero, a
term is generated in the effective potential which is exactly of the same form as that arises in the presence of
an anti-D3-brane . This term corresponds to a D-term contribution in the 4-dimensional supersymmetric effective
action.

26 For recent summaries of the state of the art in dS constructions and the challenges involved see for example [203,204].
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c

Fig. 10. A typical potential giving rise to dS as illustrated by the minimum at positive value of the scalar potential. The x-axis units represent a
ycle volume while the y-axis gives the scalar potential in arbitrary units.

• Kähler uplift [132,174,218,219]: The α′ corrections to the Kähler potential in the KKLT construction can be made to
compete with the non-perturbative effects and the flux contributions to produce solutions with positive vacuum
energy. The dS minima so obtained are in regions which correspond to the edge of the validity of the effective field
theory. An explicit construction with all geometric moduli stabilised has been carried out in [174].

• T-branes [220]: In the presence of supersymmetry breaking imaginary self-dual (ISD) 3-form and gauge field fluxes
on D7-branes, as in a generic string compactification with orientifolds and wrapped branes, one is led to T-
brane configurations. That is, the D7-brane adjoint scalars Φ are in a configuration for which

[
Φ,Φ†

]
̸= 0. Such

configurations provide a positive definite contribution to the 4-dimensional potential which can uplift the AdS
minima to dS. Explicit Calabi–Yau orientifold examples with T-brane uplifting in the LVS framework have been
derived in [161–163,166,168].

• Dilaton dependent non-perturbative effects [133]: Here, dilaton-dependent non-perturbative effects coming from
E(−1)-instantons or strong dynamics on hidden sector of D3-branes at singularities were considered. The non-
perturbative term yields a positive definite contribution to the scalar potential similar to that which arises from
anti-D3-branes.

• dS vacua from logarithmic/power law loop corrections [131,135,221]: In the presence of intersecting D7-branes, there
are loop corrections to the Kähler potential whose contributions to the potential are logarithmic in the volume of the
compatification [135,221]. These arise from graviton kinetic terms related to the emission of closed strings on non-
vanishing local tadpoles. The logarithmic dependence arises from infrared divergences due to effective propagation
in the two transverse directions to the D7-branes. Combining the logarithmic terms with the (usual) power law
α′ and gs corrections to the potential, one obtains a non-supersymmetric AdS minimum. dS vacua are obtained by
incorporating the effects of D-term contributions from U(1) magnetic fluxes along the world-volume directions of
the D7-branes.
Closely related are the constructions of [131], where it was found that Kähler moduli can be stabilised by perturbative
power law corrections, or those of [222] which used the perturbative α′ corrections to generate a dS minimum.
Again, various additional effects can lead to dS minima in the setting. These constructions can provide an avenue to
obtain dS vacua without making use of the non-perturbative part of the superpotential, whose computation involves
various subtleties [91].

• Complex structure F-terms [134]: The potential for the complex structure and dilaton generated by fluxes has
supersymmetric minima where DUWflux = 0,DSWflux = 0. There can also be other minima, ones where the F-terms
associated with these fields are non-vanishing. These minima lead to dS vacua once the Kähler moduli are stabilised
without the need of further ingredients. A concrete example with V ≃ 104 was constructed in [134].

• Non-perturbative dS vacua [223]: Here, dS minima arise from stabilising all the geometric moduli in one step via
the inclusion of background fluxes and non-perturbative contributions to the superpotential. The key challenge
is to develop a good understanding of the S and U-moduli dependence of the prefactors of the non-perturbative
effects. Duality covariance was used to constrain their form in the analysis. Finding the minima requires sophisticated
numerical methods such as genetic algorithms.

• Compactifications on Riemann surfaces [224]: This construction makes use of the fact that negative curvature in the
extra dimensions makes a positive contribution to the 4-dimensional effective potential. In the simplest version, the
compactification manifold is a product of 3 Riemann surfaces with one of them having genus greater or equal than
2. Fluxes are introduced to stabilise the complex structure moduli. At this level, there are tadpoles for the dilaton

and the volumes of each of the surfaces. These are stabilised by the introduction of D7-branes and anti-D7-branes.
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Supersymmetry is broken at a high scale by the compactification manifold. A related recent development is M-theory
on hyperbolic manifolds [225]

.4.5. Open directions in IIB
Before moving on to moduli stabilisation in other string theories, we list some interesting open directions in type IIB

• Better understanding of higher derivative and gs corrections: Higher derivative and gs corrections play a central role in
various scenarios for moduli stabilisation. Furthermore, they are important for checking the validity of the effective
field theory used for the construction of the vacua. As we have described above, much progress has been made in
computing these corrections in type IIB. Yet, we still do not have an understanding of all the corrections in the most
general configuration with branes and fluxes. Developing such an understanding is of much importance. To give a
specific example, it is important to understand the precise effect of the logarithmic corrections of [135,221] (when
they are present; in general, such corrections are absent) in the LVS context, see e.g. [159,169,170].

• Non-perturbative effects: A full understanding of the conditions under which non-perturbative effects in the superpo-
tential are generated is of importance (see e.g. the discussion in [91,203]). Recent progress in this direction includes
generalisation of the fermion zero mode conditions for effective divisors in CY threefolds with singularities along
rational curves [226].

• The uplift sector: The introduction of the uplift sector is crucial to obtain dS vacua. This ties the uplift sector to
the issues which arise while defining a quantum theory on dS space (see e.g. [87,227,228]) and the dS swampland
conjecture (see Section 7.7 for a discussion). Thus, progress in better understanding the physics of the uplift sector
can potentially shed light on various conceptual issues in quantum gravity.

• F-theory moduli stabilisation: Type IIB models can be thought of as the weak coupling limit of F-theory constructions.
Thus study of moduli stabilisation in F-theory can potentially lead to novel scenarios and also provide better
understanding of existing models. The central issue is to address moduli stabilisation directly within the F-theory
framework. For a review of the phenomenology of F-theory vacua see e.g. [229].

• Local curvatures: Our present understanding 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; in principle a 2-cycle with
volume which is large in string units can be anisotropic and have regions where the curvature is large. While this is
a challenge, it is not expected to be a generic issue. Progress on this front will require explicit knowledge of metrics
on Calabi–Yaus, see e.g. [230–232] for work in this direction.

• Model scans: Detailed understanding of models and their phenomenology requires scans over large number of
models. To give a specific example, the construction of dS vacua requires uplift potentials of very specific magnitude
(as an order one increase in the magnitude leads to a runaway). Given this, isolating concrete models will
certainly need an extensive scan over models varying the flux quanta. The large multitude of IIB vacua implies that
optimisation strategies are important. Modern computational tools are promising in this direction (see [233–237]).

• Open string sector: Realistic phenomenology requires the introduction of open string sector(s) which provide the
Standard Model degrees of freedom.27 Combining stabilisation of the closed and open string modes in a controlled
fashion in Calabi–Yaus is a very demanding task. This is because of the difficulty to solve the minimisation equations
in the presence of a large number of complex structure and open string moduli. Much progress has been made in this
direction [160–163,165–167,239,240] but a globally consistent model with full moduli stabilisation in a controlled
dS vacuum is yet be achieved.

• The nature of the expansion: The weak coupling expansion in quantum field theory is an asymptotic expansion. In
flux compactifications, the expansion parameters are small but the tadpole constraint implies that one cannot take
the limit of arbitrarily small coupling (as is true of asymptotic expansions). It would be interesting to develop the
mathematical theory of such expansions and understand them better.

.5. Moduli stabilisation: The full diversity of scenarios

Although type IIB constructions are the most studied, they represent only one corner of string theory. It is therefore
ecessary to review moduli stabilisation also in other corners of string theory.

.5.1. Moduli stabilisation in type IIA
In type IIB, there are only 3-form fluxes. These only couple to the complex structure moduli, explaining why fluxes

n IIB stabilise the complex structure moduli alone. In contrast, type IIA theory has both the NSNS 3-form and even RR
orms in its spectrum. This allows for a rich structure in the flux superpotential: the 3-form can couple to the holomorphic
-form of the compactification manifold (as in the IIB theory), while even RR forms can couple to the Kähler form. Thus
ne can hope to stabilise all the geometric moduli solely through the presence of fluxes. Here, key challenges are instead
he lack of a full understanding of the 10-dimensional solutions incorporating the back reaction of the fluxes and the
uestions of how to generate hierarchies and supersymmetry breaking. In fact, it is known that the internal manifold

27 For a recent review on construction of the Standard Model sector in IIB/F-theory see [238].
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an be neither Calabi–Yau nor conformal to a Calabi–Yau once fluxes are turned on. For supersymmetric solutions, the
nternal manifold has to be half flat with an SU(3) structure [241–244].

In view of the difficulty in obtaining 10-dimensional solutions, the approach taken has been to consider configurations
hich satisfy the tadpole cancellation conditions and compute the energy functional for these. Critical points of this
nergy functional can be expected to correspond to solutions to the 10-dimensional equations of motion in the limit of
arge volume. We will discuss two constructions in more detail. The first will be set in orientifolds of Calabi–Yaus [245]
see e.g. [246–251] for related work). The second will involve compactifications on Nil manifolds [252].

The simplest N = 1 supersymmetric IIA orientifolds involve an anti-holomorphic involution acting on a Calabi–Yau.
he fixed locus of the involution is wrapped by O6-planes. The tadpole cancellation condition for D6-charge takes the
orm:

ND6 +

∫
Σ

F0 ∧ H3 = 2NO6,

here F0 is the mass parameter of the IIA theory and Σ is a 3-cycle that the 3-form threads. Thus, by a suitable choice
f H3 the tadpole can be cancelled without the introduction of D6-branes. The other fluxes can be arbitrary. The effective
ction for moduli of the orientifold28 in such configurations was computed in [245] by making use of the formalism
f [253]. The following interesting features were found:

• The classical flux potential stabilised all the geometric moduli. The axionic partners of the complex structure
moduli remain unfixed. In principle, these can be lifted by Euclidean D2-instantons but, in practice, such massless
gravitationally coupled axions are phenomenologically harmless.

• As opposed to the IIB case, the number of vacua obtained can be infinite.
• A scaling argument showed that the solutions can be brought to the regime of arbitrarily small values of gs and

arbitrarily large volume.29

Various open questions remain in connecting these DGKT configurations to 10-dimensional solutions. The analysis
f [255] revealed that the solutions could be lifted to ten dimensions after the O6-plane was smeared. Another issue
s the quantum interpretation of the massive IIA theory (see [256] for a detailed discussion). Interestingly, no stable
S vacua have been found [257–263] in the setting. Recently, the AdS vacua have been explored from the holographic
erspective [264,265], revealing an interesting structure including integer conformal dimensions for fields dual to the
oduli.
The second example we discuss is that of [252], which is a construction of metastable dS vacua. As in [224], this exploits

he fact that negative scalar curvature in the internal dimensions makes a positive contribution to the 4-dimensional
calar potential. The compactification manifold used is a product of 2 Nil 3-manifolds (these have negative scalar
urvature). Orientifolds, branes, fractional Chern–Simons forms and fluxes consistent with tadpole cancellation conditions
re considered. With suitable choice of the discrete parameters, the curvature, field strengths, inverse volume, and 4-
imensional string coupling can be made parametrically small, and the dS Hubble scale can be tuned to be parametrically
maller than the moduli masses. However, various aspects of the effective field theory remain to be explored (see [266]
or a detailed discussion). As the compactification manifold breaks supersymmetry, high scale supersymmetry is a generic
rediction of the models.

.5.2. Moduli stabilisation in heterotic strings
Heterotic string theory was the original set up for model building in string phenomenology, and as such work towards

oduli stabilisation also spans across four decades.30 Nevertheless, although there are by now well-developed landscapes
f heterotic Standard Models containing the exact charged spectrum of the MSSM [270–274], it is fair to say that the
rogramme of moduli stabilisation is much less developed. Moduli stabilisation in heterotic string theories share many
ngredients with type II scenarios, but there are also a number of aspects that make the stabilisation of moduli in heterotic
tring theory more challenging:

• The matter sector resides in the bulk, rather than localised on D-branes. This means that the stabilisation of geometric
moduli and the dilaton cannot be decoupled from the problem of building a realistic particle physics. Because the
visible sector gauge couplings are set by the 10D dilaton and volume modulus, there are preferred values for the
moduli in order to obtain gauge coupling unification at the GUT scale: g2

s /V = αGUT ≈ 1/25 or, equivalently,
ReS ≡

√
ge−2φ

= 2, which are at the bounds of validity of the string coupling and weak curvature expansions.
Moreover, the GUT scale is identified with MKK, which however is pushed beyond the phenomenological value by
the requirement V ≲ 25 that follows from the previous expressions after imposing gs ≲ 1. Indeed, for an isotropic
compactification, MKK ∼ Ms/V

1
6 ≳ 8 × 1016 GeV, where we used M2

s ∼ M2
Pl/4πα

−1
GUT ≈ (1017 GeV)2, compared with

MGUT ∼ 2 × 1016GeV. This can be circumvented by considering anisotropic compactifications e.g. with two large
extra dimensions [275–278].

28 Type IIA orientifolds have h2,1
+ h1,1

− + 1 scalar moduli, which are part of N = 1 chiral multiplets.
29 For an AdS3 solution (for type IIA on G2 orientifolds) with similar features see [254].
30 Some early work on cosmological aspects of heterotic string theory can be found in [267–269].
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• The supersymmetry conditions for a Minkowski-CY background, H = −
1
2 ∗ dJ , force all the H-flux to vanish for a

CY (where dJ = 0) [279], in contrast to type IIB where a supersymmetric background can be obtained for primitive
(2,1)-type 3-form flux backgrounds. Therefore, at leading order, if fluxes are used to stabilise the complex structure
moduli in heterotic string theory, one has to pay either by breaking supersymmetry or deforming away from a CY.

• The only flux available is that from the single NS-NS 3-form H . The flux superpotential is therefore independent
of the dilaton; this implies (i) flux backgrounds do not have the no-scale cancellation seen in type IIB (ii) the
dilaton cannot be stabilised by flux alone and non-perturbative effects such as gaugino condensation have to be
relied upon. As will be discussed further below, there is in fact an interesting interplay between H-flux and gaugino
condensation [280,281], due to the perfect square structure in the heterotic effective supergravity theory, which is
given in the Einstein frame by:

Shet ⊃
1

2α′4

∫
d10x

√
−g

(
−

1
12

e−φ

(
HMNP −

α′

16
eφ/2 λ10 ΓMNPλ10

)2
)
. (127)

• The H-flux is real. Having only half as many fluxes per modulus compared with type IIB means that one cannot
use the discretuum of fluxes to tune the VEV of the flux superpotential to small values [282] (the existence of
a metastable solution to the 2h1,2 real coupled, partial non-linear differential equations to stabilise the 2h1,2 real
moduli at weak coupling, with 2h1,2 real flux parameters, leaves little room to further tune W [283]; see also [284]
for a proof of this in the large complex structure limit); this is dangerous as a large flux superpotential induces
large runaways in the Kähler moduli and dilaton directions, which is difficult to counterbalance with exponentially
suppressed non-perturbative contributions as done in KKLT.

• As will be discussed below, small flux superpotentials can be obtained by considering fractional Chern–Simons
contributions to H . Indeed, in the heterotic string, perturbative anomalies in spacetime or on the worldsheet imply
that the gauge-invariant H takes the form [285]:

H = dB −
α′

4
Ω3(A) −

α′

4
Ω3(ω) , (128)

with the Chern–Simons invariantΩ3(A) = tr(A∧dA)+ 2
3A∧A∧A and similarly forΩ3(ω). Note that the Kalb–Ramond

and Yang–Mills Chern–Simons contributions are leading order in the derivative expansion, whereas the Lorentz
Chern–Simons term is higher order. Whilst the flat bundles from Wilson lines contribute H-flux at leading order,
anomaly cancellation and the Bianchi identity force the Chern–Simons H-flux from a non-standard embedding of the
gauge connection into the spin connection to appear at higher order; the latter’s contribution to the superpotential
in the low energy effective field theory for massless modes must thus be vanishing due to the non-renormalisation
theorems [60], although – as we will see – it can still contribute to the stabilisation of would-be moduli once these
are integrated in.

• In analogy to the open string moduli in type II theories, heterotic string theories have, on top of the geometric moduli
and the dilaton, a number of vector bundle moduli. The moduli space of complex structure and vector bundle moduli
does not take the form of a direct product, rather there is some non-trivial mixing imposed by the Hermitian Yang–
Mills equations [123,284,286,287]. Although in a supersymmetric Minkowski-CY background the complex structure
moduli cannot be stabilised by H-flux, they may be stabilised by the gauge bundle moduli. This will be discussed
further below.

We now review the main moduli stabilisation scenarios for heterotic string compactifications.

• Heterotic orbifold compactifications. The MSSM has been successfully constructed in heterotic toroidal orbifold
compactifications [270,271,288]. The 4-dimensional N = 1 effective supergravity theory describing these models
can be derived using a combination of dimensional reduction, conformal field theory [289–291] and target space
modular invariance that descends from the underlying torus (the latter is typically broken to some subgroup by
Wilson lines) [292–294]. Although the dilaton, Kähler and complex structure moduli are flat directions at tree-level,
non-perturbative effects tend to lift them all. As the dilaton describes the tree level gauge couplings, it is lifted
by gaugino condensation in a non-Abelian hidden gauge sector [280,295,296]. Moreover, the gauge couplings also
receive threshold corrections from massive string states, which depend on several of the Käher moduli and all of the
complex structure moduli; these are then also lifted by gaugino condensation [297,298] (interestingly, in some cases,
target space modular invariance implies that the resulting scalar potential goes to plus infinity in both the small and
large modulus limits, ensuring the existence of a metastable minimum somewhere in-between along this direction
and hence forcing compactification [299–301]). Finally, worldsheet instantons described by metastable untwisted
strings formed by twisted strings distributed at distant fixed points, lift all the remaining Kähler moduli, which
describe the fixed points’ separation [302].
These ingredients were combined in [303], which studied the moduli stabilisation of all bulk moduli in top-down
explicit MSSM models, with 10 real moduli. With moduli stabilisation being induced entirely non-perturbatively, it
may seem reasonable to expect that a small cosmological constant could be achieved; on the other hand, with 10

10
real moduli directions, a random search for a metastable minimum would only find 1 in every 2 solutions. In fact,
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although many consistent dS critical points were found (and no AdS ones), they all had large vacuum energies and
tachyonic instabilities. Aside from the search of metastable dS vacua – or an understanding as to why they do not
exist (see [304–306] for some discussion on implications of modular invariance for the dS swampland proposal) –
there are a number of details which require further attention. Not all the moduli dependent terms in the N = 1
Lagrangian are computable with current knowledge. The same goes for the input parameters in the 4-dimensional
scalar potential, which are certain (non-Abelian) singlet matter VEVs, Aα , that (i) ‘turn on’ the worldsheet instanton
contributions as Wyuk ∼ hαβγ (Ti)AαAβAγ and (ii) give masses via higher order Yukawa couplings to charged hidden
matter, which would otherwise prevent gaugini from condensing. Another important issue is the stabilisation of
twisted moduli or ‘blow-up’ modes.

• Smooth Calabi–Yau compactifications without fluxes. Heterotic Standard Models have also been successfully built
using smooth CY compactifications and algebraic–geometric techniques [272–274,307–309]. Key ingredients in these
constructions are the non-standard embedding of the gauge bundle into the tangent bundle, together with Wilson
lines. It may be possible that these very same ingredients help with the moduli stabilisation, without the need for
the fluxes essential in type II. Indeed, as mentioned above, the number of gauge bundle moduli depends on the
values of the complex structure and, viceversa, the number of complex structure moduli depends on the values of
the gauge bundle moduli [123,284,286,287]. The choice of gauge bundle may then be such that all the complex
structure moduli and a large number of other moduli are stabilised at tree level; in the most restrictive case only
one combination of the Kähler moduli and dilaton is left as a flat direction in an N = 1 Minkowski vacuum [284].
In a bit more detail [284,286,287], the N = 1 supersymmetry conditions impose that the gauge fields must obey the
Hermitian Yang–Mills equations of zero slope: Fij = 0 = Fı̄̄ȷ and g īȷFīȷ = 0. These conditions become, respectively,
F-term and D-term conditions associated with a 4D N = 1 effective scalar potential, which descends from the term
in the 10D action: −

1
2κ210

α′
∫
d10x

√
−g

(
−

1
2 tr(g

īȷFīȷ)2 + tr(g īıg j̄ȷFijFı̄̄ȷ)
)
. For a given choice of vector bundle moduli, the

F-term condition that the vector bundle be holomorphic with respect to a given complex structure fixes some –
possibly all – complex structure moduli. The D-term condition corresponds to the vector bundle being poly-stable
with vanishing slope, and it evidently depends on the Kähler moduli via the metric components g īȷ. In fact, it also
carries a dilaton dependence via one-loop corrections in the weakly coupled string. Thus the D-term condition fixes
some – possibly all – Kähler moduli and dilaton, with the exception of the overall volume modulus. In fact, if the
mass scale of these stabilised moduli is of the same order as the KK scale, they should not be considered as moduli
at all; so the number of moduli in such a compactification is less than that derived from the CY Hodge numbers. The
vector bundle moduli themselves could be stabilised by the non-perturbative effects, where the Pfaffian prefactors
in the superpotential are polynomials in the bundle moduli [310,311].
Ref. [284] proved a no-go theorem that a single surviving flat direction could be stabilised by non-perturbative effects,
due to the constraints imposed by the U(1) symmetries associated with the D-term stabilisation. However, if two flat
directions survive, they could be stabilised non-perturbatively by gaugino condensation and/or instantons; as this
starts from a genuine N = 1 Minkowski vacuum, these non-perturbative effects do not suffer the usual subtleties
associated with rolling solutions [91]. See also [312,313] for related work in the context of heterotic M-theory. It
remains an open question whether or not explicit realisations of this attractive scenario can be realised.

• Heterotic flux compactifications on non-Kähler manifolds. As noted above, the introduction of H-flux in leading
order heterotic compactifications deforms away from N = 1 supersymmetric Calabi–Yaus, either by breaking
supersymmetry or by leading to a non-Kähler internal space [279]. Indeed, the supersymmetry condition H = −

1
2∗dJ ,

implies that – for supersymmetric backgrounds – flux induces non-Kählerity and can only be (2,1) and (1,2). Going
beyond CY manifolds to manifolds with SU(3) structure (a manifold with SU(3) structure is one that admits a globally
defined spinor, and thus preserves some supersymmetry) leads one to consider ‘geometric fluxes’ or ‘torsion’, which
have even degree and thus the potential to stabilise the Kähler moduli at leading order [279,314–317]. Manifolds with
SU(3) structure are characterised in terms of 5 so-called torsion classes Wi (i = 1, . . . , 5), with dJ ∈ W1 ⊕ W3 ⊕ W4
and dΩ ∈ W1 ⊕ W2 ⊕ W5 (see [62] for a review). The moduli space of general SU(3) structure manifolds is not so
well understood. The simplest non-CY SU(3) structure manifolds are nearly Kähler manifolds, which have only the
first torsion class W1 non-vanishing.
Half-flat manifolds arise as the type II mirrors of Calabi–Yaus with NSNS flux [318]; they have vanishing W−

1 , W−

2
(imaginary parts of W1 and W2), W4 and W5 and their moduli space of metrics is identical to that of the mirror
Calabi–Yau. In [318,319] it was shown that dimensional reduction of the heterotic string theory on half-flat mirror
manifolds, in the large complex structure limit, yields a 4-dimensional N = 1 supergravity whose Kähler potential
is identical to the mirror Calabi–Yau and whose superpotential is a generalisation of the well-known Gukov–Vafa–
Witten expression, W ∼

∫
Ω ∧ (H + idJ) ∼ eiT i

+ ϵaZa
+ µaGa, with, respectively, geometric, NSNS electric and

NSNS magnetic flux parameters ei, ϵa and µa; thus we see that all the geometric moduli can be stabilised in these
backgrounds. This result is expected to extend to all SU(3) structure manifolds (see also [315,320]). Progress in
constructing gauge bundles for SU(3) structure manifolds has been made for the case of nearly Kähler manifolds
given as group or group coset manifolds [321–323]; backreaction of the gauge fields induced by the Bianchi identity
at order α′ can further help with the moduli stabilisation [324]. Due to the runaway dilaton, compactifications on
nearly Kähler or half-flat manifolds yield domain wall solutions at leading order [323,325]; a maximally symmetric
vacuum could be found by introducing other effects, such as gaugino condensation [324]. However, as mentioned, it
would be difficult to balance the tree-level H-flux against non-perturbative effects that are exponentially suppressed
at weak coupling.
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• Heterotic flux compactifications with Chern–Simons terms. H-flux appears in the 10-dimensional supergravity action in
a perfect square together with the gaugino fermion bilinear (127). The supersymmetry conditions on a CY background
require this bilinear to vanish [60,326,327] but by breaking supersymmetry spontaneously, a background H-flux
and gaugino condensate are compatible with a Minkowski × CY compactification, with complex structure and
dilaton stabilised [285]. Working out how these effects, understood within the 4D effective field theory, are captured
by the 10D supergravity theory, has not yet been fully achieved [326,327]. Note that satisfying the Minkowski
condition would require balancing the background H-flux against non-perturbative effects that are exponentially
suppressed at weak coupling; as discussed above, this cannot be obtained with integer quantised H-flux. Ref. [328]
therefore considered the H-flux sourced by background discrete Wilson lines, via their contributions to the Chern–
Simons term in H(128); this H-flux can be fractionally quantised instead of integer valued (see Ref. [329] for the
computation of Chern–Simons invariants from Wilson line backgrounds, and Ref. [330] for the same from non-
standard embeddings). Vector bundle and Kähler moduli could also be stabilised into a supersymmetric AdS solution
once threshold corrections are taken into account. These latter solutions involve some subtleties as they pass through
a strong coupling singularity [328], which can be avoided by considering instead worldsheet instantons [282].

• Heterotic Large Volume Scenario. Ref. [331] put several of the ingredients previously discussed – fractional Chern–
Simons fluxes, the requirement of a holomorphic slope-stable gauge bundle, tree-level and non-perturbative
(including one-loop threshold corrections) superpotentials – together with α′ corrections to the Kähler potential, to
compose a heterotic version of the Large Volume Scenario. In this scenario, the complex structure and gauge bundle
moduli are stabilised supersymmetrically at leading order, the dilaton non-perturbatively by gaugino condensation
and/or worldsheet instantons, and the Kähler moduli by subleading perturbative corrections, ultimately breaking
supersymmetry spontaneously in a Minkowski or dS vacuum. If the complex structure moduli are stabilised by
fractional flux, then |W | ∼ O(0.1 − 0.01) and the supersymmetry breaking is high-scale with m3/2 ∼ MGUT; if
they are instead stabilised by the gauge bundle, then |W | can be exponentially suppressed and the supersymmetry
breaking scale can be low. It would be important to work out if these scenarios can be realised in a controlled way
with explicit top-down constructions.

3.5.3. Moduli stabilisation in type I
Moduli stabilisation in type I has been developed in [332–337]. So far, the studies have been mostly in a toroidal setting

(T 6
/
Z2 backgrounds). Magnetic fluxes are introduced on D9-branes that wrap the internal manifold. The boundary term

in the open string action plays a crucial role. This modifies the open string Hamiltonian and its spectrum, and leads to
constraints on the closed string background fields due to their couplings to the open string action. The supersymmetry
conditions, together with conditions which define a meaningful world-volume theory, put restrictions on the values of the
moduli and fix them. The presence of branes and magnetic fluxes reduces the N = 4 theory to an N = 1 supersymmetric
one.

The simplest version of the model involves an O9-plane and several stacks of D9-branes. Some of the key features are:

• The introduction of oblique (non-commuting) magnetic fields. These are necessary to fix the off-diagonal components
of the metric.

• The non-linear part of the Dirac–Born–Infeld (DBI) action is used to fix the overall volume.
• The large radius limit can be attained by appropriate choice of the magnetic flux quanta.
• The magnetised branes lead to D5-brane charge, for which the associated tadpole has to be cancelled (this can be

done without the introduction of D5- and O5-planes).

At this level, the axio-dilaton remains unfixed. It can be fixed by turning on NSNS and RR fluxes. The choice of fluxes
can be made so that the background continues to preserve N = 1 supersymmetry and remain in the weakly coupled
regime (gs ≪ 1).

Interesting open directions for type I strings are:

• Study of the analogous non-supersymmetric backgrounds.
• Developing a complete understanding of open string moduli stabilisation in the setting.
• To see if dS vacua can be obtained. For this, understanding various higher order corrections to the effective action

are important. One advantage is that a full string theory description is available and this can be used to compute
the relevant corrections. The methods developed in [338] can be useful to compute non-perturbative effects.

• Implementing the analogous mechanisms in CY compactifications.
• Counting the number of such vacua and developing an understanding of their statistical properties.

3.5.4. Moduli stabilisation in M-theory
M-theory compactifications on manifolds of G2 holonomy lead to 4-dimensional theories with N = 1 supersymmetry.

Phenomenologically viable compactifications with non-Abelian gauge symmetries and chiral fermions arise if the G2
manifolds have specific types of singularities. Non-Abelian gauge fields are localised on 3-dimensional submanifolds
inside the internal space [339]. Chiral fermions are supported at points in the internal manifold where there are conical
singularities of a particular type [340]. Although many examples of smooth G2 manifolds have been constructed [341,342],
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n explicit construction of compact G2 manifolds with the singularities required has not been carried out so far. But such
ingular manifolds are believed to exist based on dualities between M-theory and heterotic and type IIA compactifications.
he phenomenological studies of these involve assuming the existence of the singularities and exploring the implications.
Upon reduction to 4 dimensions, geometric moduli corresponding to volumes of 3-cycles, si, pair up with axionic

ields that arise from the dimensional reduction of the C3 potential to yield complex scalars which are part of N = 1
hiral multiplets. Let us summarise some of the key features of the 4-dimensional effective action that describes moduli
ynamics (see e.g. [343] for further details). The Kähler potential is

K = −3 ln V7,

here V7 is the volume of the 7-manifold (in units of the eleven-dimensional Planck length). The volume is known to be
degree 7/3 homogeneous polynomial in si, the 3-cycle volumes. We will focus on scenarios in which the moduli are
tabilised as a result of condensation in gauge theories which are localised on three-dimensional submanifolds.31 For an
U(N) gauge theory, this leads to a superpotential

W = A exp
(

−2π fh
N

)
, (129)

here fh is the hidden sector gauge kinetic function and A is related to the cutoff of the supersymmetric gauge theory.
The gauge kinetic functions are related to the moduli fields by relations of the form fh = N iφi; where φi are the moduli
(in conventions in which the imaginary parts correspond to the volumes of 3-cycles and the real parts are axionic) and
N i are integers. The sum runs over all moduli. In general, there are multiple hidden sectors; the superpotential is the
sum of contributions of the type (129) arising from each one of them. This leads to a moduli potential which stabilises
all of them. In fact, all the moduli can be stabilised by considering superpotentials that arise from two hidden sector
contributions [347–349]. The vacua obtained are AdS. The value of the cosmological constant can be tuned by varying
the ranks of the condensing gauge groups. As there are no fluxes, the landscape of vacua is scanned by scanning through
these ranks.

Candidate dS vacua have been constructed in [348,350]. This was done by including matter fields charged under the
hidden sector gauge symmetries. The dominant contribution to the vacuum energy then arises from F -term contributions
of hidden matter fields and there are solutions with a positive value for the cosmological constant. See [351] for a detailed
review of these models.

The most important open direction is to develop an understanding of the nature of the singularities that can arise
in compact G2 manifolds. With this, one can carry out a systematic derivation of the matter content and the associated
effective field theory.

3.6. Holographic approaches to moduli stabilisation

The standard approach to moduli stabilisation, as just described in this section, operates through the language and
techniques of effective field theory. It starts with a 10-dimensional quantum string theory. Using dimensional reduction
and effective field theory, it aims to describe the dynamics of this theory in a 4-dimensional language in which the string
and Kaluza–Klein modes have been integrated out. Vacua of this 4-dimensional theory are found and then claimed to be
also vacua of the full 10-dimensional theory. This claim is justified by computing corrections to the 4-dimensional theory,
in both the α′ and gs expansion, and showing that they are small. The smaller we these corrections are computed to be,
the better we think we control the vacuum.

Recently, a complementary approach to thinking about moduli-stabilised vacua has appeared. Most scenarios of moduli
stabilisation give, at least initially, AdS vacua and additional ingredients are necessary to uplift these vacua to dS solution.
We know from the AdS/CFT correspondence that AdS vacua often have an interpretation in terms of dual conformal
field theories. Even without an explicit construction of a dual CFT, the symmetries of AdS map onto the symmetries of
CFTs [352]. It is therefore interesting to re-express the properties of phenomenologically appealing moduli-stabilised AdS
vacua in terms of CFT quantities.

States in the AdS theory correspond to operators in the CFT. Single-particle excitations in the AdS theory correspond
to single-trace primary operators in the CFT, while interactions map onto higher-point correlators in the CFT. Although
the whole AdS theory can be mapped into the CFT, the simplest relation concerns masses and conformal dimensions,

∆Φ (∆Φ − d) = m2
ΦR

2
AdS, (130)

here Φ denotes both a field in AdSd+1 and its corresponding dual operator in CFTd, ∆ is the conformal dimension and
AdS is the AdS radius.
The aims of this program are

31 For constructions involving non-trivial background C flux see e.g. [344–346]
3
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• By rewriting the vacua of moduli-stabilisation scenarios in an alternative language, search for hidden structures that
may be opaque when written in the more conventional language of supergravity and dimensional reduction. From
the perspective, AdS moduli-stabilised vacua at many different scales appear very similar from a CFT perspective
(e.g. [353,354]). Another example of this is the discovery that the mass spectrum of moduli in type IIA DGKT vacua
all correspond to integer conformal dimensions in any dual CFT. This is a striking feature whose origin is not yet
understood [264,265,355–359].

• In the study of CFTs, the bootstrap program has been able to develop some sharp bounds on allowed consistent
regimes for CFTs for quantities such as operator dimensions, both ruling out certain possible ranges and isolating
some allowed islands which contain consistent theories (see e.g [360]). By writing moduli-stabilising scenarios in CFT
language, this provides a chance of ruling out particular scenarios (in the case that they could be proved inconsistent
through CFT techniques) or giving strong evidence for their consistency (if they were found to exist in an allowed
island).

• Certain swampland criteria applicable to AdS theories may be given a sharper understanding when viewed holo-
graphically from the perspective of a dual CFT. Examples include the weak gravity conjecture [361–366], and the
Swampland Distance Conjecture [367,368].

• The use of CFT techniques may eventually allow an end-run around the need to use perturbative effective field theory
arguments to argue for the consistency of such vacua. This would be appealing as, in practice, it is unlikely that all
α′ or gs corrections could ever be computed for realistic string vacua with N = 0 supersymmetry.

• Moduli-stabilised vacua exhibiting hierarchies have some unusual features from a CFT perspective. The presence of
a small vacuum energy implies the central charge of the CFT is parametrically large. As the string and Kaluza–
Klein modes are parametrically heavier than the moduli fields, the resulting CFT is scale-separated: it contains
a parametrically large gap between the conformal dimensions of the single-trace operators corresponding to the
moduli and the conformal dimensions of the heavy fields corresponding to the string and KK modes. This is a striking
property as no such CFTs are currently known.
There are two lessons one could draw from this. The pessimistic one is that this may lead to the exclusion of standard
moduli stabilisation scenarios such as DGKT, KKLT and LVS via holographic methods. The optimistic one is that the
distinctive properties of these moduli stabilisation scenarios may act as guides enabling a direct construction of
scale-separated CFTs, which would represent a major breakthrough in conformal field theory.

Although this program is still relatively new, it offers considerable promise as a way of uncovering deeper structure
n compactifications and also as a potential gateway to the discovery of scale-separated CFTs.

.7. Other approaches to dS

• Non-critical strings [369]: This construction is based on asymmetric orbifolds of super-critical strings (it builds
upon [74]). Taking the number of dimensions to be large and turning on fluxes,32 dilaton potentials are generated
leading to nontrivial minima at arbitrarily small cosmological constant and string coupling. These are separated by a
barrier from a flat-space linear dilaton region. Estimates of the width of the vacua for decay to the flat space region
via instanton processes yield a time scale which is larger than the Poincare recurrence time.33 Much remains to be
understood about the effective field theory of these models.

• Non-geometric vacua: T-duality transformations on flux vacua leads to non-geometric vacua i.e. configurations where
the metric is defined on the internal manifold modulo duality transformations, see e.g [372–375] for an overview.
Non-geometric constructions can yield dS vacua without tachyons [376–380]. However the exact form of the
moduli space is unknown, and this is required to check the validity of the approximations. Moreover, the tree-level
stabilisation procedure typically leads to a 4-dimensional potential of order the string scale with the volume of
the internal manifold also close to the string scale, putting under pressure the validity of the KK truncation used
to define the 4-dimensional effective field theory. There are also issues associated with tadpole cancellation. For a
detailed discussion of the challenges in obtaining non-geometric dS vacua, see [381].

• dS vacua from RG running: The 4-dimensional low energy effective actions obtained from string theory are Wilsonian
effective actions that arise after integrating out the string and Kaluza–Klein modes. The Wilsonian scale associated
with these actions is the Kaluza–Klein scale, which is much larger than the scales of cosmological observations of
the energy density of the universe. To obtain the effective action relevant at the cosmological scales, all particles
with masses between the Kaluza–Klein and cosmological scales have to be integrated out. As a result of this, an
AdS minimum of the high scale action can correspond to a solution with positive energy density at the cosmological
scales. This possibility has been analysed in [382,383]. Conditions on the spectrum of LVS models necessary to achieve
this have been studied in detail. In this picture, a high density of AdS vacua of the high scale effective action translates
to finely spaced dS vacua at low scales. This can be used to tune the observed value of the cosmological constant.

32 In D dimensions, the number of RR fields is 2D . They dominate the spectrum.
33 The Poincare recurrence time for dS space, trec ∼ H−1eSdS withSdS ∼

M2
Pl

H2 the entropy of the cosmological horizon, is the time-scale in which
the finite entropy system violates the second law and enters briefly a very low entropy state. It is expected on general grounds that any dS space
must decay in a time shorter than t [370,371].
rec
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• dS from a decaying AdS: This scenario is a variation of the Randall–Sundrum construction. In the Randall–Sundrum
construction, two identical AdS5 vacua are separated by a 3-brane. The five-dimensional graviton has a zero mode
confined on the brane and this leads to the observers on the 3-brane effectively experiencing gravity in 4 dimensions
(despite the brane being embedded in a five-dimensional space). Localisation of the graviton wavefunction is also
responsible for solving the hierarchy problem between the Planck and weak scales. To obtain an effective dS
space for 4-dimensional observers, [384,385] considered the setting with a metastable AdS5 vacuum decaying to
a supersymmetric one via bubble nucleation. A spherical brane separates the two phases and observers on the
brane experience an effective positive cosmological constant coupled to matter and radiation. Various aspects of
the proposal have been studied in [385], and see [386] for a related construction.

• dS as a coherent state: It has been proposed that 4-dimensional dS space is a coherent state (in particular a Glauber–
Sudarshan state) over a supersymmetric Minkowski vacuum (see e.g. [387,388]). The claim is that this is realisable in
full string theory, but only with the inclusion of with temporally varying degrees of freedom and quantum corrections
arising from them. Fluctuations over the dS space is governed by a generalised graviton (and flux)-added coherent
state. The realisation of dS space as a state, and not as a vacuum, potentially resolves many conceptual issues
associated it.

.8. Vacuum transitions

One of the most robust and striking outcomes of moduli stabilisation is the fact that our universe is clearly
nstable. Either it corresponds to one of the many flux vacua with a positive cosmological constant which indicates an
symptotically dS space in four dimensions or it corresponds to a time varying configuration in which one or many fields
unaway towards the 10-dimensional vacuum with vanishing string coupling. In both cases the universe is unstable, either
y the runaway in the latter case or by tunnelling from the dS minimum towards other vacua including the lower energy
ne corresponding to flat 10 dimensions. This is known as a vacuum transition. For a general review see [389,390].
Therefore the term moduli stabilisation is relative since at some point the 4-dimensional vacuum is not stable but

t best metastable. It is then important to understand the possible final outcomes of each of these vacua. Over the past
0 years vacuum transitions have been studied in field theory and gravity following the seminal work of Sidney Coleman
nd collaborators. It is a subject in which quantum aspects of gravity play a crucial role and together with the study
f black holes it is the main arena to explore in which to learn quantum gravitational physics. At some point the full
achinery of string theory should play a role in understanding properly this phenomenon. In the meantime, following

he effective field theory approach of this chapter we may explore the decay rates for the string vacua discussed in this
ection, such as type IIA and KKLT and LVS in type IIB flux compactifications.
Given the apparent immense nature of the flux landscape vacuum transitions can play a crucial role in string cosmology.

n this scenario the beginning of our universe would most probably be a vacuum transition from another universe and a
otential end of (at least a portion of) our universe could also be through a vacuum transition to yet another universe.

ransitions without gravity
We all know the well understood tunnelling effect in quantum mechanics for which a particle can cross a potential

arrier with a non-vanishing probability. The transition rate can be explicitly computed using the semi-classical WKB
pproximation ψ ≃ eiS/h̄ with S = S0 + h̄S1 +· · · . The transition rate is exponentially small due mainly to the exponential
ecay of the wave function in the region under the barrier.

Γ =
|ψT |

2

|ψI |
2 ≃ e−B/h̄

; B =

∫ x2

x1

dx
√
2m(V (x) − E) (131)

Where ψI,T are the incident and transmitted wave functions, V (x) the potential energy and E the energy. Notice that
ince, under the barrier, the argument of the square root is positive, it hints at a classical negative kinetic energy and
o imaginary speed, which in turn would indicate an imaginary time that has lead to a Euclidean rather than Lorentzian
pproach when this is extended to field theory.
For quantum field theory Coleman and collaborators [391,392] found that this WKB approach in quantum mechanics

an be generalised considering a scalar potential with at least two different minima, the false (VFV ) and true (VTV ) vacua
epending on the value of the potential at the minima, separated by a barrier of height ∆V = VFV − VTV (illustrated in
ig. 11). Since in field theory the energy is an integral over the full spacetime volume of the energy density determined
y the scalar potential and the scalar field gradients U(φ) =

∫
d3x

( 1
2 (∇φ)

2
+ V (φ)

)
the transition amplitude vanishes

(since it corresponds to an infinite potential barrier). Instead, the transition happens locally by bubble nucleation, in the
sense that a bubble of the true vacuum can materialise in a background of the false vacuum and then expand. Since there
are many paths that the field can follow to interpolate between the two vacua, Coleman and collaborators developed a
formalism to estimate the transition rate per unit volume Γ using instanton techniques in Euclidean field theory. The path
connecting the two vacua that minimises the action corresponds to an instanton that, due to the time reversal invariance
of the equations, start at one point and finishes at the same point, and hence is known as a bounce.
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Fig. 11. Vacuum transitions in field theory and gravity.

The bounce can be found by solving the Euclidean action field equations:

d2ϕ
dτ 2

+ ∇
2ϕ −

dV
dϕ

= 0 (132)

The transition rate can be estimated numerically and can be explicitly computed in the thin-wall approximation ϵ =

VFV − VTV much smaller than the height of the barrier. The transition probability per unit volume takes the form

Γ ≃ e−B/h̄
; B = S(ϕb) − S(ϕFV ) (133)

where S(ϕb) corresponds to the action evaluated at the bounce configuration and S(ϕFV ) the action at the background
false vacuum.

An important property of the bounce is that the field equations (and boundary conditions) are not only spherically
symmetric, corresponding to the symmetry of the bubble, but have an enhanced O(4) symmetry since they can be
ormulated in terms of the O(4) invariant parameter ξ 2 = τ 2 + r2. Coleman and collaborators used an O(4) ansatz
= ϕ(ξ ) to find the bounce and later on proved that it is actually the minimum configuration [393]. However, in order

o study the further evolution of the bubble after materialisation, a Wick rotation needs to be performed τ → it and
he O(4) symmetry becomes O(3, 1). The region outside the light-cone of the origin can be properly treated in terms of
he coordinates t, r . But the region inside the light-cone does not exist in the Euclidean coordinates and in Lorentzian
oordinates are better described by the change of coordinates (t̂, r̂) = (

√
t2 − r2, r/

√
t2 − r2). It can be easily seen that

n terms of these coordinates the Minkowski metric takes the form

ds2 = dt̂2 − t̂2
[

dr̂2

1 + r̂2
+ r̂2

(
dθ2 + sin2 θdφ2)]

= dt̂2 − t̂2dΩ2
(k=−1) (134)

corresponding to an open (k = −1) FLRW universe.

