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Testing and Extending Swampland Conjectures

In this thesis we study landscape constructions to challenge existing swampland
conjectures and extend established ones in order to expand our understanding of
quantum gravity and its possible consequences for phenomenology.

We construct a new class of axions in Klebanov-Strassler throats including a
four-dimensional supergravity formulation. We show that the axion and associated
instantons violate the axionic weak gravity conjecture in its simplest form and that
the instantons consistent with it populate very coarse charge sub-lattices.

Based on the winding scenario, we show that light axionic directions of field
space can posses tunable, positive minima in their scalar potential. This gives a
controlled supersymmetry-breaking and uplifting mechanism which may be applied
in known AdS vacua. We discuss stability of these solutions.

We propose a bound on the quality of global symmetries that are derived from
gauge symmetries. This involves a Stiickelberg axion as well as instantons coupling
to it. Integrating over instanton insertions leads to global-symmetry-violating op-
erators. Using the axionic weak gravity conjecture the coefficient of the operator
may be bounded from below.

In the spirit of the weak gravity conjecture, we constrain attractive forces in
the absence of gauge charges. We claim that the minimal size of a bound state is
governed by gravitational forces alone and arrive at a bound state conjecture: In
an EFT, there is a universal lower bound on the typical radius of any bound state.

Tests und Weiterentwicklungen von Swampland Vermutungen

In dieser Arbeit iiberpriifen wir mittels Landscape Konstruktionen Swampland
Vermutungen und erweitern bestehende Vermutungen um unser Verstdndnis von
Quantengravitation und deren phinomenologischen Auswirkungen zu verbessern.

Wir konstruieren eine neue Klasse von Axionen in Klebanov-Strassler Throats
zusammen mit ihrer Beschreibung in Supergravitation. In seiner einfachsten Form
wird das Azionic Weak Gravity Conjecture verletzt. Die Instantone, die es erfiillen,
leben auf einem sehr groben Ladungsuntergitter.

Basierend auf dem Winding Szenario zeigen wir, dass fiir leichte axionische
Richtungen des Feldraums abstimmbare, positive Potentialminima existieren. Dies
liefert einen kontrollierten Mechanismus von Supersymmetrie-Brechung und Up-
lifting fir bekannte AdS Vakua. Wir diskutieren die Stabilitdt solcher Lésungen.

Wir schlagen eine Schranke fiir die Qualitéit der von Eichsymmetrien abstam-
menden globalen Symmetrien vor. Dies erfordert ein Stiickelberg Axion sowie daran
koppelnde Instantone. Durch Ausintegrieren dieser Instantone erhilt man diese
Symmetrie verletzende Operatoren. Durch die Azionic Weak Gravity Conjecture
erhdlt man eine untere Schranke fiir die Koeffizienten der Operatoren.

Im Sinne des Weak Gravity Conjectures schrinken wir attraktive Krifte in
Abwesenheit von Eichladungen ein. Wir fordern, dass die minimale Grofe eines
gebundenen Zustands durch Gravitation bestimmt ist und mutmafen: In EFTs be-
sitzt jeder gebundene Zustand eine allgemeine untere Schranke an seinen Radius.
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Chapter 1

Introduction

1.1 String Phenomenology

1.1.1 Beyond the Standard Model of Particle Physics
and Cosmology

With the standard model of particle physics (SM) and general relativity (GR)
we have two theories that explain — to unprecedented precision — most of the
phenomena associated to particle interactions via the strong and electroweak
interaction and gravity. In recent years, these theories were confirmed once
again by the measurement of the Higgs boson [1|, completing the standard
model, and the measurement of gravitational waves produced by the collapse
of binary systems [2] as predicted by GR. The latter gives justified hope that
we will soon be able to complete the cosmological standard model ACDM
(cosmological constant A 4+ Cold Dark Matter) with a more concrete scenario
of inflation [3]. Depending on the concrete realization, this already touches
the one big outstanding problem in modern theoretical physics: At some en-
ergy scale, both these theories become relevant for the description of nature
and therefore the two theories have to be combined into a single theory of
quantum gravity (QG), which becomes, for example, relevant in the descrip-
tion of black holes. Since GR however is perturbatively non-renormalizable
as a quantum field theory (QFT), the framework for QG may have to be of
a different naturel] To this day, the best understood candidate for a the-
ory of QG is (super)string theory, in which one goes away from the idea of
fundamental objects being point-like particles and rather considers strings,
extended one-dimensional objects, as the building blocks of nature.

' Whether GR is non-perturbatively renormalizable is an open problem. There are
attempts to consistently combine SM and GR within the framework of QFT.
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There have been many successes in the study of string theory. One of the
most outstanding outcomes is that GR, or rather its supersymmetric (SUSY))
completion supergravity (SUGRA), is part of the low-energy effective field
theory (EFT). In this framework, including some purely stringy effects, a
Landscape of String Vacua has been found. We give a short introduction
to string vacua in Sect. while postponing details on the terminology
and technology required to Sect. The sheer amount of vacua seems to
suggest that anything goes. That is, within string theory any desired universe
can be constructed. In Sect. and in more detail in Sect. we will see
that this is not the case. There are certain criteria that a low-energy theory
has to fulfill in order to fit into the framework of string theory. These so-
called Swampland Conjectures will be the main focus of this thesis. We will
highlight in particular the Weak Gravity Conjecture (WGC) in a number of
formulations, as it is on the one hand one of the most established criteria and
on the other hand one of the most useful ones when talking about hands-on
phenomenology. As briefly explained in Sect. (natural) inflation may
be such a phenomenological example that is constrained by the WGC. In
Sect. [1.3] we will give an overview over the research topics in this thesis and
how they relate to the general ideas just discussed.

1.1.2 String Vacua

While the advantages of string theory include the prediction of the number of
spacetime dimensions, one immediately also comes to find that this prediction
is ten dimensions. To make contact with the four-dimensional world we see
around us, one has to compactify six of these extra-dimensions, the idea
being to make them so small that we cannot see them in any experiment
carried out so far.

Upon compactifying one is still faced with the problem of choosing by
hand the compact manifold that reduces the number of large dimensions
from ten to four. A particularly popular class of manifolds are Calabi-Yau
manifolds (CY). Compactifying on CYs leads to some desirable properties,
such as preserving supersymmetry in lower dimensions and solving the vac-
uum Einstein equations. Because they possess a lot of structure, they are in
some ways also the most easy to deal with. They are described by a hand-
ful of integer numbers that are relevant for the low-energy theory. Two of
these numbers count the possible deformations of size and shape of a given
CY that do not spoil any of its properties. As any dimensionless parame-
ter in string theory, these parameters are dynamical fields. In this specific
case they are so-called moduli, fields that do not have any potential: Chang-
ing the value of these fields doesn’t spoil a vacuum solution. Together with
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other moduli coming from the string spectrum in ten dimensions, Ramond
and Neveu-Schwarz fields, there is an enormous number of fields in the low-
energy spectrum. Many of these fields are actually stabilized by a potential
due to internal fluxes of the higher-dimensional fields. While it is expected
that most, if not all, moduli are actually stabilized by a potential once all
stringy effects are taken into account, there is still a very large number of
possible vacua and EFTs [4]. This set of vacua is known as the (string)
landscape.

Interestingly, these EFTs generically contain axion-like particlesP] or ax-
ions for short, which have a non-perturbatively generated, small potential [5].
It remains a challenge to distinguish all vacua including light axions and see
how we might test whether one of them describes our universe with the axions
possibly being relevant as dark matter, the QCD axion or the inflaton.

1.1.3 An Example: Cosmic Inflation

One test of string phenomenological models often considered because of its
simplicity as an EFT is cosmic inflation. Inflation is the most popular expla-
nation for the open problems of the ACDM model. It is a phase of almost ex-
ponential expansion of the early universe. In this phase quantum fluctuations
such as gravitational waves grow in wave-length. We should in principle still
see the imprint of such primordial gravitational waves from quantum fluctu-
ations in the polarization of the cosmic microwave background, see Fig.
The strength of gravitational waves from inflation is usually given as the
tensor-to-scalar ratio r, which is so far only bounded from above to r < 0.10
at 95% CL by the most recent results of the Planck Collaboration [6].
Simply considering the so-called Lyth bound [8|

A¢ < /r/0.01Mp (1.1)

where A¢ is the distance the inflaton field traverses in field space, we see
that future experiments will be able to distinguish whether so-called large-
or small-field models, in which the field traverses super- or sub-Planckian dis-
tances in field space respectively, are favored. Therefore, when constructing
inflationary models in string theory, models in which the inflaton field range
is larger than Mp are particularly interesting.

To make this more concrete, we take a closer look at natural inflation [9].
When trying to find candidate fields for inflation one is led to consider axions,

2We always consider axions to have discrete shift symmetries since non-perturbative
effects typically break any continuous shift symmetry to a discrete subgroup.



Chapter 1. Introduction

S AP
TS

| 0e1 K T T 150 K

Figure 1.1: The cosmic microwave background as measured by the Planck
Collaboration. Shown are scalar temperature deviations as well as polar-
ization of the spectrum. Certain polarization modes are an indicator for
primordial gravitational waves. Taken from .

since their shift symmetry allows for small masses that are not subject to large
radiative corrections. The scalar potential is usually parameterized as

V(¢) = Vo |1 — cos ? , (1.2)

where f is the axion decay constant. In order to find a consistent inflationary
phase, one requires f > Mp ﬂgﬂ, allowing for large r at large field excursions
A¢p ~ Mp. For more details and a plethora of different string motivated
models see [10].

While string theory gives rise to many axions upon compactifying, one
finds that these have periodicities that are generically sub-Planckian when
staying in the regime of perturbative control. Such a statement can also be
derived from a version of the WGC as discussed in Sects. and 2.2.3] So
one of the questions that motivate us to further test these kinds of swampland
conjectures is: Could we even in principle construct a model of natural
inflation in string theory or is there an intrinsic property of QG that forbids
such a construction?
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1.2 The Swampland Paradigm

1.2.1 Landscape vs. Swampland

While constructions in the string landscape give rise to many vacua among
which we may find our universe, the whole procedure is very complicated.
Even though for any fixed CY, there is a finite number of flux vacua, there is
an unknown number of CYs to choose from. It seems an impossible task to go
through all models even in this possibly small corner of quantum gravity. For
this reason the swampland program was started |11,|12]. The idea is, rather
than considering top-down constructions of models one looks for criteria that
all of these models fulfill: From either general quantum gravity arguments or
broad experience of known constructions one phrases criteria that any low-
energy theory that is derivable from a theory of quantum gravity or string
theory is expected to fulfill. Then one may simply write down a desired
model and check whether it is consistent with the catalog of properties. If it
is not, one says that it belongs to the swampland: Consistent looking EFTs,
that cannot be completed in the ultraviolet (UV) to a theory of quantum

gravity, see Fig.

Theory space

Counsistent EFTs

~ N

Consistent
with QG

Landscape

),

Swampland

Not
consistent

with QG

Figure 1.2: Consistent-looking EFTs in theory space. Within this set, there
are islands of theories that are UV-completable to theories of QG, the land-
scape. The complement is known as the swampland.

Since we do not know all general properties of QG, the criterea we are
able to formulate are conjectures. They are to be tested by either looking for
constructions in string theory that go against them, or by experiments in the
real world: We know that the GR+SM EFT is necessarily consistent with
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any QG describing our universe. While the first approach seems straight for-
ward, it is hard to argue for the absolute validity of all assumptions used in a
given landscape model. The latter approach may be used in, e.g., models of
inflation: If future measurements of the tensor-to-scalar ratio seem to favor
the standard scenario of large-field inflation, we may question swampland
conjectures forbidding this or look for ways of avoiding the specific prereq-
uisites that led to the formulation of a given conjecture and by this broaden
our understanding of QG.

1.2.2 Gravity as the Weakest Force

In order to understand how to work with and expand our knowledge of the
swampland and therefore the landscape, we introduce some conjectures that
will reappear throughout this thesis. A quantitative motivation for these
conjectures will be given in Sect. Reviews can be found in [13,/14].

We start by stating the No Global Symmetries Conjecture, which has
been introduced long before the idea of a swampland [15,/16]: An EFT that
can be consistently embedded in a theory of QG cannot possess exact global
symmetries. The standard argument for general theories of quantum gravity
independent of any specific setup uses black hole evaporation, in which a
global charge hidden behind an event horizon simply disappears or leads to
an infinite number of remnant states.

A possible way to quantify this is the Weak Gravity Conjecture |17]. In
its simplest form it states that, given a gauge theory with coupling ¢, there
is always a particle of mass m and charge ¢ subject to

m/Mp < qg. (1.3)

We see that there is an obstruction to taking the limit ¢ — 0 which would
give rise to a global symmetry. The name of the conjecture derives from
the fact that the 1.h. side gives (the square-root of) the strength of the long-
range gravitational force between two particles of the same species, while the
r.h. side measures (the square-root of) the long-range Coulomb force between
them. The inequality reads ‘gravity is weaker than gauge interaction’. Origi-
nally, also this bound was motivated by black hole physics by proposing that
no non-supersymmetric black hole should be stable. Applying the conjecture
to magnetic monopoles one finds an inequality constraining the cut-off A of
the EFT (which is introduced to regularize the energy stored in the field of
the monopole),

This is known as the Magnetic Weak Gravity Conjecture.
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These ideas have been generalized in a number of ways. The Weak Gravity
Conjecture with Scalar Fields [18] adds an additional attractive force medi-
ated by massless scalars with dimensionful coupling parametrized as pum to
the particles. One may check that the corresponding long distance force has
dimensionless coupling p. The claim is then that the sum of attractive forces
is smaller than the repulsive force,

(m/Mp)* +pi* < ¢°¢*. (1.5)

The Azionic Weak Gravity Conjecture |17] is, as the name suggests, an
inequality constraining axionic interaction. The gauge coupling is given by
(the inverse of) the axion decay constant 1/f, while the mass of a particle is
replaced by the action S; of the objects charged under axions — instantons.
Rearranging terms one arrives at

Sy <qMp/f. (1.6)

With this, we now see the use of such conjectures going back to our motivation
of models of inflation in Sect. In controlled stringy scenarios, that is
St > 1, the axionic WGC demands f < Mp . So, if this conjecture turns out
to be true, it seems like natural inflation would be ruled out. We may again
constrain the magnetically charged objects, strings, to find the Magnetic
Version of the Azionic Weak Gravity Conjecture [19)

A <M. (1.7)

1.3 Contribution of this Thesis

In this thesis, we explore both routes — the landscape and the swampland
perspective — to the physics of string vacua. In this we are motivated by
improving our understanding of the imprint of quantum gravity or string
theory on low-energy theories and their phenomenology. While axion-like
particles, which we call axions for short, and supersymmetry (breaking) play
a significant role in of the following, we are not interested in building complete
phenomenological models. Rather, we attempt to draw and sharpen the
boundary between the landscape and the swampland.

Ultralight Axions in Klebanov-Strassler Throats

We start by considering landscape constructions of ultralight axions in Ch.
The chapter is based on [A]. We are motivated on the one hand by the rele-
vance of axions for beyond-standard-model phenomenology [20,21] and string

7
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phenomenology in particular [22-24,[5,25]. On the other hand axions play
an important role in the swampland debate [26-39]. The model is inspired
by [40], where it was proposed that one may arrive at a model of axion
monodromy [41,/42]. As such models are also interesting to study for both
reasons just discussed [43(-48|, a further motivation is to clarify whether a
monodromy actually arises.

We consider so-called Klebanov-Strassler throats [49], warped regions of
CYs which arise due to back-reaction of large flux numbers stabilizing the
geometry. Such regions are thought to be generic features of string orientifold
compactifications [50,4,51]. More specifically, we require the setup of a dou-
ble (multi) throat where two (multiple) throats are topologically connected
by sharing a common three-cycle, see Fig. The genericity of this more
specific setup has recently been analyzed in [52].

two-chain

Figure 1.3: A lower-dimensional sketch of the double throat: Two throats
share a three-cycle. When cutting off the tips, a two-cycle emerges. On this,
we define the Ramond axion.

Cutting off the tips of both throat, the topology possesses a two-cycle
which can support the Ramond two-form of supergravity. This gives rise to
an axion in four dimensions. However, considering the full double throat,
the strongly warped infrared (IR) regions, the two-cycle disappears as it be-
comes a boundary of some three-chain describing the tips of the throat. This
necessarily gives an obstruction to the axion’s shift symmetry as an excita-
tion of the axion induces energy densities of the corresponding Ramond-field
strength at the tips of the throats. While this was argued to lead to a model
of axion monodromy in [40], it turns out that by back-reaction on the geom-
etry in the explicit setting, a larger periodicity is restored: The deformation
of the throat due to the would-be axion happens to coincide with a discrete
symmetry of the geometry — leading also to a restored discrete shift symmetry
of the axion.
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We work out the EFT describing this mode and find that its mass is un-
expectedly light compared to its decay constant. The low-energy description
is extended by a proposal for the super- and Kéahler potential of the mode
including its saxion partner. We check that our findings are consistent with
the conjectured existence of the dual Klebanov-Strassler gauge theory [49].

Finally, we check consistency with the axionic WGC [17]. We draw two
conclusions: First, we find that multi throat systems in CYs are surprisingly
weakly stabilized as the saxion mode has a low mass and can therefore trans-
fer energy density from one throat to another via only a tiny energy barrier.
Secondly, we find that the simplest versions of the axionic WGC may not
hold in general. When taking the (super)potential proposed seriously and
attributing the terms to instanton processes’] the axion decay constant can
parametrically violate . One may instead consider a lattice version of
the inequality [53,54], that is one requires that only a sub-lattice of the (fully
filled) charge lattice fulfills the inequality. Then, we find that the sub-lattice
subject to (1.6 is unusually coarse compared to other known examples.

Winding Uplifts — Parametrically Small SUSY Breaking

Ch. |4]is based on [D]. We use an axion potential consisting of multiple com-
peting terms of different periodicities to uplift both to de Sitter (dS) vacua
from known anti-de Sitter (AdS) vacua as well as to non-supersymmetric AdS
vacua starting from known supersymmetric lower-lying vacua. Such a model
may be used as a counterexample to the dS conjecture [55] and SUSY AdS
Conjecture [56,57]. The former has sparked a recent debate on the stability
of existing solutions [58-70].

Concretely, we consider the real parts of complex structure moduli in the
large field limit. These fields are axions since a discrete shift symmetry in the
large-complex-structure point of the moduli space is manifest [71]. By choice
of fluxes some direction in the axion field space remains unstabilized by the
leading flux super- and Kéhler potential. Once sub-leading corrections are
taken into account, also this direction is stabilized. By the shift symmetry
these corrections are periodic. This is known as the winding scenario [32].

By tuning the imaginary parts of the corresponding complex structure
moduli appropriately, multiple sub-leading terms of different periodicities in
the axion of interest can be relevant at the same time. Choice of flux ra-
tios results in a potential given by a large-periodicity, dominant oscillation
modulated by smaller-periodicity, subdominant terms. Such a potential can
possess positive minima which are tunable independently of the height of the

3 This is motivated by the fact that the superpotential of the dual gauge theory is
generated by genuine instantons.
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potential barrier protecting a vacuum solution for the axion from decaying
into a lower-lying minimum. With this, we have found a mechanism of con-
trolled SUSY breaking in string compactifications. We apply the mechanism
in uplifting scenarios based on the non-supersymmetric large volume sce-
nario (LVS) [|72,/73] as well as supersymmetric Kachru-Kallosh-Linde-Trivedi
(KKLT) [58] and DeWolfe-Giryavets-Kachru-Taylor (DGKT) [74] vacua. We
may uplift LVS vacua to de Sitter and break supersymmetry in the DGKT
vacuum. For KKLT vacua we point out the problems that interfere with a
straightforward application of the mechanism.

A Swampland Global Symmetry Conjecture

We change our perspective in Chs. f] and [f] There, we explore possible
extensions of commonly accepted swampland conjectures to study their im-
plications on low-energy theories.

In Ch. 5| we turn to global symmetries. The chapter is based on |C].
While it seems generally accepted that exact global symmetries cannot arise
in theories of QG [15,[75-81L[16,[82], it is an outstanding problem to quantify
how strong of a violation of would-be global symmetries is expected at any
given energy scale. In the context of symmetry-breaking by wormholes this
has been discussed for a long time [76-78|, there is however still a lack of
more general arguments. Recently, [83] has given a proposal for a bound on
the violation based on black hole physics in a thermal bath.

We attempt to quantify the strength of global symmetry violation for
U(1) symmetries by employing the WGC for axions in the following way.
A global symmetry can arise as a broken gauge symmetry by a Stiickelberg
mechanism which gives a mass to the gauge boson. Such a mass term is
introduced in a gauge-invariant way by coupling the theory to an axion which
is charged under the gauge symmetry. Now however, the global symmetry is
intimately related to the axion theory which comes with charged instantons.
This manifests itself in the fact that worldlines of charged particles have to
end on instantons by gauge-invariance. This very intuitively describes how
global charges necessarily seize to exist without contradicting the underlying
gauge symmetry.

As usual, instantons as intrinsically quantum objects are to be integrated
out in the path integral (by summing over all possible instanton insertions)
when computing the effective action of a low-energy theory valid below some
cut-off A. By this, effective operators for the fields coupling to instantons
are generated which, once the axion is gauge-fixed, violate the would-be
global symmetry. These operators are suppressed by the instanton action
St , which is subject to the WGC for axions. To be precise, the coefficients of

10



1.3. Contribution of this Thesis

the operators may be estimated as exp(—S;). Applying the axionic WGCs
discussed above, both the electric and magnetic [17,/19] version, one may
estimate the coefficient to be exponentially suppressed as exp(—M3/A?).

While such a bound has been discussed before [83], we give a derivation
for a large class of global symmetries given the WGC as a basis. We give
the prime example of a fermion theory with a global U(1) symmetry. By
coupling to the axion, gauge instantons induce a global-symmetry-violating
't Hooft vertex. Taking a QG perspective, we discuss how the bound is
satisfied in the standard string theory example of brane instantons coupling
to global symmetries coming from a brane gauge theory. Finally, we show
how wormholes lead to a violation of global symmetries in the same way by
constructing an appropriate wormhole solution with charged particles passing
the wormhole throat. We discuss possible extensions of our derivation to a
conjecture covering all global symmetries including global symmetries from
tuning operators and possibly accidental ones.

A Conjecture on the Minimal Size of Bound States

Finally, Ch. [6]is based on [B]. We shift our focus away from axions. Instead,
we are motivated by the question how the idea of the WGC may be ex-
tended to uncharged particles. We explain in which ways previous attempts
to answer this, see in particular [18,84], are unsatisfactory. The original
WGC may be understood as forbidding an infinite set of bound states [17].
It does so by stating that the long-range repulsive force of gauge interac-
tion is always stronger than the long-range attractive force of gravitational
interaction. Therefore, two particles of mass m and charge ¢ will have no
net attraction and will not form a bound state. This idea has been ex-
tended to include scalar interaction in the WGC with scalar fields. Just
like gravitational interaction, the interaction mediated by a scalar field is
attractive. Therefore the sum of attractive forces, gravitational and scalar,
is conjectured to be subdominant to the repulsive gauge interaction [18] (see
also [85-88,84189-92]).

If the WGC is supposed to be understood as the statement of attractive
forces being constrained to not allow for bound states, the question that now
arises is: How can it be phrased for particles that are not charged at all under
a gauge boson? We claim that rather than forbidding bound states altogether
the proper way forward is to constrain them. Specifically, we propose that the
minimal typical radius of any stable bound state is bounded from below by
the corresponding purely gravitationally bound state. That is, independent
of the kind and strength of attractive interaction, the constituents of a bound
state cannot be bound arbitrarily tightly. Interestingly, taking bosonic par-

11
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ticles of mass m and considering gravity as the only interaction, the minimal
radius a bound state will have is, parametrically, R ~ 1/m . This happens at
some critical mass or particle number of the bound state where it collapses
to a black hole. We see that this is actually independent of the Planck scale
and we are able to decouple gravity by taking Mp — oo to end up with a
interesting non-gravitational conjecture: Any stable bound state in an EFT
with heaviest stable particle m has a typical radius of R 2 1/m. We test
this conjecture in a number of non-trivial examples and see that whenever
this threshold would be crossed an instability arises.
We conclude in Ch. [7] with a summary of our findings and an outlook.

This thesis is based on the publications [A-D]|. I wrote most of these papers
with the notable exceptions of Sects. 3 and 4 of |A] written by Jakob Moritz
and Sect. 3 of [C] written by Tristan Daus. The ideas and conceptual discus-
sions that can be found in these papers were a joint effort of all co-authors
including myself.

12



Chapter 2

The Landscape and the
Swampland

This chapter gives a summary of topics and quantities that will reappear
throughout this thesis. It is not intended as a pedagogical introduction but
rather as a reminder for the reader who has come across these topics before.
We start with top-down constructions of low-energy effective theories from
string theory in Sect. 2.1l For a general introduction see, e.g., [93//94]. In
Sect. [2.2] we give a short introduction to the swampland paradigm with focus
on the weak gravity conjecture. A detailed review can be found in [14].

2.1 The Landscape

2.1.1 Compactification

We will start with the basic terminology of compactifications. A short review
with a string theory motivation can be found in [93]. We will be able to see all
basic features in a 5d to 4d compactification, where we assume the spacetime
to be flat four-dimensional Minkowski space times a compact circle of radius
R, R x SL. We will split the coordinates 2, M =0,...,4, into external
coordinates z*, u=0,...,3, and internal coordinate y = z*.

Now consider a complex scalar field ¢(z*,y). For consistency with the
spacetime symmetry y ~ y + 2w R the scalar field has to have the same

periodicity in its y-dependence. We can decompose the field into harmonics

o y) = 3 gala")el (2.1)

neZ
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Inserting this ansatz into the action of a free scalar field gives

1
R13xShH
) (2.2)

— e [ Y 000000 - L a0

n=—oo
The four-dimensional theory contains a so-called Kaluza-Klein (KK) tower
of states of masses m,, = n/R. The low-energy theory below the KK scale
mgk = m1 = 1/R contains only the massless field ¢ .

We can repeat this exercise for a vector field Ay/(z,y). An analysis of
the kinetic term tells us that there is a tower of states with one massless field
Ap nr in four dimensions. We may split the vector into

Ao (x) = (ﬁ‘éﬁi)) | (2.3)

In the language of forms, A = Aydz™, we may equally define a(x) =
77 Jor A. The action is
1 1
S = /d4xdy {—ZFMNFMN} O /d4x {—ﬁf(f@ucﬁ“a} , (2.4)

where f, is the azion decay constant, f> = 2rR. From the gauge field’s
gauge symmetry, the pseudo-scalar field a(z) inherits a shift symmetry, a —
a + const. Fields with such a symmetry are called axions.

Finally, we want to consider the graviton Gy (z,y) and the 5d Einstein-
Hilbert action. We will find a KK tower of symmetric two-tensors. The
massless mode Gy () splits into

_ otys (Guw(@) + e WA (2) A (x) e WA, (x)
Gon(x) = 7013 ( u e*”(x)Au&) —o(@) . (2.5)

Under this decomposition the action reads

S = MTg / d*zdyv—G R[G]
X (2.6)

M3 1
D (27TR)75 /d4x\/—g (R[g] - WFWF’“’ - 66“08“0) .

The field stength F),, = 0;,A,) defines a U(1) gauge theory, which is inherited
from the circle’s local reparametrization invariance y — y+ A(x). The scalar
field o describes deformations of the internal space

27R
Vol(S') = / dy\/Gyy = 21 Re7@/3 (2.7)
0
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Such deformation parameters that do not change the topology of the inter-
nal manifold are called geometric moduli. They are dynamical fields in the
presence of gravity. Note, that one more generally uses the term modulus for
scalar fields without a potential.

2.1.2 Type 1IB Orientifold Compactifications
Type IIB Supergravity

Heterotic 11d SUGRA
Eg X Eg
Heterotic
Type 1 Type 1IB

Figure 2.1: The M-theory star with its perturbative corners. There are known
dualities between neighboring corners, such as T-duality between Type I1B
and Type IIA string theory. We consider the shaded type IIB SUGRA corner.

In this section, we will take a closer look at the construction of low-energy
effective theories. We do not possess the tools to analyze string theory, or
rather its completion into M-theory, in full detail. Rather, we can only de-
scribe perturbatively different limits of string theory, which are illustrated in
Fig. and add some non-perturbative effects. We will deal with one of the
most studied corners of string theory: Type IIB SUGRA on CY manifolds.
In what follows one should keep in mind that we only cover a small part of
the possible landscape of low-energy theories. We focus on this corner as
it is well-explored and thought to be fruitful for finding realistic models of
nature. A full account of string theory including what follows can be found
in the literature, see, e.g., [94].

We will consider only the bosonic field content of the closed string. It is
made up by the Neveu-Schwarz-Neveu-Schwarz (NSNS) sector consisting of
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Chapter 2. The Landscape and the Swampland

a symmetric 2-tensor, the Kalb-Ramond 2-form and the dilaton
Gun, B2, @, (2.8)
as well as the Ramond-Ramond (RR) sector consisting of the p-forms
Co, Cy, Cy. (2.9)
The p-forms are gauge potentials with gauge invariant field strengths
H3 =dB,,
Fy =dCy,
Fy = dCy — CodBy = Fy — CoHs,

~ 1 1 1 1
F5:d04—EOQAdBQ—f-EBQ/\dCQ:Fg,—ECQ/\Hg—f—éBQ/\Fg.

(2.10)

The full effective field theory describing the interactions of these fields has

infinitely many terms. These, however, can be organized in inverse powers

of the string scale M, = 1/v/a’. We will, for now, only consider what is

known as Type IIB SUGRA, the leading terms of Type IIB string theory in
the o/-expansion:

2

1 orl> |Gl ‘Fs‘

Sip = =— dlome_‘ﬂ _‘3‘_

2K7 2(Im7)?2  2Im7 4

(2.11)
1 Cy NGy NGy
S
8ik2, / Im T 2 S

where k%, = (4”42:,)4 and the squares of p-forms are | F,|* = &FMIWMPFM“'MP .

In this, only the combinations
T:Co+i€_®7 ngﬁg—ie_q)Hg:Fg—THg, (212)

appear. The complex scalar 7 is the azio-dilaton. The vacuum expectation
value (VEV) of the dilaton (®) defines the string coupling g, = e~‘® . Tt
appears as the expansion parameter in the loop-expansion of string diagrams.
When talking about vacua, it is common to use the parameter g, straight
away, thinking about the dilaton already being stabilized to some value.

The localized contribution describes sources for p-form fields: D-branes
and O-planes. A Dp-brane has an action

Si = T, / A/ =ge ™ + p, / Chir . (2.13)
w w
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Here, T, = 27?(4#20/)_17%1 is the brane tension and ¢ and ¢ are induced
metric and coordinates on the worldvolume Y. The coupling p, to the
gauge potential Cp,y, differs in sign for brane, p, = T,, and anti-brane,
i, = —1},. Non-dynamical O-planes have a similar action, but, importantly,
their tension is negative, To, = —%Tp. From their action we can see that
Dp-branes are a generalization of charged point-particles (O-branes). We will
come back to the origin of O-planes below.

Calabi-Yau Orientifold Compactifications

From here on, one may explicitely compactify on a six-dimensional manifold
to make contact with the four-dimensional world. We choose to do this on a
compact, complex Kéhler manifold of SU(3)-holonomy - a Calabi- Yau 3-fold.
These are Ricci-flat manifolds, so a compactification to Minkowski space will
automatically fulfill the vacuum Einstein equations. A first step in explicitely
compactifying is choosing a basis of p-forms in which we decompose our fields.
Here, a CY X comes in handy: They are characterized by the non-zero Hodge
numbers . o
h*? = dimg H* (X)),
RO =h*3 =1, B0 =p" =1, (2.14)
hl,l — h2,2’ h1,2 — h?,l )

We see, there is a unique volume form and its Hodge dual as well as a
unique holomorphic 3-form ) and its complex conjugate. Hodge duality and
complex conjugation also relate the other Hodge numbers, leaving only two
independent Hodge numbers usually chosen to be %! and h'?.

If one were to compactify on a CY to four dimensions, one would find,
that of the 32 supercharges, corresponding to NV = 2 SUSY in ten dimensions,
8 supercharges would remain unbroken. That is, we find a N' = 2 SUGRA
theory in four dimensions. To get closer to realistic models, with, e.g., chiral
fermions, and to allow for fluxes, see below, we will reduce this to only 4
remaining supercharges and /' = 1 SUGRA. For this we mod out with
the orientifolding action €50, where )5 is a parity operator on the string
worldsheet and o a target space involution that acts non-trivially on the
compact part. This makes sense if the action of ()40 is a symmetry of string
theory on a given target space such as CY (orientifolds). The fixed point
locus of the involution is called an orientifold plane, or O-plane for short.
Note that, unlike D-branes, these O-planes are not dynamical, but rather
they a property of spacetime. To end up with four-dimensional Minkowski
space, we choose the orientifold action to act trivially on the external space.

Under this involution o, p-cycles and p-forms can be even or odd. This
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allows us to split the Hodge numbers into

Rl e N N S e e (2.15)

Counting Moduli

We highlight a further property of CY manifolds: Yau’s theorem tells us
that there is a unique Ricci-flat metric g;; for a CY with holomorphic 3-
form ) and Kahler 2-form J. Here, we split the indices using the complex
structure into holomorphic ¢ and anti-holomorphic 7. However: There are
deformations of this metric that can be shown to maintain all the properties
of a CY including Ricci-flatness! The deformation parameters are moduli,
just like the volume modulus of the circle in Sect. 2.1.1] Since there is no
energy density coming from additional curvature when deforming it is clear
that they do not have any potential. We can parameterize deformations as

gi;d2'dz7 — gidz'd2? + 6g;;d2'de + §gid2'd2 + hue. (2.16)

Due to Yau’s theorem we know: These deformations must be accompanied
by a change of either the Kdhler 2-form J or the holomorphic 3-form 2 to
maintain uniqueness. To see this, we introduce the harmonic (1, 1)-forms
We, a@=1,...,hb that form a basis of H*! and the harmonic (1,2)-forms
Xa, @=1,...,hY%, that form a basis of H%?. Then the Kihler form can be
expanded as

J = igipd2'dy? = t*(1)w, . (2.17)

A deformation dg;; is induced by a change of Kdhler moduli t*(x). A complex
structure deformation dg;; can be expanded using the holomorphic 3-form

i o
0gij = wza(ﬂﬂ)(xa)m%kzgkkg”, (2.18)

so such a derformation is induced by a change of complex structure moduli
2%(x).

There are non-geometric moduli as well: We can have non-trivial con-
figurations of the p-forms in the internal space. We may parameterize the
internal components of the p-forms, focussing only on scalar fields, as

Cy = c*(2)wa, By =b"(r)w,

Oy = & () . (2.19)

Here, we also introduced a basis of harmonic 4-forms @w,, a = 1,..., htt.

The fields ¢*(z) , b*(x) and é*(x) are real and, just like the axion in Sect.[2.1.1}
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they inherit a shift symmetry - they are axions. We may combine them with
the geometric moduli into

h'! complexified Kdhler moduli T = t* + ¢,
hM! two-form moduli G® = ¢® — 70,

a

19 . (2.20)
h>* complex structure moduli 2%,

1 axio-dilaton 7.

Finally, we consider CY orientifolds and keep only the part of the super-
gravity spectrum that is invariant under the orientifold action. We also have
to take into account the action of the involution on the geometry: o(J) = J
and o(Q) = —Qﬂ After carefully studying this action, one finds the only
remaining moduli are

hl' complexified Kéhler moduli T =t 4 i¢,
hY two-form moduli G = ¢ — 7b,

L (2.21)
h>* complex structure moduli =z,

1 axio-dilaton 7.

While they will not be of relevance for this thesis, note that there are
non-scalar fields as well. These come for example from expanding Cj in a
basis of 3-forms, giving rise to an external vector, or from purely external
2-form components B, . All fields will be arranged in SUSY multiplets.

2.1.3 The Low-Energy Theory
N =1 4d SUGRA

One can show by studying the orientifold action that the low-energy four-
dimensional theory possesses N’ = 1 supersymmetry. This tells us that the
complex, scalar moduli are arranged in chiral multiplets ®!. The form
of the N =1 SUGRA Lagrangian is well known. The scalar components ¢’
of the chiral multiplets ® are subject to the Lagrangian of the general form

where the supergravity scalar potential is given by

Vi =X [KIDWD;W — 3|W|*] . (2.23)

1 One may also choose o(Q) = + leading to a different spectrum, e.g., hi’Q instead of

pb? complex structure moduli. Instead of O3- and O7-planes, one will have O5-planes in
the CY orientifold.
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Lower indices K; and Kj; indicate derivatives 0K /9¢' and 0K/0¢" and K%
is the inverse of the matrix K;;. The covariant derivative is defined as D; =
Given the action (2.11]), one finds the Kéhler potential

K:KV+KT+KCS

=—=2In(V) —In(—i(t — 7)) — In (—iHTEH) . (2.24)

Here, the volume V is a function of the Kéhler moduli, V = %f JNINJ.
To define the quantities in the last term, we have to introduce a basis of odd
3-cycles {AY, B}, 4,7 =0,..., hl_’2 We choose them in such a way that the

symplectic intersection matrix X of the cycles A* and B; has the normalized

form , , , L
_(AnA AnB)\ (0 1
Z‘(&mAJzzm@)_(—g 0>' (2.25)

Then, the (2h2% + 2)-dimensional period vector TI takes the form

2= [, o 1,2
II = A =0.....h” 2.26
(e 2y 0) - =0 (2:20)

where z° = 1 defines the normalization of Q. The remaining h"? z%’s are the
complex structure moduli and G;(z?) are functions of the complex structure
moduli, whose form depends on the CY under consideration.

The Kahler potential above fulfills an important property:

> KYK.K;=3. (2.27)

= 1,1
oz,ﬁeh+

We see that D,WW = 0 for a = 1,...,h"? already implies that the scalar
potential vanishes identically in the absence of non-vanishing derivatives of
the superpotential! This property of the Kahler potential is called no-scale.

We did not include the 2-form moduli yet. On a perturbative level, they
appear only in the Kéahler potential [95], but the exact form will not be
relevant here.

Flux Stabilization

The (perturbative) superpotential is only non-vanishing in the presence of
fluxes, non-trivial quantized field configurations of the 3-form field strengths

2 Note that the 3-cycles dual to the odd holomorphic and anti-holomorphic three-forms
are also odd, thereby explaining why there are 2(h"%+1) odd 3-cycles.
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F3 and Hs. A major step in establishing a general mechanism for finding
vacua has been done in [96]. There it was shown that general solutions to
the equations of motion derived from the action (2.11)) exist for certain fluxes
and localized objects using a warped metric ansatz

ds? = 62A(y)nuydx“dx” + e HAWg  dy™dy”, (2.28)

where g, is a CY metric. These solutions include imaginary self-dual fluzes,
I3 = —7x¢Hs, and their back-reaction. The superpotential, derived from the
10d flux potential [d'%z |G|?, in the effective four-dimensional description
is the Gukov-Vafa-Witten (GVW) superpotential [97]

W:/Q/\Gg, (2.29)
X

where G3 = F3 — 7H3 . This now generates a positive semi-definite potential
V(2%) ~ |DW | +|D.W|? for the complex structure moduli z* and the axio-
dilaton 7. The stabilized values are in the supersymmetric vacuum if and
only if they are F-term solutions

DW =0, D,W=0. (2.30)

By choice of fluxes, their value can be tuned. The Kéhler moduli remain
unstabilized at this stage.
Note that the fluxes on 3-cycles,

/ F3 = (2m)*a’M" / H3 = —(2m)*dK;, (2.31)
At B;

are subject to a tadpole cancellation condition. Integrating the Bianchi iden-
tity for Fj5 over the compact manifold yields

1 1
O—NDg——N03+2—/ H3/\F3
(2.32)

1 i
:ND3—§N03+;MK1‘7

where the first two contributions come from localized sources modifying the
Bianchi identity, dF5 D 31305 6 (yns/03) » and contain both positive (D3)
and negative (O3) contributions. The last term is the flux contribution.
In the sum on the right-hand side we only include pairs of fluxes (M*, K;)
on symplectic dual cycles, see . We see that O-planes and therefore
orientifolding is a necessary step in turning on fluxes stabilizing moduli. In
F-theory, D7-branes (and OT7-planes) give an additional contribution in the
form of the x(Y")/24 on the left-hand side, where x(Y) is the Euler number
of a CY 4-fold Y — X which is an elliptic fibration over a 3-fold X. One
may then cancel tadpoles without considering orientifolds.
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2.1.4 Stabilizing All Moduli

There are some drawbacks to the setup of vacua so far: We end up with
a supersymmetric Minkowski solution that has only taken into account the
leading order perturbative theory and has unstabilized moduli. We will now
see, that including pertubative and non-perturbative corrections will actu-
ally generically take care of these problems. Whether the final solution can
actually be non-supersymmetric de Sitter, as we find in nature, is currently
under debate [98]. We will content ourselves with presenting the basic ideas
behind the scenarios without much scrutiny.

We are going to add perturbative and non-perturbative corrections to the
Kahler and superpotential

K:KO—FKP—FKHP%KO—FKI),

(2.33)
W = Wo + Wap .

In this we assume that the first perturbative correction dominates over non-
perturbative corrections. The superpotential can be shown to be free of per-
turbative corrections, so we only have to deal with non-perturbative terms.

More specifically, the non-perturbative corrections come from for example
Euclidean branes wrapping internal cycles. Since we know that the superpo-
tential is holomorphic and the imaginary parts of Kdhler moduli 7; have an
exact shift symmetry in string theory (they are after all axions ~ [ Cy), the
only way these corrections can appear are in exponentials of the form.

Wap= > Y Ague "™ (2.34)

— L1 neN
a—l,...,h+

where A, are prefactors depending on other moduli in general and a, are
numerical coefficients depending on the origin of the correction. In scenarios
with controlled corrections, ‘e‘“aTa < 1, it suffices to consider the leading
terms, n =1.

The leading order correction in the o/-expansion is [99]

&
gy’

K, =— (2.35)

where ¢ = —% depends on the Euler characteristic y(X) = 2(hbt —h21)
of the CY.

From the general structure, we immediately find the Dine-Seiberg prob-
lem [100| that we will explain by only considering a single K&hler modulus,
V = (T —T)*?: We see that at infinite volume the potential becomes 0
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as all the corrections as well as the uncorrected potential go with inverse
powers or negative exponentials of this modulus. This means, there are two
possibilities, illustrated in Fig. If the leading correction has a positive
sign we find a runaway behavior with the modulus V going to oo. If the
sign is negative, the volume will go to small values and there is no reason to
only consider the leading order perturbative or non-pertubative corrections;
all corrections become relevant. To avoid this, one needs to achieve that at
least two corrections become relevant at the same time. Only then can one
find non-trivial minima at finite values of the modulus.

V(V) V(V)

\ \
“\ \
\
\

Figure 2.2: The Dine-Seiberg problem and its resolution.

Using (12.23)), one finds a structure [101]
V=W+Vo+Vp+..., (2.36)

where

Vo~ WO27 Vo~ Kpr? Vap ~ WI?p + WoWhp, (2.37)

There are now two famous mechanisms of stabilizing the Kéhler moduli and
thereby contructing an AdS solution, which can then be uplifted to a de
Sitter space, breaking all supersymmetry in the process.

The first one, the KKLT scenario |58|, uses only the two terms in the
potential V,, by assuming that W, is tuned to a small number comparable to
Wap ~ e~ by an appropriate choice of fluxes. Then V, is negligible and one
can find finite solutions for W, ~ Wy Wy, . Since the scalar potential is of the
form |D,W|*, one finds a minimum in the F-term solution Do W = 0. Hence,
the vacuum is given by a supersymmetric AdS space with Vjgs = — |W0]2.

The second one, the large volume scenario [73|, balances perturbative and
non-perturbative terms at generic values of W, . This requires at least two
Kihler moduli. The two terms being balanced are K,W§& ~ WyW,,. The
minimum of the scalar potential will not be a F-term solution and therefore
supersymmetry is broken in the AdS minimum with Vigg = — In*/?(V)/V3.
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Chapter 2. The Landscape and the Swampland

Finally, there may be additional positive potential terms that will uplift
the minima described to values Vys 2 0. Whether this is actually possible
without generating instabilities is still under debate [98L/55].

2.2 The Swampland

2.2.1 No Global Symmetries and Gravity as the Weak-
est Force

After having introduced the swampland idea already in Sect. we want to
give more quantitative details on how some of the conjectures are formulated.

As a first introduction to swampland conjectures, we may go back to the
example of higher-dimensional gravity in Sect. We use the parametriza-
tion (2.5) while following [14]. We rescale the fields o — & = o Mp/+/3 and
A, — AV# = A,Mp/\/2 to bring the 4d action to the standard form with
dimensionful fields. We drop the ~ to write

1
4¢?

2
S = /d4x\/—g <%R[g] F,, F* — %8“08”0) : (2.38)

where now
M2 =2rRM?2, g¢*=eV3/Mr  Vol(S') = 2rRe/V3MP)  (2.39)

Let us set the dimensionful radial parameter to R = 1/Mp and at the same
time set Mp = 1. For any given VEV of ¢ we then have the internal volume
in Planck units

Vol(S') = 2me™/V3 (2.40)

Any KK tower of a 5d field will now be charged and the KK scale depends
on the VEV of ¢

mn:anK:ne‘/g"/Q, Gn =1 (2.41)

We find the useful relation
Mp = GG - (2.42)

Interestingly, we find that we cannot make the gauge symmetry global by
simply taking the limit ¢ — 0, as this would require ¢ — —oo, Vol(S') — oo
and m,, — 0,Vn. The 4d EFT description breaks down, as an infinite tower
of states becomes relevant and the actual description is revealed to be a
five-dimensional theory as the circle is decompactified.
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2.2. The Swampland

This is a simple example of how gravity forbids global symmetries, which
is the oldest of the swampland conjectures: An EFT that can be consistently
embedded in a theory of QG cannot possess exact global symmetries |15,79-
81,|16,/82]. To understand this independent of any specific model, consider
a theory with a global continuous symmetry and imagine a globally charged
black hole. By semi-classical calculations one comes to find that any such
black hole will evaporate by emission of particles. These particles are created
via Schwinger pair production close to the horizon. If the black hole possesses
a gauge charge, the electric field outside the horizon will affect the production
in such a way that the black hole is slowly discharged. If there is no field,
however, as is the case for a global charge, both particles of charge and anti-
charge are emitted with equal probability. Therefore the black hole will not
lose its charge - albeit losing mass. One then has trouble making sense of how
global symmetries and charges can be consistently implemented in a quantum
theory of gravity even on a semi-classical level. Once the black hole reaches
the quantum gravity regime, we do not know what happens. A possibility is
the existence of remnants, black holes which are stable due to there left-over
global charge. This idea leads to the possibly problematic idea of having
an infinite number of absolutely stable black hole states of (the same) finite
mass [102,[16]. Consequently, one the oldest proposed swampland conjecture
is that global symmetries simply do not exist in EFTs derived from a theory
of QG.

In fact, the limitation on the smallness of gauge couplings ¢ is subject
of the weak gravity conjecture |[17]: In any EFT compatible with QG, there
exists a state of mass m and charge ¢ that fulfills

m < gqMp . (2.43)

In above example any of the KK states in saturates this bound (up
to O(1)-factors that can be made more precise). In its original proposal this
bound was motivated also by black hole physics: There should always be
particles in the spectrum that allow for black holes to evaporate such that
no non-supersymmetric black holes are stable.

Since both the gravitational and gauge force are of Coulomb type, one
may derive the WGC by claiming that for any Abelian gauge force equal-
charge particles are more strongly repelled by the gauge force than they are
attracted by gravity, see Fig. By definition, this excludes a gravitational
bound state of two or more such particles. Interestingly, it also implies that
charged black holes, even extremal ones, can kinematically always decay,
which was one of the original motivations of the WGC [17].

From (2.42)), we can read off another feature that generically reappears
in string compactifications: Taking the limit g — 0 leads to the breakdown
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Chapter 2. The Landscape and the Swampland

Fgauge Fgrav Fgrav Fgauge

-~ —_—

Figure 2.3: The WGC (12.43)) doesn’t allow for bound states as the repulsive
Coulomb force Fiyayuee is at least as big in magnitude as the attractive Coulomb
force Fyray -

of the EFT. In above example the infinite tower of KK states becomes light
and the theory unveils its five-dimensional origin. The appearance of such
towers leads to the formulation of the magnetic weak gravity conjecture: A
U(1) gauge theory with coupling g coupled to gravity has a cut-off which is
bounded from above

A < gMp. (2.44)

The name of this conjecture originates from a different derivation: Applying
the WGC to the magnetically dual theory, one finds that the mass of a
magnetic monopole is bounded by Mmagn < gmagnMp = Mp/ga. At the
same time we may calculate the mass of the monopole by the energy stored
in its magnetic field. Regularizing this field energy by introducing a cut-off
A gives Mimagn ~ A/ggl. Hence, we arrive at A < g Mp .

2.2.2 The Weak Gravity Conjecture and Scalars

It has long been believed that there might be a problem in theories of QG if
there is an infinite tower of bound states arising [103-H106]. It has therefore
been claimed that the above logic of forbidding bound states should also
hold for additional attractive interactions mediated by a scalar [18]|. For an
interaction of Coulomb type between charged scalars ¢ and a massless force
carrier

pm |]” x (2.45)
the inequality forbidding bound states should read

2
<Mﬁp> +u? < g*¢*. (2.46)
An interaction of the above form appears whenever there is a modulus
determining the mass m(x) of ¢, i.e., we may interpret u = d,m such that
pm = 30,m? .

Another route to explore is to interpret the inequality as the state-
ment ‘gravity is always the weakest force in a theory of QG’, which of course

26



2.2. The Swampland

gives rise to the name of the conjecture. Taking this to be the fundamen-
tal principle behind the conjecture, one is led to the scalar weak gravity
conjecture |18], which restricts scalar interaction of the above form between

uncharged scalars
2
m
— ) <ut. 2.47
(4) <n (247

2.2.3 The Axionic Weak Gravity Conjecture

A final set of weak gravity conjectures we want to explore to get back to the
example of inflation as an EFT is the generalized version of for p-form
gauge theories. It deals, instead of charged point-particles of mass m, with
p-branes of tension 7, coupling to gauge potentials C,;. The conjecture
reads (in four dimensions) [17,/53]

p(2—p)
b hys < gz am)2. (2.48)
Since axions take a prominent place in the string landscape, the limiting
case of p = —1 (the axionic version of the WGC [17]) is of particular interest
M,
Sr < TP (2.49)

where S; is the instanton action of the 0-dimensional object coupling to
the axion of decay constant f. To motivate this, let us consider the action
of a p-brane now including the kinetic term for the field strength
Fpia =dCpia

1
Sp = _ﬁ /Fp+2 /\*Fp+2 - Tp/ *1 + / Cp+1 3 (250)
9p w w

where we have absorbed the coupling constant p, in the field C,,;. We
compare this to the action of an axion coupling to gauge instantons
f2

1
=== d do —
-1 2/¢A*¢ v

1
/tI’FQ N F2 + —/gth'FQ VAN F2 . (251)
872

An instanton solution FJ will give an instanton action S; which is the ana-
logue of the worldvolume action of a Euclidean p-brane and a localized, 0-
dimensional coupling between axion ¢ and gauge instanton via the last term.

The axionic WGC also has a magnetic formulation [19]. The magnetically
charged objects of interest are light strings. The string tension gives a cut-off

A<My (2.52)
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Chapter 2. The Landscape and the Swampland

2.2.4 The dS and SUSY AdS Conjectures

As already alluded to in Sect. it is still under debate whether proposed
realizations of de Sitter vacua in string theory are actually fully controlled.
This discussion on the technical difficulties in de Sitter constructions ranges
from no-go theorems for specific setups (see, e.g., [107] for an early no-go
theorem) to possible loss of parametric control in others (see [98] and [108§]
for opposing viewpoints on some constructions). It gave rise to the (Refined)
de Sitter Conjecture [55] which quantifies how de Sitter solutions have to be
unstable: The scalar potential of an EFT coupled to gravity must satisfy
either of the following bounds

VV| > Mipv, min(V,V,V) < V. (2.53)

P

Here, ¢ and ¢ are constants of order one and where the minimum eigenvalue
of the Hessian appears in the second inequality. Note that this is not in
direct contradiction to the observed universe, as quintessence models [109]
are a feasible explanation of the current epoch of accelerated expansion [110].

