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1 Introduction

If string theory is the true underlying theory of this world, then the observed universe exists
as a vacuum state of string theory. This makes it important for physicists to understand
the space of allowed vacua of string theory; in particular, vacua with three large spatial
dimensions with all remaining dimensions compactified.

The traditional approach to understanding string compactifications was based on top-
down analyses and constructions of string vacua (for reviews see refs. [1-4]). This aimed at
obtaining such 4-dimensional vacua by starting with the full 10-dimensional theory and
then proceeding through a series of controlled approximations to emerge eventually with
controlled 4-dimensional solutions. Typically, the progression was from 10-dimensional
string theory to 10-dimensional supergravity to 4-dimensional supergravity effective field
theories — and then, finally, to a vacuum derived within this framework of 4-dimensional
effective field theory.

The claim to have a controlled solution was provided in three ways. The first means
of control was through working with approximately supersymmetric compactifications (typ-
ically with Calabi-Yau internal manifolds) and having supersymmetry broken only at scales
far below the compactification scale. This allowed higher-dimensional questions to remain
within the framework of supersymmetry and benefit from the additional control provided.
The second means of control was to insist that the internal manifold was in the geometric
regime, so that the o/ expansion was parametrically controlled. The final means of control
was to work at small string coupling, thereby allowing control of the string loop expansion.

In terms of obtaining string vacua, these restrictions are (mostly) not ones of principle.
They are imposed not because of any belief that vacua cannot exist at strong coupling with
badly-broken supersymmetry, but rather through the (correct) sense that it is extremely
hard to establish in a convincing fashion that such vacua exist.

While there are clear limitations in restricting ourselves to vacua which are at weak
coupling, there is one important physical reason to focus on such vacua — the fact that
the observed universe, both in particle physics and cosmology, is characterised by small
numbers and weak couplings. This statement becomes more, rather than less, true as we
move to the highest energy scales. Examples are the inflationary density perturbations
(characterised by %” ~ 107?), the gauge couplings of the Standard Model asu(3)s Asu(2)
and ayy(1), (which all become weakly coupled at high but sub-Planckian energies) or the
Yukawa couplings of the Standard Model.

Recent years have seen an alternative approach to understanding string vacua: the
Swampland program [5-7]. This aims at determining general methods to exclude many
low-energy Lagrangians as possible vacua of string theory, by finding principles that must
always be satisfied within quantum gravity. In this way it can (potentially) bypass the many
steps involved in more traditional approaches using dimensional reduction and effective field
theory. While such bold conjectures offer hopes of circumventing the need for laborious
construction and control of individual vacua, it replaces the hard task of ensuring parametric
control of vacua with the equally hard task of proving, or at least establishing significant
evidence for, such general conjectures.



Nonetheless — new perspectives on old problems are still beneficial. This is one
motivation for our work here, which is focused on analysing ‘traditional’ vacua from a
holographic perspective. This has two purposes. The first is to determine whether the
holographic perspective reveals any interesting structure within established models of
moduli stabilisation which may be opaque in more traditional treatments. The second is to
determine whether manifestly ‘swampland’ modifications within a supergravity effective field
theory can be related to defined modifications within a dual CFT. In an ideal world, this
may provide a hope of understanding swampland constraints in terms of allowed behaviour
within CFTs [8, 9]. While CFT approaches to the swampland have already attracted a
significant degree of attention in the literature [10-22], not much work has been carried out
in the context of specific realisations. There was some discussion in older literature about
properties of duals to explicit moduli stabilisation constructions [23-25], but the description
is very complex and many details still remain to be worked out. In this work, we shall take
a different approach and exploit parametric limits (such as large volume) which allow one
to isolate treatable, effective CF'Ts with a large gap to the heavier modes.

This paper is structured as follows. In section 2 we review some aspects of CFT and the
computation of anomalous dimensions. In section 3 we discuss the case of fibred versions of
LVS, where there are multiple light moduli compared to ‘standard’ LVS, whereas in section 4
we discuss type ITA flux compactifications and the corresponding operator dimensions. In
section 5 we conclude.

2 CFT preliminaries

The subset of Conformal Field Theories (CFTs) with a weakly coupled gravity dual go by
the name of Holographic CFTs, and display some peculiar properties which we attempt to
summarize here. While much of the discussion carries over from [9], this concise introduction
aims to make the presentation as self-contained as possible.

In weakly coupled scenarios, correlation functions in AdS can be calculated using
standard perturbation theory, and the results mapped to the CFT side with the aid of
the holographic dictionary. For the former to be possible, both curvature and string
coupling corrections must be under control: Raqs > £g and gs < 1. In the most celebrated
incarnation of the correspondence — type IIB String Theory on AdSs x S° dual to N = 4
SYM — this amounts to the requirement N >> 1, since the t’'Hooft coupling A = ¢°N is
proportional to (R/fs)¢. More generally, Holographic CFTs can be characterized by the
following two properties:

o A finite number of primary operators with conformal dimensions of O(1), which are
separated from the rest of the spectrum by a large gap Agap, > 1.

e The existence of an expansion parameter playing the role of large- N, around which a
perturbative series can be organised. By analogy, this is always denoted by N in the
literature.

It has also been conjectured that these property are both necessary and sufficient conditions
for a CFT to be holographic [26]. At the first non-trivial order in 1/N, the operator content



of such theories consists of the primaries {O;} and the double trace operators,! which are
(schematically) built out of the former as

[Oin]njg = Oiﬂnam PN 8WOJ-. (2.1)

For each value of n and ¢, only one such operator exists. Their conformal dimension is
given by
Ape=0+Aj+2n+L+v(n,l), (2.2)

which is the sum of the classical dimension, A; +A; 4 2n + ¢, and the anomalous dimension
v(n, £) of magnitude O(1/N?). Alongside the OPE coefficients, the anomalous dimensions
(which can be viewed as the binding energy in AdS space) encode all the dynamical
information about the theory and will be central quantities in our analysis. In principle
they can be extracted from the expression of AdS 4-point correlators or using a Bootstrap
approach, but the procedure is not always straightforward. In section 2.2, we will however
show how they can be systematically computed in the particular case that we will be
concerned with, i.e. anomalous dimensions 7(n,f) with n = 0. The relevance of such a
scenario is explained in the next section, in the context of CF'T positivity bounds.

2.1 Positivity bounds

The requirements of conformal and crossing symmetry alone, cornerstones of the Bootstrap
program [27-29], are not sufficient to impose any non-trivial bounds on the OPE data
for holographic CFTs. Indeed, it was shown in [26] how all the higher order operator
coefficients in the Lagrangian of a single scalar on AdS map to a single solution of the
bootstrap equations. On the other hand, the physical principles of causality and unitarity
often impose additional constraints in the space of possible theories, and CFTs make no
exception. By demanding that every state in a conformal multiplet has a non-negative
norm, for example, one is led to the following bounds for the conformal dimensions of
primary operators [30, 31]:

—2
Asz for £ = 0, A>(+d—2 forl>0 (2.3)

More elaborate consequences of these fundamental principles have been pioneered in [32, 33],
resulting in the formulation of positivity bounds for towers of operators with minimal twist.?
Heuristically, the latter give the dominant contribution to the Lorentzian OPE in certain
kinematic regimes, and thus can be constrained more easily. More precisely, if one denotes
by 7*(¢) the twist of the minimal twist operators with spin £ appearing in the OPE QO of
a scalar with itself, the following bound applies for £ even and larger than a critical value
fy > 2 (With lg > lz):

T () — T (6) _ () — T (0)

24
f3 — - fy — 0 ( )

In a realistic setup, one of course also has to include the stress energy tensor T,. alongside any double
trace operators that can be constructed using it.
2The twist of an operator is denoted by is defined as 7 = A — £.



Although the authors of refs. [32, 33] had to invoke additional assumptions on the behaviour
of off-shell amplitudes, these were later dropped in subsequent proofs [34], where the result
was also generalized to any ¢ > 1 through the OPE inversion formula of [35]. In cases where
gravity can be decoupled — i.e. an effective theory on AdS characterized by a cutoff scale
A, < Mp — the leading twist operators in the OO OPE are the double traces [O0]o.s,
and (2.4) can be turned into a convexity statement on their anomalous dimension:

7(0’£3) - ’7(07 El) < 7(0> 62) - ’7(0a Kl)
3 — 01 - fy — 01 .

(2.5)

Given that the anomalous dimensions asymptote to zero as £ — oo, they will also have to
be negative for £ > 1. In a different context, similar results concerning the negativity of the
~(0, 2) anomalous dimension were also proven in [36]. More recently, such convexity relations
have also been generalized to treat the OPE of two non-identical scalar primaries [37] and
other closely related bounds for EFTs on AdS (which include the effect of dynamical gravity)
have been obtained in [20, 38].

These results served as a partial motivation in our previous paper [9] to conjecture that
a similar negativity property for anomalous dimensions would correlate with Swampland

conditions on AdS, supported from a number of examples in 4d string compactifications.?

In particular, we proposed that the mixed anomalous dimensions {3 (0, £), corresponding
to the double trace operators of non-identical scalars [O103]o ¢ also be negative in CFTs
dual to scenarios of moduli stabilization (based on results for racetrack, LVS and KKLT
stabilisation scenarios). For simplicity, we considered anomalous dimensions for ¢ > 1,
which are not affected by contact terms in the lagrangian and can be easily computed using
a formula shown in the next section. The rest of this paper is devoted to the exploration of

this condition in a different class of scenarios.

2.2 Anomalous dimensions at large spin

The purpose of this section is to show explicitly how large spin anomalous dimensions of
the form ~(0,¢) can be calculated from the effective action on AdS. Although there are
no general, analytic formulas to extract anomalous dimensions for any (n,¢) and arbitrary
values of the external dimensions, the case we are interested is rather special. In particular,
ref. [39] derived the formal expression

7{“2“‘(0,6) = —/ 7M12_)12(0, t) 3Fy (—f, A1+ Ay + 10— 1, 5; Al, AQ; 1)

Cico 2T

er(an- 1) r(a- (L.

where M (s,t)12_12 is the Mellin amplitude corresponding to the (O1020105) correlator.?
Mellin amplitudes [40-43] are particular representations of conformal correlators which most
closely resemble scattering amplitudes in flat spacetime, and in this case M (s,t)12-512 is the

3The original condition (2.5) leads to trivial constraints for the type of Lagrangian we considered [9].
4We follow the kinematic conventions of [39], which differ from those adopted in [9] by an exchange of
the s- and t-channels.



analogue of a 12 — 12 scattering amplitude. For a fuller development of Mellin amplitudes
in the context of AdS moduli stabilisation scenarios, we refer readers to our earlier work [9].

Using (2.6), we will later see that only exchange diagrams contribute to the sum at
leading order in the 1/¢ expansion, and in particular only in the t-channel. Therefore, the
final result only depends on certain cubic couplings. Contact terms, for example, contribute
up to a finite spin £y = Np/2, where Nj is equal to number of derivatives it contains. In
particular, the exchange of a given primary operator O induces an anomalous dimension
for the mixed double trace operators [O1 02y of

mix() ) ~ _2I'(Ao I'(AI(Ag) Cr10C220 (2.7)
TS TG A, - Bp)r(a, - ) e |

where C110, Ca20 are the coefficients of the three-point functions (O;(2)01(2)O). Although
the same result could have been more easily obtained by solving the bootstrap crossing
equation at leading order [44], we emphasize that formula (2.6) also provides a systematic
way to expand the answer in subsequent powers of 1/¢, and eventually resum the series to
obtain the finite spin result. It also allows one to keep the analogy with positivity bounds
from flat space more manifest, given the similarity of Mellin amplitudes to scattering
amplitudes in flat spacetime.