Transitions including gravity
Let us then briefly review the subject of vacuum transitions in gravitational theories (also illustrated in Fig. 11).

Following the Euclidean approach, in a seminal contribution, Coleman and de Luccia (CDL) [394] further generalised the
vacuum transition formalism to include the effects of gravity. Contrary to the case without gravity, in which the formation
and evolution of the bubble corresponds to opposite contributions from internal pressure and the tension of the wall,
once gravity is included it also contributes to the stability of the bubble. In particular it allows up-tunnelling transitions
from the true vacuum to the false vacuum in which pressure and tension both tend to compress the bubble but gravity,
through the presence of the cosmological constant, contributes towards the expansion of the bubble. actually, Lee and
Weinberg [395] estimated the transition rate from true to false vacuum.

A further important observation on the gravity case is that there is no proof that the optimal instanton configuration
is the O(4) symmetric bounce. Nevertheless CDL assumed this symmetry and managed to estimate the transition rates for
both dS to Minkowski and Minkowski to AdS. Further generalisations were done later on.

A related but different approach to vacuum transitions was performed by Brown and Teitelboim (BT) [396] in which
instead of a scalar potential with different minima, they studied bubble nucleation in terms of a theory with fluxes, similar
to the ones discussed in the previous sections. They concentrated on the case of 3-index antisymmetric tensors coupled
to gravity in which even though they do not correspond to propagating degrees of freedom, they can give rise to the
nucleation of membranes in 4 dimensions. A chain of transitions may be induced reducing the fluxes and then the value
of the cosmological constant. Their estimate of the transition rates were performed in the Euclidean approach and agree
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Fig. 12. Vacuum transitions in string theory. First bubble nucleation from flux/D3 brane charge transitions illustrated by the vertical arrow. Then
CDL-like transition crossing the potential barrier illustrated by the horizontal line. In string theory this transition may correspond towards

ecompactification.

ith the CDL calculations in the thin wall approximation. In particular for a transition from dS space with cosmological
onstant λO = 3H2

O to another vacuum with ΛI = 3H2
I nucleating a bubble of tension κ is Γ = e−B/h̄ with

B = −
π

G

[[
(H2

O − H2
I )

2
+ κ2(H2

O + H2
I )
]
R0

4κH2
OH

2
I

−
1
2

(
H−2

I − H−2
O

)]
(135)

where

R−2
0 =

1
4κ2

[
(H2

O − H2
I )

2
+ 2κ2(H2

O + H2
I ) + κ4] (136)

ere the indices I and O refer to inside and outside the bubble. This includes both down and up-tunnelling between
he 2 dS spacetimes. An interesting property of these transitions is that the ratio of up to down-tunnelling can be easily
omputed and give Γup/Γdown = e−(STV −SFV ) with STV , SFV corresponding to the entropies of each of the vacua, true and
false respectively. Recall that the entropy of dS space is given by S = π/(GH2). Therefore this is a statement of detailed
alance in which in equilibrium the relative transition rates are weighted by the corresponding entropy. Similar to the
ase without gravity, the evolution of the bubble after materialisation requires an analytic continuation from a Euclidean
o a Lorentzian metric that describes an open universe. Note, however, that this result fully relied on the underlying O(4)
symmetry of the bounce, something which is far from being shown in the case with gravity.

Similar results for the transition rates hold for AdS down tunnelling. However here a condition on the relative value of
the cosmological constants and the wall tension has to be satisfied: κ <

√
|H2

I −

√
|H2

O|. Furthermore up-tunnelling from
AdS is not allowed. Nor from Minkowski to dS. However a proposal by Farhi, Guth and Guven (FGG) [397] for creation of
universes in the laboratory meaning nucleating a dS bubble from Minkowski, has been considered. Following the standard
Euclidean approach it was found that a singular instanton is needed in order to achieve the bubble nucleation.

This prompted a Hamiltonian approach by Fischler, Morgan and Polchinski [398] in which the Minkowski to dS
transition was reconsidered and concluded that it is actually possible to realise the FGG proposal in Lorentzian spacetimes.
A key ingredient of this Hamiltonian formalism is to assume only the standard O(3) spherical symmetry to describe
the bubble and its evolution. This symmetry automatically include Schwarzschild black holes solutions with a given
mass parameter M . As long as M ̸= 0 the up-tunnelling from Minkowski is allowed. Recent generalisations of this
result have been developed [399,400]. The Hamiltonian approach is so far very much restricted to the extreme thin-wall
approximation and further developments need to be performed to include scalar potentials with different minima. The
calculations are also performed in the global dS slicing that when studying the further evolution of the bubble wall fits
with a closed rather than open universe. This put at least into question the general claim from the Euclidean approach that
the universe within the bubble has to correspond to an open universe. This is an important point for the string landscape
since if the open universe claim holds in general, it may be conceivable to rule out the full string landscape if in the
future is found that the universe is not open [401–403]. This subject needs further studies before arriving to a concrete
conclusion.

Transitions in string scenarios
In string theory (illustrated in Fig. 12) we may consider the scenarios discussed in the previous sections. First we should

point out that there can be at least two different types of transitions:
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1. Transitions of the Brown–Teitelboim type corresponding to transitions among vacua corresponding to the different
quantised fluxes. Concretely, given two vacua with values of three-form fluxes Hmnp, Fmnp in terms of integers (K ,M).
For a transition from a (K ,M) vacuum to a (K ′,M ′) vacuum, a brane carrying D3-brane charges (K −K ′,M−M ′) can
be nucleated to mediate between the two vacua. These are precisely D5 (or NS5) branes that can wrap the 3-cycles
carrying the fluxes and with the remaining 2 spatial dimensions corresponding to an S2 wall separating the two
different 4-dimensional vacua.
This provides an elegant string theory implementation of the 4-dimensional vacuum nucleation picture. It fits nicely
in the sense that D3 and D7 branes being BPS and codimension 4 have been used to host the Standard Model
and/or hidden sectors, whereas D5-branes do not play a direct role as long as supersymmetry is preserved (since
supersymmetry requires codimension 4 branes). But D5-branes naturally couple to 3-forms and furthermore the
extra dimensions nicely fit with the dimension of a wall separating different 4-dimensional vacua. From the 4-
dimensional EFT, there is not a scalar potential which connects the two vacua so this cannot be explicitly described
in terms of the CDL bounce solution within the 4-dimensional EFT. But it fits nicely in the BT formalism.

2. Transitions a la CDL are also implemented since any potential dS vacuum should coexist with the runaway vacuum
corresponding to infinite volume and vanishing string coupling. The potential for the volume modulus connects
both vacua and the transition may be estimated.

Transition rates have been estimated for type IIA [404] as well as type IIB flux compactifications (for both KKLT and
VS) vacua [128,405,406]. The probability amplitude Γ ∼ e−24π2/Λ0 where Λ0 is the value of the scalar potential at the
S minimum. The corresponding lifetime τ ∼ 1/Γ is exponentially small as compared with the Poincaré recurrence

time which is reassuring. Furthermore the transition from dS to an AdS is preferred over dS to dS and the CDL transition
towards decompactification dominates the dS to dS transitions.

An interesting observation was made in [407,408] regarding the actual implementation of the bounce solution in
a toy model version of flux compactifications with two dS vacua plus the runaway. The claim is that not only the
decompactification transition is preferred but that the potential bounce solution connecting the two dS vacua necessarily
follows into the runaway towards decompactification providing a potential obstacle to implement the transition. Note
however that contrary to the toy model in which both transitions corresponded to the CDL type, in flux compactifications
the flux transition is of the BT type whereas the decompactification is of the CDL type.

4. String inflation

4.1. Embedding inflation in string theory

As described in Section 2, inflation is the leading candidate theory for the origin of structure in the universe. This
reason alone would justify attempts to embed inflation in string theory (see [409–424] for detailed reviews on different
aspects of string cosmology and inflation in string theory). However, there are more specific reasons why a consistent
theory of quantum gravity is necessary for a full understanding of the inflationary dynamics.

4.1.1. Motivations for string inflation
There are several reasons to require a consistent embedding of inflation models within string theory. Below, we list

those which we consider most relevant:

• UV sensitivity of inflation: As we discussed in Section 2.3, single-field inflation is driven by the dynamics of a scalar
field with mass Minf below the Hubble scale during inflation Hinf. This can be see from the second potential slow-roll
parameter ηV introduced in (43), which can be expressed as

ηV ≃

⏐⏐⏐⏐M2
inf

H2

⏐⏐⏐⏐ ≪ 1 , (137)

where the condition ηV ≪ 1 guarantees that inflation lasts for long enough to solve the horizon problem and
flatness problems. However, in the absence of a protection mechanism based on (approximate) symmetries, quantum
corrections are expected to make these scalars heavy, so that ηV ≃ O(1).
There are two generic sources of O(1) corrections to the ηV -parameter. First, quantum effects tend to generate
corrections to scalar masses of order the cut-off of the effective field theory Λ, Minf ≃ O(Λ). For controlled
inflationary model building with Hinf ≲ Λ, one has from (137)ηV ≳ 1. Secondly, even if the scalar potential arising
from relevant and marginal operators yields ηV ≪ 1, irrelevant operators of the form

∆V = c V (φ)
(
φ

Λ

)2

, (138)
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would produce a correction to ηV of order

∆ηV = 2c
(
MPl

Λ

)2

with Λ ≲ MPl , (139)

that would violate the slow-roll condition if Λ ≪ MPl, or if c ≃ O(1) for Λ ≃ MPl.
This is usually referred to as the ηV -problem in single-field inflation. A solution to it, if not based on fine-tuning,
requires the presence of symmetries which can be only provided by a consistent UV embedding. These symmetries,
even if not exact (as for the case of global symmetries in quantum gravity), may be enough to explain why c ≪ 1.
This UV-sensitivity of inflation implies that inflationary model building can only be trusted with a knowledge of
its UV completion. Note that a robust UV embedding is needed even if the ηV -problem is addressed by relying on
fine-tuning, since one has to ensure that the underlying theory features enough freedom to allow ηV to be tuned to
a small value.
On the other hand, as we discussed in Section 2.4 the ηV parameter in multi-field inflation, (99), does not have
to be small. Indeed, the masses of the inflatons can be larger than the Hubble scale Hinf during inflation without
affecting slow-roll [10,11].34 The problem of UV sensitivity of inflation in this case cannot be formulated in terms
of the inflaton masses, i.e. ηmV of Eq. (99).

• Trans-Planckian field excursions and the tensor-to-scalar ratio: We saw in Eq. (68), reproduced here, that the size of
the tensor fluctuation can be related to the field displacement of the inflaton by,

∆ϕ

MPl
=

∫ Nhc

Nend

dN
√

r
8
. (140)

Large and observable values of the tensor-to-scalar ratio r correspond to trans-Planckian field excursions of the
inflaton ϕ. Indeed, the simplest field theory models of single-field inflation, such as chaotic inflation, all lead to
substantially trans-Planckian field excursions (see Eqs. Eq. (77)–Eq. (79) in Section 2.3).
Eq. (140) represents a rare example where the Planck scale – the quantum gravity energy scale – explicitly appears
inside a quantity that is observable, not only in principle but also possibly in practice with current technology.
By definition, a trans-Planckian inflationary field excursion requires the existence of a potential within the UV-
complete theory that sustains an approximately de Sitter phase across a Planckian distance in field space. Whether
such regions can exist can only be answered within a quantum gravity theory. For any potential Vinf (ϕ), generic
non-renormalisable corrections with O(1) coefficients λn,

Vfull(ϕ) = Vinf (ϕ) +

∑
λn
ϕn

Mn
Pl
, (141)

will destroy the flatness of trans-Planckian field excursions. Whereas the ηV problem only required control over the
quadratic term in the potential, flatness on trans-Planckian scales requires control over all terms in Eq. (141).
Again, the multi-field case is more subtle. In that case, ∆ϕ corresponds to the multi-field inflationary trajectory.
This may or not, coincide with the geodesic trajectory in field space, which in general will be curved. Thus in the
multi-field case, the potential can be very steep (indicating the possibility of heavy inflatons, as discussed before),
while inflation proceeds along a suitable flat non-geodesic trajectory, i.e. Ω/H ≳ 1, along which ϵmV , η

m
V ≳ 1 (see

Eqs. (92), (101), (99)).35
Having a UV-complete theory of quantum gravity, such as string theory, thus allows to address questions about
the structure of the potential and whether it supports geodesic (single-field) or non-geodesic trans-Planckian field
excursions. This is especially relevant given that many of the best known field theory models of inflation, such
as chaotic inflation or natural inflation, require trans-Planckian field excursions. The difficulties of attaining flat
potentials over such field excursions in string theory has been appreciated for a long time (e.g. see [426]) and has
recently received renewed attention with the Swampland Distance Conjecture (see the discussion in Section 7).

• UV constraints on model building: Field theoretic models of inflation can be characterised by almost any kind
of inflationary potential, with very different predictions for the main cosmological observables. However the
requirement of a sensible embedding into string theory, based on explicit Calabi–Yau realisations with full moduli
stabilisation, can strongly constrain the allowed shape of the inflationary potential.

34 We discuss an example of this below. See Appendix A of [10] for a list of examples in field theory, and [11] for more details and examples in
supergravity.
35 Moreover, when more than one scalar field is active during inflation, entropic perturbations may be converted – more or less effectively – into
adiabatic perturbations, introducing a transfer angle Θ [425] in (140) through r = 16 ϵ cos2 Θ .
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• Connection to observations: Inflation represents a unique possibility to test high scale physics like string theory due
to the fact that the inflation scale is expected to be not too far from the Planck scale. Moreover, string theory
applications to inflation may lead to the discovery of features which are either generic in the string landscape, or
alternatively impossible to achieve from string theory with control over the effective field theory (one case may
be large primordial tensor modes together with low-energy supersymmetry). Such predictions can lead to sharper
tests of string theory scenarios, in particular through studying the interplay between cosmology and particle physics
within the same model.

• Initial conditions: Embedding inflation into string theory can help to understand the delicate issue of initial conditions
and the mechanism through which inflation started.

• Reheating: A complete understanding of reheating after the end of inflation requires the knowledge of all relevant
degrees of freedom at inflationary energies to make sure that the inflaton energy density is transferred to the
production of Standard Model degrees of freedom without too much energy being lost into hidden sector particles.
To perform this analysis it is clearly crucial to have a robust UV embedding of inflation into string theory to control
all the microscopic degrees of freedom.

.1.2. Requirements for string inflation
Besides the reasons to embed inflation into string theory, let us briefly discuss what are the main conditions that a

erfect working model of string inflation should satisfy:

• Moduli stabilisation: All the closed and open string moduli should be stabilised. The scalar potential should feature a
region suitable to drive inflation without any orthogonal runaway direction which would destabilise the inflationary
dynamics. Ideally, the same scalar potential should also allow for a proper description of the late-time evolution of
the universe, including both the reheating epoch and also either a de Sitter minimum or a quintessence direction.

• Hierarchies: A controlled low-energy effective field theory should be characterised by the following mass hierarchy
throughout the whole inflationary dynamics:

Minf < Hinf < MKK < Ms < MPl , standard hierarchy, single and multi-field (142)
Hinf < Minf < MKK < Ms < MPl , multi-field inflation (143)

where Hinf is the Hubble scale during inflation and Minf denotes the inflaton mass during inflation. In the multi-field
case, it denotes the eigenvalues of the mass matrix Ma

b = ∇
a
∇bV along the inflationary trajectory. In the standard

hierarchy case (142), all the moduli with mass m ≳ Hinf are heavy and sit at their minimum during inflation. The
moduli with a mass of order the Hubble scale during inflation or smaller, m ≲ Hinf, should be analysed in detail as
they can affect the inflationary dynamics. In this sense, the cleanest situation is the single-field case where all the
moduli different from the inflaton can be decoupled since they are heavier than the Hubble scale. Other scenarios are
instead intrinsically multi-field and need a deeper analysis (one possible exception involves additional axion fields
which always remain massless and decouple from the dynamics). Let us also stress that the requirement to realise
inflation below the Kaluza–Klein and the string scale is just due to our poor understanding of the full dynamics
involving stringy corrections but it does not need to be a regime preferred by Nature.

• Computational control: Any scalar potential receives quantum corrections of several kinds in different regions of
the underlying parameter and field spaces. Hence any working model of accelerated expansion needs to have
computational control over the effective field theory. This requires that the size of all cycles should be fixed above
the string scale and both the α′ and the string loop perturbative expansions should be under control. Leading and
higher order non-perturbative effects should also be computable and the backreaction from fluxes and localised
objects should also be suppressed, or properly included.

• Calabi–Yau embedding: In order to have a successful model of inflation from string theory, a string-inspired
supergravity setup is clearly not enough. Ideally, one should build a globally consistent Calabi–Yau (or equivalent)
compactification with a rigorous description of the underlying geometry and topology, and an explicit orientifold
involution and brane setup. In this way one can have control over the underlying Kähler cone which determines
the field space, and can check if the brane setup and the divisors have the right topology to generate the desired
perturbative corrections to the Kähler potential and instanton contributions to the superpotential to freeze the
moduli and generate the inflationary potential. Given that the real world does not feature just an initial epoch of
accelerated expansion, the same Calabi–Yau compactification should allow for the realisation of a Standard Model-
like sector with a non-Abelian gauge group and chiral matter, together with a viable reheating process to produce
it after the end of inflation.

• Comparison with data: An ideal working model of string inflation should clearly match all existing data about
cosmological observables. The main data to fit are the scalar spectral index and the amplitude of the density
perturbations, together with the present upper bound on tensor modes. Stringent bounds arise also from non-
Gaussianities and the amplitude of isocurvature modes which become particularly relevant in multi-field models. In
fact, fields which are lighter than the inflaton, like ultra-light axions typical of string compactifications, might behave
during inflation just as spectator fields which acquire isocurvature fluctuations that might be in tension with data
if their later contribution to dark matter is considerable. Moreover bounds from dark radiation and dark matter
overproduction should be respected in the reheating and post-inflationary epoch.
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• Novel predictions: Ideally, a successful model will also produce novel predictions for upcoming experiments that are
characteristic of the scenario and also distinguish it from other related models.

It is clear that no existing model in the literature satisfies all these requirements perfectly. However, it is useful to
old them all in mind as the ultimate aspirational target.

.2. Single-field inflation

Let us start our discussion with the case where only one modulus remains light and can be identified with the inflaton,
r where more fields are light but the cosmological predictions remain effectively those of single-field inflation. The most
obust models are based on shift symmetries which protect the flatness of the inflationary potential and provide an elegant
olution to the ηV -problem in single-field inflation. These shift symmetries are always approximate and can be either
axionic, in the case of Kähler moduli [427,428], or axionic, in the case of C0, C2, C4 and complex structure axions [429].
Denoting schematically the relevant complex modulus as T = τ + iθ , saxionic shift symmetries look like:

T → T ′
= T + α , α ∈ R ⇒ τ → τ ′

= τ + α , (144)

while axionic shifts take the form:

T → T ′
= T + iα , α ∈ R ⇒ θ → θ ′

= θ + α . (145)

Depending on the effects which break these symmetries, the inflationary potential can take different forms.
In the absence of a symmetry-based mechanism to solve the single-field ηV -problem, accelerated expansion can still be

achieved through an appropriate fine-tuning of the underlying parameters which allows for cancellations among higher
dimensional operators that would otherwise ruin the solution. Let us now present a broad overview of different single-
field models of string inflation classifying them in terms of the mechanism exploited to realise inflation: based on either
saxionic/axionic shift symmetries or fine-tuning.

4.2.1. Exponential potentials from saxionic shift symmetries
Due to the typical no-scale structure of type IIB flux compactifications (a structure to the effective field theory which

is special and absent in ‘generic’ theories) [125,200], which holds at tree-level and even at 1-loop order in type IIB, the
Kähler moduli different from the overall volume mode enjoy an effective non-compact shift symmetry of the type (144). In
fact, all the Kähler moduli are flat at tree-level. Due to the extended no-scale structure which suppresses the contributions
of string loops [186], the first effect which generates a potential is at O(α′3) [71]. However, this higher derivative effect
epends just on the overall volume V , leaving all the other moduli flat at this order of approximation. Hence, all the
ähler moduli orthogonal to the volume mode are in principle promising inflaton candidates since they are leading order
lat directions.

Different effects can break their shift symmetry and generate the inflationary potential. These can be O(α′3) corrections
t (F-term)4 level [188], O(α′4g2

s ) string loop effects [130,154,157,185], or even non-perturbative corrections. In the
nd, their effect can be captured by exponential contributions of the form V0 e±φ/f , where f is an effective decay
onstant whose value depends on the topology of the Kähler modulus and the nature of the symmetry breaking effect.
enerically, gs and α′ perturbative corrections are power-law in terms of the canonically unnormalised moduli τ [197],
nd become exponential in terms of the canonically normalised field φ since τ = eφ/f . On the other hand, non-perturbative
orrections are exponential in terms of the original moduli τ , and remain exponential after canonical normalisation
since they are relevant just for blow-up and Wilson moduli whose canonical normalisation is power-law. Therefore, the
resulting inflationary potential for the canonically normalised field φ in the plateau region which sustains inflation takes
the schematic form (we ignore additional contributions which guarantee the presence of a minimum after the end of
inflation):

V = V0

(
1 − C0 e−(φ/f )p

)
, (146)

here C0 is a constant depending on the details of the model. Different Kähler moduli correspond to different values of
he effective decay constant f . We list the main models proposed in the literature:

ibre inflation
In this case the inflaton is the volume of a K3 or T 4 divisor and the Calabi–Yau is a fibration over a P1 base [430]. The

otential can be generated by various perturbative corrections: O(g2
s α

′4) and O(g4
s α

′4) string loops [431]; O(g4
s α

′4) string
oops and O(α′3) effects at (F-term)4 level [432]; O(g2

s α
′4) string loops and O(α′3) corrections at (F-term)4 order [155].

In each case the effective decay constant is O(1) in Planck units. More precisely, the original model features a potential
hat in the inflationary region matches (146) with f = MPl/

√
3, p = 1 and C0 = 4. The total inflationary potential is of

he form (setting MPl = 1):

V = V0

[
3 − 4 e

−
1√
3
φ

+ e
−

4√
3
φ

+ δ

(
e

2√
3
φ

− 1
)]

, (147)
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Fig. 13. A typical scalar potential for a fibre modulus (with all other moduli stabilised), showing a relatively large plateau with field range of order
∆φ ≃ O(5)MPl .

where δ ∝ g4
s ≪ 1. See Fig. 13 for a qualitative plot of this potential. This model is characterised by a trans-Planckian

inflaton field range of order∆φ ≃ O(5)MPl [433] which corresponds to Hinf ≃ 5×1013 GeV. Ref. [434] performed a detailed
nalysis determining the values of the microscopic parameters which give the best fit to the most recent cosmological
atasets, obtaining ns = 0.9696+0.0010

−0.0026 and r = 0.00731+0.00026
−0.00072 at 68% CL (for Planck 2018 temperature and polarisation

data only) at Ne ≃ 52 efoldings (see [435] for an analysis making use of cobaya [436] and modechord [437]).
This construction is among the best developed string inflationary models since it features: moduli stabilisation, globally

consistent Calabi–Yau embeddings with chiral matter on D7-branes [165,167], analysis of preheating effects [438,439],
study of perturbative reheating for Standard Model sectors on both D3-branes [440] and D7-branes [441], analysis of the
production of primordial black holes [442] and the associated generation of secondary gravity waves [443], study of the
behaviour of axionic isocurvature modes [444–447], production of a CMB power loss at large angular scales [448,449].
Moreover, the scalar potential of Fibre Inflation resembles very closely the one of Starobinsky inflation [428,450], leading
to similar predictions for ns and r , even if the Yukawa coupling of fibre moduli to fermions is different from the one of
the Starobinsky scalar which is fixed by the conformal transformation of the metric [451].

Blow-up inflation
In this model the inflaton is the volume of a diagonal del Pezzo divisor which resolves a point-like singularity. The

potential is generated by either Euclidean D3-instantons or gaugino condensation on D7-branes, and the overall volume
is kept stable during inflation via the presence of additional blow-up modes36 [453], or logarithmic loop corrections at
O(g2

s α
′3) [221]. This is a small-field model characterised by a sub-Planckian inflaton excursion that results in a very low

Hubble scale, of order Hinf ≃ 5 × 108 GeV and a negligibly small tensor-to-scalar ratio, r ≃ 10−10. The potential is again
of the form (146) with p = 4/3 and an effective decay constant which scales as f ≃ Ms ≃ MPl/

√
V . In fact, the potential

for the canonically normalised inflaton reads (setting again MPl = 1):

V = V0

(
1 − λφ4/3 e−µφ4/3

)
, (148)

here λ ∼ V5/3 and µ ∼ V2/3. See Fig. 14 for a 2-dimensional plot of the trajectory of Blow-up Inflation in the (V mode,
nflaton) plane. This potential can receive large loop or higher derivative corrections that might spoil its flatness. Thus
hese effects need to be absent by construction or be suppressed by small coefficients. A detailed numerical analysis of
nflationary solutions in the full multi-field potential was performed in [454], finding a robust prediction for ns ∼ 0.96
or Ne = 60. A generalisation of the model including also the axionic partner of the inflaton has been presented in [455].
wo-field generalisations where two of the Kähler moduli act as inflatons were presented in [456–458]. In particular,
he model in [458] turns out to be a double inflation model, producing a peak in the power spectrum at observationally
nteresting scales.

The post-inflationary evolution of this model has been studied in detail and determines the number of efoldings of
nflation which, in turn, gives the prediction for the scalar spectral index: ns ≃ 1 − 2/Ne [459]. After the end of inflation
reheating effects cause a violent non-perturbative production of inflaton self-quanta [460] whose perturbative decay
eads to the formation of a thermal bath [461–463]. If the Standard Model lives on D7-branes wrapping the inflaton cycle,
his leads to Ne ≃ 52 and ns ≃ 0.961. Notice however that when the visible sector is sequestered from the sources
of supersymmetry breaking, this initial epoch of radiation dominance can end rather quickly due to the emergence of

36 See also [452] for a purely supersymmetric realisation of blow-up and fibre inflation in a set-up that does not need to include an uplifting
term.
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Fig. 14. An example for the evolution trajectory of Blow-up Inflation in the (V mode, blow-up inflaton τ2) plane. The diagram shows level lines
and the location of the global minimum. The trajectory of the inflationary field is illustrated with the green dot representing horizon exit and the
red dot the end of inflation determined by ϵ = 1. The plot on the right hand side shows also the displacement of the V modulus during inflation.
Source: Figure taken from [166].

an early matter dominated era due to the oscillations of the overall volume mode, reducing the number of efoldings to
Ne ≃ 45 [464].37 The corresponding prediction for the scalar spectral index would then be ns ≃ 0.955 which is in slight
tension with CMB Planck data38[12,13]. Let us finally mention that an explicit embedding of this model in a globally
consistent Calabi–Yau compactification with a chiral visible sector on D3-branes at singularities has been given in [166].

Poly-instanton inflation
In this model [467] the inflaton is the volume of a so-called Wilson divisor, i.e. a rigid divisor with a Wilson line [468].

This topological property implies that this divisor appears in the superpotential only via highly suppressed poly-instanton
contributions [469] which make its potential naturally flat [470]. This potential is again of the form (146) with p = 1 and
an effective decay constant that scales as f ≃ Mp/ lnV . More precisely, the inflationary potential for this class of models
reads:

V = V0
(
1 − κ φ e−κφ

)
, (149)

ith κ ≃ lnV . The predictions of this model lie between the ones of Fibre and Blow-up Inflation. In fact, the tensor-to-
calar ratio is of order r ≃ 10−5 together with ns ≃ 0.958 at Ne ≃ 52. Note that explicit Calabi–Yau embeddings of this
model with poly-instanton effects have been constructed in [471–473].

4.2.2. Trigonometric potentials from axionic shift symmetries
Closed string axions enjoy continuous shift symmetries of the type (145) which are perturbatively exact. Non-

perturbative effects break them down to discrete shift symmetries. These symmetry breaking effects scale as V0 e−iθ ,
and the resulting scalar potential for the canonically normalised field φ = f θ looks like:

V = V0

[
1 − cos

(
φ

f

)]
. (150)

his potential is known to give rise to accelerated expansion only for f > MPl (see Section 2.3.6). However, this result can
never be achieved with control over the effective field theory since the axion decay constant scales as f ∼ MPl/τ , where
τ denotes the volume of a divisor in string units, or more in general a combination of divisors [474,475]. Given that a
fundamental requirement to trust the low-energy action is τ > 1, f needs to be sub-Planckian.

37 A reduction of the number of efoldings can also be due to a very long reheating epoch from the inflaton decay when the Standard Model lives
on D7-branes wrapped around a local 4-cycle which does not intersect with the inflaton blow-up mode [465].
38 Constraints on Kähler inflation models with WMAP7 where studied in [466].
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A similar line of reasoning arises from the weak gravity conjecture [476] applied to axions which results in fS ≲ MPl
here S is the instanton action. Demanding S > 1 to keep control over the instanton expansion, implies f < MPl, and so

no inflation driven from the potential (150).
Let us now briefly describe the two most promising and studied way-outs to this problem.

Natural inflation from alignment
This model requires at least two axions whose decay constants, even if sub-Planckian, are aligned by fine-tuning. This

generates an effective trans-Planckian decay constant for the lightest eigenmode [477–479]. The scalar potential of this
model looks like:

V = Λa

[
1 − cos

(
a1
φ1

f1
+ a2

φ2

f2

)]
+Λb

[
1 − cos

(
b1
φ1

f1
+ b2

φ2

f2

)]
. (151)

n the limit where a1/a2 → b1/b2, a linear combination of the two original axions (say φ̃) is flat and its decay constant f̃
ecomes infinite. For example, for a1 = b1 = 1 one has:

φ̃ =
f2φ2 − a2f1φ1

a22f
2
1 + f 22

and f̃ =

√
a22f

2
1 + f 22

|a2 − b2|
−−−→
a2→b2

∞. (152)

The predictions for the main cosmological observables depend crucially on the value of f̃ . Taking again Ne ≃ 52 as
benchmark point, r ≲ 0.1 requires f̃ ≲ 8. For f̃ = 8 we obtain ns ≃ 0.960 and r ≃ 0.098. Larger values of f̃ are in
ension with present bounds on r , while smaller values of f̃ yield a scalar spectral index which tends to be too low. The
ffective field theory is also marginally under control and it is rather hard to build explicit Calabi–Yau orientifold models
hich are globally consistent due to the need to rely on large ranks for the condensing gauge groups. Interesting models
ave however been proposed using combinations of C0, C2 and C4 axions [480–487]. A survey on axion inflation in type

IIB string theory compactifications and the possibility of enlarging the field range via alignment was performed in [488].
They determined an upper bound on the inflationary field range of ∆φ ≲ 0.3MPl.

N-flation
This scenario involves several axions, each of them with a sub-Planckian decay constant, whose collective motion

however results in an effective trans-Planckian decay constant [489]. The simplest version of this model features a scalar
potential of the form:

V =

N∑
i=1

Λ cos
(
φi

f

)
≃

1
2

(
Λ2

f

)2 N∑
i=1

φ2
i , (153)

here we have approximated the potential around the minimum. An initial displacement of each axion of order f

enerates an overall displacement of the radial field ρ =

√∑N
i=1 φ

2
i of order feff =

√
N f . Slow-roll inflation can then be

easily achieved for N ≫ 1. The predictions for the main cosmological observable are very similar to the ones of Natural
Inflation: ns ≃ 0.96 and r ≃ 0.1, with r in tension with data [490]. Moreover, obtaining O(50) efoldings of inflation and
atching the observed amplitude of scalar fluctuations requires a very large number of axions, N ≳ 105, and a relatively
mall Calabi–Yau volume V ≃ 103. This implies that the stabilisation of the corresponding saxions at perturbative level is
ardly under control [283]. In addition, all these light species can contribute to the renormalisation of the Planck mass.
ttempts to embed N-flation in string theory have been proposed in [283,491–493]

.2.3. Power-law potentials from axionic shift symmetries
Several scenarios corresponding to large field inflation have been proposed using string theoretical axions (historically,

everal of these were motivated by the claimed observation of primordial tensor modes by the BICEP collaboration [494]).
n principle, these offer the attractive possibility of both minimising fine tuning through an underlying shift symmetry
hile also offering the chance to compare with observations on relatively short time-scales.

xion monodromy
Another scenario of large field inflation driven by closed string axions is Axion Monodromy (AM) where the axionic

hift symmetry is broken at tree-level. In this case the resulting inflationary potential is power-law [495,496].
The original model is characterised by a linear potential, with two main scenarios depending on the nature of the

xion:
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Fig. 15. An example for a power law potential as appearing in Axion Monodromy or Alignment proposals. Here the simplest case of a quadratic
potential is shown together with a flattening mechanism that modifies the corresponding potential after introducing couplings with heavy moduli
fields.

• B2-axion monodromy: Inflation is driven by the B2-axion b whose potential originates from the reduction of the DBI
action of a D5-brane wrapped around a 2-cycle Σ2:

V (b) = V0

√
Vol(Σ2) + b2 ≃ µ3 φ

f
, (154)

where we have expanded for large values of b and we have canonically normalised.
• C2-axion monodromy: Inflation is driven by the C2-axion c whose potential originates from the reduction of the DBI

action of an NS5-brane wrapped around a 2-cycles Σ2:

V (c) = V0

√
Vol(Σ2) + g2

s c2 ≃ µ3 φ

f
, (155)

where we have expanded for large values of b and we have canonically normalised.

ote that, given that the B2-axion appears in the Kähler potential K = −3 ln
(
T + T̄ + γ b2

)
, axion monodromy models

here the inflaton is b are affected by the ηV -problem. This is not true for the case of the C2-axion c , which is therefore the
ost promising candidate to drive axion monodromy. Note that this model is affected by backreaction effects [497,498],
hich may be addressed by using bifurcated throats [499]. See also [500] for a no-go theorem on embedding the original
xion monodromy inflation mechanism of [495] in a concrete compactification.
In terms of observational consequences, this model yields ns ≃ 0.971 and r ≃ 0.083 at Ne ≃ 52, with large tensor

modes in tension with data. A potential way-out to reduce the tensor-to-scalar ratio relies on flattening effects which
could make the inflationary potential shallower due to an appropriate interaction of the inflaton with heavy field which
have been integrated out [501]. A qualitative picture of this mechanism is shown in Fig. 15. A further source of flattening,
arising from fluxes, was analysed in [502] in the context of type IIB/F-theory flux compactifications with mobile 7-branes,
which allowed for 0.14 ≳ r ≳ 0.04.

Moreover, a cosine modulation of the scalar potential (155) generated by non-perturbative effects, can yield oscillations
in the scalar power-spectrum [503,504] and resonant non-Gaussianities [505]. Depending on the size of the modulations,
these can change the background evolution allowing successful inflation for smaller field ranges in axion monodromy
and sub-Planckian decay constants in a modulated axion inflation [506]. Modulated potentials also have interesting
phenomenology such as the production of abundant primordial black holes, which can form all or part of the dark
matter [18]. More general expressions for the potential of axion monodromy are:

V = µ4−p
(
φ

f

)p

, (156)

here p can be either p = 2/3 [495] of p = 2 [507–509].
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-term axion monodromy
An alternative axion monodromy mechanism was introduced in [510–512]. In this proposal, the idea is that the same

ackground fluxes used for moduli stabilisation already generate a tree-level F-term scalar potential for the axion. The shift
ymmetry of the axion is broken by the background fluxes to generate a non-oscillatory term in the potential, leading to
iverse inflaton potentials, including linear large field behaviour, chaotic inflation, as well as potentials with even higher
owers. Therefore, the potentials take the form

V ∼ A + B θ2 + C θ cos(θ ) + · · · , (157)

here θ is the axion and A, B depend on other moduli and the fluxes, and the dots include further mixed terms,
ncluding sines and cosines multiplied by powers of θ [513–515]. As mentioned before, subleading (but sufficiently
arge) modulations can superimpose periodically steep cliffs and gentle plateaus onto the underlying potential. This can
llow sufficient efolds of inflation with smaller field ranges lowering the tensor-to-scalar ratio, even achieving natural
nflation with sub-Planckian axion decay constants [18,506,516]. Realisations of this mechanism using different open and
losed string axions can be found in [515,517–525]. The consistency of this new scheme with moduli stabilisation was
nalysed in [526–530] in the context of non-geometric flux compactifications.39 Further constraints have been analysed
n [502,532].

7-brane inflation
D7-deformation moduli enjoy an approximate shift symmetry at large complex structure which can be used to protect

he inflaton potential. This can allow for stringy realisations of both large and small field models of inflation. In the large
ield case, the symmetry is broken by three-form fluxes which can develop a tunable scalar potential of the typical chaotic
nflation form [512]:

V =
m2

2
φ2 . (158)

uch a model however predicts an amplitude of tensor modes above present observational bounds.
On the other hand, small field models of inflation can be developed by focusing on systems of D7-branes wrapped

round two different representative of the same family of 4-cycles which intersect over a 2-cycle with non-zero gauge
lux. This gauge flux generates a force between the D7-branes that attracts them. This scenario is called Fluxbrane Inflation
nd gives rise to the following D-term inflationary potential for the relative position of the two D7-branes [533–535]:

V = V0

(
1 + α ln

(
φ

φ0

))
, (159)

ith α ≃ g2
YM/(16π

2) ≪ 1. For our benchmark point Ne ≃ 52, this potential yields ns ≃ 1 − 1/Ne ≃ 0.981 which is in
slight tension with CMB data. Moreover the tensor-to-scalar ratio is r ≃ 4α/Ne ≃ 5 × 10−6 for gYM ≃ 0.1.

Wilson line inflation
The T-dual picture of inflation models based on branes at angles [536–538] is Wilson Line Inflation, as branes

intersecting at angles are dual to magnetised branes and brane deformation moduli are dual to Wilson line moduli.
Ref. [539] presented a model of inflation driven by Wilson line moduli including moduli stabilisation. The scalar potential
in the small field regime takes the form:

V = A −
B
φ2 , (160)

eading to the following predictions for the two main cosmological observables at Ne ≃ 52: ns ≃ 0.971 and r ≃ 10−8. Note
that larger values of the tensor-to-scalar ratio can be obtained in models of warped Wilson Line DBI Inflation [540,541].

4.2.4. Potentials in the absence of explicit symmetries
Several string inflationary models do not enjoy an underlying UV symmetry which protects the inflationary potential

against large quantum correction. However, one can still build a working inflationary model if the system allows for
enough tuning freedom to suppress all dangerous corrections to the inflationary potential. We shall now briefly discuss
the main classes of string models of inflation which are not based on any symmetry.

39 See [531] for a two field analysis of the models in [528].
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Fig. 16. Warped brane–antibrane inflation. The set-up of KKLT is simply complemented with a moving D3 brane that is attracted to the anti-brane
t the tip of a warped throat. In principle the warping allows for naturally small ϵ, η parameters. However, if, as in KKLT and LVS, moduli are fixed
on-perturbatively then there are extra contributions to ηV of order O(1) illustrating the single-field ηV problem.

3-D3 inflation
One of first attempts to realise inflation in string theory has used the separation between branes as the field which

drives inflation [542]. Since D-branes are BPS states their separation is a modulus with no potential. However if instead
of two D-branes there are D-branes and anti D-branes there is a Coulomb attraction that gives rise to a scalar potential
for the brane separation [543,544]. More precisely, the model is based on a D3-D3 brane system where the inflaton is the
open string modulus controlling the distance between the D3 and the D3 brane which move towards each other [543,544].
or general studies of the dynamics of D-brane systems see e.g. [545–548]. In [371] these configurations were considered
ncluding warped compactifications in which warping can be used to get slow-roll (see Fig. 16 for a cartoon of the warped
rane–antibrane inflation set-up). The Coulomb potential for systems of D3-D3 branes in warped compactifications

reads [371]:

V = V0

(
1 − λ

V0

φ4

)
, (161)

here the overall scale of the potential is set by the warped D3-brane tension: V0 ≃ T3 e4A(rIR). Contrary to the original
proposal in which the parameters of the potential do not give naturally small slow-roll parameters, the advantage of
warping is that V0 ∝ eA can be as small as we want and both ηV and ϵ can be as small as we want with ϵ ∝ η2V ≪ ηV .
he predictions for the main cosmological observables evaluated at Ne ≃ 52 are ns ≃ 0.968 and r ≃ 7 × 10−8 [549].
his indicates that this is a small-field model, in agreement with the microscopic bound on the field range for D3-brane
nflation discussed in [550]. The field range can be slightly increased if inflation is driven by the motion of a D5-brane
rapping an 2-cycle [551]. In this model though, backreaction of the D5-brane needs to be checked. Furthermore, a D5-
rane natural inflation model, was proposed in [552], where the D5-brane moved along an angular direction in a warped
esolved conifold [553,554]. The challenge in this model is to ensure that it is consistent with moduli stabilisation.

In the original formulation of [543,544] a crucial assumption of this model was that the dynamics which stabilises the
ähler moduli in the bulk does not alter the flatness of the potential (161) since at the time of the proposal there was
o explicit scenario of moduli stabilisation. This is generically not the case since inflaton-dependent higher dimensional
perators arise from both the tree-level Kähler potential and the prefactors of non-perturbative effects [371]. A detailed
tudy of how moduli stabilisation can be incorporated in this set-up has been reviewed in [422] (crucial as including
oduli stabilisation substantially changes the dynamics of the original proposal). See however a recent potential way-out
xploiting perturbative stabilisation mechanism via RG effects [202] for which the warped inflation potential is at work
ven after moduli stabilisation.
One of the attractive points of D3-D3 inflation is the fact that the dimensionality of spacetime may play a role. In fact

Ref. [543] proposed that in a gas of branes, D3-branes (for the type IIB case) are such that they can meet in 10 dimensions.
This idea was further explored in [555,556]. Furthermore, the ending of brane inflation via the string tachyon is a stringy
way to end inflation in a string theory realisation of hybrid inflation. The idea is that, while the branes approach each other,
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here is an open string state stretching between the two branes that gets lighter and lighter, at a critical distance becomes
assless and, after that, becomes tachyonic. The end of inflation is the point where the tachyon reaches a minimum of

ts potential, which is essentially of the Mexican hat shape. This leads, in turn, to the prediction after inflation of cosmic
trings (D1-branes) that may be one of the very few observable implications of string cosmology which is directly stringy
n nature [557,558].

D3-D3 inflation also offers the cleanest illustration of one of the more distinctive possibilities within string inflation:
he disappearance of the inflaton field at the end of inflation. The inflaton is the position modulus of the D3-brane, but
fter brane–antibrane annihilation this field is entirely removed from the effective field theory. This is in contrast to most
ield theory scenarios where, although the inflaton may decay, the field remains present in the theory.

nflection point inflation
Ref. [559–561] have shown that the single-field ηV -problem of D3-D3 Inflation can be avoided since this system

eatures enough tuning freedom to suppress dangerous Planck-suppressed higher dimensional operators that would
enerate corrections to the inflaton mass of order the Hubble constant during inflation.
In the Kuperstein embedding, one has two contributions to the slow-roll ηV -parameter with opposite signs which can

nsure ηV ≪ 1, inducing inflation near an inflection point where the potential can be rewritten as an expansion as:

V ≃ V0

(
1 + λ1

φ

MPl
+ λ3

φ3

M3
Pl

+ · · ·

)
. (162)

his model is in slight tension with CMB observations since the prediction of the scalar spectral index depends on
he total number of efoldings N tot

e . If N tot
e ≲ 120, ns ≳ 1, while ns ≃ 1 − 4/Ne only if N tot

e ≫ 2Ne. In this regime,
ns ≃ 0.923 for Ne ≃ 52 [562], requiring a very large total number of efoldings which is however disfavoured by statistical
considerations [563,564]. Moreover, being a small-field model, the tensor-to-scalar ratio is negligible: r ≲ 10−6. For
realisations of inflection points in other settings see e.g [565–567].

D3–D7 inflation
In cases without warping, inflation can occur in D3–D7 systems where the inflaton is a D3-brane position modulus

whose D-term potential is generated by non-zero gauge fluxes on D7-branes which break supersymmetry. In order to
stabilise the compact extra dimensions, the Kähler moduli can be frozen by gaugino condensation on D7-branes leading
to extra contributions to the inflationary potential due to the mixing between Kähler and D3-position moduli in the Kähler
potential. The final expression for the inflationary potential looks like [568–570]:

V = V0 + A lnφ −
m2

2
φ2

+
λ

4
φ4 . (163)

efining α ≡ 2m2/V0 the prediction for the scalar spectral index is:

ns = 1 − α

(
1 +

1
1 − e−αNe

)
≃ 1 −

1
Ne

for α → 0 . (164)

or Ne ≃ 52 and α → 0, this gives ns ≃ 0.981 which is too blue. A value for ns compatible with Planck data (ns ≃ 0.966)
an be obtained for α ∼ O(0.01), leading however to a tension with current bounds on cosmic strings [571]. The tensor-
o-scalar ratio turns out to be rather small once perturbativity and consistency with cosmic string bounds is required:
≲ 10−6.