It has also been proposed that non-supersymmetric anti-de Sitter spaces
are unstable [56,57]. In flux-supported AdS vacua (compactifications to p-
dimensional AdS space with non-vanishing field strengths F, along the ex-
ternal dimensions) branes coupling to the gauge potential C,_; can nucle-
ate [111,/112]. Such a nucleated brane then serves as a domain wall between
two AdS solutions which differ in flux number by the charge of the brane. In
general, the brane may expand until it reaches the boundary of AdS within
a finite time. Thereby, it reduces the flux of the original solution. A possible
new solution of reduced flux suffers from the same instability. The solution
can only be stable if the tension of the brane can compete with the Coulomb
repulsion due to the flux. The argument of [56] is now based on a sharpened
version of the WGC: The only objects saturating the WGC inequality
or its generalization to p-branes are BPS objects in supersymmetric
theories. According to this sharpened version, the stability of AdS therefore
requires supersymmetry. This idea has been promoted to a conjecture about
all non-supersymmetric AdS spaces being unstable in quantum gravity.
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Chapter 3

Thraxions: Ultralight Throat
Axions

3.1 Introduction

In this chapter, we consider axion-like particles, axions for short, from a
landscape perspective. That is, we construct an EFT of axions in so-called
Klebanov-Strassler throats [49], which may be derived from ten-dimensional
type IIB supergravity by employing the techniques discussed in Sect.
The aim is twofold: On the one hand, as briefly discussed for the example
of inflation in Sect. [I.I.3] these particles allow for interesting phenomenol-
ogy in beyond-the-standard-model physics in general [20,21] and in string
phenomenology in particular [22-24,5,25]. On the other hand, we want to
explore the boundaries of the landscape as defined by swampland conjec-
tures. In this case we want to scrutinize the axionic weak gravity conjecture,
see Sect. 2.2.3

We present a novel type of ultralight axion which, as we argue, is gener-
ically present in the type-IIB part of the landscape, building on a proposal
made in [40]. Its extreme lightness, both in absolute terms and in relation
to its decay constant (i.e., compared to the scale M exp(—Mp/f) of generic
non-perturbative potentials) lets it stand out among the many other stringy
axions.

Before turning to the details, we want to explain our central and, in
our opinion, rather surprising, parametric results: Consider type-1IB Calabi-
Yau orientifold or F-theory models stabilized by fluxes and non-perturbative
effects [96,[58,(73]. It is generally accepted that Klebanov-Strassler (KS)
throats [49] with warp factor wig < 1 will be present in an order-one fraction
of such models [50,4,51]. This warp factor can easily be ezponentially small,
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Chapter 3. Thraxions: Ultralight Throat Axions

such that it is justified to focus for the moment only on the dependence on
wig . In other words, let us for now set Ry ~ Mszrling and Ny ~ O(1),
thus ignoring all parameters except for the warp factor. Naively, the lightest
states are then the glueballs (or warped-throat KK modes) with mass ~ wg
(in Planck units). By contrast, we claim that an ultralight axion with mass
~ wi is frequently present in such settings. To be more precise, this happens
at least in all cases where the fluxes stabilize the complex structure moduli
near a conifold transition point in moduli space.

Moreover, our axion has a decay constant f ~ O(1) in the simplest mod-
elsEl7 which can be enhanced by products of flux numbers to super-Planckian
values in more general settings, and an effective potential which can be much
smaller than the naive expectation V' ~ exp(—1/f) cos(¢/f) (again in Planck
units). Clearly, this has potentially many interesting applications, from the
WGC for axions to inflation and uplifting.

The chapter is organized as follows. We start with the background solu-
tion in Sect.[3.2.1] We consider a Calabi-Yau with a conifold point in complex
structure moduli space at which multiple three-cycles degenerate simultane-
ously. We explain why this is a generic feature of Calabi-Yaus. Concentrating
on the case of two degenerate three-cycles, we introduce separate deformation
parameters z; with phases ¢, = argz; , i = 1,2, for the two deformed coni-
fold regions. Crucially, the two conifolds, specifically the S3-cycles describing
the apices, are related in homology. As a result, the Calabi-Yau condition
ensures that only one complex structure modulus, z = z; = 25, is present.
Deformations with z; # z5 are massive. We then introduce fluxes stabiliz-
ing the complex structure modulus z near the conifold point |z| < 1. The
resulting geometry is illustrated in Fig. 3.1l One can see that the so-called
B-cycle is an S® which can be thought of as a family of S?’s. This S? fam-
ily reaches into both throats such that the S?’s collapse at the apices. The
corresponding dual A-cycle is an S? over every point of the double throat in
Fig. B.1}

In Sect. we introduce the axionﬂ c~ f g2 Co, called thrazion from
now on. An excursion of the thraxion generates non-zero opposite values of

! Note that despite the fact that strongly warped throats are needed to generate a small
scalar potential for the axion, the decay constant is not suppressed by warping effects. This
is because its internal field-profile is not localized at the bottom of the throats, in contrast
to some examples that have appeared in the literature [113}[114].

2 This may seem like a misnomer since the shift symmetry is completely broken: The
10d gauge invariance Cy ~ Cy + dA; does not imply a 4d shift symmetry because the
two-sphere is trivial in homology S? = 9%3, [¢ dA; = fEs d?A; = 0. However, from
the unwarped UV-perspective the two-sphere is non-trivial and the field is a proper axion,
with a monodromy created only by the warped-down IR region.
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ruv , wyy =1

"R, wr <1

Figure 3.1: An illustration of the setup of the double throat including the
phases ¢; and the axion c¢. The phases ¢; describe physical rotations of each
throat. We have not drawn the S® over every point of the double throat.

the RR-field strength F3 at the ends of the two throats. Local back-reaction
of the resulting energy density then deforms the two throats independently:
While the phase ¢; of the local deformation parameter of one throat is dis-
placed by fluxes, the phase ¢, of the other throat is displaced in the opposite
direction by anti-fluxes. This breaks the constraint ¢; = (5 coming from
the CY condition and the homology relation between the two throats. In
Sect. [3.2.3] we calculate the potential induced by non-vanishing 10d Ricci
curvature that stabilizes the two deformation parameters against each other.
After integrating out heavy degrees of freedom, the result is an effective po-
tential for the thraxion with the properties described above and discussed in
Sect. We discuss how the analogue Bs-field back-reacts on the double
throat in Sect. [3.2.5

The exact equations of motions, their results and corresponding calcula-
tions for all parameters appearing are presented in Sect. [3.3]

Sect. rederives the effective axion potential from a proposed general-
ization of the Gukov-Vafa-Witten superpotential [97] that includes the axion.
We thereby reproduce the results in 4d supergravity language, and identify
the sarion partner of the axion. In Sect. we generalize our results to
general multi throat systems where one or more ultralight thraxions appear.

We discuss the consistency of our results with the holographic dictio-
nary in the KS context [115,49] in Sect. by matching the enhancement
of the decay constant of our axion [ Cj with gaugino condensation on the
gauge theory side. Applications and implications of these results are the
content of Sect. We consider as an explicit example the quintic three-
fold stabilized near a conifold transition point. We study the scalar potential
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for judicious choices of flux quanta. Interestingly, the overall monodromy en-
hancement is given by the least common multiple of all the flux quanta which
can easily become parametrically super-Planckian. However, the presence of
sub-Planckian modulations generically prevents successful slow-roll inflation.
The underlying idea is that a large monodromy is generated by unsynchro-
nized phases (of monodromies of individual throats) drifting away from one
another. We call this mechanism drifting monodromies. This mechanism
can also be thought of as the well-known beat phenomenon in accoustics, in
which the interference of harmonics with slightly different small wavelengths
leads to large wavelength oscillations. For related alternative possibilities of
generating large decay constants see |32, 1167121]|ﬂ We also describe a clash
with the WGC: The effective Euclidean instanton action determined from
the scale of the effective potential violates the axionic WGC (S < gMp/ fes)
parametrically. After commenting on the relevance of our findings to light
axion phenomenology, we finally consider interesting possibilities for uplifting
to de Sitter vacua. We draw our conclusions in Sect. 3.7

3.2 Back-Reacted Potential of the Thraxion
from 10d

3.2.1 Geometric and Flux-Background
Geometric Features of Generic CYs

First we will explain the basic geometric requirements for our discussion to
apply. We will explain why we expect them to be generically met.

Let us consider compactifications of type IIB string theory on a CY three-
fold, which leads to an effective N' = 2 supergravity theory in four dimen-
sions. There is a moduli space of vacua parameterized by the h%! complex
structure moduli and ! Kihler moduli, cp. Sect. There are special
points in complex structure moduli space called conifold points where the
CY develops conical singularities, and one or more three-cycles degenerate
to zero volume [122,|123]. We will consider a CY near such a conifold point,
where multiple three-cycles degenerate.

3 Note in particular the following two references: The work of [119] is closely related to
ours in making use of the conifold complex structure modulus z to create super-Planckian
decay constants, while on the technical level the approach is very different. The authors
of |120] define the 5d axion [ By on the Klebanov-Tseytlin background, analogously to
our thraxion. There, the geometric back-reaction via the 5d breathing mode allows for
monodromy-induced super-Planckian field ranges to be explored in an anisotropic and
inhomogeneous 5d spacetime.
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To understand in what sense this is generic, we consider cases in which
it is also possible to resolve conifold singularities while preserving the CY
condition. This does not restore the degenerate three-cycles to finite size,
but rather produces non-trivial two-cycles. In going through this so-called
conifold transition, a new CY threefold with Hodge numbers A'! > hl! and
h2' < h®!is produced [124]. Whenever two CY threefolds are connected via
a conifold transition, at the conifold transition point two or more three-cycles
A; that are related in homology shrink to zero size. This is a consequence
of demanding Kihlerity on the resolved side of the transition [125]. It is
widely believed that a generic CY threefold is related to other CY threefolds
via conifold transitions [126,]124]. While research on this is still on-going,
there are large classes of CY’s for which this has been shown [127}/132][]
Therefore, a generic CY has loci in complex structure moduli space where
multiple three-cycles A; degenerate together. We expand on this in Sect.
Being related in homology, the number of homology classes is smaller than the
number of collapsing three-cycles. For now we focus on the case of precisely
two cycles A; 5 that degenerate. From the above it immediately follows that
they are related in homology [A] = [A;] = [A2]. There is a symplectic dual
three-cycle B connecting the two singular points. We will call this system a
double conifold. Tts complex structure will be denoted by z and the double
conifold singularity develops in the limit |z| — 0.

We introduce the fields z; and 25 as illustrated in Fig. These fields
may be thought of as ‘local complex structure deformations’ z; = [ A Q,
with the holomorphic three-form Q of the CY, and describe independent
local deformations of the manifold near one of the two apices. Thus, in the
vicinity of either apex of the double conifold we want to describe the manifold
by embedding it into C* via

w? 4+ ws +w; +wi =2, weCh. (3.1)

While the homology relation [A4;] = [Ay] enforces z = 2; = 23 on complex
structure moduli spaceE], we will also consider deformations of the manifold
such that z; # 23, i.e., deformations away from complex structure moduli
spaceﬁ (i.e., dQ # 0). It is important to note that a deformation of the

* Note that this does not mean that every conifold singularity (or even a generic one) is
also such a transition point. For example, the mirror quintic threefold at vanishing complex
structure has a single shrunken three-cycle. Hence there is no resolved CY geometry [125].

5 This is because the difference A; — A; is the boundary of a 4-chain C . Therefore, one
has z1 — 20 = fAl Q- fA2 Q= [, = [,dQ. On complex structure moduli space one
has dQ2 = 0, and hence z; = 25.

6 For similar considerations with deformations away from Kihler moduli space, i.e.,
dJ # 0, see [133].
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local phases ¢; of z; becomes an isometry far away from the tip of either
conifold: The cross-section of either deformed conifold at a given radial co-
ordinate r possesses a spontaneously broken U(1)g isometry[] realized as a
rotation of the local deformation parameter z; [134], see Fig. In the limit
of large radial coordinates, 73/ |z;| — oo, the deformed conifold becomes in-
distinguishable from the singular conifold. Therefore, the symmetry remains
unbroken in this limit. We make this explicit in App.

r
iy
P12 | Po=H|za|------ -1 T~z
\ N L ______ -1y = 0

Figure 3.2: The double conifold with asymptotic U(1)g-symmetric regions.
The tips of the throats break this symmetry completely.

To complete the discussion of the geometric setting, we note that one may
go beyond the simplest case with exactly two collapsing three-cycles. Such
multi conifold situations are analyzed in Sect.[3.4] Furthermore, for reasons of
tadpole cancellation, see Sect. we are interested in CY threefolds which
are orientifolded such that O3/O7-planes arise. This projection should leave
the conifold transition intact and preserve the key ingredient of a B-cycle
reaching down into several conifold regions. In the double throat case, this
is realized if two originally present pairs of throats are mapped to each other
by the orientifold projection, see Fig. [3.3] This is completely analogous to
the widely-discussed double throat system of the oldest axion-monodromy
models, see, e.g., [42,/135] (just simpler, since we need no 2-cycle for the NS5
brane and can hence use standard KS throats). More generally, F-theory so-
lutions with the analogous geometric properties can be considered. Here the
tadpole cancellation relies on the fourfold Euler number and no orientifolding
is required. Either way, we do not expect that the orientifolding condition
or the fourfold embedding endangers the generality of our setting. This has
recently been confirmed by a systematic search for CICY orientifolds that
fulfill the necessary properties on the resolved side of the conifold transition,

" The index R is due to this symmetry group being the R-symmetry of the dual super-
symmetric gauge theory. While this is of no importance to us, we keep it for notational
consistency.
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cp. Sect. In [52] some 300.000 CICY orientifold candidates have been
found.

Figure 3.3: A sketch of the the orientifold projection o. It maps the two
originally independent double throat cycles B and B’ onto one another.

Moduli Stabilization by Fluxes

As was shown in [96], generic choices of three-form flux quanta stabilize the
axio-dilaton as well as all the complex structure moduli. Whenever the flux
quanta K = —m J3Hs and M = mffh Fy; = WIAQ Fy satisfy
K > g;M (where g5 is the string coupling), our complex structure modulus
z = |z| €' is stabilized near the conifold point

K
|z| x exp —27rg ) < 1. (3.2)

Separating the equation D,WW = 0 into real and imaginary parts (see Sect. 3
of [96]), we also find that the phase is stabilized. Its value is set by the
RR-3-form flux Q) = (2; fB F3

)2

Q
=2r—. 3.3
p=2m (3.3)
Locally, we can always set ¢ to 0 by an appropriate redefinition of the angle.
Conversely, without loss of generality, we will choose ) = 0.
Moreover, back-reaction of fluxes leads to the formation of warped throats
(or Klebanov-Strassler throats). Within these, the metric is well approxi-
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mated by the Klebanov-Tseytlin (KT) solution[f] [115]
ds? = w(r)*n,,de"de” +w(r) 2 (dr? + r’dsi.) ,

r 1
w(r)? ~ PRI In(r/rr) > ,

(3.4)

with radial coordinate r and warp factor w(r). The radial coordinate is cut
off in the IR by the Klebanov-Strassler region and in the UV by the gluing
into the bulk CY. One has wig = w(rr) ~ rr/rov ~ |z|"/? giving rise to
an exponential hierarchy a la Randall-Sundrum [136}49,96]. As we have
explained, in the vicinity of a conifold transition point a double throat (or
even multi throat) forms[’] see Fig. [3.1]

The three-cycle B can be thought of as an S? fibered over the radial di-
rection of the conifold [123]. The S? collapses at the two tips of the deformed
conifolds. As discussed in [40|, there exists a 4d mode ¢(x) on the double
throat background that can be thought of as the integral of the RR 2-form
(5 over the S? as measured far away from the tips of the double throat.
A non-trivial field excursion leads to the creation of regions with flux on
the two respective ends of the cycle B, and hence a red-shifted potential
V(c) = im?c® + ..., with m? ~ wf . Back-reaction of the geometry was
neglected in [40)].

In the rest of this section, we will establish the following points:

e The fields z; and z; of the two respective throats adjust to the flux/anti-
flux pair in such a way that within the two throats supersymmetry is
restored locally.

e This adjustment of z; and 2, takes us away from the complex structure
moduli space, which is characterized by z; = 2z (cf. Fig. . For
21 # 2y, the CY condition is broken and a scalar potential is generated.
This potential is of the order |z|> ~ wf; and receives its dominant

contributions from the bulk CY.

e The back-reacted scalar potential is periodic in ¢ with periodicity 2w M .
Hence, the naive 27 periodicity of the c-axion is enhanced by a finite
factor M . While this does not allow for a super-Planckian effective

8 Near the bottom of the throat, it has to be replaced by the full Klebanov-Strassler
solution [49).

9Tt may not seem obvious that the units of NS-flux on the B-cycle are split democrat-
ically so that each conifold region is replaced by a warped throat. In fact we will see that
there is a light dynamical field that controls this relative distribution (see Sect. . In
the vacuum however this field is stabilized such that fluxes are indeed distributed demo-
cratically.
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axion decay constant f > Mp, approximately Planckian values are
possible (see however Sect. for a way to generate large axion peri-

odicities).
complex structure
L1 7 P2 conifold point o < moduli space
!
|z| # 0
cplx. structure moduli space 2

Z =21 =22

Figure 3.4: Illustration of the z;-2zo deformation space. The complex struc-
ture moduli space is the subspace z; = 25. We only consider deformations
away from z; = z5 outside the conifold point.

3.2.2 Local Back-Reaction in the Throat

We start by discussing how a single throat reacts locally to a finite field
excursion c. Since the outcome will be that the throat almost perfectly
adjusts to produce a locally supersymmetric configuration, we are entitled to
use the 4d description in terms of the GVW superpotential [97,96] for two KS
throats. As far as (say) the first local throat is concerned, a non-vanishing
field excursion ¢ cannot be distinguished from additional flux P = ¢/27 on
the local portion of the B-cycle['] see Fig.

1 1
= Cy = dCy =27 P. 3.5
¢ 2ma! /S2 7 ora /;B 2 a (35)

Considering a single throat with complex structure modulus z; = |z] ™",
the arguments of Giddings, Kachru and Polchinski (GKP) [96] show that
there are SUSY configurations for

P
compare (3.3). Hence, the throat can locally relax the SUSY breaking in-
duced by the extra RR-flux by adjusting the phase of the deformation pa-
rameter z; . However, the second throat sees the field excursion ¢ as the flux

10We will use the term flux also for the non-quantized integral [ F3 over some region.
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Chapter 3. Thraxions: Ultralight Throat Axions

Figure 3.5: Fluxes induced by non-vanishing c are localized at the tips of the
throats.

—P = —c¢/2m on the B-cycle for which there exists a locally supersymmetric
configuration with ¢y = —c/M .

Since there is no additional flux that would lead to |z;| # |22|, we keep
|z| = |21| = |22| fixed at the stabilized value for what follows. These
two modes decouple from the discussion at hand.

We can encode the discussion above in a 4d EFT potential. To quadratic
order, the discrepancy between the local fluxes and local deformations in-
duces a potential

Vius(e, 01, 02) = it Mgy = + it Mgy 0, (37
We have i ~ wrg since the potential is generated locally near the tip of the
throats.

The fact that only the combinations My; 4+ ¢ appear in the scalar po-
tential can be derived also via ten-dimensional considerations. As shown in
App.[A.2] in the local throats, the combined transformation ¢, 5 — 1246,
¢ — ¢+ Mo is a diffeomorphism acting on the KS solution. Hence, only the
invariant combinations My, 5 F ¢ can appear in the scalar potentials that are
generated locally at the bottom of the throats.

The potential derived so far possesses a flat direction which we parame-
terize by c¢. This flat direction is given by

p1=—pa=c/M. (3.8)
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3.2.3 The CY Breaking Potential

In the preceding section we have argued that the individual throats react
to the field excursion ¢ by adjusting their local deformation parameters z;
and zo, more specifically their phases ¢; and ¢, respectively. Since the
corresponding CY has only one complex structure modulus z = 2, = 25,
the mode z1/2y or rather ¢ — 9 must be massive already before fluxes are
turned on. This eliminates the remaining flat direction in the potential.

We parameterize the part of the scalar potential that is due to the break-
ing of the CY condition as

VCY—breaking = A4(]— - COS(Spl - @2)) ) (39)

with a yet undetermined scale A. In writing this we have assumed the
following;:

1. The potential is a function of the difference ¢ — 5 only.

2. It satisfies Vioy-preaking (91 — ©2) = Veybreaking (91 — @2 + 27) .
3. The lowest harmonic dominates.

Condition a) must hold because only the local fluxes of the throats stabi-
lize ¢y 9 individually and, without the flux potential, the complex structure
modulus ¢ = (@1 + ¢2)/2 should be a flat direction. We expect condition b)
to hold because we see no reason for a monodromy. Condition c¢) is a rather
unimportant assumption that we make for ease of exposition.

We combine and and integrate out ¢; o under the assumption
A* < p* (to be justified below). This corresponds to imposing (3.8). The
effective potential takes the form

Verr(c) = A* (1 — cos(2¢/M) + O(A* /")) . (3.10)

The height of this potential can be estimated using the 10d solution.
To do so, we need to develop a clear picture of how field profiles and 10d
geometry change if we excite c. Recall that ¢ is originally defined by a
particular ‘Wilson line’ VEV of C5 in the UV of the two throats (as well as
in the piece of the CY connecting them). Turning on this VEV and focusing
on one throat only, we observe a back-reaction of the throat geometry which
maintains SUSY and corresponds to the motion along a flat direction in 4d
field space. This is independently true for the second throat, which back-
reacts in the opposite way: ¢; = —ps = ¢/M .

Now, the crucial point is that these rotations, defined by the IR parame-
ters o1 2, must by continuity be accompanied by a corresponding r-dependent
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Chapter 3. Thraxions: Ultralight Throat Axions

rotational profile along the whole throat. We encode this in a five-dimensional
field ¢(x*,r) that interpolates between ¢ = ¢/M and ¢y = —c/M at the
respective ends of the throats. This is illustrated in Fig. [3.6] which also dis-
plays the expected symmetry: The solution should be antisymmetric under
the exchange of the two throats[']

¢(r)

TR ruv.,

throat 1 throat 2

Figure 3.6: The expected profile of the 10d/5d mode along the radial direc-
tion.

For computational simplicity, we model the transition region between the
throats by a single point, r = rUVH In doing so, we ignore effects of the
unwarped CY region (accepting an O(1) error). The field ¢ must be zero at
this point for symmetry reasons. This symmetry also ensures that we may
limit our attention to one of the two throats when computing the energy
density associated with an excursion of c.

The key point is that, after these preliminaries, we are actually able to
estimate this energy. It is given by the gradient energy of ¢, which accounts
precisely for the clash between the opposite rotations of ¢, and ¢5. The
relevant action for ¢ = ¢(z#,7) is obtained by dimensionally reducing the
10d Ricci scalar to quadratic order on the warped conifold background (see

Sect. [3.3)):

8
Slo| = @ /d4$ dr /=gsar® w(r) " e(r)? (—%gé\gNaM(b@Ngb)

M8 "oV 1 1

1 By a slight abuse of notation we stick with the familiar variable r, although according
to our figure this variable must now be growing as one goes down the second throat.

12Tn fact, the exact UV geometry and UV fluxes are irrelevant as long as we do not
consider perturbative and non-perturbative corrections [137].

(3.11)
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3.2. Back-Reacted Potential of the Thraxion from 10d

Considering the metric ([3.4), this form of the 5d action is easily understood.
The metric naturally splits into a 5d part gsq in the external and radial di-
rection and an angular part o< gp1,1. The latter contributes the r-dependent
terms /gri1 o< r’w(r)”5 to the metric determinant. The function €(r) en-
codes the degree of U(1)r symmetry breaking, compare Fig. Since a field
excursion ¢ is obtained by acting with a U(1)g transformation, any terms
in the action that contain the field must be multiplied by the factor e(r)?.
This symmetry breaking is due to the deformation near the tip and takes the
form €(r) ~ |z| /r® far from the tip of the throat, see App.

We now apply the static approximation (i.e., disregard the (9,¢)* in
(3.11)), derive the equation of motion and solve it for the boundary con-

ditions ¢(2*,ryy) = 0 and ¢(2*,rr) = ¢1 = ¢/M . This gives

P2 2
ozt r) = c/M—5~—5- (3.12)
Tov — TR

which, inserting back in (3.11)), leads to a 4d potential V ~ |2)* 2. This is
a result at quadratic order in ¢ but, comparing to , this is sufficient to
infer that A* ~ |z|°. Finally inserting the stabilized value |z| oc wi; [96], we
arrive at A* ~ wl . Our assumption p* > A* is now a posteriori justified.
It is also apparent that the effective mass of our ultralight field is m. ~ w}; .

Let us justify the use of the static approximation above. Really, we
should have supplemented by the kinetic term Sy [c] ~ [ d*z (d,c)?,
imposed the constraint ¢(a*, ryy) = c(a*)/M , and determined the mass of
the lowest-lying KKK mode of the resulting 5d action. However, it is intuitively
clear that the UV-dominated kinetic term of ¢ is much more important than
the warped-down 4d-gradient term (9,¢)? in (3.11). Thus, ¢ is the most inert
part of the system and it is an excellent approximation to assume that the
¢-profile extremizes just the bd-gradient-part of the action. To make this
quantitative, one may substitute ¢ on the r.h. side of with the plane
wave ¢ = exp(ikz) (with k? = —m?2) and check that the resulting (9,¢)?
contribution from (3.11) is negligible compared to Skin[c] []

More details are given in Sect. [3.3]

12 Note that there is no contribution from S,oi[c] ~ [d*zdr (9,.¢)?. When exciting ¢ in
the UV, the local deformation parameter adjusts as explained above. The profile ¢(r) is
now stabilized in turn, for energies A < E < p, to the radially constant value of the phase
of the deformation parameter +Mp; . We expand on this in App.
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3.2.4 Discussion of Results

The information we have gathered can be summarized in an effective La-
grangian@7

L= 3200 = 3 S0 — 3 f2(00F

1 1
— it (Mepy =) = St (Mipa + ¢)* = A(1 = cos(ip1 — 2))

(3.13)

with coeflicients

_1\—3/2
2~ (wid) ™ wd MR,
)
2 —_—
REYWE
2
g; _1\-T/2
AL ~ G ln(wIRl) wI6R Mf‘i ,
4
9, _1\-3
M4 ~ (G M) ln(wIRl) wfR Mﬁ.

R
L

In(wiy) ™ M3,
(3.14)

The above expressions are valid for the special case of the bulk CY having
a single characteristic length-scale, RS, ~ Vol(CY), and where the throats
marginally fit into the bulk, i.e., Ry ~ R on ~ 9sMKa'?. For the gen-
eral case see Sect. [3.3.3] We briefly pause to explain what is meant by the
requirement that the throats fit into the bulk marginally: On the one hand
the bulk CY has an overall size Rcy that is set by a combination of the
Kéhler moduli. On the other hand the throats can really be thought of as
objects of a characteristic physical size Rinroat embedded into the bulk CY.
This size R0, 18 well known to be set by the local D3 brane charge stored
in the fluxes of the throat [49,96|, independently of the size of the bulk CY.
For this to be a geometrically consistent configuration, we should require
Rey > Riproat - Taking Ry ~ Rinroat 1S the case where the throats fit into
the bulk CY only marginally[™|

Far below the scale wigMp we may integrate out ¢;9, to obtain the
effective Lagrangian

C— —% F2(06)% — A (1 — cos(2¢/M)) - (3.15)

We would like to highlight the following points,

14 For ease of exposition we have written down a diagonal kinetic matrix. This is not
quite the case but is not relevant for our discussion. See App. for details.
15 For a recent discussion on this see [69).
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3.2. Back-Reacted Potential of the Thraxion from 10d

e Our simplification Rinroat = Rs2 = Ry gives the largest possible value
for the decay constant for = M f.; any hierarchy Riproas < Rg2 <
Rey suppresses its value. Taking into account logarithmic correc-

tions, the maximal periodicity one can achieve is O(Mp/y/Inwy ) (see

Sect. . A large hierarchy wig < 1 suppresses the periodicity only
very mildly. By taking g;M and g;' to be large, the 10d perturbative
expansion becomes better controlled without affecting the axion peri-
odicity. In this sense, our axion can be made approximately Planckian.

e The mass of the axion is O(w?;) which is parametrically smaller than
both the warped Kaluza-Klein scale (O(wrr)), and the estimate of [40)],
where back-reaction of the local geometry was not taken into account
(O(w?y)). The mass-spectrum is essentially gapped.

e As pointed out before, the scale of the effective potential is set by the
U(1)g breaking induced by the deformation of the conifold as measured
in the UV, €2(ryy) o |z|*. Strictly speaking this is not a warp factor
suppression, although for moderate CY volumes |z| and wi; are of the
same order[1]

The following caveats should be noted: The effective Lagrangians and
are incomplete: We have worked in the regime of classical type 1IB
solutions so at least the universal Kéhler modulus 7" is not yet stabilized.
Moreover, we have not included the b-axion that complexifies ¢. Finally,
there is no parametric separation between the mass scale of the complex
structures and the warped Kaluza-Klein scale. Hence, the Lagrangian (3.13])
does not define a useful effective field theory in the Wilsonian sense. Equation
however does give rise to a Wilsonian effective Lagrangian once it is
completed by the b-axion and the Kéahler modulus 7.

3.2.5 The Bs-axion

In the preceding sections we have focused on the ultralight c-axion that can
be thought of as the integral of the RR two-form C5 over a sphere between
the two throats. Similarly, we can define a b-axion by integrating the NS

two-form B, instead,
1
b= Bs. 3.16
2ma! /52 ? ( )

16 One might for instance be tempted to consider the large volume limit where warping
becomes negligible. In this case the scale of the potential would still be given by |2|* < 1.
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By the same arguments as before (see ) a non-vanishing field excursion
induces a pair of Hz flux/anti-flux on the portions of the B-cycle that reach
down into the two throats. Now, in the vacuum the B-cycle is already filled
with quantized Hs-flux,

1
K=K +K=—— ([ H Hy) . 3.17
R = G (/ o+, ) 10

Here By and B, are the three-chains that reach into the respective throats
and are bounded by the sphere between the throats, so that B = B; + Bs.
Clearly the continuous field excursion of the b-axion does not change the
quantized flux integer K. However, by Stokes’ theorem it does change the
relative flux distribution,

b b

K1—>K1+—, Ky — Ky — —. (318)

27 27
By definition, K7 and K5 are the (non-quantized) Hj fluxes that reside in the
respective throats. Again, treating the local throat deformation parameters
21,2 as independent it is clear that the throats can restore supersymmetry by
an appropriate adjustment [96]:

K Kio+b/2
|212] ~ exp (—27?9—}\5) — exp (—QWMg—M/W) . (3.19)

Thus, the discussion of the previous section applies also to the b-axion if one
replaces the phases of the local deformation parameters by In|z;|. In other
words, while the c-axion rotates the throats against each other, the b-axion
makes one throat longer and the other shorter (see Fig. [3.7)).
| G2

| >0

X

Figure 3.7: The physical effect of a field excursion of the b-axion in the double
throat system. One throat becomes shorter, whereas the other becomes
longer.

Expanding on the above, we can now comment on the interesting dif-
ference between the 5d and 4d perspective on excitations of | g2 Bo in the
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3.3. Derivation and Solution of the 5d Equations of Motion

local throat. This will in particular facilitate comparison with the related
discussion in [120].

We start by noting that, instead of the 4d field b defined by an integral
inbetween the two throats, one may also consider the 5d field b(r) ~ fSQ By
within either of the throats. Here r is the radial location of the relevant
S? E] Away from the tip of the throat and from the bulk CY, where the
5d language can be used, one has a continuum of solutions to the 10d su-
pergravity equations [115]. In particular, there is a continuum of solutions

for b(r), parameterized by z via the boundary condition b (r = |z|1/3) =0.

Two such solutions are plotted in Fig. [3.8f The relevant 5d equation for a
static solution is, symbolically,

[é?f — f(r)0, — mQ(T)] b(r) =0, (3.20)

where m(r) is the 5d mass. One immediately sees that the non-trivial (non-
constant) profile of b(r) is enforced by the non-zero m?(r). This non-zero
potential comes from the Chern-Simons term f F5 A\ By A F3. One might be
concerned that such a potential clashes with the presence of an ultralight (in
the present approximation massless) 4d mode of b. But such concerns are
unfounded: Indeed, the 4d flat direction parameterized by b is also present
in the 5d description, in spite of the non-zero 5d potential. It corresponds to
a change of the whole b(r)-profile within the available continuum of solutions
accompanied by a change of boundary condition, e.g., z — 2’, cf. Fig.
The variable z is, of course, not accessible to a local observer in 5d at some
fixed position r, .

Finally, when gluing together throats to create a double throat one ex-
pects a small potential for the b-axion due to the misalignment of the magni-
tudes of the two deformation parameters, compare the discussion of Sect.
in the Cy-case. We will make a quantitative statement in Sect.

3.3 Derivation and Solution of the 5d Equa-
tions of Motion

This section contains more detailed calculations to supplement the qualitative
arguments of the previous section. The main result is the action (3.11]) and
the solutions of the corresponding equations of motion.

17In order to avoid introducing additional symbols, by a slight abuse of notation, we
will denote by b(r) the 5d mode while b without radial argument denotes the 4d mode.
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b(r)

Figure 3.8: Two solutions b(r) ~ f Bs to the supergravity equations of mo-

tion in the Klebanov-Tseytlin throat. The 4d flat direction of the potential
corresponds to a change of solution.

3.3.1 The 5d Action of the Interpolating Mode ¢

In App. we explain how the phase ¢ of the complex structure modulus z
enters the metric to leading order in |z|. In this subsection we now want to
explicitly derive how we arrive at the action from this. The 10d met-
ric (A.15) can be decomposed into the external and radial five-dimensional
metric and the internal angular metric

G]WN = (w2np,y S¥ w_Qer) S¥ (w_QT’QQQ,mn) ) m,n = ¢1.2; 01,27 w )
gamn = 91711 mn + E(T)hmn ) (321)
91 @y Y = AV B dy™dy” = dO3(p)

where €(r) = |z|/r® is the U(1)g-breaking parameter. As explained in
Sect. we promote ¢ to a dynamical field ¢ — ¢(x#,r). While this
field extends into multiple throats, we make use of its antisymmetry in or-
der to reduce the problem to a single throat. The corresponding boundary
conditions are given below.

We expand the 5d action for ¢ in € via the expansion of the 10d Ricci
scalar about the U(1)g-preserving metric

R(G) =R (GU(I)R) + E(T’)vanhmn -4 (E(T) g}”ﬂ hmn) + 0(62) ,
Guayp = w'n ®w g, ® w g, (3.22)
G5d = U)277 N> w_zgrr .
We know that for ¢ = ¢ = const. we simply describe a deformed conifold with

general complex deformation parameter z = |z| e’ , which is by construction
Ricci-flat. Therefore, we have R(G) = 0 in every order in €, such that the
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only non-vanishing contribution can come from derivative terms of ¢

O(e(r) g humn) = €() gt G2, 0:0 hn (H(2F, 7)) (3.2

We can write

m n 1 2 2 2 2 1
gr1 e da" = = ()7 + @+ ((6)+ (4)7)) + 5 o). (3:24)
With this and looking at the perturbation h,,, above, one finds that to order
€, there is no contribution to the 5d action. This is due to the fact that
there is no non-zero contraction g Oghpy, or g}”{ﬁ@;hmn. There is no term

g*g* — ¢2g® in g1 and the terms coming from contractions of (¢')° + (¢2)°
and (¢°)°+ (¢*)” cancel due to the different signs between these terms in gz1.1
and A[®] The first non-vanishing order is €.

Using VG =~ /Gy, = w2r®, the following terms may now arise up to
order ¢? after integrating out the angular directions in the 10d action

Ssq = 212 /d4x dr r’w(r)—? (R5d + A(r) — %e(r)2 Ggﬁ@@@ﬁ) . (3.25)

9sK10

Here, we have implemented 5d Lorentz symmetry and used the fact, that
there are no linear terms in ¢ once we go to order €2. Importantly there a no
non-derivative terms for ¢, because ¢ = const. is a point in complex moduli
space. Dropping 5d gravity, we arrive at

1

2,2
9sK1o0

Sau = / d's / ;UV dr e(r)2r (—%w(r)“l (0,0)* — % (arqzs)Q) . (3.26)

Explicity calculating R(G) with ¢ — ¢(z#,r) and expanding to first order
in |z| and second order in € confirms this explicitly.

3.3.2 Schrodinger Equations and Exact Solutions for
Free Fields

Using the previous subsection and the results of [40], we collect the two
actions['] that will give us all relevant parameters. Note that we derived the

18 n other words: The term in gp1.1 is symmetric under the exchange of the SU(2)’s
defining the cone, (¢1,01) <> (¢2,02) in coordinates, while the term in A is antisymmetric.

19 For ease of exposition we work with only two real fields although strictly speaking
they are both real components of complex fields (see Sect. .
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action for ¢ for ¢ = 0 and that the one for ¢ assumes ¢ = 0. We deal with
the form of interaction terms in App.

S, = [ 4 [ ee® (<500 @0, - 0.0,

2,74
gs

(3.27)
1 dr 1 _ ) 1 2
S, = ﬁ/d‘lx/ . r? w(r)t (—éw(r) Y (0u0e)” — 5 (0r¢) > ,
where we use a general notation with fields ¢;(x*,r), i = ¢, c. The equations
of motion using the plane wave ansatz ¢;(z#,r) = eP®y;(r), with p? = —m?,
read
W )20 (P O) = )

r10, (rw'drxe(r)) = —m2x.(r).

We insert the warp-factor (A.14), dropping logarithmic dependencies, and
the U(1)g-breaking factor to arrive at

59, (%@Xw(”) = R, (3.29)

20, (P0xalr) = — R (),

where we introduced the abbreviation R = /g, Mo’ for the normalization of
the warp factor of KT and KS. Using the reparameterization

R*m 1
Ly = z, gso(xcp) = _Xw(r(xso)) )
) " (3.30)
R*m, 9
Te = 0 ge(xe) = roxe(r(ze))
we arrive at the following form of the equations of motion
w397 (i) + wigi(ws) + (27 — af) gi(w:) = 0, (3.31)

where i = ¢, c and where o, = 1 and a, = 2. This is the standard form
of the Bessel equation. Plugging back in our reparameterization, we write
down the general solutions to the equations of motion

Xo(r) =7 (A‘Jl (R2:1¢> e (RQTmW)) 7 (3.32)

1 2 2
lr) == (AJ2 (R mc) L BY, (R mc)) |
r T T

with Bessel functions J,, and Y,,, of first and second kind respectively.
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We now have to apply the boundary conditions

Xe(ruv) =0, OrXe(rr) =0,
(3.33)

)
8rXc(7“Uv) =0, wIRarXc(TIR) = EXC(TIR) )

for some O(1)-number ¢ depending on how we model the flux distribution
in the IR. While the UV boundary conditions are easily implemented to fix

2
the constants A and B up to an overall normalization, the ansatz m; w—}‘%R

gives consistent solutions to the IR boundary conditions when using the small
argument expansions of the Bessel functions

> _gWik
® R2’
25 (3.34)
m2 = ik
© 44§ R?

where we now normalized the warp factor wyy = 1. We plot the solutions
with § =1, wig = e '3 ~ 1072 and m; as above in Fig. [3.9

Xe(7) Xe(r)

Xe(Tuv)

r Xe(rm)
0 2 a4 6 8 10 3111(*) 0 2 a4 6 8 10 Sln(é)

Figure 3.9: The lowest lying radial eigenmodes for ¢ and ¢ for wig ~ 1072
plotted in the physical radial coordinate ¢t = 3R 1In(r/rR) .

Referring back to the discussion in Sect. [3.2.3] we plot the expected so-
lutions over the entirety of the double throat in Fig. [3.10] where we simply
mirrored one throat at the UV end with appropriate symmetry, so both
r =g and r = 2ryy — rg correspond to IR regions.

We are left with calculating the 4d kinetic terms. From Fig.[3.9] we would
guess (correctly) that ¢ is an IR mode, while ¢ is a UV mode. We derive
this by considering the lowest KK mode ¢o(2*,7) = fo(x*)xo(r), where fy
is now an arbitrary superposition of plane waves, to find the kinetic terms

induced by the actions ({3.27)

1 [TV dr . RS
e [ et P &

gga/‘l IR r gsa

D ey e (3.35)
= | T’
c — o2 " , T Xe\T) = o2

49



Chapter 3. Thraxions: Ultralight Throat Axions

Xe(7) Xe(T)
Xe (TIR) Xe (TUV)

.3 1n(L>
4 8 12 16 20 TIR

0

Xe(T1R) .,

o 4 8 12 16 20 31“(@)
Figure 3.10: The eigenmodes for ¢ and c on the double throat. Here, ¢t < 10
corresponds to the first throat, ¢ > 10 corresponds to the second, with t =0
and t = 10 corresponding to the respective ends of the throats.

—Xo(TIR)

Here, we have again expanded the solution in wir < 1, and neglected loga-
rithmic corrections. Furthermore we have normalized the internal field pro-
files such that x.(ruv) = x,(rr) = 1.

Comparing with the quadratic terms in ¢ in the potential and the
quadratic terms in ¢; in the potential (3.9), we find the parameters 1 and A

pt=m? fPoculy, A= mi f2 o wiy - (3.36)

3.3.3 Axion Decay Constant and Potential Parameters

In this subsection we extend the results by including logarithmic corrections
to the first-order approximations and by taking care of the different length
scales that may appear in the parameters of the effective potential
(3-10).

We compute the axion decay constant (without accounting for mon-
odromy factors) for the c-axion from the 10d action, paying attention to
numerical factors of O(1). We may dimensionally reduce the |F3|* term of
the 10d type IIB SUGRA and plug in Cy = 27d/¢(x)ws, where wy is the
associated (quasi-)harmonic form. This leads to

@m;?aﬂl (—%/*|F3|2> - /d% <—%f2(8c)2> L (337)

with ) ) )
/
f2 _ (27T)292 fCYd Z/ng;w Q ’wﬁ‘ M1?2>
0/2
= (27?)293 5 Mlg,

(Vol(5%)|yy)

where g, is the string coupling, g is the internal 6d metric, w? is the warp
factor and Mp is the four-dimensional Planck mass. Due to the appearance of
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the warp factor, the integrals are dominated by UV contributions. Thus, for
large values of the overall volume V we have f? ~ g,V~?/% in Planck units,
where Npj is the total D3 brane charge stored in fluxes (and mobile D3
branes). We expect to be allowed to make the string frame volume as small
as O((gsNp3)*/?). At even smaller volume back-reaction of fluxes becomes
significant throughout the CY and we lose the notion of an unwarped bulk
CY [96]. For simplicity we now take into consideration only the D3 brane
charge stored in a single throat, i.e., Np3 = MK . In this regime the top
of the throat marginally fits into the bulk CY and we expect the ratio of
integrals in to be well approximated by the value of o' |wg\2 at the
top of the KS throat. Since the hierarchy is set by In wI_R1 ~ gSLM it follows
immediately that f scales as f ~ /22 Mp ~ L In(wy )~/ Mp .

We can compute this in more detail by using the asymptotic form of the
throat metric far away from the deformation, i.e., the KT metric (3.4))

1 1 ;
dsg = w*(dr® + r°dsqus), dsji. = 5(95)2 + 6 Z(gl)g ’

=1 (3.39)
2\/5 7‘2 1 1

2 -1 _ 1A 2, 35 4

w- = 9 gsMa,ln(T/TIR) 2, wz—gﬂ(g NG +9°Ng").

We see, that the physical radius at the top of the throat is given by

9 9 _
Revot = ﬁgsM@,V Inrgy/r ~ mgsMo/\/ln wig (3.40)

where in the last step we use the normalized warp factor with wyy = 1.

Taking into account angular dependencies of TH! | we arrive at o |wg| =
(3mgs M) ' In(wg) "2 , and hence

2 —1

= S—Mhl(wm

Actually, we are interested in the case where two or more throats each

store only part of the total D3 brane charge Np3. We will assume that the

this total charge is not parametrically larger than the fluxes (M;, K*) stored

in a given throat ¢ to write

)"V Mp (3.41)

2

3, In((wip) ™) "Y2Mp, (3.42)

s

and this expression is correct when evaluated for any ¢ = 1,...,n. The upper
bound is replaced by an (approximate) equality when introducing the ratio
of fluxes in the throat to the overall charge.
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Chapter 3. Thraxions: Ultralight Throat Axions

In the double throat case with evenly distributed fluxes, (M, K')
(M, K?), and assuming that these fluxes dominate the total charge, Np3 ~
M K"+ MyK? | the effective (monodromy-)potential (3.10) reads

V(e)/Mp ~ wiy (1 — cos (3 In(1 /wIR)Mi)) : (3.43)
P
Even in this marginal case, the decay constant of ¢ is slightly sub-Planckian
in regimes of parametric control since then wig < 1.
We may also derive the quantities given in (3.14)): Using (3.27)) the kinetic

term of ¢ is given by

sM 1\ 6 SM 3

2~ ot ~ Bl uton, (3.41)
where we use that the integral for the kinetic term (3.35)) is dominated by the
IR, such that we may insert the IR throat radius, R? ~ g,Ma’, and where we
have made use of the fact that M3 ~ g;2a/~'V, with the (bulk) CY volume V
as measured in string units. Neglecting geometric back-reaction of the double
throat system in the UV, the flux energy density M?u?* can be understood as a
pure IR effect: It is induced by an excursion of ¢; 5 in the IR whilst keeping ¢
fixed (for the factor of M? compare (3.7)). Therefore the resulting mass must

be of the order of the warped KK-scale m2 i ~ R 2wi ~ (9sMa') twiy

1 g
pt e~ Wf;mgvKK ~ WW?RMfDl : (3.45)

Finally, the scale A? is dominated by contributions from the bulk CY (which
we again assume to have only one length-scale, R%, ~ V'/3¢/), so

11 . 1
A~ —=— Va3 e (r —_—
g§ a4 N~ \ ( UV), Vi/3q/
Nf d6y\/QCY ~UYV tail of deformation v 5 9
~MB Loa ~L10aD(VP)2ocl/ R, (346)
2 2

S gS — _3/2
~ W€2(TUV)ME’1 ~ Vi In(wig) " wipMp .

Here, we have made use of the fact that the symmetry breaking coefficient in
the UV is €2(ryv) ~ (rr/rov)® ~ wl ln(wle)ﬁ/2
the axion potential.

Going to the limit where the throats marginally fit into the bulk CY

. The scale A* determines
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3.4. Four-Dimensional SUGRA Completion

means taking V ~ (gsNp3)*? ~ (g;M)? ln(wI—Rl)gm. In this limit,

2
gs — _7/2
A4/M§ ~ (gsM)4 ln(wlRl) w?R )
4
9s —1\-3 3.47
A~ s (i) (3.47)

1\ —3/2
ff;/MP% Nln(wIRl) ! wI2R~

3.4 Four-Dimensional SUGRA Completion

So far we have discussed how the c-axion back-reacts on the phases of the
local deformation parameters of the throats. In this section we propose a
completion of the model in the language of 4d supergravity. The Cs-axion
pairs with the analogous Bs-axion into a complex field G = ¢ — 7b. The
b-axion back-reacts on the magnitudes of the deformation parameters in a
way that is analogous to the back-reaction of the c-axion on their phases.

3.4.1 Counting Moduli Through the Conifold Transi-
tion

Throughout Sect. we have focused on the case of two S3-cycles related
in homology, i.e., [4;] = [As]. In general we denote by n the number of
collapsing three-spheres A*, i = 1,...,n and by m the number of homology
relations between them Y"  p/[A]=0,1=1,...,m.

Before fluxes are turned on and orientifold projections are imposed the
physical degrees of freedom assemble into N' = 2 multiplets. The n—m com-
plex structure moduli 2° are the scalar components of n—m vector multiplets.
The 2 parameterize the Coulomb branch of the gauge theory. Whenever
some of the three-cycles shrink to zero size, charged hypermultiplets (Stro-
minger black holes) become massless and have to be ‘integrated in’ [13§].
These can be thought of as D3-branes that wrap the shrunken cycles. At
the origin of the Coulomb branch there are hence n massless charged hyper-
multiplets and n singular nodes have developed in the CY threefold. There
exists an m-dimensional Higgs-branch where the singular nodes are resolved
into m (homologically independent) P'’s [139]. On this branch, the n —m
vector multiplets eat n —m black brane hypermultiplets and become massive.
Geometrically speaking this is the resolution of the conifold [123}/124].

In the A/ = 1 flux compactification that we are considering the tips of
the conifolds become strongly red-shifted. Moreover back-reaction of fluxes
ensures that even at tiny complex structure the S%’s stay at finite size so that
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Chapter 3. Thraxions: Ultralight Throat Axions

the Strominger black holes play no role. However, since the deformed and
the resolved conifold differ only by their strongly red-shifted tip geometries
we expect to recover some remnant of the resolved phase of the conifold
theory in the light spectrum. As outlined in Sect. we expect the ‘local
complex structures’ to decouple from one another so that all the n local
deformation parameters zy, ..., 2z, become equally light. In other words there
are m additional light geometric modes. Moreover, on the resolved side of
the transition there would be m massless axion modes. Since the obstruction
for them to be massless is also localized at the tips of the conifolds where the
would-be two-cycles collapse we also expect m complex light axionic modes
G!. As we will argue in the next section, these modes indeed appear quite
naturally in the discussion of the flux superpotential.

3.4.2 The Thraxion Superpotential

In this section we make a proposal for the 4d supergravity completion of
the Lagrangians and for a general number of throats n with m
homology relations among the shrinking cycles. Throughout this section we
work in units Mp = 1.

The GVW Superpotential of a Multi Conifold System

As a starting point we consider the GVW flux superpotential for a multi
conifold system. All the necessary ingredients are derived in [140] and sum-
marized in App. We choose to treat the redundant set of the n complex
structure parameters z; associated with the n vanishing cycles A* democrat-
ically, and impose the m CY conditions via a set of Lagrange multipliers Ay,
I =1,..,m. The superpotential reads

. - ' Zi ' i B i, n I 2
W(z) = Zl (MistoIn(z:) + Mig'(2) = 7K') +;)\1P FW(z). (3.48)

The m homology relations among the vanishing cycles > p! A" = 9C!,
I =1,...,m lead to the following m CY conditions for the z; = fAi Q,

(3.49)
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3.4. Four-Dimensional SUGRA Completion

In this language, the m CY conditions P! = 0 are equivalent to the F-term
equations of the Lagrange multipliers Ay, 0\, W = 0. For details we refer

the reader to App. [A.3%]

Here, the M; and K are the flux numbers associated to the A- and B-cycle

of the 4-th throat, and the holomorphic function Wo(z) denotes contributions
to the flux superpotential from other cycles. The M; € Z cannot all be chosen
independently but must comply with the m homology conditions

> piMi=0, I=1,.m. (3.50)
=1

The K can be chosen independently but there is an m-fold redundancy in
their definition because we may transform K' — K'+ Y, a;p! for any
a € C™ leaving the superpotential invariant upon imposing the constraint
equationsPl Furthermore, there are n unknown functions ¢*(2) defined on
complex structure moduli space that are holomorphic near the origin.

20 Note that we restrict ourselves to regions in complex structure moduli space close to
the conifold transition point, where all throats degenerate simultaneously, compare the
discussion in Sect. This might be more restrictive than is needed for our analysis:
If the matrix p! is block-diagonal, we can separate the multi throat system into smaller
multi throats whose deformations are independent of one another. In this case we can
go through a conifold transition by local degeneration of the throats of a smaller system.
Even away from the trivial case of multi throats factorizing, one might be able to achieve
small thraxion masses by ‘freezing’ individual throats with larger deformation z. Given
a multi throat with some large z’s one has to check the thraxion potential as proposed in
this section for flat directions. We leave a more thorough analysis of this possibility for
future work.