The three-point function coefficients in (2.7) can be computed by evaluating the
corresponding Witten diagram in AdS, which is most easily performed in the embedding
formalism [42, 43]. Given the particular structure of the Lagrangians we are going to
consider, the cubic coupling will always be of the general form

LD c19}9B + c20,0c0up09D- (2.8)

Then, the corresponding coefficients take the form [45]

/2D (2Ba+0p=d)

Caap = c1(2+464B) (2.9)

T(AA)T(Ap)
7Td/21"(2AC+2AD*d) )
Ccep = ¢ F(AC)ZF(AD) (AL —2A¢ — Ap +3). (2.10)

2.3 A special case: degenerate conformal dimensions

When a CFT contains two primaries with integer spaced conformal dimensions, the spectra
of the corresponding double trace operators overlap, and one needs to be more careful in
the computation of the anomalous dimensions. To be explicit, let us consider two scalars
01 and Os with scaling dimensions Ay, As. At zeroth order in the large- N expansion, the
double trace operators [O101],, ¢ and [O203],, ¢ will be degenerate if the dimensions satisfy

nl—TIQ:AQ—Al, nl,ngel]\l (2.11)

and analogous conclusions hold with the mixed operators [O1 O3], ¢ too. While from an AdS
perspective eq. (2.11) would seemingly correspond to a fine-tuning conspiracy on the value



of the masses,” there is one notable exception where this condition naturally occurs, namely
when two fields are massless and A1 = Ay = d. One such example is provided by the case
where the potential has flat directions corresponding to certain moduli or, alternatively,
for axions protected by shift invariance. In large volume models, the latter scenario is quite
robust, since any additional non-perturbative effects lifting the axion mass are suppressed

—bV*" which does not appear at any order in a 1/N expansion.®

as m e

Of course, in any realistic stringy example — such as those we will consider in sections 3
and 4 — particle masses (and hence the dimensions of primaries) may receive higher order
contributions that break the degeneracy. Since we are working in a perturbative framework,
this is only relevant if the corrections to the conformal dimensions dominate parametrically
over the anomalous dimensions, i.e. they have to be strictly larger than O(1/N?). If
this happens for Ay # As, the operator mixing is effectively eliminated, and anomalous
dimensions can be calculated as usual. On the other hand, if A; = Ay the degeneracy is still
resolved in principle (unless the symmetries of the problem conspire to leave the degeneracy
still unbroken at this subleading order), but mixing effects can appear between O; and
Os. Indeed, the true primaries are the eigenstates of the degeneracy-breaking perturbation,
which can be rotated from the original fields by an unknown angle.” Therefore, the form of
the perturbation becomes necessary to calculate the anomalous dimensions even at leading
order, and in such cases we will not be able to provide an expression for v(0, ¢). Otherwise,
the operators should effectively be considered degenerate, and it will be necessary to use
the techniques outlined in this section.

2.3.1 Mixing matrix

For concreteness, let us focus on the case where Ay = As = A and no degeneracy breaking
is present. For each given pairing (n,f), there is a three dimensional degenerate space,
corresponding to the operators

[0101]n,e5 [0202]505 [O102]5,- (2.12)

They will be denoted by the double indices [ij], taking values in [11],[22],[12]. In this
subspace, the dilatation operator is diagonal only at order zero in the 1/N expansion, and
the scaling dimensions are given by its eigenvalues: this is totally analogous to what happens
in standard QM perturbation theory. In the approach of [46], anomalous dimensions are
calculated by applying QM perturbation theory to the dilatation operator, and in a non-
degenerate system this amounts to evaluating the expectation value of the interaction term
AD on a given state. In a degenerate system, one instead has to diagonalize

Viig) (k) (7€) = a5 (n, £ AD |n,0), (2.13)

where |n, £),; is the state created by acting with [0;O;],,¢(0) on the vacuum, and the bar
is used to distinguish between the matrix elements and the actual anomalous dimensions,

®In the type ITA models of section 4 we will surprisingly find examples where this condition is satisfied.
However, we expect it to be broken by subleading volume effects.

5Since the volume plays the role of large-N in such models.

"Crucially, this angle remains finite if the magnitude of the perturbation approaches zero.



given by the eigenvalues. The eigenvectors of the matrix determine the basis of double trace
operators in which the dilatation operator is diagonal at the first non-trivial order in 1/N,
as a linear combination of the three operators in (2.12).

Although our approach to the evaluation of large spin anomalous dimensions is tech-
nically (and conceptually) different, anomalous dimensions can still be obtained as the
eigenvalues of an analogous mixing matrix ¥} (x (0,¢). In particular, we show in appendix A
that the matrix elements represent the “effective” anomalous dimension extracted from the
mixed correlators
Jo(n, 0313000 (0, £)

N2
where the fp(0,¢) are the generalized free theory OPE coefficients. They can be calculated
with the analogue of eq. (2.7) for the Mellin amplitude corresponding to the (O;0,0;0;)
correlator.

<OZO]OkOl> D aAGQA—&-Qn-i-&Z, (2'14)

If we assume that at least one of the two primaries is odd with respect to a Zo symmetry,
as is the case for operators dual to an axion on AdS, the system becomes two-dimensional.
This is the only case we will encounter in practice, as the degeneracy will always be broken
.
transformation property under the discrete symmetry and can mix amongst themselves. In

in other systems. In this case, only the [0104]!, , and [0205]¢ , operators have the same

this particular case, the eigenvalues take the simplified form

B Y + Ve £ \/(’7[11][11] — A22)j22))? + 47[211“22}
= . ’

where the indices n, £ have been suppressed for simplicity. An interesting consequence of the

- (2.15)

modified formula (2.15) is that one of the anomalous dimensions can apparently be positive,®
when :Y[QH][??] > Ynyp Ve 2. Even though we are dealing with identical operators, there
does not seem any reason why this behaviour should be inconsistent. The reason is that in
the OPE of two identical primaries, only the lowest twist operators have to obey a convexity
condition (implying negativity) — therefore it is enough to have just one double trace
operator with negative anomalous dimension appearing for every value of £. For instance,
the OPE of O; with itself will contain two classes of double trace operators, with positive
and negative anomalous dimensions respectively. The lowest twist operators will be those
belonging to the latter class, and these satisfy the required condition irrespective of the
existence of those with a positive anomalous dimension.

3 Fibred Calabi-Yau scenarios of moduli stabilization

In our earlier work [9] we studied holographic aspects of certain moduli stabilisation
scenarios, in particular LVS, KKLT and racetrack scenarios. These displayed interesting
properties. LVS displayed a universality of conformal dimensions in the large-volume limit,
and all scenarios had an interesting negative behaviour for the mixed anomalous dimensions.
We are therefore interested in extending these studies to a wider range of scenarios, and in
this section we consider fibred versions of the original LVS.

8Since A1y and pao)22) will still be positive by construction.



3.1 A brief review of fibred Calabi-Yau scenarios

One interesting variation on the original LVS is to consider models with fibred Calabi-Yau
(CY) structures. In such models, there are multiple large moduli associated both to base
and fibre moduli [47, 48]. We shall take the form of the volume of a fibred Calabi-Yau to
be given as the following (based on [47]):

Nsman

V=falm) = Y am? (3.1)
1=1

where f is a homogeneous function of degree 3/2, j runs from 1 to Njarge and h11 = Nymarl +
Marge, where Nigrge is the number of large moduli and Ngpan is the number of blow up moduli.

The fibred CY shares a similar feature with the “Swiss Cheese” form used in the original
LVS, in terms of the blow-up moduli included in the volume. The difference lies in the
function f, as this now involves multiple moduli: both the overall volume modulus and the
fibration moduli. Different moduli play different roles. The volume modulus controls the
LVS potential. The fibre modulus is a flat direction of the LVS potential, which means it
will be absent in the LVS potential at leading order. However, it will appear in the kinetic
terms, and also at subleading order in the string loop expansion. The blow up modulus
controls the heavy mode which will subsequently be integrated out of the LVS potential
within the low-energy effective field theory.

In the next two subsections, we will use two specific examples to illustrate these ideas
which will involve respectively one or two fibre moduli.

3.2 Fibred Calabi-Yau: example with one fibre modulus

We will first look at moduli stabilisation in order to establish the AdS effective action (essen-
tially a review of [2]), before considering the holographic implications of this effective action.

3.2.1 Moduli stabilisation

We assume as in [47] that the volume takes the form:
V=a(y/1im) — 775’/2. (3.2)

Here 7 controls the volume of the fibre, 75 controls the volume of the base and 73 describes
the blow up modulus.

The Large Volume Scenario is a specific type IIB flux compactification moduli stabili-
sation scenario, which stabilises all moduli in a non-SUSY AdS vacuum at an exponentially
large volume V (as per [3, 45, 49]). Following the usual approach in LVS, after stabilising
and integrating out the complex structure moduli and dilaton, the Kéhler potential and



superpotential read:

K = —2In(V +§), (3.3)
W =Wy + A3€_Q3T3,
i- (3.5)
I
_ x(X)<B3)
§= —Wa (3.6)

Here x(X) is the Euler number of the Calabi-Yau manifold X, ¢ is the Riemann zeta function
with ((3) ~ 1.2. T3 is the chiral multiplet for the blow-up Kéhler modulus, 73 = 73 + iCs.
The N = 1 F-term supergravity scalar potential takes the following form:

V = (KTD,WD;W - 3[W?), (3.7)

where we have set Mp = 1. After substituting the Kéhler potential and superpotential into
the scalar potential, the effective potential becomes:

Aag\/%e—Qa?,m _ BWOa3A3T3€—a373 + C’fWOZ
% 2p3

3.8

‘/;calar =
where A, B, C are numerical constants. The important point is that the fibre modulus does
not appear in the effective potential at tree level, and so at this order is a flat direction of
the scalar potential. Therefore there is an additional light scalar degree of freedom, which
is an interesting feature of fibred Calabi-Yau models compared to the original LVS.

As with standard LVS, this scalar potential has a minimum at exponentially large
volumes,

(T3) ~ =—, (3.9)
(V) ~ 373, (3.10)

After integrating out the blow up modulus 73, the effective potential for the LVS volume
modulus reads [8]:

YR (3.11)

‘/scalar = [_Al (ln(fV)) + B/}

!’ / .
where A, B are numerical constants.

3.2.2 Kinetic terms and canonical fields

The effective field theory of these fibred models contains four light moduli: one overall
volume modulus which is massive, plus one fibre modulus and two axions, which are
approximately massless. In order to see how they interact with each other, we write down
the kinetic terms for the theory in the large volume limit using standard EFT techniques.
Neglecting higher order terms, the kinetic terms read:

1 1 1 1
Lkin = WauTlauTl + 277_228u7'28u7'2 + Waualaual + 277_22&“@28”&2. (312)



As a first step in diagonalising the action, we re-express the mode 7o in terms of the overall
LVS volume:

%
a7

(3.13)

Ty =
The kinetic terms then become

2
Lo, VOVt a ard"ar+ oL 9,020 az.  (3.14)

3 w
LD@&LTK‘) T — 2V

1 U
: 727_1])(%7'18 V+ 5

v

We next diagonalise both kinetic terms and mass terms in order to get a canonically
normalised theory.