5-brane inflation
In the context of M-theory compactifications [572–574], an inflationary scenario was proposed, where the inflaton

orresponds to the position of one or more M5-branes, moving along the interval. Inflation then comes to an end as the
5-branes collide with and dissolve through small instanton transitions [575–577]. The challenge in this scenario is to
chieve a suitable inflationary potential, while simultaneously stabilising the geometric moduli.

acetrack inflation
Saddle point inflation can also be realised by an appropriate choice of the underlying parameters for a C4-axion in the

o-called Racetrack Inflation scenario which is characterised by a superpotential of the form [578,579]:

W = W0 + A e−aT
+ B e−bT . (165)

nflation takes place mainly along the axionic direction given by Im(T ), however the saxion Re(T ) also evolves. This model
equires a contrived choice of underlying parameters with an inflationary trajectory which might be spoilt by quantum
orrections (such as, for example, α′ effects) that can either destabilise Re(T ) or make the potential steeper along the
m(T )-direction [580]. This is a small-field model which, in the original formulation of [578], predicts ns ≃ 0.942 and
≲ 10−8 for our benchmark point N ≃ 52.
e
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Fig. 17. An example of inflection point inflation for volume modulus inflation.
Source: Figure taken from [581].

Volume modulus inflation
As we have already pointed out, the overall volume modulus of type IIB string compactifications V does not enjoy an

approximate rescaling symmetry since the leading order α′3 effect that breaks the no-scale structure depends explicitly
on V . However, if enough tuning freedom is present, also the volume mode can also be used to drive inflation near an
inflection point induced by at least 5 different contributions to its scalar potential. These can arise from α′ effects, gs loops,
higher F-terms, D3-brane contribution and D-terms. The resulting scalar potential for the canonically normalised inflaton
ooks like [581] (see also [582]):

V = V0

(
κα′ e−

√
27
2 φ − κgs e

−
10√
6
φ

− κF4 e
−

11√
6
φ

+ κD̄3 e
−

√
6φ

+ κD e
−

8√
6
φ

)
, (166)

here all the κ ’s are flux-dependent O(1) coefficients. An example showing an inflection point around φ ≃ O(7) and a
ate time minimum at φ ≃ O(24) is shown in Fig. 17. Due to the large tuning freedom, this model can reproduce the
observed value of the scalar spectral index but tensor modes are unobservable, as in any inflection point inflation model.

These models are particularly interesting to reconcile high scale inflation with low energy supersymmetry [583], as a
potential solution to the tension pointed out in [584]. In fact, in any viable model the inflationary energy density should
not exceed the height of the barrier towards decompactification, otherwise the volume mode would run-away to infinity:

H2
infM

2
Pl ≲ Vbarrier . (167)

In KKLT and LVS models, this sets therefore the following bounds:

V (KKLT)
barrier ∼ m2

3/2M
2
Pl ⇒ Hinf ≲ m3/2 , (168)

V (LVS)
barrier ∼ m3

3/2MPl ⇒ Hinf ≲ m3/2

√
m3/2

MPl
. (169)

iven that in a supergravity framework the mass of the supersymmetric partners is generically of order m3/2, a high value
f Hinf necessarily implies high scale supersymmetry. Two solutions rely on decoupling the height of the barrier from the
oft terms Msoft: (i) by tuning the scalar potential so that Vbarrier becomes independent of m3/2 as in racetrack models [584],
r (ii) by sequestering the sources of supersymmetry breaking from the visible sector so that Msoft ≪ m3/2 [585,586].
nother possibility would instead be to exploit the fact that the gravitino mass is V-dependent since m2

3/2 = eK |W |
2 with

K = −2 lnV . Hence, if inflation is driven by a rolling V mode with a potential similar to (166), the gravitino mass during
inflation could be much higher than today. Being necessarily a small field model with a sub-Planckian field range, the
tensor-to-scalar ratio is however very small, r ≲ 10−9, and so TeV-scale supersymmetry can be made compatible at most
with Hinf ≲ 1010 GeV, but not higher.

DBI inflation
Accelerated expansion can also be achieved beyond the slow-roll approximation by exploiting the relativistic dy-

namics of spacetime-filling D-branes moving in a warped throat [587,588]. This is the so-called DBI inflation scenario
characterised by non-canonical kinetic terms arising from the DBI action and a Lagrangian density of the form:

L = −T (φ)

⎛⎝√1 +
(∂φ)2

T (φ)
− 1

⎞⎠− V (φ) , (170)
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here φ is the D-brane position modulus and T (φ) is the warped tension of the D-brane. The functional form of T (φ)
and the potential depends on the dimensionality of the brane and determines the phenomenology of the scenario (see
e.g. [549,589,590]).

In the original set-up, a D3-brane moves relativistically in a warped throat. In this case, two scenarios can arise: the
so-called UV-model where the brane moves from the UV end of the throat towards its tip [587,588], and the IR-model
where the brane moves from the tip of the throat to its UV end [591,592]. The scalar potentials for each case read:

V = VUV ∼ φ2 or V = VIR = V0 −
β

2
H2φ2 , (171)

here β is an O(1) positive constant. Accelerated expansion is obtained since the non-canonical form of the kinetic terms
orces a speed limit on the motion of the D3-brane, under the assumption that quantum and backreaction effects do not
odify the form of the Lagrangian (170). Besides D3-branes, DBI inflation driven by the relativistic motion of D5- and
7-branes in a warped throat has been studied in [593]. Furthermore, just as in the non-relativistic case, also in this case,
BI inflation can be driven by warped Wilson lines, as studied in [540,541].
As discussed in [4,594], realising DBI inflation in a consistent string compactification is challenging. However, this

cenario represents a key example of an inflationary mechanism that relies on the symmetries of an ultraviolet theory.
or this reason, it is interesting to defer the question of an explicit ultraviolet completion, and investigate its rich
henomenology. It is worth noting that this scenario has motivated the observational search of specific cosmological
ignatures. Let us briefly summarise this.
The DBI Lagrangian (170) is a particular case of the more general Lagrangian corresponding to the so called P(X, φ)

theories [595–597], given by

L = P(X, φ) , (172)

where X ≡ −
1
2 (∂φ)

2 and P(X, φ) is an arbitrary function of X and φ. Thus for DBI inflation we have

P(X, φ) = −T (φ)

(√
1 −

2X
T (φ)

− 1

)
− V (φ) . (173)

The equation of motion for the Fourier modes of R Eq. (48) is modified in DBI inflation to

R′′

k + 2
z ′

z
R′

k + c2s k2 Rk = 0 , (174)

here

c2s =
PX

PX + 2XPXX
(175)

s the sound speed, which is related to the ‘‘Lorentz factor’’ as

γ ≡

(
1 −

φ̇2

T (φ)

)−1/2

= c−1
s , (176)

and thus differs from unity. The pump field is now given by

z ≡
a ϕ̇
H cs

,

hich satisfies

z ′

z
= aH (1 + ϵ − δ − s) , (177)

here the new slow-roll parameter s is associated to the change in the sound speed:

s ≡
ċs
H cs

. (178)

he scalar power spectrum is modified by cs:

PR =
H2

8π2M2
Pl ϵ cs

⏐⏐⏐⏐
k=aH

, (179)
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Table 4
Comparison among the predictions for the scalar spectral index and the tensor-to-scalar ratio of the
main models of string inflation, evaluated as a benchmark point at Ne ≃ 52.
String model ns r

Fibre Inflation 0.967 0.007

Blow-up Inflation 0.961 10−10

Poly-instanton Inflation 0.958 10−5

Aligned Natural Inflation 0.960 0.098

N-Flation 0.960 0.13

Axion Monodromy 0.971 0.083

D7 Fluxbrane Inflation 0.981 5 × 10−6

Wilson line Inflation 0.971 10−8

D3-D3 Inflation 0.968 10−7

Inflection Point Inflation 0.923 10−6

D3-D7 Inflation 0.981 10−6

Racetrack Inflation 0.942 10−8

Volume Inflation 0.965 10−9

DBI Inflation 0.923 10−7

where all quantities are evaluated at horizon crossing, k = aH . On the other hand, the amplitude of the tensor power
pectrum is not modified with respect to the non-relativistic case (62), since the speed of sound does not enter into the
quation of motion for the tensor modes (59). The spectral tilt and tensor-to-scalar ratio are thus modified as

ns = 1 − 2ϵ − η − s , r = 16 ϵ cs . (180)

et us note that the Lyth bound is modified by a factor of csP X in P(X, φ) theories [550], which however is equal to one in
he special case of DBI inflation, and therefore the correspondence between ∆φ and r is the same as in slow-roll inflation.
onsequently, also in DBI inflation large tensors are not possible [550,598].
The new slow-roll parameter s in the curvature perturbation Eq. (174) offers an interesting new possibility to enhance

he curvature perturbation via the violation of its slow-roll condition [18]. Indeed, during slow-roll, ϵ, δ, s ≪ 1, and we
ave the usual constant and decaying mode solutions to (174) (see Section 2.3.2). However, now slow-roll can be violated
ia large changes in cs, that is s > 1 in (177), and the decaying mode then becomes a growing mode, enhancing the scalar
erturbations, potentially to sufficiently large values to produce abundant primordial black holes [18]. A possible way to
nduce such a slow-roll violation is with features in the warp factor that is experienced by the moving D-brane, e.g. due to
uality cascades or annihilation of branes [599,600], or if the inflation-driving D-brane travels down a deformed double
hroat, caused by two separate stacks of D-branes or localised fluxes [601,602], such that the warp factor experiences a
trong decrease, inducing a large s.
One of the most interesting signatures of the DBI mechanism, is the generation of equilateral non-Gaussianities [587],

hose amplitude is given by

f equilNL = −
35
108

(
1
c2s

− 1
)

≃ −
35
108

γ 2 . (181)

he latest Planck constraints −73 < f equilNL < 21 (68%C.L.) [35] implies that γ ≲ 15, which represents a strong constraint
n the model.

.2.5. Single-field string inflation and cosmological observables
After presenting a brief description of several examples of single-field models of string inflation, let us now summarise

nd compare their predictions for two main cosmological observables, the scalar spectral index ns and the tensor-to-scalar
atio r , evaluated at the benchmark point Ne ≃ 52. These predictions are listed in Table 4.

Note that there is a relatively small number of inflaton candidates among all open and closed string moduli and most
ave been used in concrete proposals of string inflation. Note also that as per the scientific tradition, more than half of
hem are already in tension with the latest experimental bounds on ns and r . Models such as axion monodromy and fibre
nflation will be further tested in the planned experiments for the next 5–10 years.

Let us stress that we focused just on a restricted list of single-field models which represent the most developed classes
f string inflationary scenarios. A broader ensemble of different models is present in the literature, even if most of them
re just string-inspired, or supergravity-inspired, since they are based on ideas coming from string theory but are still
acking a solid stringy embedding or a detailed mechanism for moduli stabilisation. Just to name some of these examples,
et us mention M-flation [603–606], α-attractor models [607–611], sequestered inflation [612,613], axion inflation on a
teep potential due to dissipation from gauge field production [614,615], and chromonatural inflation [616].
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.3. Multi-field inflation

So far our discussion has been restricted to the case where the inflation proceeds along either a single direction – such
s a closed string modulus, the radial direction of a D-brane moving in the 6-dimensional compact space, a single Wilson
ine, or a single combination of axions – or with predictions that are effectively single-field, such as racetrack inflation.
ndeed models are usually designed this way, with all the non-inflaton fields sitting in their local minima as the inflaton
olls. This has the obvious advantage of simplicity, besides being effective in describing the primordial fluctuations, which
re approximately scale invariant, statistically Gaussian, isotropic and homogeneous to high degree.
Going beyond this simple picture, however, is not only well motivated from an observational point of view, as future

xperiments may reveal interesting or unexpected physics (such as non-Gaussianities, anisotropies, inhomogeneities), but
lso from a theoretical perspective. In particular, in string compactifications, moduli (spin-0) fields are ubiquitous, while
pin-1 fields also enter in the process of moduli stabilisation (see Section 3.3).
Thus a generic feature of string inflation models is that a significant number of moduli and/or spin-1 fields, with a range

f masses, may be dynamically active during inflation. Their dynamics can thus contribute to the inflationary mechanism
t the level of background or fluctuation evolution, and can leave imprints on the properties of scalar as well as tensor
odes, for example by amplifying their spectra. The resulting inflationary models can thus in general be quite complex,
nd they have slowly started to be explored in detail. We now summarise recent results on multi-field dynamics and
ossible signatures in string theory (inspired) models of inflation.

.3.1. Multi-field D-brane inflation
Our discussion above on D-brane inflation was restricted to purely radial evolution of the D-brane. In general, a Dp-

brane can move in (9 − p) of the 6 compact dimensions. Indeed, the potential for the D-brane will in general depend on
the angular directions as well as the radial one. Including these effects leads to multi-field models of D-brane inflation.

Multi-field DBI inflation
The phenomenology of DBI multi-field inflation has been comprehensively studied in [617–625] (for earlier work on

multi-field inflationary perturbations see [626–628]).40 In the multi-field case, the Hubble friction can be assisted by a
retarding force, e.g. a centrifugal force in the two field case. This is the idea of spinflation [617]. Here, rather than rolling
traight down the throat, the inflatons orbit towards the tip. Inflation then ends once the inflatons lose their angular
omentum. As shown in [617], this prolongs inflation, although the number of e-foldings gained is very small, as angular
omentum is redshifted away after only a few e-foldings. This result is a consequence of the flat field space metric in this
odel and the dynamics changes if the field space has a non-trivial curvature, in which case angular motion can remain

elevant throughout inflation [630].

osmological perturbations for multi-field DBI inflation
The cosmological perturbations in the two field DBI case are given by [619–621]:

Q̈T + 3H (1 − s) Q̇T +

(
cs k2

a2
+ m2

T

)
QT = (ΞQN)

˙
−

(
H (2s − ϵ)−

cs
ϕ̇

[
fT

2csf 2
(1 − cs)2 − VT

])
ΞQN , (182a)

Q̈N + H (3 − s) Q̇N +

(
k2

a2
+ m2

N +
Ξ 2

c2s

)
QN = −

ϕ̇

Ḣ
k2

a2
ΞΨ , (182b)

here QT = TiQ i and QN = NiQ i are, respectively, the adiabatic (tangent) and entropy (normal) field fluctuations in
patially flat gauge; Ψ is the Bardeen potential; f (φa) is the warped tension (equivalent to 1/T (φ) in the single-field case
170)) and fT and fN are, respectively, the tangent and normal projections of the derivative of the warped tension; and
he coupling, Ξ , is given by

Ξ = −
cs(1 − cs)2 fN

ϕ̇f 2
− cs(1 + c2s )Ω , (183)

with Ω the turning rate defined in (87). The adiabatic and entropic masses, mT and mN , are given by

m2
T

H2 ≡ −
3
2
η −

1
4
η2 −

1
2
ϵη +

3
2
η s −

1
2
η̇

H
, (184a)

m2
N

H2 ≡ cs
VNN

H2 + M2
Pl ϵ R − w2

−
(2 + cs)(1 − cs)

(1 + cs)
fN
H f

w ϕ̇ −
(1 − cs)2fNN

2f 2H2 −
(1 − cs)3f 2N

4(1 + cs)f 3H2 . (184b)

Here, R is the field space curvature and w is the dimensionless turning rate defined in Eq. (92).
DBI inflation is characterised by cs ̸= 1. For cs ̸= 1, when one or more (angular) fields are dynamical during inflation,

their quantum fluctuations lead to entropy perturbations, which propagate with the same speed of sound cs as the

40 DBI inflation with N D3-branes was studied in [629].
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Fig. 18. The (ns, r) plane for the strongly non-geodesic D5-brane multi-field inflation model discussed in the text. f is an instantaneous axion decay
constant, which depends on the parameters of the model. The single-field natural inflation predictions are indicated by the cyan dashed curve, while
the fat D5-brane predictions follow the continuous curve.
Source: This figure is taken from [10], which can be consulted for more details.

adiabatic mode. Moreover, assuming that the coupling, Ξ , between the adiabatic and entropy perturbations is very small,
in the limit cs ≪ 1 the amplitude of the entropy perturbations is boosted relative to the adiabatic fluctuations, QN ≃ QT/cs.
In addition, the amplitude of the bispectrum acquires a factor of c−2

s :

f equilNL ≃ −
35
108

c−2
s cos2Θ , (185)

here Θ parameterises the transfer of entropy to adiabatic perturbations with Θ = 0 for no transfer and Θ = π/2 for
aximal. Thus Θ can in principle allow for larger values of γ = 1/cs (see (181)).
For more general situations, the dynamics (and phenomenology) of the perturbations will depend on the size of the

oupling, Ξ , and the masses of the adiabatic and entropy perturbations. These in turn depend on the bending of the
nflationary trajectory, w, the curvature of the field space, R, the warp factor, f , and its derivatives.

ulti-field D3-brane inflation
As we have mentioned above, a Dp-brane can move in (9 − p) directions inside the internal 6-dimensional space.

herefore, for D3-brane inflation, besides the radial motion, there are 5 angular directions along which the brane can
ove. The two field phenomenology of warped D3-brane inflation has been investigated in e.g. [631–633]. On the other
and, the full 6-dimensional dynamics of warped D3-brane inflation has to be computed numerically and this has been
one in [563,564,634–636].
From these analyses it was found that in trajectories of prolonged inflation, angular motion is relevant during the first

ew e-foldings of inflation, becoming exponentially suppressed afterward. For models consistent with observable values
f the spectral tilt, ns fell within the range 0.94 ≲ ns ≲ 1.10, while the tensor-to-scalar ratio was in general very small
≲ 10−12. Finally, cases with large non-Gaussianities were rare.

ulti-field D5-brane inflation
A two field model of D5-brane inflation has recently been considered in [10]. This is a two field analysis of the model

roposed in [552], where a D5-brane moves along a single angular direction of a warped resolved conifold, in a realisation
f natural inflation. Interestingly, the two field dynamics of this model allow for two types of inflationary trajectories: an
lmost geodesic one, where the masses of the two fields are lighter than H realising the standard hierarchy (142), and
strongly non-geodesic one, where both fields are heavier than H , realising the ‘fat’ hierarchy (143) [10]. The potential

akes the schematic form V (r, θ ) = V (r) + W (r) cos θ , while the field space metric depends non-trivially on the radial
irection giving rise to a negatively curved space. An instantaneous axion decay constant can be defined as

√
gθθ (r).

he cosmological predictions of these two types of trajectories are very different and, in particular, a possible way to
istinguish between them is via their predictions for non-Gaussianities. In the almost geodesic case, the cosmological
redictions for the spectral tilt and tensor-to-scalar ratio are indistinguishable from the single-field natural inflation, but
he non-Gaussianity parameter, fNL, is too large at O(10) and indeed in tension with the latest Planck constraints on the
ocal non-Gaussianity parameter fNL = −0.9± 5.1 (68%C.L.) [35]. In the strongly non-geodesic case, the predictions for ns
nd r are modified as shown in Fig. 18, while fNL is much smaller at O(few), and can be consistent with the Planck data.
hese models suffer from the same theoretical challenges as the single-field case of [552], which we discussed above.
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.3.2. Closed string multi-field inflation and spectator fields
Thus far, we considered D-brane multi-field inflation models, focusing on the (9 − p) (open string) moduli associated

to the positions of the brane as it moves in the internal space. In these models, the (reasonable) assumption is that all
other (closed string) moduli have been stabilised via some of the mechanisms discussed in Section 3.3. Fields with other
spins are also usually taken to be unimportant during the inflationary evolution. We now review multi-field models of
inflation in the closed string sector, as well as models with spectator fields of spin 0 and/or 1.

Alternative sources for curvature fluctuations
One of the characteristics of inflationary scenarios involving more than one fluctuating scalar degree of freedom is the

presence of entropy perturbations besides the adiabatic one.
Multi-field models then offer alternative mechanisms to generate the density perturbations after the end of inflation.

Two generic mechanisms for achieving such post-inflationary isocurvature-to-adiabatic conversion are the curvaton [637–
639] and the modulated reheating [640–642] scenarios. In the former case, the adiabatic curvature perturbation is
generated from the decay of a spectator field, the curvaton, after the end of inflation and significant non-Gaussianity
may be generated. In the modulated reheating scenario on the other hand, perturbations in one or more spectator
fields modulate the decay rate of the inflation field which gives rise to reheating. This then converts fluctuations of the
spectator fields to density fluctuations in the post-inflationary universe. The observed curvature perturbations can again
be non-Gaussian.

In [643] a string theory realisation of the curvaton scenario was proposed where the inflaton is a blow-up modulus
(see blow-up inflation above) and a fibre modulus plays the role of curvaton field. This scenario allows for large local
non-Gaussianity at a level O(10), which is in tension with the latest Planck constraints, fNL = −0.9 ± 5.1 (68%C.L.) [35].

Similarly, in [644] a string theory realisation of the modulated reheating scenario was presented, where inflation is
driven by a fibre modulus (see fibre inflation above), while a blow-up mode acts as a modulating field. Interestingly, in
this scenario, local non-Gaussianity at a level O(few) can be produced generically, which is in agreement with the latest
Planck constraints on fNL.

Finally, it was argued in [645,646] that a vector field could play the role of the curvaton field. Moreover, the contribution
of a vector field to the curvature perturbation will in general be statistically anisotropic, as shown in [647]. The possibility
of realising the vector curvaton scenario in D3-brane models of inflation was investigated in [648]. The vector curvaton
was identified with the U(1) gauge field that lives on the world volume of a D3-brane, while the inflaton sector could arise
from the same brane or some other sector. The dilaton was considered as a spectator field that modulates the evolution
of the vector field. Given the current hints towards statistical anisotropies in the power spectrum and bispectrum [649],
the vector curvaton represents an interesting possibility.

Spectator Chromonatural Inflation (SCNI)
We have discussed how string theory compactifications involve several spin-0 closed and open string moduli, which

can have interesting implications for inflation. Spin-1 fields are also present and may generate interesting phenomenology.
Above, we discussed a spin-1 vector field as a candidate to generate the adiabatic perturbations, potentially leading to
detectable statistical anisotropies.

The Chern–Simons (CS) coupling between a rolling axion and a non-Abelian SU(2) gauge field, χ F a
µν F̃

aµν , where
F = dA − g A ∧ A, with g the gauge coupling, was introduced in [616] to ‘slow down’ the axion via its associated friction
term.41 In this way, natural inflation could proceed even with a sub-Planckian decay constant, f < MPl (that is, in a steeper
potential). This scenario is called chromonatural inflation (CNI). Interestingly, in this scenario, fluctuations in the gauge
field source tensor and scalar modes. This is because the gauge field Aµ = Aa

µTa, (with T a the SU(2) generators), can have a
spatially isotropic configuration given by Aa

i = Q (t)δai at the background level, while its fluctuations give rise to tensorial
perturbations from δAa

j ∼ Bijδ
a
i , sourcing the equations of motion for the tensors at the linear level: □hij = −16πGΠij,

where Πij is the tensor part of the energy momentum tensor fluctuations δTµν . In particular, the tensor modes experience
a transient growth in one of their polarisations, h± = hvacuum

±
+ hsource

±
, enhancing the amplitude of the gravitational

waves and leading to the production of a chiral tensor spectrum, distinguishable from the tensor spectrum that arises in
vanilla inflation scenarios. Thanks to the extra source of primordial gravitational waves (PGW), these can be produced at
observable levels even with sub-Planckian field excursions, thus evading the Lyth bound (69). Further investigation has
shown, however, that in CNI it is not possible to simultaneously satisfy the bounds on r and those on the scalar spectral
index ns [654,655]. An interesting proposal to alleviate this problem was proposed in [656].42 The idea is to separate
the inflationary sector from the gauge–axion sector, which acts only as a spectator, thus called spectator chromonatural
inflation (SCNI) in [658]. A common feature of CNI and SCNI is the need for a large axion–gauge CS coupling, λ:

λ

4f
χ FA

µν F̃
Aµν , (186)

41 See [650–653] for the related scenario of gauge-flation and its relation to chromonatural inflation.
42 See also [657] for more recent proposal to bring CNI in agreement with observations via a non-minimal coupling of the axion to the Einstein
tensor.
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here F = dA−g A∧A, with g the gauge coupling and both axion and gauge field canonically normalised. A successful SCNI,
eading to a consistent background evolution and a large enhancement of the PGWs to observable levels without excessive
ackreaction of the gauge field fluctuations, requires indeed (i) λ

f MPl ≳ 104, leading to typical values of λ ≳ O(102), sub-
lanckian decay constants f ≲ O(10−1), and (ii) small gauge couplings g ≲ O(10−2). Obtaining these values represents a
on-trivial theoretical challenge as pointed out in [658–660].
Axions and non-Abelian gauge fields are common ingredients in string theory compactifications, and thus it is natural

o ask whether the SCNI model can be realised successfully in a UV complete theory and, if not, what are the main
hallenges. Some attempts to do this have appeared in the literature recently. In [661], an embedding of CNI in N = 1
supergravity was presented.

Although, as we have mentioned, CNI is observationally unviable, one could in principle add an inflationary sector into
the setup in [661], keeping the axion-gauge sector as spectators, to construct a model of SCNI. However, the viability and
phenomenology of such a model will need to be carefully analysed when adding more fields.

Later, in [662], an embedding of SCNI into a string theory scenario was presented. The model considers gaugino
condensation on magnetised D7-branes in type IIB CY orientifold compactifications, and the axion associated to the 2-form
potential C2 present in the compactification (used in [482,485] to realise single-field natural inflation in string theory).
The inflationary sector is given by a model of blow-up modulus inflation within the LVS. An explicit construction was not
presented, and importantly, the backreaction of the gauge field tensor fluctuations on the background was not considered.

In view of these results, [658] considered in detail the requirements for a successful realisation of the SCNI scenario in
explicit string theory setups. Specifically, as already mentioned, the construction should give (i) a successful background
evolution, (ii) a sufficiently large enhancement of the tensor fluctuations to detectable levels by future experiments, and
(iii) a controllable backreaction from the gauge field tensor fluctuations. The inflationary sector was given by blow-up
inflation in the LVS framework,43 which, if taken alone as a single-field inflation, would give a tensor-to-scalar ratio that
is too small to be observationally relevant. Embedding into a multi-field Kähler inflation model requires 3 Kähler moduli
and, in order to realise SCNI, one needs to moreover introduce a spectator sector. This requires a fourth Kähler modulus
and gaugino condensation on a multiply-wrapped magnetised stack of N D7-branes, whose gauge field fluctuations couple
o a C2 axion. The full moduli stabilisation and cosmological evolution of the inflaton, as well as the spectator sector, was
nalysed in detail and thus it possible to explicitly identify the necessary parameters and their values in order to achieve
he 3 goals stated above. Specifically, these parameters are: the magnetic flux m on the D7-brane stack, the degree of the
condensing group N , and the wrapping number n. The typical values for these parameters to achieve a successful SCNI are
(m,N, n) ∼ O(104, 105, 25). For the fibre inflation case, these numbers are slightly improved, (m,N, n) ∼ O(102, 103, 1),
though fibre inflation allows for a much larger tensor-to-scalar ratio.

Multi-field axion monodromy
Axion monodromy inflation represents an interesting scenario with a very rich phenomenology, in particular when

considering multi-field extensions. Although there are no explicit string theory constructions of these, given their
interesting phenomenology, we review here two field theory models and a realisation in supergravity.

i. Multiple axions Axion Monodromy Similar to N-flation, one possibility is to consider several axions whose shift
symmetry is broken at tree-level generating a leading power-law term. This case was considered in [663], where
it as shown that the spectral index is shifted red-wards from the single-field predictions.
Later, in [664,665] the same generalisation was consider, with the distinctive feature that inflation happens in two
(or more) stages of monodromy inflation, separated by non-inflating epochs, such as matter domination.44 This
model allows for a spectral index which fits the CMB constraints, and 0.02 ≲ r ≲ 0.06, which should be considered
alongside the observational bound from BK-Planck 2020 r ≲ 0.3 [24]. The authors also consider the possibility that
the first inflaton couples to a U(1) vector field, producing vectors near the end of the first stage of inflation, which
in turn can source tensors during the intermediate matter epoch. These tensor modes turn out to be chiral and
could be accessible to future gravitational wave experiments at different scales.

ii. Axion–saxion Axion Monodromy While the models above focus on several axions, axions are usually coupled to
their companion saxions, which are assumed to be stabilised in axionic inflation. However, the axion–saxion
system can evolve cosmologically with very interesting effects. This was considered in [668], which studied an
N = 1 supergravity model with an axion–saxion system that evolves non-trivially, giving rise to several interesting
effects: (i) the fields execute transient strong non-geodesic motion without the requirement of a large field space
curvature.45 This originates from transient violations of slow-roll, η ≳ 1, caused by the modulations in the scalar
potential. (ii) The non-trivial dynamics lead to a large enhancement of the adiabatic power spectrum at small scales,
providing the first concrete realisation of resonant features studied recently in the literature [669–672]. These can

43 Though a realisation with fibre inflation was also discussed in [658].
44 Double inflation models have been considered in the past [666] to decouple the spectrum on large and small scales. Models with multiple
stages of inflation were called rollercoaster cosmology in [667].
45 In [11] it was shown that strong non-geodesic trajectories in supergravity seem to require large field space curvatures.
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Fig. 19. Inflationary trajectory of axion–saxion system as they move in the scalar potential (187) [668].

Fig. 20. Adiabatic (left) and GW (right) spectra for a selection of parameters given in table 2 of [668]. The adiabatic power spectra are computed
sing the code PyTransport [673]. The left panel shows the variation of PR(k) for different values of λ/M , with fixed b = 50. The right panel
hows the variation of Ω (2)

GWh2 .

lead to considerable production of light PBHs and a large and wide spectrum of induced GWs. The potential takes
the simple form

V =
M2

β

(
ρ2

+ θ2 +
2λ
M

e−bρ
[
θ cos (b θ ) + ρ sin (b θ ) +

λ

2M
e−bρ

])
, (187)

where θ is the axion and ρ the saxion, both of their leading terms being quadratic.46 In Fig. 19 we show the
inflationary trajectory and in Fig. 20 we show the adiabatic and GW spectra for a selection of parameters (see [668]
for details). However, due to the large oscillations, the spectral index and tensor-to-scalar ratio at CMB scales have
variations that violate current constraints.

5. Post-inflation

This section refers to physics that originates between the end of inflation and the start of the thermal Hot Big Bang.
It begins with the universe still dominated by the vacuum energy of inflation, but now moving away from slow-roll as

46 This potential arises from the following potentials: M−2
Pl K = −α log[(Φ + Φ̄)/MPl − βSS̄/M2

Pl] and W = S(MΦ + iλe−bΦ ), where S is a nilpotent
uperfield and Φ = ρ + iθ [18,668].
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Fig. 21. A cartoon of one way moduli and stringy physics can substantially modify the post-inflationary history of the universe. Following a period
of inflation at relatively high energies, several epochs may occur prior to the start of the Hot Big Bang. We show here the case of a kination epoch
followed by moduli domination leading to late reheating. Note the large range of scales that may arise in the scalar potential and the scalar field
displacement. In particular, the barrier after the minimum may be 20 (or more) orders of magnitude smaller than the energy scale during inflation
(Vbarrier ≃ 10−20Vinf).

the inflationary epoch terminates. It ends as the universe settles into the Hot Big Bang: a radiation-dominated epoch
with the energy density predominantly in relativistic thermalised Standard Model degrees of freedom. In this section,
we focus on what happened between these two eras. This is not a comprehensive review of all aspects of cosmology in
this epoch. Instead, we focus on those aspects where stringy physics is especially relevant. Readers interested in a more
general treatment of the standard cosmology can consult e.g. [4,674], while an earlier discussion of aspects of moduli
physics in this epoch is [675] and a review of non-standard expansion histories is [676].

While it is true that there exists a ‘standard’ cosmological account of reheating, involving a rapid transfer of energy
rom inflationary degrees of freedom to relativistic Standard Model degrees of freedom, in string theory cosmologies there
re no strong reasons to expect this standard account to hold. Although some aspects of the standard cosmology may be
reserved in some string theory models, the standard cosmology may be modified in (at least) three ways. First, through
he existence of large field displacements between the end of inflation and the final vacuum. Second, in there being no
ecessary relationship between the inflaton field and the field responsible for reheating. Third, through the expectation of
long moduli-dominated epoch in the universe culminating in moduli-driven reheating. These possibilities are illustrated
n Fig. 21. In addition, UV complete string models may connect aspects of early universe and particle physics that otherwise
ppear uncorrelated.

.1. The standard cosmology

We start with a brief review of the ‘standard’ account of post-inflationary cosmology. During the inflationary epoch,
he universe was dominated by the vacuum energy density of a scalar field and the evolution of the universe was well
pproximated by

H(t) = Hinf, (188)
a(t) = a(tinit) eHinf(t−tinit) , (189)
ρ(t) = Vinf = 3H2

infM
2
Pl . (190)

During inflation, the inflaton slowly rolls down a flat potential. As inflation ends, the inflaton starts rolling rapidly and
oscillates about the minimum of the potential. The amplitude of the inflaton φ can be modelled by

φ̈ + (3H + Γ )φ̇ = −m2φ . (191)

trictly, Eq. (191) is only correct if the inflaton is oscillating rapidly about its minimum.
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The coherent oscillations of the inflaton are equivalent to a population of massive inflaton quanta. These quanta behave
s massive particles and decay to the Standard Model with a decay rate Γ and with a lifetime τ ≡ Γ −1. For times t ≪ τ

he universe is matter-dominated and filled by φ particles. It evolves as

a(t) = a(tinit)
(

t
tinit

)2/3

, (192)

ρ(t) =
ρinit

a3
. (193)

For times t ≫ τ , all φ particles have decayed, and the universe is radiation-dominated, leading to

a(t) = a(tinit)
(

t
tinit

)1/2

, (194)

ρ(t) =
ρinit

a4
. (195)

At this point, reheating has fully occurred and there is no energy density left in the inflaton field, with all energy
transferred to the Standard Model. While nothing in the above specifies the lifetime τ which marks the transition into
the Hot Big Bang, it is normally expected to be short, lasting for few or no e-folds in the scale factor.

In a full treatment, the process of reheating is time-dependent as decays are stochastic and governed by quantum
mechanics. However, an analytically simple approximation which captures most of the relevant physics is the instanta-
neous decay approximation. In this approximation, all inflaton particles are assumed to decay at the same time τ , at which
H = Hdec. As H = 1/(2t) during radiation domination, Hdec = Γ /2.

As the energy density of thermalised radiation is set as

ργ =
π2

30
g∗T 4 , (196)

V = 3H2M2
Pl , (197)

e can evaluate the reheating temperature as Vdec = 3H2
decM

2
Pl, to obtain

T 4
rh =

90
g∗π2 H2

decM
2
Pl . (198)

his formula defines the reheat temperature, corresponding to the last stage of significant entropy injection. The
ubsequent evolution of the universe is a radiation-dominated Hot Big Bang.
The reheating temperature specifies the maximum temperature at which the formalism of a thermalised Hot Big Bang

an be applied. The actual value of the reheating temperature is crucial for many questions in particle cosmology and
stroparticle physics. For example, scenarios of thermal leptogenesis rely on reheating temperatures Trh ≳ 1011 GeV,

whereas many scenarios of dark matter production, such as thermal freeze-out, involve Trh ≳ 1GeV. Nonetheless, the
nly strong constraint is that reheating must occur prior to the time when nucleosynthesis commences (t ∼ 0.01 s,

TBBN ∼ 1MeV). Once the Hot Big Bang starts, the subsequent evolution of the universe is well approximated by

a(t) = a(tinit)
(

t
tinit

) 1
2

,

ρ(t) =
π2

30
g∗T 4 . (199)

ere T denotes the thermalised temperature and g∗ the effective number of relativistic degrees of freedom

g∗ =

∑
bosons

gb +
7
8

∑
fermions

gf . (200)

In the ‘standard’ treatment of reheating, it is normally assumed that the inflaton will decay (and reheat the universe)
ia tree-level perturbative couplings to the Standard Model, e.g.

yφQ̄ Q , (201)

here y is the Yukawa coupling, analogous to the couplings of the Standard Model Higgs H. For such perturbative decay
hannels, the decay rate is

Γφ ∼
y2

mφ . (202)

16π
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f the inflaton decays via perturbative and renormalisable channels, as in Eq. (201) above, then

Trh ∼

(
y2

16π
mφMPl

) 1
2

. (203)

or mφ ≳ 1 TeV, the resulting reheat temperature is rather large; such large reheat temperatures are necessary for various
eyond-the-Standard-Model scenarios such as thermal leptogenesis.
In string cosmologies, we expect substantial modifications to this picture, both in terms of the physics of reheating and

lso in terms of the evolution of the fields between the end of inflation and the final minimum. The latter is chronologically
arlier and so we consider it first. In doing so, we are compelled to consider a problem associated to a tension between
nflationary and Standard Model energy scales.

.2. The overshoot problem

As described in Section 3 the field space of string compactifications is described by moduli which can vary across many
lanckian distances in their expectation values. There is no reason that the present day vacuum of the theory should
ccupy a similar location in moduli space now as it did during the inflationary epoch; indeed, they may be separated by
any Planckian distances in field space. In that case, the theory has to move in moduli space from one location to the
ther. As with other similar points in this section, this is not a necessary feature of models of string inflation; however, our

focus here is on the novel behaviours that can occur in string cosmology, rather than the cases where a string cosmology
replicates more standard scenarios.

Such a cosmological evolution can give rise to a dynamical problem. As detailed in Section 2.3, inflation is the leading
candidate theory that can simultaneously explain both the large-scale homogeneity of the universe and the presence of
small-scale inhomogeneities which have subsequently grown into galaxies and the other cosmic structures we see today.
Inflation is characterised by an exponential growth in the scale factor of the universe driven by the vacuum energy of a
scalar field. The rate of this growth arises from the size of the vacuum energy during inflation. While not yet known, it is
naturally large. Expressed in terms of the tensor-to-scalar ratio r which stage 4 CMB experiments hope to measure, it is

V 1/4
inf ∼ r1/4 1016 GeV . (204)

However, the quasi-de Sitter state experienced during inflation is, by definition, not the final vacuum and string
theory/supergravity models of inflation typically end with rolling moduli.

During the inflationary epoch, we expect the characteristic scales to be large. In supergravity models, unless special
and specific cancellations occur, the scale of the potential is V ∼ m2

3/2M
2
Pl. This follows from

V = eK
[
K īȷDiWDȷ̄W − 3|W |

2] (205)

nd m3/2 = eK/2|W | (in units where MPl = 1). Based on this, for r ≳ 10−12 (as holds in essentially all models of inflation)
e expect the gravitino mass during inflation to satisfy m3/2 ≳ 109 GeV.
The key point is that when inflation ends, the state of the universe is likely to involve rolling moduli fields, with potential

nergies far greater than any of those currently applicable in particle physics. The cosmological evolution must take us from
his state to the current vacuum, in the process dissipating all this early potential energy.

The overshoot problem is the question of why, and how, this evolution ends up in the current vacuum, as opposed to
imply running off to the 10-dimensional decompactification limit. In terms of the 4-dimensional effective potential, it is
lways the case that V → 0 in the asymptotic limits where gs → 0 or Vs → ∞ at the boundary of moduli space. This can

be seen in several ways, but the most intuitive is to note that since the string scale relates to the 4-dimensional Planck
scale as (where Vs is the volume of the Calabi–Yau measured in units of l6s in terms of the 10-dimensional string frame
metric in the convention where string and Einstein frame metrics coincide in the vacuum47)

Ms =
gs

√
4π

MPl
√
Vs
, (206)

hen in 4-dimensional Einstein frame these asymptotic limits correspond to Ms → 0. As all physical scales in string theory
(including the scalar potential) depend on Ms, as Ms → 0 it will always be the case that V → 0.

If post-inflationary evolution starts with the universe having large positive vacuum energy in the deep interior of
moduli space, why does it not just evolve so that it runs away all the way to the zero-potential decompactification limit?
(see Fig. 22).

47 The relation between the metrics in string and Einstein frames in 10 dimensions is convention dependent and in general is given by

GS
MN = e

φ−φ0
2 GE

MN , the above choice of conventions corresponds to φ0 = ⟨φ⟩. Note that this differs from the convention used in the moduli
tabilisation section.
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Fig. 22. A typical potential featuring high scale inflation and a low barrier toward decompactification which can potentially suffer from the overshoot
roblem. Figure by Elisa Quevedo.

As the current vacuum is a local minimum of the potential, it is surrounded by a barrier to decompactification. However,
he height of this barrier is typically ∼ m2

3/2M
2
Pl (following from the general structure of the supergravity scalar potential),

nd many scenarios assume mnow
3/2 ≪ minf

3/2. A primary example where mnow
3/2 ≪ minf

3/2 is explicitly realised is when inflation
s driven by the volume modulus close to an inflection point at small field values [581,583]. The height of the barrier
s minuscule compared to the height of the original potential – so how can the barrier trap the fields? To visualise this
roblem, one can imagine a rollercoaster released under gravity from a height of a hundred metres and which must stop
t an endpoint where the track rises by one millimetre – except the inflationary case involves a far greater disproportion
n the relative potential heights.

The overshoot problem was first formulated by Brustein and Steinhardt [677]. A key point of their analysis, which
emains true today, is that stringy potentials are naturally extremely steep. To appreciate this, note that the two most
mportant moduli are the dilaton (S) and volume modulus (T ), as these incorporate gs and V and so control the asymptotic
unaway limit to large volume and weak coupling. The Kähler potential is logarithmic in these moduli, typically

K = − ln
(
S + S̄

)
− 3 ln

(
T + T

)
. (207)

xamining the metric KSS̄ or KTT , this implies that the canonically normalised field is logarithmic in either the string
coupling gs or the volume V .

Any string-derived potential that is a simple power-law in the dilaton or volume – as would arise from any perturbative
weak coupling expansion in either gs or α′, or also any potential whose natural scaling is M4

s – will then correspond to
a potential that is a runaway exponential in the canonically normalised field φ, V (φ) ∝ e−λφ . Note that while such a
runaway exponential cannot itself have a minimum, it may nonetheless be a good approximation to the moduli potential
over a large region of its field range, and so be a good approximation to the full potential.

Such an exponential potential

V (φ) ∝ e−λφ (208)

is already rather steep. We note that in string theory ‘flat’ exponentials do not occur; current evidence suggests that
λ >

√
2 and accelerated expansion cannot occur (e.g. see [304,678–683] for recent discussions).

Moreover, in many cases stringy potentials actually arise from non-perturbative terms in the superpotential: examples
are gaugino condensation in racetrack models, or the non-perturbative effects in KKLT. For such models the potential in
terms of the canonical field is instead a double exponential:

V (φ) ∝ e−αeβφ . (209)

ike a second slice of chocolate cake, this is perhaps too much of a good thing; manifestly, such double exponentials
re exceptionally steep and, plotted on a linear axis, resemble a vertical cliff — which simply serves to re-emphasise the
vershoot problem.
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.3. The road to a solution: Rolling and tracker solutions

The overshoot problem is a well-posed question about the immediate dynamics of post-inflationary string cosmology.
t looks like a sharp and severe problem. However, it turns out there is a clear roadmap to a solution which also offers the
ttractive possibility of quasi-universal behaviour in the early universe (within the context of string compactifications).
irst, however, we describe the simplest solutions to the overshoot problem (but also ones which remove most of the
nteresting physics from it).

The overshoot problem exists when the scales present in inflation are substantially larger than the scales of the barrier
reventing decompactification. If this is not the case, then there is clearly no overshoot problem. There are two easy
ays to achieve this but both are somewhat artificial. The first is through models of extremely low scale inflation. If
inf ∼ (1 TeV)4, then the inflationary potential is comparable to the weak scale and there is no overshooting problem to

explain (for example, see [684,685]). However, it is difficult to embed such models into string theory as viable UV-complete
examples of inflation.