2L The n — m physical Hz flux quantization conditions can be stated as K¢ —

ToptKnTmtl e Z a = 1,...,n —m. This is because we can always choose the
first n —m of the shrinking cycles to correspond to integral basis elements [A!], ..., [A"~™]

in homology. The Lagrange constraints can be stated as 0 = P! = St n plza+2nmar,

e, Znomir = — Y n_1 pLz,. In the superpotential the terms that multiply z1, ..., Zp—m
are given by the above combination of K* and correspond to the integer flux numbers on
the cycles By, ..., B,,_,, . Alternatively, one may demand the sufficient but not necessary
conditions that K? € Z for i = 1,...,n. In this more restrictive but democratic formula-
tion the i-th throat carries K* units of flux. We can still reach all possible integer values

for flux numbers on the cycles B, .
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Chapter 3. Thraxions: Ultralight Throat Axions

The Kéhler potential is given by

Koz, 5) = —1n<—i/Q/\Q)
—ln<igK( ) —igr(2) +leaG“+cc>
=~ In(ig () - )
+Z

where the holomorphic function gk (z) encodes contributions from other cy-
cles. We would like to stress that despite the fact that we have written the

(3.51)

n(|zl) +izig'(2) — izz-W] ) :

unknown functions ¢‘, gx and W, as functions of all the zi,v 1 =1,..,n,
knowledge of the periods of the various cycles (and the flux quanta) only
determines their behavior along complex structure moduli space and not
beyond.

The Thraxion as a Stabilizer Field

We are now ready to formulate a proposal for the thraxion superpotential.
First, we note the following. By expanding the Lagrange multiplier terms,
one may rewrite the superpotential (3.48) as

W(z) = Z (M@% In(2) + Mig'(2) +

_TKi+Z>\1pf] zi> (3.52)

I=1

One observes immediately that the combinations Y7 A;p! can be inter-
preted as an additional, unquantized contribution to the complex three-form
flux G3 = F3 — 7H3 on the (local portion Bi of the) B-cycle of the i-th
conifold. But we know that such a flux is detected by a boundary integral

1 (CQ — TBQ) = L] (F3 — TH3> (353)

Gi=c—71b =
2ra Jgi

2 /
Ta 52 |7‘,—th throat

over the S? at the top of the i-th throat. Crucially, the variables G, define

axionic field excursions as measured near the entrance of the ¢-th throat.
We would like to interpret (a subset of) these as light physical degrees

of freedom. This is motivated by the fact that there are m light axions on
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3.4. Four-Dimensional SUGRA Completion

the other side of the conifold transition that correspond to the integrals of
C5 — 7By over the independent resolution 2-cycles. Indeed, the counting is
correct. A consistent axionic field excursion must not induce any overall flux
on any of the global B-cycles (see Fig. [3.11). There are hence n — m no-fluz
conditions, one for each linearly independent B-cycle, leaving only m physical
axions. These can be parameterized as Q’ = ZTZI p{g] and we are led to the
following conjecture:

The Lagrange multipliers /\1 must be promoted to m light azionic
degrees of freedom, Ar —> . Moreover, the z' are promoted to n
physically mdependent degrees of freedom.

The normalization factor 27 is chosen such that locally in the i-th throat
a shift of axionic field excursion G; by 27 (or 277) for some [ is indistinguish-
able from an increase of the F3-flux (respectively Hs-flux) on the B-cycle of
the throat by an integer amount p? .

Figure 3.11: A cartoon of the B-cycle of the triple throat, n = 3 and m = 2.
The local c-axion excursions ¢, ¢o and ¢35, ¢; = Re G;, must be chosen so that

no overall flux is generated on B, i.e., 0 - c1+co +03 or rather ) . G =0.

Thus, our proposal for the superpotential is
W= Z( ZZ)+Mg()—TKizZ-> Z PI+W0 (2). (3.54)

We find it interesting to note that the axions G! now serve as the stabilizer
fields for the combinations of the local deformation parameters that break

22Compare this to Fig. The ‘no-flux’ condition in the double throat setup amounts
to ¢ = —co . The two axions c¢; and ¢y are actually identified, up to a sign due to different
orientation of the two-sphere in the definition. This is why we only had one axion ¢ to
begin with in the 10d analysis of Sect.
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Chapter 3. Thraxions: Ultralight Throat Axions

the m CY conditions P/ = 0, I = 1,...,m. This form of the dynamical
thraxion superpotential is fairly unique in that it preserves the set of discrete
shift-symmetries

2mi r
z; — zieMi 21 mipy . G — Gr+2mny;

VneCm: Zmpi[ e M,Z Vi. (3.55)
I
Our proposal for the Kéihler potential is
K<g]7 gf7 Ta T? <, 2) = K1<g] - gf? T+ T) + KCS<Z7 2) ) (356)

where K is the Kédhler potential (3.51)) and K is the Kéhler potential of the
m axions (and Kéhler moduli T') on the other side of the conifold transition
as derived in [141]

_ 317 _ _
Ki=Ky—3ln(T+T—- —— -6)(G -G’ 3.57
1 0 11( + 4(7__7,_)14611J(g G)(G—-G) ) ; (3.57)
where K, contains a constant part and the Ké&hler potential of the axio-
dilaton and xq;; are triple intersection numbers.@
We expect (3.51) and (3.54)) to hold even when we break the CY condition
P! # 0 with the important subtlety that the domain of the holomorphic

functions ¢, gx and W, must be extended beyond complex structure moduli
space. We find it reasonable to expect that such an extension exists although
even full knowledge of the CY periods would not determine their behavior
away from the moduli space. The detailed form of these functions will be of
no importance in what follows. Moreover, we expect that using the potential
K gives an excellent approximation because the kinetic term of the axions is
dominated by contributions from the UV where the deformation or resolution
of the conifold plays but a tiny role. Note, that the behavior of the kinetic
terms of the complex structure moduli is dominated by the logarithmic terms
in (8.51). In particular, the functions ¢'(z) and gx(z) contribute to kinetic
terms only at sub-leading order.

23 For ease of exposition we have stated the Kéhler potential for the case hfl =1. For
7 = const. the Kahler potential fulfills the no-scale relation (OrK1)(K;HTT(07K,) = 3,
and (K719 X 055K, = 0 where X = (T,G').
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3.4. Four-Dimensional SUGRA Completion

Since we are interested in small z; we Taylor-expand

9'(z) =go+ Y _g¥z + 0%,
j=1

~
~

W(z) =gwo+ D givazi + O(=%), (3.58)

=1

9k (2) =gK0 + 29}1% +0(2%).

=1

This should really be understood as a Taylor expansion in n independent
variables z; and makes our conjectured extension of the domain of these
functions beyond the complex structure moduli space manifest.

We absorb all O(z°) terms in the superpotential in the definition W, =
gwo + > i, M;gi. The coefficients in should all be viewed as inde-
pendent of the flux quanta that thread the cycles of the multi throat system,
and only (gwo, 9%4/,1) depend on fluxes on other cycles.

The Double Throat: n =2, m=1

It is clear that to obtain the effective superpotential for the G-fields we should
integrate out the local deformation parameters. Before we discuss this in full
generality it is instructive to first consider the simplest case of the double
throat, i.e., n = 2 and m = 1. There are two A-cycles A' and A? and
we choose the homology relation to be A' ~ A2?. Hence, there are two
deformation parameters z; and 2z, and one axion G. For ease of exposition
we assume that of all the coefficients defined in (3.58), only gw,o and gg o are
non-vanishing, in other words, we choose Wy as well as all non-logarithmic
terms in the K&hler potential to be constant. In doing so we accept an O(1)
error in all expressions, in particular in the resulting superpotential Weg for
G. This simplifying assumption will be dropped when we generalize the
discussion to the multi throat case in Sect. [3.4.2

We must set M; = My = M due to the homology relation between
the shrinking cycles, and we choose K!' = K/2 = K? which results in flux
K'+ K? = K on the B-cycle. All choices of the pair (K', K?) that satisfy
K' + K? = K are physically equivalent to this choice and can be brought
back to the symmetric choice via a linear redefinition of G (compare the
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discussion below ((3.50])). The superpotential takes the form

2 ; 1
W(z1, 22,G) :Z (2; In(z)M — §K72i> — %(751 — 22) (3.59)
+ Wo + 0(222) :

First, the F-terms F,, are given by

D.W =0, W + (0., K)W = M-—"rF 2L +0(z)

2m 2 2T
M | (3.60)
= —2 - (ln(Zi/Zo) F Zg/M) -+ O(Zo) ,
!
where

K/2 g K/2 o K/2

— -1 ) 471-951\/1 = 271-95”1
2o =€ " exp (27TZ7‘ i ) +0 (e ) O (e ) : (3.61)

As usual, with K/2 > g,M one obtains |z| < 1 with universal dependence
on the flux numbers. Following Sect. we may integrate out the local
deformation parameters, which yields

G/M
)

21 = z€ 2 = zge M (3.62)

The effective superpotential for the axion G reads

Wer(G) = 2¢ (1 — cos(G/M)) + Wo + O(z),

with e= M=%  and Wy=W,— M.
211 )

(3.63)

This is the expression we were after. Crucially, it is consistent with the
results of Sect. 3.2} Using the Kéhler potential for the Kéhler moduli and
G-axions (3.57), one may show that V(G,G) o |0gW (G|’ If we restrict
to G = ¢ € R, we reproduce the periodic potential with the correct
scaling |e]* ~ |z0]” ~ wfy .

Note that because we have made use of the unwarped Kahler potential we
do not reproduce the correct mass-scale of the local deformation parameters
z; . Here, this is of no importance because all degrees of freedom that are
related to strongly warped regions are integrated out supersymmetrically. In
particular, the potential energy induced by a non-vanishing field excursion
of the field G receives its dominant contributions from the bulk CY where
warping plays no role. Because in going from weak to strong warping, the

24 Where we use that K is of no-scale type.
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3.4. Four-Dimensional SUGRA Completion

solutions of the complex structure F-terms are left invariant [97], and because
the z; are parametrically heavier than G even when the appropriate red-shift
factors are introduced in the scalar potential, this procedure is justified.

We are now ready to expand on the conclusions we have drawn in Sect.
First of all, the kinetic term of the full complex field G lives in the bulk.
This implies that the squared mass of G is of order |z|> < 1. Since the
Kahler potential is independent of Re(G) a discrete shift-symmetry G —
G+27M is manifes‘cﬁ]7 while the IR superpotential breaks the shift-symmetry
corresponding to Im(G) completely.

While in principle the target space distance traversed by Im(G) can be
made large, the scalar potential grows exponentially as a function thereof as
is common for saxionic directions in field space. In particular, this direction
in field space is of little use for (slow roll) inflation. There is a critical field
excursion [Im(G)_;,| < 3M In(wy') beyond which one side of the double
throat is entirely pulled up into the bulk CY, z; ~ 1 or z5 ~ 1. Near this
field excursion we no longer know the form of the potential because we work
to lowest order in |z1], |22|. Moreover, there is a tower of warped KK-modes
with masses that scale as

my, ~ n*wip exp (—2[Im(G)| /3M) (3.64)

where the warp factor w? ~ |z]** now depends on Im(G) . Since these modes
have been integrated out, the ratio A/mg of the cut-off of the G-EFT (i.e.,
the smallest KK-mass) over the mass-scale of G, comes down as

A/mg ~ wite —ar 9| < Wi exp (——) : (3.65)

at large field excursion, consistent with a distance conjecture [12,|48]/142} 86,
143//87,88,/144]. Here ¢, measures the canonical field distance from the origin
along the imaginary G-axis[]

At strong warping the maximal allowed field excursion is [Im(G), .|
SMIn(wg') before the 4d EFT description breaks down. Near this field
excursion, a large fraction of the reservoir of fluxes of one of the throats
has been transferred to the other one and the mass scale of the G-field is of
the same order as the warped KK-scale of the longer throat. At this point,
contributions to the scalar potential from non-vanishing F-terms D, W start

25In an exact no-scale background the scalar potential even has periodicity mM . How-
ever, any no-scale breaking effects will break it to the periodicity of the superpotential.

26 See Sect. [3.3.3] for the conversion rule between G and the canomcal dlstance in field
space ¢y, . At any point in field space, g5z < Mg/M? . Hence, ¢ = fon dIm(G \/@ <
Im(G) Mp /M .
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to play a significant role, or from a 10d point of view, the potential energy
sinks down into the longer throat.

The General Multi Throat

For general m and n that satisfy n —m > 0 homology relations, there are n
local deformation parameters 21, ..., 2, that have to be integrated out. We are
left with an effective supergravity theory of m axions G’ . The computational
steps are analogous to the double throat case that was laid out in detail.
Hence, we only state the effective axion superpotential

n

m_ gl
Wt (G') = — Z €; exp (@ Z %) + W, (3.66)
I 7

i=1 =1

and we have defined

M, — A
€ = —20,(1 —2mg\Wo/(aM;)) ,
5 0,i( GoWo/(aM;)) (3.67)

% = gé - 9%,1 , a=—2Im(gkp)

and

- 2mi i | GoWo K'r
20,0 = € 1eXP (— M (; Mjg{ + gy 1 Oa >> exp (27?2 i >

+ O (e“gflvzfi) :

It is important to note that the z;, as defined above can in general not
be interpreted as the values of the local deformation in the vacuum. The
physical local deformation parameters are given by

(3.68)

Zph.,i = 20, €XP (l Zpégl/Mi) ) (3.69)
I

where in the vacuum the G/ need not vanish in general.

3.4.3 Comments on the bh-Axion

In the above supergravity completion we have ‘complexified’ the c-axion by
pairing it with the analogous b-axion. We have outlined the 10d back-reaction
of the b-axion already in Sect. [3.2.5. Now that we have addressed the scalar
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potential of the b-axion quantitatively, in this section we would like to com-
ment on a potential worry and how to resolve it: We recall that the effect of a
non-vanishing field excursion of the b-axion is the creation of a pair of fluxes
of the NS field strength Hs. Since both throats are filled up with Hz-fluxes
already in the vacuum one should think about this process more properly as
a transfer of H3-flux from one throat to the other. Since the magnitudes of
the local deformation parameters (and the associated hierarchy) are set by
the ratio of local Hs-flux (on the B-cycle) and Fs-flux (on the A-cycle) it
is clear that these will back-react when the Hs-fluxes are redistributed, see
(13-19)).

However, it is also clear that when the local Hs-fluxes are changed, the
circumference of the throat at the UV end is affected strongly. This is because
it is set by the total D3-charge that is stored in the throat which is itself
proportional to the amount of Hs-flux [49], compare Fig. 3.7, Hence, naively
one might worry that such considerable change at the UV ends of the throats
could lead to a large potential energy. One may convince one-self that this is
not the case as follows. Starting from the supersymmetric situation we can
redistribute a small amount of fluxes from one throat to the other, so that
throat A has ¢ units of H-flux more than throat B. We can now proceed
to convert the extra fluxes into a number of D3-branes by going through
the Kachru-Pearson-Verlinde transition [145]. From the UV perspective this
process is only detected by a change in the throat complex structure which
is a tiny perturbation far from the tip of the throat. Now we are back to
an even flux distribution with a number of mobile D3-branes. These can
be moved out of the throat at no cost in energy so the situation with the
mobile branes should be a vacuum again. In other words, the redistribution of
fluxes creates an energy density that is only due to the misalignment of local
deformation parameters and the change of size of the throats at their UV
ends does not generate an extra contribution to the potential. We reiterate
that the situation is analogous to the back-reaction of the c-axion with the
phases of the local deformation parameters replaced by the logarithms of
their magnitude.

Finally, note that in the Kéhler potential the b-axion appears ex-
plicitly, while the approximate c-axion shift symmetry is manifest. One might
suspect that the small scale of the b-axion is therefore accidental due to our
use of tree level supergravity. This conclusion would be incorrect: The target
space manifold with Kihler metric derived from is shift symmetric also
in the b-direction [146./147]. In general we expect both shift symmetries to be
preserved to all orders in the perturbative expansion with explicit breaking
only due to the superpotential . When moreover non-perturbative Kah-
ler moduli dependent terms are generated in the superpotential such as the
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ones considered in [58], we expect the b-axion mass to be lifted to the scale
of Kéhler moduli stabilization while the c-axion can remain parametrically
lighter.

3.4.4 A Possible N = 2 Extension

As already mentioned in Sect. [3.4.1] we expect that before turning on fluxes
the setup should be consistent without orientifolding and should therefore
obey N' = 2 supersymmetry. That is, when setting the fluxes M; and K* as

well as fluxes away from the throat to zero in (3.54)),
Wno ﬁux(gl) = - i %Pl (370)
o

we should find a superpotential consistent with the higher amount of super-
symmetry and with the complex scalars G; now part of a larger multiplet.

A complex scalar in N' = 2 SUSY may be part of hyper- or vectormul-
tiplets. As the m light fields G; considered become genuine axions on the
resolved side of the conifold transition, we expect them to be part of the
h'! + m hypermultiplets. In this, they should be paired with the complexi-
fied Kihler moduli 77 of the m 4-cycles emerging under the transition. The
superpotential of a hypermultiplet with complex scalars H; and H, does
allow for a mass term of the formf]

Whyper - MH1H2 . (371)

The interpretation that arises is: Under the conifold transition, the m orig-
inally massless hypermultiplets with scalars (Gy,T?) become massive, with
the functions P!(2) of all local deformation parameters z to be interpreted
as T?. Indeed, enforcing P! = 0 should result in well-known throats with
(complexified) two- and four-cycle volumes forced to 0 (they are however not
actual parameters in this description).

As discussed around (3.52), going to the fluxed case requires M = 1/(2m)
to allow for the consistent interpretation of the fields G; as measures of lo-
cal fluxes. This fact remains mysterious to us. Fully expanding the setup
consistently to N/ = 2 supersymmetry is beyond the scope of this work.

27 This mass M is given by a VEV g(v) , with g the coupling and v the scalar of a vector
multiplet under which the hypermultiplet is charged [148].
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3.5 The Axion Potential and Gauge/Gravity
Correspondence

We have derived the axion potential via a classical computation within 10d
SUGRA, and proposed a 4d SUGRA description that matches it. Since the
local throats are believed to have a dual description in terms of KS gauge
theories [49], it is useful to give an alternative derivation of our results on the
gauge theory side of the correspondence. The KS gauge theory is a SU(N +
M) x SU(N) gauge theory with (classical) global symmetry group SU(2) x
SU(2) x U(1)g. It contains matter in bi-fundamental representations ([J, )
and (O,0) of the gauge group that transform as doublets under the first
respectively second global SU(2) factor. The holomorphic gauge couplings
of the two gauge theory factors 7y, and 7y, have been argued to be set
by [134,149]

M4 TyM =T, Tym—7Tym =—7+G/m mod 2(m —nr), (3.72)

with (m,n) € Z%. The radial running of the G-field together with 7 = const.
matches the RG-running of the gauge theory coupling constants. Throughout
this section G takes values in its suitable fundamental domain.

As the KS gauge theory flows to the infrared, it undergoes repeated steps
of Seiberg dualities that reduce the ranks of the gauge groups according to

SU(Ny + M) x SU(Ny) — SU(Ny + M) x SU(N,)
— -+ —> SU(Np + M) x SU(Ny),

with N, = N — kM, k € N. If we start with N = KM , after K steps in
the duality cascade the gauge group is SU(M). Since, roughly speaking, it
corresponds to the first gauge group factor in SU(M) = SU(Nk + M) x
SU(Ng), its holomorphic scale is given by AM = (3M exp (2mitym(ur)) =
w2l exp(iG) , where g is the infrared scale of the throat and where we make
use of the KS dictionary vy ~ G/27w. Gaugino condensation leads to an
effective Affleck-Dine-Seiberg (ADS) superpotential [150,151}49]

WADs<g) IMA3 ~ M,LL?R eXp<27TiTYM/M>

27i g (3.73)
NM,U%VQXP(V <7K+ §)> )

where we have used that the IR-scale is related to the UV-scale by ud; =
piry exp(—2m A7)
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The superpotential that we have proposed on the gravity side of the
correspondence (3.66|) indeed takes this form,

™

i=1 g

with QAZ = Z}nzl pégj7 and

27 [ — T =ih
A; =exp <— M, <Z M;qi" + g, + ZQOI/VO/Q>
g j=1

21 -
(1 2.

From the gauge theory perspective we should interpret the appearance of the
constants g{i7 g%,m , o and Wo as a parameterization of threshold corrections
near the UV cut—oﬁ'[ﬂ Indeed, as they are taken to zero the A; become unity.

It is now obvious that the M-fold extension of the periodicity of the c-
axion is related to gaugino condensation in the KS gauge theorym [1154149,
154//149): As usual there is a U(1) g symmetry that is broken to Z,y, by gauge
theory instantons. Gaugino condensation spontaneously breaks Zsy, — Zs,
so there are M gauge theory vacua. As we transform ¢ — ¢+ 27, we move
from one gauge theory vacuum to the next, and the gaugino condensate
(which corresponds to the local deformation parameters on the gravity side)
picks up a phase exp(2mi/M). This is as in Sect. where we learned

that the M different vacua are reached by dialing the RR flux quanta on the
B-cycle @ =0,...,M —1 (see (3.3).

(3.75)

3.6 Applications

3.6.1 Thraxions on the Quintic: Drifting Monodromy

In this section we will give a concrete example of a string compactification
where a light thraxion appears. Along the way we identify concrete setups
in which parametrically super-Planckian racetrack-type axion periodicities
are possible. We choose the CY to be the quintic threefold which is defined

28 Note that in (3.66) we have set Mp = 1. Therefore we identify pyyv ~ Mp .
29 Of course these are in general functions of all other complex structure moduli that do
not control the infrared regions of the throats and are frozen at a high scale.

30 Related observations were made in the non-compact flux-less multi-node setting of
[152)[153).
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as the vanishing locus of a homogeneous polynomial P of rank five in P*.
Following [140], it can be brought to a conifold transition point by choosing
the complex structures such that

P(X° .., XY = X3f (XY XY + X (X0, .., XY, (3.76)

where f; and g, are generic homogeneous rank four polynomials of the pro-
jective coordinates {X©°, ..., X*} of P*. The conditions P = 0,dP = 0 are
satisfied whenever

0=X>=X"=f(X° X" X?0,0) = g4(X°, X', X?,0,0). (3.77)

Since f; and g4 are chosen to be generic polynomials of rank 4, there exist
4 -4 = 16 distinct solutions. These are 16 conifold points. Hence, there are
16 vanishing three-cycles A, i = 1,...,16. Because the solution set lies on a
P2 submanifold of P*, there is precisely one homology relation among them,

16

> [AT=0. (3.78)

=1

Hence, we have a multi throat system with n = 16 and m = 1 so there is one
light axion.

Let us give two examples that differ by choices of flux numbers. In both
examples we set the coefficients A; defined in to unity. Generically
we expect these to be of order one. Inserting O(1) factors below does not
change the physical outcome.@

Example 1: A simple thraxion potential

M; = (-1D)"'M, K'=(-1)"'K, (3.79)
with K/g,M > 1. Then we have ¢; = (—1)""'¢, and
Wer(G) = —16iesin 2G /M + Wy = 16ie(1 — cos 2G' /M) + Wy, (3.80)

with Wy = Wy — 16¢e, G’ = G — nM/4, and small |e| x exp(—27K/g,M) .
Up to the numerical prefactor this is exactly what we found for n = 2 and
m=1.

Example 2: Drifting Monodromy We now slightly detune the Fj
fluxes from one another:

Mle, M2:M+1, MgI—M, M4:—(M+1), (381)

31 If some coefficients can be tuned parametrically smaller than others, new qualitative
features might arise. We leave an investigation of this possibility to future research.
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and M;,4 = M;, with K* = sign(M;) | K|, and again K/g,M > 1. In this
case

We(G) ~ —8izo(M sin(G/M) + (M +1)sin(G/(M + 1)) + Wy,  (3.82)

with zg ~ exp(2miK7/M). Additionaly to the previous simplification, we
have also neglected order one prefactors that arise from the fact that the
ratios K'/M; are not all exactly equal. Again, this is of no consequences for
our purposes.

The superpotential is a racetrack-type superpotentialP?|for G . The
axion periodicity is now given by 27 M (M + 1). Crucially, this implies an-
other M-fold extension of the axion field range on top of the one already
discussed in the simpler examples of the double throat and the first exam-
ple of this section. Clearly, one may take this even further to periodicities
such as 20 M - - (M + 3) m Since we still only have to fulfill the requirement
that the throats fit into the bulk CY, this implies the existence of a sim-
ple, concrete and explicit mechanism in string theory that can generate huge
super-Planckian axion periodicities. In general the full periodicity of the su-
perpotential is given by the least common multiple of the different RR flux
numbers M;. We dub this mechanism of generating a parametrically large
axion monodromy drifting monodromies since it relies on a frequency drift
within a set of several finite-order monodromy effects. This is related but
different from the winding idea, where a constraint forces the effective axion
on a long trajectory in a multi-axion moduli space [156,(157,32,(117,[118|.
Here, by contrast, one may think of a single fundamental axion extended
by several small, finite-order monodromy effects. The result of this can still
be large as explained above. The intended outcome, namely to realize an
effective large-f axion accepting a short-wavelength oscillatory potential, is
of course the same (see in particular the recent analysis of [121]).

The minima of the potential V o |8gW|* are located along the slice
Im(G) = 0 where it takes the form

V(e) o [cos(¢/M) + cos(c/(M +1)]>, c¢=ReG,

cos? 2M +1 cos? 1 (3.83)
X COS"| =——F————C | -COS" | ———F=C
2M (M +1) 2M(M +1) )’

which has 2M + 1 distinct Minkowski vacua (see Fig. [3.12]).
We note that despite the long 2w M (M + 1) periodicity the scalar poten-
tial oscillates on shorter wavelengths of order 2w M . This is essentially due

32 For a discussion of racetrack superpotentials in connection with the WGC, see [155].
33 But not further because we have to respect the orientifold action.
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Figure 3.12: The axion potential of example 2 for the case M = 10. There
are sub-Planckian oscillations within a long super-Planckian envelope.

V(

to the rank condition (3.50) which forces us to introduce flux numbers of
both signsP¥ We have not shown in general that suppressing such shorter
wavelength oscillations in order to produce a smooth super-Planckian axion
potential is impossible. At this point we only note that the condition (3.50))
presents a severe obstacle towards this.

These examples also serve to illustrate that by scanning over flux num-
bers one may obtain a vast number of possible effective superpotentials and
axionic potentials.

3.6.2 A Clash with the Weak Gravity Conjecture

In this section we would like to point out that the axion potential we have
derived clashes with the weak gravity conjecture for axions [17,30}33], see
Sect. We have computed the axion potential via a classical supergravity
calculation. However, one may equally well associate it to non-perturbative
effects in the KS gauge theory (namely gaugino condensation), as argued in
Sect. As such, (if true) the weak gravity conjecture should apply to our
construction.

In its form adapted to axions and instantons the conjecture states that
there should exist an instanton with Euclidean action S and axionic charge
q such that

S<O)qgMp/ fe- (3.84)

Such instantons (if they contribute to the superpotential) generically induce
terms in the scalar potential of the form

V(9) D e (1 — cos(q ¢/ fer)) (3.85)

34 This condition is global in the sense that it need not hold in a non-compact CY where
gravity is decoupled.
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where ¢ is the canonically normalized axion. Thus, 27 feg/q is the canonically
normalized periodicity of the term in the (super)potential that is generated
by a given instanton.

By comparison with the above we may associate an (effective) Euclidean
instanton action to each of the leading exponentially suppressed terms in the
axion (super)potential*’|

Kz‘
gst’ .
As computed in Sect. [3.3.3] in the regime where the throats marginally fit

into the bulk CY, the periodicities feg/q’ of the dominant terms in the su-
perpotential associated to each throat i = 1, ...,n read

éff ~ 3ln(1/wfR) ~ 21 (3.86)

2 , 2 (or Ki\ V?
feff/gi =~ glﬂ(l/w;R)*l/QMP ~ § <?g M) MP7 (387)

i i / i [2m K*
Seff : feff/q ~ 2 ln(l/wIR) Mp =~ 2 ?QSMZ‘ Mp . (388)

In the regime wig < 1 (i.e., K' > g,M;) the r.h. side is parametrically larger
than O(1) so the objects that generate the relevant terms in the superpoten-
tial do not satisfy a weak gravity conjecture bound.

Of course as is always true in string theory compactifications [158] there
does exist a tower of instantons that satisfies the weak gravity bound
but generates no monodromyY| It is also apparent that these instantons
occupy a sub-lattice of the full charge lattice. This sub-lattice corresponds
to all the possible wrapping numbers of a Euclidean D1-string. However,
in our setup this sub-lattice can be made parametrically coarse.@ Let us
illustrate this with a concrete example: We consider a variant of the drift-
ing monodromies example given in Sect. with flux numbers M; €
{5,6,7,8, =5, —6,—7,—8}. The axion decay constant is enhanced by the
least common multiple of 5,6,7,8 which is 840. The instantons that sat-
isfy respect the periodicity of the axion before monodromy. Thus
the possible charges take values in 840Z C Z. Clearly, a lattice WGC is
parametrically violated, while a sub-lattice WGC [53,54] (see also [159]) is
always satisfied but with parametrically coarse sub-lattice. Note that gener-
ically these instantons only give rise to sub-leading corrections to the scalar

potential (if they contribute at all), compare Sect. [3.6.4]

Hence,

35 Taking the correspondence with instantons seriously, these are (%BPS—)instantons.
36 In our case, these are Euclidean D1-strings wrapping representative S2’s in the UV,

compare Sect.

37 Hence we seem to realize explicitly the loophole mentioned in footnote 25 of [54].
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3.6.3 Axion Phenomenology

We have identified a string theory axion with remarkable properties. It is
parametrically lighter than the tower of states that is usually associated to
strongly warped regions myiower X wrMp. The axion mass can be tuned
almost independently of the periodicities of the dominant oscillations in the
scalar potential, since we have m oc wi; Mp, while the oscillation period
ferr/q of the scalar potential depends only weakly on the warp factor for/q ~

Mp/ @/ln(w{Rl). Conversely, the mass scales unusually strongly with the
oscillation wavelength,

2 M, 2
o wiy A2 e & exp (—a <q P> ) : (3.89)

M% feff
with a = O(1).
In contrast most other stringy axions usually satisfy the relation 5|
i oo ()
— ~exp | —« , 3.90

As such the thraxion assumes a rather special place in the string theory
landscape. This is potentially interesting for axion phenomenology. We refer
the reader to [5] for a range of phenomenological applications for different
axion mass scales.

We have to emphasize that at least in the simplest setups our axion is not
a generic inflaton candidate as it was briefly discussed in Sect. because
of the generic presence of dominant sub-Planckian wavelength modes in the
scalar potential, despite the large monodromy enhancement of the effective
axion decay constant.

3.6.4 Uplifting

We would like to briefly comment on some possible scenarios of uplifting. In
Ch. [ we discuss how a superpotential of the form can allow for SUSY-
breaking vacua by generating a scalar potential in which multiple periodic
terms in a single axion of comparable amplitude interact. Concretely, by
tuning the amplitudes (and phases) of the individual periodic terms in a
drifting-monodromies potential, see, e.g., (3.83), non-zero local minima of
the potential may arise. In this section we will only discuss how non-zero
minima can arise in non-tuned cases. Both ideas presented here are based
on the idea of adding an oscillating potential of different wavelength to the
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known thraxion potentials of the form or which on their own
only possess minima at 0.

Uplifting requires as a precondition, that a full mechanism of Kahler
moduli stabilization is in place. Stabilizing the Kahler moduli by definition
breaks the no-scale property of GKP-type flux compactifications. Hence,
in a full setup of our multi throat system there are two sources of no-scale
breaking — the Calabi-Yau breaking potential of our Cy-axion(s), and also
the scalar potential that stabilizes Kdhler moduli. In general we expect
these two sources of no-scale breaking to mix non-trivially, and we leave a
detailed analysis of this for future research. For the rest of this discussion we
now assume that these subtleties get resolved for both KKLT- and LVS-type
setups of Kéhler moduli stabilization.

We now wish to look at situations where c-dependent corrections to the
Kahler potential may become relevant. This is certainly the case in the
regime |Wy| ~ 1, leading us to consider LVS-like moduli stabilization [73].
Potentially interesting corrections may arise from Euclidean D1-brane in-
stantons that wrap members of the family of two-spheres that vanish at the
tips of the conifold. Since the cycle is trivial in homology we expect no cor-
rections to the superpotential but at most corrections to the Kéahler potential
of the form

56_K1 ~ Ce—SDBI—’iSCS +c.c., (391)

with C = O(1) and Dirac-Born-Infeld (DBI) and Chern-Simons (CS) actions
(cf. Sect. [2.1.2)

1 Vol(5?)|yy
SpBr = ———(—,—
gs 2w’

271'0[ <Z G ) B‘foorm = Re g '

Here, we have evaluated the DBI action on a representative sphere in the UV,
i.e., in the bulk CY. This is because we expect such a representative to give
the dominant contribution: As explained in App. [A.2] there are different
two-spheres at a given radial coordinate in the throat that are labeled by
a U(1) phase and that all share the same volume. As we scan over this
phase, the corresponding integrals of C5 at a given radial coordinate pass
through their fundamental domain. Therefore, integrating over all Euclidean
brane instantons on the two-spheres should cancel all contributions due to
the oscillatory behavior of the correction (3.91). This is consistent with
the fact that after accounting for back-reaction of the phases of the throat
deformations the () field excursion cannot be measured in the local throats.

(3.92)

SCS
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In the analysis of Sect. [3.4] we extended this result to Re(G), iLe., to Cy —
Cy By . In passing towards the UV, our description of the throat breaks down.
In particular, we do not expect the different sphere representatives to all share
the same volume. Thus, we expect non-vanishing instanton corrections.

Using Vol(5?)|yy 2 Riea: X (9sMK)Y2a/ | this leads to corrections to
the scalar potential of the form

3V < eia\/%(l —cos(ReG)), (3.93)

with o = O(1). Assuming that the exponentially small prefactors of the clas-
sical warping suppressed potential (or that of example 1 of Sect.
and the non-perturbative correction terms are of the same order, it is feasi-
ble that additional local minima appear in the scalar potential that could in
principle lift to meta-stable non-supersymmetric minima, possibly even de
Sitter vacua.

The exponential terms are of comparable magnitude when

K
2 M. 3.94
T (3.99)

In F-theory models with large Euler characteristic we do not see an immediate
obstacle to realizing this.

We may turn this around and add large-wavelength corrections to shorter-
wavelength oscillations such as those of the example of drifting monodromies
given in Sect. On the large scale of feg ~ M Mp there are several
Minkowski vacua of the potential , compare Fig. It is conceivable
that these are uplifted once further corrections to the potential are taken into
account. This might happen automatically when the no-scale properties of
the Kahler potential get broken by perturbative or non-perturbative
corrections, since we know that the existence of Minkowski vacua strongly
depends on the cancellation of different terms in the scalar potential. We
expect these scalar potential corrections to follow the periodicity of the su-
perpotential, which is given by the super-Planckian decay constant for. An
optimistic sketch of this is illustrated in Fig. [3.13] A different approach
might be to consider drifting monodromies in which we allow for hierarchies
between fluxes M, of individual throats.

We leave a more thorough investigation of these uplifting ideas for future
research.
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Vi(e)

JUH, IR
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Figure 3.13: The axion potential of Fig. with an additive correction
0V (¢) o const. + cos(c/ fer) that shares the periodicity of the superpotential.

3.7 Conclusion

We have shown that a novel type of axion-like particle is present in many
flux compactifications of type IIB string theory. While its exponentially
small mass is due to the existence of strongly red-shifted regions in the com-
pactification manifold (warped throats), it is parametrically lighter than the
red-shifted tower of KK-modes that is usually associated with such throats.
We would like to emphasize that for fixed value of the axion decay constant
the thrarion mass is far smaller than all other stringy axions that we are
aware of. Moreover, we are able to find explicit models with even parametri-
cally super-Planckian axion decay constants (but with generically dominant
sub-Planckian oscillations in the scalar potential). As such the thraxion as-
sumes a rather special place in the string theory landscape that is potentially
interesting for axion phenomenology.

The existence of this type of ultralight axion is intimately linked to so-
called conifold transitions between (topologically) distinct CY manifolds.
Light thraxions arise whenever fluxes drive a CY close to the transition point.
Moreover they come paired with light scalar degrees of freedom (‘saxions’)
which are the relevant light degrees of freedom that control the global sta-
bilization of the multi throat system that arises near such a point in moduli
space. At the perturbative level the saxion is as light as the axion while
non-perturbative Kéhler moduli stabilization effects would generically lift
this degeneracy. The extremely low (s)axion mass implies that multi throat
systems are surprisingly weakly stabilized.

We now summarize the key steps in the derivation of the (s)axion po-
tential. Throughout most of this chapter we have focused on the case of
a double throat system. As shown in [40] in such a setting there exists a
light axion mode that can be thought of as the integral of the RR two-form
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Cs over a family of spheres that degenerate at the infrared ends of the two
throats. When holding the geometry fixed, a finite field excursion leads to
the formation of a flux/anti-flux pair at the two ends, so an appropriately
red-shifted potential energy V ~ wiy is induced where wig is the infrared
warp factor of the throats. One of the key observations made in this work
is that when the throats are long there exist two light complex scalars 21, 2o
that control the infrared geometry of the individual throats. This is despite
the fact that only a diagonal combination of the two is an actual complex
structure modulus of the CY. A finite field excursion of the axion mode drives
z1 and zy away from complex structure moduli space, i.e., to z; # 2o . After
this geometrical back-reaction is accounted for, locally in each throat super-
symmetry is almost perfectly restored. We have determined the scale of the
remaining scalar potential by finding the higher dimensional field profile that
interpolates the 4d modes z; and z, between the two throats. It turns out to
be dominated by tiny contributions from the bulk CY where the mismatch
between the two throats is detected. The final potential energy scales as wd
which is parametrically smaller than the estimate of [40]. Since the axion
kinetic term is dominated by contributions from the bulk geometry, the ax-
ion mass is of order wy; which is parametrically smaller than the infrared
mass-scale of the local throats. Furthermore, the final axion potential turns
out to be periodic, and the periodicity is enhanced by a flux number M via
monodromy. In other words, the available amount of axion monodromy af-
ter back-reaction is finite. The low scale of the axion potential implies that
throughout the compact axion field space the local throats are essentially
frozen supersymmetrically.

We have cross-checked and expanded on the 10d double throat calcula-
tion in several ways: First, we have shown that a natural proposal for the
extension of the GVW flux superpotential leads to an axion potential that
matches precisely our 10d conclusions. Moreover, in this framework it is im-
mediate that the axion is paired with a saxion that can be thought of as the
integral of the NS two-form B, over the same family of spheres. Together
they form the complex scalar component of a chiral multiplet. Furthermore
we have extended the discussion to the case of a general multi throat system
where n three-cycles degenerate near a conifold transition point, with m ho-
mology relations among them. There are n ‘local complex structure moduli’
z; that are relevant for the discussion of which only n — m linear combina-
tions correspond to complex structure moduli space. In this setup there are
m families of two-spheres that can be used to define m (s)axions. Again, a
finite field excursion of the (s)axions drives the local deformation parameters
z; away from complex structure moduli space and a small periodic potential
remains which is of order wf . Since the conjectured coupling between the
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(s)axions and the deformation parameters is independent of fluxes, we would
expect it to be present in N' = 2 compactifications. We have briefly checked,
albeit far from established, that such a term might exist. We have checked
our conclusions also from the perspective of the Klebanov-Strassler gauge
theory [115,49] that is believed to be the gauge theory dual of the throat
solution. The (s)axions set a combination of gauge couplings at the UV-ends
of the throats and receive a non-perturbative superpotential from gaugino
condensation in the infrared. This superpotential again matches precisely
the one we have obtained from classical 10d/4d supergravity. As is com-
mon in the gauge/gravity duality, a classical effect on one side matches a
non-perturbative quantum effect on the other.

Our construction can be used to investigate a vast number of axion-
models, by scanning over different conifold transition points of CY threefolds
and three-form flux quanta. We have illustrated this by giving two exam-
ples based on a well-studied conifold transition point of the quintic threefold.
With one of these examples we exhibit a mechanism that may be able to
generate parametrically super-Planckian axion periodicities. This happens
when several throats carry different flux numbers M; that each give rise to
a finite monodromy enhancement. The overall enhancement is given by the
least common multiple of all the flux numbers. In the regime considered,
the validity of the effective field theory is not undermined by the appearance
of a large number of light states below or near the axion mass-scale as is
usually expected for large f [158,53,54] or as parametrically large geodesics
in field space are traversed [12,48,142,86|143.87,[88}144]. We call this mech-
anism to generate large axion periodicities drifting monodromies. Neverthe-
less, we identify a global constraint among the flux numbers that presents a
serious obstacle to actually realizing a scalar potential with parametrically
sub-dominant sub-Planckian oscillations.

Clearly, the examples we have given form only a tiny subset of possi-
ble thrazion models. Moreover, these models are a promising playground for
testing swampland conjectures such as the weak gravity conjecture for axions.
The simplest models already suggest that the simplest form of the conjecture
need not hold in general. We have briefly commented on thraxion-related
ideas for uplifting. Whether the ideas presented in this chapter can be real-
ized in a controlled way is left for future work. This would require a detailed
understanding of the interplay between the thraxions and no-scale breaking
effects such as gaugino condensation on seven-branes [58| or perturbative o/
corrections [99], which are needed for full moduli stabilization [58}/73]. We
expand on a related uplifting idea in the following Ch. [4
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Chapter 4

Winding Uplifts — Parametrically
Small SUSY Breaking in String
Compactifications

4.1 Introduction and Summary

It is well-known that long-lived de Sitter vacua are hard to realize in string
theory. When constructing models of such vacua, cf. Sect. the typical
starting point are known and established AdS solutions such as the KKLT [58]
or LVS [72| vacuum. Then, one may add positive contributions that come
from either D-terms [160-170] or F-terms [171-186]. While there is a plethora
of models, none of the proposed uplifting mechanism is fully satisfactory as
it is usually hard to argue for the validity of all assumptions made (see [98|
for many points of criticism) or because the ability to tune to achieve a
small cosmological constant is limited. Because of its supersymmetry the
KKLT AdS vacuum is arguably the most accepted starting point for models
of uplifting in type-IIB models. Recently, there has been a lot of discussion
about the simple uplifting mechanism via anti-D3-branes described in [58],
see [59H70]. This seems to indicate that part of the problem might be the
difficulty of implementing meta-stable SUSY breaking which is necessarily
involved in any de Sitter construction. Thus, parametrically weak SUSY
breaking in models with finite Planck mass might be a challenge in itself.
This has been formalized in the SUSY anti-de Sitter conjecture [56| and the
de Sitter conjecture [53], see Sect. [2.2.4] In this chapter we propose to use
the tuning-power of the complex-structure-based flux landscape to face this
challenge. Our method of choice are the multi-cosine-shaped axion potentials
which arise if a long winding trajectory of a ‘complex-structure axion” appears
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Chapter 4. Winding Uplifts — Parametrically Small SUSY Breaking

in the large-complex-structure limit of a Calabi-Yau orientifold. This has
been studied in the inflationary context as ‘Winding Inflation’ [32] (see also
|187./188,119,(189]), but the potential of this method for realizing weak SUSY
breaking with long lifetimes has not been analyzed in detail.

Let us summarize the main idea presented in this chapter: We consider
type-11B CY orientifold compactifications with the complex structure moduli
u and v near the large-complex-structure point. There, the Kéhler poten-
tial only depends on the imaginary parts Imwu and Imwv such that a shift
symmetry in Reu and Rew is manifest. It is only broken by the flux super-
potential. We may choose fluxes M and N in such a way that only the linear
combination Mwu + Nv appears in the superpotential. Then, integrating out
the complex structure moduli supersymmetricly leaves one axionic direction,
parametrized by ¢ = N/M Re v, unstabilized.

Adding sub-leading corrections in the large-complex-structure moduli to
the periods and therefore to the super- and Kéhler potential induces a scalar
potential for ¢ . These corrections are subject to the shift symmetry and
therefore of the form exp(iu) and exp(iv). Both terms depend on the unsta-
bilized axion ¢ and their magnitude is governed by the stabilized values of the
saxions, exp(iu) o exp(—Imug — i) and exp(iv) o< exp(—Imwvy + iM/N ).
We may tune the saxion values Imwuy and Im vy in such a way that the two
terms appear in the F-term with comparable amplitude, € = exp(—Imug) ~
exp(—Imuwvg). Their relative magnitude is then measured by the parameter
a = exp(Imuy — Imwvg) = O(1).

The resulting F-term scalar potential of the axion is of the simple form

V(p) = eXe (sin(yp) + asin(M/N ) . (4.1)

By tuning 1 > « = N2/M?, we find non-zero, local minima of the F-term
potential. For these, we may parametrically separate the value of the po-
tential minimum AV ~ €*(1 — a)? and the potential barrier Vi ~ €% to
lower-lying vacua by choice of «, see Fig. [4.1]

Let us turn to the application of the mechanism just described in more
concrete scenarios. It is straightforward to apply it in the large volume
scenario. Tuning the value of ¢(1 — «) against the value of the LVS AdS
cosmological constant, one may consistently uplift the vacuum to de Sitter.
For KKLT SUSY AdS vacua the minimal setup just discussed seems to fail.
We encounter the problem of having to deal with small Wy in order to find a
supersymmetric solution in the Kahler moduli. This spoils the stabilization
of the saxions as discussed above. Finally, we consider supersymmetric AdS
vacua in type ITA as studied by DGKT [74]. This setting naturally gives rise
to unstabilized axions in an otherwise fully supersymmetrically stabilized
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AV ] . .

0 ™

Figure 4.1: The axion potential (4.1)) for M/N = 3. There is a minimum at
0. = m/2 with AV = V(p,) o< €2(1 — a)? > 0, while the potential scales as

€% in general.

¥

background. Only a single linear combination of RR axions is fixed. The
superpotential resulting from non-perturbative corrections may be directly
compared to the winding scenario with multiple axions. We expect that
generally we have enough tuning power to find tunable non-zero local minima
of the scalar potential with parametrically high barriers. While the uplifts
are necessarily small, we may have found a way of consistently breaking
supersymmetry in a stable AdS vacuum.

We want to highlight that the use of ‘instantonic’ terms is a common idea
in uplifting scenarios. Such periodic terms have been used in, e.g., racetrack
models or the STU model [190-198| (see however [155] for some possible issues
of racetrack models). In these, the periodic terms are of non-perturbative
origin and a positive contribution to the scalar potential is generated by the
interplay of the exponential terms with polynomial terms from, e.g., pertur-
bative corrections. In [199] a racetrack model with a vanishing perturbative
superpotential has been used to find a small superpotential coming from the
interplay of instantonic terms.

The interplay of different periodic terms in the potential has recently
been discussed in other contexts: The ‘drifting monodromies’ scenario in
compactifications involving multi throat systems as presented in Sect.
gives rise to a superpotential of the same form as we use in this chapter.
There, we did not tune the amplitudes of terms of different periodicities but
we expect to be able to reproduce scalar potentials of the form . The
authors of [200] give a pure IR argument on how the QCD pion potential
at general f-angle generates a multi-cosine-shaped scalar potential which
possesses non-zero minima. They discuss how this may naturally uplift the
IR theory.

The chapter is organized as follows. Sect.[d.2] presents the SUSY-breaking
mechanism just discussed in detail, including a short introduction to the
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winding idea, a discussion of all sub-leading corrections relevant and an anal-
ysis of the axion potential induced. We present how this may be used to uplift
different AdS vacua of various origins in Sect. [£.3] Finally, we conclude in
Sect.

4.2 The Uplifting Potential

4.2.1 Winding Setup

We briefly introduce the winding scenario |32]. We consider complex struc-
ture moduli u and v at the large-complex-structure point. At this special
point it has been noticed that a continuous shift symmetry for the real parts
of the moduli arises in the Kédhler potential [71]. This shift symmetry is only
broken by the flux superpotential. By a certain choice of flux, we arrive at a
super- and Kéahler potential for the complex structure moduli of the form

W = Wo(2) + f(2)(Mu+ Nv) + Waw (2, u,v)

4.2
K =Ky + K; —In(k(z, z,Imu, Imv)) + Kgw(z, 2, u, u,v,0), (4.2)

where v and v are at large complex structure and z describes all other com-
plex structure moduliﬂ which appear generically. Here, Ky, and K., describe
the Kéahler potential of the Kéhler moduli and axio-dilaton respectively and
k is some function. The contributions Wy, and K, denote terms that are
sub-leading to

Wo(z, u,v) = Wo(2) + f(2)(Mu + Nv), (4.3)

as well as
Ko =Ky + K, —In(k) . (4.4)

The sub-leading terms arise from corrections to the periods [ of the large-
complex-structure geometry. We will specify these sub-leading terms in
Sect. [£.2.2] TImportantly, only the linear combination Mu + Nv appears
in Wy, with M and N being flux numbers.

To analyze the F-terms in leading order, Fy; = (0; + Ko;)Wy, it is con-
venient to introduce

Yv=Mu+ Nv, ¢=v. (4.5)

'We will always include the axio-dilaton when simply using ‘z’. Only in the K#hler
potential we sometimes distinguish complex structure, K., = —In(k(Imz)), and axio-
dilaton, K, = —In(—2Im 7).
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We then have . '
Fo.= (0. Ko))Wo+ Wy, + (0.f)v =0,

Fo = (0uKo)Wo + f =0, (4.6)
Fop = (05Ko)Wo = 0.

While the equations for z and ¢ are (in general) complex, the equation for ¢
is real (up to an overall phase). The SUSY condition Fy,; = 0 therefore fixes

z=2zy, Y=1, Imo=qy. (4.7)

That is, importantly, Re ¢ remains unstabilized. Expressed in the original
fields we have stabilized

z=1zy, Imu=uy, Imv=1vy, MReu+ NRev=Rey. (4.8)

For notational simplicity later on, we will shift the fields z, ¢ and ¢ by
the solution found above, such that the F-Terms (4.6)) vanishin z =0, =0
and Im¢ =0.

4.2.2 Adding Sub-Leading Corrections

Having analyzed the leading-order F-terms, we now add the first sub-leading
corrections. This will stabilize Re ¢ at a lower scale and will back-react on
the leading-order solutions given in the previous section.

For the superpotential, we haveE]

W =Wo+ W = WO(Zv u, U) + A(Z>€Zu + B(Z)Gw + ...

= Wo(z, ) + A(z)e’“oei%eiwﬁd) + B(2)e e + . .. (4.9)
_ A(z) i(L5re 461 ) B(2)  ig+s:) 2
—Wg(z,w)—l—A(O)e e —l—B(O)Oce + O(€%),

where

e=|A(0)] e, a=|B(0)/A(0)|e (ou0)

Re (4.10)

6, = arg(A(0)) + R 5y = arg(B(0)) .

% ‘Instantonic’ corrections in z may be included in Wy(z) from now on. A possi-
ble dependence on u/v or ¢/¢ will always be periodic in the respective axion, that is
C(u,v)e’* can be written and expanded as C(e™*,e™)e’* ~ (C(0,0) + e(e!V=NO/My, 4
ae'®9y)C(0,0) + ...)e**. Any such term is therefore already accounted for in the sub-
leading terms for u and v. The same reasoning holds for the Kdhler potential.
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The large complex structure regime implies ¢ < 1. Furthermore we
assume that both corrections in v and v are comparable, i.e., uyg ~ vy or
a = O(1). We make the required hierarchy more precise below.

We also add the relevant corrections to the Kédhler potential

K = KO + Ksub - KO(Zyzv Imuvav) + KSub(Zu 27¢757¢7E) 3

Kop = (g(z, z,Imu, Tmv)e™ + é(z, z,Imu, Tmv)e™ + c.c.) +... (411)

~—

+0(e%),

A(. .. (e B(..) .
= ( € [@l(wﬂy(b—i_&l) —+ _B<(O)) Oéel(qﬂ_[b) + c.c.

4.2.3 The Axion Potential

We now turn to the scalar potential induced by the corrections. We will calcu-
late the back-reaction on the leading-order solutions, similar to the analysis
in [32]. We will include ¢ and ¢ in the set of complex structure moduli
denoted by 2¢,i=1,...,n.

The scalar potential has the form

V =e"KFF;, (4.12)

where at zeroth order in e we have fixed Fy;, = 0 at z = 0 (4.6). At linear
order in €, F; receives a correction 0 F;, coming both from corrections to K
and W . Due to this, z back-reacts, leading to a further correction which
may be estimated by Taylor expanding Fy; in z. Hence

F, —  Fy2 + F;7 +0F;, (4.13)

where Fj; = 8F0,i/8,zj and similarly for Fj;. The back-reaction is small,
2" ~ €, since 0F; ~ e¢. The only field excursion allowed to take O(1) values
is that of Re ¢, since this field is not stabilized at leading order. It appears
in 6F; and only there. Moreover, the dependence of JF; on the other 2° is
irrelevant since this would be sub-leading in €. Similarly, the z* dependence
of exp(K) and K% in may be disregarded.