InT; = a®y + bdoy, (315)
Y = c®; + dbs. (3.16)

Here ®1 and ®5 will be the canonically normalised fields. Before we go into the details of
the calculation, we make an observation. As the mass term only depends on the overall
LVS volume, we must choose either ¢ = 0 or d = 0 when diagonalising. Here we choose
d = 0, so our ansatz becomes:

In7 = a®y + Py, (3 17)
InY = c®;. '

We refer interested readers to appendix B.1 for the details. Here we just state the final
results:

Inm = f(@1+f¢2)
Iny = \/><I)1

(3.18)

The kinetic terms then read:

3
Lo %(8u®1)2 + %(auq)2)2 + %G—Q\/g(¢1+2©2)aualaual + ;6<\[ 5)‘1’1+2\[©28 a28ua2,
(3.19)
where the axions have also been rescaled by a constant factor to achieve canonical normal-
ization. The potential only depends on ®; and so is diagonal in this basis. Having expressed
the Lagrangian in canonical form, we can now move to a discussion of the interactions and
their holographic interpretation.

~10 -



3.2.3 Holographic interpretation

From the couplings in (3.19) and in the scalar potential, we can easily read off the OPE
coefficients following eqs. (2.9)—(2.10). The results are the following;:

% (2Aa1+Aq>lfd>
faq>11al \/7 (A@l + 2ACL1 AZI - 3) I
I'(Ag,) T (Ag,)?
g 2A, +Aq, —d
2 T2 ( fg/=a] 1=®y & )
fc?fal = \/> (A ) ( ) <ACD2 + 2Aa1 Azl - 3) Y
2Aa2+A<I>1 )
_ (/31 2 A2 _ 3.20
(D) B e, o
d 2Aq -‘rAq) —d
i )
@, :_\f Ag, +2A,, — A2 —3
F(Ba T (g7 (A0 280 = 80, 23).
8163721 ( 380, — )
f<I>1<I>1 2 (AQH) :

The key difference between the fibred Calabi-Yau LVS model and the original LVS
model is that there are a total of 3 massless moduli in the effective field theory rather
than just one. This leads to operator mixing in the operator product expansion. On the
other hand, the volume modulus behaves exactly as in the pure LVS scenario, obtaining a
conformal dimension of [8, 9]

3(1+ v/19)

Ag, = 5 (3.21)
and with the same self-couplings.
In principle, the following double trace operators are degenerate
[a1a1]ne, [a2a2lne, [a1a2]ne, [ P2Polne, [a1Polne,  [a2P2]ne, (3.22)
while
[a1®P1]ne,  [a2Pi]ne (3.23)

also mix within themselves. Each axion is invariant under an independent discrete Zo
symmetry acting as a; — —a;, which results in selection rules for the double trace operators
that can appear in a given OPE. This implies that states in different symmetry classes
cannot mix with one another even though their classical dimension is the same. This is
shown in table 1.

For the non-degenerate operators involving different fields [a1®1]o ¢, [a2®1]o ¢[a1P2]o.r,
[aa®2])o.¢, [a1a2]0,¢, we can directly refer to (2.7) to work out the anomalous dimension. In
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Zy(a1) | Z3(az)
[a1Pa]n.e -1 1
[aa®2]n e 1 -1
[aia2]n¢ -1 -1
la1a1]n.e, [a2a2]n0, [P2P2)n ¢ 1 1
[a1P1]n.e -1 1
[a2®1]n.e 1 -1

Table 1. Irreducible representation of the double trace operators under the Zs x Zo symmetry. The
two different blocks correspond to distinct subspaces, where the degeneracies are partly broken by
the discrete symmetries.

particular, since the kinematic factors are equal for the two axions

Y(0,0)ay 0, X = fayar0, for0,0, <O,

Y(0, )y, =0,

7(0,0)ay0, =0, (3.24)
Y(0,£) a0, =0

'7(07@&1&2 X — fayar ®s fazas®s > 0,

The first two anomalous dimensions are exactly those of LVS without fibred directions,
and their agreement with our original conjecture should not come as a surprise. However,
(0, €)aa, is positive, violating the expected behaviour. The interpretation for this is that
maintaining a fixed volume requires one cycle to increase in size while the other decreases,
and so the coefficients reflecting the coupling of the associated axions to the modulus have
opposite signs.

Let us now analyse the properly degenerate subspace. Taking perturbative corrections
into account [50-53], D-brane loops lift the flat potential for ®» with a scaling

1

W7 (3.25)

Vioop ~

which is parametrically faster than O(1/N) and thus dominates over anomalous dimensions.
Therefore the degeneracy between a1, as and ®o breaks to a; and as only. Since there are
no interactions mixing a; and ay in the Lagrangian, the resulting matrix is diagonal, with

7(07€)a1a1 X _f31a1q>2 < 07

' (3.26)
7(07€)a2a2 X = agazPo < 0

Similarly, the anomalous dimension is negative (by construction) for [®o®1]g 0.

3.3 Fibred Calabi Yau: example with two fibred moduli

A similar analysis can be carried out for other fibred Calabi-Yau models (here appendix B.2)
gives the full details). One direct extension is to consider a model with two fibred moduli,

- 12 —



in which the volume of the fibred Calabi-Yau manifold reads:

= Vs — 732 (327)

Here 71, 19, 73 control the volumes of individual 4-cycles, with the overall volume direction

corresponding in the rescaling 7; — A7;. The /717273 form is reminiscent of toroidal

orbifolds based on T5 x Ty X Ts, while 7, is the blow up mode necessary to realize LVS.
In the large volume limit, the Kéhler metric reads:

3 3 1
1 T TE o 372
4t 1 3 13 8TV
1 8T 75 7'32 37 722 7'32
3 3 1
37823 T 1 17523 3 S
3 AT, L3 3 8V
87'12 Ty T3 2 87T 75 7'32
K- = 3 3 1
] T2 TS 1 372 ’
3 1 3 T 3 3 12 8V
87T 75 7'32 8T 75 T3 3
1 1 1
3732 _ 37'32 3732 3 1
81V 8V 813V 8 1
TV
while the inverse matrix is:
304 303
Tg Tq T Tg T, T.
Arf -2 2 Angg
2 2
’7'3 ’7'2
T T. ’7' ’T T T
—2 0 4r2 228 4pry
—1 2 b
K — T4 T
33,4 333
Tg T- T T T T
—2-2 1% 3 22 3% 2 473 4737,
T2 5
] 1
477 417 dr3ts VTS

The kinetic term for the moduli 7, 79, 73 and their axion partners can be expressed as the
following;:

8 a10,a1 + ! 0“0, T2

1
LD —28“718un + ir 2

orf (3.28)

4 28 asOyas + 7_2 0" 130,13 + pﬁuagﬁua?,.
3 3

Following similar techniques to the last section, we can substitute one of the flat moduli
with the volume modulus, diagonalise the kinetic term and write down the scalar potential.
After putting all the constituents together, the resulting effective field theory reads:

r- 1(aucbl)? @) 4 L (0,00) 4 L2V ERA IR 2
(3.29)
— Vs,

Y N LR T (f 2E)eravie , o
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where the axions have also been rescaled to give canonical kinetic terms. As before, the
OPE coefficients can be determined with egs. (2.9)—(2.10). In particular, they are

a 2Aq +Aq> —d
2772r<%>
® :\f Ag, +2A,, — A2 —3
V3 T (AT (Agy)? (24, 88 -8)

d (20, +Ag,—d
fmm:\/gmr( 2 )(A¢2+2AGI—A21—3),

r (A<1>2) r (Aa1)2
d 2Aq, +Ag.,—d
2l it Wt g
P (= 2) (Ao, +244, - A2 —3),
I'(Ag,) I (Aay)
2Aq,+Agp, —d
QWQF(%)
o, :\f Ao, +2A,, — A2 —3
foar = /3 T (Ag,) T (Ag,)? (8 := AL -3)
d_ (204 +Ag, —d
17”11(%)
®, :\f Ag, +2A,, — A2 —3
V3 T (Asy) T (Ag)” (2. .= -3). (3.30)
d | (20Aa+Ag, —d
R (2RetRe)
D3 = Ag, +20,, — A2 —3),
s = TR T a7 (A ¥ 20— 8 =)
20 g +Ap, —d
7T2F 3 5 -Ta3 7™ )
2
fa3a3:<\/7 \/>> Aq; (A )2 (A@l +2Aa3_Aa3_3>7
1 a3

2044 +Ag, —d

o = 2@““ 2 )(A¢2+2Aa3—A33—3),

I (A<1>2) (Aa3)2

fa3a3 = 07

81[3W2F( A‘I’l )
f<I>1€D1 2 (A<I>1) ’

Analogously to what happens in the previous examples, all the axions and the two fibre
moduli are massless at zeroth order, leading to a large degeneracy between the double
trace operators. A first simplification is again provided by the existence of a Zy X Zoy X Zs,
symmetry, which partially breaks it down to subset of operators in the same representations.
A classification is provided in table 2.

We are now ready to discuss the anomalous dimensions. For operators involving axions

only,
(]
70«10«2 X = ( (l12(11 a2a2 + fa1a1 agag) > 07
Yaraz X (falalfa3a3) (331)

Yazsaz X — (fagagfa3a3)

We have obtained the same, puzzling result encountered in the previous section — positive
anomalous dimensions for operators involving two axions. Moreover, all three anomalous
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Zo(ay) | Za(az) | Z2(as3)
[a1a2]n,¢ -1 -1 1
[a1as]n.e -1 1 —1
lazas]n,e 1 -1 -1
[a1Pa]p e, [a1P3]n 0 -1 1 1
[a2®2]n¢, [a2P3]n,e 1 —1 1
[a3P2]n, e, [a3Ps]n.e 1 1 1
[ara1]ne, [a2a2]n,0, [a3as]ne, [P2Po]n e, [P3Pslne, , [P2Pslpe | 1 1 1
[a1Pa]n e, [a1P1]ne -1 1 1
[a2®2]p 0, [a2P1]ne 1 —1 1
(a3 P2l e, [a3P1]n,e 1 1 —1

Table 2. Irreducible representation of the double trace operators under the Zo X Zs X Z5 symmetry.
The two different blocks correspond to distinct subspaces, where the degeneracies are partly broken
by the discrete symmetries.

dimensions are identical in this case. On the other hand, for the ones involving the volume
modulus

7&1@1 falalfq>1<1>1
’7112(1)1 fagagfq)lcbl 7 (332)

Yaz®, X — a3a3f<1>1<b1

are all negative as in previous studies. Again, all of the operators of the form [a;P2]o.r,
[a;P3]o,¢ decouple through a combination of the discrete symmetries and sub-leading volume
correction, which lift the degeneracy between ®5 and ®3 (and with the axions too). In
particular they are all zero at this order in perturbation theory. The same happens for
[D2®2]o ¢, [PaP3]0.e, [P3P3]0,e, which do not mix with the axion double trace operators for

the same reason. Finally,

la1a1]ne,  [a2a2]ne, [azas)ne

are still degenerate, but the corresponding anomalous dimension matrix is diagonal and
all entries are necessarily negative, since they are proportional to a sum of squared OPE
coeffcients (with a minus sign in front).

4 Type ITA models

Up to this point, we have exclusively focused on scenarios arising in type IIB compactifica-
tions: LVS, KKLT and variations thereof. However, it is clearly right that we also explore
qualitatively different moduli stabilisation scenarios, in particular those arising from ITA
flux compactifications. One significant difference with these is that, because ITA string
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theory has both 2- and 3-form flux field strengths in its spectrum, it allows for tree-level
flux stabilisation of the moduli in a way that is not possible in type IIB scenarios.

