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Abstract

Scattering amplitudes capture the dynamics and interactions of particles and strings, serving as pow-
erful tools to test predictions and explore conjectures, while revealing deep symmetries and math-
ematical structures. Recent decades have seen dramatic advances in understanding and computing
flat space amplitudes, revealing unexpected patterns. This thesis explores how similar structures
emerge in curved backgrounds. In particular, we use the AdS/CFT correspondence to define on-
shell amplitudes in AdS from conformal correlators in the boundary CFT, referred to as holographic
correlators.

First, we bootstrap higher-point holographic correlators, neglecting stringy corrections. This
allows us to probe deeper into the dual CFT. We present our results for the six-point supergluon
amplitude in AdSs5, where the answer is fixed completely by the flat space limit and factorisation,
and outline the strategy for the graviton case.

We then present the AdS Virasoro—Shapiro program, which addresses the challenge of comput-
ing string amplitudes in curved spacetimes, where no direct worldsheet formulation exists, even at
tree-level. We study the tree-level amplitude of four gravitons in Type IIB superstring theory on
AdS5 x 8%, dual to 4d N' = 4 SYM. The AdS Virasoro-Shapiro amplitude is defined by a curvature
expansion around flat space, organised as a series in 1/R, where R is the radius of AdS. Moti-
vated by the appearance of odd zeta values in the low-energy expansion in flat space, a conjectural
single-valuedness in AdS has guided recent advances. We contribute by analysing the high-energy
and Regge limits, where ezact computations confirm a worldsheet structure involving single-valued
logarithms.

To conclude, we conduct a detailed analysis of the mathematical structure governing strings
in AdS backgrounds, making the deep interplay with number theory explicit. A key result is an
AdS generalisation of the celebrated stringy KLT relations, expressing closed-string amplitudes as
bilinears of open-string ones via an exactly computable Kernel. We furthermore show that the

building blocks for open-string amplitudes are given by Aomoto-Gelfand hypergeometric functions.



Chapter 1

Introduction

The goal of Theoretical Physics is to formulate frameworks that faithfully describe nature. Math-
ematical Physics, in turn, develops the underlying tools—often pushing them well beyond their
original scope—but history has shown that these advances can yield fresh insights into real physical
theories, when applied in the appropriate limits. It is in this context that the core research for this
thesis was conducted.

Gauge and gravity theories play a central role in our understanding of fundamental physics. The
weak, strong and electromagnetic interactions arise from gauge symmetries, whereas gravity governs
the large-scale evolution of the Universe and the geometry of spacetime. Looking back at how these
frameworks have evolved to capture different aspects of nature, we recognise that each theory is only
valid within a specific regime. Classical Mechanics accurately describes macroscopic motion, but
breaks down at atomic scales. Non-relativistic Quantum Mechanics provides an exceptionally accu-
rate description of atomic and subatomic phenomena, but cannot account for the Lorentz symmetry
required at velocities approaching the speed of light, an issue resolved by Special Relativity.

Quantum Field Theory (QFT) unites Quantum Mechanics and Special Relativity into a self-
consistent framework for particle interactions, forming the basis of our best understanding of nature
and encompassing the gauge theories introduced aboveEI All particles and forces emerge from quan-
tum fields filling space and time. What we call electrons, quarks, photons, etc., are specific vibrational
modes/excitations of those fields. A paradigmatic example of a gauge QFT is the Yang—Mills (YM)
theory |1], a non-abelian theory in which self-interacting gauge bosons, associated with a compact
Lie group, mediate the fundamental forces such as the strong and electroweak interactions. It is
renormalisable in four dimensions and becomes asymptotically free at high energies.

On the other side, Einstein’s General Relativity [2] describes gravity as the geometry of a curved

1Relativistic Quantum Mechanics, such as the Dirac or Klein-Gordon equations, incorporates Special Relativity
without full field quantisation, but cannot fully describe interacting systems with particle creation and annihilation.
Notice also that QFT as a framework based on quantised fields needs not be relativistic.



2 CHAPTER 1. INTRODUCTION

spacetime, with inertial motion given by geodesics in that manifold. Famously, incorporating Gen-
eral Relativity into a quantum-field-theoretic description leads to uncontrollable ultraviolet (UV)
divergences, revealing that naive quantisation of gravity fails, although being well-defined in the
infrared (IR).

Over time, it has become clear that developing a unified framework for gauge theories and gravity
requires moving beyond traditional methods and embracing new principles and symmetries. String
theory offers one such framework. Unlike QFT, where particles are modelled as point-like objects,
string theory describes all particles as different vibrational modes of a one-dimensional object. The
type of particle that a string represents depends on how it vibrates. Gauge bosons (like photons,
gluons, etc) arise as massless excitations of open strings. Gravitons, the quanta of the gravitational
field, emerge as massless excitations of closed strings. Gauge and gravity interactions are then
embedded in the same fundamental theory, emerging from the same underlying object, rather than
being postulated independently. String theory is finite at the quantum level, offering a consistent
theory of quantum gravity.

For the present work, string theory will serve as an elegant and unifying mathematical framework
in which gauge and gravitational theories can be treated simultaneously. In the interest of intellectual
honesty, it must be acknowledged that despite its structural elegance, there is no direct experimental
evidence for it as a fundamental description of nature. Nevertheless, string theory has proven to
be a powerful framework for exploring QFT's, that instead enjoy strong experimental support and
emerge in the low-energy regime. In the following, we will present two compelling examples of how
string theory can be used to uncover deep dualities between different physical theories.

The first example is the Anti-de Sitter (AdS)/Conformal Field Theory (CFT) correspondence,
a duality between a gravitational theory in (d + 1)-dimensional AdS space, and a conformal gauge
theory living on its boundary, a flat d-dimensional spacetime, proposed by Maldacena in 1997 [3].
By employing holography in string theory, one can access and analyse the boundary QFTs at strong
coupling, regimes that are challenging to study with conventional methods. Indeed, in a QFT with
coupling constant g < 1, perturbation theory—an expansion in powers of g—provides an accurate
description. However, when g ~ O(1) or larger, the theory enters a strongly coupled phase, and
perturbative methods break downE| In these cases, one must resort to genuinely non-perturbative
techniques, with holography in string theory being among the most powerful available. In particular,
the correspondence allows for computing quantum effects in a strongly coupled field theory using a
classical gravitational theory. Conversely, one can leverage powerful CFT techniques (e.g. bootstrap,
conformal block expansions) to reconstruct and constrain the dynamics of fields propagating in the

bulk. For this work, we will mainly use AdS/CFT to study holographic correlators, correlation

2The paradigmatic strong-coupling problem is the strong force, which confines quarks and gluons into protons and
neutrons and binds those nucleons into atomic nuclei.



functions of boundary excitations in AdS that are dual to CFT correlators, in theories with maximal
and half-maximal superconformal symmetry. In particular, while maximal superconformal symmetry
(such as 4d N = 4) simplifies computations, half-maximal supersymmetry (like 4d N = 2) still
provides valuable insights and supports the definition of gluon scattering in AdS.

It is always within the context of string theory that another perspective on gravity from gauge
theories was proposed back in 1985 by Kawai, Lewellen and Tye (KLT) |4]. This double-copy struc-
tureE| establishes a surprising map between observables in different theories, most famously relating
Yang-Mills theory to gravity [5]. As is often the case, this connection is not apparent at the level
of the Lagrangian but emerges instead through the study of observable quantities such as scattering
amplitudes. Perturbatively, these objects reveal that the dynamics of two seemingly distinct classes
of theories are governed by the same underlying kinematic structures. In this sense, the double-
copy offers a potential unification of gauge theory and gravity, recasting both in terms of a single
set of building blocks that obey the same algebraic relations. An open question remains whether
the double-copy can be understood as a general feature of gravitational theories. This structure
originally emerged in string theory: perturbative closed-string tree amplitudes can be expressed as
bilinears of open-string amplitudes [4,/6]. In the low-energy/infinite tension limit (below the Planck
scale), this relation becomes the statement that, for example, gravity amplitudes can be written as
“squares” of Yang-Mills amplitudes. This provides a beautiful dynamic interchange between QFT
and string theory, organising a web of theories in principle very different.

In this thesis, we make use of the AdS/CFT correspondence and later explore KLT relations in
AdS as powerful frameworks for probing the interplay between gravity and gauge theories. We begin
with presenting the AdS/CFT duality in Chapter 2] where amplitudes in AdS, naively viewed as
a “box” with no asymptotic states, are given precise meaning via boundary CFT correlators. As
suggested by the title of this thesis, we focus on several limits of the full string theory in AdS EI
First, in the field theory limit, we compute supergravity/gauge theory higher-point holographic
correlators in Chapter [3] Next, in Chapter [4, we present our findings for the high-energy limits of
string amplitudes in AdS, extracting lessons that inform the full theory. Finally, in Chapter [ we
revisit the double-copy structures, or more precisely, the KLT relations, now in AdS, and identify the
fundamental building blocks of AdS string amplitudes, compared to their flat space counterparts.
Throughout, flat space remains our guiding intuition: each Chapter opens with a review of the
necessary background, typically beginning with flat space results. Moreover, our curved space string
amplitudes are defined via a small-curvature expansion around flat space.

We conclude by summarising the key results and proposing some avenues for future investigation.

3To be precise, the term double-copy is usually restricted to a field-theoretic framework.

4Here, we refer to a putative string theory in AdS, whose various limits we study formally. As will become clear,
there is no fully established worldsheet description of string theory on generic curved spacetimes, so these limits
effectively define the theory.



Chapter 2

Basics of AdS/CFT

The AdS/CFT [3] is a conjectured duality central to the analytic study of strongly coupled QFTs in
the large-N limitﬂ It relates certain d-dimensional CFTs to supergravity on a spacetime of the form
AdSg+1 X M, where M is a compact internal manifold. In the maximally supersymmetric case, M
is a sphere. More generally, in the bulk we have superstring theory/M-theory as a quantum theory
of gravity, whose low-energy limit is 10d/11d supergravity.

The term holography is used in this context to describe how the lower-dimensional theory, defined
on the boundary of AdS spacetime, encodes information about the higher-dimensional gravitational
bulk, much like a two-dimensional hologram encodes the appearance of a three-dimensional object.
Even though an exact proof of the gauge—gravity correspondence is still lacking, a vast body of
evidence supports it, including numerous non-trivial computations that yield matching results on
both sides of the duality. We will cite, in due course, the extensive literature most relevant to the
results in this thesis. But the AdS/CFT has been extended to make predictions for many other
scenarios, such as large-N QCD-like models [7] and condensed matter systems [8-10]. Moreover, it is
especially powerful for theories without a Lagrangian formulation, such as 4d N' = 3 SCFTs [11][12]
and 6d N = (2,0) theories [13,/14].

The original and paradigmatic example of the AdS/CFT duality is the equivalence between
N = 4 Super Yang—Mills (SYM) theory in four dimensions, with gauge group SU(N) and Yang—Mills
coupling gy, and Type IIB superstring theory on AdSs x S°. In this setup, the string coupling g
is related to the field theory via g5 ~ g%, and both the AdS and sphere radii scale as (g%,MN)l/4 in
string units. In the large N limit with fixed 't Hooft coupling A = g2, N, the string theory becomes
weakly coupled, and the supergravity approximation is valid.

The plan of this Chapter is to review the fundamentals of CFTs and the bootstrap approach, and
then define (Euclidean) AdS space to lay the groundwork for understanding the AdS/CFT duality

LN may denote the rank of the gauge group of the boundary theory. In the stringy setup, it is the number of branes
whose worldvolume theory defines the CFT.
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and its associated dictionary. The main observables considered in this setup are the holographic
correlators, namely correlators between boundary excitations in AdS, dual to correlators in the
CFT. We focus on half-BPS (Bogomol'nyi-Prasad-Sommerfield) multipletsﬂ under both maximal

and half-maximal supersymmetry.

2.1 The conformal side

Figure 2.1: The recursive distortion in Escher’s “Print Gallery” artwork evokes the behaviour of
conformal maps, which preserve local angles, but not distances.

Let us start by motivating what makes CFTs so special in modern Theoretical Physics. One
possible perspective is the renormalisation group (RG) , a term first introduced in . This
is an elegant tool to understand the behaviour of a theory under a change of the scale at which it
is observed. Among all physical systems, a special role is played by those that are invariant under
scale transformations and are therefore fixed points of the RG. QFTs are then trajectories in the
space of theories under RG flow, typically interpolating between a UV and an IR fixed point. There
are three possible IR behaviours: (i) a theory with a mass gap (such as 4d YM), (ii) a theory with
massless particles (such as quantum electrodynamics (QED) or massless quantum chromodynamics
(QCD) with a small number of fermionic flavours), or (iii) a scale-invariant theory with a continuous
spectrum. It is widely believed that most physically relevant scale-invariant theories are in fact
conformally invariant . In such cases, the IR fixed point is described by a CFT, corresponding
to the third possibility in the above RG flow classification.

Local operators of a theory include certain distinguished examples, such as the stress-energy
tensor T}, the Noether current associated with spacetime translations, and conserved currents J,
associated with global symmetries. Their existence is tied to the locality of the theory. In pertur-
bation theory, these operators are protected from renormalisationﬂ At the fixed point, they retain
their canonical dimensions, A7 = d and A; = d — 1, and satisfy conservation laws. Furthermore, if

the theory possesses Poincaré invariance, then 7),, can be chosen to be symmetric.

2 As their name suggests, their superconformal primary is annihilated by half of the Poincaré supercharges .
3Usually, operators acquire anomalous dimensions along the RG flow.
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An RG transformation (scale transformation) rescales globally the coordinates, which in turn
induces a corresponding rescaling of the background metric. The energy-momentum tensor/stress
tensor can also be defined as the response of the action to variations of the background metric. If

the theory is scale-invariant, the variation of the action vanishes,
58 = /d% Ty 69" o /ddx:r;; =0, (2.1)

so the trace of the energy—momentum tensor vanishes. More generally, scale invariance implies that
the trace takes the form 7%, = J,K”, a total divergence of a vector operator. The operator K"
has then dimension [K*] = d — 1, which is the canonical dimension of a conserved current in a
free theory. In most cases, it is difficult to construct a consistent candidate for K* that is not
itself conserved. Therefore, T/ must vanish. This implies that scale invariance is enhanced to full
conformal invarianced

This enhancement can be understood geometrically. Arbitrary local rescalings of the metric define
Weyl transformations, which modify the spacetime geometry. To remain within flat spacetime, one
must restrict to the subset of Weyl transformations that are also diffeomorphisms, coordinate trans-
formations that locally rescale the metric without introducing curvature. These are the conformal
transformations, which preserve angles between crossing curves.

More concretely, conformal transformations are invertible maps that do not affect the metric up

to an overall local rescaling;:

Iuv () = ghu (@) = M) g (2) (2:2)

where A(z) can be an arbitrary function of the coordinates, equal to 1 in the special case of isometries.
The variation of the action is proportional to the trace of the stress-tensor, which vanishes by
assumption. In summary, T}' = 0 implies invariance under (infinitesimal) Weyl transformations.
Looking at 7 by solving the Killing equation, one can see that if d = 1, each smooth trans-
formation is conformal (trivial, since there is no notion of angle). Instead, the case d = 2 admits
a special description [25]. Here, we will be working with CFTs with d > 2. The infinitesimal

transformations are

at =t 4t (translations) ,
at — at + W, (rotations) ,
(2.3)
at — at + Nt (dilatations) ,
zh — 2" +2(b- x)x" — 2" (special conformal transformations (SCTs)) ,
4This enhancement is automatic in d = 2 and can be shown in perturbation theory for d = 4 (22} [23]. See,

however, |24] for a physical theory that is scale-invariant but not conformally invariant.
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where b* is an arbitrary constant vector in Rd The set of conformal transformations forms a group:
it is closed under composition and each conformal transformation has an inverse. It is the largest
finite-dimensional subgroup of Diff (diffeomorphisms of R9). Its generators can be written in terms

of differential operators,

P, =—-i0, (translations) ,
M,, =i(x,0, — x,0,) (rotations) ,

(2.4)
D = —iz"0, (dilatations) ,

K,=—i (2x,txp3p - :1:26‘#) (SCTs) ,

with definite commutation relations. Beyond the usual Poincaré algebra, we emphasise that [D, P,| =
iP, and [D, K,| = —iK,,, implying that P, and K, behave like ladder operators for D, building the
so-called conformal multiplet of the operator O. The base is called primary, with [K,,, O] = 0, while
the other levels of the tower, reached by application of P,, are named descendants. For more details,
we refer, for example, to the great set of lectures [26].

Notice that, if we define

JH,V = M;wa J—l
Jo10=D, Jou = % (Pu + Ku)v (2.5)

Jop =—Jpq for a=-1,0,1,...,d,

the generators J, ; satisfy the SO(d + 1,1) commutation relations, or SO(d,2) in Minkowski space.
This implies that the conformal group is a Lie group with (d 4+ 1)(d + 2)/2 parameters, isomorphic
to SO(d+ 1,1) (or SO(d,2)).

A central feature of CFTs is that the form of one-, two-, and three-point functions of primaries

is entirely determined by conformal symmetry. For scalar operatorsﬁ

(Oz)) =0,
Ol a)) = I’JrleliA ’ (2.6)
<Ol (x1)02($2)03($3)> 0(91(9203

= |1~12‘A1+A2*A3 |1~13|A1+A37A2 |£C23|A2+A3*A1 )

where A; are the scaling dimensions of the operators (eigenvalues of D), and Co, 0,0, is a constant

5The finite transformations can be obtained by exponentiation. However, the quadratic nature of the SCTs prevents
us from passing directly to the finite form. Omne can use the trick of writing the infinitesimal transformation as a
composition of an inversion, a translation, and again an inversion.

6Here, 812 reflects the fact that the two-point function vanishes if the two fields have different scaling dimensions,
A1 # Aa. More precisely, if a theory contains several fields O; with the same scaling dimension, the two-point function
involves a matrix M;;, which is positive definite if the theory is unitary. In this case, there always exists a field basis
in which M;; is the identity matrix.
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but physical coefficient, which is completely symmetric in the exchange of two indices.
Starting from four points, conformal covariance allows for the extraction of a kinematical factor

K4(A;, z;), but then we are left with an unknown function of the conformally invariant cross ratios,

1

<Ol(I1)02($2)03($3)O4(l'4)> = ‘.’E12|2A1‘(E34|2A3 g(U7 V) = K:4(AZ,$Z)Q(U7 V) ) (27)
where
2 .2 2 .2
L19%34 L4723
U=—>5— , V=755, (2.8)
T13Toy L13L24

and x;; = x; — x;. The number of independent cross ratios is related to the number of dimensions

of spacetime (d) as well as the number of points (n) in the correlator, according t<ﬂ

n<d+1, w,

nZd—i—l,nd—W.

(2.9)

Importantly, it is always possible to reduce the n-point correlation function to (n—1)-point correlation
functions, so that in the end ¢g(U, V') (from four-point functions) is related to Co, 0,0, (from three-
point functions), and so on. This is motivated by the (convergent) Operator Product Expansion

(OPE):

Co,0,
Oi(z) x O;(y) = Z o yTi?j_i’;_Ak (Ok(y) + descendants) . (2.10)

primary O
Co,0,0, is called OPE coefficient (or structure constant of the operator algebra), and it corresponds
to the free parameter appearing in the three-point function . Notice that we cannot rescale it
away, as we have already fixed the normalisation of the two-point function. As a consequence, if we

choose a pair of operators in a correlator and expand it via its OPE, we get the nice expression

C0,0,0,C0;0,0,
|x12|2A1 |x34|2A3

(O1(21)Os(2) O3(w3) Oa(wa)) = > 98,1, (U V), (2.11)
i

where, for simplicity, we have taken Ay = Ay and Ag = Ay. Here, ga, 1, (U, V) is called conformal

block and it is the contribution to the four-point function of the primary operator O; and of all its

descendants. In general, each conformal block is an eigenfunction of the quadratic conformal Casimir

Cs with eigenvalue Co(A, 1) = A(A —d) + (Il + d — 2), where [ is the spin of the exchanged primary

operator under the Lorentz group. Notice that g(u,v) from (2.7 can be expressed as

g(U.V) = C0,0,0,C0,0,0, 9a,1,{U, V) , (212)

"See, for example, [27].
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hence it is not an independent quantity, being related to the three-point functions in a non-trivial
way.