To proceed, let us view as the length squared of the complex vector
F;. At the expense of doubling the index range and appropriately redefining
the metric, we may view this as the length squared of a real vector:

V =GYf.f, with  f, = kg2’ 4+ 6 fo(2') and 2% = 2® + iz, (4.14)

Here, we set ' = Re ¢ such that the vector k,; vanishes by leading-order
shift symmetry. The index range is a,b = 1,...,2n. The quantities G*, f,,
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df, and kg, follow from (4.12) and (4.13)) by a simple rewriting in real and

imaginary components.

Our potential as a function of z! follows from by integrating out
22,...,2?", which is straightforward: The first term in f, generically takes
values in a (2n—1)-dimensional subspace of the R?" in which f, and df, live.
This is a result of the missing dependence on z'. Let us call the unit vec-
tor orthogonal to that ‘allowed’ subspace é,. It is then clear that, when
minimizing in 22%,..., 22" at fixed 2!, the vector kyz° will take a value an-
nihilating as much as possible of § f, . Since the é,-subspace is not accessible
to kepx?, the projection of Jf, on that subspace cannot be compensated by

the minimization. One finds
V= (6°f.(aH))” . (4.15)

The elements of 62 = G%¢, may be calculated in terms of the vacuum values
of Ky and W,. Given what we know about the functional form of §F;, the
potential then takes the explicit form

V(Re ¢) = eX°ké? [sin(NRe ¢/M + 6,) — asin(Re ¢ + 6,)]° , (4.16)

where i captures derivatives of the Kéhler potential evaluated in z = OEI. The
constants € and & as well as phases §; and d, have been defined to absorb
O(1) coefficients/]]

Finally, we insert the Kéhler potential Ky and define x = %/(2k(0)) . For
better illustration, we parameterize

© Reo, (4.17)

N
M

to arrive at

2
s 2| . .. (M
V(p) = WREQ sin(p +61) — @ sm(ﬁcp + 52)] : (4.18)

For appropriate values of &, N?/M? < & < 1, this potential has several
local minima in ¢ as illustrated in Fig. The value in a local, non-zero

3 These derivatives come from the matrix K% which, after splitting into real and imag-
inary parts, ultimately defines the components of the vector é in .

4 To be precise, the perturbations § F;(Re ¢) in complex notation contain periodic terms
o e iNRed/M with coefficients 0,: KgA, iA/N, 0.: A, Woz'ﬁ/N and Woaziﬁ as well as
periodic terms oc e®¢? with coefficients 0,: KB, iB, 0,:B, Woig and Woazié. All
coefficients are assumed to be O(1) when evaluated in the leading-order solution z* = 0.
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minimum may be written as

_ sin(M/N ¢, + 52)&)2

= &/1 €sin ?
Vips) = D) ( (0 +01)) <1 sin(p, + 61)

V

_ Ys

= W/%Q (1—a)?.
In the last line, we introduced € and « to absorb the factors sin(¢, + 61) =
O(1) and sin(M/N @, + 09) = O(1).

(4.19)

0 \j 0 \7\7 0 \ /\7r 0 - T
| v \
VAR AVAR AVAR AN

Figure 4.2: The F-term o [sin(p) — asin(3¢ + 7)] (upper panels) and cor-
responding scalar potential Vy[sin(¢) — asin(3¢ + m)]* (lower panels) for
a=12,1, 0.8, 0.1 from left to right: By tuning & we find arbitrarily small
non-zero, local minima (third column). If & becomes too small the minima
go away (fourth column).

The decay constant and mass of ( are given by

N? N?
2
fo = qpBes=00) 15 120
y gs M* '

In the last equality we assumed « > N?/M?, that is we are far from the
destabilized situation of the fourth column in Fig. [£.2]

With this we have arrived at the main conclusion of this chapter: We
have given a concrete tunable origin of an F-term that may uplift known
vacua.

4.2.4 Winding in a Multi Axion Field Space

We may of course generalize to multiple complex structure moduli u’, i =
0,...,m, in the large-complex-structure limit, such that

Wolz,u') = Wo(2) + f(2) (Z Niui> : (4.21)
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Defining
szZNiui and ¢'=u' for i=1,....m, (4.22)

i=0
we find leading-order F-term equations

Foy = (0yKo)Wo + f(2) = 0, Fog = (05K0)W =0 (4.23)

The same reasoning as in Sect. leads to all imaginary parts being sta-
bilized, Imu’ = wf, while only one real direction is fixed, Rev) = Rey .
The remaining m axions are not stabilized in leading order. Shifting by
leading-order solutions, we arrive at the corrected superpotential of the form

m
.Re v . m N; PP
W =W+ Age ™ e Mo ¢ 2 (554') + Z Aje "0 e

i=1

. (4.24)
= WO +e e*Z Z:'l1<1\78¢1>+150 + Z o 6i¢l+i6i + 0(62) '
i=1

The Kéhler potential is of a similar form. The resulting F-terms have the
same form as the ones in Fig. in a higher-dimensional field space as long
as all coefficients A;e %, i = 0,...,m, are of the same order. It is clear
that, while complicating the actual calculation, we increase the amount of
possible tuning this way.

4.3 Uplifting AdS Vacua

We now turn to uplifting known AdS vacua to higher-lying AdS and dS vacua.
In this, we are interested in testing the conjectures and criticism against such
constructions made in [56457,/55].

We do not possess knowledge of exact coeflicients, but only about para-
metric scaling of both the potential , V ~ €2, and its value in the
minimum (£.19), Viim ~ €*(1 — @)?. Parametrically separating the poten-
tial difference between vacua, AV, from the height of the potential barrier,
Vaan , suffices to stabilize a vacuum solution against Coleman-de Luccia de-
cays [201]. In our setup we find AV/Vian ~ (1 — a)? between vacua. In
scenarios that allow us to tune a such that (1 — a)? < 1, we therefore
expect the uplifted vacuum to be (meta-)stable and long—lived.ﬁ]

5 Stability against Brown-Teitelboim decays [111] can be achieved by simply tun-
ing € (cp. simple estimates done in [202]). This brane-nucleation mechanism in non-
supersymmetric flux vacua was suggested in [56] (based on [112]). Bubbles of nothing [203]
are a possible non-perturbative instability which we, in general, may not be able to control
by any tuning [204].
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4.3.1 Large Volume Scenario

In Sect. the potential was derived in a setting where fluxes stabilize
the complex structure moduli supersymmetrically such that |[Wy| = O(1).
This is the setting in which the large volume scenario 72| was studied. We are
therefore naturally led to consider our uplifting mechanism with the addition
of (at least) two Kéhler moduli T, and T, . By assuming a hierarchy of the
corresponding four-cycle volumes, 7, = Re T, > Re T, = 7,, we are justified
in considering only the leading non-perturbative correction Wy, oc e=%7= .
We also add the leading perturbative o/-correction [99).

The axion does not mix (in leading order) with the fields T, and T}, other
than via the overall volume prefactor, V ~ 7, 2 in (£.18)). Therefore, we may
stabilize the axion in the SUSY-breaking minimum discussed in Sect.
before stabilizing the Kéhler moduli. We are then in the standard situation
[73] where we add a term

9862(1 — a)2
V2 ’

to the usual LVS potential. Without this uplifting term the latter possesses
a minimum in |72]

Viplife X (4.25)

1/2
o In"* Vivs 2 v/ Ts,LVS
Vads o< —gs [Wo Ty o —gs |Wo V3 )
LVS LVS (4.26)
1
AsTs
Ts NS ™~ g_’ Vivs ~ /Tsivge™ Vs .
S

A discussion of the viable parameter ranges of €(1 — «) for which (4.26)
can be consistently uplifted to de Sitter can be found in [205][f] Part of the
result is that a consistent uplift to V' 2 0 is realized for values

TS
E(1—a)? > (W L2222 (4.27)

VLVS

Since uplifting only requires us to tune the combination (1 — «), we are
free to tune the potential barrier oc € in the p-direction independently[] to
make this vacuum long-lived. We here have to assume stability of the LVS
vacuum

6In |205] (based on [206}207]) a non-vanishing F-term F = ¢|Wy| due to non-
supersymmetric fluxes was discussed. Although the origin may be different, the analysis
leads to a similar scalar potential, V& = gse2/V?, as we find in our model.

" The assumption of large complex structure of course still requires € < 1.

8 That is, we have to assume validity of the EFT description. Within the EFT descrip-
tion the LVS vacuum is stable as it is a global minimum in the 7,-7, plane [202].
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4.3.2 The KKLT AdS Vacuum

So far we considered non-tuned O(1)-valued |Wy|. We now consider the
supersymmetric type-1I1B KKLT vacuum [58] at small || as a starting point
for uplifting. Notice that compared to [58|, in our notation the superpotential
of the complex structure moduli reads W, = Wy + Wy, . That is, when
trying to stabilize a Kdhler modulus 7" by balancing non-perturbative terms
ox e~ against a small perturbative superpotential, e=*®¢T ~ |IW|, we have
to consider Weg rather than (what we called) W, .

We notice that there is a problem in implementing the simple mechanism
as described in Sect. We consider the complex structure moduli u
and v near a large-complex-structure point. In this limit, the CY can be
thought of as a T*-fibration over an S® with the fiber volume becoming
singular [208-210]. As discussed in [211], if we assign a typical radius R to
the torus-fiber and radius L to the base three-sphere, we may understand a
complex structure modulus v as measuring Imv = L/R. At the same time,
two-cycle volumes are measured by R - L. Geometric control requires us to
have R > 1 in string units. Then, the limit of Imv — oo implies that the
radius and volume of the base three-sphere goes to infinity along with the
two-cycle volumes. Correspondingly, the four-cycle volumes have to go to
infinity as

ReT ~ (Imv)?. (4.28)
For the realization of the KKLT scenario in type IIB, this implies
[Wes| = [Wo 4+ Wap| ~ e T < e™™ ~ e (4.29)

A similar inequality holds for Imu, that is [We| < e™™% ~ ear. Therefore,
the perturbative calculation of Sect. 4.2 breaks down as it requires € < |Wp|.

Realizing the hierarchy in a minimum necessarily requires tuning:
We may either cancel Wy, (= O(e) for generic values of ¢) against Wy of
the same order by tuning Wy or tune W, and Wy, to small values, < ¢,
indepependently. The latter requires tuning |Ae | ~ |Be~“| such that the
two terms cancel each other. In either case, the result is |[W| < € in the
vicinity of a desired stabilized value of ¢.

Actually, (4.29) implies that fwo real directions are not stabilized in lead-
ing order, as can be seen by considering the F-term

Dd)W == Kd)W + 8¢Wsub 5 O(G) . (430)

Here, we inserted the full superpotential W = W(¢) + Wy, (T') . Since we
stabilize T such that O(|W,,|) = O(|We|), we also have W < € []

% A possibly non-vanishing term 9,W,,, (due to ¢-dependent prefactors Ar(¢p)e 1) is
also small, 9, Wy, oc e BT ~ |Wig] .
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Having discussed the failure of the perturbative approach, we now analyze
the idea from scratch for a hierarchy 1 > ¢ > W.,. Compared to Sect.
the situation after integrating out the heavy moduli z is actually slightly
simpler than before: The full complex modulus ¢ remains light. Therefore,
we expect a consistent supergravity description to exist for only the light
moduli ¢ and T'. The superpotential reads

W =Wy + Wau (@) + Wap(T), Wip(T) = Ape " + ... (4.31)

The K#hler potential is still given by (with the heavy complex structure
moduli z and ¢ = Mu + Nv fixed). Even though Im ¢ is not stabilized in
this scenario, we continue to use the parameters ¢ and a. We assume € to
take small values near a desired (large) minimum value of Im ¢.

The scalar potential reads

V =X | K™ |DeW|? + K% |D,W|* — 3|W)? (4.32)

Stabilizing ¢ supersymmetrically, DyW = 0, results in the KKLT minimum
upon also fixing T supersymmetrically, DyW = 0. The minimum is charac-
terized by (assuming a to be real) 58]

|Wcs‘ ~ ’AT’ €_aReT7 VAdS ~ — |Wcs|2 . (433)

We may now check the F-term potential of ¢ for non-zero minima to find
higher-lying AdS vacua of (4.32)). For this, we consider the F-term

F(¢) = Ky(Im ¢) W(9) + W (9) , (4.34)

where 0y (¢) is a holomorphic function.

As discussed below (4.30), the first term in (4.34) is negligible as we
assumed |W| < [0,W(¢)] = O(e). In the spirit of Fig. an uplifted
minimum of the scalar potential requires some minimal value of the modulus
of the F-term in some neighborhood of ¢, in which 9,W (¢) is non-zero

0 < [0,W ()| < [0sW(9)] - (4.35)

By the minimum modulus principle such a value cannot exist for a holomor-
phic function if it is not constant. Therefore, the F-term (4.34]) stabilizes
DsW () = 0 as long as [Wes| < €.

To overcome this, we may break holomorphicity by tuning |0sW (¢)| ~
| Ky(Im @)W (¢)| near a desired minimum. This now allows in principle for
non-zero F-term minima but a few problems arise.
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While the F-term is of the shape as illustrated in Fig. in the Re ¢-
direction, near the minimum it might differ. At O(|W]), the terms coming
from Ar(¢) generally spoil the periodicity in Re ¢ . It is unclear to us whether
these coefficients respect the shift symmetry of the geometry. Thus, these
terms may spoil the simple potential structure of (4.18). Furthermore, the

actual scalar potential is of the form e (KW’ |F|” -3 ]W|2) . While the full

potential still only contains terms of periodicity 27 and 2rN/M (if this is also
true for Ar), considering only the F-term scalar potential as in Sect.
does not suffice. Finally, while the potential in the Re ¢-direction allows for
parametrically high potential barriers if local minima do exist, Vi /AV ~
¢2/|W|* > 1, we do not know the general behavior and stability along the
Im ¢-direction. Analyzing these problems is beyond the scope of this work as
they depart from the basic question of this chapter of deriving and analyzing

the winding potential (4.18).

4.3.3 DGKT-type Vacua

While we did derive the winding potential with a type-IIB setting in mind,
there is no reason not to consider it in a type-IIA scenario. Specifically, we
want to consider DGKT vacua [74]. We follow the notation of [212,116]. Both
Kihler moduli 7% and complex structure moduli S = s+io and Uy = uy+ivy
appear in the perturbative flux superpotential (in the large volume limit)

Wﬂux - WK(TZ) + WCS<Sa U)\) ;

. ) (4.36)
Wes(S,Uy) = —ihoS — iq"Uy ,

where hy and ¢ are independent Hs-flux numbers. The Kihler potential is
given by B
K =—In(8V) —In(S + S) —2In(V'), (4.37)

where V(Im T") is the CY volume defined via the Kihler moduli and
dxpo
V= %v’\v%”. (4.38)

Here, the v are related to two-cycle volumes in type IIB via mirror duality.
As such, their relation to the mirror duals of four-cycle volumes u) is

Uy = Op )| (4.39)

The d),, are rational coefficients. We see that V' is a homogeneous function

3in u
of degree 5 in u” .
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The F-terms for S and U, stabilize

2hgs = —Im W,
¢
K, =———, 4.40
A hoS ( )

hoo + q/\V,\ = —ReWx.

We may also fix the Kdhler moduli supersymmetrically. The volume V may
be considered a free parameter as it is set by unconstrained 4-form fluxes.
For large volumes we then find the scaling behavior with the volume

Wol ~ImWg ~V, e ~y?

4.41
= VAdS ~ —€K ’W0|2 ~ —Vig . ( )

We conclude two important facts about flux-stabilized type-IIA solutions
and specifically (4.40): First, the real parts of complex structure moduli, s
and w, , are stabilized entirely by fluxes. The ratios d,,1’/0,,V" are deter-
mined by Hs-flux ratios ¢*/¢” which in turn also determine the ratios u, /u,
to be some function of fluxes. Second, only a single linear combination of
imaginary parts, axions ¢ and v, , is fixed.

We now add non-perturbative corrections (from, e.g., E2-branes) to stabi-
lize the remaining directions in the axion field space. We arrive at a potential

of the form (£.24) [9] In this, we identify

uy ué for 1=A=1,...,m
5 ug
v o— ¢ for i=A=1,....m (442)
m by m
q o Reth Ni
oc=—ReWx — —v +— Reu = — —
: /\:1h0 " No ileOQS

The stabilized values u, for a given flux choice depend on the (mirror) CY
at hand via the function V'(uy). Note that the 3-form flux is free of tadpole-
constraints. By fixing the u, , the quantities € and «; in (4.24]) can be tuned.

As discussed in [116], we may limit the dimension of the axion field space
in two ways: First, we may choose a CY with a small number of complex
structure moduli. Second, setting by choice of fluxes some hierarchy in the

10 Compare (2.22) of [116]: W = Wy + Y., Arexp (—a{S — >, alU,), where I runs
over instanton insertions and the coefficients af/ af\ specify the cycles wrapped by the
instanton I. We may expand this in large s and u) assuming that instantons wrapping
individual cycles, e.g., a} =1 and af = 0, exist. We arrive at W = Wy + Agexp (—95) +
YoaAnexp (=Uy) + ...
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values uy , say s,u; > uy for A > 1, we achieve o; > 1 for v =2,...,m.
We may then (supersymmetrically) stabilize vy for A > 1. Only the lightest
axion(s), v; in our case, will remain in the effective winding potential (4.24).
We then arrive at a potential of the simpler form (4.18)).

With this, we expect that non-zero minima of the potential arise for
appropriate choice of fluxes and CY. We should be able to parametrically
separate AV ~ eXe2(1—3" a;)? and Vian ~ eX€2[[1] The uplift for controlled
values € < |Wy| ~ V remains small. We may have found a mechanism of
breaking supersymmetry in the AdS vacuum in a controlled way.

4.4 Conclusion

In this chapter we have presented a mechanism of controlled SUSY breaking.
Based on the winding scenario of [32] we presented how the interplay of
multiple periodic terms in the super- and Kéhler potential can be used to
construct F-terms that allow for non-zero minima of the scalar potential. We
argued that these minima can be parametrically small such that the resulting
vacua are long-lived. We applied the mechanism in the LVS and DGKT
vacuum and pointed out problems that arise in the KKLT AdS vacuum due to
the requirement of having a small value for the perturbative superpotential.

The status of the KKLT uplift and SUSY-breaking mechanism remains
unclear. We showed that the simple setup of Sect. is not sufficient to
consistently uplift the AdS vacuum. This is because the full complex field
¢ remains light in leading order. While we suggested how the mechanism
may still be applied by a specific tuning of W, and a/, we left the question of
explicitly calculating the minimum value and stability in the Im ¢-direction
for future work.

For supersymmetric DGKT AdS vacua the uplift seems very robust. Com-
pared to the KKLT uplift the construction requires less tuning. Actually, the
DGKT construction naturally gives rise to a multi axion potential which also
comes with more tunable parameters. With this, we may have found stable
non-supersymmetric AdS solutions which serve as counterexamples to the
SUSY AdS conjecture [56].

Finally, we showed that the application in the LVS vacuum is straightfor-
ward. It does however rely on the existence of the non-supersymmetric AdS
solution which is in itself already in conflict with the SUSY AdS conjecture.

1'As in Sect. we made some redefinitions of the quantities € and «;: From the
superpotential one arrives at values € and &; by diagonalizing, cf. . In the
final expression for the uplifting term, cf. , we absorbed further prefactors in the
quantities € and «; . These only differ from the original definitions by O(1) factors.
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For a discussion on the stability of the LVS vacuum see [213]. Assuming its
stability we are able to uplift to long-lived de Sitter vacua. Thus, we may
have found a new class of counterexamples to the de Sitter conjecture [55|
which rely on few ingredients for the uplifting mechanism. We may tune
the value of the cosmological constant to high precision as this relies only
on the tuning-power of the complex-structure-based flux landscape which is
expected to be high.

In all scenarios discussed, the implementation of the SUSY-breaking mech-
anism relies on tuning the parameter a ~ e“°~" or generalizations thereof in
the multi axion case. We require specific values of O(1) for a[?|and therefore
need to precisely tune uy against vy. The next step in analyzing the sug-
gested vacua is therefore a full landscape study of the amount and precision
of tuning that is possible for the values of complex structure moduli in the
large-complex-structure limit.

12 The precise values required depend on the parameters which appear implicitly in the

definition of & in (4.18].
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Chapter 5

Towards a Swampland Global
Symmetry Conjecture using Weak
Gravity

5.1 Introduction

As discussed in Sects. [1.2.2] and [2.2.1] it is common lore that a quantum field
theory, if consistently embedded in quantum gravity, will not possess exact
global symmetries [1575-81}16,82]. But it is not straightforward to translate
this to a quantitative statement about symmetry-breaking operators in the
low-energy effective theory. In this chapter, we attempt to address this ques-
tion in an important class of models: Those possessing a linearly realized,
approximate global symmetry which derives from a U(1) gauge theory.

Of course, the size of coefficients of global-symmetry-violating operators
has been discussed for a long time on the basis of wormholes or, more gen-
erally, gravitational instantons [76-78]. Moreover, in the case of a sponta-
neously broken global U(1), an axion exists. Symmetry breaking is then
encoded in the instanton-induced axion potential, which is constrained us-
ing the axionic version of the WGC [17]. By contrast, our focus here is on
linearly realized global symmetries, which can, e.g., be used to protect some
type of particle number in the low-energy effective field theory. In specific
cases, relevant constraints deriving from the WGC have recently been given
in [214,83]. Additionally, a general bound, independent of the WGC but
rather motivated by black hole effects in a thermal plasma, has been conjec-
tured in [83]. Since it is likely that gauge symmetries are also constrained
by swampland arguments, e.g., the total rank of the gauge group, and our
interest is in global symmetries, we here adopt the terminology Swampland
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Global Symmetry Conjecture for our statements and bounds, but we will ar-
gue that the precise formulation and underpinning of the conjecture is yet to
be determined. We will make a corresponding suggestion.

Our main technical result goes beyond previous work as follows: First, we
claim that given a slight, natural generalization of the WGC and the com-
pleteness hypothesis our constraint can actually be derived. Second, while
not completely general, it addresses a very large class of constructions which
play a central role in model building in general and in particular in string
compactifications [215]. The models we want to consider have an underlying
gauged U(1) symmetry. If this U(1) is non-linearly realized, the vector and
the Nambu-Goldstone boson or axion are removed from the spectrum/f| The
axion may be a fundamental periodic scalar or the phase of a complex Higgs,
though there may be some differences as we explain below. Importantly if
some of the originally U(1)-charged particles survive in the low-energy effec-
tive theory, they will transform under a global U(1). The latter is linearly
realized, in spite of the fact that the high-scale gauge U(1) is removed. The
reason is simply that the axion is not part of the low-energy theory.

As we argue in the following, crucially, the axion should couple to some
form of instanton — this is required by the completeness hypothesis [219,/16].
A mild generalization of the WGC to this case further constrains their action
[17] and, in its magnetic form for axions [19] ]| provides a relation to the UV
cut-off of the 4d effective theory. Moreover, as will be argued in full generality
below, these instantons necessarily induce EFT operators which violate the
global U(1). This leads to the desired quantitative bound.

As an interesting fact we note that, while very different in their motivation
and range of applicability, all of the above bounds on symmetry-violating
operator coefficients have the parametric form exp(—MZ2/A?). In all cases,
from wormbholes to instantons to black holes in a thermal plasma, one may
argue that the parametrics are necessarily the same: The exponent is simply
the Einstein-Hilbert action of some localized object, with [ d*z R replaced
by 1/A%, where A is the UV cut-off. Specifically in the wormhole context,
we find a generalization of the well-known Giddings-Strominger solution to
the case of a U(1) gauge-derived global symmetry where a globally charged
particle passes through the wormhole.

Finally, we note, and will discuss in more detail below, that the above

! Here we are interested in the case where the vector mass is not parametrically below
the cut-off of the theory, so we are not considering the limit of small U(1) gauge coupling,
and the connection with the physics of light vector states with Stiickelberg masses [216,
217|, or anomalies [218§].

2 This bound has also been used to constrain a Stiickelberg mass [216|, which is however
not our interest in the present work.
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parametric similarity suggests a simplicity which might be misleading. First,
it is essential whether just one or all symmetry-violating operators must
respect the parametric bound above. Second, it may be that different types of
approximate global symmetries (to be specified momentarily) call for different
bounds.

The rest of the chapter is organized as follows. In Sect.[5.2] we review our
main idea based on the WGC for axions gauged under a U(1) symmetry and
instanton-induced operators, which are symmetry-violating and suppressed
by a factor of exp(—M3/A?%). Sect. demonstrates this in simple 4d and
5d toy models involving, respectively, fermions and gauge instantons, and
a purely bosonic 5d theory compactified to 4d. We discuss some explicit
quantum gravity realizations of our bound in Sect. [5.4] including wormholes
and the Euclidean brane instantons of string models. We also comment on
recent arguments based on black hole effects in a thermal plasma. Limitations
of our approach, in particular a possible loophole related to the numerical
coefficient in the exponent, are discussed in Sect. We briefly discuss a
stronger bound that may be concluded from our arguments and how this
bound is consistent with the examples of the previous section. Moreover, we
discuss how our results may combine in a general swampland global symmetry
conjecture. We conclude in Sect. [5.6]

5.2 Basic Argument

5.2.1 Definitions and Classification

Let us start by defining some basic terminology, without any claim to novelty
or originality: We will say that an EF'T possesses an approrimate global sym-
metry if among all possible processes, P({i} — {j}), allowed by all space-
time and gauge conservation laws there is a subset Py, with rates that are
parametrically smaller, and that this subset is distinguished by the violation
of an otherwise conserved additive or multiplicative quantum number.ﬂ Here

3 We hope the reader finds the notion ‘parametrically smaller rates’ intuitively clear!
To precisely define what one means by this is in general involved as can be illustrated
by the following example: Consider a 4d U(1) gauge theory with two types of bosons of
charge, say, =1 and £11. Then the leading gauge-invariant operator that connects the
two types of matter in a way that violates the individual (particle - antiparticle) numbers
N; and Nyp is ¢11(¢3)1t/A® + h.c. This leads to, e.g., a AN; = —11, AN;; =1,2 — 10
particle scattering process with cross section parametrically going as ooy (E) ~ E14 /A6
where here we are assuming the center-of-mass scattering energy £ < A is much greater
than the masses of both ¢, and ¢1;. On the other hand there are AN; = AN;; = 0,
2 — 10, particle scattering processes starting with exactly the same initial states which

95



Chapter 5. Towards a Global Symmetry Conjecture

{i},{j} label the set of all possible multi-particle initial and final states of the
EFT degrees of freedom. Note that it is important that all rates associated
with the violation of the relevant additive or multiplicative quantum number
are small, for there can be circumstances where individual processes in a the-
ory can be small without there being a good notion of an approximate global
symmetry. (Alternatively, for theories such as conformal field theories which
do not have a well-defined notion of particle, we can consider all possible
correlation functions of the theory and apply a similar definition.) In addi-
tion we emphasize that the gauge conservation laws may not be associated
to long-range massless gauge bosons, as the theory could, and in general will,
possess discrete gauge symmetries, either Abelian or non-Abelian which will
restrict the allowed processes [220-224]. These discrete gauge symmetries
can be distinguished from exact global symmetries by long-range Aharonov-
Bohm-type scattering experiments.

Moreover, the global symmetries that are of interest to us in this work
are associated with, in the continuous case, conventional Noether currents,
and, more generally, group action operators faithfully realizing a continuous
or discrete group that satisfy certain locality properties. Such global sym-
metries are ‘splittable’ in the terminology of the AdS/CFT proof of Harlow
and Ooguri [82]. Of course, in the approximate global symmetry case the
unitary operators enacting the would-be symmetry only approximately com-
mute with the Hamiltonian of the theory and, if we are concerned with a
continuous global symmetry, the Noether currents are only approximately
conserved.

Corresponding to this definition the operators in an EFT action describing
a theory with an approximate global symmetry may be divided into two
disjoint classes: the singlets and the non-singlets with respect to the would-
be global group action. Moreover, the non-singlets should either be irrelevant
in the Wilsonian sense or have ‘small’ coefficients (we will later refine the
meaning of ‘small’ and define a notion of a high-quality approximate global
symmetry).

There are different reasons why an EFT might possess an approximate
global symmetry. For example, approximate global symmetries may be

(1) Gauge-derived. With this term we would like to refer to global sym-
metries following from a non-linearly realized gauge symmetry. Specifically,

have rates not smaller than o5_,19 ~ a'°/E? | where « is the U(1) fine structure constant.
Thus for E < a®8A the rate of otherwise similar AN = 0 and AN # 0 processes is
parametrically different. In addition there are many AN; = ANy; =0, 2 — k (k < 10)
processes with cross sections oa_;(E) > oan(E), so ANy 11 violation is slow. The issue
of almost global symmetries appearing in the EFT due to large ratios of the gauge charges
of the light states will be discussed further below.
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in the case of a U(1) gauge symmetry Higgsed by an axion both the vector
and the pseudoscalar become heavy. Yet, any charged state which for what-
ever reason remains light will now be subject to an approximate global U(1)
where the coefficients of all symmetry-violating terms in the EFT are small.
We will further explore the physics of such gauge-derived global symmetries
as this case will be the main focus of our work.

(2) Accidental. Here, spacetime and gauge symmetries, continuous or dis-
crete, forbid all relevant and marginal symmetry-violating operators con-
structed out of the light field content of the EFTf] An interesting WGC-
derived bound on how high the mass-dimension of excluded operators can
become in simple models has recently appeared in [83] (though it has also
been noted that this can be avoided at the price of larger field content). More-
over, in, e.g., the gauged Zy case the power of this idea clearly grows with
N . This N, however, may be constrained using black-hole arguments [225|
or, even more strongly, using also the WGC for 1- and 2-forms [226,227,83].

(3) Fine-tuned. By this we mean that the coefficients of all relevant and
marginal operators that transform under the would-be global symmetry are
‘small’ by a landscape-type tuning. This option is limited in cases where,
as expected in string theory, the landscape of EFTs with cut-off 2> A is fi-
nite [228,1229]. One may try to quantify this by arguing how the number
of vacua grows with Mp/A. It is even conceivable that our bound, already
advertised in the Abstract and Introduction, is valid for such type-(3) ap-
proximate global symmetries for the reason just explained. In this work,
however, we will not be concerned with a quantitative analysis of this inter-
esting possibility.

Given these definitions, we can usefully refine the notion of a ‘small’ viola-
tion: Suppose one has an EFT with cut-off A where all spacetime and gauge
symmetries of the system have been identified. Then we define a high-quality
approximate global symmetry to be one where the dimensionless coefficients
(namely after appropriate powers of the cut-off have been extracted) of all

1Cf. B and L-symmetry in the Standard Model. At the level of the relevant and
marginal operators there are no terms violating these global symmetries that can be written
in the Lagrangian consistent with SM gauge symmetries and Lorentz invariance. There
do exist potential irrelevant operators violating these symmetries. Moreover, given the
SM field content there must be irrelevant operators present violating (B + L), but not
(B — L), due the 't Hooft vertex interaction implied by the U(1)5,-SU(2)? anomaly.
Note that potential Majorana mass terms for the neutrinos, which would violate L but not
B, appear to be dimension-three operators in the far IR. However, above the weak scale
they can be seen to arise from dimension five operators involving the SM Higgs doublet.
This illustrates that the presence of accidental global symmetries depends on the energy
scale at which one studies a given model.
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symmetry-violating operators are exponentially small. The swampland global
symmetry conjecture will bound just how high-quality any would-be global
symmetry can possibly be, at least in the gauge-derived, type-(1) case.

An important comment concerning ‘fine-tuned’ or ‘type-(3)’ global sym-
metries has to be made: We do not use the word ‘tuning’ in 't Hooft’s
sense [230] since, of course, by its very definition the smallness of a coeffi-
cient is technically natural if its vanishing implies a global symmetry. Our
main point is simply that an approximate symmetry might be present in the
low-energy theory without a deep structural reason. Nevertheless, a rela-
tion to fine-tuning in the technical sense of 't Hooft exists. Indeed, in the
absence of an underlying gauge symmetry, there may and in general will
be irrelevant operators violating the desired approximate symmetry. Thus,
while having finitely many operator coefficients small at the irrelevant and
marginal level does not need tuning in the low-energy EFT, the full theory
will tend to correct those coefficients on the basis of its symmetry-violating
UV structure. In this sense, a fine tuning will indeed be needed and the
name ‘fine-tuned global symmetry’ may be suitable in spite of the apparent
clash with "t Hooft’s nomenclature.

On a more general note, we should emphasize that the whole idea of
conjecturing a quantum-gravity-derived minimal size of symmetry-violating
effects goes against 't Hooft’s technical naturalness. The latter is a concept
of QFT in non-dynamical spacetime and assumes that it is possible to ar-
range things so that the couplings of global-symmetry violating operators
renormalize only multiplicatively. We go beyond this by claiming that an
unavoidable additive non-perturbative correction to the coefficients of such
operators is always present.

5.2.2 Deriving the Bound

Our focus will be on type-(1) or gauge-derived global symmetries. To explain
our general logic, recall first the gauging of a p-form gauge theory by a (p+1)-
form gauge theory (or equivalently the ‘Higgsing’ of the latter by the former),
see, e.g., [16]:

1 1 1 1
—[dA* + ——[d Ay — —1dA, + Ay [P+ —5—[d A, ] (5.1)
9p p+1 9p p+1

In the Higgsed version on the RHS, the charged (p—1)-branes of the p-form
theory cease to exist as independent objects for lack of gauge invariance.
They can only appear as boundaries of the p-branes charged under A, :

53/ Ap+1+/ A,. (5.2)
B 9B,

P
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Only this combination is invariant under the gauge symmetry A4, = dx,,
dA, = —x, of the Higgsed model. (For simplicity, we ignore for now the
option of introducing a relative integer factor between dA, and A, on the
RHS of (5.1). We comment on this below.)

Applied to our case of a 1-form Higgsed by a O-form, this implies that
instantons can only exist as the origin or endpoint of a worldline of a charged

particle (see Fig. [5.1):
S5 / A+ d(z.). (5.3)
Bi(@«)

Here x, is the location of an instanton and B; is the worldline of a light
charged particle ending on it. It follows that the usual local (as far as the
EFT is concerned) operator induced by the instanton sum also changes:

e~ S1ti9 — e o1t (5.4)

Here, we for simplicity assumed that our light charged particle is a complex
scalar @, transforming as d® = PeX for A = dy and d¢ = —x.

T2
A
worldline instanton
R R S,
Ty
>

X1

Figure 5.1: A worldline of a charged particle ending at an instanton at x, .
Integrating over instanton positions x, induces a global-charge-violating op-
erator.

Now the instanton action Sj is constrained by the WGC as S; < Mp/ f
|[17]. Furthermore, as also argued in [17], the WGC in general also has a
magnetic version, constraining the cut-off. Specifically in the axionic case
and for parametrically small f < Mp, both this magnetic WGC as well
as a black-hole evaporation argument suggest that A < /fMp [19]. This
gives S; < M3/A? and hence the desired bound of the coefficient « of the

~Y

global-symmetry-violating operator in ([5.4)):

M2
a ~ exp(—S) 2 exp <_A_§) : (5.5)
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To be more precise, the factor exp(i¢) makes the operator on the RHS of
(5.4) gauge-invariant. But after gauge fixing to ¢ = 0, which is natural
in the low-energy EFT, one is left with an instanton-suppressed global-U (1)-
violating operator ~ o ® , with the exponentially small coefficient o displayed
above. Crucially, independently of any UV details, the WGC constrains the
strength of the violation in terms of the cut-off of the 4d theory.

At this point, an important comment has to be made: When gauging the
O-form theory with the U(1), the axionic degree of freedom merges with the
1-form to produce a massive vector in the familiar manner. More generally,
according to the p-form degrees of freedom merge with those of the
(p+1)-form theory in the process of gauging. A priori it could be that the
WGC does not apply to the two theories independently in their respective
forms when they couple in this way. We here assume that it does, similar to
the use of the WGC in, e.g., [216,46|. Strictly speaking this represents an
additional assumption mildly generalizing the minimal WGC.

We did not make a possible numerical coefficient in the exponent in ([5.5|)
manifest since, as long as we do not make precise what we mean by the cut-off
A, such a coefficient can always be absorbed in the latter. However, as dis-
cussed in more detail in [19], the present cut-off is associated with the tension
of strings (coupling to the 2-form dual to the axion) going to zero. It hence in
general represents a much more fundamental breakdown of the EFT than just
a finite set of new particle states appearing at some scale. This situation also
allows one in principle to make things more quantitative through replacing
A? by the string tension T}, such that exp(—M32/A?) — exp(—c MZ/T),
where the O(1) coefficient ¢ could now in principle be determined. This
would require fixing the electric and magnetic versions of the WGC under-
lying our derivation exactlyf| In the EFT, one might want to define the
cut-off as A = min(ma,A4). Here, m4 is the photon mass after Higgs-
ing, ma = g - f (see Sect. , and A4 is the cut-off set by the magnetic
weak gravity conjecture, Ay < Mp/g [17] for strong U(1)-coupling g and
therefore weak magnetic coupling g = 1/g. (At weak coupling g one finds
ma S Aa = gMp by the WGC for axions.) One then finds A < /T and
therefore exp(—M3/A?) < exp(—M3/T)). The strength of violation claimed
in , using this more general cut-off A, is therefore even weaker than the
one we explicitly derived.

5 Precisely in the present case this is in fact non-trivial: On the one hand, it is not
clear which object defines the WGC bound on the instanton side [53}/231,232] (options
include the Giddings-Strominger wormhole [75] or extremal instantons, which however
involve a dilaton). On the other hand, the field-strength contribution to the tension of a
charged string diverges in the IR, making also this side of the conjecture quantitatively
more complicated [53].
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Importantly, we expect that if an instanton-induced operator violates the
global charge by one unit and is constrained as above, multi-instanton effects
of instanton number k will induce operators violating the global symmetry by
k units (here we are assuming for simplicity that the would-be conservation
law is associated to a U(1) and there is an additive quantum number) and
be constrained to have coefficient above exp(—k M2/A?). This structure of
coefficients is consistent under renormalization group evolution of the EFT
to lower scales. In addition if an operator with charge violation by £ units
is induced by an instanton, loops will induce all other operators with the
same degree of charge violation unless there are secretly further symmetries.ﬁ
If we now assume that the couplings of the theory not involved with the
high-quality approximate global symmetry are not exponentially small, loop-
suppression is non-exponential, and all operators violating the symmetry
must appear with an overall structure of coefficients set by exp(—k M3 /A?)
factors.

We have so far only focused on the exponential suppression of symmetry-
violating operators. On top of it, there can be polynomial suppression by
the cut-off. This is for example the case, when symmetry-violating operators
of a field &, a SU(N)-singlet, are only loop-induced via coupling to a field
Y, a doublet under SU(N) and which therefore couples to gauge instantons
directly. We expect all operators that are not forbidden by an additional
(hidden) global symmetry to be loop-induced. This could for example exclude
fermion mass terms, as these are usually protected by an additional global
flavor symmetry respected by the t Hooft Vertexﬂ We comment on this
further in Sect. 5.6l

If we introduce an integer coefficient n in the coupling of the two gauge
sectors in (5.1), |d¢ + nA;|”, an unbroken Z, C U(1) discrete gauge theory
remains [220-222,/16]. This gauge symmetry strongly constrains the allowed
operators. Given that the lowest U(1)/Z,,-charge can be normalized to 1,
we can bound the dimension of the smallest operator that breaks the global
U(1)-symmetry to d < n: ®"e~57. If there are multiple fields with higher
charges, already operators of smaller dimension can respect the Z, gauge
symmetry.

Finally, we note that a U(1) global symmetry may be broken, e.g., by a
Higgs VEV, to a global discrete symmetry Z, C U(1). In such cases, our
bound will of course apply to the latter.

6In the supersymmetric case this statement potentially requires some modification as
there can be selection rules due to, e.g., holomorphy.

"See however [233,234], where instanton-induced operators generate fermion mass
terms via loops at large gauge couplings.
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5.3 Simple Models

5.3.1 A Four-Dimensional Example

We illustrate the above argument with a simple, explicit example that is
UV-complete in 4d. By this we mean that our instantons are conventional
gauge instantons, such that no point-like O-dimensional objects need to be
introduced.

As above our two ingredients are a U(1) gauge theory with charged
fermions v on the one hand and an axion coupled to an SU(N) gauge theory
(and hence to instantons) on the other hand:

S — / d'z (—G%F%Emw) ,

S :/d4x (—f2(6¢)2 - étr G? +

otr GG (56)
82 '

We now gauge the axion, which so far only possesses the discrete gauged
shift symmetry ¢ — ¢ + 27, under the U(1). Naively, one would simply
replace 0,0 — D,¢ = 0,¢ + A, . However, this is inconsistent due to the
non-invariance of the last term in S; under gauge transformations d¢p = x.
As explained in the general case, our gauging requires that charged worldlines
end on instantons. In the case at hand, this can be realized by gauging the
U(1) charged fermions additionally under SU(N) |

The theory is then defined by

S = /d4x (—éfﬂ — %UGQ — fA(D¢)?
qbtrGé) (57)

YL + YriD gr + 502

We have rewritten the Dirac fermion ¢ in terms of a 1.h. and a r.h. spinor.
Moreover, each of these has been promoted to an SU(N) fundamental multi-
plet. For the theory to be free of a mixed U(1)SU(N)?-anomaly, we impose
the condition ¢, — gg = 1 on the U(1)-charges q; and ¢g of the left- and
right-handed fermion ]

8 We anyway expect that, as in the case of the WGC for multiple U(1)’s |26], there
should be light states charged under both gauge groups.
9 Alternatively, we could have multiplied the ¢GG term by (g1, — qr) -
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We end up with a consistent theory[[’] of fermions charged under U(1) x
SU(N) . Below the mass scale of the photon A, , whose mass is induced by
f2(D@¢)? D f2A?, the U(1) appears only as a global symmetry.

The SU(N)-instanton sum induces a 't Hooft operator [237], involving
fermions and suppressed by exp(—S7) = exp(—87%/g?), as part of the effec-
tive Lagrangian. In our case, it reads

O=e"1 '(ZLQﬂR e +h.c. (58)

This operator is of course invariant under the U(1) gauge symmetry thanks
to the shift in the axion. However, once we gauge-fix the axion to ¢ = 0 and
remove it from the effective theory, the operator explicitly violates the global
U(1) which would have otherwise survived.

5.3.2 Comments on a Possible Relation to an Effective
Axion

Until now we focused on fundamental axions with a coupling gzﬁGé in the mi-
croscopic Lagrangian. It is clearly interesting to ask whether our arguments,
leading to the bound of , can also be made in the case of an effective
axion representing the phase of a complex scalar H . Indeed, let H have an
Abelian-Higgs-model potential, enforcing a non-zero VEV: H = ve®. Then
the low-energy EFT only contains the effective axion ¢. The underlying
global symmetry may be broken by operators a H + aH — ave'® + ave ™,
such that the full EF'T partition function reads

Z= / D¢ exp {—SO[¢] + / (ave' + @ve—i¢)}

[e.e]

:/D¢ el 3 % (/Owew)n </O_w€i¢)ﬁ.
il

n,n=

(5.9)

Here the second line can be interpreted as a sum over n-instanton/n-anti-
instanton sectors, which one would naturally expect to come with a fun-
damental axion. One then identifies vaw with e | such that the WGC

10 U(1)-gravity and U(1)? anomalies can be canceled by further Stiickelberg terms (not
involving the SU(N)) or by adding extra fermions, charged only under the U (1) (for recent
related work see [218]). In both cases our main points below are not affected. Note that
gravitational instantons contributing to the effective action via the ¢R§—coupling [23511236]
will parametrically give the same result as gauge instantons, see Sect.

' Note that these terms do not originate in a ¢Gé coupling to gauge instantons. We
simply rearranged the perturbative terms in the path integral in a suggestive, instanton-
like manner.
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for axions places a lower bound on the operator coefficient a. This logic
extends to the gauged case as follows: Include a U(1) gauge theory which,
according to the WGC, comes with a charged particle ®. To gauge H, we
have to replace the ‘instanton-type’ operator aH by a H®'. After integrat-
ing out the massive vector and axion, the low-energy EFT now contains the
operator av®’, corresponding to the destruction or creation of ®-particles
(cf. Fig. , with a coefficient bounded from below by e=M?//

However, this Higgs-derived axion case may be different since our logic
places only an exponentially small bound on operator coefficients which may
be naturally O(1). In general, our Higgs field H = v exp(i¢) is available
for the construction of all kinds of operators in the high-scale theory. Thus,
even in the fermionic case (where we previously had a symmetry reason for
a light U(1)-charged particle) we must now allow for the operator y Hip g
to be present. Then no low-energy global U(1) survives in the first place
unless we can ensure that y < 1@ In our present understanding, also more
involved Higgs-based models of this type (with more fermions and other
Higgs-charge) generically have the same feature: The survival of a global
U(1) before non-perturbative effects are included requires the choice of a
small operator coefficient ']

Let us pause to spell out the difference between the fundamental and
effective axion cases at energies below the physical Higgs scale and before the
axion is gauged by the 1-form U(1) symmetry: Both cases are by definition
built on a scalar with gauged discrete shift symmetry Z. In both cases,
shifts ¢ — ¢ + 2me with € non-integer are not gauged and hence need not be
respected by all terms in the Lagrangian. In the effective case, this simply
means that one must suppress all higher-dimension operators violating such
shifts by non-integer €. This requires additional tools, e.g., tuning or extra
symmetries. In the fundamental case, the standard form of the leading-order
gauge theory action excludes non-derivative couplings of the axion. Indeed,
our axion is viewed as a O-form potential, the kinetic term is |d¢|*, and
any further appearance of ¢ arises only in combination with charged objects.
These are the instantons, allowing contributions with ¢ evaluated at their
location, but only at the price of a factor exp(—S;). A more fundamental
reason for why this basic gauge theory structure cannot be broken may be

12 A small value of y may be technically natural in the 't Hooft sense since the coupling
y can be forbidden by chiral symmetry. However, this further global chiral symmetry now
comes in as an extra assumption. Our results limit how small y may become. Fortunately,
the condition that the charged particle appears in the low-energy effective theory is simply
that y is parametrically, not exponentially, small.

13 Exceptions of the Frogatt-Nielsen-type are possible at the price of having only a
highly-charged field in the low-energy EFT (as discussed in [83] in the present context).
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given as follows: We declare that a proper gauge theory must allow for
both an electric and a magnetic formulation. Hence, an axion is weakly-
coupled fundamental only if a dual 2-form description exists in which the
instantons (now viewed a 0-dimensional defects enclosed by a quantized 3-
form-field-strength integral) have action S; > 1. In this dual formulation,
local operators providing non-derivative couplings of ¢ cannot be written
down.

5.3.3 A Simple Five-Dimensional Example

We now sketch a simple 5d toy model which contains some features of the
string models quoted in Sect. [5.4.2]

Consider a U(1) gauge theory on R* x S'/Z,. Let a charged scalar p be
localized on boundary 1 and, similarly, a scalar ¢ on boundary 2. In addition,
the WGC for the bulk U(1) requires the existence of a charged bulk field ¢
(see Fig. . Let ® be a scalar for simplicity. We will return to the case
where the WGC particle is a fermion at the end of this section. A VEV of o,
(o) = ve? # 0, gives a mass m4 = g2v%/R to the photon, leaving a global
symmetry under which p is charged at low energies.

— particle worldlines

)
g brane 2
bulk U(1) theory
(w/ coupling gs) o length R
brane 1
P 1

Figure 5.2: A 5d toy model with charged scalars confined to the two
boundary-branes. In the presence of a o-VEV, the bulk U(1) gauge sym-
metry is broken but a global U(1) survives.

We assume that the couplings of ® to both o and p allowed by locality and
gauge invariance are present. As a result, there are instanton-like processes in
which charged p-particles disappear from their brane, see Fig. Summing
over all such ‘E0-brane instantons’ induces a corresponding operator in the
4d effective action. It comes with a suppression factor exp(—Sg), where
Se = Mo on dy/—g x mgR is the action of a Euclidean 0-brane stretched
over the interval. Moreover, the coupling of ® to the gauge field, ¢ on A=ig¢,
gives a factor of exp(i¢). All in all, this gives an effective gauge-invariant
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operator of the form
pe e g = pe el POy (5.10)

We may use the residual gauge symmetry to set ¢ + 6 = 0, which leaves us
with a global-symmetry-breaking tadpole operator for p:

O ~ ve 5p. (5.11)
From the 5d version of the WGC we have
Sq;. ~ m¢R§ g5M§’/2R 5 M5R, (512)

where the last estimate uses the perturbativity requirement g5 < 1/v/Ms.
At first sight a reasonable cut-off of the 4d EF'T is the compactification scale
A = mgk ~ 1/R < Mjs. Then, using R ~ MZ? /M2, we find
2 2

Se S MsR ~ % < %, (5.13)
which agrees with our general bound. We may try to go beyond this by
raising the cut-off above mygyk and incorporating the (weakly coupled) tower
of KK modes in the effective 4d description. A 4d EFT perspective may
be maintained until the growing number of KK modes overcomes their weak
coupling and one loses perturbative control. Unsurprisingly, this happens at
the quantum gravity cut-off scale A ~ Ms (see, e.g., [238]). With this, the
inequality on the 1.h. side of is saturated.

Finally, let us comment on the possible case that the WGC particle in
the bulk is a fermion W of unit U(1) charge. Since we only have a scalar
on the brane, it is not possible to introduce a coupling between these two
fields which would allow one unit of charge to be carried away from brane 1.
However, a coupling ~ (p*)?WW° permits the removal of two units of charge
and, correspondingly, an instanton-like process suppressed by two rather than
one massive brane-to-brane propagators. More coupling options arise if one
invokes the sub-lattice WGC and hence the presence of fermions with other
charges. One may also postulate and apply a generalized version of the
completeness conjecture using the charge lattice of Spin(4,1) x U(1). Here
Spin(4,1) acts on the bulk tangent bundle as prescribed by 5d relativity.
Based on this, one can argue that both a charged scalar and a charged
fermion must always be present at the 5d Planck scale, which is sufficient to
derive . The existence of charged bulk scalars and fermions also follows
from the stronger conjecture of [239] that supersymmetry should always be
present at the energy scale set by the WGC. Either way, this logic makes our
derivation of global-symmetry violation more general.
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5.4 Direct Quantum Gravity and Black Hole
Arguments

5.4.1 Gravitational Instantons
General Gravitational Instantons

Our arguments so far were indirect in that we used quantum gravity to
support the WGC and the latter to argue for global symmetry violation.
A more direct approach is the inclusion of gravitational instantons in the
path integral. Most generally, we here mean contributions (ideally Euclidean
solutions) with non-trivial 4d topology, as pioneered in [240,241]. Among
the many possible topological fluctuations (see, e.g., [242,243|) the gluing
of a K3 surface into R* might be particularly interesting since its effect on
fermions is quite analogous to the ‘t Hooft vertex discussed earlier [214]. This
induces global symmetry violation, with the relevant operator suppressed by
exp(—S7) ~ exp(—M2/A?). The last expression follows simply from the facts
that M2 multiplies the Einstein action and that the integral over instanton-
sizes is dominated by the smallest objects allowed by the cut-off.

A more general and maybe more intuitive way to violate global symme-
tries through topology change are Euclidean wormholes [75-78,/81], which
can be interpreted as a pair of gravitational instantons (each corresponding
to the emission or absorption of a baby universe). This issue has in par-
ticular been recently revived in the context of the violation of global shift
symmetries [29,32,53,231},244}232].

A parametric analysis of the Einstein-Hilbert action gives a suppression
factor

exp(—S;) ~ exp(—MaL?) (5.14)

for wormhole-induced global symmetry violation. Here L is the typical worm-
hole radius. The smaller the wormhole, the smaller is the action and the
weaker the suppression in . Requiring the wormhole to be controlled
in the EFT implies L > 1/A, which saturates the bound (5.5).

A Wormhole Solution with Localized Charged Particles

Let us now look more specifically at a gauge-derived global symmetry and
its possible violation by a wormhole with topology S® x I, where I C R is
an interval. The worldline of our unit U(1)-charged particle passing through
the wormhole fills out / and is a point in S?®. Let the particle sit at the north
pole of S?. The wormhole dynamics is best understood using the magnetic
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dual description of the axion theory. The magnetic coupling is f and the
(Euclidean) action in our gauged case is

S:SEH+/ (%Hg/\*ﬂg—F@QFQ/\*fQ) . (515)
Here F» = Fy+ By is a gauge-invariant magnetically dual U(1) field strength
(with magnetic coupling 1), cf. for p = 1. Away from electrically
charged particles, we have dF; = Hj.