The second ‘trivial’ solution to the overshoot problem is to require that the scales of the post-inflationary vacuum are
he same as that of the inflationary potential. The barrier height is then, automatically, comparable to the scale of the
otential during inflation. In this case, there would be manifestly no overshoot problem. Examples of models utilising this
pproach are [686–688]. The problem with this solution (and why we use the word ‘trivial’ to refer to it) is that it ducks
he question of where the weak scale (or indeed, any of the other particle physics hierarchies) actually comes from. While
t is intellectually consistent to regard the weak scale as a pure accident of nature, arising from either a highly fine-tuned
tandard Model or a similarly fortuitous cancellation resulting in a light gravitino mass (i.e. m2

3/2 ≪ m2
φ from fine-tuning),

this avoids all the deep ‘why’ questions about the Standard Model and its energy scales. One can then reasonably ask:
why care about using string theory in the first place to understand the hierarchy problems of the Standard Model?

Another approach to mitigate the overshoot problem comes from cases where the Standard Model is sequestered from
the sources of supersymmetry breaking, since in this case low-energy supersymmetry could be compatible with a large
gravitino mass. However, such sequestering requires a particular realisation of the Standard Model with D3-branes at
singularities and several sources of desequestering can ruin this picture e.g. [159,689]. Moreover, even in the presence of
sequestering, TeV-scale supersymmetry can be compatible with at most m3/2 ∼ 1011 GeV, which would still be 3 orders of
magnitude smaller than a Hubble scale during inflation of order Hinf ∼ 1014 GeV. Such scenarios would, therefore, likely
till have some remnant overshoot problem to be solved.
A more attractive and more ambitious solution to the overshoot problem (compared to the above) comes from the

deas of kination epochs and tracker solutions. To see how these arise, we start with the equations of motion for an
volving scalar:

φ̈ + 3Hφ̇ = −
∂V
∂φ

, (210a)

H2
=

1
3M2

Pl

(
V (φ) +

φ̇2

2

)
. (210b)

The Hubble friction term (proportional to H) implies that all sources of energy act as friction on a scalar rolling down
a potential. If large enough, this braking friction will avoid the overshoot, by slowing down the scalar sufficiently so that
it fails to climb over the barrier to decompactification. While there are contributions to Hubble friction from both the
potential itself and any kinetic energy of the scalar field, the self-braking is not by itself enough to avoid overshoot.

In slow-roll inflation, the largest contribution to H is the energy density in the potential. However, once a field starts
rolling down an exponential (or even double-exponential) slope, the steepness of the potential implies that the kinetic
energy of the inflaton rapidly becomes large. In particular, it dominates over the contributions of the potential density. The
universe then enters a phase where its energy density is dominated by the kinetic energy of the scalar field – a kination
phase (first named in [690]). For a recent review of kination, see [691].

In such a kination epoch, the scalar field equations of motion Eq. (210a) and (210b) reduce to

φ̈ + 3Hφ̇ = 0 , (211)

H2
=

φ̇2

6M2
Pl
. (212)

his results in an equation for φ:

MPl φ̈ +

√
3
2
φ̇2

= 0 , (213)

which is solved by

φ = φinit +

√
2
3
MPl ln

(
t

tinit

)
. (214)
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ere the initial condition has been set as φ(tinit) = φinit. The residual integration constant has been fixed by requiring
that a time coordinate of t = 0 represents (at least formally) an initial singularity where the energy densities diverge. It
is worth noting that during kination, the field moves through approximately one Planckian distance in field space each
Hubble time. This is an interesting feature from the perspective of string cosmology; such trans-Planckian field excursions
are home territory for string theory and require a theory of quantum gravity to ensure adequate control of the effective
field theory expansion over such large displacements. Any extended kination epoch, lasting for many Hubble times, will
result in a field traversing a markedly trans-Planckian distance (such a kination epoch can also have an interpretation as
a 10-dimensional Kasner solution [692]).

The scale factor behaves as

a(t) ∝ t1/3 , (215)

hich follows immediately from H2
≡

(
ȧ(t)
a(t)

)2
=

φ̇2

6M2
Pl
. During a kination epoch, the energy density therefore drops off as

ρkin(t) ∝ a(t)−6 . (216)

y comparing with ρ ∝ a−3 or ρ ∝ a−4 (behaviours of matter and radiation domination), we see that kinetic energy
dilutes much faster. This implies that during a fast-rolling kination phase, any initial sources of matter or radiation will
– over time – catch up with the kination energy. At this point, their additional Hubble friction can effectively stop the
evolution of the field (it becomes overdamped) until the energy densities of the universe have fallen sufficiently for the
slope of the potential to become important again.

At this point, the evolution enters an attractor tracker solution. The ‘attractor’ nature refers to the fact that many initial
conditions converge onto the same solution. The ‘tracker’ property refers to the fact that fixed proportions of the energy
density lie in each of potential energy, kinetic energy and radiation (or matter) [44,693,694]. The use of tracker solutions,
and additional Hubble friction to avoid overshoot, goes back a long way (for example, see [695–700]).

We now describe the properties of the tracker solution (mostly following the analysis of [694]). The existence of the
tracker solution relies on the presence additional contributions to energy density that redshift slower than kinetic energy.
For a generic cosmic fluid with equation of state

P = (γ − 1)ρ , ρ ∼ a−3γ , (217)

nd so a slower redshift than kinetic energy requires γ < 2. Both matter and radiation satisfy this condition. Given
he high inflationary scales, there does not appear to be an obvious candidate for stable matter at the end of inflation
although, as possibilities, one could consider either primordial black holes or relatively heavy axions with ma < H , which
ecome non-relativistic shortly after the end of inflation).
Instead, we focus on the relatively universal case of initial radiation, where ρextra = ργ (note we use ργ to denote any

orm of radiation, not just photons). There are many good candidates for such radiation (for example, gravitons, axion-like
articles or extra U(1) gauge bosons).
The Friedmann equations are

Ḣ = −
1

2M2
Pl

(
ργ + Pγ + φ̇2

)
= −

1
2M2

Pl

(
γ ργ + φ̇2

)
, (218)

H2
=

1
3M2

Pl

(
ργ +

1
2
φ̇2

+ V (φ)
)
, (219)

ith energy conservation set by

ρ̇γ = −3H
(
ργ + Pγ

)
= −3Hγ ργ . (220)

he attractor nature is made manifest by transforming to the variables

x =
φ̇

MPl

1
√
6H

, y =

√
V (φ)
3

1
MPlH

. (221)

hese variables are equivalent to the fractional energy densities in kinetic and potential energy, Ωk = x2 and Ωp = y2,
hile the energy density in radiation is set by Ωγ = 1 − x2 − y2. The dynamical evolution then becomes

x′(N) = −3x −
V ′(φ)
V (φ)

√
3
2
y2 +

3
2
x
[
2x2 + γ (1 − x2 − y2)

]
,

y′(N) =
V ′(φ)
V (φ)

√
3
2
xy +

3
2
y
[
2x2 + γ (1 − x2 − y2)

]
, (222)

H ′(N) = −
3
H(2x2 + γ (1 − x2 − y2)),
2
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φ′(N) =
√
6x,

where the time variable is N = ln a.
One of the simplest possible potentials (which happily also holds for LVS and other models where the potential

is power-law in either the dilaton or volume moduli) is where the potential can be approximated by a single (steep)
exponential,48

V = V0 exp
(

−λ
φ

MPl

)
, (223)

o that V ′(φ)/V (φ) = −λ/MPl. While in an LVS context, λ =
√
27/2, the precise value of λ is not essential for the existence

f the tracker solution. We regard φ = 0 as corresponding to the central region of moduli space (with either gs ∼ 1 or
∼ 1). The precise value of V0 will depend on the details of the compactification, but for reasonable values of W0 we

expect it to be of order M4
Pl. In this regime, the system (222) is known to have a stable attractor solution where the scalar

field and radiation have a fixed ratio of energy densities. The fixed point is characterised by

Ωk = x2 =
3
2
γ 2

λ2
Ωp = y2 =

3(2 − γ )γ
2λ2

Ωγ = 1 − x2 − y2 = 1 −
3γ
λ2
. (224)

f the attractor solution is obtained before the rolling field reaches the barrier, it will not overshoot.
The presence of such attractor solutions has several appealing features. First, it provides a natural mechanism for

olving the overshoot problem [583,695–703] (for some alternative approaches, for which we do not have space for a
ull discussion, see [688,704–706]). The additional energy content provides a Hubble friction that slows down the rolling
unaway field sufficiently to ensure that it does not overshoot the barrier to infinity, but ends in the desired low-energy
acuum. The extra friction provides a natural solution to the overshoot problem, and allows the true vacuum to be located
ith relative ease.
Second, the required ingredients for this mechanism to work – additional matter or radiation – are not exotic and are

enerally present within string compactifications. To be more specific, some extra radiation will always be present at the
nd of inflation. Associated to the quasi-de-Sitter phase of inflation is a temperature,

TdS =
H
2π

. (225)

he thermal bath associated to this temperature will lead to an energy density in radiation at the end of inflation given
y

ργ ,init =
π2

30
g∗

(
Hinf

2π

)4

. (226)

his is a ‘minimal’ level of radiation, as its origin is effectively universal — whatever the inflationary model, we expect it to
e accompanied by thermal background radiation of this magnitude. Other, more model-dependent, sources of inflation
nclude the perturbative conversion of the inflaton degrees of freedom into radiation (i.e. the analogue of decays in a
ime-dependent background) or radiation from any cosmic strings that may be formed at the end of inflation, such as in
odels of brane inflation.
Finally, this mechanism also suggests that an extended period of kination may be a generic, or universal, feature of

tring cosmology in the early universe: it appears to be a common, if not universal, expectation of string cosmology that
he evolution of the universe passes through a kination epoch and then a scaling solution. This would be appealing as it
ould simplify the search for any distinctive observational footprints from string cosmology: generic behaviour provides
clearer and cleaner target than scenarios where ‘anything goes’.
All that said, it is also worth enumerating the potential challenges and disadvantages associated to this solution to

he overshoot problem. The first such challenge is associated to the large field displacements required. From Eq. (214)
e see that during a kination epoch, in every Hubble time the field passes through a Planckian distance in field space. A
ination epoch that lasts for a significant number of Hubble times will involve a notably trans-Planckian field excursion.
urthermore, to reach the tracker solution it is likely that such an excursion is necessary; the tracker solution requires

48 In the context of LVS, the single exponential is a good approximation while the field rolls down the slope. Near the minimum, other terms
become important. The full potential takes the form

V (φ) = V0
(
(1 − εφ3/2)e−λφ

+ δe−
√
6φ).

ere the uplift parameter δ needs to be fine-tuned to achieve a dS vacuum at φ ∼ ε−2/3 .
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adiation to ‘catch up’ with the kinetic energy. However, the nature of inflation is that the initial level of radiation will
e highly sub-dominant. For example, Eq. (226) would give rise to

Ωγ ,init ∼
H2

inf

M2
Pl
. (227)

The lower the inflationary scale is, the smaller Ωγ ,init is, and the longer the kination epoch needs to last in order for the
radiation to catch up and lock onto the tracker solution.

However, such large field excursions are not without their problems. As reviewed in Section 7.7, according to the
Swampland Distance Conjecture, towers of states come down in mass whenever a field traverses a trans-Planckian
distance ∆φ > MPl [33],

Mi ∝ e−α∆φ/MPl , (228)

here α is an O(1) number. Such towers of states may modify the low-energy effective field theory and lead to additional
corrections to the Lagrangian, although note that the presence of a descending tower of states is not necessarily a problem:
some examples, such as Kaluza–Klein states in the asymptotic large volume regime, are relatively well understood and
do not necessarily lead to control issues.

The second, related, challenge is that most possible origins of initial seed radiation generate rather small amounts
f radiation, at a level proportional to (Hinf/MPl)

2. For models with low inflationary scales, it would not be possible for
ields to reach the tracker solution before they overshoot the barrier and are on their way towards decompactification.
n practice, the tracker solution may be hard to locate and in this case, another mechanism to avoid overshoot would
ave to be found. When the mechanism works, it works well — but the tracker requires rather specific conditions on the
vailable field displacement in order for it to work.

.4. Moduli domination

However it happens, overshoot must be avoided in any cosmology that can describe our universe. Sooner or later, the
heory must approach our own vacuum and gradually settle into it. It is here that another characteristic aspect of string
osmologies come into play: the expectation of a period of moduli domination. Why?
In expanding universes, matter and radiation redshift as

ρmat ∝ a(t)−3 , (229a)

ρrad ∝ a(t)−4 , (229b)

nd so matter wins out over radiation. Although both familiar and basic, Eq. (229a) implicitly contains one of the most
mportant elements of string cosmology. As discussed in Section 3, moduli originate from higher-dimensional modes of
he graviton and interact through gravitationally suppressed couplings. On dimensional grounds, the decay rates of such
oduli are set as

Γφ =
λ

16π

m3
φ

M2
Pl
, (230)

here λ is a dimensionless O(1) constant, whereas particles with renormalisable perturbative decays have decay rates
iven by Eq. (202). Compared to these, the lifetimes of the scalar moduli are enhanced by a factor of

(
MPl/mφ

)2. Indeed,
s the Planck scale is the silverback mountain gorilla of energy scales in physics, moduli also outlive other particles with
on-renormalisable interactions suppressed by (merely) the GUT scale.
When heavy particles decay, their decay products are normally relativistic. With radiation redshifting as ρrad ∼ a−4

nd matter redshifting as ρmat ∼ a−3, the relativistic products from any ‘early’ decays rapidly grow sub-dominant
o any surviving matter present. With the evolution of cosmic time, a universe crowded with particles inevitably
ecomes dominated by the longest-living, latest-decaying matter. As gravity is, both empirically and theoretically, the
eakest force, this implies that it is a generic expectation of string compactifications that the universe will go through
stage where its energy density is dominated by the mass-energy of moduli particles, for which all interactions are
on-renormalisable and suppressed by the Planck scale.
This era of moduli domination is one of the most generic and distinctive expectations of string cosmology, and it is

ne of the most notable ways in which string cosmology differs quite substantially from many field theory approaches
o inflation where reheating is assumed to be driven by fields with couplings that are either renormalisable or, at least,
uppressed by scales far lower than the Planck scale (see Fig. 23).
While not strictly unique to string theory (the key feature is the presence of massive scalars with gravitational-strength

nteractions), it represents a very different cosmological history to many Beyond-the-Standard-Model post-inflationary
cenarios, which involve a rapid transfer of energy from the inflationary degrees of freedom into Standard Model particles.
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Fig. 23. Alternative histories of the universe including potential periods of kination and moduli domination.

Sometimes string theory is seen as an esoteric UV issue of little interest to hard-working practical cosmologists studying
he universe one trillionth of a second after the Big Bang. It is, therefore, important to note that the cosmology of
uch standard field theory scenarios is unstable to the inclusion of a sector with only gravitationally coupled particles
i.e. moduli). As described above, as long as there is some initial amplitude in the moduli fields, we expect this energy
ensity to grow so that the universe passes through an epoch of moduli domination.
Naively, one may think it possible to avoid this by assuming that the inflaton is charged only under Standard Model

egrees of freedom, such that all inflationary dynamics only involves a displacement in the inflaton field. The claim is that,
n this case, there would be no amplitude in the moduli degrees of freedom or, put another way, the post-inflation moduli
ould not be displaced from their final minimum during inflation. However, in practice it is very hard to engineer this:

n the context of any effective Lagrangian with a UV completion in string theory, there will almost always be an initial
isplacement of the moduli from the final minimum, and thus some amplitude in the moduli field. This is particularly
o for the universal moduli — the overall volume and the dilaton (see [464] for one explicit computation of the volume
ode displacement during inflation).
Why? We illustrate this in the context of IIB compactifications, but the argument extends easily. The supergravity

calar potential is (with MPl = 1)

V = eK
(
K īȷDiWDȷ̄W − 3|W |

2) . (231)

he Kähler potential is

K = −2 lnV(T + T ) − ln
(∫

iΩ ∧Ω

)
− ln(S + S) , (232)

here V is the volume, T the chiral superfield containing the volume modulus, and S the superfield for the dilaton. As
his Kähler potential directly depends on V and S, the presence of the eK factor implies the scalar potential (231) will
lways depend explicitly on these fields. Any source of energy will give a contribution to the potential for these fields; this
ncludes the inflationary contribution to the potential that is absent in the final minimum. This implies that, during the
nflationary epoch, these fields are necessarily displaced from the final minimum: in terms of the moduli fields defined
s oscillations about the final vacuum, such fields have non-zero amplitudes during inflation.
If arguments in terms of N = 1 supergravity Lagrangians sound somewhat abstract or specific to supergravity, there

s a more physical way of putting the same point. The dilaton (string coupling) and volume modulus both directly enter
he relationship between the string scale and the 4-dimensional Planck mass (where Vs the volume of the Calabi–Yau
easured in units of l6s in terms of the 10-dimensional string frame metric in the convention where string and Einstein

rame metrics coincide in the vacuum i.e those described above Eq. (206))

Ms =
gs

√
4π

MPl
√
Vs
. (233)
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Fig. 24. Moduli domination. During inflation moduli fields which are not inflatons tend to be trapped at a point that does not correspond to
heir minimum. Only after inflation is finished do those moduli field start settling towards their minimum. Their coherent oscillations around this
inimum come to dominate the energy density of the universe, behaving like matter domination, and particle production during this time is the
ource of reheating. This differs substantially from the standard picture of reheating from the inflaton right after inflation.

ust as in string theory the string mass Ms is the fundamental physical scale, so is gs the fundamental measure of the
intrinsic strength of quantum effects (including gauge couplings). Therefore, all physical scales (in particular, potential
energies) depend on Ms – and so all potentials will depend on the string coupling and the volume modulus. From this, it
immediately follows that the inflationary part of the potential acts a source term for the dilaton and volume modulus –
and so once this is removed, the expectation values of these fields will shift, implying that during inflation these fields
are displaced from their final minimum.

We note here another potential important stringy difference to field theory scenarios of inflation. In field theory
scenarios, inflation ends with a rolling inflaton. Although the inflaton ultimately decays so that only the curvature
perturbation survives, the inflaton is still present at the end of inflation and the inflaton still exists as a potential excitation
within the theory. In string theory, inflation may end with the inflation having already disappeared at the end of inflation.
In examples like brane inflation, where inflation terminates with brane/anti-brane annihilation, the inflaton field (the
brane position) has entirely vanished in the post-inflationary epoch. Nonetheless, the argument that such a universe
should find its way to a moduli-dominated epoch is unchanged.49

The resulting era of moduli domination is therefore generic and one of the most universal expectations in string
cosmology. Moreover, when reheating does proceed only via non-renormalisable interactions suppressed by a factor of
MPl (as for moduli), then ‘standard’ expectations as to the reheating temperature are greatly modified. The reheating
temperature now becomes

Trh ≃

( α
4π

) 1
2
(
mφ

MPl

) 1
2

mφ (234a)

≃ 1GeV
( mφ

106 GeV

)3/2
. (234b)

In a stringy context, we expect the reheating temperature to be much lower than in field theory scenarios. Physics
expected to take place in the early universe (e.g. baryogenesis) must proceed via scenarios that can operate at these
relatively low temperatures.

The fact that in string theory, reheating is expected to proceed via moduli decay (see Fig. 24,) leads to various
cosmological problems and/or opportunities that must be addressed. It should be emphasised again, though, that these
problems are not specific to string theory; all consistent theories of the early universe must include gravity and these
questions arise in any theory which includes in its spectrum scalar particles whose interactions are not stronger than
gravitational strength (i.e. they are non-renormalisable and suppressed by explicit powers of MPl): this issue cannot be
rendered irrelevant by pretending it does not exist.

49 Reheating after brane/anti-brane inflation has a rich phenomenology (many of the features are intrinsically string theoretic). See e.g [707–712].
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.5. Aspects of moduli-induced reheating

This epoch of moduli domination can affect various areas of early universe physics and we now consider in more detail
he implications of reheating driven by decays of moduli.

.5.1. The cosmological moduli problem
One of the best-known issues associated with moduli reheating is the cosmological moduli problem (CMP) [713–

15]. The MPl-suppression in moduli interactions implies that they are long-lived. While the masses of moduli are
odel-dependent to some extent, in most cases these masses are comparable to the gravitino mass. When low-energy
ravity-mediated supersymmetry is used to solve the hierarchy problem of the Standard Model, the soft terms are also
ormally comparable to the gravitino mass (note that for gauge-mediated models, m3/2 ≪ 1 TeV, and this issue becomes
ore severe). For ‘generic’ supergravity models, we then have

mφ ∼ m3/2 ∼ Msoft ∼ 1 TeV , (235)

here mφ denotes the modulus mass. For such mass scales, it follows from Eq. (234b) that the resulting reheating
emperature is Trh ≲ 1MeV, insufficient for conventional nucleosynthesis. Generally, in any case where the lightest
oduli have masses mφ ≲ 30 TeV, the period of moduli domination extends until a time period later than when Big

Bang Nucleosynthesis (BBN) occurred. As observations of primordial element abundances make us highly confident that
the standard picture of BBN is correct, such cosmologies are inconsistent with nature.

The above was first realised in the 1980s by Coughlan, Fischler, Kolb, Raby and Ross [713] for the supergravity Polonyi
field and is the original cosmological moduli problem. It was subsequently re-emphasised and shown to be generic in the
context of stringy scenarios of moduli stabilisation in [714,715] and has existed since then as a standard reference point
in discussions of string cosmology. The importance of this problem lies in its genericity: as long as moduli exist, they will
tend to survive at low energies and tend to dominate the energy density of the universe. The original arguments relied
on the assumption of low-energy supersymmetry to estimate their masses. However, the argument is more general than
supersymmetry. Even if compactifications do not preserve supersymmetry, as long as the Kaluza–Klein scale is smaller
than the Planck mass the moduli will survive at low energies. As moduli are the zero modes of Kaluza–Klein field, they
only obtain masses through quantum effects. It is easy to estimate that their masses are at most of order M2

KK/MPl [198]
which is much smaller than the KK and string scales as long as MKK < MPl.

The cosmological moduli problem is associated to the time at which moduli decay, and through this, the Hubble
scale (i.e. temperature) at which a conventional radiation-dominated Hot Big Bang is initiated. It may be useful here
to distinguish here between a hard cosmological moduli problem and a soft cosmological moduli problem.

The hard CMP is the requirement that Trh > TBBN: we know that BBN occurred and so it is an absolute necessity that
the reheat temperature is in excess of the temperatures required for BBN. There are several other aspects of physics we
think originated in the thermal Hot Big Bang, but where a precise answer is not known. Examples include mechanisms for
baryogenesis and the origin of the dark matter relic abundance. Scenarios for these can require Trh ≫ TBBN. As examples,
scenarios of thermal leptogenesis can require Trh ≳ 1011 GeV [716] whereas thermal freeze-out of WIMP dark matter
ends to require Trh ≳ mDM/20, where mDM is the dark matter mass. The soft CMP refers to the requirement that Trh is
sufficiently high to allow for all the other particle physics, in addition to BBN, that we would like to occur in the Hot Big
Bang. As the name suggests, this requirement is more nuanced and model-dependent, being tied to the actual physics
used to generate (for example) the baryon asymmetry.

Since its original formulation, the importance of the CMP as a problem has waxed and waned. Most obviously, the
‘Problem’ in the title originates from an assumption that supersymmetry would be present at TeV energy scales and
would solve the hierarchy problem of the Standard Model. If low-energy supersymmetry is entirely absent – or even if
it simply ameliorates the hierarchy problem by appearing at 1000 TeV energy scales – then the hard CMP loses its force.
It is certainly true that, since the CMP was first proposed, the energy scales at which supersymmetry might plausibly be
present have risen by an order of magnitude.

A further aspect is the development of explicit models of moduli stabilisation. The original CMP was formulated based
on the properties of ‘generic’ N = 1 supergravity scalar potentials. With the construction of actual scenarios of moduli
stabilisation, it was realised that these ‘generic’ expectations are often violated in actual models, which have additional
structure compared to ‘generic’ expectations. We give two examples.

The first example involves models based on non-perturbative stabilisation, where a gaugino condensate is balanced
against either a constant term or another gaugino condensate. The standard examples of these are KKLT and racetrack
models, as discussed in Section 3. In this case, there is a logarithmic enhancement in the masses of moduli relative to the
gravitino mass, and also a logarithmic suppression in the mass of the soft terms relative to the gravitino mass [717–719].
More specifically

mφ ∼ ln
(

MPl

m3/2

)
m3/2 ∼ ln2

(
MPl

m3/2

)
Msoft . (236)

his implies that soft terms at ∼1 TeV would actually be accompanied by moduli masses at 1000 TeV, greatly ameliorating
he cosmological moduli problem.
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The second example involves models which start with a no-scale structure (of which LVS is the principal example). At
eading order (i.e. with exact no-scale as in GKP [92]) a modulus remains massless despite the presence of both a finite
ravitino mass and broken supersymmetry. In the full vacuum, this structure still survives approximately, with a modulus
arametrically lighter than the gravitino mass:

mφ ≪ m3/2 . (237)

he form and scale of the soft terms depends on the realisation of the Standard Model and the degree of sequestering
resent. Two possible scenarios have been identified [164,585,586], building on earlier analyses of LVS soft terms
n [720–722]. These lead to either

m3/2 ∼
MPl

V
≫ mφ ∼ Msoft ∼

MPl

V3/2 , (238)

r

m3/2 ∼
MPl

V
≫ mφ ∼

MPl

V3/2 ≫ Msoft ∼
MPl

V2 . (239)

rrespective of which case is realised, what Eqs. (236), (238) and (239) have in common is a pattern of masses very different
o that assumed in the ‘generic’ CMP.

Despite these results, and the general softening of the CMP in the absence of a discovery of weak scale supersymmetry,
t persists as a question that must be addressed in all stringy cosmologies. Even if the hard CMP is not a problem as such,
t is also a reminder that stringy cosmologies are expected to have lower reheating scales than in more conventional field
heory models of the early universe.

.5.2. Dark radiation constraints on moduli decays
The cosmological moduli problem is primarily associated with the time at which moduli decay, and the danger that

he transition to radiation domination occurs too late for conventional BBN epoch.
Other potential problems (or opportunities!) are associated to the decay products and branching ratios of moduli.

s with the CMP, these problems can be formulated both ‘generically’ in terms of supergravity models without special
tructure in the couplings, and then refined in terms of the precise structures that arise within particular string
ompactifications. As with the CMP, the origin of all such problems is the requirement that reheating cannot lead to
universe that is significantly different than a radiation-dominated Hot Big Bang, in which almost all energy is contained

n Standard Model degrees of freedom.
In particular, if significant amounts of energy density are injected into degrees of freedom that are decoupled from the

tandard Model, this may lead to significant cosmological tensions. The simplest example of this is an over-production of
ark radiation – a possible additional relativistic contribution to the energy density which is decoupled from the Standard
odel degrees of freedom. While today, after ten billion years of matter and dark energy domination, such radiation
ould only contribute negligibly to the dynamics of the universe, in earlier epochs such radiation would significantly
ffect the expansion history.
From observations of the CMB, we know that the early universe bounds the amount of additional ‘dark’ radiation that

an contribute to the energy density. This is conventionally expressed in terms of a bound on the number of effective
eutrino species; this reflects the fact that, after they decouple, the neutrinos free-stream as relativistic particles decoupled
rom the other Standard Model degrees of freedom, and so behave (effectively) as dark radiation. The magnitude of this
imit can be expressed as [8]:

∆Neff ≲ 0.2 . (240)

ere Neff is the effective number of ‘extra’ neutrino species beyond those of the Standard Model.
String compactifications contain many particles which could in principle constitute dark radiation, as they are both light

nd very weakly coupled to the Standard Model. One example is gauge bosons of unbroken dark sector gauge groups. These
an arise either as hidden U(1)s present on ‘distant’ branes within D-brane constructions or alternatively from n-form
otentials reduced on internal (n−1)-cycles (e.g. Ai

µ =
∫
Σ i

2
C3). Another type of particle with light and ‘protected’ masses

are chiral fermions belonging to matter sectors decoupled from the Standard Model. In models of branes at singularities,
these can arise from matter originating on branes located at distant singularities. Here, the chirality protects the mass of
the particles while the geometrical separation ensures the weakness of couplings to the Standard Model and ensures that
such particles will not thermalise with Standard Model degrees of freedom.

However, in terms of dark radiation candidates within string theory, arguably the most appealing and universal particle
candidates are axions or axion-like particles (ALPs) [474,475,723,724]. Axions are U(1)-valued scalars: instead of the
eal line, they take values on a circle. They have a perturbative shift symmetry ai → ai + 2π fa, which ensures that
he potential remains flat to all orders in perturbation theory. Here fa is the axion decay constant which specifies the
radius of the U(1) circle and also governs the strengths of axion–matter couplings. As non-perturbative corrections are
exponentially suppressed, it is natural (depending on the precise details of the compactifications) for ALPs to remain
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ffectively massless, and in particular sufficiently light so as to be a good candidate for dark radiation. The shift symmetry
lso implies that axions must couple via derivative interactions, which implies that their interactions with the Standard
odel are suppressed by their decay constant fa ≫ 1 TeV. For all these reasons, energetic relativistic axions produced in

he early universe are likely to persist as a relativistic background until the present day (forming what has been called a
osmic Axion Background [725,726]).
We aim to formulate the generic problem succinctly. In string theory, reheating tends to be driven by moduli with

ravitational-strength couplings. Certain moduli (for example, the overall volume modulus or the dilaton modulus) tend
o couple to all sectors of the theory in a broadly democratic fashion. However, as there could easily be hundreds of
idden-sector particles, democratic decays would likely result in too much energy going into axions or other hidden
ector modes. The decay modes

φ → hidden , (241)

ay produce dark radiation at a level far above the observable limits. As moduli-dominated reheating is generic in string
heory, this constitutes a generic problem (or opportunity!) for string models of reheating.

This problem of excessive dark radiation is generic within string compactifications. If reheating originates from
ravitationally-coupled sectors, it is hard to see why the fractional decay rate to non-Standard Model light hidden sectors
hould be close to zero: what makes the Standard Model sector special and preferred?
To formulate this problem more precisely, and move beyond generic statements, requires actual vacua in which we can

etermine the longest-lived modulus, its mass, its couplings and its decay modes. Although the ‘visible sector’ in principle
equires the actual Standard Model, even without a full Standard Model realisation in a compactification, toy proxies for a
tandard Model can be used (for example, a D3-brane probing a Calabi–Yau singularity or a stack of D7-branes wrapping
divisor in the geometric regime) to allow for the calculation of decay modes to a ‘quasi-visible’ sector.
As a consequence of its parametric scale separation, the Large Volume Scenario provides a clean environment in

hich the lightest modulus and its couplings can be determined. It is not surprising then, that in the context of LVS,
his problem has been formulated especially sharply, starting originally with [727,728] and then developed further on in
440,441,465,729–736].

Focusing on LVS Calabi–Yau models where the overall volume is controlled by a single modulus, the lightest modulus is
he overall volume modulus, which allows for a precise computation of the couplings and decay modes. These couplings
re set by the relevant Kähler and superpotential terms. The superpotential terms drop out, as Kähler moduli such as
he overall volume only appear in the superpotential non-perturbatively. The dependence of matter kinetic terms on the
olume direction itself is given by

KTT ∝
1

V2/3 . (242)

his follows from the modulus Kähler potential K = −2 lnV and the requirement that the physical Yukawa couplings
n local models are determined locally and so must be independent (at tree-level) of the overall volume [721]. The
elf-couplings of the volume multiplet can be found from the Kähler potential

K = −3 ln
(
T + T

)
, (243)

here T is the superfield containing the volume modulus. This is equivalent to K = −2 lnV when we restrict to only the
verall volume mode. The resulting kinetic terms are

Lkin =
3

4τ 2b
∂µτb∂

µτb +
3

4τ 2b
∂µa ∂µa . (244)

rom Eq. (244) we can read off the couplings of the volume modulus to its own axion.
Assuming an MSSM-like local matter sector and no additional dark sectors, it was found in [727,728] that there are

wo dominant decay modes: the decay φ → aa of the volume to the volume axion, and the decay φ → H1H2 which
roceeds via the Giudice–Masiero µ-term. The coupling to the axion is universal and after canonical normalisation takes
he form [727,728]

L =
3
4
exp

(
−2

√
2
3
φ

)
∂µa ∂µa , (245)

hich gives a decay width

Γφ→aa =
1

48π

m3
φ

M2
Pl
. (246)

his axionic contribution to dark radiation is universal and unavoidable, as the volume axion is always present in the
ompactification, and at large volumes the couplings are entirely set by the tree-level Kähler potential. As well as these
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ecays to the volume axion, the volume modulus can also decay to other light open- or closed-string axions present in
he compactification [440,736].

Interestingly, all matter decay modes except the one proceeding via a Giudice–Masiero term

K = · · · +

(
ZHuHd(
Tb + T b

) + c.c.

)
+ · · · (247)

re suppressed by an
(
Msoft/mφ

)2
≪ 1 factor, as the Kähler potential of Eq. (242) leads to a coupling

φ(Q∇
2Q + Q∇

2Q̄ ) , (248)

hich is suppressed on-shell by a relative factor
(
Msoft/mφ

)2 compared to modes like Eq. (246). Note that in models
where the visible sector is sequestered from the sources of supersymmetry breaking, also the decay of the volume mode
into MSSM gauge bosons is suppressed since the tree-level gauge kinetic function is set by the dilaton. Meanwhile, the
Giudice–Masiero term gives a decay width

Γφ→HuHd =
2Z2

48π

m3
φ

M2
Pl
, (249)

ery similar to the axion decay width of Eq. (246).
Although some aspects are model-dependent (for example, the branching ratio to the Standard Model depends on the

ndetermined constant Z and would be enhanced for models with extended Higgs sectors), this calculation illustrates the
ay in which moduli-dominated reheating is expected to produce dark radiation. Depending on perspective, this can be
iewed either as a problem or an opportunity for such models.
Another contribution to the volume mode decay into two Standard Model Higgs degrees of freedom h comes from

oduli-dependent loop corrections to the Higgs mass [465]:

m2
h = M2

soft

[
c0 + cloop ln

(
MKK

m3/2

)]
(250)

hich, using MKK ∼ MPl/V2/3, induces the following couplings:

L ⊃ −

√
3
2
m2

h

MPl
φ h2

+
cloop
4

√
3
2
M2

soft

MPl
φ h2 . (251)

learly, the first coupling is irrelevant since it is suppressed by the Higgs mass. However the second coupling would give
ise to a decay width that scales as

Γφ→hh ∼

( cloop
Z

)2 (Msoft

mφ

)4

Γφ→HuHd . (252)

or models without sequestering (which requires the Higgs mass to be fine-tuned to be much lighter than its ‘natural’
alue), Msoft ∼ m3/2 ≫ mφ , Γφ→hh dominates over Γφ→HuHd and Γφ→aa, guaranteeing the absence of any dark radiation
roduction. On the other hand, in sequestered models, Msoft ≲ mφ , implying that Γφ→hh is subdominant with respect to
φ→HuHd .
In a phenomenologically realistic scenario, it is obviously critical that the amount of dark radiation produced does not

xceed the observational bounds. One approach to achieving this is to enhance the modulus couplings to the visible sector.
or example, in sequestered models, one may assume that Z ≫ 1 or that actual BSM physics involves a large number of
iggs sectors which enhances the visible sector branching ratio purely on multiplicity grounds.
Although it is fair to describe LVS as the most developed scenario for precise studies of reheating and dark radiation pro-

uction, similar questions of dark radiation production have also been studied for other scenarios of moduli-stabilisation,
or example see [675,737–742].

Our discussion has mostly treated the existence of dark radiation from moduli decay as a problem to be expunged.
owever, one can also regard it as an opportunity to be seized. The electromagnetic interactions of photons imply that
he photon surface of last scattering is the CMB, which dates from a time 380,000 years after the Big Bang. For axion-like
articles, the similar surface of last scattering extends deep into the primordial epoch of the universe, reaching far earlier
han the epoch of BBN. Indeed, one would expect that a typical axion-like particle produced from modulus decay would
ropagate to the present day without interacting once. If it were possible to detect these particles, they would give a
irect probe of the universe at an exceedingly early period. Such a surviving background of relativistic dark radiation
osmic axions was called a ‘Cosmic Axion Background’ in [725] and its phenomenology and detection possibilities studied
n [738,743–752].
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.5.3. Moduli-induced gravitino problems
As well as decays to axions or other massless particles, another potentially problematic channel for moduli decays is

he decay mode to gravitini. If the lightest modulus has a mass mφ > 2m3/2, it can decay via the process φ → 2ψ3/2.
f the modulus is gravitationally coupled and related to the superfield which broke supersymmetry (and thus generates
he two spin- 12 components of the gravitino in the super-Higgs effect), we expect it couple to the gravitino modes and so
have a notable branching ratio to gravitini.

This is true in both KKLT and racetrack stabilisation. For the case of the hierarchically small gravitino masses required
to address the electroweak hierarchy problem,

mφ ∼ ln
(

MPl

m3/2

)
m3/2 ≫ m3/2 , (253)

nd so the gravitino can be treated as effectively massless compared to the modulus (as m3/2 ∼ mφ/30). However, it is
ot true for LVS, where the inverse hierarchy mφ ≪ m3/2 applies.
The dangers of this decay channel were emphasised in [753,754], where it was dubbed the moduli-induced gravitino

roblem. The dangers arise as the gravitini are long-lived and such long-lived gravitini can cause several problems. In
articular, they can interfere with BBN if they live long enough so that they decay after the start of BBN with a late
njection of energy (effectively reintroducing the modulus problem). Another problem can arise with the dark matter
bundance. If the gravitini are stable, as in gauge-mediated scenarios, then the decay can result in over-production of
ark matter. However, even if unstable then the decay can result in an overproduction of the neutralino LSP.
Building on the original work, further studies of the moduli-induced gravitino problem have been performed in [755–

70].

.5.4. Post-inflationary history and predictions from inflation
As discussed in chapter 2, in inflation the predictions for the spectral tilt and the tensor-to-scalar ratio are determined

y the number of e-foldings Ne between horizon exit of the CMB modes and the end of inflation. The quantity Ne
s determined by the so called ‘matching equation’ which is the condition obtained by tracking the evolution of the
nergy density of the universe from the time of horizon exit of the CMB modes to the present times (see e.g. [771]).
hus, inflationary predictions are sensitive to the post-inflationary history of the universe. As we have seen, in string
odels the presence of light moduli generically leads to a non-standard post-inflationary history involving epochs
f moduli domination. This, in turn, affects the precise predictions and is crucial for obtaining the best fit regions
or string inflationary models [12,434,435,772–774]. The analysis of [12,435] integrates the CosmoMC analysis with
odechord [437] allowing for extraction of the best fit regions in the parameter space.

.5.5. Finite-temperature corrections and decompactification
Reheating at the immediate end of inflation can produce an initial epoch of radiation domination with several

articles in thermal equilibrium. Although this may subsequently be diluted by moduli, this generates finite-temperature
orrections which in 4-dimensional string models can be a dangerous source of decompactification, see e.g [703,775–780].
his can be seen from the fact that thermal loops yield a moduli-dependent contribution to the scalar potential of the
orm (at 1- and 2-loop order):

VT ∼ T 4g2
+ T 2M2

soft , (254)

here g2
∼ τ−1

SM is the Standard Model coupling set by the modulus supporting the stack of branes which reproduce the
isible sector, and Msoft ≲ m3/2 is the mass of the supersymmetric particles running in the loop (we ignored ordinary
atter since it would give rise to a subdominant contribution).
As we have already seen, the KKLT potential scales as VKKLT ∼ m2

3/2M
2
Pl while the LVS potential scales as VLVS ∼ m3

3/2MPl.
iven that Msoft ≲ m3/2 and T < MPl, the second term in (254) is always a small correction to the KKLT potential. This
s true also in the LVS case since T < MKK ∼ MPl/V2/3 implies T 2M2

soft < M2
KKm

2
3/2 ∼ M4

Pl/V
10/3

≪ VLVS ∼ M4
Pl/V

3 for
≫ 1. Hence the only dangerous term in (254) is the one proportional to T 4 which would cause a runaway towards

ecompactification unless T 4g2 is subdominant with respect to the zero-temperature moduli potential. This problem can
e avoided if the initial reheating temperature is below a maximal temperature given in KKLT by [776]:

Trh < Tmax ∼
√
m3/2MPl ∼ 1011 GeV for m3/2 ∼ 10 TeV (255)

nd in LVS by [778]:

T < T ∼
(
m3 M

)1/4
∼ 108 GeV for m ∼ 10 TeV . (256)
rh max 3/2 Pl 3/2
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.5.6. Baryogenesis and moduli-domination
As we have seen, 4-dimensional string models are characterised by late-time epochs of moduli domination which

nd when the moduli decay, leading to a reheating temperature of order Trh ≃ 0.1mφ

√
mφ/MPl. The actual value of Trh

clearly depends on the lightest modulus mass mφ , which in string models is correlated with the scale of supersymmetry
breaking. As an illustrative example, consider LVS models with sequestered supersymmetry breaking which can lead to
TeV-scale supersymmetry without a cosmological moduli problem. In this case mφ ∼ M3/4

softM
1/4
Pl . For Msoft ∼ 1 TeV, we

obtain mφ ∼ O(107) GeV which, in turn, leads to Trh ∼ O(1 − 10) GeV. This reheating temperature is clearly too low to
allow for standard scenarios of baryogenesis like thermal leptogenesis or EW baryogenesis which require higher reheating
temperatures (and so much larger moduli masses, incompatible with any form of low-energy supersymmetry).

If we require (relatively) low-energy supersymmetry, a reheating temperature around Trh ∼ O(1−10) GeV necessitates
a non-thermal mechanism for baryogenesis. One interesting option is given by Affleck–Dine baryogenesis [781] that
exploits MSSM D-flat directions which carry a net baryon number. If lifted by supersymmetry breaking effects, they
can acquire a non-zero VEV during inflation. After inflation, they first oscillate around the minimum and then decay
into fermions generating baryon asymmetry. Interestingly Ref. [782] has shown that in Kähler moduli inflation inflaton-
dependent F-terms can induce tachyonic masses during inflation for these MSSM D-flat directions, creating the right initial
conditions for Affleck–Dine baryogenesis. However, this mechanism has the problem of generating (in general) too much
baryon asymmetry. Nevertheless, this can be avoided in string models where the initial baryon asymmetry is diluted by
the decay of the lightest modulus which gives [783]:

nB

s
≃

|A|

mφ

Trh
mφ

(
φ0

MPl

)2

, (257)

where A is the soft trilinear A-term, φ0 the initial modulus displacement and nb/s the baryon-to-entropy ratio. Inter-
stingly, the values |A| ∼ 1 TeV, mφ ∼ 106 GeV, Trh ∼ 1 GeV and φ0 ∼ O(0.1 − 1)MPl, can naturally reproduce

the observed baryon-to-entropy ratio nB/s ∼ 10−10. Affleck–Dine baryogenesis after (string) axion inflation was studied
in [784], where it was found the axion oscillations could produce sufficient baryon asymmetry just after inflation even
without a soft-supersymmetry breaking A-term.

5.6. Non-standard cosmologies from D-branes

From our discussion so far, it is clear that string theory cosmology models strongly motivate non-standard cosmological
evolution. In particular, the epoch between the end of inflation and the onset of BBN remains highly unconstrained by
current observations. Such non-standard evolution can be driven by the scalar fields in the theory as discussed above (see
Fig. 23).

Besides kination and moduli domination, a different scenario arises when D-branes are present. For D-branes moving
in the internal compact space, the scalar field(s) associated to the open string representing, e.g. the radial position of a
D-brane along a warped throat, couples disformally to matter living on such a brane [785]. Indeed, the induced metric on
the brane takes the form g̃µν = C(φ)gµν + D(φ)∂µφ∂νφ, which is a particular case of the more general relation between
two metrics in scalar-tensor theories introduced by Bekenstein in [786]. This non-trivial coupling between matter and
the scalar field can change the cosmological expansion rate, H̃ in the early evolution of the universe with interesting and
potentially testable implications.50 Interestingly, for a ‘pure disformal’ modification of the expansion rate, which arises
for C = 1, D = D0 =const. from (stacks of) D-branes moving in the internal space in the early universe, the modified
expansion rate can change the standard prediction for the production of thermal dark matter, giving earlier freeze-out
temperatures and larger cross-sections compared to the standard case [787,788]. Moreover, such an early period of D-
brane scalar-tensor domination may be tested by its effect on the stochastic primordial gravitational wave background as
shown in [789]. Due to non-standard cosmological expansion, the amplitude of the PGW spectrum can be enhanced over a
wide range of frequencies covering various sensitivity ranges of future GW experiments such as LISA [790], DECIGO [791],
and the Einstein Telescope [792]. Specifically, a disformally dominated epoch is characterised by a peaked spectrum with
a broken power-law profile, with slopes that depend on the scalar-tensor theory considered [789] (see Fig. 25). Moreover,
if the scalar potential for the D-brane scalar field satisfies suitable conditions, this scalar field can naturally source an early
period of early dark energy [793] (see Section 6.2.10). Disformal D-brane scalar tensor theories are based on symmetries
appearing in D-brane models with interesting and potentially testable phenomenological implications. However, to fully
explore their cosmological implications, it remains to embed these scenarios into fully developed string constructions
with moduli stabilisation.