Equation is the result of using the OPEs in the channels |z12] — 0 and |z34] — 0, but it is
clear that we could have alternatively considered |x14| — 0 and |z23] — 0, or any other permutation.
Different ways of making pairs out of four operators have to be equivalent, which is mathematically
captured by the so-called crossing equation (or OPE associativity condition). Demanding invariance

under the exchange x1 > x4:

A
gU V) = (g) g(V.UY | (2.13)

where ¢g(U,V) is expressed in terms of the OPE coefficients and conformal blocks as in Equa-
tion . Crossing symmetry therefore translates into non-trivial constraints on these data. In
particular, given an arbitrary set of CF'T data (spectrum and OPE coefficients), there is no guarantee
that it defines a consistent theory: the four-point functions must satisfy the crossing equation for all
values of u and v. The bootstrap problem is to identify spectra and OPE coefficients for which this
consistency holds. This concept was first introduced by Belavin et al. [28] in the investigation of the
2d CFTs. Later, the idea has been improved numerically to the d > 2 case [29], with a particular
interest in 3d systems [30]. Great lectures are [26,/31]. The general aim is to classify the space of
CFTs, where each theory is completely characterised by its CFT data (scaling dimensions of the
primaries and OPE coefficients). In principle, given a set of CFT data, we can compute all the
correlation functions. Determining this set for physical systems can be very difficult. The conformal
bootstrap offers the powerful perspective of focusing only on values of operator dimensions and OPE
coefficients that are consistent with fundamental principles such as unitarity and crossing symmetry.
Remarkably, this leads to the determination of universal bounds on key physical quantities without

requiring complete knowledge of the infinite set of CFT data.

Note on superconformal symmetry

The CFTs we will be working with actually possess supersymmetry [32}33], making them supercon-
formal field theories (SCFTs). While we will not go into detail here, a comprehensive reference for
the classification of multiplets in SCFTs can be found in [34]. Let us very briefly highlight the main
new elements introduced by supersymmetry, compared to the purely bosonic case discussed above.

A superconformal algebra extends the conformal algebra by including additional generators:

e supersymmetry generators (), and their conformal counterparts .S, forming a graded Lie super-

algebra;

e internal symmetry generators, collectively forming the R-symmetry group, which rotate the
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supercharges.

In flat d-dimensional Minkowski space, the bosonic part of the superconformal algebra includes the
Poincaré group, dilatations, special conformal transformations and the R-symmetry, whose structure
depends on the spacetime dimension and number of supercharges. The fermionic part includes the
Poincaré supercharges @ and the conformal supercharges S.

Superconformal algebras exist only in spacetime dimensions d < 6 . A defining feature of
SCFTs is the presence of the R-symmetry as part of the full symmetry algebra. As a result, operators
in SCFTs will carry additional labels, corresponding to the Dynkin labels of the R-symmetry group.

See for the unitarity restrictions on the scaling dimensions.

2.2 The gravitational side

Figure 2.2: Escher’s “Circle Limit IV” artwork of the Hyperbolic Plane.

We now turn to the gravitational side, and in particular to Euclidean AdS space. We will first
recall how Minkowski space arises as the boundary of Lorentzian AdS, and then move to its Euclidean
counterpart and the corresponding holographic framework.

Conformal transformations can send finite points of Minkowski space to infinity. To render the
action of the full conformal group SO(d,2) smooth and globally well-defined, one therefore passes
to the conformal compactification of Minkowski space. This is most economically realised as the
projective quadric in P! on which SO(d,2) acts linearly . Homeomorphic to R x S%~1, this
compactified manifold matches precisely the boundary of global AdS4+1, and it provides the natural
stage for the holographic duality, in the sense of .

We can still get this identification in Euclidean signature. Let us consider the Euclidean space

R*! with some coordinate {y;}, with i = 0,...,d. We can define the open unit ball

d
Bayr : Y yi <1, (2.14)
1=0
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such that it corresponds to AdSyy; with metric

ds? = —&=4=0_21 (2.15)
(1= 1yl*)?
The next step is to compactify the open unit ball to get the closed one, Byy1, whose boundary is

the sphere S¢,

Zy? =1. (2.16)

This is the Euclidean version of the conformal compactification of Minkowski space. Schematically:
d(Bgi1) = S <= 0(AdS4y1) = Minkowski space . (2.17)

Let us notice that the metric on the open unit ball does not extend over the closed one since it is
singular at |y| = 1, so one has to rescale the metric by some function f on By, which is positive on
the open ball and has a first order zero on the boundary [36]. Hence, we consider d3? = f2ds?, which
is defined up to conformal transformations. By this, we mean that, strictly speaking, the Euclidean
version of AdS;.; has a metric invariant under SO(d + 1,1), while the boundary (S¢) has only a
conformal structure, preserved by the action of SO(d + 1,1).

The Euclidean continuation of AdSg41 can be viewed as the Y_; > 0 sheet of the hyperboloid |39)

d

()P ()P () = -

=1

1

=5 (2.18)

embedded in a d + 1 dimensional space with metric of signature (— + +---+). If we introduce the

coordinates

Y

4= = i=1,...,d,
R(Yo-i—Y,l)
2.1
o (2.19)
"TR(Yo+Y)

they provide a complete coordinate chart z,(Y) such that the induced metric on the hyperboloid
takes the form of the upper half-space in z,, € R4+ with zp > 0 and metric guv of constant negative

curvature R = —d(d + 1)/ R*{]
2 : R ), _ R 2 : 2
ds® = ZO Gpar Aoyl = —5 Z;szu = <dz0 + 2 dzi> : (2.20)
My V= Hn= 1=

We will set R = 1 in the rest of the Chapter. In this representation, the boundary of AdSy41 is a

copy of R% at zy = 0 with a point at zy = co, which defines the sphere S¢.

8The Christoffel symbols are Ffw = Rlzo (658uy — 600 — 6,,065).
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Notice that the inversion ZL =z,/ 2% is an isometry of the metric, where contractions as 22 use

the Euclidean metric §,,,,, so we are indifferent to the question of raising/lowering coordinate indices

in this case, z, = z*. Otherwise, we will contract indices using the AdS metric, like
0"¢0,0 = g""0,¢0,¢ = zédwayqﬁauqzﬁ = zé@ugb@ugzﬁ . (2.21)

We shall focus on AdS5, the unique maximally symmetric solution of the five-dimensional Einstein
equations with negative cosmological constantﬂ Upon Wick rotation to Euclidean signature, it
becomes the hyperbolic space H®, whose isometry group is SO(5,1). It can be thought of as the set
of solutions of

a2+ a2 — a2t —ai— 22— 2% =R?, (2.22)

in flat R%*. This matches the conformal group in four dimensions, reflecting the general fact that
the conformal group in d-dimensions coincides with the isometry group of AdSg41.

Additional details can be found in the numerous good reviews available, such as [40-43].

2.3 Dictionary of the duality

The original duality [3] was made explicit in [36}/44], with a prescription for matching observables
across the two theories. The precise holographic dictionary is ultimately provided by string theory
in an AdS background, and the duality itself stands as one of the most remarkable achievements
of string theory. For the expert reader, the key insight is that low-energy open strings ending on
a stack of N coincident D3-branes give rise to a four-dimensional U(N) N = 4 SYM theory on
the brane World—volumem In the near-horizon limit of these D3-branes, the bulk geometry becomes
AdS5 x S®, and the spectrum of closed-string excitations matches that of single-trace operators in the
boundary CFT ISIB Although we will not review the full string-theoretic derivation here, it is this
D-brane construction that provides the concrete foundation for the map between CFT correlators
and amplitudes in the bulk.

Let us explain how to map the quantities on the two sides of the duality. The fields in five
dimensions will be referred to as bulk fields (h) and they interact according to the gravitational
action with an AdS vacuum. As usual, the action is a function of the metric, gauge fields, scalars,
etc. We also assume it contains a potential for the scalar field with a negative value at the minimum,

such that we get the AdS vacuum. On the other side, we have the fields living in the 4d CFT, and

9The Einstein equations are the central equations of General Relativity, relating the curvature of spacetime to its
matter and energy content. In the absence of matter, they reduce to Ry, — %ngj + Agur = 0, where A is the
cosmological constant and R is the Ricci scalar. For A < 0, the maximally symmetric vacuum solution is AdS.

10In string perturbation theory, a D-brane is a hypersurface on which open strings may end.

11We will consider only single-trace operators since multi-trace operators correspond to multi-particle states in the
bulk. See [45| for interesting remarks when stringy corrections are included.
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we will refer to them as the boundary fields O, that are classified in (super) conformal multiplets.
Importantly, h and O have the same quantum numbers and know about each other via boundary
couplings. In this sense, for example, the stress-energy tensor in the CFT corresponds to the graviton
and any conserved current will be dual to a gauge field in AdS. The general pattern is that global
symmetries in the CFT correspond to gauge symmetries in AdS.

From the CFT perspective, every operator can be associated to a source. In the first instance,
we think of h(z) as a 4d background field that we use to compute correlators of the operators in the
QFT. Then, we interpret it as the boundary value of a field iz(x, x5) living in five dimensions. The
way that we assure it exists for any source configuration h(z) is by demanding that h(z,z5) solves
the 5d equation of motion in AdS. The extension from the boundary to the bulk is unique once we
impose the proper boundary conditions.

We can think of the duality as the identification
(e ") pp <> eSaass () (2.23)

This allows for the computation of on-shell scattering amplitudes in AdS from correlation functions
in the CFT. Indeed, in the CFT side, h is an arbitrary off-shell configuration, while it is put on-shell
when extended to five dimensions. The Green’s function responsible for this is the bulk-to-boundary
propagator G%a(z,f), where A is the conformal dimension, z is the 5d point in the bulk, and & is

the 4d point on the boundary. It takes the form [306]

A
— 2
G%a(z,x)=%<2§+(;_f)2> : (2.24)
where
I'(A)
CA = for A > d/2
A= CaEr(a — ) rA At (225)
I'(d/2) '
Cd/2: 27‘(‘d/2 )

and A = d/2 corresponds to the lowest AdS mass allowed by unitarity [39]. We will always factor
out the normalisation constants in the Witten diagrams and focus on the integrated vertices to show
the relevant techniques.

Now, we need to consider the possible interactions among the bulk fields. The equations of motion
derived from the AdS action include higher-order (nonlinear) terms, which in general prevent an exact
solution. We can still use a perturbative approach to get the so-called bulk-to-bulk propagator (as in

standard QFT computations [46]). For example, the scalar bulk-to-bulk propagator is the solution
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of

(=Oags +m?) G5p(u) = 04z, w) , (2.26)

where m? is the mass of the scalar field in the bulk. More precisely, a scalar field of mass m is

characterised by two possible scale dimensions, namely the roots
d 1 /————

of the quadratic relation A(A — d) = m?. Unless explicitly indicated, A will mean A, . See, for
example, the discussion in [47] and [41] for more details. In (2.26]), z and w are points in the bulk
and u is known as the chordal distance,

Ouv (2 — w) (2 — w),

= . 2.28
b 22011)0 ( )

Invariant functions and tensors on AdS are expressed in terms of it.

The explicit expression of the scalar propagator is the hypergeometric function

2\ % d 1 2
G5p(u) = f(A,d) <u> o Fy <A,A — 5t 2A—dt, —u) : (2.29)
up to an overall function not relevant for the present discussion.

Although we presented the bulk-to-boundary propagator before the bulk-to-bulk one to follow
the narrative flow, let us note that one can first determine the bulk-to-bulk propagator as a solution
to the inhomogeneous Klein—-Gordon equation in the bulk . Then, as one of the two bulk points
is taken to the boundary, this defines the bulk-to-boundary propagator, being the solution of the
homogeneous equation in the bulk.

We can visualise interactions in AdS/CFT by using the so-called Witten diagrams, the analogue
of position space Feynman diagrams in flat space. In practice, we can think of Euclidean AdSj
space as a bd ball: the CFT operators live on its boundary, and the interior is the bulk. The
simplest example is a contact Witten diagram, given simply by the product of n bulk-to-boundary
propagators, integrated over the common bulk point (Figure [2.3). This is known in literature as

D-function [48]. It is defined as the following AdS integral:

dz ddz n % Ay
B _ . 2.30
Adres A / s E (zg + (7 — fi)2> =

One may reduce it to functions of the conformal cross ratios by extracting a kinematic factor. These

are typically referred to as D-functions. For n = 4 and A; = 1, the D-function can be expressed in
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3

Figure 2.3: An example of contact Witten diagram. All the boundary insertions are connected to a
single bulk interaction point, without any internal propagators connecting different bulk points.

terms of elementary functions, namely polylogarithms. More precisely, it evaluates to

_ 1 - - 1-Z
D1111(UV) = 7-% 2Lio(Z) — 2Lio(Z) +1og(ZZ) 10g<1Z>] , (2.31)

where we have parametrised the cross ratios as U = ZZ, V = (1 — Z)(1 — Z), with Z a complex
variable. This matches the flat space scalar one-loop (box) four-point function in four dimensions
[49,/50].

Instead, an exchange diagram also includes bulk-to-bulk propagators and more vertices. See Fig-

ure for an example. Each internal line connecting two bulk vertices is a bulk-to-bulk propagator;

6

Figure 2.4: An example of exchange Witten diagram.

each external line connecting a bulk vertex and a boundary point is a bulk-to-boundary propagator.
Different types of propagators can appear, as illustrated by the various lines in the example Figure.
For any interacting vertex point, we have integration over the bulk AdS. The propagators are joined
at interaction vertices, whose structure is typically intricate as a result of the underlying AdS ge-
ometry. In this thesis, we will rarely specify the explicit form of the interaction vertices; instead, we
will employ a bootstrap strategy, leaving their coefficients undetermined and fixing them by means
of consistency conditions and symmetry constraints.

The simplest kind of exchange diagram is the one with scalars only, but some exchange diagrams
with vector (or tensor) propagators can be rewritten in terms of products of functions of the chordal
distance on AdS and scalar propagators. We will present an example of how to reduce the

exchange of the gauge boson to the scalar exchange in Section A collection of useful identities
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for the following:

Oaasu=D"Opu=(d+1)(1+u),
DHud,u = u(2+u) ,
D,o0u=gu(1+u),
(2.32)
(D*u)(D,0,0,u) = Oyudyu
(D'u) (0,0, u) = (1 +u)dpu ,

(D“@uxu)(ﬁﬂﬁy/u) =gwv + 5'#/u3y/u s

where the primed indices refer to the bulk point w,,.

2.4 Vertex identities in AdS

A very interesting and useful trick when dealing with position space computations of Witten diagrams
is the use of vertex identities, first introduced in [47]. These identities enable the reduction of Witten
diagrams to either D-functions or Feynman-like integrals.

Exchange diagrams, which involve bulk-to-bulk propagators, require at least two integrations
over AdSy41, starting at the level of four-point functions. In the literature, the first bulk integration
is typically referred to as the z-integral. Early studies of exchange diagrams in AdSgyy; employ
(cumbersome) expansion and resummation techniques [51/52]. The computation of the z-integrals
is carried out by using the uniformly convergent expansion of the hypergeometric function in

powers of the parameter
1 22071]()

= = . 2.33
¢ l+u (23 4w+ (Z—w)?) ( )
The bulk-to-bulk scalar propagator then becomes
A A 1 d
Gpp(§) =2°Cat™ Py (2, THyA-o+ 1;52) : (2.34)

Given that by definition || < 1, the propagator has a uniformly convergent expansion in powers of
£, implying that one can interchange the summation of the series expansion of the hypergeometric
and any convergent integration of the propagator. Specifically, assuming fixed and non-coincident
spacetime points, and that all conformal dimensions satisfy the unitarity bounds A, A; > d/2, the

convergence conditions of the integrals involved are given by

|A1—A2|<A, |A3—A4|<A,

4 (2.35)
DA >2A;,i=1,2,34,
=1
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where A; are the conformal dimensions of the fields in each vertex and A is the conformal dimension
of the internal field. The first condition ensures convergence when one of the bulk points approaches
a boundary point. The second condition concerns the possibility for both bulk points to approach
any of the boundary points. Surprisingly, the final result for the exchange diagram is a remarkably
simple function of the remaining bulk coordinate w [51,52], leading to the suspicion that a more
efficient method might exist to bypass the cumbersome intermediate computations. This insight
ultimately gave rise to the so-called integrated vertex identities, which directly reduce the exchange
Witten diagram to a linear combination of contact diagrams. Ideally, one would hope to obtain a
finite sum of D-functions; however, in generic theories with arbitrary couplings, the result is typically
an infinite series.

The strategy consists of deriving a differential equation for the z-integral, supplemented by a
recursion relation that allows for its solution. Crucially, this method does not require explicit knowl-
edge of the bulk-to-bulk propagator. The remaining bulk integrals are then evaluated using integral
representations and asymptotic formulas [47].

We now present the method for integrating a cubic vertex, involving either a scalar or vector
internal propagator, followed by its generalisation to the (n + 1)-point vertex of all scalars. More
attention will be devoted to the (n + 1)-point generalisation, as it has received relatively little
attention in the existing literature and, as we will see in Chapter [3] leads to interesting integrals.

We will follow [47].

2.4.1 Cubic vertex: scalar exchange
We want to compute the integrated vertex

dd"'lz . .
Az, 22, w) :/WGgé(z,xl)Ggg(z,xg)GﬁB(zgw) ) (2.36)
0

where w is the other bulk point in the diagram, G gg is the bulk-to-boundary propagator, and Ggp

is the bulk-to-bulk propagator. The scalar bulk-to-bulk propagator satisfies
(—DOags +m*) Ggp = 6(z,w) (2.37)

where m? = A(A — d). We can act on (2.36) with the differential operator (—0aqs + m?) and use
the above equation of motion to collapse the internal propagator to a delta function. This leads to

a differential equation. By requiring the proper asymptotic conditions, in the end, one gets the very
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nice result [47]

Emazx
Awn,aaw) = 3 an(@h)F OGN (w, 7)o, ) (2.38)
k=kmin

whenever the following condition holds:

A+ Ay — A€ 2220 (239)
Here,

b _A—A1+A2
man — 2 )
kmar:A27la

A | A=A A | A=A 2.40
o B E) (hod g gy gy (240
’ (k= )(k—1— A+ Ay) '

1

Rl = A — 1By — 1)

2.4.2 Cubic vertex: vector exchange

Similarly, one can perform the integration over a cubic vertex involving a vector internal propagator.
In our case, we are primarily interested in the exchange of a massless gauge field, for which the
conformal dimension is A = d — 1. Before proceeding, let us briefly review the origin and structure
of the gauge boson propagator in AdS. An abelian gauge field coupled to a conserved current source

in the AdSy1 is described by the actiorE

[1]

dt1ls /1 9
SA = / F <4FHVF#1, + E(D/‘AM) - A#Ju) 3 (241)
0

where Z is the gauge-fixing parameter and D, is the AdS-covariant derivative. The propagator of

the massless gauge field is the solution of the AdS-covariant equation

D", Gy + B0y (DFGly) = — L2 591 (2, w) + By Ay (2, ) (2.42)

VI

where the primed indices refer to the bulk point w. The second term on the right-hand side (RHS)
is a pure gauge term that will cancel out when integrated. The AdS gauge boson propagator can be
written as [51], [53]

G (z,w) = —(0,0pu)F(u) + 0,0,/ S(u) , (2.43)

12The gauge group considered here is U(1), but the generalisation to non-abelian cases is obtained by simply inserting
the proper group factors.
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where F'(u) and S(u) are scalar functions of the chordal distance u, and the expression follows from
the fact that any bitensor can be written as a linear combination of two independent tensor structures
with scalar coefficients. In particular:
1 1 1
6M8V/u = —— 5#1/' + —(z — ’LU)H&,IO + —(w — Z)V/(SMO — uéﬂoé,,/o ,
wWo 20

20Wo

(0,0) (D) = — [<—ww> - u%} . wio [ (=2 u(swo] | (2.44)

20 0 20

and S(u) in (2.43) is a gauge artefact that vanishes when integrated with a conserved current in a
Witten diagram. F(u) describes instead the propagation of the physical components of the gauge

boson, and is given by

I'((d—1)/2) 1

(4m) (@072 [y(u + 2)]@d-D/2 (2.45)

F(u) =

The integrated vertex involving the gauge boson bulk-to-bulk propagator takes the general fornﬂ

dd"'lz 5
A (1, 2, w) = / ) Gl ) (2.46)
0

where we consider the coupling of the vector field to a conserved current. Assuming A, = A7 at the

vertex, the integral can be evaluated as a sum of contact vertices,

dd+1z e . ,
At (xq, 29, W) :/ T (Ggg(z,xl)V,,Ggé(zwg))G%B(z,w)
kiaz o (2.47)
Ak —A1 v = —
=— Z %(ﬁg) Atk g (1) (G%a(w,xl)VVGlg@(w,xQQ ,
k=Kmin
with
d—2 1
kmin = T + 1\/(d—2)2—|—4(A— 1)(A_d_|_ 1) ,
kmaaz = A1 -1 )
C2k(2k+2-d)—(A-1)(A—d+1) (2.48)
o1 = a(k — Dk O
I
AT oA )
and
‘ kmaa: - kmzn S ZZO (249)

In evaluating the cubic integral, it is not necessary for the source coupled to the vector field to be

conserved. Therefore, this result remains valid even when the source has non-vanishing divergence.