Consider, in complete generality, a smooth patch of R* and a worldline
of a unit-charge particle passing through it. This charge is measured by

/Bz/ F=1, (5.16)
52 52

where S? is a sphere of infinitesimal radius € threaded by the worldline. Here
the first equality follows since by assumption B, is smooth in our patch.

Now, consider a 3-sphere of our wormhole with an infinitesimal ball B, ,
centered on the north pole, cut out: S3\B.. We find

/ Hy=— | Fp=-1, (5.17)
S3\ Be S2

where the sign signals the different orientation of the boundary of S3\B.
relative to S2.

The interpretation of this is as follows: If a U(1) gauge theory is Higgsed
by an axion, then a U(1)-charged particle traveling through a wormhole must
be accompanied by an appropriate Hs flux. That is, the field F; induced by
the particle is compensated for by flux on the rest of the sphere. This analysis
appears to support the persistence of the Giddings-Strominger solution [75|
in the Higgsed case.

However, the above arguments were purely topological. To understand
the dynamical solution, let us write the relevant part of the action on S*\ B,
in the form

S 5 /%[|H3|2+62f2|}"2|2} _ /%[|d32|2+m23|32|2]. (5.18)

Here in the last expression we have chosen the gauge F, = 0. This is always
possible on S3\ B, since there is no charged particle. Let us view the geometry
as fixed and of typical size L and try to understand the B, solution. Since we
work classically, the overall prefactor 1/ f of the action may be ignored. Then
our problem has two terms whose ratio is governed by the mass parameter
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mp = ma = ef. We expect the term suppressed by mp to be irrelevant in a
geometry of size L if mp < 1/L. But this last relation holds in our regime
of interest where the electric coupling is weak, e < 1, and L ~ 1/y/fMp.
Thus, the H; flux spreads out approximately homogeneously on the sphere,
as in the pure Giddings-Strominger case. The perturbation of the field profile
by the charged particle is negligible[™]

In the opposite regime, mpg > 1/L, the first term in (5.18) would dom-
inate such that the field By should strongly localize around the particle at
the cost of large field-gradients. A quantitative discussion of this regime goes
beyond the scope of this work.

Wormbholes with Smeared Charged Particles

Finally, the arguments above rely on the presence of a localized charged-
particle worldline in the wormhole. But in our regime of interest the particle’s
Compton wavelength is larger than the wormhole radius, m < 1/L. So
a better model may be that of an electric charge distribution j3 smeared
homogeneously over the transverse S3. While an action principle for the
magnetic fields Fy, = dA; in the presence of a smooth electric current is
notoriously hard to formulate, the equations of motion are easy to write

down: B B
dF2 :jg , d*FQZO. (519)

Here we assume j3 to be proportional to the volume form on S3. It is
immediately clear that By = —F,, F5 = 0, extremizes the action (5.15)
together with a harmonic 3-form flux Hj that is homogeneously distributed
as in the solution by Giddings and Strominger{"]

/ng/dBQ:—/dE:—/jg:—l. (5.20)
93 S3 53 S3

In summary, a Euclidean wormhole solution supported by 3-form flux
persists even if By is Higgsed and the charged particle passing the wormhole
is light. We highlight that this is an extension of the Giddings-Strominger so-
lution by a charged particle which couples to the Giddings-Strominger axion
as specified implicitly in (5.15). This solution therefore differs from the ex-
tensions found in [77,/78|, where the axion was coupled to only an additional
real field to form a complex scalar field.

14 We recall, for the convenience of the reader, that the wormhole radius then follows
by demanding that the flux energy density, |H3|?/f? ~ 1/(f2L%), equals the gravitational
energy density, M3R ~ Af§/£2 . Solving this for L gives L ~ 1/+/fMp , as quoted earlier.

1% Note that both B, and F5 are gauge dependent and can only be defined locally with
By = —F; on every patch. We refrain from introducing patches in .
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Comments on Gravitational Instantons

Finally, we note that there are open fundamental questions related to Eu-
clidean wormholes. In particular, there may be problems with the definition
of the Euclidean path integral for gravity in general as well as deep con-
ceptual issues with the summation over baby universe states in particular
(see [232] for a review and [245-247] for recent developments). We also note,
that unlike gauge theories where cluster decomposition can be used to argue
that a sum over non-trivial gauge topologies must be included in the path
integral, there is no analogous definitive argument that gravitational instan-
tons, or more general configurations of non-trivial topology must be part of
the gravitational path integral [248]. Nevertheless, we view the agreement
between the old wormhole/gravitational-instanton logic and the WGC-based
derivation noteworthy.

5.4.2 String Constructions and Euclidean Branes

If quantum gravity is defined by string theory, one may appeal to the pre-
cise (though not general) arguments against exact global symmetries of [15].
The situation is even better in AdS space: Inconsistency of global symme-
tries can be proven using properties of the dual CFT [82|. Clearly, it is
non-trivial to map this to realistic string (or AdS/CFT derived) models with
non-perturbative effects, broken supersymmetry and positive vacuum energy.
Nevertheless, explicit constructions of global symmetries (e.g., [249-251])
support what was said in Sects. [5.2] and

For global symmetries arising from gauge symmetries on branes in string
Compactiﬁcations[zg], it has been established that Euclidean D-brane instan-
tons induce symmetry-violating operators [252}251}253, 215]E]. These oper-
ators are governed by a coefficient

exp(—Sgp) ~ exp(—T,Vol(X,+1))
Nexp(_ 1 (lg) >~eXp<_MP . G2

s

Here ¥, is the cycle wrapped by the Ep-brane (with tension 7,), R is a typ-
ical compactification scale and we have suppressed all numerical coefficients.

16 Concretely, U(1)-anomalies of D-branes gauge theories are canceled by a 4d version
of the original Green-Schwarz mechanism. The gauge boson acquires a Stiickelberg mass
and the symmetry survives as a perturbatively exact global symmetry. It may then only
be violated by non-perturbative effects.

17 See [254,1255| for constructions in M- and F-theory.
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The last relation involves estimating the decay constant f of a Cp;-axion
coupling to the Ep-brane.
Taking the cut-off A to be the KK-scale, mgx ~ 1/R, we arrive at

M2 (1P
exp(—Sgp) ~ exp <_A_§ Js (E) ) : (5.22)

We see that in the perturbative regime, g; < 1 and [;/R < 1 (and p < 5
for purely internal Euclidean branes), the suppression factor in the exponent
is generically much smaller and the violation therefore much stronger than
(5.5). This is because we typically find A < /fMp, that is, the magnetic
version of the axionic WGC is not saturated by mgx . Of course, this is
not surprising: While mgg is the obvious and maybe most reasonable cut-
off to apply to the 4d EFT the cut-off may also be raised by including KK
modes in the 4d description (see the discussion around (5.13))). Therefore it
is expected that myyk as a cut-off does not saturate the fundamental WGC.
We also recall that, in the stringy context, there is a well known smooth
transition between brane instantons and the pure gauge-theory instantons
we discussed in our earlier toy model.

We close by emphasizing that our generic bound does not become unin-
teresting just because stringy models have well-understood brane instantons.
Indeed, one could try to perfection a global symmetry by considering very
special geometries and brane arrangements, hoping to achieve an arbitrar-
ily high quality of the symmetry from the 4d EFT perspective. If our 4d
derivation can be established, such attempts would be known a priori to be
futile.

5.4.3 Black Hole Effects in a Thermal Bath

While black holes are maybe the origin of our conviction that quantum grav-
ity violates global symmetries, it is not obvious how to relate their effect to
the desired operator coefficients. A recent suggestion made in [83] is based
on a ‘local rate bound’. The latter says that in a thermal bath with 7" < A
the violation rates of a global symmetry should obey

Here, I'gg and I'gpr are the charge violation rates induced by thermal black
hole fluctuations (dominated by black holes with Rpy ~ A) and by local
operators explicitly included in the EFT, respectively.

A possible conjecture (different from [83] — see below) is then that any
EFT coupled to gravity with cut-off A and possessing an approzimate global
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symmetry should satisfy (5.23)). While the motivation of (5.23)) remains mys-
terious to us/¥| such a conjecture would be intriguing by its simplicity and
attractive implications: One easily derives from it a bound of the type

a > exp(—M3/A?) (5.24)

for the coefficient o of the operator which dominates [83]. This is in
fact immediately obvious if one considers the thermal black hole abundance
~ exp(—Mpu/T) ~ exp(—Mpu/A) together with the smallest allowed black
hole mass Mgy ~ MZR ~ M3/A . Moreover, one may write the action for a
black hole propagating for a time 7 as

T 1
Mgy T ~ /d%/o dt M3 /—gR ~ R%Mgﬁ, (5.25)

and use this as an estimate of the black hole mass. Then it becomes apparent
that the above derivation of fits perfectly in the scheme underlying all
bounds discussed in this chapter:

In the end, in all cases the number in the exponent is just the factor M3 of
the Einstein-Hilbert action, with the 1/A? supplied on dimensional grounds.
One way or the other, one appears to rely on a topology fluctuation of size
1/A. In the WGC-version, this is hidden in the WGC bound on instantons,
but it is secretly still present in that wormholes saturate that bound.

Unfortunately, things are not that simple and the conjecture proposed
in [83] is in fact much weaker. In our interpretation, it says that in any
EFT with cut-off A; it should be possible to raise the cut-off to a scale
Ay > A; such that holds. One reason for this is the existence of
clockwork-style N-field gauge theories in which all operators up to mass
dimension ~ e respect a certain global U(1). Given a species-bound-
motivated cut-off A ~ Mp/ V/N , it is clear that the symmetry-violation rates
scale as exp[— exp(M3/A?)In(A)], such that the local rate bound can be vi-
olated. One way out is to accept that one may have to raise the cut-off, such
that the full lattice [53| of charged states comes into play. Then symmetry-
violating operators of lower mass-dimension become accessible and the rate
bound is respected. Another option would be to conjecture that the required
clockwork-style [117,/118] models will not be found in the landscape. Cru-
cially, a conjecture for which one may need to raise the cut-off has limited
use for the low-energy observer. It may also be possible to break it by adding
a sector with light strings at some scale between A; and Ay, which formally
stops one from raising the 4d cut-off.

18 Arguments in favor of this bound which assume particle-like objects in the energy
domain above the cut-off have recently been discussed in v2 of [83].
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5.5 Synthesis of Results

5.5.1 Comments on Further Effects

Of the three types of approximate global symmetries we discussed (gauge-
derived, accidental and fine-tuned), our focus was on the first case. Here,
we provided a general argument bounding the exponential suppression of
symmetry-violating operators (cf. of Sect. [5.2.2). However, we did not
address the important issue of non-exponential prefactors. Indeed, a (sim-
plified) generic form of a symmetry-violating operator is

k d
O = Ce M/ )L (M%) (1\%) : (5.26)

with real numbers C' and ¢ as well as integers £ and d. While we exclude
C < 1 by demanding that the operator is not fine-tuned, the suppression
by hierarchies in scales can be strong. Our ignorance of non-exponential
coefficients derives not only from instanton prefactors, but also from the
loop effects to which we appeal when claiming that operators with different
dimensions and field-content can be loop-generated on the basis of a single
instanton-induced operator.

5.5.2 A Possible Loophole and Resolution
A Lattice of Charged Fields

Furthermore, there is a loophole (related to potentially large numerical coef-
ficients in the exponent) whose resolution might come with interesting new
insights into the nature of instantons or the weak gravity conjecture: Let us
assume that in our underlying U(1) gauge theory (which obeys the complete-
ness hypothesis) all fields with charges ¢ = 1,...,k — 1 are heavy, m; ~ A,
and only the field ®; with charge £ is light. Then any EFT operator vi-
olating the global symmetry must do so by k units. It hence derives from
a k-instanton effect and is correspondingly suppressed: ®yexp(—kSy). For
the observer in the EFT, the global symmetry is much more precise than
expected since he cannot know that ®; is highly charged in the underlying
gauge theory. Possibly, this is resolved once one includes gravitational in-
stantons: Since all fields couple to gravity, there will be operators suppressed
by the gravitational instanton action exp(—S7) without any further param-
eters. Alternatively, it may be impossible to make all the lower-charge fields
parametrically heavier than ®; . This option is interesting since it also works
towards inhibiting the method of breaking of the WGC in the low-energy
EFT by Higgsing [32,39].
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We note that such a model is subject to strong consistency constraints if
the spectrum is fermionic as in our prime example of Sect. Hierarchies
in fermion masses affect the available fermion spectrum that has to cancel
U(1)-gravitational and U(1)? anomalies [218]. This might further constrain
the cut-off of the anomaly-free theory, or, turning the argument around, the
fermions that we are allowed to make heavy without the low-energy theory
becoming inconsistent.

But maybe the most straightforward way of dealing with this loophole is
by insisting that we are in the setting of non-tuned, ‘type-(1)’ global symme-
tries: In other words, we have to insist on a symmetry reason for the lightness
of &, . This requires that ®, transforms in a non-trivial representation of
some group GG. If G is identical to our gauged U(1), underlying the global
U(1) we are discussing, then ®; is made light by the same argument as @ .
This is what happens for the chiral fermions of Sect. By contrast, if G
is some further gauged or (gauge-derived) global symmetry, then we expect
by completeness that a charged field @) exists. This field should have unit
charge under our basic U(1) and transform under G just like ®;. Then we
expect that the symmetry argument keeping &, light also applies to .
As a result, the low-energy observer would see symmetry breaking effects
associated with ®) and suppressed only by exp(—S;), closing the potential
loophole.

Realization of the Loophole via Seiberg Duality

It has been found in [256] that there is a duality reminiscent of electromag-
netic duality in the confined phase of SU(N,.) SQCD. The theory comes with
a flavor symmetry SU(Ny)p x SU(Ny)g with quarks and anti-quarks in the
(Ny,1) and (1, N) respectively. The dual theory is described by the gauge
group SU(Ny — N.) with Ny flavors. The fundamental (anti-)quarks of the
dual theory are in the (1, Ny) and (N, 1) under the global flavor symmetry.
This duality, Seiberg duality, holds in the IR region of the theories as long as
Ny > N.+ 1. Importantly, Seiberg duality has been realized in string the-
ory [257,258|. Apart from the global flavor symmetry there is also a global
baryonic U(1)p symmetry. Normalizing the original quarks to have charge
+1, the dual solitonic objects have charges FN./(N; — N.).

We may consider the above SU(N.) SQCD as a realization of our loop-
hole: In the low-energy theory, the unit-charged quarks confine and disappear
from the spectrum while the solitonic objects, the fundamental fields of the
dual theory, remain.@ These may have baryonic charges as high as N../2 for

19 This idea and the following possible general resolution are based on discussions with
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Ny = N.+ 2. The low-energy observer may think of these fields as funda-
mental objects and would bound the violation of the global baryonic U(1)p
by exp(—Sy), while considering the construction of the low-energy theory, it
may be as small as exp(—N, S;/2), with Sy the action of instantons coupling
to an originally gauged U(1)g. There seems to be a priori no obstruction to
taking large color indices to parametrically violate our conjecture (5.5)).

There are however two arguments on how this violation is avoided: First,
the low-energy observer is constrained by the confinement scale as his cut-off,
A = pe '* | where A = N, ¢? is the 't Hooft coupling. So while the exponent
of the coefficient of the symmetry-violating operator in our conjecture naively
goes linearly with the color index, the cut-off corrects for this by exponentially
decreasing. Second, even without knowing that the theory derives from a
confined one, the low-energy observer may count the number of species in
his theory. Tt is given by N, = N7 > NZ?. Therefore, the assumed cut-off
by swampland-type arguments may already be as low as the species scale
Ay < Mp/+/N, < Mp /N, |106,259]. We see that the cut-off decreases in high
charges N, faster (with 1/N,) than required (with 1/1/NV,) to not violate our
conjecture at low energies.

A Possible General Resolution

Given the above example of possibly realizing the loophole, an idea to be
explored in the future is that high (global) charges always come at the cost
of lowered cut-offs (if no additional symmetries are added). This is manifest
in examples of simple towers of particles which are prevalent in landscape
constructions. A charge ¢ > 1 comes with a whole tower and the species scale
serves as a necessarily lowered cut-off A ~ Mp/,/q. In QCD-like examples,
the confinement scale usually comes down exponentially in the charge as we
have seen in above example. One may also consider the simple example of
(highly charged) baryons (consisting of N, quarks of unit charge) in confined
theories to arrive at the same conclusion. We leave an exploration of this
idea to future work.

5.5.3 Comment on a Stronger Constraint

As already briefly discussed in Sect. there are reasonable cut-offs to
consider other than the string tension appearing in the magnetic version of
the axionic WGC. Concretely, when staying in the regime of perturbative
couplings, e < 1, the photon mass m4 = ef is a general cut-off to a theory

Tristan Daus and Arthur Hebecker.
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with a gauge-derived global symmetry that lies beneath the string tension
v fMp . Using this one arrives at the estimated strength of global symmetry
violation

e 51 > e T e e_% e e (5.27)
This of course gives a much stronger bound than our original conjecture of
Sect. which agrees with bounds derived previously [83] and the simple
parametric analysis of the Einstein action. A complete study of this bound
is beyond the scope of this work. A derivation (still assuming the electric
version of the WGC for axions) requires justifying the assumption of per-
turbativity of the coupling at the energy scale associated to the Stiickelberg
mechanism.

We reconsider the two explicit quantum gravity examples above: This
stronger bound is of course consistent with wormholes for e < 1. We derived
this, including the corresponding wormbhole solution, in Sect. Rather
than imposing the magnetic version of the axionic WGC on the instanton
action, we insert the photon mass as a cut-off to arrive at

exp(—Swn) ~ exp(—MgL?) ~ exp (—%) 2 exp (—%) : (5.28)

Turning to Euclidean branes as in Sect. we expand the parametric
estimates by assuming that the gauge theory is given by the worldvolume
theory on a D(8—p)-brane othogonal to the Euclidean brane. Then, 1/¢? =
Ty ,Vol(X5_,) ~ (R/l5)°>?/gs which is generally in the perturbative regime
in a controlled supergravity calculation (and p < 5)@ We therefore find

(cp. (5.21))
M Mp

exp(—Sg, ) ~ exp (—7P> > exp (‘T) : (5.29)

where A <my as well as gs < 1 and I;/R < 1.

Interestingly, considering the loophole in Sect. and its possible res-
olution as discussed, we would now have to claim that the cut-off comes
down as A ~ 1/q. Interestingly, the Seiberg realization of the loophole does
fulfill this precisely when only considering the species scale, as the number
of species grows quadratically in the charge. Baryon-like examples with an
exponentially small confinement scale are also save from the loophole. How-
ever, the tower of charges discussed is not, as the number of species grows
only linearly in the charge. As discussed, such a model does potentially

20 This idea is based on discussions with Arthur Hebecker.
21 A controlled EFT also requires m4 < mxx which is true for p > 1 in these simple
parametric estimates.
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come with additional symmetries only, leading to the closure of the loophole
independently of a lowered cut-off.

5.5.4 Towards a General Swampland Global Symmetry
Conjecture

Our argument could be the starting point for a derivation of a swampland
global symmetry conjecture, but there are a number of caveats. To see this,
we need to recall our classification of global symmetries in three categories:
gauge-derived, accidental, and fine-tuned. There are now different possible
conjectures to be made.

We could be satisfied with the fact that our constraint applies only to
global symmetries of the gauge-derived type. Then, we could recall that
our logic (allowing also for loop effects) in fact suggests that all operators
are affected by our constraint: Any operator violating the gauge-derived
U(1) charge by n units comes with a prefactor generically not smaller than
exp(—nS) ~ exp(—nM3/A?).

In a finite landscape, the derived bound cannot be beaten by landscape-
type tuning for all operators at the same time. Therefore, we may more
generally conjecture: An EFT where, for almost all n, at least one operator
violating a global U(1) by n units has a coefficient below exp(—nM3/A?) is in
the swampland. Conversely, an EFT in the landscape possesses only a finite
amount of operators violating a gauge-derived or fine-tuned global symmetry
with coefficients smaller than exp(—nM3/A?), where n is the U(1)-charge
of the operator. This is very general but also very weak since finitely many
low-mass-dimension operators may not be restricted at all.

We could take an operator-focused approach: One may hope that a
stronger conjecture holds for gauge-derived and fine-tuned symmetries: There
exists some A such that no EFT with A < Ay has any operator violating a
global symmetry by n units with coefficient below exp(—nM3/A?). Clearly,
establishing this requires knowledge about the tuning-power of the landscape
and its growth with Mp/A |

Finally, we could maintain the above form of the conjecture for gauge-
derived and tuned symmetries without excluding accidental symmetries from
consideration. In this case, we would have to postulate a separate bound for
symmetry violation in accidental global symmetries, as suggested in [83] using

22 To be more precise, one would have to allow for a prefactor f,,(Mp/A) and constrain
its form. Moreover, it is clearly conceivable that the truth lies somewhere in between
demanding that at least one symmetry-violating operator or all such operators satisfy our
bound.
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a simple model and the WGC. Unfortunately, the suggested bound on the
maximal mass-dimension up to which all operators can be forbidden may be
evaded by clockwork-type EFT constructions. One would then need to hope
that the latter are in the swampland.

We also note that a universal statement about global symmetries of all
types has been suggested 83| on the basis of a ‘local rate bound’ in a thermal
plasma (see our Sect. [5.4.3). To avoid the above problem of ‘clockworked
accidental-symmetries’, the authors formulate their conjecture in a fairly
weak, UV-sensitive way (the cut-off may need to be raised to see that a certain
EFT satisfies the bound). As we just explained, both in the gauge-derived
case and possibly more generally, we would like to claim a stronger bound,
purely in the low-energy EFT. Finally, we recall the possibly stronger bound
that may be applied in all scenarios just discussed: When taking the photon
mass instead of the string tension as the universal cut-off the general bounds
on coefficients are replaced by the stronger lower bound exp(—nMp/A) for
an operator violating the global symmetry by n units.

5.6 Conclusion

We summarize our fundamental point as presented in Sect. [5.2.2} A gauge-
derived global U(1) symmetry can arise if a gauged U(1) is Higgsed by an ax-
ion. This only requires that some charged particles survive below the Stiick-
elberg mass scale. Now, since the axion unavoidably couples to instantons
and the latter, equally unavoidably, violate global U(1) charge, we can quan-
tify the global-symmetry violation in the low-energy EFT. More precisely,
the electric and magnetic form of the WGC for axions constrain the instan-
ton action in terms of the cut-off, leading to an upper bound exp(—S;) 2
exp(—M3/A?) for the relevant dimensionless operator coefficients. Moreover,
the cut-off A is related to the tension of the string associated with our axion
theory. We briefly commented in Sect. that one may replace the string
tension by the photon mass as the generic cut-off appearing. For weakly-
coupled theories one then finds a bound exp(—S;) 2 exp(—Mp/A).

Our argument could be the nucleus for a derivation of a swampland global
symmetry conjecture, and we demonstrated a number of supporting exam-
ples in Sects. and but there are a number of caveats and poten-
tial loopholes, as discussed in Sect. We also presented in Sect. a
classification of global symmetries in three categories: gauge-derived, acci-
dental, and fine-tuned. It could logically be the case that our bound applies
only to gauge-derived global symmetries without the accidental or fine-tuned
mechanisms also being operative. However our logic suggests a number of
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other possibilities for a general swampland global symmetry conjecture, as
we briefly discussed in Sect.

There are further interesting questions left open by our analysis. For ex-
ample, in Sect.[5.4.T|we presented a generalization of the Giddings-Strominger
wormbhole solution to the case of a gauge-derived U(1) global symmetry where
a charged particle passes through the wormhole. This leads to a violation of
the global symmetry of size in accord with our bound. However the (possi-
ble) role of wormholes and other topologically non-trivial configurations in
a quantum theory of gravity is still far from settled and merits much more
study.

In summary, while we believe to have made progress in developing a
swampland global symmetry conjecture, there are clearly many interesting
open issues that remain to be resolved.
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Chapter 6

A Conjecture on the Minimal Size
of Bound States

6.1 Introduction

In this chapter, we attempt to generalize the weak gravity conjecture to all
forces. This will lead us in an unexpected direction, making claims about
the non-existence of certain bound states in quantum field theory (with little
or no relation to gravity). As discussed in Sect. , one may formulate the
WGC by saying that, for any abelian gauge force, equal-charge particles are
more strongly repelled by the gauge force than they are attracted by grav-
ity[] By definition, this excludes a gravitational bound state of two or more
such particles. Interestingly, it also implies that charged black holes, even
extremal ones, can kinematically always decay. One may hence hope that the
conjecture is actually more general, forbidding (under certain assumptions)
the existence of stable bound states.

Indeed, it has been tried to extend the WGC along these lines to other
forces, specifically to interactions mediated by a light scalar [18]. This is
still fairly straightforward in the context of states charged under a gauge
force, where the scalar force is merely an addition. One can then demand
that two such particles are more strongly repelled by the gauge force than
they are attracted by gravity together with the scalar force (which is always
attractive).

If one starts talking about uncharged states, there is a problem: In this
case, practically stableﬂ bound states, such as planets, clearly exist. Hence,

I In fact, this is oversimplified — one can only try to claim that a particle species exists
for which the above statement holds.
2 Stability relies on the conserved baryon number which, as an accidental global sym-
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we will try not to forbid bound states in general but to constrain them. A
benchmark case of a bound state is a boson starE]. Specifically, consider a
collection of N free complex scalars, with the number N protected by a global
U(1). Such stars become smaller as N grows and collapse to black holes at
a critical (minimal) radius R ~ 1/m, with m the mass of the elementary
bosons.

Based on this, a possible conjecture about forces is the following: They
should not allow stable bound states with a radius that is smaller than what
gravity can achieve. In other words, attractive forces cannot lead to arbi-
trarily compact stars that can then collapse to arbitrarily small black holes.
As a result, adiabatically produced black holes have a minimal size. An al-
ternative formulation reads: In a quantum field theory where the heaviest
elementary state has mass m, no bound state with radius below the scale
1/m set by the Compton wavelength exists. Thus, gravity may be dropped,
the connection to the standard notion of the swampland and the scalar WGC
becomes remote, but we may have an interesting statement about quantum
field theories. It appears plausible given its similarity to the uncertainty re-
lation. Yet, it is still non-trivial since, in principle, a strong external force
can of course confine a state on an arbitrarily short length scale. The claim
is that in a consistent, fully dynamical, power-counting renormalizable field
theory this cannot happen.

If such a bound were proven to be true, a very interesting conclusion
about the interplay of IR and UV physics in QFT may follow: There is
no efficient, adiabatic, IR, method of generating UV excitations. That is,
we cannot adiabatically collect particles in the IR theory to gather enough
energy to create particles of a UV completion of that theory. For this, one
would have to collect the IR particles with mass m in a spatial region of
size < 1/m . The smallness is necessary to ensure a non-negligible transition
rate of our collection of many light particles to few heavy particles of mass
M > m. Thus, it may be possible to read our conjecture as forbidding such
an ‘IR-to-UV transformer’.

We focus on the case of 3 + 1 dimensions, commenting briefly on the
extension to other dimensions in the discussion section.

The rest of the chapter is organized as follows. In Sect. [6.2] we briefly re-
view ideas on how to constrain scalar interactions in the spirit of the swamp-

metry, should be weakly violated. By ‘practically stable’ we refer to the extremely large
proton lifetime > 1033 y. We are after a practically useful generalization of the WGC and
are therefore not satisfied with the possible and fairly obvious statement that all bound
states not protected by gauge invariance must decay.

3 For a review on boson stars (updated in 2017) see [260]. A selection of recent work
can be found in [261H276].
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land. We point out a possible counterexample to a recent conjecture and
argue for a slightly different path towards promising constraints. The Bound
State Conjecture is motivated and quantified in Sect.[6.3] As explained above,
we base our discussion on the minimal size of a black hole built purely through
gravitational attraction. We then formulate an inequality which bound states
with general interaction should satisfy such that smaller black holes cannot
be constructed. Finally, we decouple gravity and arrive at a formulation of
the bound state conjecture for general QFTs. Evidence for the conjecture
is collected in Sect. [6.4] For this we consider both non-gravitational theo-
ries (a model with scalar-modulus coupling and ¢*-theory) and gravitational
theories (boson stars, where the scalar interaction adds to the gravitational
attraction). We discuss our results and collect open questions in Sect.

6.2 Constraining Scalar Interactions

6.2.1 From the WGC with Scalars to Scalar WGCs and
Beyond

Consider BPS states in an N = 2 supergravity theory with vector multiplets
(see, e.g., [277]). Such states are (in general electrically and magnetically)
charged under the vectors. They are also coupled to the vector-multiplet
scalars or moduli y; . This latter coupling can be understood on the basis of
the moduli dependence of the mass squared, m? = mj(x;), of the BPS state
¢. The effective Lagrangian term m?¢?/2 then induces the trilinear coupling
pimgX:®* with p; = 9;my [18]. In this language, the BPS relation of [277]
takes the form

mass® + Z (scalar interaction couplings)? = Z charges? . (6.1)

Here the ‘mass’ is to be taken in Planck units and the ‘scalar interaction
couplings’ are the dimensionless quantities p; . Given that the scalar media-
tor induces an attractive Coulomb force, this relation can be interpreted as
force neutrality between (asymptotically separated) BPS particles. Repulsive
gauge interaction and attractive gravitational plus scalar interaction cancel
exactly.

A non-supersymmetric generalization of the above was proposed in [18]:

mass® + Z (scalar interaction couplings)? < Z charges? . (6.2)

This is the Weak Gravity Conjecture with Scalar Fields. By the force argu-
ment above, imposing such an inequality on charged particles forbids them to
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form stable bound states.ﬁ In [85] it was shown that, in a simple toy model,
the WGC in 5d is equivalent to this inequality after compactification to 4d.

Next, one may wonder whether a bound of the form exists for un-
charged particles. The obvious candidate is

mass® + Z (scalar interaction couplings)? < 0. (6.3)

This simply says that stable, uncharged, massive particles are forbidden.E]
Such a statement makes sense since long-lived particles are usually protected
by global symmetries. But the latter are at best approximate, making the
lifetime of the corresponding particles always finite. However, in practice
global symmetries may be of excellent quality, as in the case of baryon number
and the corresponding proton lifetime of about 10%*x (Age of the Universe).
Some uncharged particles may hence be ‘practically stable’ (we will refer
to them as stable for simplicity), making a conjecture of the type of
somewhat boring.

In [18] it is speculated that the correct (and less obvious) ansatz for a
bound on uncharged states is the Scalar Weak Gravity Conjecture (SWGC)

mass® < Z (scalar interaction couplings)?®. (6.4)

This can again be motivated by AN/ = 2 models, where a specific subclass of
BPS states satisfies with an equal sign. The obvious interpretation of
the inequality relates nicely to other versions of the WGC: Gravity is
always the weakest force and is thus, in particular, also weaker than scalar
attraction. Since both the left- and right-hand side characterize attractive
forces, there is no interpretation in terms of a net repulsive force or a bound
state argument. The conjecture may also appear problematic for another
reason: In the effective theory below the mass scale of the exchange scalar
(which will be non-zero without N' = 2 SUSY), the conjecture cannot even
be formulated. Thus, this conjecture is on weaker footing.

In [84], it is suggested to apply to scalar particles with self-inter-
actions and to interpret it as an inequality for derivatives of the potential. In

4 To be precise, one only demands that some of the charged particles must satisfy the
inequality. As a result, a finite number of bound states may still be allowed.

Furthermore, one needs the scalar fields to be exactly massless for this interpretation.
However, without /' = 2 SUSY such scalars presumably do not exist. It is then not com-
pletely clear how to formulate a fundamental principle supporting a ‘WGC with scalars’
since the scalar force effect disappears at asymptotically large distances. We do not discuss
this further since our suggested scalar conjecture will in any case be rather different.

5 Particles charged under a discrete gauge symmetry can certainly be stable and should
be allowed together with U(1)-charged particles.
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this case, the mass squared corresponds to V" and the trilinear coupling to
V" /\/V". Thus, an inequality of the type (V”)?/M3 < 2(V"")? results. Since
a quartic interaction with negative sign also represents an attractive force,
the authors supplement the above by a corresponding 4th-order derivative
term,

(V//>2/M1g S 2(‘////)2 o V//// V// ' (65)

This is proposed as the strong Scalar Weak Gravity Conjecture (sSWGC).
Recently, a generalized Scalar Weak Gravity Conjecture based on the sSSWGC
has been put forward and applied to early universe dynamics [92].

6.2.2 Possible Counterexamples

It is easily seen that the sSWGC leads to very strong constraints in some
cases. For example, for the potential

1
V(9) = gm*0” + Ag", (6.6)
with positive mass squared, it implies that
m?/Mp < -\, (6.7)

if one analyzes the point ¢ = OF| This would allow only for attractive interac-
tions (A < 0) between massive (m? > 0) scalars described by such a potential.
However, we expect this potential to be in the landscape for any sign of the
interaction, as it is the most general power-counting renormalizable potential
for a scalar with a Z, symmetry ¢ — —¢.

Indeed, and this is our first new technical point, a dilute gas of scalar
atoms (e.g., helium-4) provides such a counterexample: Such light atoms are
characterized by mass and radius on the order of

m ~ 10° MeV , R~ 1nm ~ 10°/MeV , (6.8)

respectively. Below the energy scale 1/R, they behave as point-like particles
with a 2-to-2 repulsive d-function interaction. Such a system can be described
by an effective quantum field theory based on the Lagrangian L£(¢,$) =
(04)?/2 — V(¢), where the potential is as in (6.6)), with positive coupling
A > 0. Here a real field is sufficient if only particles (and no antiparticles)
are present and the energy scale 1/R is too low for pair production.

6 For non-vanishing but small field values ¢? < m?/|\|, we can write the bound as
m2 ¢2
iz = (140 (5m))
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We start by a first estimate of the violation. The scattering cross section
of this QFT system is then oy_,5 ~ A\?/m?, to be compared with the hard-
sphere value ogeom ~ R? . Identifying the cross sections oo, and Ogeom ZivVes
A ~ Rm ~ 10%. In the regime of small ¢ the conjecture demands . The
explicit violation then reads

1070 £ —10°. (6.9)

It arises simply because at low density and energy, corresponding to ¢ ~ 0,
we have A > 0.

In spite of the large values of the coupling constant A\, we argue that at
low energies and density is a perfectly fine quantum field theory which
is realized in nature (e.g., by helium-4 atoms, or, as extensively demonstrated
in experiments, by dilute alkali gases which have scattering lengths of similar
size) and hence provides a counterexample to . To be more precise about
the density requirement, we note that a gas with mean particle distance [
has an energy density m/I®. If the state is sufficiently homogeneous and
coherent to allow for a classical field description, this density can be identified
with m2¢*. Thus, the field value is set by ¢? ~ 1/mi®>. We now see that
perturbativity (in the sense that m?¢* dominates over \¢?) is guaranteed
when the gas is dilute (in the sense that [ > R)[}

A A/m2 A (R/1)?
m2¢2  Umi®  (ml®  (mR)?

< (R/1). (6.10)

In other words, diluteness (and small energies) implies ¢* < m?/\, which
gives rise to the approximation used in calculating .

Alternatively, and maybe more appropriately in this atomic-physics con-
text, one can approximate the corresponding equation of motion of this \¢?*-
theory by the non-relativistic Gross-Pitaevskii (GP) equation [278.279)

‘ \VE
10y = (——m +g |¢|2) ©. (6.11)

Here ¢ ~ (m¢ + in)/v/2m (with 7 = ¢) is the non-relativistic, normalized
complex scalar field and g = A\/8m? is the GP coupling. The ‘radius’ of
the interacting atoms in a quantum mechanical treatment corresponds to
the (s-wave) scattering length a entering the low-energy field theory through
a=mg/(4m) = \/(32mm) . a is defined via the phase shift between incoming

"This is true for either sign of A. The equation can be read with X replaced by |A|.
Instead of a hard-shell radius R one should insert the absolute value of the (possibly
negative) s-wave scattering length a, see below.
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and outgoing wave in the low-energy limit [280]. Applied to hard spheres
of radius R, this definition indeed gives a = R. With this more precise
description, one finds, for helium-4 atoms in the ground state, that a ~ 8 nm
[28111282]. The relativistic coupling is then positive and thus repulsive, with
A~ 2107 (using myape) ~ 4GeV).

Let us comment on a possible modification of the statement of the sSSWGC
(6.5). In the spirit of the original SWGC one might expect the inequality
to be valid only for massless exchange particles. For a self-interacting theory
of massive particles, this would correspond to requiring that the inequality
is satisfied only at energy scales far beyond the particle’s mass. In this way,
the non-relativistic atomic gas described above would not be subject to the
modified conjecture.

There still seem to be theories that are expected to be in the landscape
but are in tension with even this modified sSSWGC. Take again the self-
interacting theory (6.6). As already alluded to in [84], one can check that
near the vacuum configuration, ¢* < |m?/)\|, the sSSWGC implies that the
product Am? is negative. One expects though that a generic supersymmetric
theory with soft mass terms and quartic interactions from D-terms can have
both positive m? and \ since the parameters can arise from independent
sectors.

6.3 Bound State Conjecture

6.3.1 An Alternative Approach to Constraining Scalar
Interactions

As we have tried to explain, we perceive the idea of constraining attractive
scalar forces as very promising but are not fully convinced by the corre-
sponding conjectures proposed until now. More concretely, there exists a
straightforward logic taking us from the WGC, via the BPS condition (6.1)),
to (6.2). However, the next steps are less clear: While (6.3) could be called
trivial, and appear problematic. Especially the crucial sign-flip of
the scalar force between and may lack motivation.

Thus, we return to the WGC with scalars, as quantified by , and
generalize it in an entirely different way. We propose that, in the absence of
charges, the conjecture still constrains the strength of attractive forces and
hence bound states, but in a less trivial way than (6.3). Namely, we accept
that uncharged states can be bound by gravity (as it happens with the prac-
tically stable neutral atoms of the real world). However, we conjecture that
any additional attractive force cannot enhance this binding parametrically.
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A way to quantify this is through the size of the smallest black hole which can
be adiabatically built from a given particle species. Indeed, stronger gravity
(smaller Mp or larger particle mass) allows for building smaller black holes.
Attractive QFT forces can hence be constrained by imposing a lower bound
on their radius. We phrase this as the Bound State Conjecture:

In a theory where the heaviest stable particle has mass m , it is
impossible to construct adiabatically a black hole that is
parametrically smaller than the black hole that can be built from free
scalars of the same mass m .

Let us argue more carefully why this constrains scalar forces: Consider
a theory with just gravity and a free scalar field. Furthermore, consider a
cloud of gravitationally bound scalar particles (a boson star) and a quasi-
stationary process in which particles are added. In this process, the cloud
becomes smaller and denser, eventually collapsing to a black hole. A very
weak, additional attractive force does not change this picture qualitatively
but makes the star at each stage even smaller, eventually leading to a smaller
black hole. Our claim is that this road to smaller bound objects is severely
limited: The purely gravitational case cannot be beaten parametrically. In
fact, we would like to claim this in full generality, allowing for multiple par-
ticle species, gauge and scalar forces, quartic and any other interactions:
In any given field theory coupled to gravity, no bound state parametrically
smaller than the collapse size of a purely gravitational boson star made of
the heaviest stable particle speciesﬁ can be constructed. Due to gravity,
there is, however, one exception: Following a black hole collapse Hawking
evaporation sets in. So we can indeed create black holes smaller than 1/m,
but our conjecture is precisely about this only being possible due to gravity
and Hawking evaporation (see also Sect. [6.3.2). Additional attractive forces
within a QFT cannot achieve this.

The possible bearing of the swampland idea on boson stars has recently
been discussed in [283,284]. In particular, the swampland distance and de
Sitter conjectures attempt to constrain scalar dynamics and are hence rele-
vant to what type of boson stars may exist [284]. At the moment, we do not
see a direct connection to our approach, but this may change with further
research.

8 Here, a particle is any state with mass m and radius < 1/m. By radius we mean
the length scale above which no sub-structure can be resolved. Concretely, one may think
of gravitons scattering off the state and determining above which energy scale the form
factor becomes non-trivial.
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6.3.2 Quantifying the Bound State Conjecture

To make our conjecture more explicit, we need to know the mass of the
smallest black hole that can be adiabatically constructed in a theory of free
(up to gravitational interactions) bosons. It is simplest to use complex free
bosons, where a global U(1) symmetry ensures approximate particle number
conservation (up to very small non-perturbative gravitational effects). In this
setting, we want to determine the size of a cloud of N gravitationally bound
bosons of mass m. Assuming them to be confined in a sphere of radius R,
we can estimate the energy (ignoring O(1)-factors) by

M2 p? M2 N
Fiot = Egray + Bloc ~ =55 + N — ~ — e
tot = Bgrav + 21 TN T TR TR

A2
MZR (612)

Here we have added naive parametric estimates of gravitational binding and
localization energy, the latter encoding what is also known as ‘quantum pres-
sure’. We use the uncertainty-principle value p = p(R) ~ 1/R.

Our expectation is that the equilibrium situation corresponds to roughly
the minimum of as a function of R. Using N = M/m , this ‘free boson
star radius’ is found to be

Ren(M) ~ - (%)2 , (6.13)

in agreement with numerical results [285,286]. Thus, as we keep adding
particles and thereby increasing N and M , the boson star becomes denser
(cf. Fig. . At some point, it reaches the critical radiusﬂ of black-hole
collapse Rpg ~ Rpg = M/MZ. As a consequence, the density falls off again
as even more mass is added, as is common for black holes. Of course, once we
deal with a black hole, Hawking radiation also allows for moving downwards
on the straight ‘black hole’ line in Fig. as already stated in Sect.
With this we can now quantify the bound state conjecture in the following
way. A stable boson star built by a quasi-stationary process in any (in general
interacting) theory gives rise to a curve R(M). The intersection of Rgy(M)
with R(M) in a graph analogous to Fig. defines a minimum size R™*
At this radius black-hole collapse sets in. The conjecture demands that the
resulting black hole is not parametrically smaller than the minimal size of a
black hole built from free scalars of the same mass. This amounts to requiring

. . 1
Rmin > pmin (6.14)
m

9 Inserting more correctly the Buchdahl limit or similar bounds results in further nu-
merical O(1)-factors only. We ignore this subtlety.
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Figure 6.1: The mass-radius plot for the free boson star Rpg(M) and a black
hole Rpu(M). As gravity is decoupled (Mp — 00) the intersection point of
the two curves moves on the dashed line.

In other words, the intersection of R(M) with Rgy(M) cannot lie paramet-
rically below the dashed line in Fig.

Finally, we should comment on the definition of the radius R(M) of a
boson star. In a field theory, this radius can of course only be a typical length
scale since field profiles are infinitely extended. In numerical calculations this
scale is usually taken to be Rgg, the radius which contains 99% of the mass.
Since we are working only at the parametric or O(1)-level, an analogously
defined radius Ry is presumably more useful in our context.

6.3.3 Limit of Decoupled Gravity: General Bound State
Conjecture

It is clear from the constraint on the size of bound states in that our
conjecture also makes sense in the limit of decoupled gravity, Mp — oo, since
the dashed line in Fig. [6.1]is independent of Mp . It then says that any scalar
configuration of arbitrary mass cannot be more localized than R(M) ~ 1/m
parametrically.

With this, and postponing a discussion of non-scalar bound states to
Sect. we are now in a position to quantify the (generalized) bound
state conjecture:
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Bound State Conjecture: The typical radius R of a stable bound
state in a power-counting renormalizable effective field theory, valid
below some scale A, is bounded from below by

1

RZ . (6.15)

Here, the scale m (< A) is the mass of the heaviest stable particle.

We consider only renormalizable theories, as we are looking to constrain
infrared physics far below the cut-off scale A. Any higher-order term in an
effective Lagrangian will be suppressed by this high scale. We will consider a
non-renormalizable example in Sect. which will provide an a posteriori
justification for this restriction in our conjecture.

Let us note that our conjecture does not constrain cases where particles
with mass m combine into a state of smaller mass, M < m. In this case, if
R(M) < 1/m, then the newly formed object is, by our definition, a particle
rather than a bound state. Furthermore, if M > m one might worry that
very small bound state radii, R(M) < 1/M < 1/m, would be allowed since,
once again, the bound state must be viewed as a particle. However, this
situation is excluded by the assumptions of our conjecture, which state that
the particle of mass m is the heaviest stable particle of our theory.

We have to be careful with the notion of the ‘heaviest stable particle’
when going beyond perturbative and purely scalar theories. In a theory with
only massless fundamental fields, like QCD (with massless quarks), states
with finite radius and non-zero mass can certainly exist. A particularly sim-
ple example would be the lightest scalar glueball in pure Yang-Mills theory.
Given some additional gauge or scalar force, such objects can form bound
states of non-zero radius. So it would be wrong to demand that our conjec-
ture holds with m = 0. Indeed, we were careful to define the term ‘particle’
as a state which appears point-like below its own mass scale. This is in con-
trast to bound states, which are extended objects. Then, e.g., a glueball or
hadron can be viewed as a stable particlem whose mass sets the scale of the
conjecture.

The bound states our conjecture applies to can, in general, carry higher
spin. Recently, constraints have been put forward on the existence of higher-
spin, composite states of mass M and size R which appear point-like or
elementary in the sense that R < 1/M [287,1288]. To make contact with
our conjecture, which is specifically about non-elementary bound states, a

10 Note again that our use of the word ‘stable’ includes objects protected by an approx-
imate global symmetry.
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generalization of the causality arguments of [287,288] would be needed. Note
that our constraint is stronger as it excludes bound states of size R < 1/m,
with m the mass of the heaviest stable constituent particle.

It may be possible to formulate our conjecture as a field-theoretic realiza-
tion of a resource theory [289,290]. To explain this, let us for simplicity con-
sider a model with light fundamental fields of mass < m and one heavy field
of mass M . We can now introduce an artificial cut-off A, withm < A < M,
and focus on the effective theory below A. Our conjecture forbids the adi-
abatic construction of small bound states from particles with mass < m,
which are the only ones available in the IR effective theory. Here ‘small’
means smaller than the inverse of the maximum mass, 1/m. We expect
that, in the full theory, this implies that we cannot efficiently create particles
with mass M , point-like on length scales 2 1/M | from particles with mass
< m by an adiabatic process. The reason is that the transition rate from an
extended object to a heavy fundamental particle is exponentially suppressed,
even if quantum numbers allow the process in principle. For example, even if
baryon number would be strongly violated, a small crystal of mass Mp would
certainly have a negligible transition rate to a Planck-scale fundamental par-
ticle. That would change if one could confine enough light particles at the
required small length scale < 1/m, but this is precisely what our conjecture
forbids. In the language of resource theory, we may hence define the free
states as those normally available to an IR experimenter, i.e., the particles
with mass < m. The free operations would be adiabatic processes with those
particles. Within this formulation and under these conditions, our conjecture
is that a heavy particle with mass M is a resource which cannot be created
by the IR experimenter.

Consider, e.g., a free stable boson star with radius and mass
M < M3/m which, in mean-field approximation, is expected to be well de-
scribed by a (semi-classical) coherent state of N ~ M /m bosons in a single
spatial field mode. Forcing the particles with mass m to localize at a smaller
length scale R, with Rgu(M) < R < 1/m requires a deformation of the
energy function which leads to a strong squeezing of the phase-space distri-
bution of each particle and thus of the whole star. The external modification
must in particular allow for anti-squeezing perpendicular to the squeezed
spatial extent of the Wigner distribution. This is similar to what a larger
value of m would achieve in the energetic balance , except that the
squeezed particles assume relativistic momenta. Given that the modification
is achieved by some in general non-linear interactions, a proof of our con-
jecture could then include an answer to the question why squeezing into the
regime of relativistic momenta is inhibited, based on the practical impossi-
bility to create the entanglement associated with the squeezed many-particle
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state.

One may summarize this in the Bound State Conjecture (Resource- Theory
Version): In a power-counting renormalizable effective theory where free
states are those with particles of mass < m and free operations are adia-
batic processes involving these particles, heavy particles with mass M > m
represent a resource.

6.4 Evidence from Examples

We now discuss three different classes of examples all of which, as it turns
out, appear to respect the conjecture: Attractive scalar-modulus couplings,
quartic self-interactions of a complex scalar, and the attractive interaction
implicit in axionic potentials.

6.4.1 Non-Gravitational Scalar-Modulus Coupling

Consider a theory with scalar interaction of the type discussed in [18}[85],

2 ~9
V() = - 16 + Zox* + um o x. (6.16)
where ¢ is a U(1)-symmetric complex scalar ﬁeldE and the real field y is very
light, m < m. We will think of y as a modulus, mediating a long-range,
attractive force which is capable of binding ¢ particles. In this spirit, we
will neglect m whenever it gives only sub-leading corrections["| Note that,
instead of m and the dimensionless coupling p, we may also use the two
dimensionful parameters m and v = um to characterize the theory.

We introduced ¢ as a complex field so that we can make use of the
conserved global U(1) charge N (and accordingly particle number conser-
vation). Using the standard stationary ansatz ¢(t,x) = ¢(x)e ™" with ¢(x)
real (cf. [291,[292]), the particle number is given by

N = i/d3x (o' — dlg) ~ w/d?’a: H(x)?. (6.17)

11 Note that we use the same symbol ¢ for both complex and real scalar fields throughout
the chapter. We will clearly state in each section whether we deal with a real or complex
theory.

12We did not set m = 0 since, without A" = 2 SUSY, this is probably inconsistent.
Moreover, it would be inconvenient to work in a model where only the boundary condition
at spatial infinity sets the vacuum value of x .
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Non-Relativistic Estimate

As already discussed in the case of a gravitationally bound boson star, bound
states with small N are large and become smaller as N grows. We start
our analysis in the regime where m > 1/R > m. This allows for a simple
controlled calculation since we are on the one hand safely non-relativistic and
can, on the other hand, neglect the finite range of the force inside the bound
state. Indeed, the y-exchange gives rise to an effective attractive potential
of the Yukawa type, V(r) ~ (u?/r)e™™", for the ¢ particles. The effective
binding energy inside a boson star of N particles is therefore estimated as|”|

N2p? P Np?

Egeatar ~ — 6.18
L ! (6.18)
In addition, we have the localization energy (cf. (6.12))
2
P N
Eoe ~ N-2Z o . 6.19
: m  mR? (6.19)

Minimizing the total energy as we did in the free case (6.12), we find the
radius of this bound state with scalar force to be
1

Rse(N) ~ 5

(6.20)

Given that the configuration is assumed to be spherically symmetric and
localized inside a radius R as well as using the non-relativistic frequency
w ~ m [M]we have according to the general result (6.17)

R
Nwm/0 drr¢(r)”. (6.21)

We expect that a ¢(r)-configuration sources a corresponding stationary
profile x(r). The latter is determined by the equation of motion

(V= m®)x(r) = pm(r)*. (6.22)

13 One can replace ¢ in um |¢|* ¥ with the non-relativistic field ¢ ~ (m¢ + i) /v/2m ~
V2m¢ . Here, in the last equality we used the exponential ansatz with w ~ m. Now the
interaction term takes the form pu |<p\2 X, explaining that only u? and no m? appears in
(6.18]).

14 Assuming the frequency w ~ m one finds a solution to the equation of motion
(VZ—m2—pumx)p(r) = —w?¢(r) for large R (small gradients) and negligible interaction.
The latter assumption can be checked a posteriori given the magnitude of back-reaction
on the field x(r).
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The Green’s function for the operator on the Lh. side is

e—ﬁ’w‘
G(r)=— 6.23
)=, (6.23)
leading to
R effﬁ(rfr/)
x(r) ~ —um / dr' r? ————(r')*. (6.24)
0 r—T

We assume that the source term is significant only inside a region of size R .
Hence, focusing on the y profile outside the star, we can use r > R > r’.
This implies

R 77%(7477,/) —mr R —mr N
/ T L S / dr' 126 ~ = (6.25)
0 0

r—r! T rom

where we used ((6.21) in the last step. This gives
x(r) ~ ——L e (6.26)

From this we cannot determine the solution inside the star as this needs
precise knowledge of the ¢(r)-profile. However, it is reasonable to assume that
it is not parametrically larger than at the boundary r = R (cf. Fig.[6.2).
Thus,

Nit i, N

X(r < R) ~ x(B) ~ — ] R

(6.27)

With this, we may reverse the logic and consider the effective potential
for ¢, induced in part by the y profile which we just determined:
Np?
mR

V(o) ~ mo(e.)F (14 2x(r)) ~ ot (1

~lonf (m - 7).