In particular, we therefore consider the vacua of [54] (for earlier work on the effective
action of ITA orientifolds see [55, 56]). This found that type IIA Calabi-Yau orientifolds
with fluxes admit stable AdS; vacua in the controlled regime of large volume and weak
coupling, and presented an explicit example where all moduli are stabilized, which will
form the basis of our analysis. This construction is based on the toroidal orientifold 7 /7%,
where the discrete symmetries fix the shape of the tori and thus eliminate all complex
structure moduli. Aside from the blow-up modes associated to the singularities, the only
moduli are the Kéhler moduli determining the size of the three tori, with their associated
B-field axions, and the dilaton, with an axionic partner coming from the C3 three-form.

In 4D, the low energy theory is then characterized by a small number of fields which
are light in the holographic sense; i.e. whose conformal dimensions remain finite in the limit
of an infinite volume. While previous investigations into the nature of the dual to this
scenario [24] have concentrated on more generic properties of the whole spectrum, we again
focus on the detailed properties of this low-lying CF'T subsector. From our perspective, the
low number of moduli is thus crucial to ensure a manageable effective CFT.

4.1 Effective action

In 4D, the dynamics of the type ITA vacua can be conveniently analysed with the formalism
of N' = 1 supergravity. The superfield coordinates corresponding to the Kihler moduli and
the dilaton can be written as

ti = b; + iv; S = § —_— (4.1)

2" \f
and they are related to the overall volume of the manifold V and the 10-dimensional dilaton

¢ by .
V = K v1v2v3, el = (4.2)

VvV
In terms of these variables, the Kahler potential is [54, 55]
K = —log(V) — 4log(S + S). (4.3)
This gives rise to a kinetic term

£58,D0"D + 5 Loy L EOME + Z 0 piO" i + %e’Qﬁd’iﬁubi@“bh (4.4)

where the canonically normalized fields ¢; = % log(v;) have been used to make contact

with the conventions of [54].° The moduli are then stabilized by turning on background
fluxes for the NS-NS 3-form Hjs, a constant Fy and the four-form Fjy, quantized according to

/ E, = 2n)P Lo/~ D/2p (4.5)

9For the same reason the 4-dimensional dilaton has not yet been normalized.
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These three fluxes can also be rewritten in terms of integers f, as

2 K3 N 3
W p = (2m)“a’ hg, ei:W(Qﬂ- a) fi, (4.6)

where the index ¢ in the last equation refers to the three non-trivial 4-cycles of the manifold.

fo

mo =

To ensure tadpole cancellation, the first two fluxes cannot be independent and must satisfy
moep = —2 (\@ﬂ'\/(?) . (4.7)

In terms of these quantities, one can finally write a scalar potential for the moduli [54],
which reads

2 ,2D 4D—V23" ¢; 2
PTe Y 4 )€ i m 4
V= 1k ° VELidiy (; 6?62ﬁ¢ ) ok + 7064Dke‘/§zz¢ — V2|mgpleP.
(4.8)
In particular, the minimum occurs for
- 1 1 5 €1€9€3
=—log|—14/= 4.9
27 | km
D 0
= _ 4.10
¢ ‘p’ 160 €1€2€3 ’ ( )
where the potential takes the value
3 243\/%4:3/2194 Img| °/2
V0. =_— = _ 4.11
i R34 12800|e; eae3]3/2 (4.11)

In the presence of background fluxes, dimensional reduction of the By and C'3 forms gives
rise to a potential for the axions. The effective Lagrangian of the form [54]

13 —2v/2¢; I 5p eth 2
LD 1 e 19,b;0"b; + 3¢ D, EOME — > (bie1 + boeg + bz — pé)

=1 (4.12)

4D 3 |
_ 67 3 (mge—w%v b? — 2m062\/§¢i—\/§(¢1+¢2+¢3)b1b2b3?) |
=1 ;

4.2 Integer conformal dimensions

Expanding around the vacuum solution discussed in the previous section, we can obtain the
masses and couplings for the moduli. In particular, the mass matrix is non diagonal; full
details of the mixing are provided in appendix C. Here, we stress a surprising fact: after
diagonalization, the dilatation operator eigenstates obtain conformal dimensions which do
not depend on any of the compactification parameters (e.g. the values of the fluxes) and
furthermore are all integers:

A, = (10,6,6,6). (4.13)
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Similarly, the couplings appearing in the interaction terms are fixed only by the AdS
radius, and all come with the same factor of RKGQIS in front. As in LVS, this again hints
at the fact that the dual CFT at large volumes can be thought as small perturbation
above some universal generalized free theory. There is also a high degree of degeneracy
between the various modes. Naively this would appear to translate into mixing between
the corresponding double trace operators at order O(1/N?2).1° However, in practice we
expect this degeneracy to be lifted by the effects of higher order operators. The degeneracy
partially comes as a result of the exchange symmetries between pairs of tori and their fluxes
b — b; and e; — ej,ll but the fact that there is also a third identical eigenvalue seems to
be coincidental.

Surprisingly, the exact same phenomenon occurs for the Kéhler axions, with the only
difference that there is a residual imprint of the flux signs, and one can distinguish between
a few discrete cases. Expanding (4.12) around the solution (4.9) and (4.10), the mass matrix
is almost independent of the values taken by the fluxes, which only enter through the signs

s; = sgn(moe;). (4.14)

While different choices of signs do not affect the vacuum, they do affect its supersym-
metry — the only choice that leads to a supersymmetric vacuum is complete negativity,
s =(—1,—1,—1) (e.g. see [57]). However, for our purposes the presence of supersymmetry
is not crucial either way.

The diagonalisation procedure is reported in appendix C, where we also give the full
set of cubic interactions relevant for the computation of anomalous dimensions. Except for
a discrete sign choice associated to the s;’s, couplings are entirely determined up to a global
RKEIS factor. For the conformal dimensions, the signs s = (1,1,1) and s = (1, —1,—1) yield

A, =(8,8,8,2) or A,=(88381). (4.15)

Two choices are available for the last eigenvalue, since both solutions for the conformal
dimension in terms of the mass satisfy the unitarity bound A > d/2 — 1. For the other two
cases s = (—1,1,1) and s = (=1, —1,—1), there is only one possibility:

A, = (11,5,5,5). (4.16)

In both instances, the considerations about degeneracy apply as before, and again we
only see integer conformal dimensions. We stress that the results obtained so far, i.e. the
conformal dimensions in the Kihler sector, only refer to the explicit example of a 7°/73
orientifold discussed in 4.1, and not for DGKT compactifications on a general Calabi Yau.
Such a generalisation is left to future work.

While we cannot offer an explanation of this fact within our framework, it is certainly
surprising to see the emergence of such a peculiar pattern. Given the quadratic nature
of the A(A —d) = mQRidS relation, the origin of these integers cannot simply be traced

ONotice that is also true for the first scalar, since the spectra of different double trace operators overlap
when their conformal dimensions are integer spaced (and not only when they are equal).
"1 And the independence from the fluxes, which effectively turns the symmetry into b; — b; only.
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back to integers on the AdS, giving more credibility to the idea that the CFT duals might
offer a complementary perspective on the description of such vacua. Moreover, the (almost)
complete independence on the details of the compactification is already a striking feature,
also shared with LVS (but not KKLT). It is very much in line with the philosophy of the
Swampland program, according to which consistency conditions should become more and
more stringent in certain limits, and eventually culminate with a very restricted set of
“special” theories.

The above example concerned a T°/Z3 x Z3 geometry with no complex structure moduli
at all. Interestingly, something similar happens for the complex structure moduli U; if we
consider more general Calabi-Yaus with h?! different from zero. For more general ITA flux
vacua, an orientifold projection reduces the original hypermultiplet down to two scalars.
The real part corresponds to the calibrated volume of a 3-cycle ¥; weighted by g; !, and
the imaginary part is a ‘true’ axion arising from the reduction of the RR 3-form on the
cycle, fEi (3. For models of particle physics arising from intersecting D6-branes, these U;
moduli represent the gauge kinetic functions for the gauge groups living on the D6 branes.

fo= Z AiU;.

The use of the expression ‘true’ axion refers to the origin from an RR 3-form. Within
weakly coupled string theory, the only physics sensitive to the value of such axions are
non-perturbative effects — either D-brane instantons or gaugino condensation — associated
to the cycles wrapped by the D6 branes. All such effects are suppressed by non-perturbative

—2mVol(2i)/9s which are non-perturbative in both o’ and g5 expansions. This

exponentials, e
implies that, within perturbation theory, the shift symmetry Im(U;) — Im(U;) + € is exact:
if it is there at tree-level, it is also there at all orders in perturbation theory.

In ITA flux compactifications, the superpotential for the complex structure moduli is
linear in the complex structure moduli. Equivalently, the presence of the fluxes explicitly
breaks the shift symmetry for one — and only one — linear combination of the axions. By
taking linear combinations of the moduli, one can regard the superpotential as depending on
only one of these moduli, while the remaining moduli do not appear in the superpotential
and also retain the shift symmetry, K = K(U; + U;).

For such moduli, their axionic components are of course massless (as nothing in the
potential depends on their vev). However, at the minimum the properties of the saxions are
also fixed. In fact, one can show that for a supersymmetric minimum, the above properties
imply ([58] for a general argument, [59, 60] for explicit spectra and some non-supersymmetric
examples)

2 -2

2 _ —
Masion = _gvmin ~R2.
AdS

On a holographic interpretation, this immediately implies

Asaxion (Asaxion - 3) = -2

and so
Agaxion = 1 or Asgaxion = 2.
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4.3 Degeneracy lifting and anomalous dimensions

As explained in 2.3, the presence of degeneracies can significantly complicate the calculation
of anomalous dimensions, because of the mixing between the double trace operators occurring
at O(1/N?). However, the effect is not present if the conformal dimensions of the single
trace operators receive corrections of order O(1/N) or higher, as this effectively lifts the
degeneracy. This is what we would expect to happen in this case, as can be inferred from
the scaling of higher derivative supergravity corrections. From eq. (4.9), the controlled limit
of large volume is obtained for large four-form fluxes, when |e;| > |mg|. Assuming all fluxes
to be of the same order e; ~ e, we then have the following scalings:

P ~E 3 Rpags~El o~ 2 (4.17)

(ST

UZ'Né

which can be used to estimate the impact of higher dimensional operators. As noted in [55],
the scalar potential will receive relative corrections of order &3 from |F4|* terms in the
Lagrangian, taking all the metric contractions and g, factors into account. This will result
in a mass shift for the moduli

_ 20,(Ap — 3) (om? s 1
§A, = oA, =3 ( >~e2>>N. (4.18)

Similarly, |Fy|?|B2|? terms will be multiplied by additional factors of g5 and R™*, and give

_ 2A4(Ag —3) (6m? __5 1
A, = 2A. 3 (m2>~ez>>N. (4.19)

for the axions. This would suggest that the degeneracy is lifted in both cases, and anomalous
dimensions can be calculated using the standard procedure.!'?