I3For notational simplicity, we have omitted the primed indices distinguishing the coordinates associated with
different bulk points.
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2.4.3 (n+1)-pt vertex: scalar exchange

Since in this thesis we are interested in higher-point holographic correlators (Chapter [3)), we must
consider exchange Witten diagrams involving non-cubic interaction vertices. For now, let us focus on
diagrams with scalars only. We shall assume that the dimension d of AdS as well as the dimensions
A,; of the fields are integers, and satisfy the unitarity bounds A; > d/2. We would like to integrate

a (n + 1)-vertex, or equivalently solving the z-integral
dit+1, A n 2 A
R(w) = / zgﬁ Ggp(z,w) 1;[ (M) . (2.50)

i=1

As before, given that the bulk-to-bulk propagator satisfies the equation of motion identity (2.36)),

R(w) has to satisfy the differential equation

n w Ay
(—0ags +m?)R(w) = H (M) . (2.51)

Note that we can always write the product of bulk-to-boundary propagators in terms of Feynman

integrals in the alpha-parametrisation [54], namely

J w
i=1 4 =1
(2.52)
with the definitions
n
-Ya.,
i=1
V= o, (2.53)

1

K2

n
pt ="+ Zai|fi|2 -
i=1

This agrees with the standard Schwinger parametrisation for the D-function (see Appendix C of [55]):

n2 T((5 — d)/2)0(5/2) [ L dei o' §(X, s — 1) (2.54)

Da,..a () =
Al...Al(x ) QH’L I‘(Az) (Zk,l akalle)6/2

Taking all this into account, we can write

R(w) = F((5)) H/o daiaiAi_lé(l — Z ozi> S(wo, W — T;0; 1) , (2.55)
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where we have defined S as a scalar function which is a particular solution of the differential equation

w 5
(Cnas —m)(ussig) = (52 ) (256)

The aim is to solve for S as a function of w and plug it into (2.55]), to write our initial diagram as a

Feynman integral. We start from the recursion relation [47]

(wo)' (wo)’ (wo)™*? 2 (wo)™?
Oags——7 =l(l—d)——57 +4k(k - ) ——— —4k(k+ 1)y ———=77 , (2.57
Ads(w2—|—u2)k ( >(w2+'u2)k+ ( )(w2_|_'u2)k+1 (k+1)p (w2 + p2)kt2 (2.57)
and restrict to the scalar case (k =1),
wo 1 wo 1 wo 1+2
O — ) =l(l—-d)| | -4l + 1) —— : 2.
nas (s ) =ta- (s ) e e () (259

Since m? = A(A — d), we can write

wo
w2 + /’LQ

)m . (2.59)

Let us try to exploit this relation to find a well-defined particular solution of (2.56)), that is a finite

(DAds—m2)< )l:(l—A)(l+A—d)<w2ufM2)l—4l(l+1)u2<

e U
w2+ﬂ2

series of powers of wq/(w? + p?). We assume that

Imax l
Stusdin) = 3 Ciln( 2% ) (2.60)

[=lmin

In order to satisfy (2.56)), the highest power has to be lax = 6 — 2. The lower powers will be given

by I = limax — 2j, where j is a positive integer. Then, the condition for the truncation of the series is

6 — Lin — 2 =2y € Z> \ (2.61)

where [,i, can be either A or d — A. The second possible solution coincides with the first one in the
case of AdSs x S° compactification of Type IIB supergravity [47]. Let us then restrict to Iy, = A.

For the boundary conditions, we look at the properties of R(w). It is regular at @ = 0, implying
that S(wo, W — ¥;0; ) has to be regular as well at & — ¢ = 0, and this is satisfied by the solution

above. Moreover, R(w) ~ w§* as wy — 0, and this is automatically satisfied in AdSs. To conclude,

lo wOA+2l
S(w; o5 p) = ;Cl(ﬂ)m )
I opasT(1/2(6 — A)I(1/2(0 + A — d))I'(A + 21)
s TOC(+ DI+ A +1—d/2)

(2.62)
Ci(p) =
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leads to

A+21

O T [ et SRS w
R(w) = — HF(AZ)H doo 15(1—;%);01(#)@3“10 0) e - (263)

0

This is the solution to the z-integral if the above conditions hold, which is true for all the diagrams
considered in Chapter [3| because of the R-symmetry selection rules.

As a concrete example—and as a preview of the diagrams considered later—consider the 3 — 3
exchange diagram Ie shown in Figure involving a single internal propagator and three external
legs on each side. If we were to compute this diagram directly in position space, we could apply the

integrated vertex identity above to write it as

I'(0) dwo 11 [ A1 °
Wo_y3 = — HiF(Az)/ 0+1d w H/O doa; 776 1—Zai
lo w w Aj
0 0
XZCl(“) WE + (@0 — )2 + 2 H W2+ (T — Z,)2 ’
=0 0 0 j

j=4,5,6

(2.64)

which closely resembles Feynman-like integrals. For additional comments on position space, see

Section [3.3.41

2.5 Bootstrapping holographic correlators

Let us conclude this Chapter by introducing the bootstrap approach to holographic correlators. The
general strategy is to take qualitative input from the gravitational side and use CFT methods to
extract strong-coupling data while gaining insight into scattering amplitudes in AdS. We assume
that we exchange only supergravity states that belong to short multiplets. Possible stringy states

will be neglected at this stage, but a detailed discussion is postponed to Chapter [4]

2.5.1 Maximal supersymmetry: gravitons on AdS

In the following, d denotes the spacetime dimension of the boundary theory, i.e. the dual CFTy,
and equivalently the dimension of the AdS space is d+ 1, as in AdSgy1. On the other hand, we will
use d to denote the dimension of the internal sphere in the bulk geometry, which corresponds to the
rank of the R-symmetry group in the dual CFT. In general, d and d are distinct.

In d > 2, we have three well-known examples of the AdS/CFT duality, which are
e Type IIB String Theory on AdS5 x S° <+ 4d N' = 4 SYM with SO(6)r [3];
e M-theory on AdS; x S+ 3d N' =8 ABJM with SO(8)r [56];

e M-theory on AdS; x S* +» 6d N = (2,0) with SO(5)r [13].
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Given the presence of a compact internal manifold, one usually performs a Kaluza-Klein (KK)
reduction of the AdS action [57,[58]. For example, for the ten-dimensional action on AdSs x S5,
this procedure reduces the higher-dimensional field theory to an effective five-dimensional theory
by expanding the fields in harmonics on the compact space—in this case, the five-sphere S®. The
resulting KK modes correspond to towers of five-dimensional fields with increasing masses, organised
into supermultiplets of ' = 8 gauged supergravity in AdSs. On the CFT side, these are dual to
half-BPS single-trace operators in N' = 4 SYM, labelled by an integer k > 2, where the superprimary
is a Lorentz scalar in the rank-k symmetric traceless representation of the SO(6) R-symmetry. The
case k = 2 corresponds to the stress tensor multipletﬂ which is dual to the massless graviton
in five dimensions. This correspondence is what allows for the computation of graviton scattering
amplitudes in AdS, and exemplifies the general principle that gauge symmetries in the bulk are dual

to global symmetries in the boundary CFT. To sum up:
k=2 : T,, < AdS graviton , k >2 : KK modes of the graviton on sd-1, (2.65)

where d is the rank of the R-symmetry group and the scaling dimensions of the operators are
A, = ek, where e = (d — 2)/2.
The one-half BPS states considered here carry R-symmetry indices, Ot!% (z), and are often

contracted with auxiliary null vectors t;, which simplifies the treatment of tensor structures:

Op(z,t) = OIIx ()t .ty

L=1,...,d, (2.66)

Therefore, the correlator depends on the internal coordinates ¢; in addition to the spacetime coor-
dinates x;. In particular, it is a polynomial of SO(d) invariants, namely ¢;; = t; - t;. Then, we
can extract a kinematic factor by imposing covariance under the bosonic part of the superconformal
group, that is the conformal group SO(d + 1,1) and the R-symmetry SO(d)E For the case of four
points, the correlator is reduced to a function of two pairs of cross ratios, for the conformal and
R-symmetry. As a concrete example, and without loss of generality, let us fix the ordering of the

external conformal dimensions as k1 < ko < k3 < k4. We can have two cases:

ki1 4+ kg > ko + k3 (Case I) ( )
2.67

ki +ky <ko+ks (case II)

14The stress tensor itself appears as a superconformal descendant within the multiplet.
15See, for example, [55.
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We can then extract a kinematic factor, as explained above:

0
i\ [ tiatsa \ 6
. ij 12034 )
Gk1k2k3k4 (xiati) — H ¢ < 9% D¢ gk1k2k3k4 (Uu V7U7 T) ) (268)
icj \Vij 12734
where
2 2 2 .2
_ Tia¥3y _ T14%33
U=—=5—% V=755,
T13L34 Ti3%34 2.69
5 o (2.69)
_ tiztay _ ti4lag

- 7T_ 2 412 )
t12t34 t12t34

while &, called extremality, and ,yin are functions of the k; whose expressions depend on the two cases

in (2.67). In particular,

_ ki +ko+ ks — ks (case T)

2 (2.70)
E=k (caseIl)

&

and
Rs R,
7(1)2*7(1)3:0, ’Y§4:37 ’734:? )
(2.71)
K K
’7?4 = Et ) 783 =0 (casel), 7?4 =0, ’733 = ?t (case IT) ,
where
H55|k3+k‘4—k1—k2‘, HtE|k1+k4—k2—k‘3|, HuE|k2+k4—k‘1—k‘3|. (2.72)

As a result of the kinematic factor extracted in (2.68)), Gk, k,ksk, becomes a polynomial of degree £ in
o and 7. But we also have the fermionic generators! They give us some relations between conformal
and R-symmetry cross-ratios in the form of Super Conformal Ward Identities (SCWIs). For any

number of spacetime dimensions [59),

(20. — €ada) G(2, %0, @) [y ), = 0, (2.73)

where we have redefined the cross ratios according to

U=2z,V=(1-21-%),
(2.74)
c=aa,7=(1-a)(l-a).

This is a very strong and interesting constraint. For d = 4, the correlator with this special R-
symmetry configuration is independent of Z. This holomorphicity can be understood from the chiral

algebra construction [60]: a subset of protected operators restricted to live on a 2d plane, when
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subject to special position-dependent R-symmetry polarisations (that are called twists), live in the
chiral algebra. This imposes non-trivial constraints in the case of higher-point functions [61].

We are interested in studying correlators of these operators. The standard approach would
involve writing a diagrammatic expansion in position space, obtained by KK reducing the 10- or
11-dimensional theory on the internal sphere. The resulting infinite tower of KK modes organises
into superconformal multiplets, and we focus on the superprimary operators within these multiplets.
For such operators, two- and three-point functions are fixed by symmetry and therefore trivial;
the first non-trivial correlator is the four-point function, as reviewed above. To compute an n-
point function via this method, one would need to expand the effective AdS supergravity action
to the corresponding order. For instance, three- and four-point correlators require the cubic and
quartic interaction vertices, respectively. Already at this stage, the computation becomes highly
involved [62]. Moreover, the brute-force diagrammatic expansion requires integrating over AdS at
each interaction vertex, a generally challenging task. To obtain the full result, one would finally need
to enumerate all relevant Witten diagrams, evaluate each, and sum their contributions.

However, the theories of interest typically possess a high degree of symmetry, which can be
exploited to constrain the form of correlators and avoid direct diagrammatic computations. This
approach is known as bootstrapping holographic correlators: an on-shell method that relies on sym-
metry and consistency conditions rather than off-shell actions. Let us emphasise that one of the
main difficulties lies in the complicated structure of the exact interaction vertices in AdS. Still, the
vertex identities can significantly simplify the computation by reducing the problem to a set of more
tractable integrals. In particular, in the case of four-point functions of 4d N' = 4 and 4d N = 2,
we can apply the integrated vertex identities to each diagram. As a counterexample, the vertices
on AdSy x ST are not suitable for this trick, so it cannot be implemented for the dual CFT. On
the other side, alternative and powerful methods have been proposed, such as working directly in
Mellin space [63], which has led to tremendous progress in the computation of holographic correla-
tors, and will also feature in our analysis in Chapter [3] Another interesting method is the Maximally
R-symmetry Violating limit [641(65].

The general bootstrap approach consists of writing an ansatz for the correlator as a linear combi-
nation of all possible exchange and contact Witten diagrams that can contribute, with undetermined
coefficients. These coefficients remain unknown because the precise form of the interaction vertices
is not specified; however, the allowed structures are constrained by gauge invariance and global sym-
metry selection rules. In our studies, we will always have a finite number of terms in our ansatz
as a consequence of the R-symmetry selection rules of the theory. The coefficients are then fixed
by imposing proper conditions with no need to input the details of the effective Lagrangian. In

particular, we will impose the correct flat space limit, factorisation, and the constraints from the
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SCWIs.

At tree-level, the correlator is given by the sum of the contributions in the three channels (s, ¢
and wu, from the kinematic invariants in ) and, possibly, some contact terms. We will assume
that the latter contains at most two derivatives (contracted) to match the 2-derivative structure of
the supergravity action. In the case of maximal supersymmetry, the possible exchanged fields from

R-symmetry representations are
e supergraviton field, spin-0, A = 2, representation 20’ of SO(6)g;
e graviphoton field, spin-1, A = 3, representation 15 of SO(6)g;
e graviton field, spin-2, A = 4, singlet representation of SO(6)xg.

A possible (s-channel) ansatz would then be

As = )\ 1/201(0', T) Wg,o(U, V) + Ay Yis(O', 7') VVgJ(Uv7 V) + )\g Y: (O', 7') W4,2(U, V) R (275)

where Y (o, 7) are the R-symmetry polynomials, labelled by their representation. They are functions
of the R-symmetry cross ratios defined in 7 and can be explicitly written down as solutions of the
R-symmetry 2-particle quadratic Casimir equations. This is the equivalent of the conformal blocks
computation for conformal symmetry. Wa ;(U, V) is the Witten diagram related to the exchange of
a field with spin [ and scaling dimension A, as a function of the conformal cross ratios in .
Finally, A is the unknown coefficient to be bootstrapped. Notice that one can focus on one specific

channel, and then the other two will be related to it by crossing symmetry.

2.5.2 Half-maximal supersymmetry: gluons on AdS

When we have half-maximal supersymmetry, the single-trace short operators in the CFT are dual
to gluons and gravitons. For the expert reader, a simple stringy construction consists of starting
with Type IIB string theory on AdSs x S° and adding M D7-branes wrapping AdSs x S2, where
S3 C S°. This configuration breaks the original ' = 4 supersymmetry of the boundary theory
down to A = 2, and introduces fundamental matter, the so-called flavour sector. The global flavour
symmetry in the boundary theory gives rise to a conserved spin-1 current multiplet, which was absent
in the maximally supersymmetric case. The symmetry-breaking pattern in the R-symmetry group
is SO(6) — SO(4) x SO(2), due to the presence of the D7-branes wrapping the internal S3. In the
bulk, the gluons living on AdS5 are dual to protected scalar operators of dimension A = 2 in the
current multiplet of the boundary A" = 2 theory. The KK modes on the S correspond to a tower

of scalar operators with increasing conformal dimension A = k. For more details, see [66].
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We will consider holographic correlators of “supergluons”, scalar operators with A = €k, jgr =
k/2, ji, = (k—2)/2, with integer k > 2, and transforming in the adjoint of a gauge group Gr. Here,
jr is the spin under R-symmetry and j, is the spin under the SU(2), global symmetry. Compared to
the maximally supersymmetric case, such as that of the supergraviton, the supergluons also carry a
flavour index (which corresponds to the colour symmetry in the bulk). Indeed, k¥ = 2 corresponds to
the conserved current of G, dual to AdS gluons with gauge group G, while as usual k > 2 describes
higher KK modes of gluons on S3. Another difference is the presence of two kinds of indices. We

contract the R-symmetry indices with SU(2) g auxiliary spinors, but we also have SU(2)y, indiceSE
Ol (z;v;7) = O(z) o owi®re @2y 4 T o Ty - Ty y s (2.76)

where I refers to the adjoint of Gg. In the correlator, the tensor product of two adjoint representa-
tions of Gy will determine the number of independent flavour structures.

In Chapter [3] we will work in the large-N limit and focus on tree-level correlators. It is impor-
tant to note that at order O(1/N), the coupling between two supergluons and a supergraviton is
suppressed compared to the leading cubic supergluon interaction, by a power of N. As a result,
graviton exchange can be neglected at this order, and the dynamics can be consistently described in
terms of pure gluon scattering in AdS. The bootstrap strategy proceeds exactly as before, but the
ansatz is simpler due to the reduced number of contributing diagrams, a consequence of the lower

amount of supersymmetry.

16For SU(2) R, the R-symmetry polynomials are Jacobi polynomials.



Chapter 3

Higher-point holographic

correlators

In the past few decades, there has been a dramatic advance in our knowledge of and techniques
for calculating flat space scattering amplitudes. The astonishing simplicity of the Parke—Taylor
formula [67], especially when juxtaposed with the daunting complexity of traditional Feynman dia-
gram expansions, hinted at a deep underlying structure. Since then, we have uncovered a wealth of
remarkable phenomena, from the double-copy relationship between gauge theory and gravity ampli-
tudes [4/68] presented in the Introduction, to the emergence of positive-geometric frameworks [69],
and our understanding of scattering processes continues to expand. Along the way, we have also
learned many useful lessons. One such lesson is that gauge theory amplitudes serve as building
blocks for gravity amplitudes while being much simpler. Therefore, one may recycle gauge theory
solutions to approach gravitational problems. This can be appreciated from the stark contrast be-
tween the finite three- and four-point vertices of (renormalisable) gauge theories and the infinite
tower of ever more intricate n-point vertices required in gravity. Another lesson is that to uncover
the full structure behind scattering amplitudes, the computation of higher points is fundamental.
In this context, the full power of modern on-shell, geometric and bootstrap techniques really gets
unleashed.

Progress in curved spacetimes has been much slower, but thanks to the AdS/CFT correspondence,
AdS scattering amplitudes can be extracted from conformal correlators, and we can use CFT methods
as well as input from different areas of mathematics to move forward more quickly. As a result,
correlation functions of %—BPS operators in the four-dimensional N' = 4 and N’ = 2 SYM theory
have received a tremendous amount of attention over the past three decades. At large N and ’t
Hooft coupling A = ¢2,, N, these correlators can in principle be computed using Witten diagrams.

In practice, however, this requires a detailed knowledge of complicated effective Lagrangians, and

28
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it becomes prohibitively hard except for the simplest four-point correlation functions. On the other
side, the bootstrap strategy [27,70] has generated many impressive results. See [55] for a review.
For instance, all infinitely many tree-level four-point functions of %—BPS operators with arbitrary
KK levels have been obtained in all maximally superconformal theories |27}/64,65./70], as well as in
theories with half the amount of maximal superconformal symmetry [66,/71,{72]. These results further
revealed interesting hidden structures, such as higher dimensional symmetry [66L71L[73], dimensional
reduction [66L74], and AdS double-copy [75H79).

As in flat space, it is important to consider processes with higher particle multiplicities, where
interesting features are expected to arise, allowing us to probe more deeply into the CFT struc-
ture. This study sharpens the connection between holographic correlators and flat space scattering
amplitudes, through techniques like factorisation [80]. Moreover, such correlators provide access to
new, unprotected CFT data at strong coupling, which is inaccessible via four-point functions. This
becomes particularly evident when examining the OPE limits. For instance, taking the OPE limit
once or twice for a pair of operators in a six-point function yields five-point or four-point functions
containing one or two protected or unprotected double-trace operators respectively. These correla-
tors have attracted attention recently with multi-trace operators being interpreted as bound states
in AdS [81H85]. For N' =4 SYM, the five-point function of the lowest KK mode of supergravitons,
i.e., the 20’ operators, was bootstrapped in [86]. In [87], the bootstrap approach was further used
to obtain an infinite family of five-point functions where two operators have arbitrary KK levels.

As in flat space, gluon amplitudes in AdS are much simpler than graviton amplitudes, and
progress has been more rapid for SYM on AdSs x S% [66,/8892]. In this case, tree-level correlators
of supergluons have now been determined up to eight points for the lowest KK level [90L/91] and for
arbitrary KK modes for five-point functions [92].