In the last two expressions, we assumed r < R and made use of (6.20). This
reveals a potential tachyonic instability. We see that the potential is only
safely stable as long as

) (6.28)

Rsp 2 L (6.29)
m
That is, for large R the calculation can be trusted and stable bound states
exist. By contrast, for R ~ 1/m or smaller, the effective potential for ¢ in
tends to become tachyonic. This appears to support our conjecture.
However, at the same time our non-relativistic approach breaks down. In the
next subsection, we address this issue.
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Figure 6.2: The y(r)-profile induced by the localized source |¢(r)|*. For
better illustration, we extend the profile to » < 0 using spherical symmetry.

Analysis of the Instability

There are two caveats to the above conclusion. The first one is that our
non-relativistic calculation breaks down close to the regime of interest Rgp ~
1/m . To remedy this non-relativistic assumption, we will repeat the calcula-
tion without specifying the oscillator frequency w of the mode described by
the mean field ¢(¢,r). The second is that, even if we continued to trust our
calculation, the potential tachyonic instability found above does not neces-
sarily lead to unstable bound states: While we found that locally the effective
potential m?(r)é(r)? ~ m?[1 + ux(r)/m]¢(r)? becomes tachyonic, this does
not automatically lead to tachyonlc modes. The oscillator frequency squared
w? receives also a positive contribution from the field gradient, which can
potentially maintain stability, i.e., w? > 0. To find the conditions for insta-
bility, w? < 0, we analyze more precisely the ¢-solutions in the y-background
created in the stable regime.

To start, we again assume some localized ¢-configuration that sources
a x-profile. The calculation is the same as before, now however, we insert
for general frequency w to find

Npum

X(r) ~ === (6.30)

As before, we take the y-profile for r < R to be some smooth continuation
of the calculable exponential profile at » > R. In particular, x(r < R) ~
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—Num such that the effective ¢-potential for » < R is

wR
V(o) = T lof () o~ (1= S0 10 o3
We will simplify this even further by using a step function approximation for
the effective mass squared m?*(r) = m?[1 + ux(r)/m], see Fig. [6.3]
m?(r)
m2
0 >

‘actual’ profile

E o m2 (1 N N}L2>
> . wR
step function _/ N

approximation

Figure 6.3: The effective mass squared for ¢ induced by the back-reaction on
x(r). We again extend the profile to r < 0 using spherical symmetry.

To find the radius that minimizes the energy, we equate the absolute
values of the localization energy

1 N
Eloc ~ /de IVo|* ~ ﬁ/d% P? ~ —= (6.32)
and the binding energy
N2;2m2
Eycatar ~ /d3x pmy |o|* ~ pm x(r<R) /dSm P ~ —% (6.33)
The resulting radius of the scalar-force bound state scales as
w

As we have w = w(R) and minimize the energy, we have to assume that
the derivatives w'(R) are sufficiently well-behaved to arrive at (6.34).
principle, we should also have taken into account

m2N
—-

Erass ~ /d3x m2 ‘¢’2 ~ (635)
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This term however, is just a constant offset in the non-relativistic regime,
where w ~ m, and becomes negligible compared to Ej,. in the relativistic
regime, once R < 1/m.

Finally, we check the results obtained so far for consistency: We insert
our calculated y-profile, which depends on w, into the equation of motion for
¢ and check whether this indeed produces a stable lowest-energy localized ¢-
mode with oscillator frequency w. The stationary ansatz ¢(t,r) = e “'o(r)
together with the back-reacted effective mass squared lead to the equation
of motion

[w? + VZ = m?(r)] ¢(r) = 0. (6.36)

The instability expected in the previous subsection is realized if we find
negative eigenvalue solutions, w? < 0. Such solutions would signal tachyonic
modes which are not stationary and do not give rise to stable bound states.

At this point, we should highlight that we are actually doing a quantum
rather than a purely classical calculation: Since we are dealing with bosons,
we expect all the particles to populate the lowest (quantum) mode. The
coherent state of bosons in the ground state has the interpretation of a clas-
sical field configuration described by the underlying wave function. This wave
function, the lowest lying solution of the above classical equation of motion,
must have positive ‘energy’ w? for this standard interpretation to apply. But
if w? is negative, our bosons do not populate a positive-frequency-squared
but rather a negative-frequency-squared oscillator. This is the quantum in-
terpretation of the possible instability.

We notice that represents a 3d Schrodinger-type equation when
identifying

! a

Ezw?—m?+ﬁg, V(x) = V(r) = z0(r - BR). (6.37)
Here, we explicitly reintroduced unknown O(1)-coefficients o and 3 appear-
ing in the x-profile, Vy = a/ R?, and the radius, Raciua1 = SR. We can reduce
this to a one-dimensional problem by introducing u(r) = r¢(r), which fulfills
the Schrodinger equation

[E+0—V(r)]u(r)=0 (6.38)

on RT and is subject to the boundary condition u(0) = 0. The potential
V(r) vanishes for r < BR and has a finite height V; = a/R? otherwise.
The energies corresponding to bound-state solutions obey 0 < E < Vj or
equivalently m? — % <w?<m?.
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An elementary textbook-style analysis of (6.38) shows that the energy
eigenvalues fulfill

Vm?2 —w? = —\/wz—m2+oz/R2
X cot ((BR)\/Q(w2 —m?2+ a/RQ)) :

A necessary condition for a solution is that the zero of the Lh. side of (6.39))
is larger than the first zero of the r.h. expression. That is

(6.39)

9 9 2 1
m*>m +(8—52—a)§. (6.40)
Depending on the unknown coefficients this may or may not hold. Our
discussion in Sect. showed that solutions exist in the non-relativistic
regime R > 1/m. When moving into the regime R ~ 1/m , the coefficients «
and 3 stay roughly the same and we expect that not all solutions disappear.
A physical reason that a stable localized solution should prevail even for
R < 1/m is as follows: Let us bring a particle (adiabatically, i.e., without
kinetic energy) close to the localized configuration, or rather the potential
well created by it. The latter corresponds to an attractive force. If, say, N
particles have been bound in this way, there is no reason for the (N+1)st
particle coming from infinity not to feel an attractive potential and be bound
as well.
We parameterize the energy of the lowest mode by
with some factor 0 < v < 1 which depends on «, and is fixed by (6.39).
The value v = 1 corresponds to marginal binding, when the equality applies
in (6.40)).
We see from the 2nd equation in that, in the non-relativistic regime

R > 1/m, any value of y leads to a solution with w? ~ m?2. In the relativistic
regime, R < 1/m, our analysis allows for two scenarios: On the one hand
the solution can become tachyonic. This happens if v takes generic values
0 < v < 1. On the other hand, the value of v could always come out to
be very close to unity, such that we continue to have a positive w? solution
and the bound state remains stable. In fact, the level of tuning required for
this grows with decreasing R: To have a non-tachyonic solution, we need
0 < 1—~v < m?R?*/a. The solutions in this case are known. Outside
the finite potential well, the wave function u(r) drops off exponentially, i.e.,
o(r) = u(r)/r oc exp(—kr)/r, on the length scale

LUV S (6.42)

e VW—E  (all-y) m

(6.41)
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We see that we cannot localize the ¢-profile in a region smaller than 1/m
without an instability.

Finally, we note that higher interaction terms might be introduced to
cure the tachyonic potential problem above. An example would be a positive
Ap* term. If this term is large enough to cure a possible instability, we would
also expect its repulsive effect to make the bound state larger. Thus, we
expect that our conjecture cannot be avoided by extending the model in this
way. However, more complex models of this type clearly require a detailed
analysis, which we have to leave to future research.

6.4.2 Quartic Interactions

We consider the U(1)-invariant theory of a complex scalar field with quartic
potential,

2
V(e) = lof + sl (6.43)

taking the interaction to be attractive, A < 0. We want to think of this as
an effective theory below some cut-off A. This cut-off may be high enough
to allow for |¢|-values for which V(¢) < 0. In this case the vacuum at
¢ = 0 is only metastable. In Sect. we will introduce a |¢|°-term
that bounds the potential from below and restricts the validity of to
the region below some maximal |¢p|-value. One may view this as an explicit
implementation of a cut-off.

In the above setting, one could in principle imagine bound states to occur
based on the attractive scalar interaction alone, on gravity, or on a combi-
nation of both. We will start our discussion with the gravitationally coupled
case. It is clear that for sufficiently dilute systems gravity dominates and sta-
ble boson stars exist. Moving from there into a regime of high density and
small radius, where the ¢*-attraction becomes important, one might naively
expect that much denser objects can form. Instead, an instability develops.
This suggests that small bound states, which could violate our conjecture,
are excluded. In the case without gravity, we argue that bound states do not
exist at all. Finally, we will allow for higher-order self-interactions, removing
the instability at large |¢|. Now bound states in the form of Q-balls are
possible. However, they are always large enough to respect our conjecture,
at least in the regime where they can be created adiabatically.

15 The lifetime of the |¢| = 0 vacuum has an exponential 1/\-dependence and a power-
like dependence on the cut-off A. The latter comes from the running of A and from the
prefactor of the exponential tunneling suppression [293]. We accept that the lifetimes of
the vacuum and of bound states may be only finite.
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Gravitationally Bound States

At small particle numbers and correspondingly large bound-state radii R >
1/m, we expect the total attractive force to be dominated by gravity. To
confirm this, we estimate the relative importance of the binding energy from
self-interactions. We introduce the conserved particle number and,
using the mean field approach with ¢(t,x) = e ™“!'¢(x), express it in terms
of the average field excursion ¢* = [ d*z |p(x)|* /R® of a localized solution:

N ~ m¢*R? . (6.44)

Here we also used that we are in the non-relativistic regime, w ~ m. The
binding energy from self-interactions may then be expressed in terms of the
boson star mass M ~ mN :

|A| N? |A| M?
TR T AR

E%dﬂmtﬁa——j/d3x|A|hﬁﬁ«w-—]ALR3$4ﬁu (6.45)
It is subdominant to both the gravitational binding energy oc 1/R and the
quantum pressure o< 1/R?, cf. (6.12)). Hence the radius depends on the mass
just as in the familiar free-boson case, cf. R(M) of (6.13).

As we increase the particle number and mass of the boson star, its size
decreases and the attractive self-interaction becomes more relevant. Such a
gravitationally bound system with additional self-interaction has been stud-
ied numerically in [261}268]| (along with some analytical estimates) using
the Gross-Pitaevskii-Poisson equations. As expected, the stable radius of
a bound state is, for small particle numbers, the same as in . The
additional attractive force only affects the O(1)-prefactor:

Resrat(M) ~ Ren(a) ~ L (M2’ (6.46)
G+SI FB 7\ . .
We sketch the two curves Rq s1(M) and Rpp(M) in Fig.
As is also sketched in Fig. there exists a maximum mass at which the
curve Rg. s1(M) ends [261,268],

max Mp

MeTer ~ \/ﬁ

Above this mass there is no regular solution of the equations of motion that
can be found using the numerical approach. Depending on the coupling
strength |A|, we distinguish two scenarios: For small couplings |\| < m?/M3,
self-interactions remain weak and the relation is valid all the way to

(6.47)

141



Chapter 6. A Conjecture on the Minimal Size of Bound States
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Figure 6.4: The M-R-plots of gravitationally bound boson stars. For the

free-boson case, the radius is denoted as Rpg(M ), for the case with additional

self-interactions as Rg.s1(M). Also shown are the black-hole radius Ry (M)

as well as the radius R§* (M) at which self-interactions start to dominate

the total energy, see subsection [6.4.2].

the mass at which the star collapses to a black hole of size Rgy ~ 1/m . For
stronger coupling, |A\| = m?/M3 , the solution breaks down before the critical
radius of gravitational collapse is reached,

max Mp _ 1
Rayst(MESs) ~ VA s 2z —. (6.48)

m
We will analyze in a moment what happens at this point. Throughout the
rest of this section, our focus will be on the interesting case of large coupling
(or weak gravity) |\| = m? /M.

Note that, according to the quoted numerical results, the curve Rg s1(M)
in the plot never falls parametrically below Rpg(M) in the stable bound-state
regime. Hence, R 2 1/m and we are justified in the use of w ~ m for all
bound states discussed so far.

Instability from Self-Interactions

The total energy of a bound state of non-relativistic constituents is the sum
of the localization energy

Elpe ~ /d3x IVo|* ~ Rp? ~

e (6.49)
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the binding energy from self-interactions, cf. (6.45)),

- Al N2
Futin ~ _/d%; Aol ~ W R~ - (650)
and the gravitational energy
m2N?
E rav ™~ T T2 o9 1~ - 6.51

Here, we used (6.44]). By the same arguments as in Sect. below ((6.35]),

the energy associated with the mass term in the potential, Fr.e ~ Nm?/w,
is not relevant. We sketch the total energy in Fig. [6.5]

Eself—int
Eloc Egrav

S

\E

self-int

Figure 6.5: The total energy Fio; = Floc + Egrav + Eseltint as a function of
R within the non-relativistic approximation. There is a local minimum for
small N, which disappears at large N . While the minimum is always to the
right of the vertical line R ~ 1/m , the maximum can be on either side. For
sufficiently large particle number, N 2 1/|A|, the latter is also to the right
of 1/m, as for the upper curve in the sketch.

For small N, we find a non-trivial minimum arising from the interplay
of the gravitational energy and the localization energy. The resulting stable
radius, as explained above, is (6.46). At smaller radii, there is a maximum
of the total energy at

NIAl MM
T T e
We can see that there exists a particle number NV, at which the local minimum
disappears. This happens at

s () (6.52)

s (Vo) ~ Rarsi(Ny) & N~ (6.53)
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in agreement with the maximum particle number or mass found nu-
merically, N™* ~ N,. Above this particle number, the stabilizing effect
of quantum pressure is not strong enough to overcome the attractive self-
interaction, cf. Fig. [6.5] The intersection of the curves RG™ and Rg.gr can
also be seen in Fig. 6.4/

We should consider what happens to a bound state at the maximum par-
ticle number N™#* where the energy minimum disappears. If we keep adding
particles, the configuration might collapse to a small black hole of particle
number N ~ N™* and radius Rgg(M ~ M™**) < 1/m. However, assuming
that in the collapse process the mean-field approximation still holds, one can
check that the average field value ¢ inside the configuration at fixed mass
M ~ M™ and particle number N ~ N™& necessarily exceeds the value
m?/|A| ['] That is, the true vacuum at |¢| # 0 becomes classically accessible
and, as long as there are no stabilizing higher-order terms in the potential,
we expect vacuum decay to set in. In this way, our conjecture would not be
violated. Clearly, we cannot be certain of the validity of this mean-field logic
during the potentially violent collapse process. More scrutiny is needed to
establish the result of the collapse.

Comments on the Non-Gravitational Theory

Finally, we want to consider a bound state from self-interaction alone, Mp —
oo. Instead of gravitationally building up a large bound state until self-
interaction takes over, we want to consider the self-bound few-particle case.

The energy barrier that can be anticipated from the many-particle mean
field calculation is sketched in Fig. (without the gravitational tail at large
R). It can also be derived in the few-particle scenario: Calculating the energy
of a two-particle state with Hamiltonian H corresponding to ((6.43]), where
the particles are Gaussian wave packets of width R, one finds['¥]

mt o~ N B>

6.54
I Rel. O

Et0t<R) - <H>2—particle ~ {

16 Note that the curve REP*(N) or RE? (M) characterizes the position of the maximum
of Eloc(R) + Eseif-int (R) . As such, it does not describe a stable state and its only meaning
is to specify the point where the curve Rgysi(M) ends.

.12 . -
17 The relevant equation is M ~ [ d*z <‘¢) +|Vol® + V(¢)> ~ N?/(¢*R®) + R¢* +
R3V (¢) . Since the collapse sets in within the non-relativistic regime, we can fix the mass

at M =mN.

18 We use the state [2) = [d®’pd’q fr(p)fr(q)|p,q) with fr(p) = Nexp (—1p?R?)
with some normalization N . The Fourier transform gives spatial Gaussian wave packets

of width R.
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The non-relativistic expression contains the mass contribution m , the kinetic
term p?/m ~ 1/(mR?), and a contribution oc 1/R? associated with the scalar
attraction.lT_g] The relativistic result can only depend on the scale 1/R, as the
mass m becomes irrelevant. This is sufficient to explain the second line of
(6.54)).

Let us start our analysis in the perturbative regime, |A\| < 1, and at large
R. Here, the first line of is applicable and the repulsive quantum
pressure dominates. When moving to smaller R, this remains true until, at
R ~ 1/m, we reach the applicability range of the second line of . But
here, again, repulsion dominates. Thus, we have repulsion for all R and no
binding is possible ]

For strong coupling, |A| = 1, tunneling to large ¢-values becomes fast
since the exp(—1/\)-suppression is ineffective. Hence we are forced to set a
low cut-off A < m/ \/W < m to avoid this fast instability. Bound states
exist, but they can as a matter of principle not be smaller than 1/A | which
is above the scale 1/m .

Finally, we return to |A| < 1 but allow for N particles. We expect the
interaction energy to scale as N? (every particle interacts with every other
particle) and the kinetic energy to scale as N. For sufficiently small N,
the two-particle discussion above will suffice. However, for N 2 1/|A|, the
energy maximum of the non-relativistic regime comes to lie at R > 1/m and
hence becomes trustworthy. At smaller values of R, left of this maximum,
the energy falls first as 1/mR? and then as 1/R, in the relativistic regime.
So at best we can hope for a singular bound state, with the same problem of
vacuum decay as above.

Higher-Order Self-Interactions and Q-Balls

We now want to explore the limitations of our conjecture: Does it still hold
if we allow for higher-order, non-renormalizable terms in the effective La-
grangian? As we argued above, gravitational bound states may be driven to
instability, where |¢| grows and explores the potential in the regime domi-
nated by the negative \|¢|* term. This instability may be cured by higher-

19 For a quantum mechanical derivation see [294]: A well-known result is that the 2-
particle interaction induced by a ¢*-term is described in the Schrédinger equation by a
potential V(x) = —|A| /m?3®)(x). Smearing out the delta-potential over a region R®
results in an energy eigenvalue Es ~ — || /(m?R?). This can be understood since |\| /m?
comes from V(x) and, with it, 1/R* on dimensional grounds.

20 There have been some attempts at constructing two-particle bound states in ¢*-theory
using different techniques, see [295-299] for an incomplete list. Conversely, it has also been
claimed that such bound states do not exist [300]. Our simple scaling argument supports
the latter option.
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order terms, e.g., a repulsive |qb|6 interaction. In this case, a different, not
yet discussed form of a stable or metastable bound state may arise. The
key feature of the potential on which this relies is the second minimum at

9] # 0.

Let us start with the simple example

b0

which corresponds to the potential in (6.43), if A = —m?/¢3, with an addi-
tional |¢|°-term. The coefficient of the latter is adjusted to ensure that the
second minimum at |¢| = ¢ is degenerate with the minimum at ¢ = O.ﬂ
Models of this type are well-studied and their bound states are known as -
balls [301] or, more generally, non-topological solitons, see e.g., [302,303}292].

The existence of bound states is easily understood analytically within a
thin-wall approximation: In the inner region of the ()-ball of radius R one has
¢ = ¢p exp(—iwt). This region is surrounded by a wall of thickness D < R,
in which the field transits from the |¢| = ¢g to the ¢ = 0 minimum. It is
easy to show that D ~ 1/m and that the wall tension is T ~ Dm?*/ |\|. The
expression N ~ w@2R? for the particle number, together with A = —m?/¢$?2,
can be used to express w in terms of N, A, and R. With this, one can write
the total energy, which comes from the inner region and the bubble wall, as
a function of R:

V(9) = %m%ﬁ( - %) , (6.59)

N2\ SR?
B = Buner + Byt ~ W 6JR* + TR ~ — 1’:;3| + m’ : (6.56)
The )-ball radius follows by minimization,
(JA| N)?/5 mN
R~ T s such that E~ W . (657)

Since the )-ball can decay to N free particles if £ > mN , we must have
N 2 N.~ 1/|A| as a stability requirement. But this implies that R 2> 1/m,
so our conjecture cannot be violated in the thin-wall approximation. If we
modify the potential such that the ¢p-minimum has positive vacuum energy,
the decay is facilitated and N, increases. This leads to an increase of R and
hence our conjecture is even more safe.

We also note that, according to , (Q-balls of this type can be adia-
batically produced by driving boson stars beyond the boundary of stability:

21 Writing the |¢|®-term as |¢|® /A2, we find that A2 = 242/ ||, thus fixing the cut-off
of the model.

146



6.4. Evidence from Examples

Indeed, since Mp/m > 1/\/W in the region of interest, we always have
N > N, and the resulting ()-balls are stable.

We now turn to the possibly more critical case in which the vacuum
energy at the second minimum is negative:

L o2 e, 1 6 . 5 2m?

V(o) = gmPlof A lol' + 516, with  A?> L. (658)
While the ¢ = 0 vacuum and hence any possible @)-balls are now at best
metastable, they can certainly be very long-lived. @-balls relying on such a
negative-energy second minimum are frequently called ()-bubbles. As long
as the depth of the second minimum is parametrically small compared to
the barrier height, the thin-wall approximation is useful and an analytical
treatment is possible [304]. Unsurprisingly, our previous discussion of the
case with degenerate minima still applies and the bound state conjecture
cannot be violated. However, it also follows from the discussion above that
bound states which are smaller by O(1) factors are now conceivable.

Thus, the critical question is whether by going to the regime of a deep
second minimum one can find parametrically small ()-bubbles, violating the
conjectured bound 1/m. Unfortunately, we were not able to extract an
unambiguous answer from the partial analytical results of [305]. Also from
the numerical results of [306,307] the answer is at least not obvious: The
authors use the dimensionless quantities @ = w/(JA\|A) and m = m/(|]A\| A)
as well as an analogously rescaled particle number or charge N = |A| V.
Making use of the fact that a parametrically deep second minimum is located
at ¢g ~ \/WA, one can estimate the radius in terms of these parameters as

follows: s
N\ 1 [(m3N

Inserting concrete numerical values for w, m and N from [306|, we only
arrive once again at O(1) coefficients multiplying 1/m . Presumably, a ded-
icated numerical study would be needed to settle our question about small
()-bubbles.

We note once again that, even if small ()-bubbles exist, creating them
adiabatically is problematic since boson stars collapse only at N 2 1/|A].
Hence small (Q-bubbles are presumably out of reach in the model discussed
above. However, once we allow for a ]¢|6—term, nothing stops us from also
adding |¢[%- or |¢|'-terms etc. Then one may as well ‘draw scalar potentials
by hand’. In such a general setting, it is easy to imagine that ()-balls of size
< 1/m may, after all, both exist and be constructed adiabatically.
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Thus, we prefer not to claim that parametrically small )-balls do not
exist or cannot be built. Instead we have, partially with a view on this
subsection, formulated our conjecture as a statement about power-counting
renormalizable effective field theories. A possible extension beyond this set
of models is left to future research

Finally, another possible concern is the existence of ()-balls in renormaliz-
able models [309]. This requires more fields and an analysis of our conjecture
in this context goes beyond the scope of the present Work.@ It would however
be important to understand whether such ()-balls can be small compared to
all mass scales governing the theory in the original vacuum and whether they
can be constructed adiabatically. A positive answer may force us to search
for stronger constraints than renormalizability.

6.4.3 Axions

We now turn to the example of axion bound states. The relevant potential
is

m2

2

s m?

f2
As ¢ is real, we are lacking the notion of the exactly conserved particle num-
ber used in Sects. [6.4.1]and [6.4.2l Nevertheless, at low energies approximate
particle number conservation holds and long-lived axion stars (or, more gen-
erally ‘oscillatons’) exist. Moreover, detailed numerical simulations of the
coupled Klein-Gordon and Einstein equations are available. In the following,
we will consider these simulations and ask for small bound states, potentially
violating our conjecture. For recent work on axion stars see, e.g., [311,312]
and refs. therein.

Specifically, we will rely on the ‘phase diagram’ obtained in [272)275|
and sketched in Fig. It includes the curve fiin(M), representing the
minimum axion decay constant for which an axion star with mass M is
stable. Note that it is customary to use the dimensionless variable Mm /M2

V(9) =m?f*[1 - cos(¢/f)] ¢ ¢'+0((¢/f)") . (6.60)

22 Let us note that a different idea for probing UV physics with Q-balls appeared in [308].
It does not aim at small bound-state radii but rather employs large VEVs to catalyze
certain UV-scale-suppressed transitions between light particles.

23 An analysis based on the toy model V (¢) = m?2 |¢|> — A |$|* + A |¢|* mimicking renor-
malizable couplings between multiple fields suggests the following: A thin-wall calculation
for degenerate vacua gives a minimal charge N for stable -balls that leads to R 2 1/m,
similar to the discussion following (6.57). The thick-wall limit at small charges and very
non-degenerate vacua gives R ~ 1/(em) with e < 1 [310]. Of course, a model with multiple
fields still requires a proper, independent analysis.
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to characterize the mass of the star. In our context, it may be more intuitive
to move through this plot horizontally, at fixed f. Then the curve fuin
specifies the maximum mass up to which the star remains stable. We will
discuss the different regions of the diagram in turn.

f/Mp

A fmin(M),f [
/o
: |
Ii boson star |
|
|
|
1 BH !
collapse :
bosenova I

l Mm

SRy : > m

0 1 o) M

Figure 6.6: Sketch of the axion star phase diagram of [272,275]. Region I
contains the free limit, f/Mp > 1. In the intermediate region II, the theory
is approximated by an attractive ¢*-theory in the dilute regime. Below region
I1, corresponding to large ¢/ f , higher-order terms of the potential are
relevant. The dashed vertical line characterizes the mass at which a free
boson star collapses to a black hole.

We start with region I, containing the free limit f — co. Here, fiin(M)
approaches the vertical line Mm/M3 = O(1), where a free boson star would
collapse to a black hole. As long as f/Mp 2 1, the curve f, deviates from
the free-boson vertical line only by an O(1) factor. Thus, no parametrically
small black holes can form and our conjecture is safe.

In region II, the graph is approximately linear:

fmin(M) mM
Mp M2

(6.61)

One may worry that a star which becomes unstable by crossing this line col-
lapses into a small black hole. After all, we are now far below the critical value
M ~ M3 /m distinguished by our conjecture. However, as already indicated
in Fig. this is not what happens [272,275|: The instability manifests itself
through the emission of relativistic axions in form of a ‘bosenova’ [275|313].
No small black hole is formed.

In more detail, the fate of axion stars becoming unstable in region I is as
follows [269]: After shedding an outer shell in a bosenova, a dense axion star
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remnant forms. It is stabilized by higher-order (in the expansion of the cosine
potential) repulsive interactions. This new dense object is then stable up to
a total mass ~ 105 M2 for scalar masses m ~ 107 eV (typical of a QCD
axion). So instead of creating a small black hole violating our bound, the
object goes through an unstable transition to a different stable configuration,
where it may reach larger masses before collapsing to a black hole, cf. Fig.
The dense branch satisfies for all masses. Similar results were reported
in [314] and very recently additional dense branches have been found in |315].
The radii on these branches and at small f can be even closer to the black
hole radius. Analytical approximations were provided in [316]. See also [273|
for a discussion on the stability and lifetime of the axion star in the dense

‘ - St 1 _—
J | t | ,,,,,/,,,,,,,,,, 7 .
: - ,,,/,,,,,,,,,,,,,,,,/,,,,,,,,,/,,
: 71}78 B 711’ p'(;h — _— _—
1 / m+ — — - — — — — ’/_',/“'"/f_’/,_,, .

Figure 6.7: Sketch of an axion star’s trajectory in the M—R-plane as discussed
in [269]. In drawing this for general m , we extrapolate from the graph given
for m ~ 1074 eV .

It would be interesting to include an analysis of the size of non-gravita-
tional bound states of real fields, i.e., oscillons [317]. We were not able to
extract enough information from the largely numerical studies to repeat our
semi-quantitative axion-star discussion for the oscillon case. However, we
expect the interesting regime of small oscillons to experience the same insta-
bility through violent particle production as seen in the gravitational case:
According to [318], the metastability of purely field-theoretic bound states
of real scalar fields is due to the approximate U(1)-symmetry of their effec-
tive low-energy description through a complex scalar. In other words, the
finiteness of the lifetime comes from the explicit breaking of this symmetry
at high energies. We expect the regime of R < 1/m, the relativistic regime,
to break this U(1)-symmetry significantly. Particle production would then
become efficient and prevent the existence of small, long-lived oscillons. Nev-
ertheless, this is only an expectation and more work is needed to establish
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it.

6.4.4 Bound States Involving Non-Scalar Particles

We have so far only discussed scalar particles bound by scalar forces. The
reason is that we view such bound states as most critical in terms of providing
a counterexample to our conjecture. Here is a short list of other possibilities
which we consider less dangerous:

First, free, massive vectors can form non-topological solitons [319] or grav-
itationally bound Proca stars [267]. The parametric behavior appears to be
similar to the corresponding scalar objects.

Second, when binding fermions one faces additional repulsion due to
Fermi pressure. This leads to the Chandrasekhar limit ~ M3/m? for the
mass of a fermion star, exceeding the critical boson star mass by Mp/m.
The radius exceeds 1/m by the same large factor.@

Finally, the binding may be due to a vectorial (i.e., gauge) force rather
than to a scalar force. In the abelian case, one is limited to two constituents
since the charges have to be opposite. The size is 1/(g*m), consistent with
our conjecture at weak coupling/”’| At strong coupling, it is natural to use
the dual, weakly coupled description. Thus, we have to discuss binding
magnetic monopoles in a weakly coupled electric theory. Such monopoles
are extended with a size comparable to their inverse mass, enhanced by the
strong magnetic coupling. So our conjecture appears to be safe. In the non-
abelian case, the confinement scale sets both the size and mass of particles
and bound states. Again, we see no prospects for violating our conjecture
parametrically, except maybe if one involves the rank of the gauge group as
a large parameter. It could be worthwhile to further study this.

6.5 Conclusion

Our analysis of swampland ideas for constraining scalar interactions has led
us to a novel proposal: the bound state conjecture (6.15). It differs from
the conventional swampland framework in that it remains non-trivial when
gravity is completely decoupled. Hence, it may turn out to be a provable
feature of a class of non-gravitational QFTs.

24 Mixed fermion-boson stars have been studied (in gravitationally bound systems) in
[320] and more recently in, e.g., [321].

%> One can compare this to the size of a bound state bound by a scalar mediator
extrapolated to small V.
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We have described previous approaches in Sect. [6.2] Their main idea is to
construct an inequality that quantifies the statement ‘gravity is the weakest
force’ in the presence of scalar interactions. We have also presented problems,
or possible counterexamples, we see with these proposals. Our approach,
as discussed in Sect. [6.3] takes a different route: We do not attempt to
forbid bound states by requiring that repulsive forces outweigh gravitational
attraction. Neither do we try to claim that scalar attractive forces must
act more strongly than gravity. Instead, our premise is that bound states
should not be forbidden but constrained. Specifically, there should be a
minimal size for bound states. We have quantified this by stating that the
smallest black hole that can be built adiabatically from individual particles
in an interacting theory is not parametrically smaller than the one built from
free scalar particles. This does not give rise to a ‘weak gravity’ conjecture.
Rather, it claims that ‘attractive forces cannot be parametrically stronger
than gravity alone’. By calculating the size of a black hole that can be
adiabatically built from free scalars, one finds that this statement is actually
(maybe surprisingly) independent of the strength of gravity: The resulting
radius and hence the minimal size is R 2 1/m, with m the mass of the free
scalar. We stress that this result is independent of Mp. We have put the
resulting Bound State Conjecture to the test in Sect. [6.4 In all examples it
has turned out that either the model becomes tachyonic or a bosenova-type
instability of the bound state develops if one tries to beat the conjectured
minimal radius R ~ 1/m.

We conclude with a short list of open problems and comments:

An obvious open problem is to determine a general, purely field-theoretic
origin of the bound. The non-gravitational formulation should, if correct,
allow for a proof using the well-understood framework of QFT. Employing
the uncertainty relation p ~ 1/R., in essence, this would involve proving
that relativistic particles cannot be bound. Another way forward might be
to consider causality constraints in scattering processes involving the bound
states, as it was done in [287,288]. In this context we should also note that
the decoupling of gravity remains peculiar. That is, we do not see any a priori
reason why Mp should drop out of the bound. In other words, why do the
two limitations for small bound states, one from field-theoretic instabilities
and one from horizon formation, both coincide and give the value R ~ 1/m?

Next, we want to highlight that the critical radius R ~ 1/m is indepen-
dent of the spacetime dimension d: To see this, one repeats the original
derivation, where we asked for the radius at which the localization energy
Eioe ~ (M/m)/(mR?) and the gravitational energy Fga, ~ M?/(Mg 2R?3)
coincide. Then, requiring that this radius is also the black-hole radius corre-
sponding to M , one arrives at R ~ 1/m for general d. However, this result
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is only formal since in d > 6 dimensions, the energy Fio. + Egray has a max-
imum rather than a minimum. Thus, particles cannot be bound by gravity
at large distances at all. The case d = 5 is special since Ej,. and FEg,, scale
identically with R. There is then a critical particle number N, ~ (Mp/m)3
for which the particles can be brought close together at no energy cost to
form a black hole of size 1/m.

Furthermore, we should warn the reader that, when moving outside the
domain of power-counting renormalizable theories, small bound states appear
conceivable. This is suggested by our discussion of small ‘Q-bubbles’ relying
on a deep true vacuum in Sect. Of course, the price to pay is that
now our basic vacuum is a false one, being hence only long-lived rather than
stable. We must also admit that we have neither established that such spiky
@-bubbles really exist nor do we see how to construct them adiabatically. The
problem of small bound states in more involved multi-field models has also
not yet been studied by us. These two open questions appear to be the most
promising routes to either disprove the conjecture, to limit its generality, or,
on the contrary, to collect highly non-trivial evidence in its favor.

Finally, let us point out a possible version of our conjecture related to re-
source theory. In (quantum) resource theory one defines so-called free states,
which are readily available, and free operations, which the experimenter can
perform. In our context, these would be light particles (of mass ~ m) and
adiabatic processes involving them. The resources are then states that have
special value since they cannot be produced from the above. These, in our
case, would be small bound states or, possibly equivalently, fundamental
heavy particles with mass M > m. The latter would become available
through unsuppressed transition amplitudes from sufficiently heavy and lo-
calized bound states. The special feature setting these resource states apart
may be some kind of strong entanglement involving constituent particles at
relativistic momenta. It would be interesting to establish a formulation of
our conjecture in these terms more carefully. The conjecture might then rep-
resent an obstacle to building an ‘IR-to-UV transformer’, i.e., a device that
is fed light particles and which produces a heavy, UV-scale, fundamental
particle after enough energy has been supplied in this IR channel.
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Chapter 7

Summary and Outlook

In this thesis we approached the swampland program from two directions.
To more sharply draw the boundary between landscape and swampland, we
gave explicit landscape constructions of axions and considered implications
of known swampland conjectures. The latter were on the one hand direct
implications of the axionic WGC and on the other hand more speculative
extensions of the idea motivating the WGC. In this we were mostly guided
by two basic questions: What is the correct formulation and what are the
consequences of the WGCs as introduced in Sect. We now summarize
our results.

In Ch. 3| we considered the complexified two-form Cs + 7B on the two-
sphere of the Klebenov-Strassler throat. We assumed that the throat is part
of a multi throat system. While manifestly the usual shift-symmetry of a
resulting axion is broken by the triviality of the cycle due to the IR geometry
[40], we found that by geometric back-reaction a larger periodicity is restored.
The periodic back-reaction is inherited from a weakly broken U(1)g isometry
of the throat. We proposed a superpotential for this throat axion, ‘thraxion’,
based on the interpretation of axion-excitations as unquantized flux of the
corresponding ('3 field strength, which now includes the the saxion-partner of
the axion. We were able to map this superpotential and enhancement of the
periodicity to the KS gauge theory. Finally, we considered a simple explicit
scenario on the quintic threefold. We found that given certain flux choices,
the decay constant can easily be super-Planckian, with subdominant, sub-
Planckian oscillations always being present. We dubbed the scenario, which
generalizes to any multi throat setup, drifting monodromies.

We continued our landscape analysis of axions in Ch. 4. There, we consid-
ered axions in the winding scenario: By choice of fluxes, a certain direction
of the multi axion field space remains lighter than all other complex struc-
ture moduli. Including sub-leading terms in the superpotential does stabilize
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this field as well. By appropriate tuning, we can achieve that the light di-
rection in axion field space receives two potential contributions of different
periodicities. Similar to the drifting monodromies scenario above, we found
enhanced periodicities of the axion modulated by shorter oscillations. By
tuning positive minima of the oscillatory potential arise. We found that this
F-term potential may then be used to uplift vacua in the large volume sce-
nario to de Sitter vacua. The potential allows for enough tuning to make
this vacuum meta-stable. We found that in the KKLT scenario we cannot
uplift consistently with the minimal setup described. We examined the prob-
lems that arise and proposed on how to further develop the winding uplifting
idea in this background. We discussed how the DGKT solution in type I1IA
naturally gives rise to a similar scenario. We argued how the corresponding
supersymmetric AdS vacuum can be uplifted to stable, non-supersymmetric
ones.

A quantitative analysis of the no global symmetries conjecture was the
goal of Ch. We focused on global U(1) symmetries that derive from
gauged symmetries at a higher energy scale. A mass to the gauge boson
is introduced by the Stiickelberg mechanism which involves gauging an ax-
ion’s shift symmetry under the U(1) gauge symmetry. By this, the instan-
tons originally charged in the axion theory can now serve as endpoints of
worldlines of U(1)-charged particles. By integrating out instanton insertions
coupled to charged fields, one arrives at the usual operators as in the 't Hooft
vertex in SU(N) gauge theories, suppressed by the instanton action S; as
exp(—S7) . These manifestly gauge-invariant operators break the global sym-
metry once the gauge redundancy is completely fixed by setting the axion
to 0. Applying the WGC for axions in its electric and magnetic version, we
bounded the coupling of the global-symmetry-violating operator from below
by exp(—M3/A?), where A is the cut-off of the EFT.

In Ch. [6] we turned to one of the possible motivations behind the WGC:
Long-range repulsive forces should dominate over attractive ones to not allow
for an infinite tower of bound states. Rather than forbidding bound states
altogether, we proposed to constrain them in the absence of repulsive gauge
forces: Attractive forces should not be stronger than gravity alone. In order
to quantify this statement, we considered the minimal radius gravitationally
bound states formed from particles of mass m can reach and claimed that
this is the lower limit on the radius of any bound state formed from the
same particle species. This minimal radius is achieved at the critical radius
R ~ 1/m of black hole collapse for scalar particles of mass m . Since this turns
out to be independent of Mp, one may take the decoupling limit Mp — o0.
This led to the bound state conjecture: In any renormalizable effective field
theory the typical radius R of a stable bound state is bounded from below
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by R 2 1/m, where the scale m is the mass of the heaviest stable particle.
We gave a number of non-trivial examples to see how bound states become
unstable once this threshold is seemingly crossed.

Finally, we conclude by embedding our results in the general context of
the swampland program and by posing research questions that emerged from
the work done in this thesis.

Concerning the WGC for axions, we found axions with large decay con-
stants in Ch. [3] violating the simplest versions of the WGC, see Sect.
While it seems a generally accepted viewpoint that only a sub-lattice version
is expected to hold [53,54], we also found that only a very coarse sub-lattice
is subject to the WGC, which goes against the general expectation. This is
based, however, on two assumptions: First, the existence of Euclidean brane
instantons on the same two-cycle as the thraxion in the UV. These instantons
would be subject to the WGC but would have very large charges. Second,
we assumed that the WGC should be applicable to the effective instantons
corresponding to exponential terms in the superpotential. We expect this to
be true, as the classical effect of geometric back-reaction on the supergravity
side corresponds to actual instantonic effects on the dual gauge theory side.
Whether these two assumptions are correct is to be scrutinized in future
work.

There are two interesting open questions relating to the proposed thraxion
super- and Kahler potential: We lack a proper motivation of a possible N’ = 2
completion of the thraxion superpotential as well as the inclusion of non-
perturbative effects used in a full moduli stabilization scheme. The latter
usually lifts the mass degeneracy between axion and saxion partners. As KS
throats are prevalent in string phenomenology and we expect a large portion
to be part of multi throat systems [52], it is important to clarify to which
energy scales multi throat systems can be assumed to be stable. This includes
a necessary analysis of the possible interplay of the saxion with other modes
of a given model.

Putting the focus on the landscape, the phenomenology of the thraxion is
still to be explored in concrete setups. A possible application of the drifting
monodromies scenario has been found in [322] in hybrid inflation.

In Ch. ] we gave a concrete model of non-SUSY AdS and dS spaces.
The conjectured instability of such solutions is to be tested for the concrete
setups given. We expect the results to be very robust as they use few ingre-
dients. However, whether the proposed models can be realized depends on
the amount of tuning possible. We do expect to have a lot of tuning power
by choice of CY and fluxes, allowing for almost arbitrarily small uplifting
potentials that break supersymmetry. This is to be checked by a landscape
study of the parameters involved in tuning the potential as desired.
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Chapter 7. Summary and Outlook

As for the KKLT AdS vacuum, we were not successful in establishing that
SUSY-breaking winding uplifts exist. While we proposed how this could be
analyzed, we did not give a complete derivation of the existence of SUSY-
breaking minima at small values of the superpotential. This is to be studied
in future work.

Moving on to global symmetries in Ch. [5] we believe that we have made
major progress towards establishing a quantitative statement about the non-
existence of global symmetries which goes far beyond the statement of the
WGC forbidding small or vanishing coupling constants. While there have
been quantum gravity arguments to establish the same parametric estimate
before, we gave a derivation of the strength of violation based on commonly
accepted conjectures. As briefly discussed in Sect. one might even
consider a much stronger conjecture in the regime of perturbative EFTs by
not relying on the magnetic version of the axionic WGC to constrain the cut-
off but rather by imposing the energy scale at which the global symmetry
reveals itself to be of gauged origin as the cut-off. We see that we have been
conservative in our estimates and one might by able to conclude stronger
constraints from our general arguments. The status of the loophole posed in
Sect. remains to be clarified.

Our argument could lead to a proper derivation of a swampland global
symimetries conjecture. It is not clear yet which form it will take. Since we ex-
pect the landscape to be finite, there are far from enough tuning parameters
to make all symmetry-violating operators of arbitrary mass dimension expo-
nentially small. We therefore expect the conjecture to extend to fine-tuned
global symmetries as well. As discussed in more detail in Sect. [5.5.4] whether
all or only a subset of operators is to be restricted is as of yet unclear. If we in-
clude accidental symmetries in the discussion, we expect symmetry-violating
operators that are forbidden by gauge symmetries in lower-dimensional op-
erators to appear at some operator mass dimension. A possible extended
conjecture could include a bound on the smallest mass dimension in which
a symmetry-violating operator appears. An extension of our derivation to
the case of non-abelian and discrete symmetries (not inherited from a broken
U(1)) also remains to be discussed. There could be interesting phenomena
arising from having multiple U(1) symmetries with multiple axions coupling
in more complicated ways (to multiple U(1)’s at the same time with different
charges).

We highlight two current lines of research of relevance: Currently, the
role of gravitational instantons is debated. There are claims that (some of)
these are pure gauge redundancies [245-247|. Also, there is ongoing research
on global symmetries in the context of generalized global symmetries [323|
(see [324] for work in this direction), where a global symmetry is defined in
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purely topological terms. In this language, we have considered continuous
0-form symmetries.

It is interesting to further explore the purely quantum field theoretical
origin of the bound state conjecture of Ch. [l While it is motivated by
gravitational arguments, it remains non-trivial in the gravitational decou-
pling limit. We saw that it does in fact stand up to simple estimates of
non-gravitational systems. With this in mind, and its similarity to the un-
certainty relation, a proper proof or construction of counterexamples seems
achievable. Even without a fundamental derivation, further exploring exam-
ples away from renormalizable theories seems to be a fruitful way forward as
we saw when considering ()-bubbles in Sect. [6.4.2]

If the conjecture turns out to be true, we may draw an interesting con-
clusion: There are no IR-to-UV transformers. That is, one may not be able
to adiabatically collect energy density in the form of many low-mass parti-
cles to facilitate transitions to UV particles. The energy density may be too
wide-spread and the transition rates may remain exponentially suppressed.
If this turns out to be true, colliders seem to be the only way towards probing
UV physics.
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Appendix A

An Introduction to Conifold
Geometry

A.1 Deformed Conifold for General Complex
Structure Modulus

The unwarped internal geometry before back-reaction by fluxes is that of the
deformed conifold [123]. Tt can be embedded in C* via

wa =z, (A.1)

where w; are complex coordinates and z is some complex parameter. For now,
we set 2 = |z| € RT. One can check, that the five-dimensional hypersurface
at a given fixed radial coordinate p? = " |w;|> > |2| allows for a transitive
SU(2) x SU(2) action[]] with isotropy group U(1) C SU(2) x SU(2). The

space can therefore be written as the homogeneous space % LAt p? =

|z| , the isotropy group is enhanced to a diagonal SU(2) C SU(2) x SU(2),

therefore leading to the homogeneous space SU2)xSU(2) 50(43 = §3. Given

SU(2) ~ 503
that topologically % = S$3x S?%, we arrive at the picture of a family of

two-spheres along some radial coordinate fibered over a three-sphere, where
the two-sphere vanishes or collapses at the apex, while the three-sphere stays
finite everywhere.

L Acting as SO(4) on the vector (wy,ws,ws,ws)? in the obvious way [325]. It is more
convenient to parametrize the embedding via the matrix T = % > w;o;, with Pauli

matrices o; . General solutions to detl = —% and p? = tr TTT then take the form T =
LTy R, with a specific solution Ty(|z|, p) and (L, R) € SU(2) x SU(2). The SU(2) x SU(2)
action is now the obvious one (L, R) — (UL, UrR) [326].
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Appendix A. An Introduction to Conifold Geometry

Following [326], we may derive the most general SU(2) x SU(2)-invariant
metric, that is also invariant under a Z, exchange of the two SU(2)-factors.
It takes the form

ds? — (Bz 1 H2) <<gl)2 + (g2)2> + C? <(93)2 + (94)2>

(A.2)
2
+ D? (dp2 + (95) ) +2CH (glg4 — g2g3) )
Here, we used the vielbein
91:‘91_63 92262—64
V2 V2 A3
el +é? e? + et (4.3)
9’ = . gt = . g =,
V2 V2
with
el = —sinfdg;, €*=db;, €= costsinbhydp, — sinydbs, (AA)

et = sin ¢ sin Ooddy + cospdhy, € = dip + cos O1ddy + cos Bads .

The real coefficients B, C', D and H are functions of p and |z|. We impose
the constraints on the coefficients from the embedding and insert the
definition of the radial coordinate, as well as demand Ricci-flatness of the
metric (A.2). The resulting CY-metric with SU(2) x SU(2)-isometry is now
best expressed in the coordinate 7 > 0 defined via p* = || cosh T [326],

ast = B() ((6)° + (4)°) + G2 () + (4")°)

) (A.5)
+ Di(r) (a7 + (°)") .
with
2 K 2 K
Br) = |t K s 72 ) = el B ot (72)
: 1 A.6)
2 1 (sinh (27) — 27)3 (
D2CT:z§ ,  where K(7)= - ,
ac(7) = 2] 6K (7)? (7) 23 sinh(7)
and Hqy. = 0.
We now generalize this metric to arbitrary values of z = |z|e¢*? € C.

This is most easily done by considering the action of ¥ € U(1)g on the

coordinates
w; — w; €972 (A.7)
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A.1. Deformed Conifold for General Complex Structure Modulus

Looking at the embedding (A.I), this gives the rotation |z| — |z| ¢’ we are
after. After some calculation, one can reinterpret the rotation of coordinate
w; as an action on the coefficients B, C', D and H. The new coefficients
after applying a U(1)g rotation to second order in ¢ read

B = By, ,
d + C(dc 8Cdc
O = Cy + 2 Bie = Cie (A8)
8Cdc ,
H Cgc — Bgc )
261dc

In the full result (i.e., beyond quadratic order in ¢) the periodicity ¢ —
@ + 27 is of course preserved.

We now want to determine the metric at large p* > |z|. For ¢ = 0 one
may express it in the form

ds? = fO(T)QdT2 _|_r2 < f5 + Zfl ) , (Ag)

where we have introduced the asymptotic conifold radial coordinate r =
\/§p2/3. Defining €(r) = |—,|, at order €’ one has f; = 1 which corresponds

to the metric of the singular conifold. However, also far away from the
deformation € < 1, we see some remnant of the apex geometry

) = ) = 3D () =1+ 0(),
6 3\ %
= B0 = 5800 =1+ (5) e+0@, (o

3/2
B = £0) = 50 ) =1- (3) e+ 0@,

Neglecting numerical O(1)-factors, we arrive at

ds? —dr? 4 2 {dﬁ%u + €(r) [(91)2 + (92)2 - (93)2 - (94)2]}

(A.11)
+ O(€?).

Using the transformation behaviour of the coefficients of the angular terms
(A.8)), it is now straightforward to write down the same asymptotic expansion
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Appendix A. An Introduction to Conifold Geometry

for non-zero ¢
ds® = dr® + r* {dQf.1 + e(r)dQ(p) }
193(¢) = (1+¢%) (1) + (69" - (6)° - (6")7) (A.12)
+(9'g" — o’¢%)
Finally, we consider the full 10d metric found as a solution to 10d SUGRA

with M units of Fs-flux on the three-sphere described above and some Hs-flux
(unquantized in the non-compact setting) on the dual cycle [49]

ds? = w?(r)n,,da"de” + w2 (r)ds3, (A.13)

where the warp factor goes like

2
9 r 1

T g Mo 3
111(7—)

|2l

w(r)

, (A.14)

for % > 1. For arbitrary ¢, we will work with the asymptotic metric

ds® = w?(r)nudatdz” + w>(r) [dr* +r* (5. + e(r)dQs(9)?)] . (A.15)

A.2 The Axion Potential in the Local Throat

In the main text we have repeatedly made use of the fact that the Cs- and
By-axions c and b can only enter the scalar potential that is generated in the
local throat in certain combinations with the ‘local complex structure’ of the
throat, namely the real and imaginary part of

MlIn(z) —iG, (A.16)

where G = ¢ — 7b, and z is the ‘local complex structure’. Here, we would
like to derive this without using ‘local flux stabilization’ as in Sect. but
rather rely only on asymptotic properties of the KS/KT solution [115}49].
For simplicity we will set the RR zero form to zero, i.e., 7 = ig; .

We cut off the throat at a radial coordinate riyv and define the b-axion at
that value of the radial coordinate. Since the B, profile runs along the radial
direction [327], changing b — b+ b can be realized by choosing a different
UV-cut-off 7, . Since the absolute value of the complex structure is defined
in units of the UV-cut-off it scales as

__sb_
Z2—>e Mz, (A.17)
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A.2. The Axion Potential in the Local Throat

Since this is just a coordinate transformation from the perspective of the
local KS throat, the combination gsM In(|z|) + b cannot appear in the scalar
potential that is generated within the throat. It acquires physical meaning
only if the throat is cut off at fixed, finite ryy .

Similarly, in the limit |z| /73 — 0 the RR three form takes the form

Fy =2ma' M (¢° + de/M) Aws, (A.18)

where g°> = d¢ + ... is given by (A.3)), and wy, is the normalized harmonic 2-
form of T"!. The field ¢(z) transforms like a Goldstone boson under (local)
coordinate transformations [149]

v — Y+ 2w(x), cr) — c(r)—2Mw(x). (A.19)

Shifting along this angular direction is an isometry of the asymptotic KS
solution (called U(1)g). Near the IR this is not the case precisely because
(by definition) the phase of the complex structure also transforms like a
Goldstone boson, see App.

argz — argz — 2w. (A.20)

Again, in the local throat the combination M arg z+ ¢ has no physical mean-
ing as it is eaten via the Higgs mechanism. Only when the throat is glued
into the CY space at finite radial coordinate ryy does the c-axion gain its
independent physical meaning because the U(1)g symmetry is badly bro-
ken by the CY geometry. Putting together the real and imaginary part of
G = ¢ — 7b, we arrive at the conclusion that only the combination is
physical when considering a single throat. A second degree of freedom only
becomes physical by finiteness of the throat, i.e., by breaking the asymptotic
U(1)g symmetry. This also implies that the kinetic terms for the fields ¢ 5
stated in actually take the form [0(p1 9 £ ¢/M)]? since they arise from
local throat physics. We have disregarded some unimportant off-diagonal
terms in the kinetic matrix.