5.7. Non-thermal dark matter from string theory

Post-inflationary eras of matter domination driven by late-time decaying string moduli have strong effects on dark
matter. We briefly discuss here how moduli domination can modify the standard picture of the two most promising

50 See [676] for a review on implications of non-standard cosmologies.
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Fig. 25. Gravitational wave spectrum for purely disformal D-brane scenarios with C = 1, D = D0 = 4.822× 10−37GeV−4 , solid line. The vertical line
ndicates the frequency corresponding to the initial temperature (T̃i = 1011 GeV).
ource: Figure taken from [789], see this reference for further details. (The dashed and dotted lines correspond to phenomenological cases discussed
n [789].

cenarios for dark matter: TeV-scale WIMPs and the QCD axion. We also comment on the possibility to realise fuzzy dark
atter from string theory using ultra-light axions. Moreover we show how, in a given class of models, the underlying
V correlations between different aspects of string phenomenology can constrain the nature of dark matter. Finally we
riefly comment on the string-inspired idea of dynamical dark matter.

.7.1. Non-thermal WIMPs
Thermal WIMPs are arguably the most developed and best studied candidates for cold dark matter. In the standard

aradigm they are assumed to be in thermal equilibrium in the early universe after inflation. Subsequently, dark matter
rops out of thermal equilibrium and its abundance freezes out at a temperature of order Tf ∼ mDM/20 ≳ 10 GeV
s annihilation becomes inefficient. This mechanism, even if it has been named the ‘WIMP miracle’, requires a very
pecific annihilation cross section. For example, in the Minimal Supersymmetric Standard Model (MSSM), neutralino dark
atter candidates typically give too much (for Bino-like neutralinos) or too little (for Higgsino/Wino-like neutralinos)

elic density.
However, from the string theory point of view, many standard thermal dark matter scenarios seem very hard to achieve

ince the generic late-time decay of long-lived moduli typically erases any previously produced dark matter relic density.
ark matter is instead produced non-thermally from the decay of the lightest modulus at Trh [440,463,732,770,794–804].
he requirement to avoid any cosmological moduli problem and to obtain TeV-scale supersymmetry, typically yields
tringy scenarios with TBBN ∼ O(1)MeV < Trh ∼ O(1) GeV < Tf ∼ O(10 − 100) GeV.
Interestingly, non-thermal dark matter scenarios vastly enlarge the parameter space of particle physics models since

he presence of an extra parameter, Trh, in the determination of the dark matter relic abundance, can allow portions of
he parameter space which would be ruled out in the standard thermal case. Let us now analyse this point in more detail.

The abundance of any existing dark matter particle is diluted from the modulus decay by a factor which is at least of
rder (Tf/Trh)3 that can easily be as large as 106. Thus dark matter has to be produced from the modulus decay, which
eads to a dark matter abundance of the form:

nDM

s
= min

[(nDM

s

)
obs

⟨σannv⟩
th
f

⟨σannv⟩f

(
Tf
Trh

)
, YφBrDM

]
, (258)

where ⟨σannv⟩
th
f ≃ 3 × 10−26 cm2 s−1 is the value of the annihilation rate needed in the thermal scenario to reproduce

the observed dark matter abundance:(nDM

s

)
obs

≃ 5 × 10−11
(
1GeV
mDM

)
, (259)
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φ ≡ 3Trh/(4mφ) is the yield factor associated to the dilution due to the entropy released by the modulus decay, and BrDM
enotes the branching ratio of the modulus decays into R-parity odd particles which decay to dark matter.
Depending on the annihilation cross section and the reheating temperature, two scenarios arise:

1. Annihilation Scenario:
In the Annihilation Scenario the dark matter particles produced from the lightest modulus decay undergo some
annihilation. This is described by the first term on the right-hand side of Eq. (258). This mechanism occurs when

⟨σannv⟩f = ⟨σannv⟩
th
f

(
Tf
Trh

)
. (260)

Given that Trh < Tf, the Annihilation Scenario can match the observed dark matter abundance only if ⟨σannv⟩f >

⟨σannv⟩
th
f as in the case of Higgsino-like neutralinos which, due to their large annihilation cross section, tend instead

to be underproduced in the standard thermal case. On the other hand, non-thermal production of Higgsino-like
neutralinos from moduli decays can also yield the correct dark matter relic abundance for masses as low as a few
hundreds of GeV [799,803].

2. Branching Scenario:
In the Branching Scenario the final dark matter abundance is the same as the one produced from the lightest modulus
decay since the residual annihilation of dark matter particles is inefficient. This mechanism is hence described by
the second term on the right-hand side of Eq. (258). Clearly, this can happen if

⟨σannv⟩f < ⟨σannv⟩
th
f

(
Tf
Trh

)
. (261)

This condition is always satisfied when ⟨σannv⟩f < ⟨σannv⟩
th
f as in the case of Bino-like neutralinos which instead

tend to be overproduced in the standard thermal scenario due to the smallness of their annihilation cross section.
Clearly, the Branching Scenario could be realised also for ⟨σannv⟩f > ⟨σannv⟩

th
f if Tf/Trh is very large.

5.7.2. QCD axion
First of all, let us stress that QCD axion models are UV sensitive (as they rely on a symmetry or periodicity to protect

the axion potential against corrections raising the axion mass) and so any construction of these models can be trusted
only by embedding them in a complete UV theory where it is known that the symmetry is maintained (e.g. string theory).

In the context of field theory models of the QCD axion, where the axion arises as the phase of a scalar field that breaks
a U(1)PQ symmetry, this UV sensitivity can be seen through the so-called axion quality problem which is related to the fact
that Planck-suppressed higher-dimensional operators with O(1) coefficients would make the QCD theta angle shift away
from the vanishing value set by the standard QCD axion potential [805–807]. This can be seen schematically as follows:
in the simplest QCD axion model Φ = ρ eiϑ is charged under the U(1)PQ symmetry which is spontaneously broken by
⟨ρ⟩ = fQCD ̸= 0 and ϑ = a/fQCD is the pseudo-Goldstone boson playing the role of the QCD axion. Its potential is generated
by QCD instantons and scales as

V ≃ Λ4
QCD

[
1 − cos

(
a

fQCD

)]
, (262)

hich features clearly a minimum at ⟨a⟩ = 0, solving the strong CP problem. However higher-dimensional Planck-
uppressed operators would tend to regenerate a non-zero effective QCD theta angle since

∆V ∼
Φn

Mn−4
Pl

⇒ ∆V ∼
f nQCD
Mn−4

Pl

cos
(

na
fQCD

+ θn

)
(263)

ould be sudominant with respect to (262) for fQCD ≃ 1012 GeV (the preferred value to reproduce the observed dark
atter relic abundance without any tuning) only for n ≳ 14.
One appealing aspect of string models of axions is that string theory naturally provides symmetries which forbid

angerous corrections to axion masses. When the QCD axion is realised as a closed string mode, it inherits geometric
roperties from the extra-dimensional compact manifold. The gauge symmetry associated to the higher-dimensional p-
orm whose reduction on an internal p-cycle gives the axionic mode descends to give the exact non-perturbative shift
ymmetry that protects the axion mass against large perturbative corrections. On the other hand, when the QCD axion
nstead occurs as the phase of an open string mode, this symmetry can be one of the effective global U(1)’s which are
ypical of D-brane constructions. The resulting symmetries are exact as discrete symmetries, but as continuous symmetries
hey are broken by non-perturbative effects. For recent discussions of the axion quality problem see [808,809].
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Another effect of string theory on axion physics is that moduli decays can dilute the QCD axion dark matter produced
rom the standard misalignment mechanism which leads to a relic abundance of the form:

(
ΩQCD

ΩDM

)
≃

(
fQCD

1012 GeV

)7/6

θ2in . (264)

learly, for natural O(1) values of the initial misalignment angle θin, the axion decay constant cannot be larger than
QCD ≲ 1012 GeV. However this upper bound can be pushed to larger values in the presence of a late-time epoch of
oduli domination if the moduli decay after the formation of the QCD axion condensate. This can happen if the reheating

emperature from the decay of the lightest modulus is below the scale of QCD strong dynamics, 1MeV ≲ Trh ≲ ΛQCD ∼

200MeV. As shown in [810,811], the new expression for the QCD axion relic abundance becomes:

(
ΩQCD

ΩDM

)
≃ 50

(
Trh

1MeV

)(
fQCD

1016 GeV

)2

θ2in . (265)

hus reheating temperatures close to BBN (as Trh ∼ 5 MeV) can enlarge the typical axion window 109 GeV ≲ fQCD ≲
012 GeV, allowing for fQCD ∼ 5 × 1014 GeV without the need to tune the initial axion misalignment angle. This dilution
echanism is particularly important for models where the QCD axion decay constant is relatively large. A study of
istributions of axion decay constants in the string landscape is [812].

.7.3. Fuzzy dark matter
Another interesting scenario is fuzzy dark matter where dark matter is made of ultralight axion-like particles [813–

16]. The best candidate to realise fuzzy dark matter is an axion with mass around 10−22 eV and decay constant
f ∼ 1016÷17 GeV since the wave nature of such a particle can suppress kpc scale cusps in dark matter halos and reduce the
abundance of low mass halos [814,815,817]. Regardless of the relevance of fuzzy dark matter to solve these observational
problems (whose actual origin is under debate), it is interesting to focus on fuzzy dark matter since it has been claimed
to arise naturally from string theory due to the smallness of its mass and the largeness of its decay constant.

Ref. [818] analysed fuzzy dark matter from string theory studying how moduli stabilisation affects the masses and
decay constants of different axions in type IIB compactifications. The result is that matching the whole observed dark
matter abundance without tuning the axion initial misalignment angle is not a generic feature of 4-dimensional string
models since it requires a slight violation of the weak gravity conjecture applied to axions. This can be easily seen as
follows in the case of a single axion with Lagrangian:

L =
1
2
M2

Pl f
2(∂θ )2 − AM4

Pl e
−S cos(θ ) , (266)

here f is the axion decay constant and S the instanton action. The axion mass for the physical axion φ = f θ is then
given by

m2
φ = A e−S M4

Pl

f 2
, (267)

hich implies:

S f = −f ln

(
m2
φ f

2

AM4
P

)
. (268)

iven that a GUT scale decay constant implies that the Peccei–Quinn symmetry is broken before inflation, the fuzzy dark
atter abundance produced from the misalignment mechanism can be expressed as [475]:

Ωφh2

0.112
≃ 2.2 ×

( mφ

10−22eV

)1/2 ( f
1017GeV

)2

θ2mi , (269)

where θmi ∈ [0, 2π ] is the initial misalignment angle. Assuming natural initial conditions, θmi ∼ O(1), 100% of dark matter
is therefore reached for mφ ≃ 10−22 eV and f ≃ 1017 GeV. Substituting these values in (268), for natural O(1) values of
the prefactor A, one obtains S f ≃ 10MPl which requires a slight violation of the WGC bound S f ≲ MPl [476,819,820].

Ref. [818] considered the case of C4 axions, C2 axions and thraxions [821]. The results for S f are summarised in Table 5
and Fig. 26 shows the predictions confronted with present and forthcoming observations for an O(1) initial misalignment
angle and different values of the microscopic parameters which lead to a controlled effective field theory. The outcome
is that the best candidates to realise fuzzy dark matter in string theory are C2 axions and thraxions, and to some extent
also C axions in certain limits.
4
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Table 5
Bounds on S f for different classes of closed string axions. V
is the Calabi–Yau volume in Einstein frame, gs is the string
coupling and M is a flux quantum number in the throat.
Axion S f /MPl

C0 ≲ 1/
√
2

B2 ≲ 1

C2

{
SED1f ≲ 1
SED3f ≲

√
gs V1/3

C4 ≲
√
3/2

C2,thrax ≲
3πM3√

gs
V1/3

Fig. 26. Predictions for the mass and total dark abundance of C4 axions (blue stripe), C2 axions (light blue stripe for ED3/ED1 effects, dark/light
reen stripe for ED1 effects in LVS/KKLT), and thraxions in LVS (sand stripe). The results are compared to current and future experimental bounds.
ource: Figure taken from [818].

.7.4. Dark matter and the interplay between inflation and post-inflation
So far, we have discussed different aspects of string cosmology in a somewhat separate manner. However, one

f the main features of any UV embedding is the presence of correlations among different physical phenomena like
nflation, supersymmetry breaking, reheating, dark radiation and dark matter. This non-trivial interplay can lead to distinct
redictions in the context of certain scenarios.
The implications of this interplay for most string models have not been explored in depth yet since this study requires a

horough control over moduli stabilisation, the underlying Calabi–Yau geometry and an explicit realisation of the Standard
odel. The first attempts in this direction have been mainly performed within LVS string models of inflation where the

nflaton is a Kähler modulus and the visible sector is realised either on D3-branes at singularities or on D7-branes wrapped
round divisors in the geometric regime. We therefore focus on the LVS class of string inflationary models to illustrate
ow the interplay between different physical constraints can lead to precise predictions for the origin of dark matter.

• Fibre Inflation with visible sector on D7-branes:
We first mention Fibre Inflation [431] with the visible sector living on a stack of D7-branes wrapped around the
inflaton divisor τfibre = Re(Tfibre) (similar considerations apply also to the case where the D7-branes wrap a blow-up
mode). In this case, the overall volume is controlled by two divisors, V =

√
τfibreτbase. Matching the amplitude of the

density perturbations fixes V ≃ 103 which, in turn, gives a rather high inflationary scale, Hinf ∼ MPl/V5/3
∼ 1013

GeV. Given that D7-branes do not lead to sequestering, the soft terms are of order the gravitino mass and tend to
be very high, Msoft ∼ m3/2 ∼ MPl/V ∼ 1015 GeV. Due to this high value, WIMP neutralino dark matter cannot work
since it would lead to an overproduction both in the thermal and in the non-thermal case. Hence R-parity has to be
broken and the lightest supersymmetric particle has to be unstable. Another potential dark matter candidate is the
QCD axion which in this scenario is naturally reproduced by the closed string mode Im(Tfibre) = aQCD/fQCD with a
large decay constant fQCD ∼ MPl/V2/3

∼ 1016 GeV. Since fQCD > Hinf, the QCD axion is a flat direction during inflation
and acquires large isocurvature fluctuations that are in tension with the present bound

Hinf ≲ 10−5
(
ΩDM

)
θinfQCD , (270)
ΩQCD
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where θin is the initial misalignment angle, ΩDM is the observed dark matter relic density and ΩQCD is the QCD axion
abundance given by (264). For fQCD ∼ 1016 GeV,ΩQCD ∼ ΩDM for θin ∼ 0.01. Substituting these values in (270) would
give Hinf ≲ 109 GeV which is clearly in contradiction with the fact that in Fibre Inflation Hinf ∼ 1013 GeV. This implies
that the QCD axion can form only a tiny fraction of the dark matter abundance.
Another option is fuzzy dark matter from the ultralight ALP Im(Tbase) = aALP/fALP. However also this ALP has a very
large decay constant fALP ∼ MPl/V2/3

∼ 1016 GeV > Hinf which creates a tension with current isocurvature bounds.
In fact, the ALP contribution to dark matter is given by (269) which can give ΩALP ∼ ΩDM for mALP ∼ 10−20 eV
and θin ∼ π . Substituting these values in (270) would give Hinf ≲ 1011 GeV which is again in contradiction with
Hinf ∼ 1013 GeV for Fibre Inflation. Hence also fuzzy ALP dark matter can at most account for 1% of dark matter.
The remaining options to realise dark matter in Fibre Inflation with visible sector on D7-branes seems therefore
to be dark glueballs on a hidden sector wrapping a blow-up mode [822,823], or primordial black holes (PBH).
Ref. [442] has shown that the inflationary potential features enough tuning freedom to induce a near inflection
point where an epoch of ultra slow-roll can enhance the amplitude of scalar fluctuations. This leads to PBH
formation at horizon reentry in a way compatible with PBHs accounting for the whole dark matter abundance.
Interestingly, this mechanism yields also the production of secondary gravity waves which might be observable
in future interferometers [443].
Note that this scenario features two potentially dangerous ultra-light axions, the QCD axion Im(Tfibre) and the ALP
Im(Tbase), that could cause dark radiation overproduction from the inflaton decay. This is however not the case since
the dominant branching ratio is the one associated to the inflation decay into the visible sector due to decays to
gauge bosons [441] and to Higgses via the enhanced loop-induced coupling in (251). Hence in this model Neff is in
practice indistinguishable from its Standard Model value. Moreover, the reheating temperature from the inflation
decay is Trh ≃ 1012 GeV, leading to Ne ≃ 53 e-foldings of inflation required to solve the horizon problem.

• Fibre Inflation with visible sector on D3-branes:
Let us now consider Fibre Inflation with the Standard Model realised on D3 branes at a singularity obtained by
shrinking down an exceptional del Pezzo divisor TdP. This case has been studied in [440]. Even if supersymmetry
breaking is sequestered, the soft terms are still too high to allow for either thermal or non-thermal dark matter
neutralino since Msoft ≳ m2

3/2/MPl ∼ MPl/V2
∼ 1011 GeV. The model features two potential candidates for fuzzy dark

matter, given by the two ultra-light ALPs Im(Tfibre) and Im(Tbase). However their decay constant is again rather high,
fALP ∼ MPl/V2/3

∼ 1016 GeV, implying that isocurvature bounds prevent them to form 100% of dark matter.
A promising dark matter candidate in this case is given instead by the QCD axion realised as the phase ϑ of an open
string mode ϕ = ρ eiϑ living on the D3-brane stack at the del Pezzo singularity. Its decay constant is set by the VEV
of ρ which appears in the D-term potential:

VD ≃ g2 (ρ2
− ξ

)2
⇒ ⟨ρ2

⟩ = ξ ∼
τdP

V
. (271)

This relation fixes a combination of ρ and τdP which is given mainly by the del Pezzo divisor whose axionic partner is
eaten up by an anomalous U(1) [163]. The radial part of ϕ is then stabilised by supersymmetry breaking contributions
which scale schematically as:

V ≃ ±m2
0 ρ

2
+ A ρ3 , (272)

where m0 is the soft scalar mass and A the soft trilinear coupling. If ϕ is non-tachyonic, ⟨ρ⟩ = 0 which, in turn, fixes
τdP = 0 at the singularity without any axion left over. However, if ϕ is tachyonic, its radial part acquires a non-zero
VEV of order:

fQCD = ⟨ρ⟩ ∼
m2

0

A
∼ Msoft ≳ 1011 GeV . (273)

This mass scale lies exactly in the right window for QCD axion dark matter. Moreover, given that fQCD ∼ 1011 GeV <
Hinf ∼ 1013 GeV, the Peccei–Quinn symmetry is unbroken during inflation, and so the axion is not constrained by
any isocurvature bound. Note that, substituting (273) in (271) would give τdP ∼ V−3

≪ 1, with the blow-up mode
still in the singular regime.
In this model, reheating is driven by the perturbative decay of the inflaton fibre modulus τfibre whose main decay
channels are into the open string QCD axion ϑ , the two closed string ALPs Im(Tfibre) and Im(Tbase), and the Higgses
of the MSSM. The 3 axionic degrees of freedom contribute to extra dark radiation which can be avoided only in the
presence of a relatively large Giudice–Masiero coupling Z ≳ 3 since the loop-induced inflaton-Higgs coupling (251)
is in this case subdominant due to sequestering [440]. The relevant contribution to the Kähler potential is:

K ⊃ Z
HuHd

τ λbaseτ
(1−λ)
fibre

, (274)

which can induce an inflaton-Higgs coupling only if λ ̸= 1/3, as suggested by explicit toroidal computations [824],
otherwise the denominator in (274) would just be a function of the overall volume, implying an effective decoupling
of the inflaton from the Higgs [733]. The final reheating temperature is around Trh ∼ 1010 GeV which requires
N ≃ 52 e-foldings of inflation.
e
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• Kähler Moduli Inflation with visible sector on D7-branes:
Let us now consider Kähler Moduli Inflation where the Hubble scale during inflation is lower, Hinf ∼ 108 GeV. We
focus on cases where the Standard Model lives on D7-branes which can wrap the inflaton divisor or another blow-up
mode which does not intersect with the inflaton [461]. Let us consider 3 cases separately:

(1) Inflaton cycle not wrapped by any D7-stack: This case has been studied in [465]. The inflaton blow-up mode
τinf is wrapped just by a Euclidean D3-brane instanton and the Standard Model lives on D7-branes wrapping
a blow-up mode τSM which does not intersect with τinf. The closed string axion Im(TSM plays the role of the
QCD axion with a decay constant set by the string scale, fQCD ∼ Ms ∼ MPl/

√
V ∼ 1015 GeV, since V ∼ 106 in

Kähler Moduli Inflation. In this case the QCD axion is a viable dark matter candidate which can satisfy present
isocurvature bounds. In fact, from (264) we realise that ΩQCD ∼ ΩDM for θin ∼ 0.02. Substituting this result
in (270), implies Hinf ≲ 2 × 108 GeV which is marginally in agreement with the inflationary scale of Kähler
moduli inflation. Note again that neutralino dark matter would not work due to the high scale of the soft
terms, Msoft ∼ MPl/V ∼ 1011 GeV.
Let us now focus on dark radiation production. Even if the volume mode is the lightest modulus, it decays
before the inflaton for two reasons: (i) its loop-enhanced coupling to the Higgs (251) which is the dominant
coupling since Msoft ∼ m3/2 for D7-branes; (ii) the inflaton geometric separation from the Standard Model
suppresses its coupling to visible sector gauge bosons. Therefore reheating is driven by the decay of the inflaton
modulus whose main decay channels are into: the volume mode τbig and its axionic partner Im(Tbig), the blow-
up mode supporting the Standard Model τSM and its axionic partner Im(TSM), and visible sector gauge bosons
A. Subsequently, τbig decays into A and Im(Tbig), and τSM decays into A and the QCD axion Im(TSM). The final
prediction for extra dark radiation is very precise, ∆Neff ≃ 0.14, and within current observational bounds.

(2) Inflaton cycle wrapped by the SM D7-stack: This case has been considered in [460,461,464]. The SM lives
on D7-branes wrapped around the inflaton divisor τinf whose axionic partner Im(Tinf) can be the QCD axion
with fQCD ∼ 1015 GeV. This closed string QCD axion can form 100% of dark matter in agreement with present
isocurvature bounds, similarly to the previous case. As far as reheating is concerned, τinf decays before the
volume mode τbig which decays mainly into Standard Model Higgs degrees of freedom via the loop-enhanced
coupling (251). This guarantees the absence of extra dark radiation. Neutralinos need again to be unstable
otherwise they would overproduce dark matter.

(3) Inflaton cycle wrapped by a hidden D7-stack: This case has been studied in [463]. The inflaton divisor τinf
is wrapped by a hidden D7-stack and the Standard Model is built on D7-branes wrapping another blow-up
mode τSM which does not intersect with τinf. This case is particularly interesting since it can lead to the correct
abundance of super-heavy neutralinos with mass of order mDM ∼ Msoft ∼ m3/2 ∼ 1010−11 GeV thanks to two
effects: (i) the initial production of neutralinos from the inflaton decay is tiny since the inflaton decays mainly
into hidden sector degrees of freedom due to the geometric separation between τinf and τSM; (ii) the decay of
the volume mode dilutes the neutralinos produced from the inflaton decay without being able to reproduce
them since mτbig < mDM. Such a super-heavy dark matter candidate is particularly interesting since statistical
studies of the supersymmetry breaking scale in the landscape seem to prefer higher scales of supersymmetry
breaking [825,826] (see however the recent results obtained in [827]). Moreover, if exponentially suppressed
R-parity violating couplings are induced by non-perturbative effects, the decay of a dark matter particle with
mDM ∼ 1010−11 GeV could explain the recent observation of ultra-high-energy neutrinos by ANITA [828,829].
Dark radiation overproduction is again avoided thanks to the loop-enhanced volume-Higgs coupling (251).

• Kähler Moduli Inflation with visible sector on D3-branes:
In Kähler Moduli Inflation the visible sector can also be realised on D3-branes at singularities with sequestered
supersymmetry breaking. This model has been studied in [462,727,728,732,735,797]. In this case the soft terms can
be around the TeV scale, Msoft ∼ MPl/V2

∼ O(1−10) TeV for V ∼ 107, and so neutralinos are promising dark matter
candidates. Their production mechanism is however non-thermal since reheating is driven by the volume mode
decay with Trh ∼ O(1) GeV. Dark radiation overproduction from the volume mode decay into ultra-light bulk axions
can be avoided for relatively large values of the Giudice–Masiero coupling Z ≳ 2. The decay of the volume mode
dilutes standard thermal neutralinos since Trh < Tf ∼ mDM/20 for mDM ≳ O(10) GeV. The dark matter production
mechanism is the Annihilation scenario and the WIMP is a Higgsino-like neutralino with mDM ∼ 300GeV for the
cMSSM [799] and, more in general, 300 GeV ≲ mDM ≲ 850GeV for any supersymmetric model with a Higgsino
LSP [803].

An interesting observation emerges from this classification of dark matter candidates in LVS inflationary models:
standard dark matter particles like TeV-scale WIMPs (even if non-thermal) and a QCD axion with an intermediate
scale decay constant correlate with sequestered supersymmetry breaking and a slight tension with dark radiation
overproduction (which requires a Giudice–Masiero coupling larger than unity), while non-standard dark matter candidates
like primordial black holes, superheavy WIMPs or a QCD axion with a large decay constant correlate with no sequestering
and in practice no dark radiation production due to the loop-enhanced volume coupling to Higgses.

A crucial task for string cosmology is to extend this investigation more in general to understand how the combination
of UV correlations and different requirements like matching the observed amplitude of primordial density perturbations
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Table 6
Summary of different solitonic configurations from moduli
fields.
Scalar Without gravity With gravity

Complex Q-Balls (Mini) Boson Stars

Real Oscillons Oscillatons

and dark matter abundance, isocurvature and dark radiation bounds together with supersymmetry breaking patterns, can
constrain classes of models and single out different dark matter candidates.

5.7.5. Dynamical dark matter
The infinite towers of states that live in the string bulk interact with the Standard Model only gravitationally, and

herefore are dark matter as far as the physics on the Standard Model brane is concerned. These states51 (which
nclude string oscillator states, KK states, winding states, heavy moduli, etc.) are unstable, and so they do not behave as
tandard WIMP-like dark matter with a lifetime that exceeds the age of the universe. However, they can lead to a string-
nspired alternative framework for dark matter physics, called ‘dynamical dark matter’ where there are many towers
f decaying bulk states throughout the history of the universe [832–834]. This dark matter framework does not violate
henomenological constraints on the dark sector as long as the cosmological abundances of these states are properly
alanced against their lifetimes.

.8. Oscillons and moduli stars

The ubiquity of scalar fields in string theory makes it natural to consider the implications of moduli domination as
reviously discussed. There is another generic aspect of scalar field potentials that may be very relevant in string theory,
amely the possibility of having non-trivial solitonic configurations from moduli fields. Derrick’s theorem states quite
enerally that energetic arguments make it impossible to obtain localised time-independent solutions of the Klein–Gordon
quation. However, time-dependent solutions are allowed. In the case of a complex scalar field, the U(1) symmetry makes
t possible to find stable stationary solutions with the phase of the scalar being linear in time: the Q-Balls found by Coleman
re the standard examples of non-topological solitons for which the solution is supported by the self-interactions of the
calar field.52 The non-linearities of the field equations prevent the fast dispersion of these localised configurations, giving
ise to stable or long-lived compact objects that, if produced in the early universe, may lead to potentially observable
ffects such as gravitational waves. If the system is supported by gravity rather than the self-interactions of the scalar
ield, then the configuration is known as a boson star or oscillaton and is a solution of the Einstein–Klein–Gordon equations.

Contrary to standard stars in which pressure from internal nuclear fusion compensates the action of gravity to sustain
he system, in boson stars this role is played by the Heisenberg uncertainty principle, ∆x∆p ≥ h̄/2 with ∆p ≃ m for
boson of mass m and ∆x ≃ Rmin with Rmin the minimum radius, R ≥ 1/m then prevents the system from collapsing.

n this case there is a maximum mass Mmax determined from the expression for the Schwarzschild radius RS = 2GM so
max ≃ M2

Pl/m. This is different from fermionic stars for which Rmin ≃ MPl/m2
f and Mmax ≃ M2

Pl/m
3
f with mf the mass of

the fermion. Since the typical mass of a boson star is much smaller than that of a fermion star they are usually called
mini-boson stars. For particular cases in which the scalar self-interactions are relevant (like in a quartic scalar potential)
the maximum mass of a boson star would be of the same order as a fermion star. In this case the star is simply called
a boson star. In recent works [835,836], the authors derived bounds on the parameters of axion-like particles based on
features of axion stars.

For real scalar fields, long-lived quasi stable solutions have also been found, known as oscillons, depending on the
self-interactions of the scalar field (see Fig. 27). If gravity is responsible for sustaining the compact system then these
solutions are called oscillatons. See Table 6 for a summary. For a recent review of oscillons and oscillatons including the
many references to the original work and other reviews, see [837].

Let us start briefly reviewing the conditions for oscillon formation of a field φ with potential V (φ). The field starts
oscillating at a value φinit around its minimum at φfin. The Fourier modes of the perturbations δφk are determined by the
equation

δφ̈k + 3Hδφ̇k +

(
k2

a2(t)
+ V ′′(φ(t))

)
δφk = 0 . (275)

51 In particular the dark gravitons introduced as dark matter candidates in the dark dimension scenario [830,831] mentioned in Section 6.2.6 are
a particular example of interactive dark matter.
52 Non-topological solitons differ from standard topological solitons, like kinks, vortices or skyrmions, where stability is guaranteed by the
conservation of a topological charge. For non-topological solitons, the conserved charge is rather a Noether charge.
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Fig. 27. Non-linear effects giving rise to oscillons.

If the perturbations δφ grow enough as the field oscillates around its minimum such that the non-linearities of the
potential become important and the potential is shallower than quadratic (meaning that the interaction terms are
attractive and compete with the mass term) then oscillons can be formed.

Typically this happens for the standard quartic potential that we can write in the form:

V (φ) = m2Λ2

[
1
2

(
φ

Λ

)2

+
1
3!
λΛ

m2

(
φ

Λ

)3

+
1
4!

gΛ2

m2

(
φ

Λ

)4

+ · · ·

]
. (276)

ritten in this way we identify φ ≃ Λ as the scale for which the interaction terms compete with the mass term. This
eans λ ∼ m2/Λ, g ∼ m2/Λ2. In the simple symmetric case λ = 0 the potential is shallower than quadratic if g < 0,
hich means an attractive interaction. If the field starts oscillating at a value of φ ∼ Λ the non-linearities in the potential
llow for the formation of oscillons of mass M ≃ Λ2/m53 and size R ≃ 1/m. Comparing this radius with the Schwarzschild
adius RS ≃ M/M2

Pl we can see that gravity becomes relevant for R ≃ RS which implies Λ ≃ MPl.
Neglecting gravity (Λ ≪ MPl) oscillons can be formed by tachyonic reheating with tachyonic oscillations for which the

omogeneous field starts oscillating in the region where V ′′ < 0 (since the term tachyonic) and then the modes for which
k2

a2(t)
+ V ′′(φ(t)) < 0 will grow exponentially as it can be seen from the equation for the perturbations.

A second source for exponential growth of perturbations is parametric resonance for which the perturbation frequency
ω2

k = k2/a2 + V ′′ varies non-adiabatically (|ω̇k/ω
2
k | ≪ 1 is violated).

It is natural to ask if the scalar potentials computed from string compactifications such as KKLT and LVS models allow
for the existence of oscillons and/or oscillatons. This has been done for oscillons in [438] where it was found that oscillons
can be formed in KKLT scenarios, as well as for blow-up modes in the LVS scenario (see Fig. 28). For KKLT the mechanism is
parametric resonance whereas for blow-up modes the mechanism is tachyonic oscillations. Large moduli, like the volume
modulus or fibre moduli do not give rise to oscillons. For KKLT and blow-up modes the spectrum for gravitational waves
was computed and found to be substantially different in both cases. In principle, gravitational waves (GW) could allow
us to hear the shape and size of the extra dimensions by measuring the GW spectrum. However, the frequencies obtained
naturally fall in the Giga Hertz regime, far beyond the reach of Earth interferometers such as LIGO and VIRGO and any
future experiments which probe frequencies below the kilo Hertz (and also outside the range of LISA [790] or future space
interferometers which will probe even smaller frequencies).

Such stringy oscillons are one of a large number of potential sources of gravitational waves of ultra high frequencies
(UHF-GWs) at MHz range and above (see Fig. 29 for an example in KKLT and LVS models). Other sources are cosmic strings,
phase transitions, preheating, boson stars, etc. Essentially, every model beyond the Standard Model may predict sources
of GWs at high frequencies, with higher-energy processes giving higher frequencies (a rough rule of thumb is that GUT
scale energies 1017 GeV correspond to GHz frequencies). Furthermore, usually the higher the frequency the smaller the
potential experiment to detect them. However, the required sensibility (measured by the strain of the spectrum) increases
with energies and therefore it is more challenging to detect them. On the other hand, contrary to lower frequencies,
there are no standard astrophysical sources at such frequencies and therefore any observation would imply either exotic
astrophysics or a stochastic background of GWs with cosmological origin, hinting at physics beyond the Standard Model
and early universe cosmology [838,839]. This opens-up an interesting new challenge towards devising ways to search for
UHF-GWs (for a general discussion see [840]; it is worth noticing that, even though there are many sources of UHF-GWs,
see Fig. 30, it was the study of string cosmology that gave rise to this initiative).

53 Note that the mass of the corresponding star is inversely proportional to the mass of the underlying particle, an interesting duality, and therefore
the range of masses covers many orders of magnitude, from microscopic objects to macroscopic ones. Their stability is related to the stability of the
corresponding particle.
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t

Fig. 28. 3D modelling of oscillons for KKLT and blow-up in LVS.

Fig. 29. Spectrum of GWs for KKLT and blow-up modes in LVS at different moments in time [438]. Even though in both cases the gravitational
waves are in the Giga Hertz range, the spectrum is different for different fields and scenarios. In principle potential observation of high frequency
gravitational waves can differentiate among different scenarios.

Fig. 30. Different sources of high frequency gravitational waves and the experimental constraints.
Source: Taken from [840]

For boson stars/oscillatons there is also the possibility that the inhomogeneities collapse to black holes. A full study of

he Einstein–Klein–Gordon equations needs to be studied and recently developed codes for numerical relativity, such
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s GRChombo [841], have been used to explore potentials like KKLT and LVS but also potentials appearing in axion
onodromy. The growth in the energy density may lead in some cases to gravitational collapse and the production of
rimordial black holes. This is an interesting avenue of string cosmology that is only starting to be developed [842–844].

.9. Cosmic strings and superstrings

String theory is normally regarded as a theory of small scales and early times. However, there is one potential enormous
xception to this: the possibility of a network of fundamental cosmic superstrings (or D1-strings) that stretch across the
ky. For a long time, cosmic strings were regarded alongside inflation as one of the leading candidates to explain the
rigin of structure; in a field theory they have a natural origin as topological defects formed during processes of symmetry
reaking in the early universe (as first described by Kibble in the 1970’s [845]).54 Cosmic string were also appealing as a
ossible source of structure in the universe [846,847]. Although observations of acoustic peaks in the CMB subsequently
isfavoured cosmic strings as the primary source of structure in the universe, cosmic string networks could still exist at
subdominant level (CMB bounds on cosmic strings are described in [848]).
Cosmic strings are, by convention, parameterised by a tension Gµ (with c = 1 and G Newton’s constant; although

we normally use MPl in this review, here we conform to the standard convention for cosmic strings). Cosmic strings lose
energy through radiation of gravitational waves and other light particles, forming a cosmic string network characterised
by a scaling solution. These scaling solutions maintain a constant fraction of energy density in string relative to the overall
universe during both matter and radiation epochs, with

ρstring = λGµρtotal, (277)

here λ is an O(1 − 10) constant whose precise values depends on the detailed description of the network, and the
ossible energy loss channels. This is a complicated numerical problem (e.g. see [849] for an older review and [850] for
ore recent work). Observational bounds from potential modifications of the CMB power spectrum constrain

Gµ ≲ 10−7. (278)

he possibility of a cosmic string network consisting of fundamental strings was first considered in [851] with a negative
onclusion: observational bounds on the tension of cosmic strings are incompatible with ms ∼ MPl (and hence µ ∼ G−1),
and in the heterotic models then in vogue it is not possible to decouple the string and the Planck scales.

This conclusion has had to be revisited with the development of scenarios in which the fundamental string scale can be
much less than the 4-dimensional Planck scale (such as in warped compactifications or in large volume compactifications
such as LVS). For such models, there is no kinematic difficulty with the constraint Gµ ≲ 10−7: this bound is automatically
satisfied in phenomenologically appealing versions of these scenarios.

Although this greatly ameliorates the kinematic constraints on the existence of networks of fundamental cosmic
superstrings, one still needs a dynamical production mechanism. The most appealing such mechanism is brane–antibrane
annihilation at the end of a period of brane inflation, which can lead to the formation of both D1-branes (i.e. D-strings)
and fundamental strings, with Gµ in the interesting range

10−12 ≲ Gµ ≲ 10−6 , (279)

as discussed in [557,707]. Cosmic string networks can only survive if the strings are themselves stable and do not
immediately fragment or decay; a detailed analysis of such stability questions for cosmic superstrings is [558]. Cosmic
strings are appealing both as a possible subdominant contribution to the energy density of the universe and possibly as the
sole available opportunity for the direct discovery of macroscopic fundamental strings. One of the most promising routes
by which cosmic (super)strings may be discovered is via gravitational radiation emitted from cusps, kinks or junctions,
which may be detectable by future experiments, such as LISA [790], and may be able to detect loops with tensions as
low as Gµ ≳ 10−13 [852–856]. Cosmic strings from a fundamental origin on the other hand, may be distinguishable from
gauge theory cosmic strings by their network properties. For example, the reconnection probability p of intersecting F-
or D-strings might be much smaller than one, in contrast with ordinary strings, which have p = 1 [857]. Other effects
due to (warped) extra dimensions on string evolution can help distinguish between standard and fundamental strings
(see e.g. [858–863]). For further details, we refer the reader to the excellent dedicated reviews of cosmic strings and their
properties [708,849,864].

54 One of the authors (JC) would like to note here that the town he lives in, Didcot, has streets named after Dirac, Higgs and Kibble.
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As we discussed in Section 2, one of the most striking discoveries from the last century was the observational
iscovery of late-time cosmic acceleration from Type IA Supernovae (SN Ia) [865,866]. This discovery represents one
f the major puzzles of modern physics; its cause is generally dubbed dark energy, whose fundamental nature is still a
ystery. According to observations, about 70% of the energy density of the universe today consists of this unknown dark
nergy component. This has also been confirmed by other observations – e.g. through Cosmic Microwave Background
CMB) [8,867] or Baryon Acoustic Oscillations (BAO) [868] (however, see [869] for a dissenting view).

Dark energy is characterised by an equation of state (see Section 2)

wDE = pDE/ρDE , with wDE < −1/3. (280)

resent observations suggest that the current energy density of dark energy is ρDE,0 ∼ 10−120 M4
Pl, with an equation of

state parameter given today by [8]:

wDE,0 = −1.03 ± 0.03 . (281)

The simplest candidate for dark energy, consistent with current data and used in the ΛCDM cosmological model,
s a pure cosmological constant, Λ, with wDE = −1. The cosmological constant can arise from the vacuum energy in
particle physics, but the naive theoretical expectation for this is about 120 orders of magnitude larger than the observed
value [870]. To explain the extremely fine-tuned value of the cosmological constant, one possibility is to appeal to
anthropic arguments [871,872], whose recent resurgence is motivated by the string theory landscape [63].

An alternative possibility is that the cosmological constant actually vanishes for reasons yet to be understood, calling
for an alternative mechanism to explain the origin of dark energy. The observations that constrain the value of wDE
today to be close to minus one (the value for a pure cosmological constant) say relatively little about its time evolution
(see [8] for constraints on a time-dependent equation of state parameter, using the phenomenological parameterisation
w = w0 + (1 − a)wa). So we can consider a situation in which the dark energy equation of state parameter changes
with time, similarly to what happens during early universe inflation. As scalar fields naturally arise in supergravity and
string theory, there are plenty of potential candidates for dark energy. Indeed, as we will see, many of the ideas discussed
in Section 2.3 to explain cosmic inflation from string theory can also be applied to the late-time cosmic acceleration.
On the one hand, as only around a single e-folding of accelerated expansion is needed for dark energy, compared to 60
e-foldings for inflation, constructing models of dark energy is easier. On the other hand, as dark energy is active today,
it is constrained more strongly by experiments and observations as well as by theoretical challenges as discussed in
Section 2.5.

We now consider recent developments using these two approaches to explain the current accelerated expansion of
the universe within the context of string theory and string-inspired constructions.55

6.1. Dark energy as vacuum energy

In this section we review the cosmological constant problem and the order of magnitude estimates of the vacuum
energy. We then describe how the string theory multiverse, using eternal inflation to populate it, has the potential to
solve the cosmological constant problem, providing a (controversial) framework in which the fine-tuning of the vacuum
energy is explained via anthropic arguments. Finally, we discuss the main questions that this paradigm leaves open.

6.1.1. The cosmological constant problem
The modern formulation of the cosmological constant problem actually raises two questions (see [870,875–880] for

some reviews and [881] for a historical account):

• Why is the cosmological constant so small but non-zero?
• The Coincidence Problem: why is the cosmological constant today comparable to the matter energy density today?

Phase transitions (as illustrated for bubble nucleation in Fig. 31) through the cosmological history would have changed the
total vacuum energy, so any solution to the problem needs to ensure that the vacuum energy is suppressed throughout.
However, what makes the cosmological constant problem most challenging is that it is a low-energy problem, which can
be posed at scales which we believe we understand very well. For instance, summing up vacuum-loop diagrams to a cutoff
M ∼ 100 GeV – a reasonable scale given the success of the Standard Model in accelerator experiments — the electron
contributes:

ρe ∼ O
(
M4)

+ O
(
M2m2

e

)
+ O

(
m4

e ln
M
me

)
, (282)

55 For recent reviews see [873,874].
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Fig. 31. Bubble nucleation for a transition from a false to a true vacuum. The opposite transition is also allowed as long as the two spaces are dS.

which is already around 55 orders of magnitude too large. A recent estimate of the total vacuum energy from the Standard
Model of particle physics, using a Lorentz invariant renormalisation scheme, gives a value for the energy density today
of ρΛ ∼ −3.2 × 108 GeV4 [877,882]. It is important to note that the gravitational effect of quantum loops has been
xperimentally observed in matter; they are known to contribute to the inertial mass of particles via the Lamb shift and
he nuclear electrostatic energy, where the equivalence principle has been verified to at least one part in a million [883].
onetheless, cosmological constraints on the vacuum energy would seem to indicate that quantum loops in the vacuum
o not gravitate. Although the length scale of the cosmological constant problem is huge, H −1

0 , as it occurs precisely at
he point that quantum physics meets gravity, we might hope that a better understanding of string theory will offer a
olution.