Unfortunately, it also means that the single trace operators, out of which the double
trace ones are constructed, will be rotated with respect to the basis we are using. Within
an exactly degenerate subspace (with two or more identical conformal dimensions), the
eigenstates will depend on the degeneracy-splitting hamiltonian at leading order, and it is
impossible to deduce what they are without knowing the explicit form of the perturbation.
Thus, the only meaningful anomalous dimensions correspond to the double trace operators
constructed with singlets of the original Hamiltionian: 1 and a; or a4 (corresponding to
cases 1 and 2, which depend on the flux signs). As shown in appendix C, cases 3 and 4 can
be related to and 2 respectively by some discrete transformations which leave the anomalous
dimensions invariant, so we can focus only on the first two. In the first case, formula (2.7)
dictates that the anomalous dimension will be proportional to a factor

-
I (Aa - 42)

12We should give one note of caution here. As we do not understand the origin of integer conformal

Yorar X (4.20)

dimensions, we cannot exclude the possibility that whatever structure gave rise to them also holds for the
higher order terms — in which case the higher order terms would fail to lift the degeneracy.
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where O is the lowest dimensional operator exchanged (one of 3, 3, 4 in this case, with
Ay, = 6). For the values of A found above this term diverges, and it is only regulated by sub-
leading corrections to the conformal dimensions. However, given the behaviour of the gamma
function near its poles, the sign of the anomalous dimension will depend on the signs of such
corrections, and cannot be determined at this point. The only thing that can be said is that
the two cases A, = 1 and A, = 2 the overall sign will be the same, since any correction will
shift their magnitude in opposite directions. On the other hand, the relevant anomalous
dimension in case 2 can be calculated meaningfully. Using the couplings derived in C,

315v/2 105v/2 105v/2

C<P1<P1§02 == 169 PLP1P3 — 169 PLP1Pa — 169 (421)
and
60(3 + 100v/2) 20(3 + 100v/2) 20(3 + 100v/2)
Cala1<P2 = _T Ca1a1<p3 = T CY0L10L1<P4 = T :

(4.22)

Since the kinematic factors appearing in (2.7) are always positive in this example,

4
Yora1(0,€) < = Coio10Cararg; <0 (4.23)
i=2

Thus the only anomalous dimensions we can calculate, which involve an axion and a modulus
(as in LVS), are negative.

5 Conclusions

We summarise here what we regard as the most interesting results and open questions from
these investigations.

First, in the context of the type ITA models of flux stabilisation the conformal dimensions
of low-lying operators dual to moduli fields take on a form that is both universal and
surprising, in that in a large-volume limits the dimensions are all integer and (modulo
some discrete flux choices) fixed. While we have only verified this explicitly in the specific
example of a T%/7% orientifold [54] for the Kihler moduli, in the complex structure sector
the conclusion seems to hold more generally. It would thus be interesting to explore whether
compactifications on a general Calabi-Yau still yield integer dimensions for all moduli, both
in the case of supersymmetric and non-supersymmetric vacua. As well as the conformal
dimensions, it is also the case that the higher-point interactions take on a universal form in
the large-volume limit and ‘forget’ about the precise details of flux quantum numbers.

There are two particular aspects of this that are striking. First, the universality of the
large-volume limit is reminiscent of similar behaviour for LVS. There, although the dual
moduli dimensions were non-integer, the CFT also took a universal form in the large-volume
limit. It is worth stressing that this runs counter to the landscape picture of string vacua
being able to scan over enormously large parameter spaces in the low-energy effective field
theory. Instead, these two examples of moduli stabilisation scenarios producing vacua that
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are in the extreme limit of Kéhler moduli space instead lead to almost unique forms for the
corresponding dual CFT.

We note this is not true of KKLT or racetrack stabilisation, which do not stabilise in
the asymptotic regions of moduli space. Even with extraordinarily small values of Wy (such
as the 107 reported in [61]) the volume in KKLT is only logarithmic in Wy, and so is
never in a limit of asymptotically large volume.

It is intriguing to speculate that any stabilisation method producing vacua in the
asymptotic large-volume limit (or, more generally, in the extreme limits of moduli space)
corresponds to a very limited set of choices for the CFT properties. This sounds vaguely
similar to ideas for classifying the extremal limits of moduli space (e.g. see [62]) and a more
precise correspondence would be interesting.

The other striking aspect is the presence of integer dual conformal dimensions for the
moduli in ITA flux vacua. This is surprising, as we can discern no obvious reason why this
should be the case. In information, the conformal dimensions are equivalent to the moduli
masses, but it is only when expressed in this particular fashion that an integer structure
appears — the masses are not, for example, integer multiples of R;és or mpr. This hints
at some deeper structure, but we can offer no explanation as to what it is.

A second interesting result concerns the sign of the anomalous dimensions. In our
previous work, we found that all anomalous dimensions for the double-trace operators in
the moduli sector were negative, and this negativity correlated to signs in the low-energy
effective field theory that were required from swampland considerations (for example, a
sign change would correspond to a divergent axion decay constant in the infinite volume
limit). However, in this case (in the IIB fibred construction), this is only true for operators
involving an axion and a modulus. Indeed, all the double trace operators made out of two
separate axions now have positive anomalous dimensions.

Acknowledgments

We thank Sandipan Kundu and especially Pietro Ferrero for illuminating conversations and
STFC for financial support of the Oxford particle theory group. SN acknowledges funding
support from the China Scholarship Council-FaZheng Group- University of Oxford. FR is
supported by the Dalitz Graduate Scholarship, jointly established by the Oxford University
Department of Physics and Wadham College.

A Anomalous dimension matrix for the degenerate case

In this appendix we show how the anomalous dimensions of a degenerate system can be
obtained by diagonalizing the matrix of the “effective” anomalous dimensions ;] (x] (n,?),
as stated in section 2.3.1. The latter are obtained from the mixed correlators (O;0;0,0)),
and will be defined precisely in the following.

From a bootstrap perspective, the crucial point is that at zeroth order in the large- N
expansion the contribution of the various double traces in any of the OPEs cannot be
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distiguished from one another. Schematically, the O101, 0205 and 0105 OPEs’ can be
decomposed as

Oi(2)0;j(0) D cija(n, ) [O0],(); cijp(n, £) [OO]7 (2); cijc(n, 0) (OO (x) (A1)

where the [(’)O]ﬁfc operators are orthogonal linear combinations of the double trace
operators in absence of mixing, which diagonalize the Hamiltonian at order 1/N2.
In terms of these variables, the conformal block expansion of a correlator involving

pairs of identical operators is

(0,0;0,05) = Z c?jA(”? f)GZ‘,e + c?jB(na E)ng + C?jc(n’ K)Gg,ev (A.2)
AL

where the G)A(,Z are the conformal blocks corresponding to the [OO]i s(z) double trace
operators. The functional form of the conformal blocks is identical in all cases, and the
subscript is just to remind they are a function of different conformal dimensions. Up to
order O (), each term can be expanded as:

(€2, ) + 02 (. 0) + ¢ (n,0)] Cansanse

(0) (1)

G
0 1 0 1 2A+2n+4,0
+ {261(]‘,)461(]‘1)4 +2¢;;5¢5 + 261(‘3')0%(]‘2}} N2 (A.3)
OAG
0)2 0)2 0)2 AYT2A2n+L.0
+ {cgjj)él va(n,€) + Cz(j)B (n,O)yp(n, ) + cgjé ’yc(n,f)} %

Comparing this with the standard expansion for the correlator

Ganontee - OaGantantes
SO (0G5 2.0+ 27O (0,0 FD (0, 0) 225+ 1O 0, 057100 (n ) =155

N2
(A.4)
we obtain the equations
A 0) + T (. 0) + e . €) = FO%(n, ) (4.5)
D2y a(n, 0) + <08 (n, 075(n, 0) + 0 (n,0) = FO2(n, 0,0 (A6)

The same can be done for a mixed correlator (0;0;0;,0;), with different pairs (7, j) # (k,1).
Then, the conformal block decomposition reads

<Ol’0j0¢0j> = Z cijA(n, )cgra(n, E)Gg,f + cijB(n, O)crip(n, E)vag + Cijccklc(n, f)ng.

AL
(A7)
and can be expanded as
0 0 0 0 0 0
(), 0y (0, 6) + < (m, Ok (n, 0) + 9, O (0, 0)] Gonranie
0) (1 1) (0 0 (1 1) (0 0 (1 1) (01 Gaatantee
+ [ elackia + cijhciis + cliaciin + clpeion + cigeche + ciecie] — g (A8)
(0) ©) (0) ©) (0) OAGantontep

0
+ [Cz(jilcklA’YA(n7€) + ¢ipCpYB(n, 0) +Cijcckzc’70(”7£)] N2
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Since the disconnected four-point function only receives a contribution from the identity,
the same correlator can be written as

G " . INE n
2O (. 0)f O (0, ) 22572+ FO (00 (n, ) =15, (A.9)
resulting in the equations
cg?gm 0, (n, 0) + L (n, O h(n,0) + cgjgm 0 (n,0) =0 (A.10)
& (n, )0, (n, 074 (n, 0) + <O (B0, £) + Ol (0, €) = FO2(n, 03155165 (s 0)-
(A.11)

This system admits a simple geometric interpretation. Equations (A.5) and (A.10) imply
that the vectors

& (n,0) = (i (n, 0), &0 (n, 0), €00 (n, 0)) (A.12)

f (°>( 0)
are an orthonormal basis in R?. In this basis, the original anomalous dimension matrix
M(n, ¢) = Diag(va(n,£),vs(n,£),yc(n, £)) has matrix elements

N (1, €) gy = (b (n, )] M(n, £) 69 (1, €)) = A (A.13)

where the second equality derives from (A.6) and (A.11). Therefore, the ¥ are the
coefficients of the anomalous dimension matrix M(n, £) expressed in a different orthonormal
basis, implying the two share the same eigenvalues.

B Fibred Calabi-Yau effective Lagrangians

B.1 One fibre modulus
From equation (3.19), the Lagrangian for the fibred one-modulus Calabi Yau scenario is:

3
Lyin = 550,101

1 “ a?
a I 28 Vo V+ 3 a10"a1+—— 5

0T 0"V D 9ua20%as. (B.1)

v

To put this in a canonically normalised form, we use the ansatz:

v

InTy = a®q + 6P,

(B.2)
InY = c®;.
We subsitute this ansatz into the Lagrangian:
i?(%n@“ﬁ = §((9u1n’7'1>2 = §(a8u<I>1 + bau%)Q
87f 8 8 (B.3)
_3 9 2, 39 2, 3 u
= 8a (8u(1)1) + 8b (6U‘I>2) + 4ab8u<1316 @2,
1 1 1
———0,710"Y = —=0,InT 0% InY = —*<a8uq)1 + b8u<I>2)c6“<I>1
1 1 '
= —iac((?ufbl)Q — 560{%@28“(1)1,
uyy _ 1 2 1 2
2V28 W VoY = 2(8uan) =5¢ (0uP1)~. (B.5)
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Putting them together, the kinetic term reads:

3 1 1 3 1 3
Lin: “a® - = 2) @ 2 ( -3 ) P ) “p? P 2 B.
) (8a Jact 3¢ ) 0+ (Sab— Jbe) 0,210"0, + 210,827 (B

Canonical normalisation then requires satisfying the following conditions:

3, 1 1, 1

ga — QCLC+ §C = 5, (B?)
3 1
2ab— —be = B.
4ab 2bc 0, (B.8)
3, 1
°p2 = . B.
=3 (B.9)
A solution is:
=2
=3
A (B.10)
=75 )
3
c=14/=.
2
After substituting this into the kinetic term, we have:
3 1 1 2
—23u7'18u7'1 = 7(3u(191)2 + *(auq)z)2 + £8u<1>18“<1>2, (B.11)
87§ 4 2 2
1 1 V2
_ L, T1OYY = —=(9,P1)% — 220, D,0" Dy, B.12
271])8 710"V 2(8 1) 5 0, 10" Py ( )
1 uyy _ L 2 3 2
Q—Wauva VY = 2(8uan) = 4(8u<1>1) . (B.13)

Adding these together, we have both diagonal kinetic terms and diagonal mass terms
1 1
5 (0u®1)? + 2 (0u®2)* + V(). (B.14)

Where the canonical fields ®1, ®5 relate to the original fields as:

Y =eVitn, (B.15)
T = V3 (@15202) (B.16)

B.2 Two fibre moduli

We again start from the kinetic terms in the Lagrangian:

1 1 1
Lyin = —50"110um1 + —50"a10,a1 + —50"720,72
4r{ 41i 4rs
1 1 1 (B.17)
+ Q@”agauag + 477_:323“7'36“7'3 + 477_:328“&33“@3
To keep the mass term diagonal, we must have:
Iny =ad, (B.18)
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and we also anticipate:
InTy = 0P + Py + dP3,
oo (B.19)
Intg = bP1 + ePy + fPs.