The transformation behavior of ¢(x) under a U(1)g can also be calculated
directly [328]. For this, we choose some S?-submanifold of the cross-section
T*! of the deformed conifold far in the UV and apply the U(1)y action on the
coordinates as in App. One can show that the manifold X defined by
the U(1)z-orbit of S%.-submanifolds is an element of H3(T"!), and therefore
a multiple of the S®-cycle of T%'. It turns out that the multiplicity is 2.
Denoting a member of the family of two-spheres as S?*(w), w € U(1)r, we
therefore find by applying Stokes” theorem

/ 02—/ Cy :/ Fy :2/ Fy =2(27)%a'M . (A.21)
52(0) 52(27) X 53
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Appendix A. An Introduction to Conifold Geometry

Using homogeneity of the flux distribution we extrapolate to general trans-
formations [g, ) Co — [4(,) Co = 4ma’Mw. In terms of c defined on (say)

S2(0), we arrive at the transformation law as stated above. Interpreting
fSQ C5 as a generalized Wilson line, we find the usual behavior under de-
forming the integration path over some region with non-vanishing associated
field-strength F3. Under m € U(1)g, the family S?(w) sweeps out S* com-
pletely; accordingly the Wilson line picks up the flux [, F3 = (2m)*a/M .

A.3 Background on Multi Conifolds

In this appendix we discuss preliminaries that are important for Sect.
We follow mainly Chapter 8 of [140].

For a general CY threefold M we can choose 2h%! 4 2 three-cycles A%,
B,,a=1,...h*" + 1 as a symplectic basis of H3(M), i.e.

/a“:/a“/\ﬁbzég‘, /6a:/ﬁa/\a”:—52, (A.22)
Ab M By M

where a® and 3, are the harmonic three-forms that are Poincaré dual to B,
respectively A®*. One may define the periods

e | Q. G“_/Q, (A.23)
Aa Ba

where €2 is the holomorphic three-form. The 2z, form a set of projective
coordinates on complex structure moduli space and the G* are functions of
them. We are interested in what happens when n cycles ¢ with m homology
relations among them shrink at a conifold point in moduli space. The Picard-
Lefschetz formula states that upon encircling a conifold point in moduli space,
a three-cycle § undergoes the monodromy [329,330,/139|

b — 6+ zn:@ Ny . (A.24)

i=1
Knowing this monodromy transformation is enough to determine that

n

/6 Q- - > 6N+ / Q2 In( / Q) + single-valued . (A.25)

21 — . i

We may choose n —m of the degenerating cycles as part of the basis A* = ~*
fort=1,...,n —m, while the remaining m are integer linear combinations
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A.3. Background on Multi Conifolds

yi=3Y A for i =n—m+1,...,n. By applying (A.24)) to the cycles
B, we arrive at

n

1 1 ,
G* = N =——21 a et ‘21 i
/Ba 57~ n(z,) + 57 i;+1 cl ziIn(z;)

(A.26)
+g%(2), a=1,...n—m,

where ¢%(z) are n — m holomorphic functions. Here, we have defined z; =
Ytz fori=n—m+1,...,n,le, z = fwi Q) when applying
At frozen values of 2%, a = n —m+1,...,h*' + 1 the periods associated to
other cycles, G* = [, Q, with a =n —m +1,...,h*" 4+ 1, are holomorphic
in the complex structures that parametrize the multi conifold deformations,
i.e., in the z', with ¢ = 1,...,n — m. In what follows we denote by 2® only
the multi conifold deformation parameters.

We may now evaluate the GVW superpotential W = fM G3 N\ where we
choose flux quanta M, and K according to Gz = — Y /""" (M,a® —T7K"f3,) .
Using that

/a“AQ:—/Q:—G“, /@J\Qz—/ O=—z, (A27)
M o M Aa

one obtains

n—m n

M, M;
W(z,) = Z; 5l In(z,) + '_ZH 9% In(2;)
e e (A.28)
+ Z M,g%(z) — T Z K%, + Wg(za) ,
a=1 a=1

where we have defined M; = > """ ¢! M,, and the holomorphic function

Wo(za) parametrizes the contributions from fluxes on other cycles. We may
use the z, and z; with ¢ = n—m+1,...,n on the same footing by interpreting
our definition of the z; as m constraint equations

0=P = przi = Znomil — Z ity I=1,..,m. (A.29)
i=1 a=1

Here, the m x n matrix p! is implicitely defined as

—ermt =1, n—
pzl :{ CZ Y ? Y 7n m; (ABO)

5?""“, i=n—m+1,...,n.

2 When using a local expression for the holomorphic three-form  in the vicinity of
smoothed conical singularity described by (3.1) one can calculate fwi Q = z; [154]. This
identifies the z; defined here with the local deformation parameter of the i-th throat.
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Appendix A. An Introduction to Conifold Geometry

We may now write the superpotential as

W(z) = i <

(2) + Mig'(2) — TKiz,»)

= (A.31)
-+ Z )\[PI -+ WO(ZZ‘) s
I=1

with m Lagrange multipliers A;. The homology relation is now enforced
via the F-term of the fields A;, compare [154] where Lagrange multipliers in
the superpotential are also used to impose additional constraints on chiral
superfields. In doing so, we have defined ¢* to be zero for i > n —m.

The F3-flux on +* is given by M;. By the definition of M; for i = n —
m+1,...,n, the flux numbers automatically fulfill Y1  p/M; =0 for all 1.
In democramc terms, the n flux numbers M; must be chosen in compliance
with the m homology constraints Y p!M; = 0. The Hs-flux on B, is given
by K+ Y7, cimmH Kn=mHl - ag this is the coefficient appearing in front
of z,. In other Words the n — m flux quantization conditions read K* +
ST crmmH gnemtl ¢ 7 Note that we may transform K — K+, a;p!
for any a € C™ because the superpotential is left invariant upon imposing
the constraint equations, that is to say, we can undo such a transformation
by also shifting the Lagrange multipliers A\! — M +7a! . Of course, the flux
quantization conditions are invariant under these shifts. Finally, the Kéahler
potential is given by

Ks(zi,2) = ln<—z/Q/\Q)
—In <z’gK( —igr(2) + Z 12.G%(2) + c.c. )
a=1

= — ln(igK(z) —igk(z)
—I—Z [ In(|z|?) +izig'(2) — zzlm}> ,

where g = > ,_ ", .1 Z.G%(2) encodes contributions from other cycles. It
is holomorphic in z,, a = 1,...,n — m. Note that despite the democratic
formulation, the Kéahler and superpotential are strictly defined only along
complex structure moduli space, where P! = 0. As explained in Sect.
we propose to extend the domain of these functions to the deformation space
parametrized by all z; by introducing general Taylor expansions of ¢'(z;),

g (2;) and Wo(zi) in (3.58)).

(A.32)

168









Own Publications

This thesis is based on the following papers.

|[A] A. Hebecker, S. Leonhardt, J. Moritz and A. Westphal, Thrazions:
Ultralight Throat Azxions,
JHEP 04 (2019) 158 | [1812.03999].

[B] B. Freivogel, T. Gasenzer, A. Hebecker and S. Leonhardt, A Conjecture
on the Minimal Size of Bound States,
SciPost Phys. 8 (2020) 058 |[1912.09485].

|[C] T. Daus, A. Hebecker, S. Leonhardt and J. March-Russell, Towards a
Swampland Global Symmetry Conjecture using Weak Gravity,
Nuel. Phys. B 960 (2020) 115167 | [2002.02456).

[D] A. Hebecker and S. Leonhardt, Winding Uplifts: Small SUSY Breaking
in the Flur Landscape,
to appear.


https://doi.org/10.1007/JHEP04(2019)158
https://arxiv.org/abs/1812.03999
https://doi.org/10.21468/SciPostPhys.8.4.058
https://arxiv.org/abs/1912.09485
https://doi.org/10.1016/j.nuclphysb.2020.115167
https://arxiv.org/abs/2002.02456




References

1]

2]

3]

|4

5]

(6]

7]

18]

19]

ATLAS collaboration, G. Aad et al., Observation of a new particle in
the search for the Standard Model Higgs boson with the ATLAS
detector at the LHC, Phys. Lett. B 716 (2012) 1-29 |1207.7214|.

LIGO ScIENTIFIC, VIRGO collaboration, B. Abbott et al.,
Observation of Gravitational Waves from a Binary Black Hole
Merger, Phys. Rev. Lett. 116 (2016) 061102/ [1602.03837|.

A. H. Guth, The Inflationary Universe: A Possible Solution to the
Horizon and Flatness Problems, |Adv. Ser. Astrophys. Cosmol. 3
(1987) 139-148.

F. Denef and M. R. Douglas, Distributions of flux vacua, JHEP 05
(2004) 072/ [hep-th/0404116].

A. Arvanitaki, S. Dimopoulos, S. Dubovsky, N. Kaloper and
J. March-Russell, String Aziverse, Phys. Rev. D81 (2010) 123530
[0905 . 4720].

PLANCK collaboration, N. Aghanim et al., Planck 2018 results. VI.
Cosmological parameters, |Astron. Astrophys. 641 (2020) A6
[1807.06209].

PLANCK collaboration, Y. Akrami et al., Planck 2018 results. I.
Querview and the cosmological legacy of Planck, |Astron. Astrophys.
641 (2020) A1 [1807.06205|.

D. H. Lyth, What would we learn by detecting a gravitational wave
signal in the cosmic microwave background anisotropy?, |Phys. Rev.
Lett. 78 (1997) 18611863 [hep-ph/9606387|.

K. Freese, J. A. Frieman and A. V. Olinto, Natural inflation with
pseudo - Nambu-Goldstone bosons, Phys. Rev. Lett. 65 (1990)
3233-3236

I11


https://doi.org/10.1016/j.physletb.2012.08.020
https://arxiv.org/abs/1207.7214
https://doi.org/10.1103/PhysRevLett.116.061102
https://arxiv.org/abs/1602.03837
https://doi.org/10.1103/PhysRevD.23.347
https://doi.org/10.1103/PhysRevD.23.347
https://doi.org/10.1088/1126-6708/2004/05/072
https://doi.org/10.1088/1126-6708/2004/05/072
https://arxiv.org/abs/hep-th/0404116
https://doi.org/10.1103/PhysRevD.81.123530
https://arxiv.org/abs/0905.4720
https://doi.org/10.1051/0004-6361/201833910
https://arxiv.org/abs/1807.06209
https://doi.org/10.1051/0004-6361/201833880
https://doi.org/10.1051/0004-6361/201833880
https://arxiv.org/abs/1807.06205
https://doi.org/10.1103/PhysRevLett.78.1861
https://doi.org/10.1103/PhysRevLett.78.1861
https://arxiv.org/abs/hep-ph/9606387
https://doi.org/10.1103/PhysRevLett.65.3233
https://doi.org/10.1103/PhysRevLett.65.3233

[10] D. Baumann and L. McAllister, Inflation and String Theory,
Cambridge Monographs on Mathematical Physics. Cambridge
University Press, 5, 2015, [10.1017/CB09781316105733, [1404.2601].

[11] C. Vafa, The String landscape and the swampland, hep-th/0509212.

[12] H. Ooguri and C. Vafa, On the Geometry of the String Landscape and
the Swampland, Nucl. Phys. B766 (2007) 21-33 [hep-th/0605264|.

[13] T. D. Brennan, F. Carta and C. Vafa, The String Landscape, the
Swampland, and the Missing Corner, PoS TASI2017 (2017) 015
[1711.00864].

[14] E. Palti, The Swampland: Introduction and Review, Fortsch. Phys. 67
(2019) 1900037 [1903.06239].

[15] T. Banks and L. J. Dixon, Constraints on String Vacua with
Space-Time Supersymmetry, Nucl. Phys. B307 (1988) 93-108.

[16] T. Banks and N. Seiberg, Symmetries and Strings in Field Theory
and Gravity, Phys. Rev. D83 (2011) 084019 [1011.5120].

[17] N. Arkani-Hamed, L. Motl, A. Nicolis and C. Vafa, The String
landscape, black holes and gravity as the weakest force, JHEP 06
(2007) 060 [hep-th/0601001].

[18] E. Palti, The Weak Gravity Conjecture and Scalar Fields, JHEP 08
(2017) 034 [1705.04328|.

[19] A. Hebecker and P. Soler, The Weak Gravity Conjecture and the
Azionic Black Hole Paradox, JHEP 09 (2017) 036 [1702.06130].

[20] P. Sikivie, Azion Cosmology, Lect. Notes Phys. 741 (2008) 19-50
|astro-ph/0610440].

[21] J. Jaeckel and A. Ringwald, The Low-FEnergy Frontier of Particle
Physics, Ann. Rev. Nucl. Part. Sci. 60 (2010) 405-437 [1002.0329].

[22] J. P. Conlon, The QCD azxion and moduli stabilisation, JHEP 05
(2006) 078 [hep-th/0602233|.

[23] P. Svreek and E. Witten, Azions In String Theory, JHEP 06 (2006)
051/ [nep-th/0605206].

[24] T. W. Grimm, Azion inflation in type II string theory, Phys. Rev.
D77 (2008) 126007 [0710.3883].

IV


https://doi.org/10.1017/CBO9781316105733
https://arxiv.org/abs/1404.2601
https://arxiv.org/abs/hep-th/0509212
https://doi.org/10.1016/j.nuclphysb.2006.10.033
https://arxiv.org/abs/hep-th/0605264
https://doi.org/10.22323/1.305.0015
https://arxiv.org/abs/1711.00864
https://doi.org/10.1002/prop.201900037
https://doi.org/10.1002/prop.201900037
https://arxiv.org/abs/1903.06239
https://doi.org/10.1016/0550-3213(88)90523-8
https://doi.org/10.1103/PhysRevD.83.084019
https://arxiv.org/abs/1011.5120
https://doi.org/10.1088/1126-6708/2007/06/060
https://doi.org/10.1088/1126-6708/2007/06/060
https://arxiv.org/abs/hep-th/0601001
https://doi.org/10.1007/JHEP08(2017)034
https://doi.org/10.1007/JHEP08(2017)034
https://arxiv.org/abs/1705.04328
https://doi.org/10.1007/JHEP09(2017)036
https://arxiv.org/abs/1702.06130
https://doi.org/10.1007/978-3-540-73518-2_2
https://arxiv.org/abs/astro-ph/0610440
https://doi.org/10.1146/annurev.nucl.012809.104433
https://arxiv.org/abs/1002.0329
https://doi.org/10.1088/1126-6708/2006/05/078
https://doi.org/10.1088/1126-6708/2006/05/078
https://arxiv.org/abs/hep-th/0602233
https://doi.org/10.1088/1126-6708/2006/06/051
https://doi.org/10.1088/1126-6708/2006/06/051
https://arxiv.org/abs/hep-th/0605206
https://doi.org/10.1103/PhysRevD.77.126007
https://doi.org/10.1103/PhysRevD.77.126007
https://arxiv.org/abs/0710.3883

[25] M. Cicoli, M. Goodsell and A. Ringwald, The type IIB string aziverse
and its low-energy phenomenology, JHEP 10 (2012) 146/ [1206.0819|.

[26] C. Cheung and G. N. Remmen, Naturalness and the Weak Gravity
Conjecture, Phys. Rev. Lett. 113 (2014) 051601 [1402.2287].

[27] A. de la Fuente, P. Saraswat and R. Sundrum, Natural Inflation and
Quantum Gravity, Phys. Rev. Lett. 114 (2015) 151303 [1412.3457].

[28] T. Rudelius, Constraints on Azion Inflation from the Weak Gravity
Congecture, JCAP 1509 (2015) 020/ [1503.00795].

[29] M. Montero, A. M. Uranga and 1. Valenzuela, Transplanckian
azions!?, JHEP 08 (2015) 032/ [1503.03886].

[30] J. Brown, W. Cottrell, G. Shiu and P. Soler, Fencing in the
Swampland: Quantum Gravity Constraints on Large Field Inflation,
JHEP 10 (2015) 023 [1503.04783].

[31] T. C. Bachlechner, C. Long and L. McAllister, Planckian Azions and
the Weak Gravity Conjecture, JHEP 01 (2016) 091 [1503.07853).

[32] A. Hebecker, P. Mangat, F. Rompineve and L. T. Witkowski, Winding
out of the Swamp: Evading the Weak Gravity Conjecture with F-term
Winding Inflation?, Phys. Lett. BT748 (2015) 455—462/[1503.07912).

[33] B. Heidenreich, M. Reece and T. Rudelius, Weak Gravity Strongly
Constrains Large-Field Azion Inflation, JHEP 12 (2015) 108
[1506.03447].

[34] D. Junghans, Large-Field Inflation with Multiple Azions and the
Weak Gravity Conjecture, JHEP 02 (2016) 128 [1504.03566|.

[35] K. Kooner, S. Parameswaran and 1. Zavala, Warping the Weak
Gravity Congjecture, |Phys. Lett. B759 (2016) 402-409 [1509.07049|.

[36] N. Kaloper, M. Kleban, A. Lawrence and M. S. Sloth, Large Field
Inflation and Gravitational Entropy, Phys. Rev. D93 (2016) 043510
’1511 . 05119].

[37] R. Kappl, H. P. Nilles and M. W. Winkler, Modulated Natural
Inflation, Phys. Lett. B753 (2016) 653-659 [1511.05560).

[38] K. Choi and H. Kim, Aligned natural inflation with modulations,
Phys. Lett. B759 (2016) 520-527 [1511.07201].


https://doi.org/10.1007/JHEP10(2012)146
https://arxiv.org/abs/1206.0819
https://doi.org/10.1103/PhysRevLett.113.051601
https://arxiv.org/abs/1402.2287
https://doi.org/10.1103/PhysRevLett.114.151303
https://arxiv.org/abs/1412.3457
https://doi.org/10.1088/1475-7516/2015/09/020; 10.1088/1475-7516/2015/9/020
https://arxiv.org/abs/1503.00795
https://doi.org/10.1007/JHEP08(2015)032
https://arxiv.org/abs/1503.03886
https://doi.org/10.1007/JHEP10(2015)023
https://arxiv.org/abs/1503.04783
https://doi.org/10.1007/JHEP01(2016)091
https://arxiv.org/abs/1503.07853
https://doi.org/10.1016/j.physletb.2015.07.026
https://arxiv.org/abs/1503.07912
https://doi.org/10.1007/JHEP12(2015)108
https://arxiv.org/abs/1506.03447
https://doi.org/10.1007/JHEP02(2016)128
https://arxiv.org/abs/1504.03566
https://doi.org/10.1016/j.physletb.2016.05.082
https://arxiv.org/abs/1509.07049
https://doi.org/10.1103/PhysRevD.93.043510
https://arxiv.org/abs/1511.05119
https://doi.org/10.1016/j.physletb.2015.12.073
https://arxiv.org/abs/1511.05560
https://doi.org/10.1016/j.physletb.2016.05.097
https://arxiv.org/abs/1511.07201

[39]

[40]

[41]

[42]

[43]

[44]

[45]

|46]

[47]

48]

[49]

[50]

[51]

VI

P. Saraswat, Weak gravity conjecture and effective field theory, Phys.
Rev. D95 (2017) 025013 [1608.06951].

A. Hebecker, J. Moritz, A. Westphal and L. T. Witkowski, Towards
Azion Monodromy Inflation with Warped KK-Modes, Phys. Lett.
B754 (2016) 328334/ [1512.04463|.

E. Silverstein and A. Westphal, Monodromy in the CMB: Gravity
Waves and String Inflation, Phys. Rev. D78 (2008) 106003
[0803.3085].

L. McAllister, E. Silverstein and A. Westphal, Gravity Waves and
Linear Inflation from Azion Monodromy, Phys. Rev. D82 (2010)
046003/ [0808 . 0706].

F. Marchesano, G. Shiu and A. M. Uranga, F-term Azion Monodromy
Inflation, JHEP 09 (2014) 184 |1404.3040).

R. Blumenhagen and E. Plauschinn, Towards Universal Azion
Inflation and Reheating in String Theory, Phys. Lett. B736 (2014)
482487 l1404.3542|.

A. Hebecker, S. C. Kraus and L. T. Witkowski, D7-Brane Chaotic
Inflation, |Phys. Lett. BT37 (2014) 16-22 [1404.3711].

L. E. Ibanez, M. Montero, A. Uranga and I. Valenzuela, Relazion
Monodromy and the Weak Gravity Conjecture, JHEP 04 (2016) 020
[1512.00025].

A. Hebecker, F. Rompineve and A. Westphal, Azion Monodromy and
the Weak Gravity Conjecture, JHEP 04 (2016) 157 [1512.03768|.

D. Klaewer and E. Palti, Super-Planckian Spatial Field Variations
and Quantum Gravity, JHEP 01 (2017) 088 [1610.00010].

I. R. Klebanov and M. J. Strassler, Supergravity and a confining
gauge theory: Duality cascades and chi SB resolution of naked
singularities, JHEP 08 (2000) 052 [hep-th/0007191].

S. Ashok and M. R. Douglas, Counting fluxz vacua, JHEP 01 (2004)
060 [nep-th/0307049)].

A. Hebecker and J. March-Russell, The Ubiquitous throat, Nucl. Phys.
B781 (2007) 99-111| |hep-th/0607120|.


https://doi.org/10.1103/PhysRevD.95.025013
https://doi.org/10.1103/PhysRevD.95.025013
https://arxiv.org/abs/1608.06951
https://doi.org/10.1016/j.physletb.2017.02.029;;;;;;;;;;;;;;;;;;;;;;;;;;;; 10.1016/j.physletb.2016.01.030
https://doi.org/10.1016/j.physletb.2017.02.029;;;;;;;;;;;;;;;;;;;;;;;;;;;; 10.1016/j.physletb.2016.01.030
https://arxiv.org/abs/1512.04463
https://doi.org/10.1103/PhysRevD.78.106003
https://arxiv.org/abs/0803.3085
https://doi.org/10.1103/PhysRevD.82.046003
https://doi.org/10.1103/PhysRevD.82.046003
https://arxiv.org/abs/0808.0706
https://doi.org/10.1007/JHEP09(2014)184
https://arxiv.org/abs/1404.3040
https://doi.org/10.1016/j.physletb.2014.08.007
https://doi.org/10.1016/j.physletb.2014.08.007
https://arxiv.org/abs/1404.3542
https://doi.org/10.1016/j.physletb.2014.08.028
https://arxiv.org/abs/1404.3711
https://doi.org/10.1007/JHEP04(2016)020
https://arxiv.org/abs/1512.00025
https://doi.org/10.1007/JHEP04(2016)157
https://arxiv.org/abs/1512.03768
https://doi.org/10.1007/JHEP01(2017)088
https://arxiv.org/abs/1610.00010
https://doi.org/10.1088/1126-6708/2000/08/052
https://arxiv.org/abs/hep-th/0007191
https://doi.org/10.1088/1126-6708/2004/01/060
https://doi.org/10.1088/1126-6708/2004/01/060
https://arxiv.org/abs/hep-th/0307049
https://doi.org/10.1016/j.nuclphysb.2007.05.003
https://doi.org/10.1016/j.nuclphysb.2007.05.003
https://arxiv.org/abs/hep-th/0607120

[52]

[53]

[54]

[55]

[56]

[57]
[58]

[59]

[60]

[61]

[62]

[63]

[64]

F. Carta, J. Moritz and A. Westphal, A landscape of orientifold
vacua, JHEP 05 (2020) 107 [2003.04902].

B. Heidenreich, M. Reece and T. Rudelius, Sharpening the Weak
Gravity Conjecture with Dimensional Reduction, JHEP 02 (2016) 140
[1509.06374).

B. Heidenreich, M. Reece and T. Rudelius, Evidence for a sublattice
weak gravity conjecture, JHEP 08 (2017) 025 [1606.08437|.

H. Ooguri, E. Palti, G. Shiu and C. Vafa, Distance and de Sitter
Conjectures on the Swampland, Phys. Lett. B 788 (2019) 180-184
[1810.05506].

H. Ooguri and C. Vafa, Non-supersymmetric AdS and the Swampland,
Adv. Theor. Math. Phys. 21 (2017) 1787-1801 [1610.01533|.

B. Freivogel and M. Kleban, Vacua Morghulis, 1610.04564.

S. Kachru, R. Kallosh, A. D. Linde and S. P. Trivedi, De Sitter vacua
in string theory, Phys. Rev. D68 (2003) 046005/ [hep-th/0301240].

J. Moritz, A. Retolaza and A. Westphal, Toward de Sitter space from
ten dimensions, Phys. Rev. D 97 (2018) 046010 [1707.08678|.

J. Moritz, A. Retolaza and A. Westphal, On uplifts by warped
anti-D3-branes, Fortsch. Phys. 67 (2019) 1800098 [1809.06618|.

I. Bena, E. Dudas, M. Grana and S. Liist, Uplifting Runaways,
Fortsch. Phys. 67 (2019) 1800100 [1809.06861|.

R. Kallosh, A. Linde, E. McDonough and M. Scalisi, 4D models of de
Sitter uplift, Phys. Rev. D 99 (2019) 046006 [1809.09018|.

R. Kallosh, A. Linde, E. McDonough and M. Scalisi, de Sitter Vacua
with a Nilpotent Superfield, Fortsch. Phys. 67 (2019) 1800068
[1808.09428].

F. Gautason, V. Van Hemelryck and T. Van Riet, The Tension
between 10D Supergravity and dS Uplifts, Fortsch. Phys. 67 (2019)
1800091 [1810.08518].

[65] Y. Hamada, A. Hebecker, G. Shiu and P. Soler, On brane gaugino

condensates in 10d, JHEP 04 (2019) 008|[1812.06097|.

VII


https://doi.org/10.1007/JHEP05(2020)107
https://arxiv.org/abs/2003.04902
https://doi.org/10.1007/JHEP02(2016)140
https://arxiv.org/abs/1509.06374
https://doi.org/10.1007/JHEP08(2017)025
https://arxiv.org/abs/1606.08437
https://doi.org/10.1016/j.physletb.2018.11.018
https://arxiv.org/abs/1810.05506
https://doi.org/10.4310/ATMP.2017.v21.n7.a8
https://arxiv.org/abs/1610.01533
https://arxiv.org/abs/1610.04564
https://doi.org/10.1103/PhysRevD.68.046005
https://arxiv.org/abs/hep-th/0301240
https://doi.org/10.1103/PhysRevD.97.046010
https://arxiv.org/abs/1707.08678
https://doi.org/10.1002/prop.201800098
https://arxiv.org/abs/1809.06618
https://doi.org/10.1002/prop.201800100
https://arxiv.org/abs/1809.06861
https://doi.org/10.1103/PhysRevD.99.046006
https://arxiv.org/abs/1809.09018
https://doi.org/10.1002/prop.201800068
https://arxiv.org/abs/1808.09428
https://doi.org/10.1002/prop.201800091
https://doi.org/10.1002/prop.201800091
https://arxiv.org/abs/1810.08518
https://doi.org/10.1007/JHEP04(2019)008
https://arxiv.org/abs/1812.06097

[66]

67]

[68]

[69]

[70]

[71]

[72]

73]

[74]

[75]

[76]

7]

78]

VIII

J. Armas, N. Nguyen, V. Niarchos, N. A. Obers and T. Van Riet,
Meta-stable non-extremal anti-branes, Phys. Rev. Lett. 122 (2019)
181601 |1812.01067].

R. Kallosh, A. Linde, E. McDonough and M. Scalisi, dS Vacua and
the Swampland, JHEP 03 (2019) 134/[1901.02022).

Y. Hamada, A. Hebecker, G. Shiu and P. Soler, Understanding KKLT
from a 10d perspective, JHEP 06 (2019) 019 [1902.01410|.

F. Carta, J. Moritz and A. Westphal, Gaugino condensation and
small uplifts in KKLT, JHEP 08 (2019) 141 [1902.01412].

F. Gautason, V. Van Hemelryck, T. Van Riet and G. Venken, A 10d
view on the KKLT AdS vacuum and uplifting, JHEP 06 (2020) 074
[1902.01415].

I. Garcia-Etxebarria, T. W. Grimm and I. Valenzuela, Special Points
of Inflation in Fluxz Compactifications, Nucl. Phys. B 899 (2015)
114-443) [1412.5537].

V. Balasubramanian and P. Berglund, Stringy corrections to Kahler
potentials, SUSY breaking, and the cosmological constant problem,

JHEP 11 (2004) 085/ [hep-th/0408054].

V. Balasubramanian, P. Berglund, J. P. Conlon and F. Quevedo,
Systematics of moduli stabilisation in Calabi-Yau flux
compactifications, JHEP 03 (2005) 007 [hep-th/0502058|.

O. DeWolfe, A. Giryavets, S. Kachru and W. Taylor, Type IIA moduli
stabilization, JHEP 07 (2005) 066 [hep-th/0505160|.

S. B. Giddings and A. Strominger, Azion Induced Topology Change in
Quantum Gravity and String Theory, Nucl. Phys. B306 (1988)
890-907.

K.-M. Lee, Wormholes and Goldstone Bosons, Phys. Rev. Lett. 61
(1988) 263-266.

L. F. Abbott and M. B. Wise, Wormholes and Global Symmetries,
Nucl. Phys. B325 (1989) 687-704.

S. R. Coleman and K.-M. Lee, Wormholes Made Without Massless
Matter Fields, Nucl. Phys. B329 (1990) 387-409.


https://doi.org/10.1103/PhysRevLett.122.181601
https://doi.org/10.1103/PhysRevLett.122.181601
https://arxiv.org/abs/1812.01067
https://doi.org/10.1007/JHEP03(2019)134
https://arxiv.org/abs/1901.02022
https://doi.org/10.1007/JHEP06(2019)019
https://arxiv.org/abs/1902.01410
https://doi.org/10.1007/JHEP08(2019)141
https://arxiv.org/abs/1902.01412
https://doi.org/10.1007/JHEP06(2020)074
https://arxiv.org/abs/1902.01415
https://doi.org/10.1016/j.nuclphysb.2015.08.008
https://doi.org/10.1016/j.nuclphysb.2015.08.008
https://arxiv.org/abs/1412.5537
https://doi.org/10.1088/1126-6708/2004/11/085
https://arxiv.org/abs/hep-th/0408054
https://doi.org/10.1088/1126-6708/2005/03/007
https://arxiv.org/abs/hep-th/0502058
https://doi.org/10.1088/1126-6708/2005/07/066
https://arxiv.org/abs/hep-th/0505160
https://doi.org/10.1016/0550-3213(88)90446-4
https://doi.org/10.1016/0550-3213(88)90446-4
https://doi.org/10.1103/PhysRevLett.61.263
https://doi.org/10.1103/PhysRevLett.61.263
https://doi.org/10.1016/0550-3213(89)90503-8
https://doi.org/10.1016/0550-3213(90)90149-8

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

87]

88]

[89]

[90]

[91]

M. Kamionkowski and J. March-Russell, Planck scale physics and the
Peccei-Quinn mechanism, Phys. Lett. B282 (1992) 137-141
[hep-th/9202003].

R. Holman, S. D. H. Hsu, T. W. Kephart, E. W. Kolb, R. Watkins
and L. M. Widrow, Solutions to the strong CP problem in a world
with gravity, Phys. Lett. B282 (1992) 132-136 [hep-ph/9203206|.

R. Kallosh, A. D. Linde, D. A. Linde and L. Susskind, Gravity and
global symmetries, Phys. Rev. D52 (1995) 912-935 |hep-th/9502069|.

D. Harlow and H. Ooguri, Symmetries in quantum field theory and
quantum grawvity, 1810.05338.

S. Fichet and P. Saraswat, Approzimate Symmetries and Gravity,
JHEP 01 (2019) 088 [1909.02002].

E. Gonzalo and L. E. Ibanez, A Strong Scalar Weak Gravity
Conjecture and Some Implications, JHEP 08 (2019) 118
[1903.08878].

D. Lust and E. Palti, Scalar Fields, Hierarchical UV/IR Mizing and
The Weak Gravity Conjecture, JHEP 02 (2018) 040 [1709.01790].

T. W. Grimm, E. Palti and I. Valenzuela, Infinite Distances in Field
Space and Massless Towers of States, JHEP 08 (2018) 143
[1802.08264].

S.-J. Lee, W. Lerche and T. Weigand, Tensionless Strings and the
Weak Gravity Conjecture, JHEP 10 (2018) 164 [1808.05958|.

S.-J. Lee, W. Lerche and T. Weigand, A Stringy Test of the Scalar
Weak Gravity Conjecture, Nucl. Phys. B938 (2019) 321-350
[1810.05169].

S. Brahma and M. W. Hossain, Relating the scalar weak gravity
conjecture and the swampland distance conjecture for an accelerating
universe, Phys. Rev. D 100 (2019) 086017 [1904.05810].

S. Shirai and M. Yamazaki, Is Gravity the Weakest Force?,
1904.10577.

B. Heidenreich, M. Reece and T. Rudelius, Repulsive Forces and the
Weak Gravity Conjecture, JHEP 10 (2019) 055 [1906.02206|.

IX


https://doi.org/10.1016/0370-2693(92)90492-M
https://arxiv.org/abs/hep-th/9202003
https://doi.org/10.1016/0370-2693(92)90491-L
https://arxiv.org/abs/hep-ph/9203206
https://doi.org/10.1103/PhysRevD.52.912
https://arxiv.org/abs/hep-th/9502069
https://arxiv.org/abs/1810.05338
https://doi.org/10.1007/JHEP01(2020)088
https://arxiv.org/abs/1909.02002
https://doi.org/10.1007/JHEP08(2019)118
https://arxiv.org/abs/1903.08878
https://doi.org/10.1007/JHEP02(2018)040
https://arxiv.org/abs/1709.01790
https://doi.org/10.1007/JHEP08(2018)143
https://arxiv.org/abs/1802.08264
https://doi.org/10.1007/JHEP10(2018)164
https://arxiv.org/abs/1808.05958
https://doi.org/10.1016/j.nuclphysb.2018.11.001
https://arxiv.org/abs/1810.05169
https://doi.org/10.1103/PhysRevD.100.086017
https://arxiv.org/abs/1904.05810
https://arxiv.org/abs/1904.10577
https://doi.org/10.1007/JHEP10(2019)055
https://arxiv.org/abs/1906.02206

92]

193]

[94]

[95]

[96]

[97]

98]

9]

[100]

[101]

[102]

[103]

[104]

A. Kusenko, V. Takhistov, M. Yamada and M. Yamazaki,
Fundamental Forces and Scalar Field Dynamics in the Farly
Universe, Phys. Lett. B 804 (2019) 135369 [1908.10930|.

L. E. Ibanez and A. M. Uranga, String theory and particle physics:
An introduction to string phenomenology. Cambridge University
Press, 2012.

R. Blumenhagen, D. Liist and S. Theisen, Basic concepts of string
theory, Theoretical and Mathematical Physics. Springer, Heidelberg,
Germany, 2013, 10.1007/978-3-642-29497-6.

T. W. Grimm, The Effective action of type II Calabi- Yau orientifolds,
Fortsch. Phys. 53 (2005) 1179-1271 |hep-th/0507153].

S. B. Giddings, S. Kachru and J. Polchinski, Hierarchies from fluzes
in string compactifications, Phys. Rev. D66 (2002) 106006
[hep-th/0105097).

S. Gukov, C. Vafa and E. Witten, CFT"s from Calabi-Yau four folds,
Nucl. Phys. B584 (2000) 69-108| [hep-th/9906070).

U. H. Danielsson and T. Van Riet, What if string theory has no de
Sitter vacua?, Int. J. Mod. Phys. D 27 (2018) 1830007 [1804.01120|.

K. Becker, M. Becker, M. Haack and J. Louis, Supersymmetry
breaking and alpha-prime corrections to flux induced potentials, JHEP
06 (2002) 060 |hep-th/0204254|.

M. Dine and N. Seiberg, Is the Superstring Weakly Coupled?, Phys.
Lett. B 162 (1985) 299-302.

J. P. Conlon, F. Quevedo and K. Suruliz, Large-volume fluz
compactifications: Moduli spectrum and D3/D7 soft supersymmetry
breaking, JHEP 08 (2005) 007 |hep-th/0505076).

L. Susskind, Trouble for remnants, hep-th/9501106.

L. Bombelli, R. K. Koul, J. Lee and R. D. Sorkin, A Quantum Source
of Entropy for Black Holes, |Phys. Rev. D 34 (1986) 373-383.

J. D. Bekenstein, Entropy bounds and black hole remnants, |Phys. Rev.
D 49 (1994) 1912-1921 |gr-qc/9307035|.

[105] T. Jacobson, Black hole entropy and induced gravity, gr-qc/9404039.

X


https://doi.org/10.1016/j.physletb.2020.135369
https://arxiv.org/abs/1908.10930
https://doi.org/10.1007/978-3-642-29497-6
https://doi.org/10.1002/prop.200510253
https://arxiv.org/abs/hep-th/0507153
https://doi.org/10.1103/PhysRevD.66.106006
https://arxiv.org/abs/hep-th/0105097
https://doi.org/10.1016/S0550-3213(01)00289-9; 10.1016/S0550-3213(00)00373-4
https://arxiv.org/abs/hep-th/9906070
https://doi.org/10.1142/S0218271818300070
https://arxiv.org/abs/1804.01120
https://doi.org/10.1088/1126-6708/2002/06/060
https://doi.org/10.1088/1126-6708/2002/06/060
https://arxiv.org/abs/hep-th/0204254
https://doi.org/10.1016/0370-2693(85)90927-X
https://doi.org/10.1016/0370-2693(85)90927-X
https://doi.org/10.1088/1126-6708/2005/08/007
https://arxiv.org/abs/hep-th/0505076
https://arxiv.org/abs/hep-th/9501106
https://doi.org/10.1103/PhysRevD.34.373
https://doi.org/10.1103/PhysRevD.49.1912
https://doi.org/10.1103/PhysRevD.49.1912
https://arxiv.org/abs/gr-qc/9307035
https://arxiv.org/abs/gr-qc/9404039

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

G. Dvali, Black Holes and Large N Species Solution to the Hierarchy
Problem, Fortsch. Phys. 58 (2010) 528-536/ [0706.2050].

J. M. Maldacena and C. Nunez, Supergravity description of field
theories on curved manifolds and a no go theorem, Int. J. Mod. Phys.
A 16 (2001) 822-855 [hep-th/0007018|.

M. Cicoli, S. De Alwis, A. Maharana, F. Muia and F. Quevedo, De
Sitter vs Quintessence in String Theory, Fortsch. Phys. 67 (2019)
1800079 [1808.08967].

C. Wetterich, Cosmology and the Fate of Dilatation Symmetry, Nucl.
Phys. B 302 (1988) 668696 [1711.03844].

P. Agrawal, G. Obied, P. J. Steinhardt and C. Vafa, On the
Cosmological Implications of the String Swampland, Phys. Lett. B
784 (2018) 271-276 [1806.09718|.

J. Brown and C. Teitelboim, Neutralization of the Cosmological
Constant by Membrane Creation, Nucl. Phys. B 297 (1988) 787-836.

J. M. Maldacena, J. Michelson and A. Strominger, Anti-de Sitter
fragmentation, JHEP 02 (1999) 011 |[hep-th/9812073|.

K. Dasgupta, H. Firouzjahi and R. Gwyn, On The Warped Heterotic
Azion, JHEP 06 (2008) 056 [0803.3828]|.

S. Franco, D. Galloni, A. Retolaza and A. Uranga, On azion
monodromy inflation in warped throats, JHEP 02 (2015) 086
[1405.7044].

I. R. Klebanov and A. A. Tseytlin, Gravity duals of supersymmetric
SU(N) z SU(N+M) gauge theories, Nucl. Phys. B578 (2000) 123-138
[hep-th/0002159)].

E. Palti, On Natural Inflation and Moduli Stabilisation in String
Theory, JHEP 10 (2015) 188 [1508.00009).

K. Choi and S. H. Im, Realizing the relaxion from multiple axions and
its UV completion with high scale supersymmetry, JHEP 01 (2016)
149 [1511.00132].

D. E. Kaplan and R. Rattazzi, Large field excursions and approzimate
discrete symmetries from a clockwork azion, Phys. Rev. D93 (2016)
085007 [1511.01827|.

XI


https://doi.org/10.1002/prop.201000009
https://arxiv.org/abs/0706.2050
https://doi.org/10.1142/S0217751X01003937
https://doi.org/10.1142/S0217751X01003937
https://arxiv.org/abs/hep-th/0007018
https://doi.org/10.1002/prop.201800079
https://doi.org/10.1002/prop.201800079
https://arxiv.org/abs/1808.08967
https://doi.org/10.1016/0550-3213(88)90193-9
https://doi.org/10.1016/0550-3213(88)90193-9
https://arxiv.org/abs/1711.03844
https://doi.org/10.1016/j.physletb.2018.07.040
https://doi.org/10.1016/j.physletb.2018.07.040
https://arxiv.org/abs/1806.09718
https://doi.org/10.1016/0550-3213(88)90559-7
https://doi.org/10.1088/1126-6708/1999/02/011
https://arxiv.org/abs/hep-th/9812073
https://doi.org/10.1088/1126-6708/2008/06/056
https://arxiv.org/abs/0803.3828
https://doi.org/10.1007/JHEP02(2015)086
https://arxiv.org/abs/1405.7044
https://doi.org/10.1016/S0550-3213(00)00206-6
https://arxiv.org/abs/hep-th/0002159
https://doi.org/10.1007/JHEP10(2015)188
https://arxiv.org/abs/1508.00009
https://doi.org/10.1007/JHEP01(2016)149
https://doi.org/10.1007/JHEP01(2016)149
https://arxiv.org/abs/1511.00132
https://doi.org/10.1103/PhysRevD.93.085007
https://doi.org/10.1103/PhysRevD.93.085007
https://arxiv.org/abs/1511.01827

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

XII

R. Blumenhagen, D. Herschmann and F. Wolf, String Moduli
Stabilization at the Conifold, JHEP 08 (2016) 110 [1605.06299|.

G. Buratti, J. Calderén and A. M. Uranga, Transplanckian Azion
Monodromy !?, JHEP 05 (2018) 176 [1812.05016].

A. Hebecker, D. Junghans and A. Schachner, Large Field Ranges from
Aligned and Misaligned Winding, JHEP 03 (2018) 192/[1812.05626].

P. Candelas, P. S. Green and T. Hubsch, Rolling Among Calabi- Yau
Vacua, Nucl. Phys. B330 (1990) 49.

P. Candelas and X. C. de la Ossa, Comments on Conifolds, Nucl.
Phys. B342 (1990) 246-268.

P. Candelas, P. S. Green and T. Hubsch, Finite Distances Between
Distinct Calabi-yau Vacua: (Other Worlds Are Just Around the
Corner), Phys. Rev. Lett. 62 (1989) 1956.

P. Candelas, X. C. De La Ossa, P. S. Green and L. Parkes, A Pair of
Calabi- Yau manifolds as an exactly soluble superconformal theory,
Nucl. Phys. B359 (1991) 21-74.

M. Reid, The Moduli Space of 3-Folds with K = 0 may Nevertheless
be Irreducible., Mathematische Annalen 278 (1987) 329-334.

T.-m. Chiang, B. R. Greene, M. Gross and Y. Kanter, Black hole
condensation and the web of Calabi-Yau manifolds, Nucl. Phys. Proc.
Suppl. 46 (1996) 8295/ [hep-th/9511204|.

A. C. Avram, M. Kreuzer, M. Mandelberg and H. Skarke, The Web of
Calabi-Yau hypersurfaces in toric varieties, Nucl. Phys. B505 (1997)
625640 [hep-th/9703003].

V. V. Batyrev, Dual polyhedra and mirror symmetry for Calabi-Yau
hypersurfaces in toric varieties, J. Alg. Geom. 3 (1994) 493-545
|alg-geom/9310003].

V. Batyrev and M. Kreuzer, Constructing new Calabi-Yau 3-folds and
their mirrors via conifold transitions, Adv. Theor. Math. Phys. 14
(2010) 879-898 [0802.3376.

M. Lynker and R. Schimmrigk, Conifold transitions and mirror
symmetries, Nucl. Phys. B484 (1997) 562-582 [hep-th/9511058|.


https://doi.org/10.1007/JHEP08(2016)110
https://arxiv.org/abs/1605.06299
https://doi.org/10.1007/JHEP05(2019)176
https://arxiv.org/abs/1812.05016
https://doi.org/10.1007/JHEP03(2019)192
https://arxiv.org/abs/1812.05626
https://doi.org/10.1016/0550-3213(90)90302-T
https://doi.org/10.1016/0550-3213(90)90577-Z
https://doi.org/10.1016/0550-3213(90)90577-Z
https://doi.org/10.1103/PhysRevLett.62.1956
https://doi.org/10.1016/0550-3213(91)90292-6
https://doi.org/10.1016/0920-5632(96)00010-2
https://doi.org/10.1016/0920-5632(96)00010-2
https://arxiv.org/abs/hep-th/9511204
https://doi.org/10.1016/S0550-3213(97)00582-8
https://doi.org/10.1016/S0550-3213(97)00582-8
https://arxiv.org/abs/hep-th/9703003
https://arxiv.org/abs/alg-geom/9310003
https://doi.org/10.4310/ATMP.2010.v14.n3.a3
https://doi.org/10.4310/ATMP.2010.v14.n3.a3
https://arxiv.org/abs/0802.3376
https://doi.org/10.1016/S0550-3213(96)00557-3
https://arxiv.org/abs/hep-th/9511058

[132] V. V. Batyrev, I. Ciocan-Fontanine, B. Kim and D. van Straten,
Conifold transitions and mirror symmetry for Calabi- Yau complete
intersections in Grassmannians, Nucl. Phys. B514 (1998) 640-666.

[133] T. W. Grimm and A. Klemm, U(1) Mediation of Flux Supersymmetry
Breaking, JHEP 10 (2008) 077 [0805.3361].

[134] 1. R. Klebanov and E. Witten, Superconformal field theory on
three-branes at a Calabi-Yau singularity, Nucl. Phys. B536 (1998)
199218/ [hep-th/9807080).

[135] A. Retolaza, A. M. Uranga and A. Westphal, Bifid Throats for Azion
Monodromy Inflation, JHEP 07 (2015) 099 [1504.02103].

[136] L. Randall and R. Sundrum, A Large mass hierarchy from a small
extra dimension, |Phys. Rev. Lett. 83 (1999) 3370-3373
[hep-ph/9905221].

[137] D. Baumann, A. Dymarsky, S. Kachru, I. R. Klebanov and
L. McAllister, D3-brane Potentials from Fluzes in AdS/CFT, JHEP
06 (2010) 072 |1001.5028|.

[138] A. Strominger, Massless black holes and conifolds in string theory,
Nucl. Phys. B451 (1995) 96108 [hep-th/9504090|.

[139] B. R. Greene, D. R. Morrison and A. Strominger, Black hole
condensation and the unification of string vacua, Nucl. Phys. B451
(1995) 109-120 |hep-th/9504145|.

[140] B. R. Greene, String theory on Calabi- Yau manifolds, in Fields,
strings and duality. Proceedings, Summer School, Theoretical
Advanced Study Institute in Elementary Particle Physics, TASI’96,
Boulder, USA, June 2-28, 1996, p. 543-726, 1996, hep-th/9702155.

|141] T. W. Grimm and J. Louis, The Effective action of N = 1 Calabi-Yau
orientifolds, Nucl. Phys. B699 (2004) 387-426/ [hep-th/0403067|.

[142] R. Blumenhagen, I. Valenzuela and F. Wolf, The Swampland
Conjecture and F-term Azion Monodromy Inflation, JHEP 07 (2017)
145/[1703.05776).

|143| B. Heidenreich, M. Reece and T. Rudelius, Emergence of Weak
Coupling at Large Distance in Quantum Gravity, Phys. Rev. Lett. 121
(2018) 051601 [1802.08698|.

XIII


https://doi.org/10.1016/S0550-3213(98)00020-0
https://doi.org/10.1088/1126-6708/2008/10/077
https://arxiv.org/abs/0805.3361
https://doi.org/10.1016/S0550-3213(98)00654-3
https://doi.org/10.1016/S0550-3213(98)00654-3
https://arxiv.org/abs/hep-th/9807080
https://doi.org/10.1007/JHEP07(2015)099
https://arxiv.org/abs/1504.02103
https://doi.org/10.1103/PhysRevLett.83.3370
https://arxiv.org/abs/hep-ph/9905221
https://doi.org/10.1007/JHEP06(2010)072
https://doi.org/10.1007/JHEP06(2010)072
https://arxiv.org/abs/1001.5028
https://doi.org/10.1016/0550-3213(95)00287-3
https://arxiv.org/abs/hep-th/9504090
https://doi.org/10.1016/0550-3213(95)00371-X
https://doi.org/10.1016/0550-3213(95)00371-X
https://arxiv.org/abs/hep-th/9504145
https://arxiv.org/abs/hep-th/9702155
https://doi.org/10.1016/j.nuclphysb.2004.08.005
https://arxiv.org/abs/hep-th/0403067
https://doi.org/10.1007/JHEP07(2017)145
https://doi.org/10.1007/JHEP07(2017)145
https://arxiv.org/abs/1703.05776
https://doi.org/10.1103/PhysRevLett.121.051601
https://doi.org/10.1103/PhysRevLett.121.051601
https://arxiv.org/abs/1802.08698

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

XIV

T. W. Grimm, C. Li and E. Palti, Infinite Distance Networks in Field
Space and Charge Orbits, JHEP 03 (2018) 016 [1811.02571].

S. Kachru, J. Pearson and H. L. Verlinde, Brane / fluz annihilation
and the string dual of a nonsupersymmetric field theory, JHEP 06
(2002) 021 [hep-th/0112197].

I. Antoniadis, J.-P. Derendinger, P. M. Petropoulos and K. Siampos,
Heisenberg symmetry and hypermultiplet manifolds, Nucl. Phys. B905
(2016) 293312/ [1512.06418].

P. Corvilain, T. W. Grimm and D. Regalado, Shift-symmetries and
gauge coupling functions in orientifolds and F-theory, JHEP 05
(2017) 059 [1607.03897].

B. de Wit, P. Lauwers and A. Van Proeyen, Lagrangians of N=2
Supergravity - Matter Systems, Nucl. Phys. B 255 (1985) 569.

C. P. Herzog, 1. R. Klebanov and P. Ouyang, D-branes on the conifold
and N=1 gauge / gravity dualities, in Progress in string, field and
particle theory: Proceedings, NATO Advanced Study Institute, EC
Summer School, Cargese, France, June 25-July 11, 2002, p. 189-223,
2002, hep-th/0205100.

G. Veneziano and S. Yankielowicz, An Effective Lagrangian for the
Pure N=1 Supersymmetric Yang-Mills Theory, Phys. Lett. 113B
(1982) 231.

I. Affleck, M. Dine and N. Seiberg, Dynamical Supersymmetry
Breaking in Supersymmetric QCD, Nucl. Phys. B241 (1984) 493-534.

J. J. Heckman, J. Seo and C. Vafa, Phase Structure of a
Brane/Anti-Brane System at Large N, JHEP 07 (2007) 073
[hep-th/0702077].

J. J. Heckman and C. Vafa, Geometrically Induced Phase Transitions
at Large N, JHEP 04 (2008) 052/ [0707.4011].

F. Cachazo, K. A. Intriligator and C. Vafa, A Large N duality via a
geometric transition, Nucl. Phys. B603 (2001) 3-41
[hep-th/0103067).

J. Moritz and T. Van Riet, Racing through the swampland: de Sitter
uplift vs weak gravity, JHEP 09 (2018) 099/ [1805.00944].


https://doi.org/10.1007/JHEP03(2019)016
https://arxiv.org/abs/1811.02571
https://doi.org/10.1088/1126-6708/2002/06/021
https://doi.org/10.1088/1126-6708/2002/06/021
https://arxiv.org/abs/hep-th/0112197
https://doi.org/10.1016/j.nuclphysb.2016.02.021
https://doi.org/10.1016/j.nuclphysb.2016.02.021
https://arxiv.org/abs/1512.06418
https://doi.org/10.1007/JHEP05(2017)059
https://doi.org/10.1007/JHEP05(2017)059
https://arxiv.org/abs/1607.03897
https://doi.org/10.1016/0550-3213(85)90154-3
https://arxiv.org/abs/hep-th/0205100
https://doi.org/10.1016/0370-2693(82)90828-0
https://doi.org/10.1016/0370-2693(82)90828-0
https://doi.org/10.1016/0550-3213(84)90058-0
https://doi.org/10.1088/1126-6708/2007/07/073
https://arxiv.org/abs/hep-th/0702077
https://doi.org/10.1088/1126-6708/2008/04/052
https://arxiv.org/abs/0707.4011
https://doi.org/10.1016/S0550-3213(01)00228-0
https://arxiv.org/abs/hep-th/0103067
https://doi.org/10.1007/JHEP09(2018)099
https://arxiv.org/abs/1805.00944

[156]

[157]

158

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

J. E. Kim, H. P. Nilles and M. Peloso, Completing natural inflation,
JCAP 0501 (2005) 005 [hep-ph/0409138|.

M. Berg, E. Pajer and S. Sjors, Dante’s Inferno, Phys. Rev. D81
(2010) 103535 [0912.1341].

T. Banks, M. Dine, P. J. Fox and E. Gorbatov, On the possibility of
large azion decay constants, JCAP 0306 (2003) 001
[hep-th/0303252].