The higher-point results available in the literature have been obtained using methods that stem
from two distinct strategies. The first approach, which led to the results in [8688], is similar in
spirit to the original method of |27,[70]. Superconformal symmetry plays a key role in fixing the
ansatz. In contrast, in [89] we proposed a new method, which relies solely on the flat space limit (for
a specific choice of polarisations), and on factorisation properties in Mellin space. Quite non trivially,
this fixes the AdS amplitude completely with minimal use of supersymmetry and promises greater
efficiency. However, as we will see in the following, its full implementation relies on using lower-point
amplitudes as input. These may involve spinning operators other than the scalar supergluons and
supergravitons, and are not always readily available. Therefore, it is still important to improve the
first method in order to maximise our computational power.

This motivated the study of the six-point AdS supergraviton amplitude with another bootstrap

approach, which we review in the second part of this Chapter. The key point is a novel imple-
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mentation of the chiral algebra condition [93]—a central superconformal constraint—ensuring that
correlators in the co-plane configuration, with suitably twisted R-symmetry polarisations, become
meromorphic functions of the plane’s complex coordinates. The restriction to the 2d kinematics
makes the condition difficult to use, especially for n > 6 points. If we use this condition directly in
position space, we face a gigantic ansatz, which is a complicated function of the cross ratios. In fact, it
is even unclear how to write down certain parts of the ansatz explicitly when n > 6 because we do not
know how to evaluate the corresponding Witten diagrams as elementary functions. In Mellin space,
the ansatz becomes much simpler, but it is unclear how to use the chiral algebra condition because
the Mellin representation requires the operators to be inserted at generic points. Therefore, the use
of the chiral algebra constraint has been quite limited in the past works. In [61], a new method was
proposed to exploit this condition by using the lightcone OPE and get differential equations among
different lower-point correlation functions. These constraints can be conveniently exploited without
leaving Mellin space! Moreover, this new strategy isolates individual components of the correlators
so that one can analyse the impact of consistency conditions on each part separately. This leads to a
more nuanced understanding of how the bootstrap constraints determine the correlators, in contrast
to earlier approaches where the ansatz was fixed all at once. To sum up, these studies [61|89] can
not only advance our understanding of higher-point functions but also pave the way for innovative
bootstrap techniques, showcasing their broader impact and originality.

We begin by reviewing the fundamentals of gluon scattering in flat space, emphasising the es-
sential mathematical structures that underpin our subsequent analysis. This overview is intended
simply as a concise reminder, not a comprehensive survey of flat space amplitudes, allowing us to
proceed directly to the core of this thesis: our original AdS investigations. In Chapter [4] we shall re-
visit the mathematical structure of scattering amplitudes in greater depth when introducing stringy
corrections to AdS amplitudes. While we will introduce the basic structure of gluon interactions in
flat space to prepare the reader for our detailed analysis of supergluons in AdS, we will not review
gravitons in flat space. This is because the bootstrap approach employed in that case requires lit-
tle direct input from flat space and instead exploits its structural similarities with the gluon case,
particularly at the level of the pole structure. However, we will dedicate Subsection |3.3.3| at the
end of the Chapter to some comments on the flat space six-graviton amplitude. For the purposes
of this thesis, we will present the full technical details of the six-supergluon analysis, whereas for
the six-point supergraviton amplitude, we concentrate on the novel bootstrap strategy and defer the
complete computational derivations to the original manuscript [61]. Finally, we omit the supersym-
metric framework from our review, since it plays only a minor role in our AdS analysis, such as

providing R-symmetry selection rules.
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3.1 Field theory amplitudes in flat space

The perturbative study of scattering amplitudes in flat space is traditionally performed through a
loop expansion organised via Feynman diagrams, yielding a series in a small dimensionless coupling
constant that controls the strength of particle interactions. While this approach is systematic and
grounded in the Lagrangian formulation of QFT, it becomes increasingly cumbersome as the num-
ber of external particles grows, due to the factorial proliferation of diagrams and the presence of
unphysical, gauge-dependent redundancies in theories such as QED or QCD. The Feynman rules
assign mathematical expressions (propagators, vertices, etc.) to the lines and nodes in a diagram,
and, importantly, depend on the choice of the gauge. On the other side, there is an object which, at
each loop order, is a gauge invariant sum of Feynman diagrams: the on-shell amplitudeﬂ Moreover,
the on-shell result for complicated processes such as multi-gluon scattering often takes a remarkably
compact and simple form, despite arising from the sum of many individually complex diagrams.
This motivated the development of an alternative approach, namely the on-shell formalism (see,
e.g., 194,195]), which focuses directly on physical, gauge-invariant observables. A key insight here
is that the analytic structure of scattering amplitudes is highly constrained. For instance, locality
restricts the allowed singularities in momentum space (k!'): at tree-level, amplitudes can only develop
poles when internal particles go on-shell. This implies that a four-gluon amplitude may contain simple

poles in the Mandelstam variables, the Lorentz-invariant combinations of external momenta,

S:(k1+k2)2, t:(k1+k‘4)2, ’U,:(]f1+]€3)2,

(3.1)
s+t+u= Z m? =0, massless particles ,
i

but must not contain higher-order (e.g. double) poles, which would be incompatible with locality.
Tree amplitudes are rational functions of the kinematic invariants, while loop amplitudes are integrals
of rational functions, leading to more complicated structures. Some of them are reviewed in Section
[{132] For the present Chapter, we just need to know that useful information about a scattering
amplitude can be extracted by analysing its singularities. By tuning the external kinematics so that
an internal propagator becomes on-shell, one reaches the factorisation limit. Under the assumption
that the amplitude vanishes at large momenta (i.e. it has no poles at infinity), this limit leads to
the factorisation of the amplitude into a product of lower-point amplitudes. For instance, in the
four-gluon case, a simple pole in s corresponds to the exchange of an intermediate particle between

the pair (1,2) and (3,4), and the factorisation behaviour reads schematically

lim SA4 = A3 A3 . (32)
5—0

1This refers to configurations that satisfy classical equations of motion.
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In general, one must sum over all factorisation channels and all on-shell internal states compatible
with the theoryE| This structure not only reflects the analytic constraints imposed by locality and
unitarity, but also highlights how on-shell methods render symmetries more manifest, which aligns
naturally with the bootstrap philosophy. Rather than being imposed diagram by diagram, these
symmetries are intrinsically built into the structure of the amplitude through tools such as recursion
relations (e.g. BCFW [96]).

To sum up, Feynman diagrams remain a valuable and instructive tool, as they offer direct access
to the interaction structure and help identify the physical channels contributing to a given process.
This is complemented by on-shell techniques, which make the analytic structure and underlying
symmetries of the amplitude more transparent. In what follows, we will keep both perspectives in

mind.

3.1.1 Pure Yang-Mills

The kinematic data required to describe scattering amplitudes of massless particles consist of the
momentum vectors k, = (ko, E) and, when relevant, the polarisation vectors In four dimensions,
any amplitude involving massless particles can be written entirely in terms of these quantities.
Since we want to study scattering amplitudes of massless spin-1 particles in 4d, the two physical
polarisations are in the fundamental representation of SO(2). In the usual covariant notation, they
are encoded into 4-dimensional vectors e, (k) and required to satisfy the transversality condition
k-e =0, as dictated by gauge invariance, as well as the equivalence relation e, ~ e, + c k,, where ¢
is a scalar constant. Scattering amplitudes are multilinear in the external polarisations and encode
physical information about the interactions between the external states.

Gluons, transversely polarised massless spin-1 particles, are described by the Yang-Mills theory

with gauge group G = SU(N )E| where N is the number of colours, and Lagrangian
1 "
L= ~1 Tr F,, F* (3.3)

with F,, = 5‘uAl,78yAﬂf% [Au, Ayl and Ay, = Af T, with T the generators. The associated fields
Ay, live in the adjoint representation of GG and are thus labelled by a colour index a = 1,..., N 21
The gluons are self-interacting, in contrast to the abelian case (for example, photons). After gauge

fixing, one obtains three- and four-gluon interaction vertices. We will work in Feynman gauge. The

2For gluons, this means summing over the allowed helicity states of the exchanged particle.

3For massless particles, helicity is a Lorentz-invariant and physically meaningful quantum number. In contrast,
for massive particles, helicity is frame-dependent and can flip under boosts. The spinor-helicity formalism offers a
particularly elegant description of massless states in 4d [97).

4QCD corresponds to N = 3.
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cubic vertex reads
szcp(kla ka, k3) = ifabc [(k3 - k2)ugw + (kl - k3)vgup + (kZ - kl)pguu] > (34)

where f¢ are the structure constants, and we have assumed all momenta to be in-going. The

quartic vertex is instead

szcpi = [fabedee(g,upguo - guogup) + facefdbe (guogup - g;wgpa) + fadefbce (g;wgpa - gupgua)] )
(3.5)

where we have set the coupling to 1. When some of the legs in the vertices are external, we must
contract (3.4) and (3.5) with the corresponding external propagators and polarisation vectors. The

gluon propagator in the Feynman gauge is

5abg,uu
k2

ab
A = (3.6)

3.1.2 Four gluons

Let us first present the 4-gluon case. The amplitudes can be organised according to distinct group-
theoretical structures, each multiplied by a corresponding kinematic factor. For the colour structures,
we can define

cs = fa1(12€fa3a46 , Ct = fa1a4efa2a3e , cu = falagefa4age ,

(3.7)
cs +c+c, =0, Jacobiidentity .

In addition to the exchange diagrams (s-, ¢-, and u-channels), the four-point amplitude also receives
contributions from the contact interaction. This term can be treated using a splitting procedure
that involves multiplying and dividing by appropriate propagators, effectively reconstructing the
structure of exchange diagrams (using only cubic vertices). In the end, the tree-level amplitude

takes the compact form

NgCs  MyC Ny Cy
hom (e =

where the c-factors are the colour factors associated with the s-, t-, and u-channel diagrams defined
above, and the n-factors are the corresponding kinematic numerators, which encode the dependence

on momenta and polarisations. For example:

Ng = (61 . 62)(63 . 64)(k2 - kl) . (k‘4 — k‘3) — ((61 . 63)(62 . 64) — (61 . 64)(62 . 63)) (k‘l + k2)2 . (39)
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These numerators play a central role in the colour-kinematics duality 98|, where, under certain
conditions, they satisfy algebraic relations analogous to the Jacobi identity obeyed by the colour
factors:

g +ng +n, =0. (3.10)

We can also express the colour structure constants in terms of traces of the generators 7% to write

the four-point amplitude as
Ay = g?(A4[1234) T (T T2 T T%) + perms of (234)) , (3.11)

where A4[1234] is gauge-invariant. More specifically, one can pass from the f**“-based decomposition

introduced above to the trace-based decomposition through
[ = —i Te(T°T°T¢ — T°T°T°) , (3.12)

which follows from the Lie algebra identity for the generators [T, T%] = if*°T°. For example, the

colour structure (3.7) can be equivalently written as
cs = Tr(THT?TBT) — Te(TT2TUT®) — Te(TTWTMT?) + Te(TU T T*T*?) . (3.13)

In the representation (3.11)), the partial amplitudes are gauge invariant, although some of their
properties are not manifest. Let us examine this more generally and in greater detail at higher

multiplicity, which is the primary regime of interest in this Chapter.

3.1.3 Higher points

Extending to n gluons, we can disentangle the colour and kinematic algebra by writing the tree-level

amplitude asE|

Ap=g""% Y AuL0(2),...,0(n)] Te(T@ 1) o)) (3.14)
perms o
where o € S,_1 = S,,/Zy, the group of permutations of n — 1 elements. The first entry has been
fixed by the cyclic invariance of the trace. Then, the trace factor encodes the colours of the external
legs while the remaining partial amplitudes are the so-called colour-ordered amplitudes, since they
have a fixed ordering of the external particles. These colour-ordered amplitudes are:

- invariant under cyclic permutations,

5This is usually referred to as colour decomposition in terms of Chan-Paton factors, or traces of SU(N.) matrices
T° in the fundamental representation. See, for example, [99] and references therein, for more details and the original
formulations.



3.1. FIELD THEORY AMPLITUDES IN FLAT SPACE 35

- antisymmetric under reflection,
- subject to the photon decoupling (or U(1) decoupling) identity [100,/101].

In summary:

An[1,2,...,n] = (71)nAn[n7"'3271]a (315)

> An[1,0(2,3,...,n)] =0.

The last sum runs over cyclic permutations of legs 2,3,...,n and enforces the vanishing of the full
amplitude when a gluon is replaced by a colour-neutral photon (7% — 1 in )

The trace decomposition in is overcomplete. Naively, there are (n — 1)! single-trace struc-
tures, and hence at most that many colour-ordered amplitudes. The above identities reduce the
number of independent partial amplitudes. In particular, the Kleiss-Kuijf (KK) relations [102] allow
to express all colour-ordered amplitudes in terms of (n — 2)! amplitudes with fixed legs at positions
1 and n (i.e. 0 € Sp_2). Further reductions arise from the BCJ relations [98], which follow from
the duality between colour and kinematic numerators in gauge theory amplitudes discussed above,
and ultimately yield a minimal basis of (n — 3)! independent partial amplitudes. Notice that, if we
return to the conventional colour factors for gluonic Feynman diagrams (in terms of f°¢), certain
properties, such as the U(1) decoupling identity, become manifest [99]. Motivated by this, one can
further consider an alternative colour decomposition for n gluons at tree level, using structure con-
stants instead of traces, but with the kinematic coefficients being already the (n — 2)! independent
colour-ordered amplitudes ( [99,/103] (DDM)), namely the ones with legs 1 and n adjacent. We will
return to this shortly.

In pure Yang-Mills theory, interactions arise only from the cubic and quartic vertices (3.4)), (3.5)).
This implies, for example, that for five external gluons, the allowed tree-level diagrams include single-
and double-exchange topologies, but no contact term. By contact term, we mean a diagram where all
external legs are attached to a single interaction vertex, with no internal/exchanged propagatorsﬁ
Moreover, for our purposes, let us restrict to a special configuration, where all polarisations are
perpendicular to all momenta. This is the relevant setup for amplitudes coming from AdS, as
explained later. Clearly, this simplifies the computation quite drastically, and it can be easily checked
that the five-point amplitude in this configuration becomes trivial, as all the allowed diagrams involve
contractions of polarisations and momenta.

In the case of n = 6 external gluons, the full colour-dressed tree-level amplitude can be expressed

6For five external gluons, if we want to work with diagrams constructed purely from cubic interactions, they
necessarily contain two internal propagators and therefore exhibit two kinematic poles. There are 15 such diagrams,
corresponding to the different ways of connecting five external legs via trivalent graphs. For more details and the
specific expressions of the amplitude, we refer the interested reader to Section IV of [98§].
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as a sum over (n — 1)! = 120 colour-ordered amplitudes multiplying corresponding trace structures.
Using the Kleiss-Kuijf and the BCJ relations, the number of independent colour-ordered amplitudes
reduces to (n—3)! = 6. Each of these six BCJ-basis amplitudes receives contributions from a specific
set of cubic (trivalent) diagrams. In this representation, each partial amplitude is written as a sum
over 14 cubic diagrams, each with distinct propagator structures and fixed external ordering. These
diagrams fall into two basic topologies: the linear (comb) and the star (snowflake) topology, as
illustrated in Figure [3:1} Note that via the Jacobi identity, the snowflake diagrams

] — fafagbl fagazbgfagagbgfblebg , (316)

Sleg agagagagag
can be expressed in terms of the comb diagrams
_ paadby £bi1albs pbsafbs pbsalal
Tagagagagagag) = f1 9271 f10872 fr20a0s foodate (3.17)

In fact, Ta,agagagagas) With o being a permutation of {az, a3, a4, a5} form the so-called DDM basis
[99], already mentioned above. When we talk about a basis here, we mean a basis for the colour
structures, namely a minimal set of independent colour structures for tree-level gluon amplitudes.
Of course, every chain of f*¢’s in the DDM basis can be expanded into a sum of traces, giving the
trace decomposition , as seen for the case of four gluons.

The relevant diagrams for the colour-ordered amplitude are shown in Figure [3.2]

o

4

c c c
a3 a4 a5

I3 |
a

Figure 3.1: Two topologies of cubic tree colour diagrams, where o denotes a permutation of

{alv a2, a3, 04, 0ds, aﬁ}'
F

FI F2 F3 F4 5

Figure 3.2: All six-point Feynman diagrams in flat space.
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It is easy to get their expressions when all polarisation vectors are orthogonal to all momenta:

Fl _ %falazbl fb1a3l)2fb2a4b3fb3a5a6 (61 i 62)(63 ) 64)(65 . 66>

512(512 N 523)556 (323 - 813)(545 - 846) )

F2 _ 1f‘l1a2b2 fa3a4b1 fa5a6b3fb1b2b3 (61 i 62)(63 i 64)(65 ) 66)
4 512534556

X ((513 — 514) (525 — 526) — (523 — 524) (515 — 516) + (S14 — 524) (535 — S36)
— (513 — 523) (845 — 546) + (515 — 525) (536 — S46) — (516 — S26) (S35 — 545)) ,

(61 : 62)(63 : 64)(65 : 66)

Fy = ,ifthazln fb1a3b2 fb2a4b3fb3a5a6

s12(812 + 513 + 523) 556 (3.18)
X (812 + 813 + 523) (526 + S15 — S25 — S16) + -+,
P = 71]00,1(12171fblagbgfb2a4b3fb3a5a6 (e1-e2)(e3 - e5)(eq-eq) — (e1-e2)(e3 - eq)(eq - €5)
2 s12(812 + 513 + 523)S56
X (823 — 513)856 + - ,
F5 — lfllla2b1 fblagbgfb2a4b3fb3a5a6 (61 i 63)(62 i 65)(64 ) 66) +
2 512556(512 + 513 + 523) 556
where s;; = k; - k; and the dots refer to additional terms from permutations of the indices.
The full flat space amplitude is
5
A = ZCiFi + perms , (3.19)
i=1

where C; are symmetry factors determined by combinatorics. However, one can also show that by
imposing colour-kinematic duality, all the C; coefficients are fixed up to an overall factor. The result
fully agrees with the field theory limit of the six-point open-string amplitude at tree-level obtained
from using pure spinor techniques [104]E| by further imposing the orthogonality condition .
However, it is worth emphasising again that the simplification from this configuration is drastic,

allowing even for a diagrammatic evaluation by hand.

3.2 Six-point AdS gluon amplitudes

Now, we consider SYM on AdSs with 4d N' = 2 superconformal symmetry in the boundary parlance.
While pure Yang-Mills theory may be more physically relevant, the supersymmetric version provides
a more suitable testing ground for developing new techniques, due to its more tractable kinematics.
As anticipated in the theory contains a scalar field s (supergluon) and a spin-1 gauge field vy, as

bosonic fields, transforming in the adjoint representation of a gauge group Gr (a =1,...,dim(GF)),

"The explicit expression is available at https://www.southampton.ac.uk/ ~crmini6/6pt-SYM_bbbbbb.h.
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as well as fermionic super partnersﬁ On the boundary, the supergluon is dual to a scalar field
0%z o = 1,2, with dimension A = 2 and transforms in the spin-1 representation of SU(2)g.
The gluon is dual to a conserved flavor current i which has A = 3 and is an R-symmetry singlet.
From the boundary perspective, G is a global flavor symmetry.

Our goal is to compute the six-point function of supergluons:
Geo(xi;v;) = (O (x1;01) ... O%(x6506)) (3.20)

where we have absorbed the SU(2)g indices by contracting them with R-symmetry polarisation
spinors

O%(x;v) = 05192 ()P 102, 5 €nnpy - (3.21)

Compared to spinning correlators, the scalar six-point function is kinematically simpler, as it
avoids complications related to polarisation tensors and the index structure associated with higher-
spin fields. However, it still encodes key features of AdS scattering, such as the analytic structure of
Witten diagrams, the emergence of flat space limits, and the interplay between conformal and bulk
factorisation. In particular, it allows us to explore the underlying dynamics in a setting where the
complexity is reduced.

We will focus on tree-level scattering in AdS. Then fermionic fields will not be exchanged and
therefore are irrelevant. As on the left-hand-side (LHS) of , we will often suppress the colour
indices to lighten the notation. But the colour structures are described in the same way as in flat space
gluon amplitudes and are given by cubic tree colour diagrams in Figure While our perspective
will be entirely from the bulk, the operators O% are mesons in the dual gauge theoryﬂ The correlator
(3-20) computes the leading 1/N contribution to the connected six-point meson correlator in a large
N gauge theory at infinite 't Hooft coupling.