Similarly to the previous subsection, canonical normalisation leads to the following
conditions:

a2—|—gb2 — 2ab =

)

| =

02+62—|—ce:1,
d* + 2 +df =1,

a@+ﬁ):guc+e% (B.20)

a(d+ J) = Sb(d+ ),

(s 1) e (lars) =o

%3
a=+1/=,
2

A solution is:

b:VE’ (B.21)
c:e:\/g,
d=—f=1.

The Lagrangian then reads:

1 1 1 1 5 /2¢. 9% 9./T
Leﬁ:5(8uq)1)2_1_5(8”(1)2)2_’_5(8“(1)3)2_1_16 2\/;1)1 2P3 2\/;¢2(8ua1)2

2_ 3 1
+ 2672\/2431%*2@372\/%@2 (auaz)Z + 16(2\/; 2\/;)¢’1+4\/;®2 (aua3)2 _ ‘/l'us-

Other solutions are also possible but are physically equivalent under field redefinitions.

(B.22)

C Type IIA effective Lagrangian

C.1 Scalar potential

3M?%
Raas
one can express the various couplings as a function of the AdS radius. Surprisingly, all

At the minimum, the potential takes the value in (4.2) and through the relation Vj = —

of the dependence on the values of the fluxes drops out, and the mass matrix is simply
given by!?

3416 16 8

1 16 34 16 8

R34 | 1616 34 8

8 8 8 22

2 _
Mz, =

(C.1)

13Since the kinetic term (4.4) is not canonically normalized, we have been careful to use D= %.
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It can be diagonalised in terms of new fields ¢ = U¢, where

2 221
—1 2
U= 002 (C.2)
-1 010
-1 100
yielding the mass matrix
1
M}, = ——Diag(70,18,18,18). (C.3)
RAdS
Using the standard relation A(A — d) = m? R34 one obtains!
A =10 Ag = Az =A4=6. (C.4)

It is interesting to notice how the exchange symmetry ¢; <+ ¢; for the first three fields is
only responsible for part of the degeneracy between the conformal dimensions. Indeed, for

bll;C

abc

M:(baccl) (C.5)
cc

with the same symmetry properties only two of the eigenvalues are identical:

a generic matrix

oSSR

1
AM=X=a—b )\3,4:2(a+2b—|—d:|:\/(a—|—2b—d)2+1202). (C.6)

In order for three (or more) to be equal, the matrix elements must satisfy the additional
constraint

(a—b—d)b+c*=0, (C.7)

which in the case at hand appears to be coincidental.

Expanding at higher orders, one can obtain the n-point self interactions for the moduli.
Given the exponential structure of the potential, derivatives with respect to any of the moduli
evaluated at the minimum will be proportional to V|pyin; hence all vertices will all come with
the same factor of RKES in front. This means that also the couplings are independent of the
flux choice, and universally fixed apart from an overall constant (corresponding to the 1/N
expansion parameter) which vanishes in the infinite volume limit. We report here the cubic
terms in the potential, the only ones necessary to compute large-spin anomalous dimensions.

. . . 27D3 - .
VOIRE \g = 12v2D%¢; + 12v2D%¢o + 12v/2D%¢3 + VR + 30v2D¢? + 30V2D 2

+ 30V2D¢3 + 24v/2D ¢ Py + 247/ 2D 3 + 247/ 2D a3 + 18V/2¢1 a3 .
(C.8)

14This equation can have two real solutions, but we only consider the one satisfying the unitarity bound.
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In terms of the diagonal fields ¢;, it becomes
V2

ve®R2 Ve
AdS ™ 169

— 882020304+ 135 0} +198 03 — 120 3 + 1080 003+ 315 07 03 — 105 0 o3 — 198 <p§¢3) :

(C.9)

(10802203 ~ 360 w30 — 1200 — 105 o ps — 198 o304 — 360 o

We notice that, at least up to cubic order, the potential is invariant under the exchange
of 3 and 4.

C.2 Axion kinetic term

The same procedure can be carried out for axions, expanding the lagrangian (4.12) about
the usual vacuum solution in terms of the canonically normalized fields

b= ¢ = &P (C.10)

V20

and the moduli fluctuations
¢k = ¢ — ¢y D'=D-D, (C.11)

where it is understood that all primes will be omitted in the following. The resulting
expression can be divided into a kinetic term

Lian = 5 V2000, + LoV, 0t (12)

and a potential

1 ~
£¢>b _ R25 e2\/§D 31b2b3e\/§(¢1*¢2*¢3) + 82b3b16\/§(¢2*¢3*¢1) + 83b1b2€\/§(¢3*¢1*¢2)}
AdS
9 ~
- 3 6\/5(2D_¢1_¢2_¢3) [b% + b% + bg + 25152b1bg + 251530163 + 28253b2b3}
QRAdS
_ %e\/ﬁ(QD_(bl—(bQ_qﬁS) [8151 4 soby -+ Sgbg}f - e\/§(25—¢1—¢2—¢3)52
R3 45 Rias
2 ~
_ 2R§ds 2V2D {bf V2 b2t63—61) | 12oVAPsto1—02) 4 bge\/i(mmzws)} L (Ca3)

C.2.1 Spectrum

Setting all of the moduli fluctuations to zero, this gives the mass matrix

34 98182—1583 98183—1582 1281
1 —1 4 —1 12
be _ . 98182 583 3 98283 581 S92 , (0‘14)
Rig4g | 95183 — 1552 9253 — 1551 34 12 s3
12 59 12 s9 12 s3 16

as reported in [54]. Since the matrix depends on the signs s; = sgn(mge;), we can distinguish
four different combinations (permutations are indistinguishable):
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Case 1: s = (1,1,1). The matrix is diagonalised in term of the new fields a = Uyb,

where
2 0 01
-1 0 1 0
= 1
=101 000 (C.15)
-1 -1-1 2
The mass matrix is given by
1 .
M3 = 2 Diag (40, 40, 40, —2), (C.16)
AdS
resulting in
A, = (8,8,8,2) or A, = (8,8,8,1). (C.17)
Case 2: s = (1,1, —1). The matrix is diagonalised in term of the new fields a = Usb,
where
2 2-21
-1 0 0 2
= 1
b2 1010 (C.18)
-11 00
The mass matrix is given by
1 .
M3 = 2 Diag(88, 10, 10, 10), (C.19)
AdS
resulting in
A, = (11,5,5,5). (C.20)
Case 3: s = (1,—1,—1). The matrix is diagonalised in term of the new fields a = Usb,
where
2 001
1 01 0
Us = C.21
’ 1100 (©21)
-1 112
The mass matrix is given by
1 .
M3 = 2 Diag(40, 40, 40, —2), (C.22)
AdS
resulting in
A, = (8,8,8,2) or A, =(8,8,8,1). (C.23)
Case 4: s = (—1,—1,—1). The matrix is diagonalised in term of the new fields a = Uyb,
where
—2-2-21
1 0 0 2
U, = C.24
T l-10 10 (C24)
-1 1 00
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The mass matrix is given by

1
M}, = ——Diag(88, 10, 10, 10), (C.25)
RAdS
resulting in
A, = (11,5,5,5). (C.26)

C.2.2 Interactions

For the interactions, let’s start from the ones originating from the kinetic term (C.12).
Again, we can distinguish different depending on the flux signs:

Case 1: s=(1,1,1).
1
‘Clldn = _W [
(0b1)% (3901 — T8p2+26(3 +26¢04) +9b1Oba (521 — 1042 +520¢03 — 20844 )
+0b10b3 (521 — 1042 — 2083+ 520004 ) + b1 Obs (— 601 — 482+ 163+ 1604)
+(0b2)? (14841 — 100¢a + 64043 — 270004 +Ob2dbs (— 9601 — 4 — 1203 — 120¢04)
+0b0bs (— 401 — 322 — 23203+ 132¢4) + (9b3)? (1481 — 1009 — 2703 +64044)

+Obaba (— 401 — 325+ 13205~ 2324) + (ba)? (891~ 302+ 1003+ 10604)
(C.27)

Lh,= % [
b3 ((1560v/2—360)01 + (180 6240V/2) 2+ (2080v'2—60) 05 + (2080v/2— 60) 04 )
+b1b ((2080v/2— 48001 + (240 8320V/2) 2+ (8840v/2—3720) 3+ (1740~ 260v/2) 04 )
+b1b3 (208072~ 480)ip1 + (240~ 8320v/2) 2+ (1740 260v/2) o3 + (884012 3720) 04 )
+b1b4 ((360+120v/2) 01 — (180+60v/2)95+ (60+20v/2) 3+ (60-+20v/2) 04
+b3 ((330— 1430v/2)¢p1 — (165+10205v/2) 2+ (109852 +1875) o3 — (855+390\/§)<p4)
+bobs ((3510\/5—810)@1+(4050+ 1885\/§)<p2—2145\/§<p3—2145\/5904)
+baba ((240+80V/2)p1 — (120+40V/2) 05 ) + (1860~ 3020v/2)¢p3 + (153032~ 870)p4)
+b3 ((330— 1430v/2) 01 — (1654+10205v/2) 02 — (855+390v/2) 03+ (10985v/2 + 1875)<p4)
+b3b4((240+80\/§)¢1—(120+40ﬁ)g02) +(153o\f2—870)g03+(1860—3020\/§)¢4)

+53 (= (90+58v2) 01+ (454 120/2) 03 — (15+40v/2) 03— (15+40v/2)¢0u ) | (C.28)
Both are symmetric under the simultaneous exchanges

©3 > P4 bQ — bg. (029)
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Case 2: s = (1,—1,1).
_ 1
kin = _2197\/5[
(9b1)? (471 — 302 + 103 + 10¢4) + 0b19ba( — 6001 — 482 + 163 + 16104)
+ Ob10bz(— 201 — 1609 — 8963 + 4564) + Ob10bs (2001 + 16¢2 + 45603 — 896¢4)
+ (9bg)?( — 241 — 2225 + Tdips + Thpy) + Obadbs( — 1651 — 1489 + 50093 — 176¢4)
+ Oba0bs (161 + 1489 + 1763 — 500¢04) + (9b3)? (4481 — 25092 + 121093 — 480¢04)

+ Ob3Oby (45601 — 17605 + 96003 + 960¢4) + (9bs)? (4481 — 25005 — 4803 + 1210¢4)}
(C.30)

£2,= %97[

b3 ((8v/2+360)01 — (180+ 7440v/2)ip2 -+ (60-+ 2480v/2) 25+ (60+ 2480v/2)4)

+b1bo ((2080v/2—480) 01 + (240 — 8320v/2)ps + (380v/2— 60) 03 + (380v/2— 60) 04
—|—b1b3((760\@—120)901+(60—380\/§)g02—(6780+11140\/§)<P3+(3360+5760\/§)904)
+b1b4((—760\/§+ 120)901+(—60+380\/§)g02—(3360+5760x@)<p3+(6780+11140\/§)go4)
+b§((90+210\/§)ap1 —(45+2640\@)<p2+(15+880x/§)<p3+(15+880\/§)ap4)

+bobs ((60+ 140v/2)p1 — (30+1760v/2) 0 +(3390+6220v/2) o3 — (1680+2230\/§)<p4)
+b2b4(—(60+140\/§)<P1+(30+1760\/§)<P2+(1680+2230\/§)g03—(3390+6220\@)¢4)
+b§(—(1680+3920\@)<,01+(840—5645\/§)¢2+(15965\@—13800)¢3+(6480—5160ﬁ)<p4)
+b3b4(—(1710+3990\/§)<p1+(855—4765\/§)<,02) +(12855\/5—15945)4,03+(12855\/§—15945)<,04)

+b2 (— (1680439201/2) 1 + (840 —5645+/2) 3+ (15965/2 — 13800)<p3+(6480—5160\/§)<p4)} .