.1.2. The anthropic principle and the string theory landscape
Even without any microscopic understanding to hand, our very existence suggests that the cancellation of vacuum

nergy has to occur. If the vacuum energy were positive and much larger than the observed value, the growth of structure
ould have ceased too early preventing the formation of galaxies. If it were much larger and negative, the universe would
ave already collapsed in a Big Crunch. Remarkably, Weinberg [871] arrived at the prediction that the vacuum energy must
e small and of the same order as the matter energy density using this anthropic argument with bound:56

−10−123M4
Pl ≲ ρΛ ≲ 3 × 10−121M4

Pl . (283)

f one assumes that observers require galaxies, and that observers typically evolve soon after galaxy formation, then the
hy Now? problem is also solved, as allowing the vacuum energy to be as large as possible whilst allowing for galaxy

ormation places it in line with the matter energy density directly after galaxy formation. For the argument to be complete,
ne also requires a theory to produce a multitude of vacua, including ones with anthropically viable total vacuum energies,
nd a mechanism to populate them all. This is what the string theory landscape [103] is proposed to provide.
As reviewed in Section 3, string theory has a (probably finite [884,885] but) enormous number of solutions corre-

ponding to 4-dimensional spacetimes at low energies, which we call the string theory landscape. Each solution has a
umber of distinct contributions to the vacuum energy. The value of the moduli potential energy discussed in Section 3
which incorporates classical and leading order perturbative and/or non-perturbative effects) is one such contribution. To
hese should be added subleading quantum corrections in both the gs and α′ expansions, amongst which those at O(α′0)
ncorporate standard field theory loops. By considering a string-inspired simplified model of such a setup, Bousso and
olchinski [101] argued that the string theory landscape accommodates a discrete set of total vacuum energies that are
ufficiently densely packed in Planck units to include the observed dark energy, and that moreover, all the corresponding
acua can be populated via an eternal inflation driven by non-perturbative bubble nucleation.
The discreteness of the distribution of vacuum energies arises from the topological nature of the input parameters for

tring compactifications – flux quanta, D-brane and other localised source numbers, and an internal manifold characterised
y its Hodge numbers – which all contribute directly and indirectly to the vacuum energy. Building on earlier work by
bbott [886] and Brown and Teitelboim [396,887], Bousso and Polchinski [101] (see also [888] for a review) considered
n particular the vacuum energy contribution from a set of J 4-form background fluxes. In analogy to the electromagnetic

56 Although note that cosmological constants much larger than the observed value were already known to be excluded.
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ield, each 4-form field-strength, F(i), is quantised in units of its source membrane’s ‘electric’-charge qi, F
mnpq
(i) = niqiϵmnpq,

nd gives a positive vacuum energy contribution

ρ4−form =
1
2

J∑
i=1

n2
i q

2
i . (284)

rucially, the background 4-form fluxes are unstable to non-perturbative tunnelling effects described by Euclidean
nstantons, in analogy to how an electric field between two oppositely charged parallel capacitor plates discharges via
chwinger pair creation of electron and positrons, in the case of a 4-form, the depletion occurs via the spontaneous
ppearance of spherical membranes. Inside the membrane, the associated field strength is lowered by one unit of
embrane charge: niqi → (ni − 1)qi, with a subsequent reduction in energy, (ni −

1
2 )q

2
i balanced by the initial mass

f the membrane, which then expands outwards at the speed of light; see Fig. 31. If one separates the total vacuum
nergy into the 4-form flux contributions and all the rest (which we may call the ‘bare’ cosmological constant),

ρΛ = λ+
1
2

J∑
i=1

n2
i q

2
i , (285)

t takes an exponentially long time for the background fluxes to deplete and so their vacuum energy contribution could
ventually cancel an order one bare cosmological constant, λ < 0, to give a total ρΛ within the Weinberg window (283).
his fine cancellation requires:

2|λ| ≲
J∑

i=1

n2
i q

2
i ≲ 2(|λ| + 10−118) . (286)

hat this is possible for charges not much less than one relies on the fact that there are multiple distinct 4-form fluxes and
ssociated membranes (see Fig. 1 from [101]). These arise from M/string-theory compactifications as high-dimensional
orms and branes, such as 5-branes wrapping distinct 3-cycles in the internal space. For example, an internal manifold
ith ∼500 3-cycles, with flux numbers ranging up to say 9, would give ∼10500 different vacua for the construction.
Whilst the Bousso–Polchinski toy model captures much of the physics of the landscape, realistic string constructions

equire further considerations [64]: moduli have to be stabilised; fluxes backreact on the geometry so that the bare
osmological constant λ and charges qi themselves depend on the flux integers, leaving the cosmological constant
o vary in unpredictable ways; the types and numbers of fluxes and branes that can be included are constrained by
harge conservation or tadpole cancellation. More sophisticated studies of the distributions of supersymmetric and non-
upersymmetric Calabi–Yau flux compactifications of various string theories were carried out in [146,884,885,889]. A
ecent development in this direction is the incorporation of Kähler moduli stabilisation, thereby ensuring that the sampling
s only over the minima of the moduli potential (see e.g. [826,827] and references therein). Constructions with as many
s 10272 000 vacua have been proposed [890], while F-theory models of dark energy have been proposed in [891,892].
In summary, string theory plausibly contains a landscape of vacua with a dense spectrum of vacuum energies that

ncludes the observed vacuum energy, and a mechanism to populate them via membrane nucleation. The cosmological
istory of this scenario assumes that the universe starts with a large positive vacuum energy, expanding exponentially
s dS space. Eventually, somewhere within the universe, a membrane bubble will nucleate within which there is a lower
acuum energy. This bubble will grow, but not as fast as the initial vacuum expands, the latter providing an ambient
multiverse’. Thus a process of eternal inflation ensues, with bubble nucleation continuing inside and outside existing
ubbles, each bubble containing a long-lived open FRW universe and each jump in vacuum energy being not much smaller
han one in Planck units, allowing for the creation of hot and dense universes. Eventually, one such bubble nucleation
ill create an anthropic universe, with the vacuum energy lowered to within the Weinberg range (283) where the Big
ang begins. See Fig. 32.

.1.3. Open questions on the landscape
The proposal of the string theory multiverse is deeply controversial. If true, it would motivates a paradigm shift in

nswer to the cosmological constant problem — the value of the cosmological constant is environmental and our very
xistence implies it must happen to fall within the Weinberg range in our patch of the multiverse. In this case, there
eems no reason to expect any further microscopic explanation at play. However, there remains work to be done.
Essential to the string theory landscape is an understanding of moduli stabilisation, reviewed in Section 3.3. So far, there

re few attempts at achieving simultaneously moduli stabilisation and the Standard Model of particle physics (see [168]
or some recent progress). A complete model must (of course) include the vacuum energy of the Standard Model and dark
atter amongst all the different contributions to be anthropically cancelled.
To be more concrete, however, consider the simplified type IIB moduli stabilisation scenarios of KKLT and LVS. It is

mportant to recognise that, although we can aim to make well-controlled dS vacua and – remarkably – even compute
o good precision the vacuum energy in the weak coupling, weak curvature expansions, we cannot hope – with current
echnology – to obtain an explicit construction with fine-tuned vacuum energy O(10−120). The interplay between various

lassical and quantum effects are argued to give rise to metastable dS vacua, with the effective parameters such as W0,

93



M. Cicoli, J.P. Conlon, A. Maharana et al. Physics Reports 1059 (2024) 1–155

a
p
d
t
w
s
i

A
⟨

Fig. 32. Multiverse obtained by the process of bubble nucleation due to vacuum transitions from one dS vacuum to another with different
cosmological constant.

A and a in W = W0 + A e−aT (see Section 3.3), ultimately depending on topological numbers such as flux integers
nd numbers of branes or instantons. The first obstacle arises from the difficulty to determine the exact dependence of
arameters like W0 and A on the complex structure moduli and the explicit stabilisation of these moduli in terms of the
iscrete microscopic parameters. Moreover, even if discretely adjusting these integers allowed the effective parameters
o be finely-tuned to give an anthropically viable metastable vacuum at weak coupling and large volume, the fine-tuning
ould typically be spoilt by higher order gs and α′ corrections to the vacuum energy. To illustrate this point with a very
imple toy model, consider a one-modulus system with canonical kinetic term and a scalar potential using an expansion
n small φ:

V (φ) =
(
a0 + a2φ2

+ a3φ3
+ a4φ4

+ . . .
)
. (287)

ssuming some mild hierarchy in the parameters |a3| ≫ |ai|, i ̸= 3, and a2 < 0, induces a metastable minimum
φ⟩ = −

2a2
a3

≪ 1 consistent with the expansion. If we assume that the leading coefficients are fine-tuned such that

a0 −
4
27

(
|a2|3

a23

)
∼ 10−120,

then without further fine-tuning the higher order contributions O
(
φ4
)
to the vacuum energy will dominate. Thus it is

the full vacuum energy, including Standard Model/dark matter contributions and all gs and α′ corrections – right up to
the order where the corrections are suppressed down to 10−120 M4

Pl without fine-tuning – that has to be anthropically
fine-tuned. This arguably weakens the significance of the challenges in uplifting the leading order AdS vacua of moduli
stabilisation scenarios to dS (see [382]), although notice that the Standard Model contributions to the vacuum energy
were found to be negative in [877,882]. Nevertheless, the key that the string landscape offers is the realisation that flux
vacua lead to a finely-spaced distribution of vacuum energies over a suitably large range; even if the other contributions
move this distribution up or down in energy, one may still expect vacuum energies of order of the observed dark energy
amongst the final vacua.

Weinberg’s anthropic window was derived by assuming that all other Standard Model parameters are fixed to their
observed values. However, the string landscape suggests that all of these parameters would similarly vary from vacuum to
vacuum. For example, if effective field theory parameters are such that primordial density perturbations are larger or grow
faster, anthropic arguments would require a larger positive vacuum energy. It is not yet clear how to use this framework
to make predictions. Any statistical approach (see [146,812,826,827,884,893] for a pedagogical review), by searching for
those properties which have probability ∼ O(1) in the landscape (see [894,895] for discussions for and against our
typicality) or identifying distinct low-energy features that are strongly correlated, would require an understanding of
the measure on the space of vacua. Such a measure would need to include consideration of the dynamical mechanism
that populates the landscape, which may prefer some vacua over others. This connects to the measure problem of eternal
inflation, where bubbles of open universes with infinite spatial extent, reproduced infinitely many times, pose ambiguities
in how to regularise [896,897].

For some recent progress on searching the string landscape for models with phenomenological features using machine
learning techniques see [235]. Another strategy is to understand which classes of effective field theory can be consistently
embedded into the string theory landscape (i.e. have a consistent UV completion into quantum gravity), and which
classes instead lie in the swampland with no UV completion incorporating gravity [898]. In fact, there are several
conceptual challenges posed by any quantum theory on dS spacetime [87,227,228,899], most notably the absence of a
well-defined S-matrix. Together with the technical challenges in achieving explicit, well-controlled moduli stabilisation
with metastable dS vacua, this has led to the provocative conjecture that long-lived metastable dS vacua may actually lie
94



M. Cicoli, J.P. Conlon, A. Maharana et al. Physics Reports 1059 (2024) 1–155

i
m

o
t
S
s

6

a
m
a
e
t
t
c
b
i
e
d
e

r
s
s
c
t

6

t
s

n the swampland [32,33]. Although ‘may’ does a lot of work in this last sentence, even if such a conjecture were true, it
ay still be of course reasonable to expect that our observed universe is sufficiently short-lived to stay in the landscape.
The landscape’s approach to dark energy has led to several general proposals for combining it with the physics

f vacuum transitions, a period of inflation, bubble collisions, etc. In particular, the general claim that CDL vacuum
ransitions give rise to open universes after bubble nucleation has given rise to a holographic scenario for eternal inflation.
ee for instance [900,901]. For recent discussions to address the vacuum selection in terms of self-organised criticality
ee [902,903].

.2. Dynamical dark energy/quintessence in string theory

In the previous section we discussed dS vacua in the string theory landscape as a possible explanation to present day
ccelerated expansion of the universe. However, given the debates around this proposal and observational prospects of
easuring the dark energy equation of state and its time dependence, it is important to consider alternatives. The main
lternative to a vacuum energy is a scalar field that is slow-rolling at positive energies, thus driving the accelerated
xpansion. This scenario goes under the generic name of quintessence [46,47] and much of the physics is similar to
hat of cosmic inflation, discussed in Section 4. During quintessence, the equation of state of dark energy changes with
ime, similarly to inflationary cosmology, though initially Hubble friction can keep the field frozen yielding an effective
osmological constant. Quintessence scenarios with exponential or inverse power-law potentials are particularly attractive
ecause they lead to equations of motion with attractor behaviour [46] such that the present-day accelerated expansion
s independent of the initial conditions. Moreover, these attractor solutions are usually scaling solutions such that the
nergy density scales as a power of the scale factor, and – for the inverse power-law potentials – the scalar field energy
ensity can scale more slowly than the background fluid, allowing it to dominate eventually and drive the accelerated
xpansion [904].
Scalar fields abound in string theory and so it might seem rather natural to expect that one of them is at present

olling towards its minimum at a finite or infinite value. Among the scalar fields present in string theory, we can identify
everal potential candidates for quintessence: closed and open string moduli, axions and runaway moduli. Moreover,
cenarios where more than one scalar field drive the present day acceleration are also possible, as well as models of
oupled dark sectors, where the dark energy and dark matter sectors are coupled. Time-dependent compactifications of
he 10/11-dimensional supergravities that descend from string theory are also known to include accelerating cosmologies.

After reviewing the major challenges in the quintessence scenario, we will discuss each candidate in turn.

.2.1. Challenges for quintessence
Any quintessence scenario must meet a number of theoretical and observational challenges. Some of these are common

o all quintessence models, irrespective of any string theory embedding (see [905] for a review of phenomenological
cenarios):

• Cosmological Constant Problem – quintessence scenarios start by assuming that some unknown mechanism fixes the
background vacuum energy to zero, on top of which the quintessence dynamics plays out to drive the accelerated
expansion. The symmetries that are known to do this job, e.g. supersymmetry or conformal symmetry, only work
down to scales much higher than the observed vacuum energy, around the TeV scale, where they must be broken,
although one exception may be the approximate shift symmetry associated with a pseudo-Goldstone boson [906].
The cosmological constant problem is the big elephant in the room of any quintessence construction.

• Radiative corrections to quintessence mass – for quintessence to drive an accelerated expansion, the quintessence
scalar mass must be sufficiently light; mq ≲ H0 with today’s Hubble constant H0 ∼ 10−33 eV. On the other hand,
as a scalar field, the quintessence mass is sensitive to quantum loops and – in a similar way to the Higgs boson –
would be driven up to the UV cutoff. Again, symmetries like supersymmetry and conformal symmetry could help
only down to TeV scales.

• ‘Why Now?’ problem – Given the different scaling properties of radiation, matter and dark energy densities with
the cosmological scale factor, a(t), the current epoch – in which all three of the energy densities are of the
same order – seems very special. Why does there exist an epoch in which all three densities are comparable,
and why do we happen to live in this epoch? In quintessence models, the scalar field equation of motion may
admit ‘tracker’ solutions, in which the pressure and energy density in the scalar field tracks that of the dominant
energy density [907,908]. Moreover, these tracker solutions may be late-time attractors, and hence be reached
independently of the initial conditions. However, in order for dark energy to come to dominate, the evolution must
depart from the tracker solution so that the field ends up locked at an approximately constant value. To achieve this
at the right time would seem to require some overall fine-tuning.

• Fifth forces – Being a light boson, the quintessence field mediates long-range fifth forces. Current constraints [909]
indicate that any scalar with mass less than around the meV scale must have weaker than Planckian couplings to
the Standard Model. This would appear to rule out using one of the universal string moduli, such as the volume
modulus or dilaton, as the quintessence field since these moduli couple to all fields with Planckian strength after
Weyl rescaling to the Einstein frame. Note that even if such fields were to couple universally to matter, they
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would not simply lead to a renormalisation of Newton’s constant as the nature of a spin-0 force is distinct from
the nature of a spin-2 force. Non-universal moduli typically have couplings to the Standard Model that violate the
equivalence principle, and such couplings are phenomenologically constrained to be at least a factor 10−11 weaker
than gravity [910].
Another proposal is that fifth forces are screened in high ambient matter densities such as close to the Earth,
due to non-minimal couplings to matter and/or certain derivative or non-derivative self-interactions [911–914]
(see [915,916] for work towards embedding these mechanisms into string theory).
Finally, pseudoscalars such as string axions, coupling as they do via derivative axial-current interactions of the
form ∂µθ (ψ̄γ µγ5ψ), need spin-polarised sources in order to be detectable via fifth forces and so evade fifth-force
experiments using macroscopic bodies (searches for new mass–spin couplings are reviewed in [917,918] with the
strongest constraints coming from stellar cooling [919], still far from the parameter space of quintessence). In fact,
axions can also be used to help screen scalar fifth forces [920,921]; the non-linear target-space interactions between
axions and saxions that typically appear in string constructions might convert would-be dilaton profiles to axion
profiles, which can then be probed only by axion–matter couplings rather than dilaton–matter couplings.

• Time variation of fundamental constants — if quintessence is a string modulus that sets the visible sector gauge
kinetic functions, Yukawa couplings or Planck mass, then its rolling would lead to unobserved time-variation of
the fundamental constants. Similarly to fifth forces, this disfavours closed string moduli like the volume or dilaton
as quintessence. The problem may be reduced by using a local modulus geometrically sequestered from the visible
sector.

Quintessence models must also satisfy observational constraints, not just on the equation of state w but also on
compatibility with local H0 measurements (for example, see [922–927] for recent discussions).

In addition to these overarching questions common to all quintessence scenarios, there are also a number of issues
specific to string theoretic models:

• Moduli stabilisation problem — even supposing a light (mq ≲ H0 ∼ 10−60 MPl), slowly-rolling modulus can be
identified, all other moduli must be safely stabilised in a way compatible with the string mass above the TeV-scale
(see [928] for a recent discussion). Given constraints from fifth-forces and time variation of fundamental constants,
the stabilised moduli must include the overall volume modulus and the dilaton with m ≳ 10−30 MPl, which increases
to m ≳ 10−14 MPl when the cosmological moduli problem is taken into account. Possible quintessence candidates are
then ratios of Kähler moduli or blow-up moduli that (hardly) affect the overall volume, complex structure moduli
or axions. Moreover Msoft ≳ 10−15 MPl from the absence of sparticles at the LHC, and MKK ≳ 10−30 MPl from tests of
Newton’s inverse square law (see [928] for further discussion in the context of the Large Volume Scenario, where
the volume modulus may be used to suppress scales but is then also too light itself).
These phenomenological requirements imply a large hierarchy between the potential which stabilises the volume
modulus V , V0(V), and the one for the quintessence field φ, V1(V, φ) (recall the volume modulus couples to
everything) [929]. In fact, the total dark energy potential should look like

VDE ≃ V0(Vmin) + V1(Vmin, φ) ≃ V1(Vmin, φ) , (288)

where V needs to stabilised in a near-Minkowski vacuum, V0(Vmin) ∼ 0, since V1 is a tiny correction with respect to
V0 to guarantee that the mass of the volume mode is at least above the meV-scale while mq ∼ 10−32 eV, and so a
leading order stabilisation in an AdS vacuum would remain AdS even after adding V1. Thus we require

V1(Vmin, φ)
V0(Vmax)

∼

(
mq

mV

)2

≲ 10−60 , (289)

where V0(Vmax) is the value of V0 at the potential barrier towards decompactification. Note that this is a huge
hierarchy, which can hardly be obtained if both V0 and V1 are generated by perturbative corrections since it would
require values of V too large to ensure Ms ≳ 1 TeV. As an illustrative example consider LVS models where V is fixed
by O(α′3) effects which therefore set the size of V0. If φ is a fibre modulus different from the inflaton, its potential
would be generated by O(g2

s α
′4) string loops which would set the size of V1, yielding:

V1

V0
∼

Vg2s α′4

Vα′3
∼

1
V1/3 ≲ 10−60

⇔ V ≳ 10180 , (290)

which would imply an extremely low string scale Ms ∼ MPl/
√
V ≪ 1 TeV. This shows that constructing a scalar

potential with the hierarchy of scales as in (289) is a challenge. Note that in models where V does not evolve from
inflation to today, this hierarchy could be even larger since preventing volume destabilisation during inflation (a
quintessence version of the Kallosh–Linde problem) requires (V1/V0) ≲ (H0/Hinf)

2. Depending on the inflationary
scale, this yields 10−108 ≲ (V1/V0) ≲ 10−36 [929]. As pointed out in [929], a natural way to achieve this huge
hierarchy could be to fix V by perturbative effects, and then use axions as quintessence fields since their potential is
generated by exponentially suppressed non-perturbative effects. Being axions, they also naturally avoid fifth-force
problems, and their shift symmetry guarantees the radiative stability of the quintessence field mass.
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• F-term problem – This is a rephrasing of the cosmological constant problem for quintessence models in the context
of LVS moduli stabilisation [928]. The supersymmetry breaking in the Standard Model sector, say localised on some
brane configuration, gives a large positive contribution to the scalar potential, δVsb ∼ M2M2

soft ∼ 10−60 M4
Pl, where

M is the mediation scale with M ≳ 10−15 MPl. Clearly, in the absence of a source to cancel this large contribution,
the vacuum energy would be way beyond the dark energy scale (see [930] for a scenario in which this large vacuum
energy is supposed to finely cancel against contributions from the backreaction of non-supersymmetric visible sector
branes). More generally, after supersymmetry breaking, the mass of the quintessence field would typically be of order
the gravitino mass (see [204,931] for some ways to evade this).

• Sequestering in supergravity – Within the context of 4-dimensional N = 1 supergravity, the usual low-energy
description of string compactifications, it is difficult to suppress couplings between the quintessence field and
Standard Model degrees of freedom such as the Higgs [204,932]. The scalar potential has to take the form

V (Φ, χ ) = eK (Φ,χ )(|DχW |
2
+ |DΦW |

2
− 3|W |

2), (291)

with Φ the quintessence superfield and χ denoting (collectively) the matter superfields. Assuming a maximal
decoupling with Kähler potential and superpotential taking the form

K = Kq(Φ) + Km(χ ), (292)

and

W = Wq(Φ) + Wm(χ ), (293)

and moreover taking a canonical normalisation Kq = ΦΦ̄ and e.g. Wq =
2
β

√
Λe−

1
2 βΦ so that

V ∼ Λe−βφ, (294)

one obtains couplings of the form

δV ∼
Φ̄0

M2
Pl
δΦ|DχW |

2, δL ∼
Φ̄0

M2
Pl
δΦLfermion, δL ∼ −

3T (G)
16π2

Φ0

M2
Pl
δΦLgauge, (295)

(where T (G) is a group theory number).
Even if we choose Φ0 = 0 to evade present fifth forces constraints, at some point in the past we would have had
Φ0 ∼ O(1)MPl, giving Planck suppressed linear couplings between the quintessence field and the Standard Model
for which there are strong bounds (see [931] for a recent example of quintessence model in supergravity).
The most obvious way to try to achieve sequestering is to consider quintessence as an open string modulus
geometrically separated from an open string realisation of the Standard Model, for which the Kähler potential takes
the form

K = −3M2
Pl ln

(
1 −

f (Φ, Φ̄)
3M2

Pl
−

g(χ, χ̄ )
3M2

Pl

)
. (296)

It is not yet clear if sufficient coupling suppression can be achieved (see [461,644,933–938] for some stringy
mechanisms of kinetic mixing, [939] for a summary of the challenges, [586] for some proposed solutions and [940]
for some recent progress including a lower bound on the volume modulus to suppress the couplings between the
Standard Model and other Kähler moduli).

.2.2. Runaway quintessence — single field
The vast moduli sector of string compactifications offers the ideal place to look for quintessence candidates. Given

he ubiquity of runaway moduli in string compactifications (see discussion on the Dine–Seiberg problem in Sec. 3), one
ay expect runaway quintessence scenarios to be easily realised, without the need for delicate interplay between various
ot-so-under-control ingredients as in dS vacua. As string moduli usually correspond to low energy couplings or expansion
arameters, by setting up moduli to be slowly-rolling close to their asymptotic regime, parametric control57 of expansions
ould be ensured with, moreover, a naturally suppressed vacuum energy. Phenomenological bounds on the parameter λ
or runaway scalar potentials of the form V (φ) ∼ V0 e−λφ were found to be λ ≲ 1.02 and λ ≲ 0.6 at 3σ in [941,942],
espectively.

As mentioned above, the first candidate runaway moduli that one may think of are the overall volume and the dilaton
ince they are model independent; rolling towards infinite volume or zero coupling, respectively, in the asymptotic limit.
ndeed, the dilaton was used early on as a quintessence candidate in [943,944], although Ref. [680] has recently shown
hat runaways for the volume mode and the dilaton at tree-level, where one could in principle achieve parametric control
ver all approximations, are never flat enough to drive an epoch of accelerated expansion. Nevertheless, the main difficulty
ith these moduli is that they couple to all matter fields. The strong bounds on fifth-forces and varying constants thus

57 The expansion can be made arbitrarily good by making the expansion parameter arbitrarily small.
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Fig. 33. Typical runaway potentials: the scalar potentials derived from Eq. (297) for p = 3 (left-hand side) and p = 1 (right-hand side).

ake these options untenable. On the other hand, if the runaway direction is a local modulus in a hidden sector it may
lausibly avoid constraints from fifth forces and time variation of fundamental constants. Yet as we now discuss, even
efore worrying about these phenomenological challenges, it turns out to be intriguingly difficult to identify runaway
irections in string theory that are sufficiently flat to source the required acceleration [945,946].
For example, consider for simplicity a moduli stabilisation scenario in which all but one of the moduli are stabilised

s heavy fields in a supersymmetric Minkowski vacuum. The remaining supersymmetric flat direction Φ is protected by
non-renormalisation theorems [60], but is ultimately lifted by non-perturbative effects. If this is a bulk modulus, it will
typically have a Kähler potential and superpotential of the form:

K = −p ln(Φ + Φ̄) and W = A e−aΦ (297)

or some constants p, A, a. The resulting scalar potential for the saxion φ = Re(Φ), with runaway towards φ → ∞ is
lotted in Fig. 33 for p = 1, 3, and it is easily shown that the slow-roll parameter diverges at the tail:

ϵV →
4
p
a2φ2 as φ → ∞, (298)

nd thus this potential is always too steep to drive an accelerated expansion [945].
In fact, it has been shown using N = 1 supergravity that all the typical string moduli – whether bulk or local, whether

ifted by perturbative or non-perturbative superpotentials – have potentials that satisfy either ϵV > 1 or ρV < 0 and so
cannot drive an accelerated expansion, see Table 7 [946]. These results have been extended in [680] considering no-scale
models in type IIB, IIA and heterotic string compactifications. The limitations from string-inspired 4-dimensional N = 1
supergravity on obtaining slow-roll potentials are reminiscent of similar results from [947] which show that, for a class
of supersymmetric theories, it is impossible to relax into an asymptotic zero-energy supersymmetric minimum whilst
accelerating (see also [948]). The theories considered are those with a single field with exponential potential V ∼ e−cφ/MPl ;
indeed, if the potential is to have a zero-energy supersymmetric vacuum and support wDE = constant quintessence-like
volution, then it must have this form asymptotically, with |c| <

√
2. Assuming that the dynamics is indeed towards a

ero-energy supersymmetric minimum at φ → ∞, Ref. [947] shows how 4-dimensional N = 1 supersymmetry implies
hat having V > 0 requires c >

√
6 and thus excludes slow-roll.

Note that we have – as is usual in quintessence and as is entirely unsatisfactory in string theory – left aside the
osmological constant problem and the fact that supersymmetry in the Standard Model sector must be broken at least
t TeV scales which is clearly a challenge for supersymmetric vacua where the supersymmetry breaking scale would
aturally be set by the dark energy scale. At the same time, the difficulties in obtaining runaway directions that sustain
ccelerated expansion seem to extend to non-supersymmetric setups. The runaway potentials associated with NS-NS
adpoles in non-supersymmetric string theories are also too steep for quintessence, taking the form V = Λ e−γφ with
γ =

5
2 ,

3
2 ,

3
2 in the Einstein frame, for the SO(16)×SO(16) theory, the orientifold USp(32) Sugimoto model, and the type

B’ model, respectively (see [84] for an extension of dS no-go theorems to non-supersymmetric string theories).
These no-go theorems against single-field runaway quintessence support the conjecture against dS vacua, which are

ndeed best motivated at the asymptotic boundary of moduli space [33]. It is also interesting to mention in this context
ef. [949], which argues that an asymptotic acceleration in d-dimensions would imply the existence of a de Sitter vacuum
n more than d-dimensions. However, as we will discuss in Section 6.2.7, there may be paths to evade these no-go results
y considering multifield scenarios.

.2.3. Hilltop quintessence
Alongside runaway moduli, which are ubiquitous in string compactifications, dS maxima are also very easy to find.

or example, the Dine–Seiberg runaway potential in Eq. (297) for p = 1 is shown in Fig. 33 to have a dS hilltop. In [945],
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Table 7
Summary of no-go theorems for string inspired supergravity models of single-field runaway quintessence,
and parameter points that evade them. The Kähler potentials correspond, respectively, to bulk moduli,
fibre moduli and blow-up moduli, and the superpotentials correspond to the flat direction Φ being lifted,
respectively, by a leading non-perturbative effect or a leading perturbative one. No-scale scenarios, having
K = −3 ln(Φ + Φ̄) and W independent of Φ , are included in the case that no-scale-breaking occurs via
non-perturbative corrections to W .
K W V > 0 ϵV < 1

−p ln(Φ + Φ̄) W0 + A e−aΦ no-go

−p ln(Φ + Φ̄) W0 + AΦn no-go

k0 +
|Φ|

2p

k1
W0 + A e−aΦ no-go

k0 +
|Φ|

2p

k1
W0 + AΦn no-go except for p = n

k0 +
(Φ+Φ̄)2p

k1
W0 + A e−aΦ no-go

k0 +
(Φ+Φ̄)2p

k1
W0 + AΦn no-go except for p = n

the possibility of sourcing quintessence at the hilltop was explored (see [950] for a phenomenological analysis of hilltop
quintessence). If the modulus starts close to the hilltop, it can remain frozen there by Hubble friction for much of the
cosmological history, first sourcing an effective cosmological constant and then turning into a rolling quintessence field
with observable consequences. The parameters could be chosen to match the observed dark energy, consistent with the
refined dS swampland conjecture (see Sections 7.7 and 6.2.6 below) and with sub-Planckian field displacements. Quantum
fluctuations ∆ϕ ∼ H/(2π ) leave the field within the viable window close to the hilltop until H ∼ 0.01MPl. Although
here is no need for fine-tuning in the Lagrangian parameters, the fine-tuning of initial conditions is difficult to motivate,
erhaps resorting to some anthropic danger in starting from a point in field space that leads into a steep runaway.
Of course this is just a scenario, and even if motivation for the initial conditions could be found, work would need to be

one to embed it in a fully fledged string construction with moduli stabilisation and control over subleading corrections; in
articular it may be a challenge to achieve sufficient sequestering to hide fifth forces, higher order instanton corrections
ay not be suppressed, and – as is usual in quintessence scenarios – the cosmological constant problem and vacuum
ontributions from the susy-breaking visible sector have not been addressed. Further attention to the hilltop scenario was
iven in [929], using the dS maximum for the volume modulus in the KKLT scenario, where it was found that matching
ith the observed dark energy would require an unacceptably light gravitino and light volume modulus.

.2.4. Axions as quintessence
Axions are arguably the most attractive quintessence candidates [929,951–953] as (i) being pseudo-scalars they evade

he most stringent spin-independent fifth force bounds; (ii) they enjoy approximate shift symmetries which restrict the
llowed couplings and protect the axion mass and potential energy density, which are otherwise UV sensitive quantities;
iii) their potential is generated by exponentially suppressed non-perturbative effects which can naturally reproduce the
equired hierarchy between the dark energy potential and the potential which fixes the volume modulus at leading order
for example via perturbative effects which break supersymmetry spontaneously) guaranteeing Msoft ≳ 1 TeV and mV ≳ 1
eV in a way compatible with mq ∼ 10−32 eV.
From the string theory point of view, a rather generic prediction is the existence of a large number of axions [474,954–

57] – sometimes called an axiverse [723] – arising from the KK reduction of higher-dimensional form fields on the
opological cycles of the compactification space. As an internal space can easily have O(100) distinct cycles, there can
e O(100) axions. Typically, the axion directions will be perturbatively flat due to shift symmetries descending from
igher-dimensional gauge symmetries, and which may subsequently be lifted by non-perturbative effects that give masses
O(e−τMPl) with τ the partner saxion that measures the size of the corresponding cycle.
In principle, the range of axion masses present can cover a wide region all the way down to quintessence-like masses

0 ∼ 10−33 eV and beyond, which could include dark energy candidates as well as possible ultra-light axion dark matter
ith m ∼ 10−22 eV [815,818]. However, note that this would require the presence of many non-perturbative effects

n the compactification, all with different origins and of different magnitudes, with the corresponding saxions fixed at
igher masses (to avoid cosmological problems). See [917] for a review on axion cosmology and [842] for a discussion on
ossible macroscopic compact objects from ultralight string axions. For an analysis studying the coupled evolution with
ark matter see [958].
One specific realisation of this idea can be found in the LVS scenario [929]. At leading order and considering an

ppropriate uplifting sector, V is fixed by O(α′3) effects in a Minkowski vacuum where supersymmetry is spontaneously
roken. At this level of approximation, the axionic partner of the volume modulus is a flat direction due to its shift
ymmetry that is perturbatively exact. Hence the mass scale of V and the supersymmetry breaking scale can be safely
ecoupled from H . The volume axion is lifted by tiny non-perturbative corrections that are exponentially suppressed in
0

99



M. Cicoli, J.P. Conlon, A. Maharana et al. Physics Reports 1059 (2024) 1–155

a

w

w
o
p

power of the exponentially large volume, and so can naturally reproduce the dark energy scale since

VDE ≃ e−

√
3
2

MPl
f M4

Pl

[
1 − cos

(
ϕ

f

)]
, (299)

here ϕ is the canonically normalised volume axion with decay constant:

f =

√
3
2

N MPl

2πV2/3 (300)

where N = 1 for a Euclidean D3-brane instanton while N is the rank of the condensing gauge group for gaugino
condensation on D7-branes. Reproducing VDE ∼ 10−120 M4

Pl from (299) requires MPl/f ∼ 300, and so moderately large
volumes, V ∼ 103

− 104, which are however still large enough to trust the effective field theory. Moreover Ms ∼ 1016

GeV, m3/2 ∼ 1014 GeV and mV ∼ 1012 GeV, together with mq ∼ 10−32 eV.
Let us stress that any axionic field whose saxion partner is stabilised by perturbative effects will have such doubly

exponentially suppressed masses. For example, whereas blow-up moduli tend to be stabilised as for their axionic partners
non-perturbatively, leading to masses for saxions and axions of the same order, the saxions associated with fibre moduli
tend to be stabilised perturbatively, and thus end up being heavier than their axion partners, allowing for an EFT where
the saxions can be integrated out to leave an ultra-light axions to drive quintessence (see [959] for a discussion on how,
otherwise, lifting axion away from its minimum can lead to a steep runaway instability in the saxion direction).

Unfortunately, as we have already discussed, it is not sufficient to have a light scalar field to drive a period of
accelerated expansion; the scalar potential must be sufficiently flat. This is not the case for the potential (299) since
the axion decay constant is sub-Planckian, f ∼ MPl/300, while a sufficiently shallow potential would require a super-
Planckian field displacement and axion decay constant [960]. Note that this is not just a consequence of matching the
correct dark energy scale, but also a condition to trust the effective field theory. In fact, axion decay constants typically
scale as f ∼ MPl/τ [474,475,723,961]. Hence τ ≳ 1 implies that axion decay constants are always sub-Planckian. Indeed
super-Planckian decay constants are very difficult to obtain within string theory, and recent discussions in the context
of the string swampland even suggest that they may be forbidden in quantum gravity via axionic versions of the weak
gravity conjecture [433,818,962–964].

However, there are other possibilities for axions to drive an accelerated expansion without a super-Planckian decay
constant:

• Axion hilltop quintessence: for a single axion field, by fine-tuning the initial conditions sufficiently close to its
hilltop, an accelerated expansion can be achieved [929,965]. Even if one might think that not much tuning is
necessary to achieve less than 1 e-folding of late-time accelerated expansion, the initial conditions that allow for
quintessence are likely to be destroyed by inflation. In fact, during inflation the axion is an ultra-light field which
acquires quantum fluctuations of order ∆ϕ ∼ Hinf/(2π ). The initial vicinity to the maximum is determined by the
value of the axion decay constant. For example, for f ∼ 0.02MPl which is roughly the largest possible value of f
compatible with a large volume expansion, this distance in Planck units has to be smaller than 10−18 [929], imposing
Hinf ≲ 10−18 MPl ∼ 1 GeV. For smaller values of f , the tuning gets even worse.

• Axion alignment quintessence: for two or more light axionic fields, an alignment mechanism [283,477,489,966] may
generate an effective super-Planckian decay constant out of two or more sub-Planckian decay constants (see [204]
for other possibilities for axion quintessence, which rely on the presence of a dS minimum). The lightest axion could
play the role of dark energy while the axion which remains heavy could potentially account for dark matter.

6.2.5. Branes, extra dimensions and string symmetries
As a key constraint on quintessence candidates is always their interactions with Standard Model matter resulting in

fifth forces, a natural place to look for string theory quintessence candidates is from hidden sector D-branes, as they may
be coupled to visible sector D-branes with weaker-than-Planckian couplings.

k-essence from branes. Refs. [967,968] explored whether the DBI action could give rise to quintessence attractor tracker
solutions for the scalar field representing the position of the brane. This starts with a string-inspired, phenomenological
action:

SDBI = −

∫
d4x a3(t)

⎛⎝T (φ)W (φ)

√
1 −

φ̇2

T (φ)
− T (φ) − Ṽ (φ)

⎞⎠ , (301)

here T (φ) is the warped tension of the brane and W (φ) and Ṽ (φ) are potential terms, the first coming from the nature
f the D-brane stack (e.g. supersymmetry breaking effects, non-Abelian sectors, worldvolume fluxes) and the second from
ossible interactions with the bulk and other brane stacks. This gives rise to an equation of state:

wφ =
T (φ)(γ − W (φ)) − γ Ṽ (φ)

(302)

γ T (φ)(γW (φ) − 1) + γ Ṽ (φ)
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φ̇2

T (φ)
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2
. The simplest case is of a D3-brane moving in a 5-dimensional AdS space, describing the mid-

region of a warped throat, T (φ) ∝ φ4 and W (φ) = 1. Assuming moreover that Ṽ (φ) ∝ T (φ) is justified as it follows from
γ = constant, which in turn is an attractor scaling solution. Then wφ = 2w + 1 > 1, with w the equation of state of the
background fluid, so that φ scales faster than the background fluid and can never come to dominate the universe [967].
More general forms for the functions characterising the DBI action, which may or may not derive from string theory,
allows for viable k-essence models [968], but only for super-Planckian field excursions. Also, although small scales for the
vacuum energy and quintessence mass can be arranged, their robustness against quantum corrections is not yet addressed,

Fine-tuning, branes and supersymmetry breaking. Branes and extra dimensions potentially allow for symmetries which
can help address the fine-tuning problems in dark energy in non-trivial ways. For example, supersymmetry may be badly
broken in the visible sector branes, say around TeV scale, thus explaining the absence of superpartners for the Standard
Model, whilst the large localised vacuum energy may curve the extra dimensions rather than the branes themselves.
Meanwhile, supersymmetry breaking in the bulk could be suppressed with respect to the visible sector branes by the
Planck scale, leading to a corresponding suppression in the final vacuum energy.

This idea was explored in the Supersymmetric Large Extra Dimensions (SLED) scenario [969,970], where two large
extra dimensions explain the hierarchy problem [971,972] and bring the string scale down to around TeV, whilst the
KK scale and gravitino mass are suppressed to around meV such that bulk contributions to the vacuum energy go as
M2

KKm
2
3/2 ∼ meV4. An interesting stringy embedding of the SLED scenario with anisotropic moduli stabilisation that leads

to 2 extra dimensions much larger than the other 4 has been presented in [470]. In SLED, dark energy emerged as a
quintessence scenario using the volume modulus associated with the large extra dimensions, which develops a logarithmic
slow-roll potential [973,974].

A related scenario based on [470] is [930], which considers large extra dimensions in the context of LVS. Here, the
quintessence field is a fibre modulus which has weaker-than-Planckian couplings to a visible sector that is localised on a
blow-up modulus having no intersection with the quintessence fibre. As already mentioned, having a quintessence sector
which is geometrically separated from the visible sector helps in suppressing dangerous fifth forces and time-variation of
coupling constants. The dark energy potential is generated by tiny poly-instanton corrections to the superpotential and
the model shares several features with those of a typical SLED model: 2 exponentially large extra dimensions, a gravitino
mass of order the cosmological constant scale and TeV-scale gravity.

For these proposals to really work, it is necessary to control the loops on the branes, where supersymmetry is only
non-linearly realised; their contributions to the vacuum energy would need to be absorbed by backreaction onto the extra
dimensional curvature, but they may instead lead to high curvature on the brane or instabilities and runaway solutions.

Progress on these questions may be facilitated by recently developed tools in coupling non-supersymmetric matter
to supergravity [975–980]. This has been initiated in [981], where evidence was found that the supergravity form of the
action – and a small splitting in the gravity supermultiplet – is stable against integrating out heavy, non-supersymmetric
particles, thanks to the interplay with auxiliary fields associated with gravity, the goldstino and other supermultiplets in
the supersymmetric gravity sector. Having a gravity sector that is supersymmetric down to low energies, coupled to a
visible sector where supersymmetry is non-linearly realised, is also motivated by the fact that gravity would have the
weakest couplings to any supersymmetry breaking sector [476]. Cosmological bounds on the light gravitini and moduli
that would arise with enhanced supersymmetry in the gravity sector are discussed in [933,982–986].

How supersymmetry may help in the UV stability of dark energy models such as quintessence has been pursued further
in the scenario of ‘yoga dark energy’ [987]. This proposes that a very supersymmetric gravity sector, combined with an
accidental approximate scale invariance and a ‘relaxon’ scalar field [988] with m ≲ me that dynamically reduces the
leading non-gravitational vacuum energy, might explain the cosmological constant problem and the observed dark energy.
The supersymmetric gravity sector could be realised by brane supersymmetry breaking [989–995], whilst accidental
approximate scale invariance is a generic property of low-energy string vacua [185,186,197] and its interplay with
supersymmetry is studied in [200]. The string interpretation of the relaxon remains to be explored in detail, as well
as how well the scenario stands up to naturalness and phenomenological conditions.

Interestingly, the UV completion [996] of brane supersymmetry breaking is not the standard supersymmetry but rather
a so-called misaligned supersymmetry [997,998]. The possibility that string theoretic modular invariance and misaligned
symmetry may help with the cosmological constant problem has been discussed in [999]. Although no complete realisation
of this idea has been found, there exists non-supersymmetric setups that have an exponentially suppressed vacuum
energy to two-loops [1000–1003], thanks to Bose–Fermi cancellations between the massless field degeneracies in a
non-supersymmetric visible sector and a non-supersymmetric hidden sector.

6.2.6. Dark energy and the swampland
The swampland aims to map out the set of effective field theories that can be ultraviolet completed consistently with

quantum gravity (see Section 7.7 below). The dS swampland conjecture [31–33] proposes that the scalar potential in
any consistent effective field theory must satisfy either |∇V | ≳ c

MPl
V or min(∇i∇jV ) ≲ −

c′2

M2
Pl
V where c, c ′ > 0 are O(1)

niversal constants, ruling out even metastable dS vacua. Support for the dS conjecture is found in the parametrically
symptotically controlled regime of string theory via the swampland distance conjecture and Bousso’s covariant entropy
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ound [33] (it is important to note that the candidate string dS vacua discussed in Section 3 rely on numerical control
ather than parametric control; see also [899,1004] for other quantum gravity arguments against long-lived dS and [1005]
or some motivation via the problems of eternal inflation). In this regime, the strong dS conjecture [948] states that the
trong energy condition should be satisfied at late times, implying c =

√
2, which would also forbid asymptotic accelerated

xpansion.
A solution to the dark energy problem seems therefore to lie in a region of moduli space without full parametric control

ver the effective field theory, i.e. where one cannot make approximations arbitrarily good. dS vacua or quintessence
olutions could however be obtained with numerical control thanks to underlying parameters, like W0 ≪ 1 in KKLT or
−1

∼ e−1/gs ≪ 1 in LVS, which can be made very small, even if not arbitrarily small (since the number of moduli
nd the D3 tadpole set a lower bound on W0 and gs). Note moreover that quintessence model building features the
ame challenges as the construction of dS vacua with however additional constraints coming from fifth forces, radiative
tability of the quintessence mass, and huge hierarchies in the moduli stabilising scalar potential [929]. Hence, from this
erspective, quintessence, instead of looking like a viable alternative to dS, seems to be under even less control than
S vacua. This consideration raises therefore some doubts on the validity of the dS conjecture in regions of the moduli
pace with numerical, instead of parametric, control due to the observational evidence of a present epoch of accelerated
xpansion and the current lack of robust dark energy alternatives to dS and quintessence.
Allowing for effective field theories with quintessence-like configurations, the trans-Planckian censorship conjec-

ure [1006] proposes that the possibility of sub-Planckian scale fluctuations redshifting until they cross the horizon
nd classically freeze out is unphysical, and therefore any epoch of super-luminal expansion must have a finite lifetime
< H lnH . In asymptotic regions of field space, the trans-Planckian censorship conjecture implies the dS swampland

onjecture with c =
√
2/3, however, deep in the interior of field space the former is compatible with metastable dS so

ong as it is sufficiently unstable quantum mechanically.
Ref. [942] considered the implications of the swampland dS conjecture and the swampland distance conjecture and

oncluded that they would be in tension with early universe cosmic inflation: CMB observations bound the single-field
nflationary slow-roll parameter ϵ < 0.0044, which in turn bound the order one constant in the dS conjecture c < 0.094.
Moreover, any future detection of a tensor-to-scalar ratio of order r ∼ 0.01 would indicate an inflaton field excursion of
∆φ ∼ 2MPl. In [1007] the authors coupled the vanilla exponential quintessence potential to the Higgs sector, and found
that this coupling helps in addressing the electroweak vacuum instability problem. Moreover, they obtained the bound
c > 0.35, consistent with current constraints c ≲ 0.6 [941,942,1008].