The best way to describe these holographic correlators is to use the Mellin space formalism

[48,/108], which defines a scattering amplitude in AdS. In this formalism, we Writﬂ

Go (w5 vi) = /[d5ij] (Hxi_j%ijr[&j])M(%;%) ) (3.22)
i<j
where the integration contour runs parallel to the imaginary axis with Re(d;;) > 0. See [48] for more
details about the integration.
Here, M(d;;; v;) is the Mellin amplitude and the Mellin variables satisfy the constraints d;; = d;;,

0ii = =0, > ot 0;; = 0, ensuring that the integrand is conformally covariant with scaling dimension

81t can also be viewed as a consistent truncation of 8d A/ = 1 SYM on AdSs5 x S2, which can be obtained by D3
branes probing an F-theory 7-brane singularity [105|106] or D3 branes with D7 probes [107].

9The D3-D7 setup corresponds to 4d N’ = 4 SYM coupled to a small number of N’ = 2 fundamental hypermultiplets.

10The Gamma functions in the Mellin space representation of CFT correlators provide the double-trace poles.
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A; at the point z;. It is most convenient to think of §;; as the Mandelstam variables formed from a
set of fictitious flat space momenta, d;; = l;l . Ej, satisfying momentum conservation and the on-shell
condition l;:? = —A,;. Then the constraints are automatically solved. Moreover, much of the flat
space intuition also extends to the Mellin amplitude. For example, Mellin amplitudes also enjoy

factorisation properties similar to flat space amplitudes.

/\ k
k k+1 //_\
/ s \- 3 I\ X n—2
| LR \ 9 2 n+1 7n+2 y, n-1
3% ( ;" D) < /
2\ A7) /n—l
1 \/” org—(A=1J)

Figure 3.3: The Mellin amplitude factorises into the product of two lower-point amplitudes at a pole.

More precisely, Mellin amplitudes are meromorphic functions with simple poles at dpg = A —
J+2m, withm =0,1,2, ..., that are associated with the exchange of an operator with dimension A
and spin J. Here the propagator divides the n-point function into a (k + 1)- and a (n — k + 1)-point
function as in Figure and 0,p = 2221 Z?:k 41 0aqi- The residues are controlled by lower-
point amplitudes involving both the external and the exchanged operators [63}/80]. This is the CFT
analogue of the well-known factorisation property of flat space amplitudes.

The simplest example is the exchange of a supergluon between two operators, say O, O, and

the remaining ones. For this case, the Mellin amplitude has a pole at §12 = 1 given by

M3 M5

M((;”,vz) D) (512 1 s

(3.23)

where M3, M; are three- and five-point Mellin amplitudes of supergluons, respectively. Similar
formulas also exist for the exchange of spinning operators, as well as for residues at satellite poles
(m > 0) [80]. On the RHS of , we have suppressed the R-symmetry dependence, which
itself factorises and can be reinstated at the end. The R-symmetry polarisations must be chosen
consistently for the new legs associated with the exchanged particle. In practice, this can be achieved
by inserting a projector that restricts the exchange channel to a given irreducible representation. A
worked-out example of this procedure is provided, for instance, in Section 3.4 of [61].

The Mellin amplitude contains information about flat space in the high-energy limit. More
precisely, the six-point scattering amplitude A° of spin-1 gluons in flat space is related to the Mellin
amplitude by

,BIim BM(BSiﬁ Ui) ~ Ab(sij; ei) 5 (324)

Hn Figureand in the following, D means that the Mellin amplitude contains (among other terms) a contribution
of the displayed form.
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where s;; = k; - k; are the flat space Mandelstam variables. This relation was first conjectured
by Penedones in [48] and verified there for scalar theories at tree and one-loop level. It was later
confirmed in [63] through diagrammatic Mellin rules reducing to standard Feynman rules, and more
generally derived in [109] using wavepackets localised to flat regions of AdS.

Since the amplitude originates from AdS, the polarisation vectors e; in are restricted to

the special configuration where they are orthogonal to all momenta [66]:
€; - k‘j =0 (325)

In fact, they lie within a four-dimensional subspace and are related to the SU(2)r polarisation
spinors by

el

{
= —0
V2

where a;“ﬁ are the Pauli matrices. This subspace is orthogonal to the subspace where k; live, which

dvv) . A=0,1,2,3, (3.26)

ensures the condition . Note that the scalar supergluons and the spin-1 gluons in AdS lose their
difference in the flat space limit. They both become spin-1 gluons but with different polarisations.
The flat space amplitude A” with polarisations obeying can be viewed as the dimensional
reduction of the eight dimensional gluon amplitude into a scalar amplitude, in agreement with the

picture of consistent truncation into AdSs SYM before taking the limit.

3.2.1 Taxonomy of Witten diagrams

The AdS amplitude is essentially a collection of Witten diagrams. Equation tells us that the
Mellin amplitude reduces to the flat space amplitude in the high-energy limit. But this mapping is
in fact more refined and holds at the level of individual diagrams. It is not difficult to check that
the five flat space Feynman diagrams in Figure [3.2] correspond to the Witten diagrams in the first

row of Figure respectivelyE For example, the Mellin amplitude of the diagram Ia is

1
My, — Z Tlayazasasasas] €12 €34 €56 (013 — 023) (045 — da6)

(512 — 1)(512 + 513 + (523 +m — 2)(556 — 1)

(3.27)
m=0
which reduces to the first diagram in in the flat space limitE Here e;; = €; - e;.

Note that the Mellin amplitudes of the Witten diagrams Ia to Ie all scale as 37!, as required by
(3.24). Diagrams with a slower decaying behaviour are disallowed as they violate the flat space limit.
For example, D1 and D2 in Figure decay as 8° and are therefore excluded. The exclusion of D1
implies the non-existence of quartic vertices with three scalars and one vector. This, in turn, implies

that diagrams D3 and D4 do not contribute and also decay as 7', but already from matching the

123ee, e.g., [48)/55}/63] for computation of Witten diagrams in Mellin space.
13The finite sum over m can be understood in terms of the truncation properties observed in [87].
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Figure 3.4: Tree-level Witten diagrams. Straight lines represent scalar supergluons (s) and wavy
lines are spin-1 gluons (v). Diagrams in the i-th row decay as ¢ in the large 3 limit. Diagrams
grouped together by the yellow dashed line are related by replacing v with s.

flat space amplitude, we can conclude that there are no such diagrams. However, in the opposite
direction, diagrams with faster decaying rates are not detected by the flat space limit and are
not prohibited. These diagrams are catalogued in the second and third rows of Figure [3.4 and are
obtained from the first row by changing some vector internal lines into scalar lines. This requires
some care, as certain replacements may violate R-symmetry (e.g. replacing only one v by s in
diagram Ib) and are therefore not listed. To summarise, Figure contains all possible six-point

Witten diagrams up to permutations.

Figure 3.5: Examples of disallowed Witten diagrams.

While in this Section we focus on the computation of Witten diagrams in Mellin space, we would
like to emphasise that these diagrams can also be evaluated directly in position space. In fact, this is
how we initially approached the problem. As reviewed in Section certain exchange diagrams can
be reduced to a finite sum of contact diagrams using vertex identities. Implementing this trick for
the 3 — 3 exchange diagram (Ie in Figure is more involved, as previewed in . In the next
Section, we shall present an example of a computation in position space, which offers valuable insights

into the utility of vertex identities and is of interest beyond the specific case under consideration.
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Figure 3.6: Single exchange diagram with internal gluon.

3.2.2 A note on position space computations

In the case of n scalars and a vector in the vertex, there is no such trick as available in the
literature, but we can find another approach to simplify the integration even in this case.

Let us study the diagram in Figure We will show how to reduce it to a scalar exchange,
such that we can implement the trick for the (n 4 1)-vertex in the case of all scalars. We assume
that the vertex involving one vector and an arbitrary number of scalar fields contains only a single
derivative. Since it is not possible to construct a conserved current from three scalars using only
one derivative, we choose the derivative to act on the full product of bulk-to-boundary propagators
within the vertex. As a consequence, the diagram under consideration is not gauge invariant, since
the current is not conserved due to the vertex being totally symmetric under the exchange of the
involved external legs. We will return to this point shortly.

We want to simplify the single-exchange integraﬂ

d 1z d D[ GA=2(2 2)GA=2(5 2.)GA=2 (5
W, = AT i D; | G5~ (2,71)Gpg (2, 72)GE5 " (2, T3)

(3.28)
< Gl (2 w) [D;” (Gég%w,@)Gég2<w7@)G%g?(w,fﬁ)ﬂ .

This structure is well-suited for the integration by parts technique, allowing the derivatives to be
transferred from the vertices to the bulk-to-bulk propagator. Notice that, in performing the integra-
tion by parts, we neglect surface terms. However, one can verify at the end that these terms do not
contribute once the inequivalent permutations of the external legs are summed. We end up with the
structure

DYD; G (z,w) (3.29)

where we can use the covariant expression (2.43]) for the bulk-to-bulk-propagator (only the contri-

14The subscript v of the Witten diagram stands for vector exzchange. Similary, s will stand for scalar ezchange in

.37
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bution of the physical term). We can write

DED (00, w) F(uw)] = DE[(9;0a4s w)F(u) + (950, u)(F' (w)0yu)] (3.30)

where F'(u) = 9, F(u). By applying the identities (2.32)) and massaging the resulting expression to
use (2.61)), we find the simple expressiorﬁ

414+ uw)F +§(z,w) . (3.31)
Ind=4,
(14 u)F = (Fﬁ)gl [u(u+2)]73/2 = 6473%22171 (2, % 1, —i) , (3.32)

which is the scalar bulk-to-bulk propagator with A = 2. We report below the general expression for

completeness:
T(AT(A—d/2+1/2) [2\° d 1 2
A _ z .2 _ _z
In our case,
1 1 2
2
GBB(u> = 87T2’LL2 2F1 (2? 57 17 _u) . (334)
In the end
1
414+ u)F = 5G2BB(u) . (3.35)

We conclude that the vector exchange (3.28)) is the same as

W — 1/dd+1zdd+1w

A= =\ A= =\ A= =
) Zd_Hwd_H<G362('Zvml)GBB2(Zax2)GB82(va3))
0 0

(3.36)
X G822 (2, w) (G§52<w,@)G@gzm,fs)c:@g?(w,fﬁ)) ~ Dasoom

namely, a scalar exchange and a contact term.

Let us make a final remark. The diagram in Figure [3.6] is not directly part of our ansatz, and
instead we need the diagram in Figure In this case, the expression is
d®z d°y d®w d°p
—_————

5 5
20 Yo Wo Po

A
x (c;g;; (w, )V 00 G352 (w, f5>)6§52(p, ) GA5 (0, 71) -

_ R _ . — s — . v
Wiv,s = G552 (2,71)G35° (2, 72) <G§B2(zv YIVy.u G35 (Y, 556)) Gpp(y, w)

(3.37)

15We drop terms like u §(z, w), because they vanish when integrated.



44 CHAPTER 3. HIGHER-POINT HOLOGRAPHIC CORRELATORS

Figure 3.7: Triple exchange diagram.

By integration over two of the cubic vertices, we get

1 dy dPw _ L\& - . - . v
W s :W/?F [G§a2(yaxﬁ)v3ﬁ# <G§al(y,x1)G§al(y,xz))] Gy, w)
12734 o Yo (3.38)

<>
X [G%gQ(w,ﬁ)me(G%gl(w,a'cg)G%gl(w,@)ﬂ .

The result is symmetric under the exchanges 1 <+ 2 and 3 <+ 4. However, to directly apply Equa-
tion , we would also require symmetry under 1 <+ 6, 2 <> 6, 3 +> 5, and 4 <> 5. Nonetheless,
when we include all possible permutations of the external legs at the cubic vertices, we end up with
nine distinct diagrams which, when summed, manifest the required symmetry. Hence, the combined
contribution of our ansatz (with all its permutations) is precisely equivalent to that of the fully

symmetric 3 — 3 vector exchange diagram.

3.2.3 Bootstrapping the six-point amplitude

Using all these ingredients (input from position space and Mellin space techniques), we can now
formulate an efficient algorithm to compute the six-point amplitude. This comes in two steps. The
flat space limit A” clearly allows us to fix the coefficient of each diagram in the first row of Figure
B:2] For the rest of the Witten diagrams, we observe that they have at least one internal scalar line
which separates the diagram into a five-point diagram and a three-point diagram. Although these
Witten diagrams are not captured by the flat space limit, they are detected by the AdS amplitude
factorisation. We can therefore fix all their contributions in terms of the five-point and three-point
Mellin amplitudes of supergluons.

To see how the strategy works in detail, it is instructive to first look at an explicit example where
we reproduce the four-point function [66]. By different large S scalings, we have

MR — My, + Mgy, . (3.39)

ansatz
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The leading part consists of the gluon exchange diagrams and the contact diagrams

€12 €34 (t — u)

My = cq | My 2 + Ac1 €13 €24 + Ac2 €14 €23 | + (t- and u-channels) ,
5 _
where ¢s = T(4,aya34,) and
4—s -t i
§19 = 034 = 9 014 = 023 = 9 013 = 024 = 2 (340)

The relative coefficient between the exchange and contact diagrams is fixed by the flat space limit

to be

=1. (3.41)
The subleading part is proportional to the scalar exchange

€12 €34 — 2013 V24 V12 V34
Mgy, = cg s 5 + (t- and u-channels) ,
s _

where v;; = vf‘vf €q3. By factorising the ansatz on the scalar internal line, we get a product of two

supergluon three-point functions, and this gives

28 _o (3.42)

For the six-point case, instead of starting from a sum of all the Witten diagrams in Figure with

unfixed coefficients, it is more convenient to write an ansatz with the same analytic structure:

Mo, = P1(§334;56(6klv v) P1(21;)34(5kl» v) PfS) (0K, v)
M (612 — 1) (034 — 1)(056 — 1) (612 — 1)(d34 — 1) (012 —1)
1 0(2)
+ 123,m + perms . (3.43)
= (012 + 013 + 023) +m — 2

Here P(™ are polynomials of degree n in the Mellin variables and C'®) are rational functions with
the same analytic structure as the four-point Mellin amplitude. The highest degree terms in the
polynomials P(™) are easily fixed by matching with the flat space scattering amplitude. In fact, the
flat space limit fixes completely Pl(g ) and leaves 8 undetermined coefficients inside the polynomials
P1(§334;56 and P1(21;)34. These remaining coefficients, as well as those in C'g%,m, are determined by the
factorisation of Mellin amplitudes. In addition to the factorisation into My and Mjz, we can also
consider the factorisation of the amplitude on a scalar line into two four-point supergluon amplitudes.
We used this to fix the relative coefficient of the contributions corresponding to the first row of Figure

[3-4] and the last two rows.
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The explicit result is provided in the notebook accompanying the publication [87]. It passes
several non-trivial checks. First, it factorises correctly into a spinning five-point amplitude and a
spinning three-point amplitude on an internal gluon line. Note that this condition was not part of
the constraints imposed in our algorithm. More precisely, this factorisation requires the six-point
amplitude to contain a contribution

8ai M§ M

(61]7Ul) o (512 1 ’

(3.44)

where the lower-point spinning amplitudes carry additional indices a = 1,2, ¢+ = 3,4,5,6. Let us
briefly review the framework of spinning Mellin amplitudes.
They are most conveniently defined using the embedding space formalism, where the action of

the conformal group is linearised. Each point 2* € R? is lifted to a null ray
PA RV | with P-P=0, P~AP. (3.45)

Using the rescaling symmetry, we can gauge fix P to be

1422 1— 22
P:( +2x 2”“" ,x“) . (3.46)

Operators of dimension A, spin J are homogeneous functions of P and Z, where the polarisation

Z4 € RY4*1! encodes tensor structures and satisfies P - Z = 0. The homogeneity condition is
O\NP,aZ)=X"2a’OP,Z) , (3.47)
while the transversality condition reads
O(P,Z +pP)=0O(P,Z) . (3.48)

For a correlator with n scalars and 1 spinning (focusing on J = 1) operator, we can generalise m

as [80]
= . T INO “ (60 + 8
Gni(Py,...,Pu; Py, 2) :Z(Z-Pa)/[dé]Mn 11 (_2;_;).)5” 11 (_2](3}?]30)501_15? , (3.49)
a=1 i,j=1,i<j vtod i= v

where here we denote the Kronecker delta by 87 to avoid confusion with the Mellin-Mandelstam

variables, and

Jioz—itsij, 62']':(5]‘1', 5ii:_Ai; zn:5i0=A—1.
j=1 i=1
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The spinning Mellin amplitude is now a collection of partial amplitudes labelled by an index a =

1,...,n because of the different structures Z - P,. When the current is conserved, we further have
0 O G (P PyiPyZ) =0 (3.50)
8P0 a7 n,I\L1y---54mny L0, — Y. .

In Mellin space, transversality and conservation translate to the constraints

D My =0, > G [M7]" =0, (3.51)
a=1 p,q=1,p#q
where
[£(6:)]7" = f(6i; + 8781 + BIBY) . (3.52)

To perform the consistency check mentioned above, we need to consider the five-point spinning
amplitude M¢. This amplitude has poles at d;; = 1, dp; = 0,1, which correspond to the exchange
of AdS fields in the OPE. Note that the appearance of two poles in dg; is a distinguishing feature
compared to the scalar five-point amplitude, where there is only one. However, this can be inferred
from the structure of the OPE between the scalar and the current. Alternatively, the appearance of
the additional pole can be expected from the consistency with the pole structure of the supergluon
six-point amplitude.

The five-point spinning Mellin amplitude is then just a rational function with finitely many
poles. Moreover, this rational function should be consistent with the flat space limit, which in
turn constrains the degree of the numerator. We can make an ansatz where we also restore the
R-symmetry polarisations and colour structures which have been suppressed in . Notice also
that the Mellin amplitude should have permutation symmetry among the four supergluon operators.
Taking this into account, we arrive at an ansatz with 67 unfixed coefficients. Imposing transversality
leaves 27 coefficients, while conservation further reduces the number to 9. By using the fact that the
residues at the dp; poles are related to the known four-point spinning amplitude, we eventually have
just two unfixed coefficients/™|

To sum up, the five-point spinning amplitudes can be fixed up to two undetermined coefficients
by imposing only basic consistency conditions, which include permutation symmetry, transversality,
conservation, and factorisation. The three-point amplitude is determined by these conditions up to
an overall constant. The compatibility with our six-point amplitude provides a strong consistency
check of our results.

Another independent check could be provided by the chiral-algebra condition [60,{110]. This

condition is highly non-trivial and has been essential in previous approaches [27]/64-66,|70}/86,[38].

16The spinning four-point and three-point amplitudes can also be bootstrapped in the same way. The difference is
that they are fully determined by permutation symmetry, transversality and conservation, up to an overall constant.
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At the same time, the chiral algebra condition is practically cumbersome to implement, especially
at higher points. However, our algorithm does not require this constraint, which is one of the key
reasons it is powerful and efficient. This greatly extends the range of holographic correlators which
we can compute, including, for instance, SYM on AdS7 x S3, where a chiral algebra structure is not

available.

3.3 Six-point AdS graviton amplitudes

In the remainder, we outline the analysis of the six-point supergraviton correlator on AdSs x S°,
equivalently the tree-level six-point function of 20’ operators in 4d N' = 4 SYM at large N, working in
the supergravity approximation (i.e. o/ — 0, neglecting stringy corrections). We will briefly explain
the ansatz and how to fix its free coefficients. The main goal of this Section is to highlight the
bootstrap strategy developed for this case, emphasising its key strengths.

The 20’ operator, (’)56]/, is the bottom component of the super multiplet that contains the R-
symmetry current JLI'I] and the stress tensor 7#” among other operators. It has protected conformal
dimension A = 2 and transforms in the rank-2 symmetric traceless representation of SO(6)g. Via

the AdS/CFT correspondence, this operator is dual to the supergraviton, which is a scalar field,

while the spinning graviton is dual to 7#”. We are interested in computing
(O3 (1) ... O3 (xs)) - (3.53)

Again, we keep track of the R-symmetry indices by contracting them with six-dimensional null

polarisation vectors yIE

Oz (2,y) = O3 (@)yrys , 3> =0.

Ge(1,y15---:6,Ys) = (O20r (w1, 91) - .. O20/ (w6, Ys)) - (3.54)

As usual, the bosonic part of superconformal symmetry allows us to write the six-point function
in terms of invariant cross ratios, and the fermionic generators impose further constraints which
relate the spacetime and R-symmetry dependence. While the full implications are not clear, two
weaker conditions are known in the literature. The first condition comes from the chiral algebra
construction |93]. When all operators are inserted on a 2d plane with complex coordinates (z;,Z;)

and R-symmetry polarisations are restricted to the special configuration y;; = (z; — 2;)(v; —v;), with

I7Invariance under R-symmetry requires Gg to depend polynomially on Yij = Yi - y; with degree 2 for each vector
i [61].