(C.31)
Both are symmetric under the simultaneous exchanges
3 < @4 bg «— —bs. (C.32)
Case 3: s = (1,—1,—1).
L3 (b1, b2, b3, bs) = Liggy (b1, —ba, —bs, by) (C.33)
L3 (b1, ba, bs, by) = L (b1, —ba, —bs, by) (C.34)
Case 4: s = (—1,—1,—1).
Lign (b1, b2, b3, ba) = L3y, (b1, ba, bz, —ba) (C.35)
L3, (b1,ba,bs, bs) = L2 (b1, b2, bs, —by) (C.36)

The relations between cases 1 & 3 and 2 & 4 descend from the relations between the matrices
Ui & Uy and Us & U, introduced above.

~ 31—



Open Access. This article is distributed under the terms of the Creative Commons

Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in

any medium, provided the original author(s) and source are credited.

References

[1]

[2]

3]

[4]

= X

[16]

[17]

M.R. Douglas and S. Kachru, Fluz compactification, Rev. Mod. Phys. 79 (2007) 733
[hep-th/0610102] [INSPIRE].

M. Grana, Flux compactifications in string theory: A Comprehensive review, Phys. Rept. 423
(2006) 91 [hep-th/0509003] [INSPIRE].

J.P. Conlon, Moduli Stabilisation and Applications in IIB String Theory, Fortsch. Phys. 55
(2007) 287 [hep-th/0611039] [INSPIRE].

F. Denef, Les Houches Lectures on Constructing String Vacua, Les Houches 87 (2008) 483
[arXiv:0803.1194] [INSPIRE].

C. Vafa, The String landscape and the swampland, hep-th/0509212 [INSPIRE].

H. Ooguri and C. Vafa, On the Geometry of the String Landscape and the Swampland, Nucl.
Phys. B 766 (2007) 21 [hep-th/0605264] [INSPIRE].

E. Palti, The Swampland: Introduction and Review, Fortsch. Phys. 67 (2019) 1900037
[arXiv:1903.06239] INSPIRE].

J.P. Conlon and F. Quevedo, Putting the Boot into the Swampland, JHEP 03 (2019) 005
[arXiv:1811.06276] [iNSPIRE].

J.P. Conlon and F. Revello, Moduli Stabilisation and the Holographic Swampland, LHEP 2020
(2020) 171 [arXiv:2006.01021] [INSPIRE].

Y. Nakayama and Y. Nomura, Weak gravity conjecture in the AdS/CFT correspondence, Phys.
Rev. D 92 (2015) 126006 [arXiv:1509.01647] InSPIRE].

N. Benjamin, E. Dyer, A.L. Fitzpatrick and S. Kachru, Universal Bounds on Charged States in
2d CFT and 3d Gravity, JHEP 08 (2016) 041 [arXiv:1603.09745] [INSPIRE].

M. Montero, G. Shiu and P. Soler, The Weak Gravity Conjecture in three dimensions, JHEP
10 (2016) 159 [arXiv:1606.08438] [INSPIRE].

S. Giombi and E. Perlmutter, Double-Trace Flows and the Swampland, JHEP 03 (2018) 026
[arXiv:1709.09159] [INSPIRE].

A. Urbano, Towards a proof of the Weak Gravity Conjecture, arXiv:1810.05621 [INSPIRE].

D. Harlow and H. Ooguri, Symmetries in quantum field theory and quantum gravity, Commun.
Math. Phys. 383 (2021) 1669 [arXiv:1810.05338] [NSPIRE].

D. Harlow and H. Ooguri, Constraints on Symmetries from Holography, Phys. Rev. Lett. 122
(2019) 191601 [arXiv:1810.05337] [INSPIRE].

M. Montero, A Holographic Derivation of the Weak Gravity Conjecture, JHEP 03 (2019) 157
[arXiv:1812.03978] [iNSPIRE].

F. Baume and J. Calderén Infante, Tackling the SDC in AdS with CFTs, JHEP 08 (2021) 057
[arXiv:2011.03583] [INSPIRE].

~32 -


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1103/RevModPhys.79.733
https://arxiv.org/abs/hep-th/0610102
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0610102
https://doi.org/10.1016/j.physrep.2005.10.008
https://doi.org/10.1016/j.physrep.2005.10.008
https://arxiv.org/abs/hep-th/0509003
https://inspirehep.net/search?p=find+J%20%22Phys.Rept.%2C423%2C91%22
https://doi.org/10.1002/prop.200610334
https://doi.org/10.1002/prop.200610334
https://arxiv.org/abs/hep-th/0611039
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0611039
https://arxiv.org/abs/0803.1194
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0803.1194
https://arxiv.org/abs/hep-th/0509212
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0509212
https://doi.org/10.1016/j.nuclphysb.2006.10.033
https://doi.org/10.1016/j.nuclphysb.2006.10.033
https://arxiv.org/abs/hep-th/0605264
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0605264
https://doi.org/10.1002/prop.201900037
https://arxiv.org/abs/1903.06239
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1903.06239
https://doi.org/10.1007/JHEP03(2019)005
https://arxiv.org/abs/1811.06276
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1811.06276
https://doi.org/10.31526/lhep.2020.171
https://doi.org/10.31526/lhep.2020.171
https://arxiv.org/abs/2006.01021
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2006.01021
https://doi.org/10.1103/PhysRevD.92.126006
https://doi.org/10.1103/PhysRevD.92.126006
https://arxiv.org/abs/1509.01647
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1509.01647
https://doi.org/10.1007/JHEP08(2016)041
https://arxiv.org/abs/1603.09745
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1603.09745
https://doi.org/10.1007/JHEP10(2016)159
https://doi.org/10.1007/JHEP10(2016)159
https://arxiv.org/abs/1606.08438
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1606.08438
https://doi.org/10.1007/JHEP03(2018)026
https://arxiv.org/abs/1709.09159
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1709.09159
https://arxiv.org/abs/1810.05621
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1810.05621
https://doi.org/10.1007/s00220-021-04040-y
https://doi.org/10.1007/s00220-021-04040-y
https://arxiv.org/abs/1810.05338
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1810.05338
https://doi.org/10.1103/PhysRevLett.122.191601
https://doi.org/10.1103/PhysRevLett.122.191601
https://arxiv.org/abs/1810.05337
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1810.05337
https://doi.org/10.1007/JHEP03(2019)157
https://arxiv.org/abs/1812.03978
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1812.03978
https://doi.org/10.1007/JHEP08(2021)057
https://arxiv.org/abs/2011.03583
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2011.03583

[19]

[20]

[21]

22]

[23]

[24]

[25]

[26]

[27]

[28]

E. Perlmutter, L. Rastelli, C. Vafa and I. Valenzuela, A CFT distance conjecture, JHEP 10
(2021) 070 [arXiv:2011.10040] [INSPIRE].

S. Kundu, Swampland conditions for higher derivative couplings from CFT, JHEP 01 (2022)
176 [arXiv:2104.11238] [INSPIRE].

O. Aharony and E. Palti, Convexity of charged operators in CFTs and the weak gravity
conjecture, Phys. Rev. D 104 (2021) 126005 [arXiv:2108.04594] [INSPIRE].

O. Antipin, J. Bersini, F. Sannino, Z.-W. Wang and C. Zhang, More on the weak gravity
conjecture via convezity of charged operators, JHEP 12 (2021) 204 [arXiv:2109.04946]
[INSPIRE].

E. Silverstein, AdS and dS entropy from string junctions: or, The Function of junction
conjunctions, in From Fields to Strings: Circumnavigating Theoretical Physics: A Conference
in Tribute to Ian Kogan, pp. 1848-1863 (2003) [hep-th/0308175] [INSPIRE].

O. Aharony, Y.E. Antebi and M. Berkooz, On the Conformal Field Theory Duals of type ITA
AdSy Fluz Compactifications, JHEP 02 (2008) 093 [arXiv:0801.3326] [INSPIRE].

S. de Alwis, R.K. Gupta, F. Quevedo and R. Valandro, On KKLT/CFT and LVS/CFT
Dualities, JHEP 07 (2015) 036 [arXiv:1412.6999] [INSPIRE].

I. Heemskerk, J. Penedones, J. Polchinski and J. Sully, Holography from Conformal Field
Theory, JHEP 10 (2009) 079 [arXiv:0907.0151] inSPIRE].

S. Ferrara, A.F. Grillo and R. Gatto, Tensor representations of conformal algebra and
conformally covariant operator product expansion, Annals Phys. 76 (1973) 161 [INSPIRE].

A .M. Polyakov, Nonhamiltonian approach to conformal quantum field theory, Zh. Eksp. Teor.
Fiz. 66 (1974) 23 [iInSPIRE].

G. Mack, Duality in quantum field theory, Nucl. Phys. B 118 (1977) 445 [INSPIRE].

G. Mack, All unitary ray representations of the conformal group SU(2,2) with positive energy,
Commun. Math. Phys. 55 (1977) 1 [nSPIRE].

S. Minwalla, Restrictions imposed by superconformal invariance on quantum field theories, Adv.
Theor. Math. Phys. 2 (1998) 783 [hep-th/9712074] [INSPIRE].

Z. Komargodski and A. Zhiboedov, Convezity and Liberation at Large Spin, JHEP 11 (2013)
140 [arXiv:1212.4103] [INSPIRE].

A.L. Fitzpatrick, J. Kaplan, D. Poland and D. Simmons-Duffin, The Analytic Bootstrap and
AdS Superhorizon Locality, JHEP 12 (2013) 004 [arXiv:1212.3616] [INSPIRE].

M.S. Costa, T. Hansen and J. Penedones, Bounds for OPE coefficients on the Regge trajectory,
JHEP 10 (2017) 197 [arXiv:1707.07689] [INSPIRE].

S. Caron-Huot, Analyticity in Spin in Conformal Theories, JHEP 09 (2017) 078
[arXiv:1703.00278] [INSPIRE].

T. Hartman, S. Jain and S. Kundu, Causality Constraints in Conformal Field Theory, JHEP
05 (2016) 099 [arXiv:1509.00014] [INSPIRE].

S. Kundu, A Generalized Nachtmann Theorem in CFT, JHEP 11 (2020) 138
[arXiv:2002.12390] [INSPIRE].

S. Caron-Huot, D. Mazac, L. Rastelli and D. Simmons-Duffin, AdS bulk locality from sharp
CFT bounds, JHEP 11 (2021) 164 [arXiv:2106.10274] [INSPIRE].