Whether or not the swampland conjectures turn out to be true, it is interesting to consider to what new ideas they
may lead. Ref. [830] uses the distance/duality conjecture, the smallness of dark energy, and current (albeit rather model
dependent) observational constraints on extra dimensions [918,1009], to argue that the universe is in an asymptotic
region of field space with a single large extra dimension – named the ‘dark dimension’ – of size l ∼ µm ∼ (meV)−1 along
with a fundamental gravity scale M ∼ 1010 GeV. Whereas the brane scenarios discussed in Section 6.2.5 use large extra
dimensions to bring fundamental gravity down to the TeV-scale and to lower the supersymmetry breaking scale in the
gravity sector, here the large extra dimension is motivated by the expectation that the one-loop vacuum energy goes as
M4

KK ∼ (meV)4 for a tower of light states starting at MKK. It goes without saying that finding a viable string embedding
with moduli stabilisation of the large dark dimension scenario is a difficult task. Moreover, it remains an open question
how an accelerated cosmology is obtained in the asymptotic region of field space.

Nevertheless, if dark energy is sourced by a rolling scalar field, the asymptotically exponentially light tower of states
implied by the swampland distance conjecture could play the role of dark matter which continuously becomes lighter
as the dark energy field rolls down its potential [1010]. This so-called ‘fading dark matter’ scenario may help to address
the tensions in the late-time measurements of H0 and σ8 compared to the values inferred from early-times using the
ΛCDM model. Alternatively, the tower of states may correspond to the massive KK gravitons, universally coupled to
the Standard Model and produced as dark matter as the Standard Model sector cools down [831]. Ref. [1011] observes
that a mesoscopic large extra dimension slows down the rate of Hawking radiation for black holes, thus prolonging the
survival of low-mass primordial black holes, which can then compose all of dark matter. The correspondence between a
5-dimensional primordial black hole and 5-dimensional massive KK modes interpretation of dark matter was discussed
in [1012].

6.2.7. Multi-field quintessence
Multi-field quintessence models can help overcome several of the problems suffered by single-field models, and are also

well-motivated by string theory given the large numbers of scalar fields that arise in string compactifications, with non-
trivial target-space geometries. It is then interesting to ask if the no-go theorems for single-field runaway quintessence
in 4-dimensional N = 1 supergravity [680,946–948], discussed above in Section 6.2.2, might be evaded by considering
multi-field models. Similarly to hybrid inflation, multi-field models provide mechanisms to exit the accelerated expansion.
They also provide new avenues to achieve accelerated expansions with steep potentials, via non-geodesic trajectories or
gradient flows. And sufficiently shallow potentials may be found in regions of weak couplings and parametric control,
where competing terms in the multifield asymptotic limit can allow for geodesic trajectories along gradient flows, which
represent shallow valleys in the multi-dimensional moduli space. We will now discuss these various proposals in more
detail.
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Table 8
Examples of string constructions having a 4-dimensional saxion–axion system with K = −p ln(Φ + Φ̄) and V = eKV0 ,
which yields an exponential kinetic coupling and exponential runaway potential in the canonically normalised saxion.
The two-field models arise after all other moduli present in the given setup are fixed. Table from [1024].
p X Theory Sources Minternal References

1 S = e−ϕ
+ i a Heterotic – SU(3) str. [299]

2 T2 = Vol(Σ (2)
4 ) + i

∫
Σ

(2)
4

C(4) Type IIB D3/D7, O3/O7 K3-fibered CY3 [165,167,430]
3 T = Vol(Σ4) + i

∫
Σ4

C(4) Type IIB D3/O3 CY3 [1025]
7 Z = Vol(Σ3) + i

∫
Σ3

A(3) M-theory KK6/KKO6 G2 str. [1026]

Hybrid quintessence for a graceful exit:. The conceptual problems presented by an eternal dS, e.g. the absence of a well-
defined S-matrix, are shared by quintessence models [947,1013] unless there is a mechanism to end quintessence at some
time in the future. Similarly to hybrid inflation [1014], this can be achieved in a multi-field hybrid quintessence model.
A stringy realisation of this idea is given by quintessence from 2 D3-branes separated by some large distance, r , and at
ome relative angle, θ [1015]. The relative angle breaks supersymmetry and generates a tracker quintessence potential
or the 2 fields: V (φ, θ ) = θ2

M8
s

M2
Plφ

4 . To obtain the observed dark energy scale, ρ ∼ 10−120M4
Pl, with θ, φ ∼ MPl, requires

Ms ∼ TeV and hence 2 large extra dimensions. In the early universe, domination by radiation or matter ensures that
H > mθ , so that θ is frozen at a constant VEV O(MPl). If ρφ is greater than the energy density of the tracker solution, φ
rolls quickly down its potential until it freezes at some VEV O(MPl), due to the large redshift of kinetic energy, by which
time ρφ is much less than the tracker energy density. At this point both θ and φ behave as frozen quintessence with
w ≈ −1, and eventually the quintessence comes to dominate the universe. Later, H falls below mθ , θ begins to roll, the
accelerated expansion ceases, and the potential eventually vanishes as θ settles at its minimum, yielding to another era of
matter domination. Although this scenario solves the problem of a well-defined S-matrix, it requires super-Planckian field
displacements to achieve a shallow enough potential to drive the accelerated expansion as well as a moduli stabilisation
scenario that results in two large extra dimensions.

Non-geodesic trajectories in string constructions:. Just as for inflation, having multiple fields provides new avenues to
achieve accelerated expansion with steep potentials via curved non-geodesic trajectories in the multi-dimensional target-
space. String compactifications do give rise to non-linear sigma models in their 4-dimensional N = 1 supergravity
descriptions, providing in principle interesting target-space geometries for non-geodesic behaviour.58 Moreover, non-
geodesic trajectories can be longer than the geodesic distances that determine the masses of towers of states [1016,
1017].

Various effective field theory multi-field models have been proposed that are consistent with observational data
and the swampland conjectures [34,630,1018–1023]. Ref. [1024] considers instead string-inspired multi-field models
composed of saxion–axion pairs with the kinetic couplings and scalar potential expected for either closed string universal
moduli or non-universal moduli such as blow-up modes. A possible setting for the universal moduli is [134,1025]; these
involve type IIB flux compactifications with all the complex structure moduli and axio-dilaton stabilised, leaving a single
Kähler modulus with K = −p ln(T + T̄ ) and V = V0/(T + T̄ )p and p = 3. Other string settings corresponding to different
values of p are outlined in Table 8. A possible setting to consider candidate blow-up modes is type IIB orientifold flux
compactifications with internal Calabi–Yau of the ‘weak Swiss cheese’ form [433], assuming just one universal modulus,
τb, and one blow-up mode, τs, with τs ≪ τb, for which K = −2 lnV = −3 ln τb + 2 (τs/τb)3/2.

This yields specific polynomial kinetic couplings and scalar potential. For the string-motivated couplings and potential
iscussed, and assuming that the dark energy epoch is entered from an epoch of matter domination as in our universe,
ef. [1024] found that – although multi-field accelerated cosmologies could easily be found – none passed through the
urrent observed values for (ΩDE, wDE) ≈ (0.7,−1) (starting from these observed values and working backwards, it was
ound that the observed values could be reached via initial conditions of kinetic domination). It remains an open question
hether observationally viable models could be found in other multi-field string setups, with different couplings and
otentials and/or more than two fields.

radient flows in string constructions:. Ref. [682] considers saxionic multi-field models, again focusing on regions of the
oduli space at infinite field distance, which give parametric control as the weak coupling parameter in the relevant
erturbative expansion goes to zero in that limit. Under the assumption of slow-roll, it is shown that, asymptotically,
he trajectories are gradient flows, completely determined by the shape of the potential and the field space metric:
hese flows are parameterised by λ with φ̇k(λ) = −F(λ)∂kV (λ) where the smooth positive function F(λ) takes care
f reparameterisation invariance. The important point is that, with multiple fields, different terms can compete with each
ther in the potential even in the asymptotic limit. Consider for example the 4-dimensional N = 1 scalar potentials
rising from F-theory compactified on a Calabi–Yau fourfold with G4-flux. Assume also that the Kähler modulus, of
hich the superpotential is independent, allows for a no-scale cancellation leaving a positive-definite scalar potential

58 However, as shown in [11], non-geodesic trajectories in supergravity seem to require very large field space curvatures.
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NS = eKK īȷDiWDjW . Then, the asymptotic limit when approaching an infinite distance singularity in complex structure
moduli space, keeping the overall volume V constant and assuming that partner axions have been stabilised or remain as
flat directions, takes the form:

VNS =

∑
l∈E

Al

n∏
k=1

(
φk)lk , (303)

or n saxions φk, E ⊂ Zn and Al ∈ R. The powers lk are constrained and classified by the framework of asymptotic Hodge
heory, and overall, coefficients are such that V ≥ 0 asymptotically and V → 0 along at least one trajectory towards
nfinity. Consider for simplicity Calabi–Yau fourfolds with 2 complex structure moduli only. Now, for flux choices such
hat the asymptotic potential has a single dominant term, e.g.

VNS = f 24
1

φ1φ2 (304)

with φ⃗(λ) = (αλ3, λ), the situation is similar to the single-field case and the potential is too steep to drive an accelerated
expansion. However, there are also flux choices that allow more than one term to compete in the asymptotic limit, e.g.

VNS = f 22
φ2

φ1 + h2
0
φ1(
φ2
)3 , (305)

ith φ⃗(λ) =

(√
5
3

f2
h0
λ2, λ

)
. It can be shown that the dS coefficient for such an asymptotic gradient flow is |∇VNS|

VNS
=

√
2
7 ,

hich is sufficiently small to allow for a slow-roll accelerated expansion. The multi-field trajectories found turn out to be
eodesic ones. As discussed in [683,1027] (see therein for some critique of the analysis in [682]), these slow-roll gradient
low solutions turn out to fall into to a more general class of ‘fixed-point’ cosmologies for multi-field, multi-exponential
otentials, studied in the earlier work [1028], which we will review shortly.
It is important to note that the potentials just written have ignored the Kähler moduli, in particular the universal

olume modulus. Unless the volume modulus is stabilised, it will also contribute to the dS coefficient, rendering the
otential once again too steep for an accelerated expansion; at the same time, once the volume is stabilised, the no-scale
ancellation, assumed in order to ensure a positive-definite scalar potential, needs to be revisited. This has motivated
recent attempt [1029] to realise the scenario in the context of non-geometric type IIB compactifications that have no
ähler moduli; however, for the model considered, none of the possible asymptotic limits allowed for an accelerated
xpansion.

ate-time acceleration from multi-field multi-exponential potentials. The potentials considered above for gradient flows in
tring constructions [682] take the form of multi-field multi-exponentials after canonical normalisation of the saxions:

V =

m∑
l=1

Al e−γklφ
k
, (306)

ith k = 1, . . . n scalar fields and l = 1, . . .m exponential terms. Multi-exponential potentials have been studied from
field theory point of view in [1030–1033] in the context of assisted inflation, and in the context of quintessence
ithout [1034] and with [1035,1036] the contribution of a perfect fluid (see [694] for the single-field, single-exponential
caling cosmologies, which include a perfect fluid). Building on earlier work [1028], Refs. [683,1027] have investigated the
ssociated late-time ‘fixed-point’ cosmologies, which would not generally satisfy slow-roll conditions (so the associated
quation of state is far from the observed w ≈ −1). Under certain assumptions on the coefficients in (306), including
l > 0, it is proven that the fixed-point solutions are late-time attractors independently of the initial conditions and
hat these solutions follow the gradient-flow. Moreover, in characterising the late-time behaviour of these cosmological
olutions, a convex-hull condition for late-time acceleration is derived for the coefficients in (306) (see [682] for preceding
ork on convex-hull conditions). In related work, very recently, Ref. [1037] claims that – for multi-field, multi-exponential
otentials that descend from string compactifications, which include at least some Al < 0 – the fixed-point solutions that
orrespond to accelerated expansion are likely to be perturbative unstable.

.2.8. Coupled dark sector models
Another way to overcome difficulties in finding accelerating cosmologies in string theory are scenarios in which the

ark energy and dark matter sectors are coupled. Although there are strong constraints on dark energy interacting with
he visible sector, from solar-system and table-top tests of gravity, there are no such constraints on dark energy interacting
ith dark matter. Given the rich hidden sectors offered by string constructions, coupled dark sectors are well-motivated
nd also come with interesting phenomenological signatures (see [1038,1039] for a review into phenomenological models
f interacting dark energy/dark matter).
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BI-essence with disformally coupled dark matter:. One such scenario arises from D-branes, where, as in DBI quintessence,
ark energy arises from open strings representing the radial position of a D-brane along a warped throat, and now dark
atter arises from open strings representing matter on the same hidden sector brane [785]. The action for the dark
nergy scalar takes the form (301) with T (φ) = h−1(φ), the inverse warp factor, and W (φ) = 1. The action for the dark
atter, originating at low energies from N particles on the moving D3-brane, e.g. from vector fields which have acquired

Stückelberg masses mi, takes the form:

SDM = −

N∑
i=1

∫
d4xmi

√
−ḡµν ẋ

µ

i ẋ
ν
i δ

(4)(xi(τ ) − xi), (307)

where ḡµν = h−1/2gµν + h1/2∂µxm∂νxmgmn is the pull-back of the 10-dimensional metric onto the brane, xM (ξµ) are the
embedding of the brane worldvolume into the spacetime, and we have chosen the static gauge ξµ = xµ. The energy
density that follows from SDM is:

ρ =

N∑
i=1

miδ
(4)(xi(τ ) − xi)

(
1

T3h(φ)

) 1
4

√
ẋ2

g

(
1 − h(φ), (uµ∂µφ)2

)− 1
2 (308)

ith uµ =
ẋµ√
−ẋ2

, from which one obtains a (so-called ‘disformal’ [786]) coupling with the dark energy scalar, φ. This

non-trivial coupling leads to a non-conservation of dark matter energy density and a non-standard time-evolution as the
universe expands.

Consider two concrete examples, namely (i) an AdS warp factor, h(φ) ∼ φ−4, corresponding to a D-brane in the mid-
region of a Klebanov–Strassler throat together with a mass term for the scalar potential, Ṽ (φ) ∼ φ2 and (ii) a constant
warp factor, h(φ) ∼ constant, corresponding to a D-brane in the bulk or close to the tip of the throat, and an inverse
power law potential, Ṽ (φ) ∼ φ−2.

In both cases, a dynamical systems analysis reveals a late-time accelerating scaling expansion, with the universe
becoming asymptotically devoid of all matter whilst maintaining a constant rate of acceleration. The acceleration may
ultimately end, however, depending on what happens when the dark D-brane eventually reaches the tip of the throat.
Note that the usual slow-roll conditions and Hubble scale mass for the dark energy scalar, φ, is not necessary for this
acceleration, thanks to the non-canonical kinetic term in the DBI action. The observed dark energy scale is obtained for
mφ ∼ 10−60M2

Pl, which can be achieved for a D-brane close the tip of the warp throat (although the cosmological constant
problem, as usual, has not been addressed). The consequent interchanges between dark energy and dark matter suggests
that their energy densities should be around the same order, providing a solution to the coincidence problem. As well as
phenomenological questions on the implications of coupled dark sectors for structure formation, it also remains necessary
to embed the interesting D-brane couplings and potential into a fully fledged string compactifications with stabilised
moduli.

Dark matter assisted dark energy. As well as explaining the coincidence problem, coupling dark energy to dark matter can
help to achieve accelerated expansion in ways consistent with quantum gravity expectations; with a graceful exit from
the dS epoch, thus allowing S-matrices to be consistently defined [1040].

Motivated by the prevalence of hidden sectors in string theory, the thermal dark energy scenario [1041] (cf. thermal
inflation [1042]) proposes the existence of a light hidden sector that is still in internal thermal equilibrium in the present-
day universe, thus constituting dark radiation. A light hidden scalar φ – which can be a modulus or matter field – can
then be stabilised in a temperature-dependent metastable dS minimum, away from its true AdS or Minkowski minimum,
thanks to its interactions with bosons χ i and fermions ψa in the thermal bath. For example, with interaction terms
λiφ

2χ iχ i and yaφψaψ̄a, and hidden sector temperature Th much greater than the masses mχ i ,mψa in the thermal bath,
finite temperature effects contribute to the scalar potential for φ as:

V (φ, Th) = V (φ, 0) + bT 2
h φ

2 , (309)

where the constant b depends on the interaction couplings, λi, ya. Consider e.g. φ with a Higgs-like zero-temperature
potential V (φ, 0) = λ(φ2

− φ2
0 )

2, with zero-temperature minimum at φ = φ0 giving Minkowski space and mφ = 2
√
λφ0.

hen, for sufficiently high hidden sector temperatures Th > Tc =

√
2λ
b φ0, finite temperature effects stabilise φ at φ = 0,

t a dS minimum with vacuum energy ρDE = λφ4
0 . Phenomenologically viable regions of parameter space can be found

for scalar masses ≲ µeV, which are much larger than usual quintessence scales. The metastable dS survives until hidden
sector temperatures fall below Tc , around which time there will typically be a first-order phase transition to the true
global Minkowski minimum, thus allowing a well-defined S-matrix.

A related scenario is ‘locked dark energy’ [1043] (cf. locked inflation [1044]). Starting with the same Higgs-like zero-
temperature potential for φ and hidden sector quartic interaction λχφ2χ2, one considers a region of parameter space
where now mχ ≳ H0, such that χ behaves as a dark matter field undergoing coherent oscillations, that is, fuzzy dark
matter. Similar to the finite temperature contributions in the thermal dark energy case, the background amplitude in χ
can drive φ to the maximum of its potential φ = 0, this happens when χ > χc =

√
2λ φ0. Through the oscillation, χ

λχ
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pends some time with value ≲ χc ; assuming an oscillation frequency ωχ = mχ this is given by ∆t ∼
χc

mχ χ̄
with χ̄ the

mplitude of the oscillations. So long as this time is less than the time scale of φ’s tachyonic instability, (mφ)−1 with
φ the tachyonic mass, φ stays locked in a metastable dS. As the oscillations in χ are damped by the expansion of the

universe, their amplitude decreases with time; the vacuum energy in φ comes to dominate the universe and drive an
accelerated expansion, until, eventually, the amplitude in χ falls below the critical value χc . Then φ rolls down to its
true Minkowski minimum and the epoch of accelerated expansion ends, providing resolution to the S-matrix problem.
Phenomenological regions of parameter space have mχ ≲ 10 MeV (so that it has not yet decayed) and, again, mφ ≲ µeV.

The thermal and locked dark energy scenarios are string-inspired models, but it remains to embed them in fully fledged
tring constructions with moduli stabilisation, and so identify their phenomenologically viable parameter spaces.

.2.9. Time-dependent compactifications
As per our discussion in Section 3, for any higher dimensional theory that satisfies the strong energy condition (i.e. has
stress energy tensor that, together with Einstein’s equation, implies R00 ≤ 0), there cannot be a time-independent
ompactification that has 4-dimensional accelerated expansion (and in fact this extends to massive IIA, which does not
atisfy the strong energy condition) [76,78].
However, time-dependent compactifications evade this no-go theorem [1045] and can give rise to transient periods

f acceleration [1045–1051], corresponding to S-brane (‘space-like’ brane) solutions [1046,1050,1052]. Indeed, any
ompactification that has a semi-positive definite scalar potential in the low-energy effective field theory can generate an
ccelerated expansion by starting with initial conditions such that the scalar field rolls up its potential with friction:
ventually the field reaches a maximum, φ̇ = 0 and at this point there is an accelerated expansion if the potential

dominates over other fluids present (see [1053] for a review). E.g. for a flat compactification with fluxes or compactification
on a (compact) hyperbolic space, H/Γ with Γ a freely acting orbifold, the scalar potential takes the form V (φ) = Λ e−aφ

with φ a geometric modulus. Thus, as φ evolves, the compactification is time-dependent. Despite this time-dependence
of the compact space, the 4-dimensional Newton’s ‘constant’ is actually constant in the Einstein frame arrived at via a
time-dependent Weyl rescaling; note that not all coupling constants, however, will be time-independent in this frame.
Although there is no no-go theorem against compactifications with late-time accelerating cosmologies [1020], all explicit
solutions found in 10/11-dimensional supergravities, which are low energy effective field theories of string theory, have
either acceleration for some transient period that ends in deceleration or acceleration that tends to zero asymptotically;
thus they have no cosmological horizon and no problem in defining an S-matrix (see, however, [1054], which argues
for dS solutions in type IIB/M-theory with time-dependent compact manifolds and fluxes, in the presence of local and
non-local quantum corrections).

Ref. [1055] contains a recent discussion on time-dependent compactifications of type IIA supergravity on Ein-
stein, Einstein–Kähler and Calabi–Yau manifolds with fluxes, which identifies cosmologies with transient acceleration,
(semi-)eternal acceleration, parametric control on the number of e-foldings, or alternating acceleration/deceleration;
interestingly, all solutions found therein have negative spatial 4-dimensional curvature (an open universe). See Ref. [1056]
for further discussion of accelerated expansion in open Universes. Ref. [1057] discusses transient cosmological acceleration
in a system with two axio-dilatons including one axion flat direction, which is a consistent truncation of maximal massive
supergravity theories arising from string theory; these solutions correspond to flat FRW cosmologies with power-law scale
factor, some including a transient dS-like epoch with w ≈ −1.

Although these time-dependent compactifications with transient accelerated expansion have some regions of pa-
rameter space allowing to match the current observed values for energy density and equation of state (ΩDE, wDE) ∼

(0.7,−1), there are a number of open issues. A suitable choice of frame yields a constant 4-dimensional Newton’s
constant, but the phenomenological viability of the time-dependence in other couplings needs to be verified [1020,1058].
Matching the observed dark energy density requires too large a compact space, thus invalidating a 4-dimensional effective
description [1051]. A proper understanding of S-branes, with strong string coupling, is needed. Furthermore, the scenario
needs to be embedded into a full-fledged string construction that includes matter and moduli stabilisation.

6.2.10. Early dark energy
So far we have discussed late-time cosmological acceleration in the context of string theory models. Recently, it has

also been proposed to introduce an early-time dark energy epoch [1059,1060], motivated by the persistent discrepancy
between the value of the cosmic expansion rate today, H0, determined from direct measurements of distance and
redshift, and its value inferred from the standard ΛCDM model using CMB measurements (for recent reviews on the
H0 discrepancies and phenomenological solutions see [52,54]). The Early Dark Energy (EDE) proposal postulates that
there was a form of energy density, which contributes ∼ 10% of the total energy density of the universe briefly before
recombination z > 3000 and then decays faster than radiation, so that it leaves the late-time evolution of the universe
unchanged. This implies that the expansion rate H(t) is increased shortly before the formation of the CMB, which raises
the estimated value of H0 based on CMB data.

A phenomenological EDE model is given by a scalar field, ϕ, with potential (see [1041,1061] for some alternatives)

VEDE = V0

[
1 − cos

(
ϕ

f

)]n
, (310)
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here V0 ∼ eV4, such that the energy density is comparable to that of the universe prior to recombination. If the initial
ield value is ϕ/f ∼ π , the field is initially frozen and behaves like a cosmological constant. Later, the field rolls-down its
otential and begins to oscillate about its minimum with an equation of state ωEDE = (n − 1)/(n + 1), so that its energy
ensity decays as a ∝ ρ−6n/(n+1). Therefore, its energy density decays faster than radiation for n > 2. The best fit values
or (n, f ) are n = 3 and f ∼ 0.2MPl [1060,1062].

Although the proposal is relatively simple, and successful in relaxing the Hubble tension [54], it presents challenges,
such as reproducing the energy scale V0 ∼ eV4 and the UV origin of the potential (310). For an axionic potential, the
periodic terms in (310) can be seen as the leading terms in an instanton expansion. Therefore, the value n = 3 would
correspond to a delicate balance of the terms in an instanton expansion [1063]. Although most of the work on this proposal
has been phenomenological, a proposal to realise the EDE potential (310) in supergravity and string theory has been put
forward in [1064], using racetrack-like type of superpotentials with suitable coefficients to ensure the required behaviour.

A more detailed analysis of EDE from type IIB string theory has been recently performed in [1065] which identified C2
axions in LVS models as promising candidates to realise EDE from string theory with full closed string moduli stabilisation
in a controlled effective field theory. The best working example of [1065] is a typical Swiss-cheese LVS model with an
orientifold odd modulus G = S̄b + i c (where b and c are the axions arising respectively from the reduction of B2 and C2
on the orientifold odd 4-cycle) which mixes with the big modulus Tb. The superpotential takes the form

W = WLVS + A1 e−a(Tb+fG)
+ A2 e−a(Tb+2fG)

+ A3 e−a(Tb+3fG) , (311)

where WLVS is the standard LVS superpotential and a = 2π/M . The last 3 terms in (311) are generated by gaugino
condensation on D7-branes with non-zero world-volume fluxes fk = kf (k = 1, 2, 3) that yield the following EDE potential
(after fixing Im(Tb) = b = 0):

VEDE = V0

[
5
2

−
15
4

cos (af c)+
3
2
cos (2af c)−

1
4
cos (3af c)

]
, (312)

with A1 = −15A/4, A2 = 3A/2, A3 = −A/4. After expressing the C2 axion c in terms of the canonically normalised field ϕ
with decay constant f ∼ 0.2

√
gs M V−1/3, Eq. (312) reproduces the required EDE potential (310) with n = 3. Writing the

elation between f and the non-perturbative action S as fS ∼ λMPl, the EDE scale V0 can be written schematically as:

V0 = Λ e−S M4
Pl ≃ Λ e−λMPl/f M4

Pl ≃ Λ e−5λM4
Pl for f ≃ 0.2MPl , (313)

which can reproduce V0 ∼ 10−108 M4
Pl without tuning Λ only if λ ≫ 1. As summarised in Table 5, Ref. [818] found that

λ ∼ O(1) for C4 axions with ED3/D7 non-perturbative effects and C2 axions with fluxed ED1/D5 non-perturbative effects,
while λ ∼

√
gs V1/3

≫ 1 for C2 axions with fluxed ED3/D7 non-perturbative effects. Hence, this singles out this last case
as the only one which can realise EDE without excessive fine-tuning. In fact, in this case the EDE scale and decay constant
can be matched for A ∼ |W0| ∼ O(1), gs ∼ O(0.1), M ∼ O(100) (implying that fluxed ED3-instantons with M = 1
ould not give the right f for V ≫ 1) and V ∼ O(5 × 105) which correlate with m3/2 ∼ O(1013) GeV and mV ∼ O(1010)

GeV [1065].

7. Alternatives

So far we have followed the main highway of string cosmology, taking as a guideline the most standard and successful
approach to the early universe, namely the inflationary universe. But, even this is limited in scope. String theory’s standing
as the prime candidate for a fundamental theory of Nature implies that at some point it should be able to address the
earliest moments of the Universe and the questions of what happened before inflation. Even more interestingly, it may
give rise to totally different scenarios of the early universe which manifest an intrinsic stringy structure of matter and
provide alternatives to the inflationary scenario.

Over the years, several attempts have been proposed to explore this important possibility. It is essentially impossible
to give a full review of all these proposals and we content ourselves with providing a short overview of the main ideas put
forward in each case, referring to other reviews where these ideas are discussed in more detail [1066–1072]. In particular,
we follow closely the summary presented in [409] and update the original presentations there.

Before discussing concrete proposals, we point out general areas where string theory and cosmology ought to intersect:

1. Big-bang singularity. Within the current understanding of string theory it is not possible to address the earliest point
in the history of the universe. It is widely believed that before reaching the spacetime singularity, even spacetime
itself could become an emergent quantity where a fully-fledged non-perturbative formulation of string theory (or
quantum gravity) will be needed. For various approaches to address this question see e.g [1073–1083] (we will
discuss some in detail in what follows).

2. Hagedorn phase. Since the early days of string theory it has been known that there is a critical temperature known
as Hagedorn’s temperature, TH . As the number of string states increases exponentially with energy, the partition
function

Z = Tre−βH , (314)
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with β = 1/T and H the Hamiltonian, diverges at a finite temperature TH =
1

4π
√
α′
. This indicates that going back

in time from the present the Universe will reach a point in which the stringy nature will dominate and at the
temperature TH a phase transition may occur. The precise nature of this phase is not known but the existence of
a critical temperature clearly indicates that the stringy nature of the early universe would manifest itself at finite
times.

3. Vacuum transitions. The work by Coleman and collaborators to address quantum tunnelling transitions among de-
Sitter, anti-de-Sitter and Minkowski spacetimes could mark the beginning and end of our universe in a multiverse
scenario. String theory should be able to provide a proper formulation to address these questions in a full quantum
theory of gravity.

4. The wave function of the universe. The attempts to describe a wave function of the universe and the creation of
the universe from nothing, as pioneered by Vilenkin, Hartle and Hawking, were developed using a semiclassical
approach to gravity. String theory, being a UV complete theory, should be able to provide a proper formulation of
these proposals.

Addressing these questions is important for string theory (and also any other proposal of quantum gravity), and may
r may not lead to an inflationary universe. It is important to hold these questions in mind and consider with an open
ind possible alternatives to inflation, following where the science leads but also not being contrarian for its own sake.

.1. Time-dependent string backgrounds

Formulating string theory in time-dependent backgrounds remains an open question. However, we can find with more
ase time-dependent backgrounds of the low-energy ten-dimensional field theory for the different string theories. In these
olutions, the metric, dilaton and antisymmetric tensors may be time-dependent with cosmological implications. A natural
uestion is to search for solutions in which 4-dimensions expand and the other ones are either static or expand much
ore slowly, in order to address the fact that we only observe four large dimensions.
For this, we first consider a low energy string effective action including the metric gMN , the dilaton ϕ and the NS-NS

ntisymmetric tensor of the bosonic and heterotic strings BMN . In an arbitrary number of dimensions D = d+1 the bosonic
ction takes the form (in units where ls = 1):

S =

∫
dDx

√
−g e−ϕ

(
R + ∂Mϕ∂

Mϕ −
1
12

HMNPHMNP
+ · · ·

)
, (315)

here H3 = dB2.
Two simple classes of solutions can be described directly, including only the dilaton and metric time dependence with

anishing torsion HMNP = 0:

1. Linear Dilaton. In the string frame there is a general solution of ϕ = A t , with A a constant, and metric gMN =

ηMN [1084,1085]. Going to the Einstein frame, the solutions allow for a cosmological interpretation with metric
ds2D = −dt2 + t2dx2D−1 which may be given a cosmological interpretation with linearly expanding dimensions.

2. Rolling toroidal radii. A simple solution with vanishing curvature is to assume that all the spatial dimensions are
tori with time-dependent radii Ri(t) [1086]. For the critical dimension, in the string frame:

Ri(t) ∝ tpi e−ϕ(t)
∝ tp,

∑
i

p2i = 1,
∑

i

pi = p. (316)

For different values of the constants pi, this can generate either expanding or static solutions, but without any
preference for the physical case pi > 0, i = 1, 2, 3 and pi = 0 for i > 3. The solution in Eq. (316) is recognisable as
a generalised Kasner solution, extended to include a rolling dilaton.

ven though these are not realistic cosmological solutions, they were the first steps in the study of time-dependent
olutions of string theory. Over the years further solutions have been studied with interesting cosmological interpre-
ations.59 We will discuss some of them later on. In particular, solutions generalising the original chaotic solutions of
4D gravity from Belinsky, Lifshitz and Kalathnikov [1088,1089] have been much studied with interesting mathematical
structure [1073,1074,1090]. For a recent discussion of general classes of cosmological solutions see [1057,1091]. An
interesting concrete study of cosmological string theory backgrounds in two dimensions for which three and four point
functions can be explicitly computed has recently been done in [1092].

59 It is important to keep in mind that four dimensional cosmology experienced by observers can be an effective one, as is clearly exhibited in
mirage cosmology [1087]
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Fig. 34. Temperature T against the radius of the extra dimensions R in string gas cosmology illustrating the Hagedorn temperature as a limiting
temperature in string theory and the two dual phases of T-duality separated at the self dual point Rc .

7.2. String/brane gas cosmology

One of the first approaches to string cosmology was the Brandenberger–Vafa scenario [1093] (see also [1094], for
reviews and recent discussions see [1069,1095]). The idea is based on the simplest manifestation of T-duality in toroidal
compactifications with radius R:

M2
=

n2

4R2 + m2R2
+ NL + NR − 2 , (317)

n units of the inverse string tension α′
= 1/2. The integers n and m give the quantised momentum in the circle and

he winding number of the string in the circle, NL,R are the left and right oscillator numbers respectively. We can easily
ee that the spectrum is invariant under the simultaneous exchange of R ↔ 1/(2R) and winding and momentum modes,
↔ m, with a self-dual radius of Rc = 1/

√
2. This is the simplest manifestation of T -duality in string theory.

Brandenberger and Vafa explored the possible implications of this duality in cosmology and made a few interesting
remarks:

• The concept of distance is different for radii greater and smaller than the self-dual radius Rc . For radii greater than
Rc , distance can be defined in the standard way as the dual of the conjugate momenta. But below the critical radius,
the winding models play the role of momenta and it is the conjugate dual of the winding modes that properly define
distance, Supposing this duality to hold in general, it is then possible to avoid distances smaller than the self-dual
radius as the physics at those distances is equivalent to the physics at distances greater than the self-dual radius. In
this sense, this concept of minimal length offers a way to avoid the big-bang singularity.

• Winding modes, and the tension associated to them, suggest that energetics can favour a small value of the
corresponding circles. If winding modes annihilate with modes of the opposite winding, the corresponding circle
can grow as large as possible and so essentially de-compactify. p-dimensional objects generically intersect in at most
2p + 1 dimensions. Therefore, winding strings (p = 1) can annihilate in three spatial dimensions and allow these
dimensions to become large, offering a potential explanation of the fact that we live in 3+1 dimensions. This proposal
is one of the very few concrete proposals to explain one of the most clear experimental properties of our observed
universe, namely that it has three large dimensions and that the other ones, if they exist, are somehow hidden to
us.60 Some numerical studies have been made of this proposal, with mixed results (see for instance [1097–1099]).

• Independent of the dimensionality issue, this proposal emphasises that the current approach to cosmology in the
FLRW model should be expanded such that the stress–energy tensor contribution to the density and pressure of
the universe should be that of a gas of strings and branes entering into the Einstein’s equations used to study early
universe cosmology. Extrapolating back in time from the present we reach higher and higher temperatures and at
the critical Hagedorn temperature TH there is an expected phase transition to a new phase dominated by a gas of
strings and branes [1069,1095,1100–1102]. This is illustrated in Fig. 34. Even though the nature of this phase is not
known its cosmological implications may be possible to explore.

Although these ideas are very attractive, they have been mostly formulated in simplistic cases for which all of the
dimensions are circles. They have not been formulated on realistic set-ups in which chiral matter like in the Standard
Model is present. A further issue is that the intuition that strings under tension causes cycles to shrink only holds under

60 As mentioned in the brane inflation section, there are other proposals to address the dimensionality of spacetime [543,555,556]. For an
independent early proposal see [1096].
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Fig. 35. Possible realisation of the pre big-bang scenario with the past and future regions expected to match at the singularity with strong coupling
and large curvature.

the assumption that the dilaton has been stabilised, e.g. by some standard mechanism such as gaugino condensation. This
is manifest in 4-dimensional Einstein frame, where the radion is a linear combination of the string frame dilaton and
radion.

The lack of understanding of the Hagedorn phase is also a major obstacle at the moment. However, these ideas
ay eventually be applicable in more realistic frameworks and it is worth to keep them in mind. In particular, after

he emergence of the brane-world scenario, generalisation of these ideas may add to the arguments for the critical
imensionality of spacetime. For example, for D4 branes (p = 4) to avoid annihilating each other they need to live in

a universe with dimension greater than 2p + 1 = 9. This may put a bound on the brane dimensionality to be smaller
than four [543,556]. A more detailed study for IIB string theory singles out D3 and D7 branes [555] which are precisely
the branes which host the Standard Model in F-theory and other local D-brane constructions of the Standard Model. For
a realisation of inflation making use of the Hagedorn phase see [1103].

In the regimes where effective field theories are applicable, there also remains the standard challenge of implementing
the scenario in realistic set-ups including moduli stabilisation (for a study of a possible realisation in type IIB string theory,
see [712]).

7.3. Pre big-bang cosmology

In the 1990s Veneziano and collaborators went beyond the Brandenberger–Vafa proposal by considering the possibility
of T duality in cosmological backgrounds much closer to the FRW type. For an ansatz of the type: ds2 = −dt2 +∑d

i=1 a
2
i (t) dx

2
i it can be seen that T duality is a symmetry of the equations of motion acting as:

ai(t) →
1

ai(t)
, ϕ → ϕ − 2

∑
i

log ai. (318)

ince ai(t) represent the scale factor, as in FRW, this has been named scale factor duality [1104]. Thus we can see that
xpanding and contracting universes are related by this symmetry.
Gasperini and Veneziano combined this symmetry with the standard time-reversal symmetry: a(t) ↔ a(−t), to allow

or a possibility of considering cosmology before t = 0, in which the Hubble parameter increases instead of decreases.
ithout duality, the symmetry under t → −t would send H(t) → −H(−t) but, combining this with scale factor duality,

t provides four different sign combinations for H(t). If the universe at late times is decelerating, H would be a decreasing
onotonic function of time for ‘positive’ t , but a combination of duality and the t → −t transformation can give rise to
(−t) = H(t) so that this function can be even, as shown in Fig. 35. They therefore proposed a scenario in which the
niverse accelerates from negative times towards the big-bang and then decelerates after the big-bang. The acceleration
ould indicate a period of inflation before the big-bang without the need of an scalar potential. This scenario is called
re Big-Bang Cosmology [1066,1105,1106], see also [1107].
A concrete solution for this system corresponds to the isotropic case ai = aj ≡ a(t) for which:

a(t) = t1/
√
d t > 0 , (319)
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Fig. 36. The Horava Witten scenario. Two surfaces or end of the world branes, each at the end of the interval, provide chiral matter and possibly
nteresting cosmology as proposed in the ekpyrotic/cyclic scenario. Ripples on the mobile brane may be the source of density perturbations.

ith a constant dilaton. For this solution, H(t) ∼ 1/t decreases monotonically with time. By applying the transformation
t → −t and duality we can generate the four different branches of solutions:

a(t) = t±1/
√
d t > 0, a(t) = (−t)±1/

√
d t < 0, (320)

with ϕ±(±t) = (±
√
d − 1) log(±t).

In the two branches for which H > 0, the universe expands, which provides an interesting realisation of the pre
big-bang scenario, as illustrated in Fig. 35. The solutions are such that there is a singularity at t = 0 but also in this region
he dilaton blows up implying strong string coupling. The hope is that non-perturbative string effects provide a smooth
atching between these two branches. Since the weak coupling perturbative string vacuum appears as a natural initial
ondition in the pre big-bang era, the scenario consists of an empty cold universe in the infinite past which expands in an
ccelerated way towards a region of higher curvature. Eventually, it approaches the region of strong coupling and large
urvature, which is assumed will match smoothly to the post big-bang branch in which the universe continues expanding
ut now with decelerated expansion.
The spectrum of density perturbations in this scenario has been estimated, and claimed not to contradict the recent

bservations. The scenario also provides testable differences compared to inflation via the tensor perturbations, which
ould be put to test in future searches for gravitational waves.
While this scenario has very interesting features, it has also been subject to criticism for several reasons. First, as the

riginal authors pointed out, the main problem to understand is the graceful exit question, namely how to pass smoothly
rom the pre to post Big-Bang period. As this requires describing the big-bang singularity, this is a major challenge. Close
o the Big-Bang the perturbative treatment of string theory does not hold since the dilaton and the curvature increase,
mplying strong string coupling. Therefore, there is no concrete way to address this issue within the framework where
he theory is formulated. Another important problem is the fact that the moduli are neglected from this analysis and
here has to be a mechanism that stabilises the extra dimensions. Furthermore, the scale factor duality symmetry that
otivated the scenario is not clearly realised in more realistic settings with nontrivial matter content and the fact that

he dilaton will eventually be fixed by non-perturbative effects may change the setting of the scenario.
On the other hand, this represents an explicit proposal for the early universe with interesting string inputs which may

rove useful in a more realistic scenario. Furthermore, the study of this scenario has led to interesting potential signatures
rom gravitational waves and has triggered much activity in this direction. After the detection of gravitational waves and
he future progress in this direction, these preliminary studies of gravitational waves from a string theory perspective
ay prove very useful for experimental searches and may be a useful guideline for alternative proposals.

.4. Ekpyrotic/cyclic scenario

The ekpyrotic scenario (illustrated in Fig. 36) was developed in the early 2000s by Khoury, Ovrut, Steinhardt and
urok and has presented itself as an interesting alternative to the inflationary universe, drawing its original inspiration
rom string theory [1067,1108–1110].
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The proposal was first formulated within a particular string theory scenario, namely the 11-dimensional formalism
f Horava and Witten with one of the dimensions compactified in an interval I (understood as a Z2 orbifold of a circle
= S1/Z2). The endpoints of the interval correspond to two parallel 10-dimensional spaces or end of the world branes
hich are the ‘fixed points’ of the orbifold, with each hosting E8 gauge theories, providing a strong coupling version of
he heterotic string. Further compactification on a six-dimensional Calabi–Yau manifold then leaves two 4D worlds at the
nds of the interval in the 5D bulk. In principle, quasi-realistic models can be obtained from this approach, mostly using
he topological properties of Calabi–Yau manifolds. It turns out that besides the end of the (interval) world branes, which
e may also refer to as boundary branes, there are also five-dimensional branes in these compactifications (M-branes)
hat are not restricted to live at the fixed points and can move through the bulk. These are called bulk branes in order to
ifferentiate them from the boundary branes. Overall, these configurations are reminiscent of models with both D-branes
t orbifold singularities and also mobile branes.
Khoury et al. also made an interesting proposal regarding the collision of branes, not to obtain inflation as in the

rane inflation discussed in Section 2.3, but as an alternative to inflation. The original idea was to assume that a (hidden)
ulk brane going from one boundary of the interval to the other end, would collide with the second (visible) boundary
rane and produce the Big-Bang. The bulk brane would be almost BPS – by which it was meant that it is essentially
arallel to the boundary branes – and move freely and slowly from one end of the interval to the other. Small quantum
luctuations induce some ripples on this brane which, when colliding with the visible end of the world brane, would
roduce the density fluctuations measured in the CMB. There is no need of an inflation potential for this. A potential of
he type −e−αY , with Y is the separation of the branes, was proposed, although not derived, describing the attraction of
he branes. The 5D metric is taken with a warp factor that implies that the motion is from smaller to larger curvature
cross the interval and therefore the scale factor depends on the position of the brane in the interval.
This proposal has received several critics The first involves the standard problems solved by inflation. The horizon and

latness problems require the branes to be almost exactly parallel before collision, which may require a fine-tuning of
nitial conditions. Although relics such as monopoles will not be present if the collision temperature is low enough this
rgument needs to be properly quantified. There is also no general natural dilution, as in the exponential expansion of
nflation, making the solutions of these problems more difficult in general. The issue of fine tuning of the initial conditions
n the ekpyrotic scenario has been widely debated.