3.3. SIX-POINT AdS GRAVITON AMPLITUDES 49

arbitrary v;, the correlator becomes independent of the meromorphic coordinates z;:

Ge (i Zi, i) | (24— 23) (ws—v;) — 9(Zi,vi) - (3.55)

Yij=

The second condition comes from the topological Drukker-Plefka twist |[111]: when the R-symmetry
polarisations are restricted to y;; = xfj and the locations of the operator insertions are unconstrained,
the correlation function becomes topological:

Ge (i, 1) , = constant . (3.56)

Yij =55

We note here that for four-point functions, the Drukker-Plefka twist is implied by the chiral algebra
twist by further setting v; = Z; because we can use conformal symmetry to put four points on a
plane. This is, however, no longer the case when we have more than four points, and these two

conditions are complementary.

3.3.1 Mellin space

We have seen that Mellin amplitudes are analytic functions whose poles in the variables d;; corre-
spond to the exchange of single-trace operators appearing in the OPE. By partitioning the external
operators into two subsets, L and R, we can study the exchange of an operator with dimension A

and spin J between these two groups. Schematically:

N m(8ij, Yij) _ y
M(azjvyz])N%:(sLR—(A—J+2m) ) 5LR_225” . (3.57)

i€L jER

The residues at these poles are related to lower-point amplitudes depending on the spin of the
exchanged operator. In the following, we suppress the R-symmetry dependence, which obeys its
own “factorisation” and can be multiplied back in the end. The residue of the amplitude (3.57)), for

m = 0, can be expressed as [80]

J
Qu(0i) = kas Y D MEFTME [ (Gas, + B84 + - + 8781+ (3.58)
a€Li€R =1

where ka s is a normalization constant, Méa}, M g} are lower-point Mellin amplitudes and {a} =
aj...ay, {i} =41...i5. For m > 0, so far, there is no general formula valid for any spin. However,
residue formulas for spins up to two have been obtained in [80] and are sufficient for the purpose of
this computation. The residues with m > 0 are determined by conformal symmetry.

A convenient way to implement conformal symmetry is via the conformal Casimir, which was

first introduced in [112] to compute four-point conformal blocks. Here, the Casimir operator is a
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multi-particle construct built from the sum of conformal generators acting on the operators in group
L. By simple arguments based on conformal invariance (see, e.g., |[113]), the Casimir operator is
mapped to the Laplacian operator in AdS, which collapses the propagator of the exchanged field
to a delta function. In position space, the Casimir operator is a differential operator acting on the
coordinates. Acting on the definition and shifting J;;, it becomes a difference operator, which
will remove the poles in d g in and relate the residues for different m via recursion relations.
For the six-point supergraviton amplitude, there are two non-trivial factorisations where the six-
point amplitude splits into the product of three-point and five-point amplitudes or the product of

two four-point amplitudes:

oV (8y)

M(6,;) ~ (3.59

( j) (5117’1 + 6117"2 + 511T3 + 5l2T1 + 5127‘2 + 512?”3 + 6137“1 + 513?”2 + 6137"3) - (T + Qm) ( )
(3=5) ¢

M (i) ~ O () (3.60)

(511?”1 + 5117“2 + 5117“3 + 5117“4 + 5127‘1 + 5127“2 + 6127“3 + 512?”4) - (T + 2m) .

Here, [; and r; belong to different groups of external operators, and we have added superscripts to
the residues to indicate their factorisations into lower-point amplitudes. In the factorisation channel,
only three operators can appear in our setup. These are the 20’ operator itself O/, the R-symmetry
current J and the stress tensor operator 7. Note that all these operators have the same conformal
twist 7 = A — J = 2, which provides simplification to the pole structure of the Mellin amplitude.

To determine the residues in (3.59)), one would need the following four-point functions

(O (z1,91)O20 (2, Y2) O20 (23, y3) O20 (20, Y0)) (3.61)
(O20 (21, Y1) O20 (22, Y2) O20r (3, y3) T (%0, 20))
(O20 (21, y1)O20 (22, Y2) O20r (3, y3) T (0, 20)) - (3.62)

Fortunately, these have already been computed in [86/114]. By contrast, to compute the residues in

(3.60]) the following five-point functions are needed

(O20 (21, Y1) O20 (22, Y2) O20r (23, Y3) O20r (T4, Y1) O20r (0, Yo0)) » (3.63)
<(920/ (Ihyl)OQo' (1’2, Z/2)(920/ ($37y3)020' (1’4, y4)~7(iﬂ0, Zo)> )
(O20/ (21, Y1) O20 (22, Y2) O20r (3, Y3) O20r (4, ya) T (0, 20)) - (3.64)

While the supergraviton five-point function has been computed in [86], the other two spinning corre-
lators are not known. Moreover, unlike the four-point function case, where the spinning correlators

are related to the scalar correlator by superconformal symmetry, this is not true for five-point func-
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tions [115] [

The lesson to learn is that applying factorisation across one or more compatible{E channels of the
supergraviton Mellin amplitude inevitably leads to lower-point spinning correlators whose explicit
forms are still unknown. On top of that, remember once again that it is not known how to further
extend the Mellin representation for a general number of spinning operators. We will not present
a general solution to this problem here. However, there is a way to implement multi-factorisation
within the scope of the case of study. One can use the (position space) lightcone OPE between two

scalar identical operators |116H§|

Oj(x1 + taer, x12)

@(xl)om)mz;cm/o ] LI (3.65)

Here 7 is the twist of the exchanged operator and C1s; is the OPE coefficient. In the lightcone limit,
22, — 0, and the polarisation vector of the spinning operator is taken to be the null vector xs.
Applying the lightcone OPE multiple times, it is possible to reconstruct multiple factorisations. For

example, if we apply it twice to reduce the six-point function into four-point functions, we get

B Z C12,C34, (3.66)
z:%2—)0 - (.’1,'2 .’1’,‘2 )AO .
z:§4—)0 J1,J2 1234

X /[dtl][dtz}(df%ﬂ%@% (Og, (x1 +t1w21, 212) O g, (73 + t2243, 234) O(25) O (26))

where we have assumed that the leading contribution comes from a family of operators with twist
7. The resulting spinning Mellin amplitudes can be decomposed into tensor structures such that
the Mellin transform can be applied directly to the accompanying scalar functions, bypassing the

problem of dealing with spinning Mellin amplitudes [61].

3.3.2 Ansatz and strategy

As for the supergluons, the ansatz follows from the properties of the underlying Witten diagrams. In
particular, the Mellin amplitude of the supergraviton six-point function is a rational function which
has poles in d;; and is a polynomial in y;;. We can parametrise the ansatz as follows:

Py(6i,yi5) Ps3(8i5, i)
(612 — 1)(d34 — 1)(d56 — 1) - perms) - ((512 —1)(d34 — 1)

Py (0, yij) ) e B (8ij, yis)
1 T 3 5 P 51’ iyYii) - 3.67
+( (O —1) pems) mz::() (12 + 03 + 03s + m —2)  Perms | + Pil0uy) - (3.67)

M(6i5,vi5) = ( + perms)

18Notice that, however, these five-point functions can be obtained once the six-point function is completely fixed.
19Here “compatible channels” refers to multiple factorisation channels that can be applied without conflicting with
each other’s kinematic constraints or analytic structures.

AtJ—2
20The integration measure is given by [dt] = dt (t(1 —t))~ 2
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This ansatz has a similar structure as the one for supergluons in AdS . The main differences
are that here m runs up to 2 instead of 1 and the degrees of the polynomials in the residues are
higher. Moreover, there is a regular term P; which is absent in the supergluon case. Similarly
to the gluon case, from the pole structures of the ansatz, it is easy to associate P; and B,, with
various exchange (or contact) processes which are enumerated in Figure The numerators P; are
polynomials in d;;, while B, are rational functions and can have poles in the compatible channels
at 012, 013, 023, 045, 05, 046, 056 = 1.

Recall that the high-energy limit of the Mellin amplitude is related to the flat space amplitude via
, and the flat space amplitude grows linearly with energy. This implies that the polynomials
Py, P3;, P, P, should respectively have degrees 4, 3, 2 and 1. In the ansatz, they are written as
general polynomials of the corresponding degrees with unfixed coefficients and include all possible
R-symmetry structures. For B,,, since it is multiplied by a simple pole, it should grow quadratically
at large energies. Additional comments on the flat space limit are presented in Section below.

The strategy for computing the six-point amplitude is to divide and conquer and is illustrated in
Figure We proceed in three steps. First, we take three simultaneous lightcone limits for (12),
(34) and (56). In Mellin space, this corresponds to taking the residue at d12 = d34 = 56 = 1 and
singles out Py in the ansatz. This channel is named the snowflake channel, and we use superconformal
symmetry to constrain Py. Importantly, the snowflake channel analysis forms a closed sector under
the chiral algebra condition, because in we are free to choose z;. This freedom allows us to
focus on the triple lightcone limit by taking Z12 = Z34 = Zs6 = 0 and study the consequence of
chiral algebra with all other contributions in the ansatz turned off. The upshot is that there are only
two constants unfixed in P,. Next, we similarly take two simultaneous lightcone limits by setting
Z12 = Z34 = 0 and impose the chiral algebra condition. This weaker condition also allows us to
probe Ps and B,,. We find that all but a few coefficients are left unfixed. Finally, we impose the

Drukker-Plefka twist, which completely fixes the ansatz up to an overall constant [61].

3.3.3 Comparing with the flat space limit

For the flat space six-graviton amplitude, we exploit the fact that gauge theory amplitudes serve
as building blocks for gravity amplitudes via the KLT relations [4]. Denoting the tree-level colour

ordered gluon six-point amplitude as Agiuon[123456], then the graviton amplitude is given by

Agraviton = — 012 045 Agluon[123456] (035 Agluon [153462] + (934 + 035) Agluon [154362]) + perms .

(3.68)
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Figure 3.8: Illustration of the strategy for computing the supergraviton six-point amplitude. Here we
enumerated Witten diagrams of different topology up to permutations, and the internal lines can be
supergraviton, R-symmetry current and stress tensor. These diagrams are used to represent different
parts of the ansatz. Our algorithm is a three-step procedure where, at each step, an increasingly
larger part of the ansatz is solved.
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The flat space amplitude is obtained from AdS via
ﬂli_{TéOM(ﬁ 8ijy» Yij) < Agraviton (0ijs Yij) (3.69)

and is in the special kinematic configuration where all polarisations are orthogonal to all momenta.
This offers considerable simplification as all terms with p; - y; drop out. To obtain the flat space
graviton amplitude in this configuration, it is sufficient to use in the gluon amplitude we
already computed in the orthogonal configuration [89]. Although it may be too lengthy to write
down, certain parts appear quite simple and suggestive. For example, the triple pole part of the

snowflake channel is

2 .2 2
_ Y12Y34 Y56

= o6 (816 024 + (626 + 0a6) 24 + 026 045 + 023 bag + 626 046)° . (3.70)
512=034=056=0 12 034 056

Agraviton

The terms with just poles in §15 and d34 are

+
10=654=056=0 012 034

(023 + O24 + 0a6) 2055

— . 3.71
016 + 026 + 056 ) (871)

:Agraviton
012=034=0

Agraviton

Y3 Y34 Y6 ((516 824 + O26 024 + 026 0a5)
016 + 026

In the computation of the supergraviton six-point Mellin amplitude, we have only made minimal use
of the flat space amplitude. The only input from flat space is that the Mellin amplitude should grow
linearly at large energies, and the contribution from R-symmetry current needs to be subleading.
Therefore, comparing the flat space limit of the Mellin amplitude against provides a non-
trivial check of the correctness of the final result. But it is also useful to look into the details of this
comparison. Recall that in the single pole part P in the ansatz , we were still left with four
free coefficients after imposing the Casimir equation and the conservation conditions. While these
can be fixed using the Drukker-Plefka twist, they are also sensitive to the flat space limit. That they
give rise to the same coefficients shows the extent to which the flat space limit check is non-trivial.
Similarly, in the contact part P;, the linear term coefficients also survive the flat space limit and can
be fixed either by the flat space amplitude or the Drukker-Plefka twist.

Although here the flat space limit serves only as a consistency check, it can provide a power-
ful constraint in future applications. Once the bootstrap approach is established, the flat space
amplitude will be invaluable when extending the analysis to Mellin amplitudes with more than six

points. The same advantage applies once stringy corrections are included, as we will show in detail

in Chapter [
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3.3.4 A note on position space computations

The six-point function of 20" operators in the supergravity approximation has been computed in [61]
without computing explicitly any Witten diagram. Moreover, the algorithm is entirely within Mellin
space. Nevertheless, it might still be useful to write the result in terms of position space functions.

By using the integrated vertex identities from Section[2.4] one can integrate out particle exchanges
and reduce all Witten diagrams to two basic types. These are six-point contact diagrams and 3 — 3
exchange Witten diagrams. We reproduce here the integral representation of the contact diagram

for reference:

dzo d%z 20 A
Day,...an :/ L+ H (zg +(Z- fz)2> : (3.72)

0 i=1

The D-function has a constant Mellin amplitude [48l63]. When dressed with factors of x?ﬁ we can

obtain either polynomials or poles in the Mellin amplitude, depending on the power of the factors.

More precisely,

T4 (W) I1 (03 — ayy)

[LTA)TG,) . (37T)

H(l’?j)imjDAL..An = /[d5] H(xfj)*%r((;ij)

i<j i<j
which gives the Mellin amplitude

rel (72’“ Srd

M(5;) = 2 ) I1 L0 = ) (3.74)

[[;T(A) I'(ds5)

It is then clear that these dressed D-functions can provide the singularities for all terms involving
P15 3.4 in (3.67). A useful property of these D-functions are the differential recursion relations

_ A=Ak 07

Da, .. A, . = _&kTk (3.75)
10y ’l+17“‘7A]+1;“~7A71 2 Ar,Ap :
2AZAJ 8xij

which relate D-functions with different weights@ In our case, all the D-functions can be reduced
by these relations to Djy1111 only. This basic D-function can also be represented as a conformal

one-loop integral in six dimensions [48}[117]

dd.’to
D111111:/ 3 5 o9 35 3 - (3.76)
L1 L0 T30 L4 L50 L60

This integral has recently been computed and expressed in terms of classical polylogarithms with

weight 3 [118] and obtained around three non-consecutive lightcones in [119)].

21'We used these relations also in the supergluon case, when working in position space.
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The remaining Witten diagrams have poles separating the external points into two groups of
three and three, like the one analysed in Section These poles involve the sum of three ¢;; and
cannot be generated from D-functions. However, they can be expressed in terms of the following

two-loop six-point integral in four-dimensional flat space

d4$7d41‘8
123,456 = 2 2 2 .2 .2 2 -2 ° (3.77)
L7 Loy L37 Li7g Lig Trg Les

The analytic structure of this integral is quite well understood. It evaluates to elliptic multiple
polylogarithms and its symbol is known [120,/121]. However, for specific configurations, the integral
can be expressed in terms of Goncharov polylogarithms. One such case is when all points are on a
common line [122].

The Mellin representation of this Feynman integral is given by [117]

1 '(6:5)

1 = [[dé I, 3.78

123,456 /[ ]512 + 013 + 23 — 1 g (,’L‘?j)isij ( )

where the Mellin variables satisfy > ; d;; = 0 with 0;; = —1. Similar to the D-functions, any Mellin

amplitude of the comb type present in our result can be expressed in terms of the derivatives of
2

I123,456 with respect to zj; and multiplication by their powers. To see this more explicitly, let us

define

At = [lasnrss) T TGty (3.79)

1<i<j<n

as a generic conformal function of n points written in Mellin space. Then the Mellin amplitude of

the derivative of (3.79)) with respect to 2, is given by

0

aa,, o) = / (810 (8}; — B8} — B8] T(67;)(aF;) ™" (3.80)

where we have defined the shifted variables d;; = d;; + 8;"8} + 8;'8}"

. ;L
7', and they satisfy 3, 6;; =

A; + 38"+ 8. On the other hand, the Mellin amplitude obtained by multiplying a power of m?j is

given by
2 —Qmn 2\ msn !
(T3n) A(‘Tij) = /[dé}M(@/‘j — Qmnd; 5j )((%j)—oémnr((sij) . (3.81)

For example, using these formulas, we can obtain the position space representations for the following
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Mellin amplitudes:

22273, 916 035
286755 5 4 02, T1ag 05 —> — ,
w3,a3, iewEeT 12030 (612 — 1) (934 — 1) (035 + da5)
2 1)
35 35

5502 0p2 T126,315 — 5
L12T34

(012 —1) (034 — 1) (035 + 045 — 1)

57

(3.82)

(3.83)



Chapter 4

The AdS Virasoro—Shapiro program

The main contribution of this thesis is framed within the AdS Virasoro-Shapiro program, which
addresses the long-standing challenge of computing string scattering amplitudes in curved spacetimes.
Accordingly, we are committed to presenting our work in this domain in comprehensive detail. In this
Chapter, we will review recent developments that extend our understanding of string amplitudes in
AdS space, drawing inspiration from various limits—particularly the flat space limit and high-energy
limits—where exact computations are possible and still offer valuable insight into the full theory.
We begin by defining perturbative string theory in flat backgrounds, whose structure is by now
relatively well-understood [123], emphasising its key distinctions from point-particle interactions. We
then present the essential ingredients that expose its elegant mathematical structure, whose hidden
symmetries point the way to far more efficient amplitude computations. With this foundation, we will
transition into the AdS setting. After a gentle introduction to the AdS Virasoro—Shapiro program,
we present our results for the high-energy limits of the amplitude and motivate why these findings
constitute a natural step toward a worldsheet theory on this curved background, enabling us to probe

the theory’s mathematical structure across different regimes.

4.1 String amplitudes in flat space

Scattering amplitudes encode the differential probability for a certain process to happen. This
predictive power makes them an essential object in particle physics, mathematics, string theory, and
more. By capturing the interactions and dynamics of particles and strings, they offer deep insights
into the fundamental structure of physical theories. In this Section, we will try to explain how to
make sense of the concept of scattering amplitudes of strings and give some intuition for how to
compute them. The standard references are [5,[124H127], but for the purposes of this thesis, we will

mainly follow [128].

o8
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In string theory, instead of point particles interacting at a vertex, we describe fundamental objects
as one-dimensional strings whose interactions are smooth processes, splitting and joining of strings.
Scattering amplitudes describe the probability of such interactions, just like in QFT, but now with
a richer structure due to the extended nature of strings. While a point particle traces out a one-
dimensional worldline in spacetime, parametrised by the particle’s proper time 7, a string sweeps out
a two-dimensional surface known as the worldsheet. We then need two parameters to study the string
evolution: the timelike coordinate 7 and the spacelike coordinate 0. We will package them together
as 0% = (o,7), with a = 0, 1. The worldsheet is embedded into a d-dimensional spacetime, called the
target space, with metric G, (X), by the embedding functions X*(o,7), with 4 =0,...,d — 1.

From QFT, we know that the action functional S[¢] fully encodes the dynamics of a theory [46].
Its stationary condition, 6S[¢] = 0, yields the classical equations of motion, while in the quantum

path integral,
Z= /DqseiSWh , (4.1)

each field configuration ¢ is weighted by e *1¢l/" governing all quantum fluctuations [129].

To describe the dynamics of the string, we start from the Polyakov actimﬂ

1
4ra

L OXH OXY
doe dob M

SelX.g) =~ [ #ov=ag (x). (42)
where g on the RHS is the determinant of the worldsheet metric. Importantly, it is a dynamical
metric in this formulation, implying that the action describes scalar fields X* coupled to 2d gravity.
We will review the main results in the case of flat spacetime target space, where G, = ., the
flat Minkowski metric with signature diag(—1,+1,+1,...,4+1). Our focus will be predominantly on
closed strings, with the worldsheet coordinate o taken to be periodic and X* (o, 7) = X*(0 + 2, 7).
This choice not only sidesteps boundary complications but is also what we need to describe the
graviton scattering in our program. We will return to open strings in Chapter

The Polyakov action has Poincaré global symmetry of spacetime and two gauge symmetries. The

first one is the reparametrisation invariance (diffeomorphisms), which tells us that X* are worldsheet

scalars and gqp is a 2d metric:

XH(o) = X*(5) = X*(0) ,

o do Ho?
9ab(0) = Gan(F) = @Wﬂcd(g) .