— 33 —


https://doi.org/10.1007/JHEP10(2021)070
https://doi.org/10.1007/JHEP10(2021)070
https://arxiv.org/abs/2011.10040
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2011.10040
https://doi.org/10.1007/JHEP01(2022)176
https://doi.org/10.1007/JHEP01(2022)176
https://arxiv.org/abs/2104.11238
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2104.11238
https://doi.org/10.1103/PhysRevD.104.126005
https://arxiv.org/abs/2108.04594
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2108.04594
https://doi.org/10.1007/JHEP12(2021)204
https://arxiv.org/abs/2109.04946
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2109.04946
https://arxiv.org/abs/hep-th/0308175
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0308175
https://doi.org/10.1088/1126-6708/2008/02/093
https://arxiv.org/abs/0801.3326
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0801.3326
https://doi.org/10.1007/JHEP07(2015)036
https://arxiv.org/abs/1412.6999
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1412.6999
https://doi.org/10.1088/1126-6708/2009/10/079
https://arxiv.org/abs/0907.0151
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0907.0151
https://doi.org/10.1016/0003-4916(73)90446-6
https://inspirehep.net/search?p=find+J%20%22Annals%20Phys.%2C76%2C161%22
https://inspirehep.net/search?p=find+J%20%22Zh.Eksp.Teor.Fiz.%2C66%2C23%22
https://doi.org/10.1016/0550-3213(77)90238-3
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2CB118%2C445%22
https://doi.org/10.1007/BF01613145
https://inspirehep.net/search?p=find+J%20%22Commun.Math.Phys.%2C55%2C1%22
https://doi.org/10.4310/ATMP.1998.v2.n4.a4
https://doi.org/10.4310/ATMP.1998.v2.n4.a4
https://arxiv.org/abs/hep-th/9712074
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F9712074
https://doi.org/10.1007/JHEP11(2013)140
https://doi.org/10.1007/JHEP11(2013)140
https://arxiv.org/abs/1212.4103
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1212.4103
https://doi.org/10.1007/JHEP12(2013)004
https://arxiv.org/abs/1212.3616
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1212.3616
https://doi.org/10.1007/JHEP10(2017)197
https://arxiv.org/abs/1707.07689
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1707.07689
https://doi.org/10.1007/JHEP09(2017)078
https://arxiv.org/abs/1703.00278
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1703.00278
https://doi.org/10.1007/JHEP05(2016)099
https://doi.org/10.1007/JHEP05(2016)099
https://arxiv.org/abs/1509.00014
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1509.00014
https://doi.org/10.1007/JHEP11(2020)138
https://arxiv.org/abs/2002.12390
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2002.12390
https://doi.org/10.1007/JHEP11(2021)164
https://arxiv.org/abs/2106.10274
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2106.10274

[39]

[40]

[43]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

M.S. Costa, V. Gongalves and J. Penedones, Spinning AdS Propagators, JHEP 09 (2014) 064
[arXiv:1404.5625] [INSPIRE].

G. Mack, D-independent representation of Conformal Field Theories in D dimensions via
transformation to auxiliary Dual Resonance Models. Scalar amplitudes, arXiv:0907.2407
[INSPIRE].

G. Mack, D-dimensional Conformal Field Theories with anomalous dimensions as Dual
Resonance Models, Bulg. J. Phys. 36 (2009) 214 [arXiv:0909.1024] [INSPIRE].

J. Penedones, Writing CF'T correlation functions as AdS scattering amplitudes, JHEP 03
(2011) 025 [arXiv:1011.1485] [INSPIRE].

J. Penedones, TAST lectures on AdS/CFT, in Theoretical Advanced Study Institute in
Elementary Particle Physics: New Frontiers in Fields and Strings, pp. 75-136 (2017) [DOI]
[arXiv:1608.04948] [INSPIRE].

D. Li, D. Meltzer and D. Poland, Non-Abelian Binding Energies from the Lightcone Bootstrap,
JHEP 02 (2016) 149 [arXiv:1510.07044] [INSPIRE].

J.P. Conlon, F. Quevedo and K. Suruliz, Large-volume flux compactifications: Moduli spectrum
and D3/ D7 soft supersymmetry breaking, JHEP 08 (2005) 007 [hep-th/0505076] [INSPIRE].

A L. Fitzpatrick, E. Katz, D. Poland and D. Simmons-Duffin, Effective Conformal Theory and
the Flat-Space Limit of AdS, JHEP 07 (2011) 023 [arXiv:1007.2412] [InSPIRE].

M. Cicoli, C.P. Burgess and F. Quevedo, Fibre Inflation: Observable Gravity Waves from IIB
String Compactifications, JCAP 03 (2009) 013 [arXiv:0808.0691] [INSPIRE].

M. Cicoli, M. Kreuzer and C. Mayrhofer, Toric K3-Fibred Calabi- Yau Manifolds with del Pezzo
Divisors for String Compactifications, JHEP 02 (2012) 002 [arXiv:1107.0383] [INSPIRE].

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]
[INSPIRE].

M. Berg, M. Haack and B. Kors, String loop corrections to Kdhler potentials in orientifolds,
JHEP 11 (2005) 030 [hep-th/0508043] [INSPIRE].

G. von Gersdorff and A. Hebecker, Kdhler corrections for the volume modulus of flux
compactifications, Phys. Lett. B 624 (2005) 270 [hep-th/0507131] [INSPIRE].

M. Berg, M. Haack and B. Kors, On volume stabilization by quantum corrections, Phys. Rev.
Lett. 96 (2006) 021601 [hep-th/0508171] [INSPIRE].

M. Cicoli, J.P. Conlon and F. Quevedo, Systematics of String Loop Corrections in Type IIB
Calabi-Yau Flux Compactifications, JHEP 01 (2008) 052 [arXiv:0708.1873] [INSPIRE].

O. DeWolfe, A. Giryavets, S. Kachru and W. Taylor, Type IIA moduli stabilization, JHEP 07
(2005) 066 [hep-th/0505160] [INSPIRE].

T.W. Grimm and J. Louis, The Effective action of type IIA Calabi-Yau orientifolds, Nucl.
Phys. B 718 (2005) 153 [hep-th/0412277| [INSPIRE].

S. Kachru and A.-K. Kashani-Poor, Moduli potentials in type IIA compactifications with RR
and NS fluzr, JHEP 03 (2005) 066 [hep-th/0411279] INSPIRE].

P. Narayan and S.P. Trivedi, On The Stability Of Non-Supersymmetric AdS Vacua, JHEP 07
(2010) 089 [arXiv:1002.4498] [INSPIRE].

— 34 —


https://doi.org/10.1007/JHEP09(2014)064
https://arxiv.org/abs/1404.5625
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1404.5625
https://arxiv.org/abs/0907.2407
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0907.2407
https://arxiv.org/abs/0909.1024
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0909.1024
https://doi.org/10.1007/JHEP03(2011)025
https://doi.org/10.1007/JHEP03(2011)025
https://arxiv.org/abs/1011.1485
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1011.1485
https://doi.org/10.1142/9789813149441_0002
https://arxiv.org/abs/1608.04948
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1608.04948
https://doi.org/10.1007/JHEP02(2016)149
https://arxiv.org/abs/1510.07044
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1510.07044
https://doi.org/10.1088/1126-6708/2005/08/007
https://arxiv.org/abs/hep-th/0505076
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0505076
https://doi.org/10.1007/JHEP07(2011)023
https://arxiv.org/abs/1007.2412
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1007.2412
https://doi.org/10.1088/1475-7516/2009/03/013
https://arxiv.org/abs/0808.0691
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0808.0691
https://doi.org/10.1007/JHEP02(2012)002
https://arxiv.org/abs/1107.0383
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1107.0383
https://doi.org/10.1088/1126-6708/2005/03/007
https://arxiv.org/abs/hep-th/0502058
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0502058
https://doi.org/10.1088/1126-6708/2005/11/030
https://arxiv.org/abs/hep-th/0508043
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0508043
https://doi.org/10.1016/j.physletb.2005.08.024
https://arxiv.org/abs/hep-th/0507131
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0507131
https://doi.org/10.1103/PhysRevLett.96.021601
https://doi.org/10.1103/PhysRevLett.96.021601
https://arxiv.org/abs/hep-th/0508171
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0508171
https://doi.org/10.1088/1126-6708/2008/01/052
https://arxiv.org/abs/0708.1873
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0708.1873
https://doi.org/10.1088/1126-6708/2005/07/066
https://doi.org/10.1088/1126-6708/2005/07/066
https://arxiv.org/abs/hep-th/0505160
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0505160
https://doi.org/10.1016/j.nuclphysb.2005.04.007
https://doi.org/10.1016/j.nuclphysb.2005.04.007
https://arxiv.org/abs/hep-th/0412277
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0412277
https://doi.org/10.1088/1126-6708/2005/03/066
https://arxiv.org/abs/hep-th/0411279
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0411279
https://doi.org/10.1007/JHEP07(2010)089
https://doi.org/10.1007/JHEP07(2010)089
https://arxiv.org/abs/1002.4498
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1002.4498

[58] J.P. Conlon, The QCD azion and moduli stabilisation, JHEP 05 (2006) 078 [hep-th/0602233]
[INSPIRE].

[59] F. Marchesano and J. Quirant, A Landscape of AdS Fluz Vacua, JHEP 12 (2019) 110
[arXiv:1908.11386] [INSPIRE].

[60] F. Marchesano, D. Prieto, J. Quirant and P. Shukla, Systematics of Type ITA moduli
stabilisation, JHEP 11 (2020) 113 [arXiv:2007.00672] [INSPIRE].

[61] M. Demirtas, M. Kim, L. McAllister, J. Moritz and A. Rios-Tascon, Small cosmological
constants in string theory, JHEP 12 (2021) 136 [arXiv:2107.09064] [INSPIRE].

[62] T.W. Grimm, C. Li and I. Valenzuela, Asymptotic Flux Compactifications and the Swampland,
JHEP 06 (2020) 009 [Erratum ibid. 01 (2021) 007] [arXiv:1910.09549] [INSPIRE].

— 35 —


https://doi.org/10.1088/1126-6708/2006/05/078
https://arxiv.org/abs/hep-th/0602233
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0602233
https://doi.org/10.1007/JHEP12(2019)110
https://arxiv.org/abs/1908.11386
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1908.11386
https://doi.org/10.1007/JHEP11(2020)113
https://arxiv.org/abs/2007.00672
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2007.00672
https://doi.org/10.1007/JHEP12(2021)136
https://arxiv.org/abs/2107.09064
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2107.09064
https://doi.org/10.1007/JHEP06(2020)009
https://arxiv.org/abs/1910.09549
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1910.09549

	Introduction
	CFT preliminaries
	Positivity bounds
	Anomalous dimensions at large spin
	A special case: degenerate conformal dimensions
	Mixing matrix


	Fibred Calabi-Yau scenarios of moduli stabilization
	A brief review of fibred Calabi-Yau scenarios
	Fibred Calabi-Yau: example with one fibre modulus
	Moduli stabilisation
	Kinetic terms and canonical fields
	Holographic interpretation

	Fibred Calabi Yau: example with two fibred moduli

	Type IIA models
	Effective action
	Integer conformal dimensions
	Degeneracy lifting and anomalous dimensions

	Conclusions
	Anomalous dimension matrix for the degenerate case
	Fibred Calabi-Yau effective Lagrangians
	One fibre modulus
	Two fibre moduli

	Type IIA effective Lagrangian
	Scalar potential
	Axion kinetic term
	Spectrum
	Interactions