However, the most prominent difficulty of this scenario is the following: in a 4D description, ȧ < 0 before the collision,
hile it is expected that ȧ > 0 after the collision, which requires a transition from contraction to expansion, without, in
rinciple, crossing a singularity. This is a problem because it violates the null energy condition.
Let us briefly review this argument. Consider gravity coupled to a scalar field: (setting κ5 = 1)

L =
√

−g
(
R −

1
2
∂µφ∂

µφ − V (φ)
)
, (321)

he energy density and pressure are given by:

ρ =
1
2
φ̇2

+ V , p =
1
2
φ̇2

− V . (322)

herefore, Einstein’s equations imply:

Ḣ = −
1
2
(ρ + p) = −

1
2
φ̇2

≤ 0. (323)

his implies that H is monotonically decreasing and we cannot go from contraction (H < 0) to expansion (H > 0).
This problem motivated a second version of this scenario which does not include the mobile brane but considers the

collision of the two end-of-the-world branes. In this case, there is a singularity at the moment of collision, since the size
of the fifth dimension reduces to zero, which, in principle, could allow a transition from contraction to expansion. The
singularity happens only in the extra dimension because the scale factors of the branes remain finite during the process.
After the collision, the two branes separate again and the scale factor increases (see Fig. 37).

In terms of a four-dimensional EFT, this process can be understood in similar terms to the discussion of the Pre Big-Bang
proposal. Neglecting the scalar potential and identifying the separation between the branes with the string dilaton (as it
happens in the Horava-Witten scenario) we can use Eqs. (320) for the case d = 4. Out of the four possibilities provided
by the choices of sign we can choose:

a(t) = |t|1/2, φ = φ0 ±
√
3 log |t|. (324)

he scale factor a(t) goes from contraction at negative t to expansion at positive t . This still leaves the choice of sign
or the dilaton open. Since the string coupling is proportional to e−φ , the negative sign choice that was taken in the pre
ig-bang scenario corresponds to strong string coupling whereas the positive choice, chosen in the ekpyrotic scenario,
mplies weak coupling at t = 0. Therefore Khoury and collaborators conjectured that the transition is smooth at the
ingular point and afterwards the branes may start to separate again.
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Fig. 37. A variation of the original ekpyrotic universe scenario in which the end-of-the world branes approach each other, pass through their overlap
point and at some point return, so completing the cycle.

Fig. 38. An illustration of the potential and trajectory of the field in the cyclic universe.
Source: Figure taken from [409].

This leads us to a third version of this scenario that corresponds to the cyclic universe [1110]. In this case, the two
ranes keep separating and passing through each other an infinite number of times, as long as the interacting potential
as a very particular form. For instance, for a potential like that of Fig. 38, we may describe the universe’s history by
tarting on the right hand side corresponding to the current time. The potential is taken to be slightly positive and with
slightly negative slope, reflecting the fact that the universe accelerates today as in quintessence.
Since the slope of the potential is negative, the scalar field will start rolling towards smaller values representing the

igher dimensional picture of the branes approaching each other. At some point the field will cross the V = 0 point and
ts energy density will mostly be kinetic. The potential rapidly becomes negative and then the energy density ρ = V +

1
2 φ̇

2

ouches zero, implying that the universe starts contracting. Since the kinetic energy is also large, the field passes through
he minimum, towards the flat region at infinite φ or zero string coupling, where the branes collide and bounce back
ith enough energy to re-cross the steep minimum and go to the right hand side of the potential, where it returns to a
adiation dominated era,before repeating the whole cycle again.

The different versions of this scenario claim to resolve the same questions addressed by inflation. For instance, the
laim is that the horizon problem does not exist if there is a bounce, since there will be clear causal contact between
ifferent points. In the cyclic version, the late period of mild inflation plays a similar role as the original inflationary
cenario by dissolving unwanted objects such as like magnetic monopoles, and emptying the universe for the next cycle,
hereby also solving the flatness problem. Furthermore, the spectrum of perturbations has been claimed to be consistent
ith observations. Although this issue has been debated, all parties seem to agree that the methods used so far are not
ntirely conclusive one way or another.
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There are some interesting aspects to these proposals, especially regarding the revival of the cyclic universe. A cyclic
niverse was originally proposed in the 1930’s but it was immediately realised that the entropy increases on each cycle,
equiring the length of each cycle to increase. Extrapolating back in time, we reach an initial singularity rendering the
odel only semi-eternal, similar to eternal inflation which also requires a beginning. So it is not really cyclic.
In the current version, the old entropy problem is claimed to be solved as follows. Although it is true that the total

ntropy increases with each cycle, the entropy of matter is always the same at the end of each cycle. This is due to the
resent accelerated expansion which dilutes matter and so renders the universe essentially empty, actually one particle
er Hubble radius, before restarting the cycle. This scenario was found in the context of the ekpyrotic scenario, but it is
learly independent of it and may have other realisations.
Another interesting point of this scenario is that it connects the early universe and late universe in a coherent way.

he current acceleration is used as a way to prepare the universe to the next cycle.
Even though the scenarios were motivated in terms of string theory, the kind of scalar potentials that are needed for

his scenario to work are relatively contrived and have not been derived from the underlying theory. This is certainly
n important question to be addressed before these models can be considered genuine string/M-theory models. In this
ense, these scenarios are presently at a similar stage as D-brane inflation was in 1998 where the scalar potential was
nly guessed, rather than explicitly calculated as in the brane/antibrane [371,543]. Finding a potential with the proposed
roperties represents a clear open challenge for these models.
From a string theory perspective, there are several other problems with this scenario. In particular, the assumption

hat the moduli of the Calabi–Yau manifold are fixed and decoupled is not justified. Nonetheless, the main problem to
eal with remains the big-bang singularity giving rise to the bounce. This is a strong assumption as description of the
ounce relies on strong coupling and non-perturbative dynamics. For further developments regarding the implementation
f the ekpyrotic scenario see [1111]. For a comprehensive review of the subject see [1067].
In summary, what the three scenarios: of pre big-bang cosmology, string/brane gas cosmology and ekpyrotic/cyclic

ave in common is that they contemplate a period of contraction, and represent examples of bouncing cosmologies. For
nice recent review on such bouncing cosmologies, see [1070].

.5. The rolling tachyon

As we have seen in Section 2.3 the open string tachyon plays an important role in brane anti-brane inflation. It provides
he natural way to end inflation and is the source of production of lower dimensional branes like stringy cosmic strings.

From the formal perspective, there has been concrete progress in understanding from first principles the physics of
he open string tachyon. In particular, using string field theory Sen managed to extract substantial information regarding
he tachyon potential [1112] (for a review see [1113]). This is actually one of the only cases in which a scalar potential
as been derived directly from string theory. It is therefore worth exploring the potential cosmological implications of
he tachyon field, independent of brane inflation.

String calculations suggest that to all orders in derivative expansion these actions take a Born–Infeld form.

L = − V (T )
√
1 − gµν∂µT∂νT , (325)

here V (T ) can take different forms depending on the type of string theory, namely bosonic or supersymmetric.
First, Sen studied the rolling of the tachyon to its asymptotic minimum T → ∞ and concluded that, even though

the vacuum should correspond to the closed string vacuum and the unstable D-brane system (such as brane/antibrane
pairs or non BPS D-branes) has decayed, the energy density is still localised. Furthermore, he was able to prove that the
resulting gas corresponds to a pressure-less gas. This is easy to see from the effective action above for which the stress
energy tensor for a time-dependent tachyon implies

ρ =
V (t)√
1 − Ṫ 2

, p = −V (T )
√
1 − Ṫ 2 . (326)

or constant energy density, the pressure behaves as p = −V 2/ρ and at the minimum in T → ∞ we know that V → 0
and so p → 0. The equation of state is p = ω ρ with ω = −(1 − Ṫ 2) and therefore −1 ≤ ω ≤ 0.

For a time-dependent tachyon field, we should actually consider a time-dependent metric such as the one of FLRW.
In [1114] this was done, obtaining the Friedmann’s equations for this Lagrangian coupled to 4D gravity:

H2
=

8πG
3

V (T )√
1 − Ṫ 2

−
k
a2
,

ä
a

=
8πG
3

V (T )√
1 − Ṫ 2

(
1 −

3
2
Ṫ 2
)
. (327a)

Even without actually solving these equations, it can be easily seen that the energy density decreases with time, while
T increases relaxing towards the asymptotic minimum of the potential. In the meantime the universe expands, first
114



M. Cicoli, J.P. Conlon, A. Maharana et al. Physics Reports 1059 (2024) 1–155

a

w
t
s

w

0

T
a
t

t

t

ccelerating (|Ṫ | < 2/3) and then decelerating (|Ṫ | > 2/3). Depending on the value of the spatial curvature k = 0, 1,−1,
the scale factor a(t) goes to a constant for k = 0, to a Milne universe a(t) → t for k = −1 or re-collapses, for k = 1.

Another natural question is whether this tachyonic potential can give rise to inflation by itself. However, this is
challenging The main reason is the absence of small parameters in the potential that can be tuned to give a sufficiently
slow roll. See however [1115–1118].

As well as open string tachyons, string spectra can also include tachyons in the closed string spectrum. The situation
with closed string tachyons is more complicated and less understood. One way to see this is that, while the open string
tachyon triggers the disappearance of D-branes after their collision by settling to the minimum of the potential, closed
string tachyons are intrinsically gravitational and so their condensation may represent the disappearance of spacetime
itself. Some simplifying configurations have been studied in which this happens for localised regions of spacetime
that somehow mimics the open string case but the general case is not fully understood. This is also related to the
fact that string field theory is better understood for open strings than for closed strings. For a detailed discussion of
some phenomenological aspects see e.g [1119–1121] and for comprehensive review on tachyon dynamics including
cosmological implications see [1113].

7.6. S-branes

Closely connected to the rolling tachyon is the concept of an S-brane [1052]. An S-brane is a topological defect for
hich all longitudinal dimensions are spacelike, and so it exists only for an instant of time. There are several reasons
o introduce these objects. The simplest example in field theory corresponds to a potential for a real scalar field of the
tandard double-well form:

V (φ) = λ
(
φ2

− a2
)2
, (328)

ith minima at φ± = ±a. In 4D this has the standard domain wall solution φ(x) = a tanh(
√
2λax) or 2-brane topological

defect interpolating between the regions where the field is in the φ+ and φ− vacua.
For S-branes, we have a time-dependent configuration in which we start at the maximum of the potential φ(x, t =

) = 0 but with nonzero velocity φ̇(x, t = 0) = v > 0. This will make the field roll towards φ+, until it oscillates and
eventually arrives at the minimum. A time reversal situation would have the field starting in φ− and going to φ = 0. We
can then have the field evolving from φ− at t = −∞ to φ+ at t = ∞ looking like a kink in time and filling all spatial
dimensions. This is an S2 brane. This process requires some fine tuned exchange of energy in order for the field to climb
the barrier.

Using the analogy with Dp-branes, we expect that the Sp-branes can also be found as explicit solutions of Einstein’s
equations coupled to dilaton and antisymmetric tensor fields.

We start with the Lagrangian for the metric, dilaton, antisymmetric tensor Fq+2 = dAq+1 (and setting κp = 1),

L =
√

−g
(
R −

1
2
gµν∂µϕ∂νϕ −

1
2(q + 2)!

F 2
q+2

)
. (329)

he equations of motion have solutions similar to the ones found for black branes. In the same way that p-brane solutions
re black hole-like, we expect that S-brane solutions correspond to time-dependent backgrounds of the theory, and
herefore may have a cosmological interpretation. This is actually the case.

The simplest example can be obtained for pure gravity. Starting with the Schwarzschild solution in 4d corresponding
o a black hole of mass M we can perform the following analytic continuation:

t → ir, r → it, θ → iθ, φ → iφ (330)

ogether with M → iP . The metric becomes

dŝ2I = −

[
1 −

2P
t

]−1

dt2 +

[
1 −

2P
t

]
dr2 + t2

(
sinh2 θ dφ2

+ dθ2
)
, (331)

whose surface of constant r and t is now the hyperbolic planeH2 rather than the two-sphere, consistent with the time-like
nature of the S-brane.

In addition to the symmetries of the hyperbolic space, the solution has a spacelike Killing vector ξ = ∂r but is now
time-dependent, again, as expected for a S-brane. The apparent singularity at t = 2P is again a horizon. For t < 2P the
metric is:

dŝ2II = −

[
1 −

2P
r

]
dt2 +

[
1 −

2P
r

]−1

dr2 + r2
(
sinh2 θ dφ2

+ dθ2
)
, (332)

which is now static with a time-like singularity at r = 0. The corresponding Penrose diagram is a π/2 rotation of the
Schwarzschild black hole diagram as can be seen in Fig. 39.
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Fig. 39. Penrose diagram for an S-brane. Note that this is a π/2 rotation of the Schwarzschild black hole Penrose diagram. Regions I and III are
cosmological, representing expanding and contracting cosmologies, respectively, separated by smooth horizons which are identified with the S-brane.
Regions II and IV are static and have time-like singularities, which can be identified with negative tension end-of-the-world brane-like objects similar
to orientifolds. Their corresponding mass and charge can be computed explicitly.

More general solutions of (329) will have both dilatonic and Fq+2 charges (see for instance [1122,1123]). The static
region provides us with a way to identify this geometry correctly. It turns out that the singularities are the physical
objects to which mass, or tension and charge can be assigned unambiguously. It was found that the two singularities
correspond to negative tension objects, like end-of-the-world branes with opposite charge. Furthermore, the similarity
with black hole geometry indicates that there will be particle production and we can also compute a generalised Hawking
temperature and entropy which could have interesting cosmological interpretations. Finally, just as in the case of the
Pre Big-Bang, ekpyrotic/cyclic and brane gas scenarios, S-branes naturally have a period of contraction of the universe
corresponding to region III of the Penrose diagram, followed by another period of expansion (region I). For further details
on the cosmological interpretations of S-branes see for instance [547,1045,1046,1122–1126].

7.7. Swampland conjectures

The vast number of apparent string vacua has very interesting implications. As described in Section 6, it may be
the only self-consistent way to explain the smallness of the dark energy and may provide a totally different approach
to asking fundamental questions in physics, separating the ‘interesting questions’ (those that do need an explanation
from an underlying theory) from the ‘uninteresting questions’ (those that may be explained by the presence of the
multiverse). However, this may also lead to the belief that any theory at all may be derivable from string theory, resulting
in a conclusion that it is impossible ever to test string theory, even in principle. This gives the idea of the swampland,
illustrated in Fig. 40.

That said, since the early days of string theory we have known that this is not true: there are some, albeit only a few,
general physics properties that can be extracted from string theory. Namely,

• The need for supersymmetry at the fundamental level (although the scale of its breaking is not known and it may
take non-standard forms as in misaligned supersymmetry [997]);

• The existence of extra dimensions, and more concretely only 6 or 7 extra dimensions;
• The existence of moduli fields with specific properties, in particular gravitational-strength couplings, which appear

in very specific ways within the low-energy effective field theory;
• The absence of an infinite number of continuous spin representations corresponding to massless particles. These are

in principle allowed by the principles of quantum mechanics but have not been observed in nature, despite the lack
of alternative explanations from basic principles;

• The general absence of global symmetries in the effective field theory.

These general results can be complemented with general properties of the landscape, for instance, if the landscape is
dominated by Coleman–de Luccia vacuum transitions, a general claim exists that the curvature of the Universe has to be
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Fig. 40. A cartoon representation of the swampland. At low energies there are many consistent effective field theories, but only a subset of them
an be lifted to be UV complete inside a quantum gravity theory. These correspond to the landscape. The rest are referred to as the swampland.

egative, implying an open universe. However, the power of such general results is limited and they still allow for the
xistence of the enormous landscape resulting in limited predictive power.
In the past few years a new approach towards addressing concrete questions from string theory has been developed

nd comes under the name of swampland conjectures [898]. The idea is very simple: exploit our cumulative experience
f string vacua to extract results that may actually be general. This program aims to state concrete conjectures whose
alidity may be tested through further exploration of string solutions, either to confirm or rule out the conjecture. The
verall goal of the swampland conjectures is:

Identify which effective field theories are consistent at low energies but cannot be consistent in a UV completion
of the theory including gravity.

This is a modern version of what used to be known as vacuum cleaning in the sense of having a systematic procedure
o separate the proper vacua from those that cannot be UV completed. Such conjectures can be made much sharper by
oing beyond string theory and claiming that the corresponding conjectures will hold for any theory of quantum gravity,
tring theory or otherwise. In this sense, string theory is used only to identify the corresponding conjectures, while the
wampland approach aims not only to select string vacua, but to identify general properties of any theory of gravity.
More generally, the study of UV constraints on IR physics is a blooming field that has seen many new conceptual and

echnical developments recently. While the swampland programme is one of these developments, it is worth mentioning a
owerful approach, which simply assumes unitarity, locality, causality, and Lorentz invariance of the, otherwise unknown,
V completion to derive constraints on the effective field theories, (see [1127] for a recent overview on these ideas).
ombining these approaches may bring the swampland programme to a firmer footing, for example via positivity bounds
r bootstrap arguments.
Over the years, a range of swampland conjectures have been put forward. They range between those that are strongly

otivated, but with limited phenomenological or cosmological impact, to conjectures that may have a major impact, but
hich lack a robust basis and may be considered extremely speculative. There are several excellent reviews on this field

n which a detailed discussion of the conjectures has been explained and argued in much detail [89,1128–1130] to which
e refer the reader for further details and the majority of the original references. Here we content ourselves by briefly
entioning those conjectures that could be more relevant for cosmology:

1. Absence of global symmetries. A consistent theory of gravity with finite number of states cannot have exact global
symmetries. General arguments in this direction have existed since the 1980s: both through arguments that –
contrary to local symmetries – global symmetries are not protected by black holes after radiation, and also that
within string theory, a conformal field theory that leads to a global symmetry also leads to a massless particle in
the spectrum that corresponds to the gauge field of that symmetry and therefore the symmetry is not global but
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Fig. 41. A representation of cobordism among two manifolds for which their union is the boundary of another manifold of one extra dimension.

local in spacetime [1131]. More recently, further evidence has accumulated to support its validity. While the general
impact of this result is strong, it provides only weak constraints on local symmetries with very weak couplings that
to most practical particle physics purposes behave as global symmetries (see for instance [935]).

2. Weak gravity conjecture [476]. The observational fact that we observe gravity to be the weakest force may not
be a property only of our Universe but also of any possible universe described by a consistent theory of gravity.
A concrete statement of this conjecture is that in any consistent theory of gravity, there should exist a particle
of charge Q and mass M such that Q 2 > GM2 (for which the Coulomb force is stronger than the Newtonian
force) although more precise and generalised formulations have been proposed [1132]. This is the prime example
of a swampland conjecture that has been argued and tested in sufficiently many ways that there exists a broad
consensus that it is actually a correct statement. This has played a useful role in cosmology, especially when
extended to forces mediated by scalar fields and antisymmetric tensors, and in particular when they are dual to
axion-like-particles. The weak gravity conjecture may also then be used to constrain the axion decay constant that
plays a role in some models of inflation.

3. Cobordism conjecture [1133]. Two manifolds are called cobordant if their union is the boundary of another manifold
of one extra dimension. This defines an equivalence relation. The corresponding equivalent classes may define a
global (topological) charge. We may generalise the absence of global charges conjecture to this topological case
and conjecture that in a consistent theory of gravity, all cobordism classes have to be trivial. If the corresponding
manifolds are, for instance, the 6-dimensional compact spaces, the corresponding 4-dimensional EFTs would be
separated by a domain wall (see Fig. 41). If the cobordism class is trivial then it must admit an end-of-the-world
configuration as in the Horava-Witten or bubble of nothing cases (see Fig. 42). If this conjecture holds, it may
have very important implications for cosmology due to the presence of the boundary-ending spacetime. For recent
developments in this direction see for instance [1134,1135].

4. Distance conjecture [58]. Consider an effective field theory coupled to gravity with a moduli space, M, parameterised
by massless scalar fields, φi, and a metric γij(φk) which determines the scalar’s kinetic terms. In standard effective
field theories, the consistency and trustworthiness of the dynamics of a scalar field potential V (φ) is determined by
requiring that it does not excite modes with masses above the cutoff, m ≳ Λ. As long as this is satisfied, the range
of possible values for φ is not bound by Λ. The swampland distance conjecture states that this no longer holds if
the EFT is consistently uplifted to the UV.
The swampland distance conjecture states that, as some modulus approaches a point at infinite geodesic distance in
moduli space, there is an infinite tower of states, which become exponentially massless with the geodesic distance
∆φ: m ∼ e−∆φ . These states cannot be neglected from the EFT in this limit. The prime example of such behaviour is
when φ represents the size of an extra dimension and the corresponding tower of states are either the Kaluza–Klein
or the winding modes.
As well as infinite limits, the revised distance conjecture also states that for finite displacements, starting from a
value φ0, at a point φ0 + ∆φ infinite towers of modes with mass of order e−∆φ become lighter and lighter with
the distance in field space ∆φ and so can no longer be neglected from the EFT. Although the conjecture applies to
massless scalar fields moving along geodesic trajectories, it could in principle have implications for the field range
in single field inflationary models and/or the amount of non-geodesicity in multifield models. However, further
work in this direction is needed to establish these possible constraints (see e.g. [1128–1130,1136,1137]).61

61 For example, in [1138] it has been shown that backgrounds with spacetime varying scalars can lead to trans-Planckian motion without
encountering exponentially falling towers of states.
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Fig. 42. Trivial cobordism with only one manifold in the boundary. The cobordism conjecture states that in this case there should be an end-of-the
world configuration.

5. Conjectures on AdS vacua (non-supersymmetric & supersymmetric): Swampland conjectures for non-supersymmetric
AdS constructions were proposed in [1139]. These conjectures are at two levels. The first is motivated by an
extension of the weak gravity conjecture; the extension requires that the equality between electric and gravitational
forces is saturated if and only if the underlying theory is supersymmetric and the states under consideration are
BPS with respect to the supersymmetry. A consequence of this is that non-supersymmetric AdS solutions supported
by flux62 are unstable as they can decay by a brane nucleation process which leads to flux depletion (in a process
similar to that of [1140]). The stronger form of the conjecture removes the requirement that the AdS solution is
supported by flux and states that there are no non-supersymmetric AdS solutions in a consistent quantum theory
with low energy description in terms of Einstein gravity coupled to a finite number of matter fields. If correct,
there will be important implication not only for moduli stabilisation (the AdS vacuum in the LVS scenario is non-
supersymmetric) but also for applications of the AdS/CFT correspondence to condensed matter physics, quantum
information and hadron physics since the holographic models used in this context have no supersymmetry. At
present, the stronger form of the conjecture does not have much support (see [86] for good evidence in favour
of non-supersymmetric AdS vacua in O(16) × O(16) heterotic strings). The conjecture can be reformulated in the
language of conformal field theories. Conformal field theories dual to Einstein gravity with a finite number of matter
fields must satisfy the following (energy) gap condition: they can have only a small number of primary fields whose
operator products generate all primary fields up to a energy scale that can be made parametrically large in the
large N limit. The conjecture implies that this condition cannot be met in non-supersymmetric conformal field
theories. For attempts to construct such non-supersymmetric conformal field theories meeting this condition see
e.g. [1141,1142].
For the relationship of these conjectures of other swampland conjectures, see e.g. [1143]. More recently, it has be
put forward that some supersymmetric AdS vacua such as the KKLT AdS solution and pure supergravity AdS lie in
the swampland [145,1144].

6. de Sitter conjecture [31]. It is well known that in string theory both AdS and Minkowski spaces are naturally obtained
(mostly because they preserve supersymmetry), while de Sitter space is far more difficult to obtain: a fact which
is very important for describing the current acceleration of the Universe through the ΛCDM model in terms of the
string landscape and early universe inflation.
The concrete scenarios, such as KKLT and LVS presented in previous sections, provide realisations of de Sitter
space from string theory. However, their validity relies on the EFT analysis of perturbative and non-perturbative
corrections. As we discussed, the Dine–Seiberg problem that implies the runaway behaviour of the scalar potential
for both the volume of the extra dimensions and the dilaton, suggests that in the regime where both perturbative
expansions, gs and α′, are under full control, we should be in the asymptotic runaway region, and so de Sitter vacua
at any finite value of the volume or at any non-zero string coupling are in a regime where the approximations
cannot be fully trustable. This has led to a bold conjecture stating that there are not actually any de Sitter vacua in
a consistent theory of gravity and that the de Sitter vacua found in the literature are only artifacts of the fact that

62 A d dimensional AdS solution is said to be supported by flux if a d-form flux field strength space-fills the AdS space.
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Fig. 43. An illustration of the Bubble of Nothing scenario: a transition resulting to an expanding absence of space–time. On the left we have the
flat 4d in the horizontal and the extra dimension in the vertical with the two horizontal lines identified in a circle compactification. On the right
the transition to the bubble of nothing. For large r it is as in the left but for smaller values of r at some point the extra dimension collapses and a
bubble of nothing appears (a cross section is shown) and expands in time.

the approximations used are not under full control.63 The original claim was:

|∇V | ≥ c
V
MPl

, 0 ≤ c ∼ O(1) (333)

This condition is clearly satisfied in the Dine–Seiberg runaway regime in which the approximations are under full
control. However, the conjecture does not add further information in the weak coupling regions where vacua like
KKLT and LVS are claimed to lie. Furthermore, the original conjecture was clearly violated by the Higgs potential
(since at the maximum |∇V | = 0, V ≥ 0) [204,932] (see also [1146–1148]) and a refined version was proposed
adding an extra condition on the Hessian of V [32,33,1146]. This conjecture is clearly speculative and less motivated
than other swampland conjectures; however, it has motivated further work exploring in more detail the validity
and existence of de Sitter vacua in string theory, which is welcome given the importance of the claim and the
challenge.

7. Trans-Planckian censorship conjecture [1006,1149]. It is well known that in inflationary models, microscopic modes
redshift due to the expansion of the universe and may become macroscopic and observable at present. If these
modes are below the Planck length, it seems to indicate a transfer of modes from the UV to the IR with the UV
modes in a regime beyond the validity of the corresponding EFT. The Trans-Planckian censorship conjecture states
that in a consistent theory of gravity this UV to IR transfer should not happen, though it does not explain why
this should be the case. This puts, for instance, an upper bound on the number of e-folds of inflation. Even though
this conjecture has interesting implications for early universe cosmology, the relevance of the constraints on the
(time-dependent) EFT has been questioned in e.g. [1150–1154].

n summary, the swampland approach brings an interesting perspective to be considered in general discussions of
tring cosmology. Confirming, discarding or refining these conjectures may lead to relevant progress in the field of
tring cosmology and, more generally, in principle, to progress in any cosmological implications of consistent theories
f quantum gravity. For this much work will be needed.

.8. Bubbles of nothing and the wave function of the universe

One of the deepest questions a theory of gravity should eventually address is why there is something rather than
othing. This appears a rather philosophical question, as how to define nothingness in a physical theory is unclear.
learly it is not simply the vacuum state, as we know in quantum mechanics the vacuum is not empty. But over the
ears cosmologists have proposed concrete definitions of nothing (for example, the absence of space, time and matter).
he first explicit example was Witten’s bubble of nothing (BON) [1155] illustrated in Fig. 43. When considering simple
ompactifications of five-dimensional Kaluza–Klein theories, he found a transition from the flat five dimensional metric
orresponding to a circular fifth dimension of radius R: ds25 = ds24 + R2dφ2, mediated by an instanton with Euclidean
etric:

ds2 =
dr2

1 − R2/r2
+ r2

(
dθ2 + cos2 θdΩ2

2

)
+
(
1 − R2/r2

)
R2dφ2. (334)

Similar to the Euclidean Schwarzschild metric, this is non-singular even at r = R. But this is a minimum value of the
coordinate r . For large r the metric is asymptotically flat. So this instanton mediates a transition from a flat spacetime
with a circle of radius R to a spacetime with maximum value of r where the fifth dimension collapses which we may

63 See also [1145] for an argument against trustable 4-dimensional dS solutions in N = 2 supergravity based on the magnetic weak gravity
onjecture.
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dentify as a bubble of nothing. The interesting point is that after nucleation the further evolution of the bubble is through
xpansion at the speed of light, as can be seen by the Wick rotation θ → it . Since cos θ → cosh t the bubble radius
ncreases exponentially with time eating up the full spacetime. In the 5d case, this transition depended on the non-
xistence of supersymmetry and was considered without taking into account moduli stabilisation of the extra dimension.
eneralisations to 6d with moduli fixed by fluxes have been found with the similar dramatic outcome [1156,1157].
urthermore, it was recently argued that these bubbles of nothing are ubiquitous in string compactifications [1158] and
ay represent eventual sources of instabilities (although being non-perturbative, the decay rate may be much suppressed).
The second appearance of nothing was in the creation out of nothing scenario of Vilenkin [1159–1161] and the

ubsequent wave function of the universe of Hartle and Hawking [1162]. See also [1163–1165]. This defines, within the
omain of semiclassical gravity, a concrete proposal to describe the beginning of the universe from a state with no
pacetime. So, in a sense it is the opposite of the bubble of nothing picture.
From simple mini-superspace arguments the transition from nothing to a de Sitter space with cosmological constant

iven by H2 > 0 is found to be of order

P = |Ψ |
2

∝ e
η π

2G4H2
, (335)

ith η = +1 for Hartle–Hawking boundary conditions (the no boundary proposal in which the nucleated universe is a
uperposition of expanding and contracting ones) and η = −1 for the Vilenkin or tunnelling transition (for which the
boundary conditions are such that they only give an expanding universe). Note that, up to normalisation factors, the
Hartle–Hawking wave function favours smaller values of the cosmological constant, making it hard to justify inflation,
whereas the Vilenkin normalisation prefers larger values of H2. All these discussions are only within a simplified picture of
ini-superspace and semiclassical gravity and, in principle, need to be further studied, especially once a proper quantum
ravity theory is at hand. This has been a challenge for string theory and, despite several attempts, the study of such
ransitions is still in its infancy.

Note that this approach is similar in spirit to the vacuum transitions initiated by Coleman and de Luccia (CDL) which
ave been inherited in the discussions of the landscape. However, contrary to CDL transitions, here there is no bubble
ucleated but instead a full spacetime. This can be done for de Sitter since it has finite volume but for AdS and Minkowski
t may require introducing a cut-off in order to quantify the corresponding probability. Furthermore, contrary to the
DL case in which naturally the transition gives rise to an open universe, here, the de Sitter slicing that gives finite
olume corresponds to a closed universe [403,1166]. This is important since there have been claims that the main general
rediction of the string landscape is that it predicts open universes [402,1167] and if eventually, in the maybe long future,
pen universes would be ruled out it could be a strong argument against the landscape. But if closed universes can be
reated from nothing, settling the curvature of the universe may only differentiate between the two mechanisms. Clearly
urther studies in these directions are needed.64 For string theoretical discussions of the wave function of the universe
ee for instance [1169,1170].

.9. Holography and cosmology

The main theoretical development in string theory over the past 25 years has been holography. A gravitational theory
n d dimensions is equivalent to a non-gravitational theory in (d−1)-dimensions. One old motivation for this equivalence
s the well known fact that the black hole entropy, being an extensive quantity, is proportional to the area of its horizon
ather than to the internal volume of the black hole. The AdS/CFT correspondence now represents the best concrete
efinition of quantum gravity in anti-de Sitter space (AdS) since, at least in principle, the non-gravitational conformal
ield theory (CFT) on the boundary of AdS is understood, and any quantum aspects of the gravitational theory can be
eferred to concrete questions on the CFT side.

Although technically AdS/CFT remains a conjecture, the evidence for the correspondence is by now overwhelming. In
articular, this correspondence has provided a framework which allows the black hole loss of information puzzle stated
y Hawking almost 50 years ago to be addressed. Holography indicates that, as the CFT side is a standard quantum
ystem, information cannot be lost. Therefore, if the equivalence is correct, information also cannot be lost within the
ravitational system. Furthermore, using holographic arguments it has also recently been possible to calculate explicitly
he entanglement entropy of black holes showing the Page curve behaviour that would be expected if the information is
ot lost.65
It is therefore very appealing to try to extract cosmological implications of holography. Even though our universe is

ot of the AdS type, several approaches have been proposed, aiming to extend the success of AdS/CFT to cosmological
uestions. The general topic of holography is so vast that we will touch on it even more briefly than for previous subjects
nd refer the reader to the literature for more details. For recent reviews see for instance [7,1173].

64 An important direction is bubble stability, see e.g [1168] for a recent analysis.
65 For studies of implication of entanglement (in particular Bell inequalities) in the cosmological context see [1171,1172].
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1. AdS/CFT and density perturbations in inflation.
One possibility to use AdS/CFT for inflation is to consider a simple potential with two minima with opposite signs of
the cosmological constant. One minimum corresponds to a stable AdS vacuum and the other to a nearby metastable
dS vacuum. The bulk geometry near the AdS vacuum is described by boundary CFT and so this can be used to extract
information about bubbles of the dS phase from the CFT spectrum [1174] (see however [400]) and, through analytic
continuation, connect the correlators from AdS/CFT to a potential dS/CFT .
In a different direction, assuming that inflationary cosmology has a CFT dual there have been explicit efforts to
quantify this relation by computing density perturbations using a QFT dual. In particular, known inflationary results
regarding density perturbations are reproduced in the weak gravity regime. Exploring the domain of strongly
coupled gravity by working with the weakly coupled QFT offers an alternative phenomenology to inflation in
which an almost scale invariant spectrum of perturbations is also obtained. See e.g. [1071,1174–1176] for concrete
calculations in this interesting direction.

2. dS/CFT and dS/dS proposals.
A dS/CFT correspondence was proposed in [1177], following parallels with the well established AdS/CFT correspon-
dence, motivated by the close connection between dS and AdS spaces. The argument is that a boundary at infinity
of, say, dS4 corresponds to a Euclidean R3 space for which the symmetry group of de Sitter space, SO(4, 1) acts as
the conformal group of the Euclidean R3, suggesting that a conformal field theory on this boundary is dual to the
full 4D gravity theory in de Sitter space.
One of the interesting outcomes of this conjecture is that the renormalisation group parameter can be identified
with time, in much the same way it was identified with the extra spatial coordinate in the AdS/CFT case [1178].
One simple way to see this possibility is by writing the dS4 metric in FRW coordinates (k = 0) as

ds2 = −dt2 + eHt dx⃗ 2, (336)

with x⃗ the spatial coordinates and H the Hubble parameter.
The interesting observation is that this metric is invariant under t → t + λ, x⃗ → e−λH x⃗ which generates time
evolution in the 4D bulk and scale transformations on the Euclidean boundary. Late times (large values of λ)
correspond to small distances (UV regime) whereas earlier times correspond to low energies and the IR regime.
Generic expressions for the scale factor a(t) will not have this symmetry, but if we assume that H(t) goes to a
constant both in the infinite past and infinite future we can follow the time evolution between two fixed points
under the renormalisation group, which could eventually be identified with early universe inflation and also current
acceleration.
The monotonic evolution in time fits well with the expected c-theorem of field theories, holding in 2D, and the
extension to the a-theorem in 4d. The RG flow then corresponds to the direction from future to past.
As a side note, the S-branes mentioned previously were an attempt to bring this correspondence closer to the
AdS/CFT one, with the S-branes playing the role of the D-branes in the boundary (the Euclidean R3 in the example
above).
A final independent and interesting alternative is the dS/dS correspondence in which a dS space is proposed to be
dual to another dS space in one dimension less [1179,1180]. This is partly based on the simple observation that the
de Sitter dSd metric in d dimensions can be seen as a warped compactification to dSd−1:

ds2d = dω2
+ sin2

(
ω

RdS

)
ds2d−1. (337)

Similarly to AdS/CFT, this implies an emergent spatial dimension and warped throats (two in this case since the
warp factor vanishes at ω = 0, πRdS), but contrary to AdS/CFT the dual is no longer a field theory without gravity
but now a lower dimensional de Sitter space with a massless graviton.
Even though de Sitter space realisations in string theory are of interest, these potential dS/CFT or dS/dS dualities
are not yet under firm grounds, unlike the AdS/CFT case, and much work needs to be done to turn these proposals
into something useful for cosmology.
Further proposals for holography and cosmology have been put forward. See for instance [1181].

3. Islands and cosmology
A more recent development relates to the progress regarding the information loss paradox in black holes. The main
new ingredient here is the concept of quantum extremal surfaces (QES) [1182–1185] to generalise the expression
for the von Neumann entropy. This prescription gives rise to a time evolution of the entropy such that it increases
monotonically up to a maximum point where it starts decreasing, giving rise to what is called a Page curve as
required for a unitary evolution to address the information loss paradox. The key component of this calculation is
an entanglement island which is a region behind the black hole horizon that hosts the corresponding degrees of
freedom that avoid information loss [1186,1187].
The details of these results are beyond the scope of this review (for a review with all the relevant references see
for instance [1188]). However, a notable point is that these results were achieved without the need for a full UV
completion of semiclassical gravity. This gives more credibility to semiclassical approaches to quantum cosmology,
such as the wave function of the Universe and vacuum transitions discussed above. Furthermore, concepts like
quantum extremal surfaces and islands may also play an important role for cosmology. This has been recently
explored in [1189–1195] but it is fair to say that this direction is still in an infancy and there is much to be explored.
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4. Emergence of spacetime
One point that may be worth pointing out is the recent ideas regarding the emergence of time. From the original
AdS/CFT correspondence, it is clear that not only gravity but also at least one spatial dimension is emergent from
the boundary CFT theory (in one less dimension and no gravity). More recent studies of the closed connection
between gravitational theories and quantum entanglement have led to the proposals of getting spacetime from
entanglement. The proposal of ER=EPR (Einstein–Rosen wormhole equivalent to the Einstein–Podolsky–Rosen
entanglement) is a variation of this. Contrary to the emergence of spatial dimensions, the emergence of time has
been more challenging to implement. But recent work has been done in this direction. See for instance [1196–1201].
These subjects fall beyond the scope of the present review and we refer the reader to the papers mentioned and
references therein.

Other approaches to string cosmology have been proposed with different levels of development. We would like to note
he cosmology of matrix models, which, even though it has not been much explored, matrix models [1202,1203] are one
f the few proposals (together with AdS/CFT) for a non-perturbative formulation of string theory and may deserve further
tudy. We refer to the recent review [1204] for the progress and challenges of this approach.

. Outlook

Observations in the last few decades have completely transformed our view of the universe. They have also raised
uzzles on all length scales: What drives acceleration of the present universe? Why are there super-horizon correlations
n the CMB? What is dark matter? The standard model of cosmology, together with inflation, provides a paradigm to
ccommodate these issues, but does not explain them from a microscopic theory and clearly needs to be put on a more
olid theoretical footing. Some of these puzzles may have their roots in quantum gravity, and hence cosmology and
uantum gravity need to be brought together.
String theory’s remarkable mathematical structure has repeatedly shown that it contains all the ingredients needed

or a quantum theory of gravity — ultraviolet finiteness, an understanding of black hole entropy and explicit realisations
f holography. However, string theory is not simply a theory of quantum gravity alone: it also comes with particles and
nteractions. This unison gives it the necessary elements to attack the present day questions in cosmology. This review is
vidence of the tremendous progress that has been made over the years. At the same time, there remain many outstanding
hallenges; given the importance of these open questions, string cosmology requires further intense pursuit.
In terms of formal aspects, understanding cosmological singularities remains the main open question. The level of

rogress made on other singular geometries (black holes), both in terms of matching microscopic counts of degrees of
reedom with the entropy and also in terms of more quantitative understandings of how information is preserved in the
rocess of Hawking radiation, makes us optimistic that in the not too far future, a proper understanding of cosmological
ig-bang singularities may be achieved. We can hope for the same regarding the status of explicit realisations of de Sitter
pace within string theory.
It is often stated that string theory is decoupled from observational physics. Indeed, it is not possible to single out an

n–out prediction accessible to current technology that could rule out the theory. On one hand, there are strong indications
hat the theory is unique. On the other hand, there is an embarrassment of richness once four-dimensional solutions are
onsidered. Various ingredients (the possibly infinite diversity of compactification manifolds with different curvatures, the
uge number of quantised fluxes for each of these manifolds, the different brane configurations, the quantum corrections
o leading order calculations, the possible non-critical solutions) all lead to a large multitude of vacua. And yet, despite
any efforts, there is not a single string model that can be called fully realistic. Current experimental constraints are
lready enough to rule out most constructions, either through tests of fifth forces, Standard Model matter constraints, or
he existence of relics or exotic particles.

Extracting model independent properties has always been one of the main goals in the effort to confront string theory
ith data. Particle physics constraints are very important but are intrinsically model dependent as they depend on the
ature of gauge symmetries, chiral matter content and couplings within a model. Cosmology offers greater chances for
niversality — although some aspects are definitely model-dependent, as illustrated by the number of possible string
andidates for inflation discussed in chapter 4. It is important to emphasise that each one of these represents a large
lass of models, as they refer to the nature of the corresponding inflaton candidate, and, in the best scientific tradition,
hey make concrete predictions that can be compared with experiments. Of the dozen or so scenarios listed, several of
hem are already in tension with data. This is a reminder that even if data cannot rule out string theory as such, the more
tandard and less ambitious programme of testing general classes of models is already under way.
At this point we should emphasise that even though many string models of inflation have been constructed, none

f them are particularly compelling. Much work therefore remains to be done regarding explicit realisations, including
oduli stabilisation and a potential for realistic matter. This task is closely related to the existence of de Sitter solutions

n string theory, which also require careful accounts of moduli stabilisation. Furthermore, it is worth remarking that most
lternative scenarios to string inflation include some period of contraction, although a contracting epoch does not exclude
subsequent period of inflation.
One generic aspect of string theory is the existence of many possible low-energy solutions (often referred to as the

tring landscape). Associated to the string landscape is the controversial claim that this multiplicity of vacua, together
123



M. Cicoli, J.P. Conlon, A. Maharana et al. Physics Reports 1059 (2024) 1–155

w
a
t
a
a
o
u
o

a
c
b
m
w

t
p
l
c
c
i
q
s

a
b
e
m
s

w
t
q

W
f
o

C

W
–
Q
o

D

a

ith anthropic arguments, can be used to address the smallness of the cosmological constant, through the population of
vast discretuum of vacua. Even leaving aside the controversial and unappealing aspects of anthropic arguments, before
his approach can be claimed as successful it must also address important issues such as the population of the landscape
nd the measure problem. It has also been claimed that if our universe is the outcome of a vacuum transition from
nother universe as predicted by the landscape, our universe should be that of an open universe.66 Even though current
bservations are consistent with a flat universe it may be possible that in not too far a future a non-zero curvature of the
niverse is determined. If this turns out to be closed rather than open, this would rule out this landscape scenario (if the
pen universe claim is correct).
One more concrete, but still generic, prediction from string theory is the existence of extra dimensions and the

ssociated moduli fields. These may be heavy if compactifications have no residual supersymmetry, but in supersymmetric
ompactifications the moduli are typically light and their existence can imply substantial modifications to the epoch
etween inflation and BBN. We have discussed many implications of moduli, such as kination epochs, moduli domination,
oduli reheating, dark radiation, and the possible existence of oscillons or oscillatons. We have also discussed possible
ays to subject these ideas to potential experimental tests.
One appealing aspect of the swampland and bootstrap programmes is their model independent nature, as they aim

o provide general constraints, not only on what is achievable within string theory but also on what can hold in any
roposed theory of quantum gravity. As we discussed in the previous section, at the moment the associated constraints are
imited. The swampland conjectures on more solid footings (such as the absence of global symmetries or the weak gravity
onjectures) are the ones with the least phenomenological or cosmological impact, while those with major observational
onsequences (like the de Sitter or trans-Planckian conjectures) are more speculative. However, even setting aside their
mplications for potential observations, conceptually these conjectures may help to shape and understand the underlying
uantum theory of gravity, string theory or otherwise. Progress in streamlining these conjectures and constructing explicit
tring models in accordance with them (such as those of quintessence) would be most welcome.
For potential observations, just as in particle physics, any single experimental test of a string scenario can probably

lso be described within a standard effective field theory independent of string theory (as an example, moduli can always
e described in quantum field theory simply as scalar particles with non-renormalisable interactions). The best we can
xpect at this stage is a correlation of different observations of physics beyond the Standard Model. For example, a string
odel has to explain not only the early universe but also BSM physics. Furthermore, string models of inflation do not end
imply with the end of inflation but contain a richness of physics after inflation due to the moduli fields.
Finally, the detection of gravitational waves has opened a new era in cosmology. Just as in the of case electromagnetic

aves, we will eventually study the universe with gravitational waves across a wide range of frequencies. Hopefully,
hese truly gravitational probes will give us the hints we need to make the relation between strings and cosmology a
uantitative one.
We finish with a quote of Steven Weinberg that is apt for string cosmology:

The test of a physical theory is not that everything in it should be observable and every prediction it makes should be
testable, but rather that enough is observable and enough predictions are testable to give us confidence that the theory
is right.

e hope that this review is found useful in order to identify the main achievements and challenges in this exciting
ield. Let us also be optimistic — and hope that this review is soon rendered out of date by new discoveries and new
bservations.
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