(4.3)

LActually, S. Deser and B. Zumino first proposed the worldsheet action for the spinning string in [130], and L.
Brink, P. Di Vecchia, and P. S. Howe arrived at the same formulation independently in [131]. In 1981, A. Polyakov
applied the formalism to the bosonic string’s quantisation |132], and it has since become known as the Polyakov action.
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Then we have Weyl invariance,

XH*(o) = X*(o) , (84

gab(g) — QQ(J)gab(U) )

which tells us that two metrics related by a Weyl transformation describe the same physical state.
Infinitesimally, we can write Q%(0) = €2?(?), where ¢ is a function of the worldsheet coordinates. By
exploiting both diffeomorphism and Weyl invariance, we can gauge-fix the worldsheet metric to be
flat:

Jab = Nap  (conformal gauge) , (4.5)

where 74, is the flat metric on the worldsheet in Minkowski coordinates. With this choice, the

Polyakov action describes d free scalars propagating on a flat worldsheet:

SplX,g] = — / d?0 0, X - 90°X | (4.6)

4ra

where the - product contracts pu-indices. The remnant of the 2d gravity is the equation of motion for
Jab, Which leads to the vanishing of the worldsheet stress-tensor. Equivalently, the worldsheet theory
is conformally invariant. Let us emphasise that, unlike in standard applications (like Statistical
Physics [133]) where conformal symmetry is a global symmetry on a fixed background, in string
theory, conformal transformations are residual gauge symmetries. We shall return to this point
shortly.

Before moving to the path integral, let us make some comments on important differences be-
tween string amplitudes and particle amplitudes. First, in QFT, interactions are introduced through
non-linear terms added to the action. In contrast, string interactions are determined by the free
worldsheet theory, and the Polyakov action is all we need. Interactions are indeed naturally embed-
ded in the topology of the worldsheet. As an example, in Figure the cylinder represents a closed
string propagating through spacetime, while the other diagram depicts two strings merging into a
single one. In this sense, the worldsheet encodes the interactions, which are no longer localised at
a specific point in spacetime, unlike in QFT. Locally, every part of the worldsheet looks like a free
propagating string. Only when viewed as a whole, it describes interactions.

In practice, what we ultimately want to calculate is the string S-matrix, which captures the
probability amplitudes for a set of incoming string states to scatter into a set of outgoing ones. We
are instructed to take all external legs in the worldsheet diagrams to infinity. Each external string
state is associated with a state of the free string theory and carries a definite spacetime momentum
p;. Let us then express the S-matrix as a path integral, as in .

Thanks to the state—operator correspondence in two-dimensional CFT [28|, any asymptotic string
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Figure 4.1: Possible worldsheets for closed strings.

X(2,2)

state with momentum p; can be equivalently represented by inserting a vertex operator e*Pi- at

a point on the worldsheet. For the (Euclidean) worldsheet coordinates, we use the complex variables

! —io?), where 02 = i0”. A conformal transformatior| brings the infinite ends

(z=0'+ic?, z=0
of the worldsheet diagram to finite positions, which we will refer to as insertion points or punctures.
For tree-level scattering, the resulting worldsheet has the topology of a Riemann sphere, punctured

by insertions of vertex operators, one for each external string state (Figure |4.2)).

Figure 4.2: Tree-level worldsheet topology.

However, not all operator insertions are physically allowed. In string theory, consistency under

Weyl invariance (the local rescaling of the worldsheet metric) imposes strong constraints: only on-

shell string states (m? = —k,ﬁk’i’“, Vi) are admissible. String theory only computes on-shell scattering
amplitudes [124,[128] |

For the path integral, we need to integrate over all fields (embedding coordinates) X* and all
worldsheet metrics gqp:

1
Z= W/J:JXDge—SP[Xﬂl , (4.7)

where we are working in Euclidean space, and we set i = 1. The presence of the prefactor reminds
us we are dealing with a gauge theory: we should not integrate over all the fields, but rather over
configurations of fields not related by gauge symmetries. Then, Vol is the volume of the gauge
group. We will not review the details here; it suffices to remind that one can employ the usual

Faddeev—Popov gauge-fixing procedure [461[134]. This decouples the physical fields from the gauge

2Remember that conformal symmetry is one of the symmetries of the Polyakov action.
3The vertex operator is required to be a primary of conformal weight (1, 1), in the notation of 2d CFTs [25].
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orbits and solves the integral over the metrics, cancelling the prefactor. This introduces additional
dynamical fields (ghosts) which themselves form a CFT. However, since we restrict our attention to
tree-level amplitudes, the ghosts will not enter the game.

The n-point amplitude is then a sum over worldsheet topologies, weighted by the string coupling,

with insertions of vertex operators for the external states:

A(n)(Aiapi): Z gs V]/DXDge Sp HVA pZ , (48)
i=1

topologies

where A; labels the string state, Vj, is the associated vertex operator, Vol is the volume of the
worldsheet gauge group introduced above, and y is the Euler number of the worldsheet (number
of handles for closed strings). Remember that there is also another parameter, o, hidden in the
Polyakov action, which can be tuned to 0, leading to supergravity (for closed strings) or gauge
theory (for open strings) amplitudes. These are the regimes we investigated in AdS in Chapter
The o/-corrections correspond to an infinite series of higher-derivative corrections to field theory
amplitudes.

To sum up, in perturbative string theory the amplitude is a sum over topologies, namely punctured
Riemann surfaces of increasing genus with insertions of vertex operators. A tree-level amplitude is
computed by a genus-zero worldsheet. Higher-genus surfaces correspond to loop corrections. Unlike
in field theory, where a large number of distinct Feynman diagrams appear at a given perturbative
order, in string theory, at fixed genus and number of punctures, there is a single worldsheet topology
contributing to the amplitude, with all interaction channels encoded in its moduli-space integration,

the set of inequivalent complex structures on the Riemann surfacesEI

4.1.1 Illustrative computation example

We conclude by reviewing the computation of the tree-level amplitude of n closed-string tachyons,

whose vertex operators are

V(pi) = /d%«i P X (22 (4.9)

We learnt that the path integral over worldsheet metrics can be traded for a gauge-fixing of dif-
feomorphism and Weyl symmetries, leaving only a residual invariance, namely SL(2,C) (conformal

Killing vectors of the sphere). All together:

A =gl DX e 5° : 4.1
() (P15 Pn) = g4 VOISL / e Hsz (4.10)

4For example, for the four-point case at tree-level, the punctured Riemann sphere is the only possible topology,
with its one-dimensional moduli-space encoded by the cross ratio z we integrate over, as in (4.44)). Let us also stress
that here we consider oriented strings (for Type II superstring theories), so non-orientable surfaces, such as the Klein
bottle for closed strings and the M&bius strip for open strings at tree-level, do not appear.
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Let us focus on the X—integral

<]:[6ipi'X(ZiyZi)> :/DX Hefspeipi.x(zh;i)
=1 52 i=1
- /DX e—ﬁfdzz BX“EX“"'Z‘Z?:l pr,‘,(zi,Ei) (411)

1 = .
E/DX emfsz X, 00XH+iJH X,

)

LT

where the formal source is J#(2,Z) = > _."; P} 0(z — 2;,Z — Z;). We clearly have a Gaussian integral

over X*, which is easily solved to get

n n o
Helpi'x(zi:zi) NHej(pi-pj)logM—zj
i=1 S2

i#]

. (4.12)
)
1<j
All togetherﬁ
n—2 n
gs 2 o'pi-
A ey Pn) N d“z; P — LER 4.14

Finally, we can remove the remnant gauge symmetry by fixing any three points on the complex
plane:

71=00, 20=0, 23=2, z24=1, (4.15)

such that, for example, for four points (the Virasoro-Shapiro amplitude), we just have one integral
left. More generally, the building blocks of a tree-level closed-string amplitude are the worldsheet

integrals [61/135]

n
/HdQZi H |z — zl|2s” (zj — 21)™ (2, — 7))t (4.16)
i=1

0<j<i<n+1

with 29 :== 0, zp41 := 1, n € N, ng;,ny; € Z, s;; € C (Mandelstam variables). We will return
to this point in greater detail in the AdS setting, but it is worth noting already at this level that
both the global and local behaviour of these integrals are intimately connected with the theory of
single-valued periods. In particular, the global behaviour corresponds to the famous KLT formula [4]:

closed-string integrals factorise into products of pairs of open-string integrals[] On the other side, the

5We will defer the integrals over the vertex-operator insertions in (4.9) until the end.
6The contribution of the zero modes of X*(z,%) is the usual delta function for the conservation of momentum:

/ddxo G T i Xo 4 50(3 py) (4.13)
I3

"How to extend this to AdS will be one of the principal outcomes of the Chapter
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local structure is governed by a rich number-theoretic framework. Each coefficient in the low-energy
(asymptotic) expansion can be written as an iterated integral over the complex plane of single-valued
polylogarithms, leading to single-valued multiple zeta values [135]. This fundamental observation
paves the way for the next Section, where we will review the number-theoretic structures at the heart

of the scattering amplitudes considered in this work.

4.1.2 Interplay with number theory

The goal of this Section is to present the basic objects and properties that underlie scattering
amplitudes, as a stepping stone toward developing and applying techniques that go beyond the
standard flat space tools, which become incredibly complicated, if not impossible to implement, in
general curved spacetimeﬂ

Let us take a step back to perturbative QFT. We describe a scattering process as a sum over
Feynman diagrams, in a loop expansion. An important property is that complicated functions with
branch cuts appear when intermediate virtual particles go on-shell. Indeed, in loop computations, one
needs to go beyond rational functions to express the result. If we work in dimensional regularisation
[138-140] in D = Dy — 2¢ dimensions, where Dy is a positive integer that will be 4 here, a general

loop scalar Feynman integral takes the fornﬂ

(g¢f —m3 +ie)r ... (¢} — m¥ + i)~

L
d"k; N{pis k;)}
— YE€ J 1y Vg
I—/ || s , (4.17)
j=1

where v; € Z and m; > 0, with 1 <+¢ < N, are the masses of the propagators. The loop momenta k;
and the external momenta p; (assumed to be all in-going) linearly combine to give the momenta g;
flowing through the propagators. Momentum is conserved. I is a meromorphic function of ¢, with

Laurent expansion

I= Z Ié . (4.18)
k

Special numbers and functions appear in the analytic expressions for the coefficients of the Laurent
expansion in dimensional regularisation. This can be appreciated from the simple one-loop two- and

three-point functions:

d’k 1 1 1 1
2\ o oVEE er - 2 _ .2 S 20 2y 2y L 2
B(p®) ~e /iﬂ'd/QkQ(k:—&—p)Q 6+2 log( p)+e[2log( p~) — 2log(—p”) 2C2+4]+O(e),
dk 1 2 1—2
T222N’7E€/ = = |Li — Lis(2) — log(22)1
(p17p27p3) € Z.Ti'd/z kQ(k-f—pl)Q(k +p1 +p2)2 \/X 12(’2) 12(2) Og(ZZ) og 1—-% +O(€) )

(4.19)

8For further reading, consult, for example, the lecture notes [136]. See also [137] for a systematic, algorithmic
approach to Feynman integrals within the realm of multiple polylogarithms.
9The choice of the normalisation with the Euler constant follows [136].
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where A\ = \(p?, p2, p2) denotes the Killen function, and

2
zi:i—l, (1—2’)(1—2):%, Ma, b, c) = a® 4+ b* 4 ¢* — 2ab — 2ac — 2bc . (4.20)
3 3

Compared to the general form ([4.17)), the numerator factor of the integrand is N' = 1, for a scalar
Feynman integral, and the powers of propagators are v; = 1.

We notice, for example, the Riemann zeta function at integer values,

G=3 0 (a.21)
k=1

and the logarithms as well as their generalisations. It has long been understood that, in four di-
mensions, every one-loop integral admits an expression solely in terms of logarithms and the Euler
dilogarithm [141].

We will now introduce (multiple) polylogarithms and summarise their key properties. We follow
the conventions of [6], but restrict ourselves to the basic results relevant for our analysis. For a more
detailed treatment of these functions, see the reference above, as well as [137}/142], and references

therein.

Polylogarithms

Let us start from the classical polylogarithms, defined by the convergent series on the unit disk,

|z| < 1:
Li,(2) = — . 4.22
() =3 = (422)
k=1
They can be continued to the cut plane C\[1, c0] by the iterated integral representation
z L.nf !/
Lin(z) = / dz’liﬁ(z) . (4.23)
0 z

When z = 1, the polylogarithms reduce to zeta values, Li, (1) = {,, for n > 1.
Multiple polylogarithms (MPLs) are instead functions L., (z) of one variable, labelled by a word
drawn from some chosen alphabet. We will restrict to the special case with letters {0, 1}@ They

are recursively defined by the relations

Ly(z), a=0,1, (4.24)

together with
L.(z)=1 (4.25)

10Sometimes, the resulting family of MPLs is referred to as (restricted) harmonic polylogarithms (originally defined
with alphabet {0,1,—1} in [143]), as in |144], or as multiple polylogarithms in one variable.
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for the empty word, and

li_% Ly,(2)=0, (4.26)
unless w = 0P in which case
Lor(2) = %!logpz . (4.27)
We define multiple zeta values as
= 1
C(s1,-+,8q) = Z W , (4.28)

b1 >0e>->03>0

where d is called the depth and sq + - - - + s4 is called the weight [145,/146].
Multiple zeta values are intimately connected to MPLs |143]. As before, they can be defined as

MPLs evaluated at z = 1. We will use the conventions

4(51, T asd) = (_1)dL031—11052—1~~05d*11(1) ) (4-29)

with the regularisation condition L1»(1) = 0. Note that also Lg»(1) = 0.

Polylogarithms satisfy shuffle relations:

Ly(2)Lw(2) = Y Lw(2), (4.30)

Wewww’

where the shuffle product w W w’ of two words w = awu and w’ = bv (with letters a,b) is defined
recursively by
fww ={w?}, wwd={w},
(au) W (bv) =a(uwbv) U b(aulv),
i.e. all interleavings of the letters of w and w’ that preserve the internal order of each. Evaluating
at z = 1, we obtain shuffle relations for the multiple zeta ValuesE

Polylogarithms can also be written as iterated integrals [149,/150], which make manifest their

La1a2~-a7v(2) = A den /0 e o (431>

21 — a1 Zg — Qg

differential relations:

The integrals are convergent provided the last letter is a,, = 1. Note that the shuffle relations can be
used to write all MPLs in terms of these and powers of Ly(z) = logz. In Chapter |5, we will often

restrict to this case, without loss of generality. We will occasionally use the condensed notation:

LS1,~~,Sd(Z) = (_1)dL051*11052*1~~05d*11(2) ) (4.32)

et us recall also the stuffle (or quasi-shuffle) algebra, the natural product structure on MPLs. It describes how
the product of two polylogarithms expands as a Q-linear combination of higher-depth polylogarithms [147}|148].
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with s; > 0, so that ((s1,---,84) = Ls,,... s,(1). Here and throughout, we make this notation
unambiguous by inserting commas between the letters in the word labelling the polylogarithm. In

compact notation:

d 1
aLSI)..,,Sd(z’) = ;LSI,L...&d(z) , fors; >1,
J ] (4.33)
%Lly...’sd(z) = ELSm..A’Sd(z) .
For all s; > 0, we can write down a regular series expansion of the MPL around zero:
e’} Zél
L, s,(2) = > —_ . (4.34)

S1gs2 | pod
£1305>->04>0 1 72 d

MPLs are multi-valued functions in the complex plane. They have branch cuts starting at z = 0
and/or z = 1. It is possible to define single-valued functions L,,(z), denoted single-valued multiple
polylogarithms (SVMPLs), from a combination of polylogarithms such that all the branch cuts cancel
and we get single-valued functions in the (z,%) planeE There are many possible choices of bases
of SVMPLs, but we will restrict to the construction from holomorphic and anti-holomorphic MPLS
only. They have been completely characterised by F.Brown in [151].

These functions are labelled by a word w in the alphabet with letters {0, 1} such that they satisfy

the same derivative relations as MPLs, under holomorphic derivatives [151],

w = w 5 = 71 ) 4.
3 Low(2) P aﬁ (2), a=0 (4.35)
together with
Lo(z)=1 (4.36)
for the empty word, and
lim £,,(2) =0, (4.37)
z—0
unless w = 0P in which case
1
Lor(z) = Hlogp 2] . (4.38)

At any given weight, there is a finite-dimensional vector space of SVMPLs [152].
SVMPLs also satisfy the shuffle identities

Lo(2)Lw ()= > Lwl(2). (4.39)

Wewww’

These relations can be used to isolate the logarithmic singularities of SVMPLs as the argument

12We will often write only z as the argument of the SVMPLs, to streamline the notation.
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approaches the first label. For instance,

lim L,.0,u(2) = Lo;w(2i) Lo, (2) + finite, 1#£7, (4.40)

zZ—0;

with the divergence arising from
2

Lo (2) =log|l — = (4.41)
g
Finally, evaluated at one, SVMPLs generate single-valued multiple zeta values
C%(s1, - ,8a) = Lsy, o 5,(1) . (4.42)

Each single-valued multiple zeta value can be written as a linear combination of ordinary multiple

zeta values. More generally, we can define a single-valued map such that
Ly(2) = sv(Ly(z)) . (4.43)

When working with SVMPLSs, we found the tools [153}|154] very useful.

4.2 Foundation of the AdS Virasoro-Shapiro program

We are now ready to summarise the key concepts of the AdS Virasoro-Shapiro program.

In the introductory part of this Chapter, we first reviewed the flat space technology to compute
string amplitudes. Once we include supersymmetry and move to curved backgrounds, it all becomes
far more subtle. While a genus expansion still exists in principle, there is currently no direct world-
sheet formulation available, even at tree-level. This difficulty is particularly evident in the presence
of Ramond-Ramond (RR) fluxes: the traditional Ramond-Neveu—-Schwarz (RNS) formalism [125]
does not applyE Other formalisms, such as the Green-Schwarz [155] and pure spinor [156], are not
yet developed to the point of providing scattering amplitudes in this background.

A significant success beyond the supergravity approximation has occurred in the special case of
AdS3 with a pure NS-NS background, where NS stands for Neveu—Schwarz. Notably, it admits an
exact worldsheet description, owing to its underlying Wess—Zumino—Witten structure [157]. In this
case, the AdSs;/CFTy correspondence has been checked beyond the supergravity approximation by
comparing correlators. This stands in contrast to more general backgrounds with finite RR flux,
such as the paradigmatic case of AdSs x S°, where o/-corrections to the supergravity approximation
remain difficult to compute, despite the presence of a maximally supersymmetric dual CFT. We do

not know how to quantise perturbative string theory on this background.

13In principle, it is possible to use the RNS formulation to compute amplitudes in a curvature expansion around
flat space. We expect this computation to become very cumbersome very quickly.
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The AdS Virasoro—Shapiro program emerges as a response to this challenge. The strategy is to
combine intuition from flat space with alternative tools, such as AdS/CFT, Mellin and Borel space,
integrability, and number theory. The overarching goals of the program are twofold:

- to analytically capture and systematically incorporate curvature corrections,

- to explore and highlight the rich interplay between string theory and number theory.

The main object of study is the tree-level scattering amplitude of four graviton states. In flat space,
this is given by the well-known Virasoro—Shapiro amplitude [158|, which is one of the earliest and

most iconic results in string theoryE

I(—S)I(~T)I(~U)

AO(S Ty = — : 4.44
(5,T) rS+nr+nrw+1) (444)
It is crossing symmetric in the three Mandelstam variables,
o 5 o 5 o 5
S=——MP1+p2)°, T=——{@1+p3)°, U=——(p1+ps)°, (4.45)

4 4 4

with S +T 4+ U = 0, as a consequence of momentum conservation for the massless supergravity

states. The worldsheet origin of this amplitude can be seen from the integral representation
1 25 o7
A0S, T) = /d22|z| 25-2|) _ =272 (4.46)

which is a special case of (4.16]). We have stripped off a prefactor encoding the dependence on the
polarisation tensors, as we want to focus on the reduced amplitude. Let us make a few comments on

the symmetries of this amplitude. Clearly,

A(S,T) = A(T, S) ,
A(S,T) = A(S,—S —T) , (4.47)

A(S,T) = A(-S —T,T) .

This is crossing symmetry, reflecting the equivalence of different channels. Equivalently, we can
understand it from the worldsheet integral. By sending z — 1 — z in (4.46)), we exchange S and T,
recovering the first symmetry in (4.47)). More generally, once we have fixed the conformal gauge sym-

metry on the worldsheet by sending three points to 0,1, 0o, the change of variables/transformations

z—1—2z,
z—=1/z, (4.48)

z—z/(1-2),

141t was actually derived long before people knew it had anything to do with strings.
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exchange the points 0,1, 00, 2z, where z is the remaining cross ratio on the Riemann sphere. The

other two transformations then indicate the symmetries of the amplitude

2
ATy = By Cs_roq1 1),
(S+1T)2
417 (4.49)
- —S—-T-1
A(S,T) (S+T)2A(S’ S—-T-1)
These further imply that, for example,
(T +1)?
A(S,T) = 7(5 - T)QA(S,T +1). (4.50)

This symmetry relates the residues on the poles of the amplitude at different values of T'. We will
get back to these interesting symmetries in Chapter [5] where we will also show how to extend them
to AdS.