S. Andriolo, D. Junghans, T. Noumi and G. Shiu, A Tower Weak
Gravity Conjecture from Infrared Consistency, Fortsch. Phys. 66
(2018) 1800020 [1802.04287|.

C. Burgess, R. Kallosh and F. Quevedo, De Sitter string vacua from
supersymmetric D terms, JHEP 10 (2003) 056 [hep-th/0309187|.

G. Villadoro and F. Zwirner, De-Sitter vacua via consistent D-terms,
Phys. Rev. Lett. 95 (2005) 231602 [hep-th/0508167|.

A. Achucarro, B. de Carlos, J. Casas and L. Doplicher, De Sitter
vacua from uplifting D-terms in effective supergravities from realistic
strings, JHEP 06 (2006) 014 |hep-th/0601190|.

K. Choi and K. S. Jeong, Supersymmetry breaking and moduli
stabilization with anomalous U(1) gauge symmetry, JHEP 08 (2006)
007 |hep-th/0605108|.

E. Dudas and Y. Mambrini, Moduli stabilization with positive vacuum
energy, JHEP 10 (2006) 044 [hep-th/0607077].

M. Haack, D. Krefl, D. Lust, A. Van Proeyen and M. Zagermann,
Gaugino Condensates and D-terms from D7-branes, JHEP 01 (2007)
078| [hep-th/0609211].

C. P. Burgess, J. M. Cline, K. Dasgupta and H. Firouzjahi, Uplifting
and Inflation with D3 Branes, JHEP 03 (2007) 027
[hep-th/0610320).

D. Cremades, M.-P. Garcia del Moral, F. Quevedo and K. Suruliz,
Moduli stabilisation and de Sitter string vacua from magnetised D7
branes, JHEP 05 (2007) 100 [hep-th/0701154].

B. de Carlos, J. Casas, A. Guarino, J. Moreno and O. Seto, Inflation
in uplifted Supergravities, JCAP 05 (2007) 002 [hep-th/0702103|.

XV


https://doi.org/10.1088/1475-7516/2005/01/005
https://arxiv.org/abs/hep-ph/0409138
https://doi.org/10.1103/PhysRevD.81.103535
https://doi.org/10.1103/PhysRevD.81.103535
https://arxiv.org/abs/0912.1341
https://doi.org/10.1088/1475-7516/2003/06/001
https://arxiv.org/abs/hep-th/0303252
https://doi.org/10.1002/prop.201800020
https://doi.org/10.1002/prop.201800020
https://arxiv.org/abs/1802.04287
https://doi.org/10.1088/1126-6708/2003/10/056
https://arxiv.org/abs/hep-th/0309187
https://doi.org/10.1103/PhysRevLett.95.231602
https://arxiv.org/abs/hep-th/0508167
https://doi.org/10.1088/1126-6708/2006/06/014
https://arxiv.org/abs/hep-th/0601190
https://doi.org/10.1088/1126-6708/2006/08/007
https://doi.org/10.1088/1126-6708/2006/08/007
https://arxiv.org/abs/hep-th/0605108
https://doi.org/10.1088/1126-6708/2006/10/044
https://arxiv.org/abs/hep-th/0607077
https://doi.org/10.1088/1126-6708/2007/01/078
https://doi.org/10.1088/1126-6708/2007/01/078
https://arxiv.org/abs/hep-th/0609211
https://doi.org/10.1088/1126-6708/2007/03/027
https://arxiv.org/abs/hep-th/0610320
https://doi.org/10.1088/1126-6708/2007/05/100
https://arxiv.org/abs/hep-th/0701154
https://doi.org/10.1088/1475-7516/2007/05/002
https://arxiv.org/abs/hep-th/0702103

[169] E. Dudas, Y. Mambrini, S. Pokorski and A. Romagnoni, Moduli
stabilization with Fayet-Iliopoulos uplift, JHEP 04 (2008) 015
[0711.4934].

[170] S. Krippendorf and F. Quevedo, Metastable SUSY Breaking, de Sitter
Moduli Stabilisation and Kahler Moduli Inflation, JHEP 11 (2009)
039 [0901.0683].

[171] A. Saltman and E. Silverstein, The Scaling of the no scale potential
and de Sitter model building, JHEP 11 (2004) 066 [hep-th/0402135|.

|172] M. Gomez-Reino and C. A. Scrucca, Locally stable
non-supersymmetric Minkowski vacua in supergravity, JHEP 05
(2006) 015 [hep-th/0602246|.

[173] O. Lebedev, H. P. Nilles and M. Ratz, De Sitter vacua from matter
superpotentials, Phys. Lett. B 636 (2006) 126-131 |hep-th/0603047|.

[174] O. Lebedev, V. Lowen, Y. Mambrini, H. P. Nilles and M. Ratz,
Metastable Vacua in Fluz Compactifications and Their
Phenomenology, JHEP 02 (2007) 063 [hep-ph/0612035|.

[175] M. Dine, R. Kitano, A. Morisse and Y. Shirman, Moduli decays and
gravitinos, Phys. Rev. D 73 (2006) 123518/ [hep-ph/0604140].

[176] R. Kitano, Dynamical GUT breaking and mu-term driven
supersymmetry breaking, Phys. Rev. D 74 (2006) 115002
[hep-ph/0606129|.

[177] E. Dudas, C. Papineau and S. Pokorski, Moduli stabilization and
uplifting with dynamically generated F-terms, JHEP 02 (2007) 028
[hep-th/0610297|.

[178] R. Kallosh and A. D. Linde, O’KKLT, JHEP 02 (2007) 002
[hep-th/0611183].

[179] H. Abe, T. Higaki, T. Kobayashi and Y. Omura, Moduli stabilization,
F-term uplifting and soft supersymmetry breaking terms, Phys. Rev. D
75 (2007) 025019 |[hep-th/0611024|.

[180] H. Abe, T. Higaki and T. Kobayashi, More about F-term uplifting,
Phys. Rev. D 76 (2007) 105003/ [0707.2671].

[181] Z. Lalak, O. Eyton-Williams and R. Matyszkiewicz, F-term uplifting
via consistent D-terms, JHEP 05 (2007) 085 [hep-th/0702026).

XVI


https://doi.org/10.1088/1126-6708/2008/04/015
https://arxiv.org/abs/0711.4934
https://doi.org/10.1088/1126-6708/2009/11/039
https://doi.org/10.1088/1126-6708/2009/11/039
https://arxiv.org/abs/0901.0683
https://doi.org/10.1088/1126-6708/2004/11/066
https://arxiv.org/abs/hep-th/0402135
https://doi.org/10.1088/1126-6708/2006/05/015
https://doi.org/10.1088/1126-6708/2006/05/015
https://arxiv.org/abs/hep-th/0602246
https://doi.org/10.1016/j.physletb.2006.03.046
https://arxiv.org/abs/hep-th/0603047
https://doi.org/10.1088/1126-6708/2007/02/063
https://arxiv.org/abs/hep-ph/0612035
https://doi.org/10.1103/PhysRevD.73.123518
https://arxiv.org/abs/hep-ph/0604140
https://doi.org/10.1103/PhysRevD.74.115002
https://arxiv.org/abs/hep-ph/0606129
https://doi.org/10.1088/1126-6708/2007/02/028
https://arxiv.org/abs/hep-th/0610297
https://doi.org/10.1088/1126-6708/2007/02/002
https://arxiv.org/abs/hep-th/0611183
https://doi.org/10.1103/PhysRevD.75.025019
https://doi.org/10.1103/PhysRevD.75.025019
https://arxiv.org/abs/hep-th/0611024
https://doi.org/10.1103/PhysRevD.76.105003
https://arxiv.org/abs/0707.2671
https://doi.org/10.1088/1126-6708/2007/05/085
https://arxiv.org/abs/hep-th/0702026

[182] P. Brax, A.-C. Davis, S. C. Davis, R. Jeannerot and M. Postma,
Warping and F-term uplifting, JHEP 09 (2007) 125 [0707 .4583].

[183] A. Achucarro and K. Sousa, F-term uplifting and moduli stabilization
consistent with Kahler invariance, JHEP 03 (2008) 002 [0712.3460).

[184] A. Achucarro, S. Hardeman and K. Sousa, F-term uplifting and the
supersymmetric integration of heavy moduli, JHEP 11 (2008) 003
[0809. 1441].

[185] M. Cicoli, D. Klevers, S. Krippendorf, C. Mayrhofer, F. Quevedo and
R. Valandro, Ezplicit de Sitter Flur Vacua for Global String Models
with Chiral Matter, JHEP 05 (2014) 001 [1312.0014].

[186] M. Cicoli, F. Quevedo and R. Valandro, De Sitter from T-branes,
JHEP 03 (2016) 141/ [1512.04558|.

[187] T. Kobayashi, A. Oikawa and H. Otsuka, New potentials for string
azion inflation, Phys. Rev. D 93 (2016) 083508 [1510.08768].

[188] N. Cabo Bizet, O. Loaiza-Brito and 1. Zavala, Mirror quintic vacua:
hierarchies and inflation, JHEP 10 (2016) 082 [1605.03974].

|189] R. Blumenhagen, D. Herschmann and F. Wolf, Challenges for Moduli
Stabilization and String Cosmology near the Conifold, PoS
CORFU2016 (2017) 104/ [1704.04140].

[190] A. Westphal, de Sitter string vacua from Kahler uplifting, JHEP 03
(2007) 102 [hep-th/0611332].

[191] S. de Alwis and K. Givens, Physical Vacua in IIB Compactifications
with a Single Kaehler Modulus, JHEP 10 (2011) 109 [1106.0759].

[192] M. Rummel and A. Westphal, A sufficient condition for de Sitter
vacua in type IIB string theory, JHEP 01 (2012) 020 [1107.2115|.

[193] M. Cicoli, A. Maharana, F. Quevedo and C. Burgess, De Sitter String
Vacua from Dilaton-dependent Non-perturbative Effects, JHEP 06
(2012) 011/ [1203.1750].

[194] J. Louis, M. Rummel, R. Valandro and A. Westphal, Building an
explicit de Sitter, JHEP 10 (2012) 163/ [1208.3208|.

[195] Y. Sumitomo, S. Tye and S. S. Wong, Statistical Distribution of the
Vacuum Energy Density in Racetrack Kahler Uplift Models in String
Theory, JHEP 07 (2013) 052 [1305.0753|.

XVII


https://doi.org/10.1088/1126-6708/2007/09/125
https://arxiv.org/abs/0707.4583
https://doi.org/10.1088/1126-6708/2008/03/002
https://arxiv.org/abs/0712.3460
https://doi.org/10.1088/1126-6708/2008/11/003
https://arxiv.org/abs/0809.1441
https://doi.org/10.1007/JHEP05(2014)001
https://arxiv.org/abs/1312.0014
https://doi.org/10.1007/JHEP03(2016)141
https://arxiv.org/abs/1512.04558
https://doi.org/10.1103/PhysRevD.93.083508
https://arxiv.org/abs/1510.08768
https://doi.org/10.1007/JHEP10(2016)082
https://arxiv.org/abs/1605.03974
https://doi.org/10.22323/1.292.0104
https://doi.org/10.22323/1.292.0104
https://arxiv.org/abs/1704.04140
https://doi.org/10.1088/1126-6708/2007/03/102
https://doi.org/10.1088/1126-6708/2007/03/102
https://arxiv.org/abs/hep-th/0611332
https://doi.org/10.1007/JHEP10(2011)109
https://arxiv.org/abs/1106.0759
https://doi.org/10.1007/JHEP01(2012)020
https://arxiv.org/abs/1107.2115
https://doi.org/10.1007/JHEP06(2012)011
https://doi.org/10.1007/JHEP06(2012)011
https://arxiv.org/abs/1203.1750
https://doi.org/10.1007/JHEP10(2012)163
https://arxiv.org/abs/1208.3208
https://doi.org/10.1007/JHEP07(2013)052
https://arxiv.org/abs/1305.0753

[196] J. Blabéck, D. Roest and 1. Zavala, De Sitter Vacua from
Nonperturbative Fluz Compactifications, Phys. Rev. D 90 (2014)
024065 [1312.5328|.

[197] M. Rummel and Y. Sumitomo, De Sitter Vacua from a D-term
Generated Racetrack Uplift, JHEP 01 (2015) 015 [1407.7580].

[198] A. P. Braun, M. Rummel, Y. Sumitomo and R. Valandro, De Sitter
vacua from a D-term generated racetrack potential in hypersurface
Calabi- Yau compactifications, JHEP 12 (2015) 033/ [1509.06918|.

[199] M. Demirtas, M. Kim, L. Mcallister and J. Moritz, Vacua with Small
Flux Superpotential, Phys. Rev. Lett. 124 (2020) 211603
’1912 . 10047].

[200] J. March-Russell and R. Petrossian-Byrne, QCD, Flavor, and the de
Sitter Swampland, 2006.01144.

[201] S. R. Coleman and F. De Luccia, Gravitational Effects on and of
Vacuum Decay, Phys. Rev. D 21 (1980) 3305.

[202] S. de Alwis, R. Gupta, E. Hatefi and F. Quevedo, Stability, Tunneling
and Flux Changing de Sitter Transitions in the Large Volume String
Scenario, JHEP 11 (2013) 179 [1308.1222].

[203] E. Witten, Instability of the Kaluza-Klein Vacuum, Nucl. Phys. B
195 (1082) 481-492,

[204] 1. Garcia Etxebarria, M. Montero, K. Sousa and I. Valenzuela,
Nothing is certain in string compactifications, 2005.06494.

[205] D. Gallego, M. C. D. Marsh, B. Vercnocke and T. Wrase, A New
Class of de Sitter Vacua in Type IIB Large Volume Compactifications,
JHEP 10 (2017) 193 [1707.01095).

[206] R. Kallosh, A. Linde, B. Vercnocke and T. Wrase, Analytic Classes of
Metastable de Sitter Vacua, JHEP 10 (2014) 011 [1406.4866).

[207] M. C. D. Marsh, B. Vercnocke and T. Wrase, Decoupling and de
Sitter Vacua in Approzimate No-Scale Supergravities, JHEP 05
(2015) 081 [1411.6625|.

[208] A. Strominger, S.-T. Yau and E. Zaslow, Mirror symmetry is T
duality, Nucl. Phys. B 479 (1996) 243/ |hep-th/9606040].

XVIII


https://doi.org/10.1103/PhysRevD.90.024065
https://doi.org/10.1103/PhysRevD.90.024065
https://arxiv.org/abs/1312.5328
https://doi.org/10.1007/JHEP01(2015)015
https://arxiv.org/abs/1407.7580
https://doi.org/10.1007/JHEP12(2015)033
https://arxiv.org/abs/1509.06918
https://doi.org/10.1103/PhysRevLett.124.211603
https://arxiv.org/abs/1912.10047
https://arxiv.org/abs/2006.01144
https://doi.org/10.1103/PhysRevD.21.3305
https://doi.org/10.1007/JHEP11(2013)179
https://arxiv.org/abs/1308.1222
https://doi.org/10.1016/0550-3213(82)90007-4
https://doi.org/10.1016/0550-3213(82)90007-4
https://arxiv.org/abs/2005.06494
https://doi.org/10.1007/JHEP10(2017)193
https://arxiv.org/abs/1707.01095
https://doi.org/10.1007/JHEP10(2014)011
https://arxiv.org/abs/1406.4866
https://doi.org/10.1007/JHEP05(2015)081
https://doi.org/10.1007/JHEP05(2015)081
https://arxiv.org/abs/1411.6625
https://doi.org/10.1016/0550-3213(96)00434-8
https://arxiv.org/abs/hep-th/9606040

[209]

[210]

[211]

[212]

[213]

[214]

[215]

[216]

[217]

[218]

[219]

[220]

[221]

M. Kontsevich and Y. Soibelman, Homological mirror symmetry and
torus fibrations, in KIAS Annual International Conference on
Symplectic Geometry and Mirror Symmetry, pp. 203-263, 11, 2000,
math/0011041.

M. Gross and P. M. H. Wilson, Large complex structure limits of k3
surfaces, J. Differ. Geom. 55 (2000) 475.

M. Arends, A. Hebecker, K. Heimpel, S. C. Kraus, D. Lust,
C. Mayrhofer et al., D7-Brane Moduli Space in Axion Monodromy
and Fluzbrane Inflation, Fortsch. Phys. 62 (2014) 647 [1405.0283|.

E. Palti, G. Tasinato and J. Ward, WEAKLY-coupled 1IA Flux
Compactifications, JHEP 06 (2008) 084 [0804.1248|.

J. P. Conlon and F. Quevedo, Putting the Boot into the Swampland,
JHEP 03 (2019) 005/ [1811.06276].

A. Hebecker and P. Henkenjohann, Gauge and gravitational
instantons: From 3-forms and fermions to Weak Gravity and flat
azion potentials, JHEP 09 (2019) 038 [1906.07728].

R. Blumenhagen, M. Cvetic, S. Kachru and T. Weigand, D-Brane
Instantons in Type II Orientifolds, Ann. Rev. Nucl. Part. Sci. 59
(2009) 269296 [0902.3251].

M. Reece, Photon Masses in the Landscape and the Swampland,
JHEP 07 (2019) 181 |1808.09966.

N. Craig and I. Garcia Garcia, Rescuing Massive Photons from the
Swampland, JHEP 11 (2018) 067 [1810.05647|.

N. Craig, 1. Garcia Garcia and G. D. Kribs, The UV Fate of
Anomalous U(1)s, 1912.10054.

J. Polchinski, Monopoles, duality, and string theory, Int. J. Mod.
Phys. A19S1 (2004) 145-156 [hep-th/0304042).

L. M. Krauss and F. Wilczek, Discrete Gauge Symmetry in
Continuum Theories, Phys. Rev. Lett. 62 (1989) 1221.

M. G. Alford, J. March-Russell and F. Wilczek, Discrete Quantum
Hair on Black Holes and the Nonabelian Aharonov-Bohm Effect,
Nucl. Phys. B337 (1990) 695-708.

XIX


https://arxiv.org/abs/math/0011041
https://doi.org/10.4310/jdg/1090341262
https://doi.org/10.1002/prop.201400045
https://arxiv.org/abs/1405.0283
https://doi.org/10.1088/1126-6708/2008/06/084
https://arxiv.org/abs/0804.1248
https://doi.org/10.1007/JHEP03(2019)005
https://arxiv.org/abs/1811.06276
https://doi.org/10.1007/JHEP09(2019)038
https://arxiv.org/abs/1906.07728
https://doi.org/10.1146/annurev.nucl.010909.083113
https://doi.org/10.1146/annurev.nucl.010909.083113
https://arxiv.org/abs/0902.3251
https://doi.org/10.1007/JHEP07(2019)181
https://arxiv.org/abs/1808.09966
https://doi.org/10.1007/JHEP11(2018)067
https://arxiv.org/abs/1810.05647
https://arxiv.org/abs/1912.10054
https://doi.org/10.1142/S0217751X0401866X
https://doi.org/10.1142/S0217751X0401866X
https://arxiv.org/abs/hep-th/0304042
https://doi.org/10.1103/PhysRevLett.62.1221
https://doi.org/10.1016/0550-3213(90)90512-C

[222]

[223]

[224]

[225]

[226]

[227]

[228]

[229]

230]

[231]

[232]

233

[234]

[235]

XX

J. Preskill and L. M. Krauss, Local Discrete Symmetry and Quantum
Mechanical Hair, Nucl. Phys. B341 (1990) 50—-100.

M. G. Alford, S. R. Coleman and J. March-Russell, Disentangling
nonAbelian discrete quantum hair, Nucl. Phys. B 351 (1991) 735-748.

M. G. Alford and J. March-Russell, Discrete gauge theories, Int. .J.
Mod. Phys. B5 (1991) 2641-2674.

G. Dvali, M. Redi, S. Sibiryakov and A. Vainshtein, Gravity Cutoff in
Theories with Large Discrete Symmetries, Phys. Rev. Lett. 101 (2008)
151603/ [0804.0769].

I. Garcia Garcia, Properties of Discrete Black Hole Hair, JHEP 02
(2019) 117 [1809.03527|.

N. Craig, 1. Garcia Garcia and S. Koren, Discrete Gauge Symmetries
and the Weak Gravity Conjecture, JHEP 05 (2019) 140/ [1812.08181].

B. S. Acharya and M. R. Douglas, A Finite landscape?,
hep-th/0606212.

J. J. Heckman and C. Vafa, Fine Tuning, Sequestering, and the
Swampland, Phys. Lett. BT98 (2019) 135004 [1905.06342|.

G. 't Hooft, Naturalness, chiral symmetry, and spontaneous chiral
symmetry breaking, NATO Sci. Ser. B 59 (1980) 135-157.

A. Hebecker, P. Mangat, S. Theisen and L. T. Witkowski, Can
Gravitational Instantons Really Constrain Axion Inflation?, JHEP 02
(2017) 097 [1607 .06814].

A. Hebecker, T. Mikhail and P. Soler, Euclidean wormholes, baby
universes, and their impact on particle physics and cosmology, Front.
Astron. Space Sci. 5 (2018) 35 [1807.00824|.

D. G. Caldi, Quark Mass Generation by Instantons, Phys. Rev. Lett.
39 (1977) 121

R. D. Carlitz, Bound States from Instantons, Phys. Rev. D17 (1978)
32295

R. Delbourgo and A. Salam, The gravitational correction to pcac,
Phys. Lett. 40B (1972) 381-382.


https://doi.org/10.1016/0550-3213(90)90262-C
https://doi.org/10.1016/S0550-3213(05)80042-2
https://doi.org/10.1142/S021797929100105X
https://doi.org/10.1142/S021797929100105X
https://doi.org/10.1103/PhysRevLett.101.151603
https://doi.org/10.1103/PhysRevLett.101.151603
https://arxiv.org/abs/0804.0769
https://doi.org/10.1007/JHEP02(2019)117
https://doi.org/10.1007/JHEP02(2019)117
https://arxiv.org/abs/1809.03527
https://doi.org/10.1007/JHEP05(2019)140
https://arxiv.org/abs/1812.08181
https://arxiv.org/abs/hep-th/0606212
https://doi.org/10.1016/j.physletb.2019.135004
https://arxiv.org/abs/1905.06342
https://doi.org/10.1007/978-1-4684-7571-5_9
https://doi.org/10.1007/JHEP02(2017)097
https://doi.org/10.1007/JHEP02(2017)097
https://arxiv.org/abs/1607.06814
https://doi.org/10.3389/fspas.2018.00035
https://doi.org/10.3389/fspas.2018.00035
https://arxiv.org/abs/1807.00824
https://doi.org/10.1103/PhysRevLett.39.121
https://doi.org/10.1103/PhysRevLett.39.121
https://doi.org/10.1103/PhysRevD.17.3225
https://doi.org/10.1103/PhysRevD.17.3225
https://doi.org/10.1016/0370-2693(72)90825-8

[236]

237]

238

[239]

[240]

[241]

[242]

[243]

[244]

[245]

[246]

[247]

[248]

[249]

T. Eguchi and P. G. O. Freund, Quantum Gravity and World
Topology, Phys. Rev. Lett. 37 (1976) 1251.

G. 't Hooft, How Instantons Solve the U(1) Problem, Phys. Rept. 142
(1986) 357 387,

B. Heidenreich, M. Reece and T. Rudelius, The Weak Gravity
Conjecture and Emergence from an Ultraviolet Cutoff, Eur. Phys. J.
C 78 (2018) 337 [1712.01868|.

E. Palti, Fermions and the Swampland, Phys. Lett. B 808 (2020)
135617 [2005 . 08538).

T. Eguchi and A. J. Hanson, Asymptotically Flat Selfdual Solutions to
Fuclidean Gravity, |Phys. Lett. T4B (1978) 249-251.

T. Eguchi and A. J. Hanson, Selfdual Solutions to Euclidean Gravity,
Annals Phys. 120 (1979) 82.

S. W. Hawking, Space-Time Foam, Nucl. Phys. B144 (1978) 349-362.

S. W. Hawking, D. N. Page and C. N. Pope, The Propagation of
Particles in Space-time Foam, Phys. Lett. 86 B (1979) 175-178.

R. Alonso and A. Urbano, Wormholes and masses for Goldstone
bosons, JHEP 02 (2019) 136 |1706.07415|.

D. Marolf and H. Maxfield, Transcending the ensemble: baby
universes, spacetime wormholes, and the order and disorder of black
hole information, JHEP 08 (2020) 044 [2002.08950|.

J. McNamara and C. Vafa, Baby Universes, Holography, and the
Swampland, 2004 .06738.

E. Gesteau and M. J. Kang, Holographic baby universes: an
observable story, 2006 .14620.

E. Witten, GLOBAL GRAVITATIONAL ANOMALIES, Commun.
Math. Phys. 100 (1985) 197.

L. E. Ibanez, F. Marchesano and R. Rabadan, Getting just the
standard model at intersecting branes, JHEP 11 (2001) 002
[hep-th/0105155].

XXI


https://doi.org/10.1103/PhysRevLett.37.1251
https://doi.org/10.1016/0370-1573(86)90117-1
https://doi.org/10.1016/0370-1573(86)90117-1
https://doi.org/10.1140/epjc/s10052-018-5811-3
https://doi.org/10.1140/epjc/s10052-018-5811-3
https://arxiv.org/abs/1712.01868
https://doi.org/10.1016/j.physletb.2020.135617
https://doi.org/10.1016/j.physletb.2020.135617
https://arxiv.org/abs/2005.08538
https://doi.org/10.1016/0370-2693(78)90566-X
https://doi.org/10.1016/0003-4916(79)90282-3
https://doi.org/10.1016/0550-3213(78)90375-9
https://doi.org/10.1016/0370-2693(79)90812-8
https://doi.org/10.1007/JHEP02(2019)136
https://arxiv.org/abs/1706.07415
https://doi.org/10.1007/JHEP08(2020)044
https://arxiv.org/abs/2002.08950
https://arxiv.org/abs/2004.06738
https://arxiv.org/abs/2006.14620
https://doi.org/10.1007/BF01212448
https://doi.org/10.1007/BF01212448
https://doi.org/10.1088/1126-6708/2001/11/002
https://arxiv.org/abs/hep-th/0105155

[250] I. Antoniadis, E. Kiritsis and J. Rizos, Anomalous U(1)s in type 1
superstring vacua, Nucl. Phys. B637 (2002) 92-118
|hep-th/0204153|.

[251] L. E. Ibanez and A. M. Uranga, Neutrino Majorana Masses from
String Theory Instanton Effects, JHEP 03 (2007) 052
[hep-th/0609213].

[252] R. Blumenhagen, M. Cvetic and T. Weigand, Spacetime instanton
corrections in 4D string vacua: The Seesaw mechanism for D-Brane
models, Nucl. Phys. B771 (2007) 113-142 [hep-th/0609191|.

[253] B. Florea, S. Kachru, J. McGreevy and N. Saulina, Stringy Instantons
and Quiver Gauge Theories, JHEP 05 (2007) 024 [hep-th/0610003|.

[254] L. Martucci and T. Weigand, Non-perturbative selection rules in
F-theory, JHEP 09 (2015) 198 [1506.06764|.

[255] L. Martucci and T. Weigand, Hidden Selection Rules, M5-instantons
and Fluzes in F-theory, JHEP 10 (2015) 131 [1507.06999|.

[256] N. Seiberg, Electric - magnetic duality in supersymmetric nonAbelian
gauge theories, Nucl. Phys. B 435 (1995) 129-146 |hep-th/9411149|.

[257] A. Hanany and E. Witten, Type IIB superstrings, BPS monopoles,
and three-dimensional gauge dynamics, Nucl. Phys. B 492 (1997)
152-190/ [hep-th/9611230)].

[258| S. Elitzur, A. Giveon, D. Kutasov, E. Rabinovici and A. Schwimmer,
Brane dynamics and N=1 supersymmetric gauge theory, Nucl. Phys.
B 505 (1997) 202-250 |[hep-th/9704104|.

[259] G. Dvali and M. Redi, Black Hole Bound on the Number of Species
and Quantum Gravity at LHC, Phys. Rev. D 77 (2008) 045027
[0710.4344|.

[260] S. L. Liebling and C. Palenzuela, Dynamical Boson Stars, Living Rev.
Rel. 15 (2012) 6 [1202.5809).

|261] P.-H. Chavanis, Mass-radius relation of Newtonian self-gravitating
Bose-FEinstein condensates with short-range interactions: 1. Analytical
results, Phys. Rev. D84 (2011) 043531/ [1103.2050].

[262] P.-H. Chavanis and T. Harko, Bose-Einstein Condensate general
relativistic stars, Phys. Rev. D86 (2012) 064011 [1108.3986).

XXII


https://doi.org/10.1016/S0550-3213(02)00458-3
https://arxiv.org/abs/hep-th/0204153
https://doi.org/10.1088/1126-6708/2007/03/052
https://arxiv.org/abs/hep-th/0609213
https://doi.org/10.1016/j.nuclphysb.2007.02.016
https://arxiv.org/abs/hep-th/0609191
https://doi.org/10.1088/1126-6708/2007/05/024
https://arxiv.org/abs/hep-th/0610003
https://doi.org/10.1007/JHEP09(2015)198
https://arxiv.org/abs/1506.06764
https://doi.org/10.1007/JHEP10(2015)131
https://arxiv.org/abs/1507.06999
https://doi.org/10.1016/0550-3213(94)00023-8
https://arxiv.org/abs/hep-th/9411149
https://doi.org/10.1016/S0550-3213(97)00157-0
https://doi.org/10.1016/S0550-3213(97)00157-0
https://arxiv.org/abs/hep-th/9611230
https://doi.org/10.1016/S0550-3213(97)00446-X
https://doi.org/10.1016/S0550-3213(97)00446-X
https://arxiv.org/abs/hep-th/9704104
https://doi.org/10.1103/PhysRevD.77.045027
https://arxiv.org/abs/0710.4344
https://doi.org/10.1007/s41114-017-0007-y
https://doi.org/10.1007/s41114-017-0007-y
https://arxiv.org/abs/1202.5809
https://doi.org/10.1103/PhysRevD.84.043531
https://arxiv.org/abs/1103.2050
https://doi.org/10.1103/PhysRevD.86.064011
https://arxiv.org/abs/1108.3986

[263]

[264]

265

[266]

267]

268

269

[270]

[271]

[272]

273]

[274]

[275]

B. Kleihaus, J. Kunz and S. Schneider, Stable Phases of Boson Stars,
Phys. Rev. D85 (2012) 024045 [1109.5858|.

B. Hartmann, B. Kleihaus, J. Kunz and 1. Schaffer, Compact Boson
Stars, Phys. Lett. B714 (2012) 120126 [1205.0899|.

A. Buchel, S. L. Liebling and L. Lehner, Boson stars in AdS
spacetime, Phys. Rev. D87 (2013) 123006/ [1304.4166|.

D. Pugliese, H. Quevedo, J. A. Rueda H. and R. Ruffini, On charged
boson stars, Phys. Rev. D88 (2013) 024053 [1305.4241].

R. Brito, V. Cardoso, C. A. R. Herdeiro and E. Radu, Proca stars:
Gravitating Bose—FEinstein condensates of massive spin 1 particles,
Phys. Lett. B752 (2016) 291-295 [1508.05395|.

J. Eby, C. Kouvaris, N. G. Nielsen and L. C. R. Wijewardhana,
Boson Stars from Self-Interacting Dark Matter, JHEP 02 (2016) 028
[1511.04474].

E. Braaten, A. Mohapatra and H. Zhang, Dense Azion Stars, Phys.
Rev. Lett. 117 (2016) 121801 [1512.00108].

C. A. R. Herdeiro, E. Radu and H. F. Runarsson, Spinning boson
stars and Kerr black holes with scalar hair: the effect of
self-interactions, Int. J. Mod. Phys. D25 (2016) 1641014
[1604.06202].

I. Salazar Landea and F. Garcia, Charged Proca Stars, Phys. Reuv.
D94 (2016) 104006/ [1608.00011].

T. Helfer, D. J. E. Marsh, K. Clough, M. Fairbairn, E. A. Lim and
R. Becerril, Black hole formation from azion stars, JCAP 1703
(2017) 055 [1609.04724|.

L. Visinelli, S. Baum, J. Redondo, K. Freese and F. Wilczek, Dilute
and dense azxion stars, Phys. Lett. BTT7 (2018) 64-72 [1710.08910|.

F. Kling and A. Rajaraman, Profiles of boson stars with
self-interactions, Phys. Rev. D97 (2018) 063012 [1712.06539].

F. Michel and 1. G. Moss, Relativistic collapse of axion stars, Phys.
Lett. BT85 (2018) 9-13| [1802.10085).

XXIII


https://doi.org/10.1103/PhysRevD.85.024045
https://arxiv.org/abs/1109.5858
https://doi.org/10.1016/j.physletb.2012.06.067
https://arxiv.org/abs/1205.0899
https://doi.org/10.1103/PhysRevD.87.123006
https://arxiv.org/abs/1304.4166
https://doi.org/10.1103/PhysRevD.88.024053
https://arxiv.org/abs/1305.4241
https://doi.org/10.1016/j.physletb.2015.11.051
https://arxiv.org/abs/1508.05395
https://doi.org/10.1007/JHEP02(2016)028
https://arxiv.org/abs/1511.04474
https://doi.org/10.1103/PhysRevLett.117.121801
https://doi.org/10.1103/PhysRevLett.117.121801
https://arxiv.org/abs/1512.00108
https://doi.org/10.1142/S0218271816410145
https://arxiv.org/abs/1604.06202
https://doi.org/10.1103/PhysRevD.94.104006
https://doi.org/10.1103/PhysRevD.94.104006
https://arxiv.org/abs/1608.00011
https://doi.org/10.1088/1475-7516/2017/03/055
https://doi.org/10.1088/1475-7516/2017/03/055
https://arxiv.org/abs/1609.04724
https://doi.org/10.1016/j.physletb.2017.12.010
https://arxiv.org/abs/1710.08910
https://doi.org/10.1103/PhysRevD.97.063012
https://arxiv.org/abs/1712.06539
https://doi.org/10.1016/j.physletb.2018.07.063
https://doi.org/10.1016/j.physletb.2018.07.063
https://arxiv.org/abs/1802.10085

[276] J. Eby, M. Leembruggen, L. Street, P. Suranyi and L. C. R.
Wijewardhana, Approzimation methods in the study of boson stars,
Phys. Rev. D98 (2018) 123013/ |1809.08598|.

[277] A. Ceresole, R. D’Auria and S. Ferrara, The Symplectic structure of
N=2 supergravity and its central extension, Nucl. Phys. Proc. Suppl.
46 (1996) 67-74/ |hep-th/9509160)|.

[278] J. Deng, S. Schlichting, R. Venugopalan and Q. Wang, Off-equilibrium
wnfrared structure of self-interacting scalar fields: Universal scaling,

Vortez-antivortex superfluid dynamics and Bose-Finstein
condensation, Phys. Rev. A97 (2018) 053606/ [1801.06260].

|279] F. Dalfovo, S. Giorgini, L. P. Pitaevskii and S. Stringari, Theory of
Bose-Finstein condensation in trapped gases, Rev. Mod. Phys. 71
(1999) 463-512.

[280] R. G. Newton, Scattering Theory of Waves and Particles. Springer,
New York, 1, 1982.

[281] B. R. Joudeh, A. S. Sandouqa, H. B. Ghassib and M. K. Al-Sugheir,
3He-3He and 4He-4He Cross Sections in Matter at Low Temperature,
Journal of Low Temperature Physics 161 (2010) 348-366.

[282] M. Jamieson, Adiabatically corrected scattering lengths and effective
ranges for collisions of helium atoms, Chemical Physics Letters 310
(1999) 222-224.

[283] S. Krippendorf, F. Muia and F. Quevedo, Moduli Stars, JHEP 08
(2018) 070/ [1806 . 04690).

[284] C. A. R. Herdeiro, E. Radu and K. Uzawa, Compact objects and the
swampland, JHEP 01 (2019) 215 [1811.10844|.

|285] D. J. Kaup, Klein-Gordon Geon, Phys. Rev. 172 (1968) 1331-1342.

[286] R. Ruffini and S. Bonazzola, Systems of selfgravitating particles in
general relativity and the concept of an equation of state, Phys. Rev.
187 (1969) 1767-1783.

[287] N. Afkhami-Jeddi, S. Kundu and A. Tajdini, A Bound on Massive
Higher Spin Particles, JHEP 04 (2019) 056/ [1811.01952].

XXIV


https://doi.org/10.1103/PhysRevD.98.123013
https://arxiv.org/abs/1809.08598
https://doi.org/10.1016/0920-5632(96)00008-4
https://doi.org/10.1016/0920-5632(96)00008-4
https://arxiv.org/abs/hep-th/9509160
https://doi.org/10.1103/PhysRevA.97.053606
https://arxiv.org/abs/1801.06260
https://doi.org/10.1103/RevModPhys.71.463
https://doi.org/10.1103/RevModPhys.71.463
https://doi.org/10.1007/s10909-010-0211-6
https://doi.org/10.1016/S0009-2614(99)00807-6
https://doi.org/10.1016/S0009-2614(99)00807-6
https://doi.org/10.1007/JHEP08(2018)070
https://doi.org/10.1007/JHEP08(2018)070
https://arxiv.org/abs/1806.04690
https://doi.org/10.1007/JHEP01(2019)215
https://arxiv.org/abs/1811.10844
https://doi.org/10.1103/PhysRev.172.1331
https://doi.org/10.1103/PhysRev.187.1767
https://doi.org/10.1103/PhysRev.187.1767
https://doi.org/10.1007/JHEP04(2019)056
https://arxiv.org/abs/1811.01952

[288]

[289]

[290]

[201]

[292]

[293]

294]

[295]

296

[297]

298

299

[300]

301]

J. Kaplan and S. Kundu, A Species or Weak-Gravity Bound for Large
N Gauge Theories Coupled to Gravity, JHEP 11 (2019) 142
[1904.09294].

M. Horodecki and J. Oppenheim, (Quantumness in the Context of)
Resource Theories, International Journal of Modern Physics B 27
(2013) 1345019.

E. Chitambar and G. Gour, Quantum resource theories, |Rev. Mod.
Phys. 91 (2018) 025001 [1806.06107].

R. Friedberg, T. D. Lee and Y. Pang, Mini-soliton stars, Phys. Rev.
D 35 (1987) 3640—-3657.

T. D. Lee and Y. Pang, Nontopological solitons, |Phys. Rept. 221
(1992) 251-350.

G. Isidori, G. Ridolfi and A. Strumia, On the metastability of the
standard model vacuum, Nucl. Phys. B609 (2001) 387-409
[hep-ph/0104016].

S. Geltman, Bound States in Delta Function Potentials, Journal of
Atomic, Molecular, and Optical Physics 2011 (2011) 573179.

L. I. Schiff, Application of the Variation Method to Field
Quantization, Phys. Rev. 130 (1963) 458-464.

P. M. Stevenson, The Gaussian Effective Potential. 2. Lambda phi**/
Field Theory, Phys. Rev. D32 (1985) 1389-1408.

L. Di Leo and J. W. Darewych, Bound states in the Higgs model,
Phys. Rev. D49 (1994) 1659-1662.

F. Siringo, A Variational study of bound states in the Higgs model,
Phys. Rev. D62 (2000) 116009 |hep-ph/0008030].

O. Teoman Turgut and G. Yalniz, An attractive ¢* theory in
light-front coordinates, 1812.09555.

F. Rose, F. Benitez, F. Léonard and B. Delamotte, Bound states of
the ¢* model via the nonperturbative renormalization group, Phys.
Rev. D93 (2016) 125018 [1604.05285.

S. R. Coleman, @ Balls, |Nucl. Phys. B262 (1985) 263.

XXV


https://doi.org/10.1007/JHEP11(2019)142
https://arxiv.org/abs/1904.09294
https://doi.org/10.1142/S0217979213450197
https://doi.org/10.1142/S0217979213450197
https://doi.org/10.1103/RevModPhys.91.025001
https://doi.org/10.1103/RevModPhys.91.025001
https://arxiv.org/abs/1806.06107
https://doi.org/10.1103/PhysRevD.35.3640
https://doi.org/10.1103/PhysRevD.35.3640
https://doi.org/10.1016/0370-1573(92)90064-7
https://doi.org/10.1016/0370-1573(92)90064-7
https://doi.org/10.1016/S0550-3213(01)00302-9
https://arxiv.org/abs/hep-ph/0104016
https://doi.org/10.1155/2011/573179
https://doi.org/10.1155/2011/573179
https://doi.org/10.1103/PhysRev.130.458
https://doi.org/10.1103/PhysRevD.32.1389
https://doi.org/10.1103/PhysRevD.49.1659
https://doi.org/10.1103/PhysRevD.62.116009
https://arxiv.org/abs/hep-ph/0008030
https://arxiv.org/abs/1812.09555
https://doi.org/10.1103/PhysRevD.93.125018
https://doi.org/10.1103/PhysRevD.93.125018
https://arxiv.org/abs/1604.05285
https://doi.org/10.1016/0550-3213(85)90286-X;;;;;;;;; 10.1016/0550-3213(86)90520-1

[302]

[303]

304]

[305]

[306]

307]

[308]

[309]

310]

[311]

[312]

[313]

[314]

[315]

T. D. Lee, Soliton Stars and the Critical Masses of Black Holes, Phys.
Rev. D35 (1987) 3637.

R. Friedberg, T. D. Lee and Y. Pang, Scalar Soliton Stars and Black
Holes, Phys. Rev. D35 (1987) 3658.

A. Kusenko, Phase transitions precipitated by solitosynthesis, |Phys.
Lett. B406 (1997) 26-33 [hep-ph/9705361|.

F. Paccetti Correia and M. G. Schmidt, @ balls: Some analytical
results, Eur. Phys. J. C21 (2001) 181-191 [hep-th/0103189|.

N. Sakai and M. Sasaki, Stability of Q-balls and Catastrophe, |Prog.
Theor. Phys. 119 (2008) 929-937 [0712. 1450].

T. Tamaki and N. Sakai, How does gravity save or kill Q-balls?, Phys.
Rev. D83 (2011) 044027 [1105.2932].

G. R. Dvali, A. Kusenko and M. E. Shaposhnikov, New physics in a
nutshell, or @ ball as a power plant, Phys. Lett. B417 (1998) 99-106
[hep-ph/9707423|.

A. Kusenko, Solitons in the supersymmetric extensions of the
standard model, Phys. Lett. B405 (1997) 108 |hep-ph/9704273].

A. Kusenko, Small Q) balls, Phys. Lett. B404 (1997) 285
[hep-th/9704073).

E. Braaten and H. Zhang, Azion Stars, Symmetry 12 (2018) 25
’1810 . 11473].

J. Eby, M. Leembruggen, L. Street, P. Suranyi and L. C. R.
Wijewardhana, A Global View of QCD Axion Stars, Phys. Rev. D
100 (2019) 063002 [1905.00981).

E. A. Donley, N. R. Claussen, S. Cornish, J. Roberts, E. Cornell and
C. E. Wieman, Dynamics of collapsing and exploding Bose-FEinstein
condensates, Nature 412 (2001) 295 [cond-mat/0105019|.

J. Eby, M. Leembruggen, P. Suranyi and L. C. R. Wijewardhana,
Collapse of Azion Stars, JHEP 12 (2016) 066/ [1608.06911].

D. Guerra, C. F. B. Macedo and P. Pani, Azion Boson Stars, JCAP
09 (2019) 061 [1909.05515].

XXVI


https://doi.org/10.1103/PhysRevD.35.3637
https://doi.org/10.1103/PhysRevD.35.3637
https://doi.org/10.1103/PhysRevD.35.3658
https://doi.org/10.1016/S0370-2693(97)00700-4
https://doi.org/10.1016/S0370-2693(97)00700-4
https://arxiv.org/abs/hep-ph/9705361
https://doi.org/10.1007/s100520100710
https://arxiv.org/abs/hep-th/0103189
https://doi.org/10.1143/PTP.119.929
https://doi.org/10.1143/PTP.119.929
https://arxiv.org/abs/0712.1450
https://doi.org/10.1103/PhysRevD.83.044027
https://doi.org/10.1103/PhysRevD.83.044027
https://arxiv.org/abs/1105.2932
https://doi.org/10.1016/S0370-2693(97)01378-6
https://arxiv.org/abs/hep-ph/9707423
https://doi.org/10.1016/S0370-2693(97)00584-4
https://arxiv.org/abs/hep-ph/9704273
https://doi.org/10.1016/S0370-2693(97)00582-0
https://arxiv.org/abs/hep-th/9704073
https://doi.org/10.3390/sym12010025
https://arxiv.org/abs/1810.11473
https://doi.org/10.1103/PhysRevD.100.063002
https://doi.org/10.1103/PhysRevD.100.063002
https://arxiv.org/abs/1905.00981
https://doi.org/10.1038/35085500
https://arxiv.org/abs/cond-mat/0105019
https://doi.org/10.1007/JHEP12(2016)066
https://arxiv.org/abs/1608.06911
https://doi.org/10.1088/1475-7516/2019/09/061
https://doi.org/10.1088/1475-7516/2019/09/061
https://arxiv.org/abs/1909.05515

[316] P.-H. Chavanis, Phase transitions between dilute and dense azion
stars, |Phys. Rev. D98 (2018) 023009 [1710.06268|.

[317] M. Gleiser, Pseudostable bubbles, |Phys. Rev. D49 (1994) 2978-2981
[hep-ph/9308279].

[318] K. Mukaida, M. Takimoto and M. Yamada, On Longevity of
I-ball/Oscillon, JHEP 03 (2017) 122 |1612.07750|.

[319] A. Yu. Loginov, Nontopological solitons in the model of the
self-interacting complex vector field, Phys. Rev. D91 (2015) 105028.

[320] P. Jetzer, Stability of Combined Boson - Fermion Stars, Phys. Lett.
B243 (1990) 36-40.

[321] V. Dzhunushaliev, V. Folomeev and D. Singleton, Chameleon stars,
Phys. Rev. D84 (2011) 084025/ [1106. 1267).

|322| F. Carta, N. Righi, Y. Welling and A. Westphal, Harmonic Hybrid
Inflation, 2007 .04322.

[323] D. Gaiotto, A. Kapustin, N. Seiberg and B. Willett, Generalized
Global Symmetries, JHEP 02 (2015) 172/ [1412.5148|.

[324] T. Rudelius and S.-H. Shao, Topological Operators and Completeness
of Spectrum in Discrete Gauge Theories, 2006.10052.

[325] C. P. Herzog, 1. R. Klebanov and P. Ouyang, Remarks on the warped
deformed conifold, in Modern Trends in String Theory: 2nd Lisbon
School on g Theory Superstrings Lisbon, Portugal, July 13-17, 2001,
2001, hep-th/0108101.

[326] R. Minasian and D. Tsimpis, On the geometry of nontrivially
embedded branes, Nucl. Phys. B572 (2000) 499-513
[hep-th/9911042).

[327] 1. R. Klebanov and N. A. Nekrasov, Gravity duals of fractional branes
and logarithmic RG flow, Nucl. Phys. B574 (2000) 263-274
[hep-th/9911096.

[328] S. Leonhardt, Azion Monodromy in the Klebanov-Strassler
Background, Master’s thesis, Heidelberg University, 2017.

[329] E. Picard and G. Simart, Théorie des fonctions algébriques de deux
variables indépendantes, no. Bd. 1 in PCMI collection.
Gauthier-Villars, 1897.

XXVII


https://doi.org/10.1103/PhysRevD.98.023009
https://arxiv.org/abs/1710.06268
https://doi.org/10.1103/PhysRevD.49.2978
https://arxiv.org/abs/hep-ph/9308279
https://doi.org/10.1007/JHEP03(2017)122
https://arxiv.org/abs/1612.07750
https://doi.org/10.1103/PhysRevD.91.105028
https://doi.org/10.1016/0370-2693(90)90952-3
https://doi.org/10.1016/0370-2693(90)90952-3
https://doi.org/10.1103/PhysRevD.84.084025
https://arxiv.org/abs/1106.1267
https://arxiv.org/abs/2007.04322
https://doi.org/10.1007/JHEP02(2015)172
https://arxiv.org/abs/1412.5148
https://arxiv.org/abs/2006.10052
https://arxiv.org/abs/hep-th/0108101
https://doi.org/10.1016/S0550-3213(00)00035-3
https://arxiv.org/abs/hep-th/9911042
https://doi.org/10.1016/S0550-3213(00)00016-X
https://arxiv.org/abs/hep-th/9911096

[330] S. Lefschetz, L’analysis situs et la géométrie algébrique.
Gauthier-Villars, Paris, 1950.

XXVIII



	Front Matter
	Title Pages
	Abstract
	Acknowledgments
	Contents

	Introduction
	String Phenomenology
	Beyond the Standard Model of Particle Physics and Cosmology
	String Vacua
	An Example: Cosmic Inflation

	The Swampland Paradigm
	Landscape vs. Swampland
	Gravity as the Weakest Force

	Contribution of this Thesis

	The Landscape and the Swampland
	The Landscape
	Compactification
	Type IIB Orientifold Compactifications
	The Low-Energy Theory
	Stabilizing All Moduli

	The Swampland
	No Global Symmetries and Gravity as the Weakest Force
	The Weak Gravity Conjecture and Scalars
	The Axionic Weak Gravity Conjecture
	The dS and SUSY AdS Conjectures


	Thraxions: Ultralight Throat Axions
	Introduction
	Back-Reacted Potential of the Thraxion from 10d
	Geometric and Flux-Background
	Local Back-Reaction in the Throat
	The CY Breaking Potential
	Discussion of Results
	The B2-axion

	Derivation and Solution of the 5d Equations of Motion
	The 5d Action of the Interpolating Mode Phi
	Schrödinger Equations and Exact Solutions for Free Fields
	Axion Decay Constant and Potential Parameters

	Four-Dimensional SUGRA Completion
	Counting Moduli Through the Conifold Transition
	The Thraxion Superpotential
	Comments on the b-Axion
	A Possible N=2 Extension

	The Axion Potential and Gauge/Gravity Correspondence
	Applications
	Thraxions on the Quintic: Drifting Monodromy
	A Clash with the Weak Gravity Conjecture
	Axion Phenomenology
	Uplifting

	Conclusion

	Winding Uplifts – Parametrically Small SUSY Breaking
	Introduction and Summary
	The Uplifting Potential
	Winding Setup
	Adding Sub-Leading Corrections
	The Axion Potential
	Winding in a Multi Axion Field Space

	Uplifting AdS Vacua
	Large Volume Scenario
	The KKLT AdS Vacuum
	DGKT-type Vacua

	Conclusion

	Towards a Global Symmetry Conjecture
	Introduction
	Basic Argument
	Definitions and Classification
	Deriving the Bound

	Simple Models
	A Four-Dimensional Example
	Comments on a Possible Relation to an Effective Axion
	A Simple Five-Dimensional Example

	Direct Quantum Gravity and Black Hole Arguments
	Gravitational Instantons
	String Constructions and Euclidean Branes
	Black Hole Effects in a Thermal Bath

	Synthesis of Results
	Comments on Further Effects
	A Possible Loophole and Resolution
	Comment on a Stronger Constraint
	Towards a General Swampland Global Symmetry Conjecture

	Conclusion

	A Conjecture on the Minimal Size of Bound States
	Introduction
	Constraining Scalar Interactions
	From the WGC with Scalars to Scalar WGCs and Beyond
	Possible Counterexamples

	Bound State Conjecture
	An Alternative Approach to Constraining Scalar Interactions
	Quantifying the Bound State Conjecture
	Limit of Decoupled Gravity: General Bound State Conjecture

	Evidence from Examples
	Non-Gravitational Scalar-Modulus Coupling
	Quartic Interactions
	Axions
	Bound States Involving Non-Scalar Particles

	Conclusion

	Summary and Outlook
	An Introduction to Conifold Geometry
	Deformed Conifold for General Complex Structure Modulus
	The Axion Potential in the Local Throat
	Background on Multi Conifolds

	Own Publications
	References