A maybe less appreciated representation of the Virasoro-Shapiro amplitude is

50 Csv(2n+1)(SZ7L+1+T21L+1+U27L+1)
exp ( Do,y 2n+1

A0S T) = (4.51)

STU ’

where only odd zeta values appear. This is deeply significant: odd zeta values are single-valued!
More precisely, (*V(2n + 1) = 2{(2n + 1), while (*¥(2n) = 0, Vn > 1. This structure directly reflects
the single-valued nature of the integral representation , as we move around the punctures.
On the other hand, in AdS5 x S°, we do not yet have a complete understanding of how to quantise
perturbative Type IIB string theory. Fortunately, the AdS/CFT correspondence allows us to relate
the string amplitude to a four-point correlator of stress-tensor multiplets in A' = 4 SYM at large
central charge. Now, how do the two sides of the gauge-gravity correspondence talk to each other?

In Chapter |2| we learnt that the fundamental parameters are:

String theory on AdSs x S° N =4 SYM in 4d

AdSs and S® radius: R Gauge group: SU(N)
String length: ¢, (or o/ = ¢2) | ’t Hooft coupling: VA = VGEuN

String coupling: g,

In particular, g, ~ % We consider weakly coupled strings (in the genus expansion in powers of g;)

mapped to the planar limit of the CFT (in the large-N limit). Moreover,

(4.52)
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which means that the regime where stringy corrections to supergravity become small (o/ — 0)
corresponds to the strongly coupled limit of the CFT (A — o).

The analytic structure of the amplitude in AdS, namely its poles and residues, is then deter-
mined by the CFT data of the intermediate operators in planar N' = 4 SYM [159], a primary
target of integrability (see e.g. [160—162])IE| This analytic structure becomes highly constraining
when combined with a conjectural single-valuedness condition: the low-energy expansion of the AdS

Virasoro—Shapiro amplitude contains only single-valued zeta values, as in flat space.

4.2.1 A chain of integral transforms

The AdS Virasoro-Shapiro amplitude is defined in terms of the four-point position space correlator
of chiral primary operators in N' = 4 SYM at leading non-trivial order in the large central charge
expansion:

((9[1‘]1(:171)(’)[2‘72(:c2)013‘]3(:z:3)(9[4‘]4(x4)>| =G (2 tree - (4.53)

1
c

Here O7171(z) is the superconformal primary operator of the stress tensor multiplet. It is a scalar
and has protected dimension A = 2. The indices I, J are in the fundamental representation of the
SO(6) R-symmetry group and the operator transforms in the symmetric traceless representation of
rank 2. The superconformal Ward identities [168] fix the dependence on the R-symmetry indices

through a computable prefactorm
GIiJi (xi)tree = f(IZ7 Jlaxl) X T(U’ V) . (454)

The non-trivial dynamics is encoded in the reduced correlator T (U, V'), which is a function of the
two conformally invariant cross-ratios
2 .2 2 .2
L12T34 L14723

U= . V= : (4.55)

2 2 2 2
T13L24 T13L24

The reduced correlator 7 (U, V) is related to the AdS Virasoro—Shapiro amplitude by a chain of

integral transforms. First, we implement the Mellin transform, in the conventions of |169]:

7i°°dsd 42 a4 s\’ /4 t\ . /4 u\?
T(U,V)f/%o o F<32> F<32> r<32> M(s,t), (4.56)

where the Mellin variables are defined so that s + ¢+ u = 0. Defined this way, M(s,t) is usually

[N
Nl

denoted as the reduced Mellin amplitude, since it is the transform of the reduced correlator. Mellin

15Gee also |163}{167] for very interesting developments on the interplay between integrability and the AdS Vira-
soro—Shapiro amplitude.

16The details of the prefactor f(I;,J;, ;) will not be relevant for our purposes, as we focus on the structure and
properties of the reduced correlator 7 (U, V).
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space provides the natural language for holographic correlators [48], since it recasts them in a form
directly analogous to scattering amplitudes. Accordingly, we shall begin our analysis in Mellin space.

From the Mellin amplitude M (s,t), we then define the Borel transform A(S,T), via

sp 1P ) : (4.57)

1 e _
M(S,t) = ﬁ/o dﬂe ﬁﬂsA (2_R27 ﬁ

When we talk about the AdS amplitude, we always mean the Borel amplitude, in a small-curvature

expansion:

A(S,T) = AO(S,T) + %A(l)(s, T)+ ... (4.58)

After this chain of integral transforms, the leading-order result in the flat space limit, A(O)(S, T),
reproduces the Virasoro-Shapiro amplitude on the nose. Therefore, even at leading order, and in
order to obtain the Virasoro—Shapiro amplitude, one is required to perform the Borel transform. We
then define the functions A%*)(S, T) as our working definition of the AdS corrections. As a working
definition, this requires no further justification. Nevertheless, if one wishes to motivate this more
concretely, at leading order in 1/R, Equation precisely implements the flat space limit as
discussed in [48], with S and T interpreted as Mandelstam variables. Here, however, we retain the
subleading corrections to the flat space formula. Another motivation for the use of Borel space comes
from a more technical observation: attempting to resum the low-energy expansion of the amplitude
in Mellin space leads to a divergent series, as explained for example in [169}/170]. It is, however, Borel
summable. Understanding how to resum the low-energy expansion is essential for making contact
with the string worldsheet description and its number-theoretic structure. The low-energy expansion
takes the form

1 s 1
A0S T) = o7 2 S alosal . on= 5(52 +T?+U?) , 03 =STU , (4.59)
a,b=0

where the first contribution ﬁ is the famous supergravity result [5]. Then, there is an infinite tower
of stringy corrections, where the Wilson coefficients a((lol)) live in the ring of single-valued multiple
zeta values.

The advances of the last few years in the AdS Virasoro-Shapiro program may be distilled into

three key points; the reader is referred to the original articles for full details [159,/169H171|:

e Structure of poles: while the flat space amplitude (4.44]) contains simple poles only (from the

Gamma functions), the AdS corrections feature poles of increasing order, jumping by 3:

k
R (T,5)  R®(T,6) R¥(T,5)

k —
A()(‘SY’T)_(S%)?’%+1 (S—o)3k " T TS5 -6

+regular, §=1,2,... . (4.60)




4.2. FOUNDATION OF THE AdS VIRASORO-SHAPIRO PROGRAM 73

The R,-numerators are polynomials in 7" of order . For the highest order pole, they take the

general form [170]

(k) _ _(3]{?)!5%_2 F(T+(5)2
By (1.0) = 6Fk!  T(6)T(T+1)2 °

(4.61)

e Low-energy expansion: the (unknown) coeflicients are assumed to be single-valued multiple

zetas, as in flat space.
e Intuition from the worldsheet.

These insights led to the proposal of the AdS amplitude as the genus-0 integral

A(S,T) = /d2Z 12|25 721 — 2|72 T72G(S, T, 2) (4.62)

where G(S,T, z) admits a small-curvature expansion,

1
G(S,T,z) =) T G®(S.T,z2) , (4.63)
and
GOS8, T,z) = 1 (4.64)
T (S+T)2 U2

More generally, G(*) (S,T, z) is a rational function in S, T and a transcendental single-valued function
in z of weight 3k (matching the jump by 3 in the poles), more precisely a SVMPL. This structure also
holds for scattering amplitudes in type IIB string theory on AdSs [172,[173] (with different choices
of fluxes), as well as type ITA string theory on AdS,; x CP? [174].

Combining this structure with the dimension of the Konishi operator in planar N' = 4 SYM,
G (S,T,z) and GP (S, T, z) have been fully determined, modulo certain ambiguities that integrate
to zero. These results pass several highly non-trivial checks, such as reproducing all localisation
results, see e.g. [175], and all CFT data available from integrability |[160H162]. Therefore, it is a
precise proposal for the structure of the tree-level amplitude on AdSs x .S°, and provides an algorithm
to compute each AdS correction, modulo input from integrability. Let us stress once more that this
is not the result of a direct worldsheet computation, currently unavailable. The lesson to learn is
that single-valuedness plays a fundamental role in the construction of AdS scattering amplitudes, as
in flat space.

The big goal of the program is to compute this amplitude to all orders in the curvature expansion.
While refining the methods to achieve the full result, attention can be placed on more tractable limits,
which provide greater insight into the structure of the theory and teach us valuable lessons on its

physics. One such limit is the high-energy regime of large S and T, with fixed scattering angle
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S/T, where we keep the leading large energy contribution at each order in 1/R, with R the radius
of AdS. In this setup, the amplitude can be computed to all orders and curvature corrections
exponentiate |[176]. This is captured and reproduced by a classical scattering computation in AdS.

We can also explore a more intricate limit, the Regge limit, characterised by large T" but finite S.
In this regime, the amplitude provides comprehensive information about the intermediate operators
on the leading Regge trajectory. In the AdS/CFT context, these operators are stringy or short
operators, such as the Konishi operator [177]. We already mentioned that their CFT data is a central
focus of integrability; this makes the Regge limit particularly compelling, with strong potential
for synergy between integrability techniques and the computation of the AdS Virasoro—Shapiro
amplitude. Even in this regime, to all orders in 1/R, the AdS Virasoro-Shapiro amplitude can be
expressed as derivatives of the flat space result in the Regge limit [178]. Interestingly, this leads to
families of possible worldsheet integrands in the Regge limit involving single-valued logarithms, fully
consistent with the proposed full AdS Virasoro-Shapiro amplitude! In the next two Sections, we will

present a detailed analysis of these high-energy limits.

4.3 The high-energy limit

In our approach of looking at QFT in flat space to draw inspiration for strings in AdS, we first recall
that in QFT the short-distance behaviour of the theory plays a crucial role (via the OPE, RG flow,
etc.), uncovering universal structures. It is therefore interesting to investigate these features in string
theory as well. String amplitudes in flat space display remarkable properties in the high-energy limit
|S], 1T > 1 with fixed scattering angle S/T' [179-181|. In particular, the Virasoro-Shapiro amplitude
A©)(S,T) falls off exponentially in this regime

Ag};(S, T) ~ 672Slog|S|72Tlog\T\72Ulog|U\ , (465)

in clear contrast to field theory amplitudes, which either diverge or fall off as a power. Let us now
derive this result from two complementary viewpoints, the worldsheet and the spacetime perspectives,
and explain how to extend them to AdS.

From the worldsheet

The soft exponential behaviour can be directly understood from the integral representation (4.46)),

which we rewrite, for the purposes of this Section, as

AO)(8,T) = / P22 7251 = 22T Wy (2,3) | (4.66)

17Stirling’s formula can be used to get the answer directly from the ratio of Gamma functions (#.44)).
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where Wy(2,%) = (U?|2]?|1 — z|*)~1. At high energies |S|,|T| > 1, the integral can be computed by

saddle point approximation around the SaddldE

S
which leads to
A(}%(S, T) N WO(ZO)e—Qsmg|S\—2Tlog|T|—2Ulog\U| ) (4.68)

It is well-known that this soft exponential behaviour is universal [179H181], meaning that it is inde-
pendent of the particular string theory and quantum numbers of scattered states.

Let us now make the following interesting remark for the case of AdS: the proposed worldsheet
representation has the structure

2 4
AB.T) = [ @ala 51— W (2.2) (1+gzwg<z,z>+§4w6<z,z>+---) L (69)

where W3, Ws (explicitly known) are specific single-valued transcendental functions, of weight three
and six in the worldsheet coordinates, and we have set o/ = 1. Importantly, the W, (z,Z) depend
on S,T in a polynomial way: the location of the saddle is not modified in a 1/R expansion! There-
fore, we can readily compute A(S,T) in the high-energy limit by evaluating the worldsheet integral
representation on the saddle point:

2 4
App(S,T) ~ e 25 1oslSI=2Tloa [TI=20108 U1 y7, () (1 + %WS(ZO) + %WG(ZO) + - ) , (4.70)

where at each order in 1/R we keep the leading large energy contribution. Effectively, we are looking

into a regime with large R, S and S?/R? ﬁniteE

From spacetime

The high-energy regime in flat space can also be understood from the point of view of spacetime,
in terms of classical solutions. To do that, we consider the path integral representation for the

amplitude,

4
1 /dcld@\/ﬁgabaaX“aqu) H‘/z(pz) ’ (471)

7 .
i=1

A8 T) ~ / DX Dgexp (

I8Further details about the evaluation of leading and sub-leading terms by saddle point approximation can be found
in Appendix B of [176].

90ne might instead keep S/R? fixed, to probe greater curvature. The regime presented here, of S2/R? fixed, is
more tractable for computation.
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where the vertex operators are of the form V;(p;) ~ f d?z;eiX(21) with p? = and the locations
z; are assumed to be real for simplicity. We use the letter ¢ for worldsheet (complex) coordinates.
The Mandelstam variables are related to the momenta by py-ps = =25, p1-p3 = =27, p1-ps = —2U.

At high energies, the path integral is dominated by the classical solution

(4.72)

)

1— >
2k

chiassical(c) =—1 Zp;: log
k
together with the condition

s B (22 — 21)(24 — 23)
o S + T a (Z3 — 2’2)(2’4 — 21) ’ (473)

20

for the location of the punctures. This condition ensures that the induced metric on the worldsheet is
conformal. Plugging the classical solution into the path integral reproduces the correct high-energy
result (4.68)). Transferring these insights from flat spacetime to the more intricate AdS background

requires additional care; we shall devote the next Subsection to this task.

4.3.1 A classical scattering problem in AdS

The obvious generalisation to AdS of the path integral (4.71]) is

4

A(S,T) ~ /DX Dgexp <—417T/dC1dC2\/§9ab5aXM3bXM> HVi(Pi) ; (4.74)

=1

where now XM denote embedding coordinates with
XMXpy = (X" + X'X, = —R?, (4.75)

with R being the AdS radius. The vertex operators are of the form V;(P;) ~ [ A2 26PN X (2:)
We expect that at high energies the behaviour of the amplitude is captured by classical solutions,

now in AdS. The relevant Lagrangian to study the classical string scattering problem on AdSy is

4
1 _
L= 2—8XM8XM +AXM X+ R?) =i Y PY Xy (¢ - ) (4.76)
™
k=1

where we inserted a Lagrangian multiplier A to select the AdS, subspace.
Away from the punctures ¢ = zp, the equations of motion are
OXNTXy s

R? ’

20Tn the high-energy limit, all operators with a finite number of excitations are effectively massless.

20XM = (4.77)
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with the following boundary conditions as we approach each of the punctureﬁ

¢

XM:—iP,éwlogll—’+Qﬁ4+--- . (4.78)

2k

The quadratic constraint X X,; = —R? then implies that for each puncture
PMPoar=PMQra=0. (4.79)

The scattering problem in flat space considered in [179H181| arises as a limit of the AdS problem as

follows. We split the indices into M = (0, ) with g =1,--- ,d and such that

XMXpy=-XX0 4+ x#X, = -X°X"+ X - X, (4.80)

where we reserve the notation X - X = X* X, for the p-indices. We then consider solutions with a

large R expansion,

1
, (4.81)
Xt = X4 o X

where X/ is the flat space solution. The corresponding momentum at each puncture k also admits

a 1/R expansion:
1

.82
PH— Loy
k —pk,o‘*‘ﬁpm‘*"” .

As a result of the relations 1} pgo is null from the d-dimensional flat space point of view, which
is precisely the condition for massless scattering in flat space.
The (conformal gauge) equations of motion arising from the Lagrangian are supplemented by the

Virasoro constraints,

OXNoxXy =0xNoxy =0. (4.83)

Solving for X° = v/R2 + X - X, the equations of motion away from the punctures and Virasoro

constraints for the flat space coordinates X} are simply
00X =0, 0Xo-90Xo=0Xp-0Xo=0. (4.84)

Together with the boundary conditions, the equations of motion imply

¢

1— >
2k

Xl =—i sz,o log ‘ +qf (4.85)
3

21The dots denote terms which vanish as ¢ — zy.
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for any constant ¢/'. Plugging this into the Virasoro constraints at leading order, we learn that the

locations of the punctures are related to the Mandelstam variables of the scattering process via

(1—z)(z2—2z) T
S

(21— 22)(23—21) S (4.86)

where p1o - p2,0 = —25, 1,0 P30 = =271, P10 - Pao = —2U with S+ T + U = 0. This of course
agrees with the solution found in flat space [179].

Now, we would like to solve the equations of motion and Virasoro constraints in a 1/R expansion.
To understand the systematics of this expansion, remember that the flat space solution X} is single-
valued as we move around each puncture ( = z;, in the (—plane . Indeed, the solution can be

written in terms of SVMPLs, whose letters are the locations of the punctures:

X5 = —% > Pl (C) - (4.87)
k

Let us consider the equations of motion at the next order:

DOX! = 09Xy - DXy Xl = LS P Pi0_u pop) (4.88)
Lo 8%(4—@-)(47%) Rom

There is a systematic procedure to “integrate” the RHS in terms of SVMPLs. For the holomorphic

derivative, this is very easily done:

£u(Q)
a2t = 20 (439)

For the anti-holomorphic derivative, it is slightly more complicated, but a recursive algorithm has

been worked out in [6},/151,/152]. The result always takes the form

— Lo

/ =IO NN S (4.90)
(€—2)

where the ellipsis denotes a sum of terms of uniform weight |w| 4+ 1, consisting of products of lower-

weight SVMPLs evaluated at ¢ and at the letters z;. For a detailed discussion, see Appendix A

of |176]. For instance, for |w| = 1, we obtain

JEZEE S 200+ L)L (O = £, (0240 (1.91)

This allows us to write

. 4
1
Xf = g Z Pi,o - Pj,0 pg,o (inzkzj (C) + ‘Czk (Zj)‘czizj (C) - Ezg (Zk)‘czizk (C)) ’ (4'92)
i,5,k=1
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so that the equations of motion are satisfied. Note that at each order we have the freedom to add
weight one functions £, (¢) in ¢. At each step, we use this freedom to remove all weight one functions
from the solution. This procedure can be repeated to higher orders and the solution finally has the

following schematic form

X4 = £1(0) + 33 £5(0) + 7 Lo(Q) 4 - (19

where L£,,(¢) are linear combinations of pure SVMPLs of weight n, with either  or z; as their
arguments, and letters from the alphabet {z1, 22, 23,24}. More precisely, by pure we mean that
the entire (-dependence is through the SVMPLs, and not, for instance, through rational functions

multiplying those. The relation X° = v/R2 + X - X implies a very similar structure for X°:

1

X0 = RLofQ) + 5 La(C) + 75

= Ly(C)+---, (4.94)

with Lo(¢) = 1.
A salient feature of our method is that once the “seed” (flat space) solution X} is given, the whole
tower in 1/R is fixed by the equations of motion and the integration procedure described above:

1

Xt (4.95)

Xy - Xt=X+
Looking at the behaviour around each puncture, this also determines the momenta in a 1/ R expansion

from the seed/flat space momenta pZ,O:
i Pl =pt L 4.96
Pro — k*Pk,oJrﬁpk,lJr"“ (4.96)

Let us conclude by emphasising two features of our solution. First, note that SVMPLs of weight
higher than zero are defined so that they vanish at the base point ( = 0. This, in particular, means

that the solution we just constructed satisfies
X0)=R, X"0)=0. (4.97)

The second condition is the statement that X (0) and 9X ™ (0) do not receive 1/R corrections. For
OXM(0), this is easy to see, since at each order, weight one SVMPLs with argument ¢ are removed,
consistently with the equations of motion. For dX™ (0), this is also true, but one needs to use the
fact that z; are real (which was an assumption in constructing our solutions). These conditions imply

that our solution satisfies the Virasoro constraints. Let us show why it is the case.
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The structure of the solutions in a 1/R expansion implies that

4 =M

M JVI _ Hk
0X Z C - => T (4.98)

k=1

where H,iw, ﬁ,iw for k = 1,2,3,4 are pure SVMPLs in (, of higher and higher weight in a 1/R

expansion. Let us study these objects in more detail. First, they satisfy

I
=
=
I

4
S &, =0, (4.99)
k=1

which is simply the statement that 0X™ and 0X™ do not have a pole at infinity. Furthermore,
XMX . = —R? implies X3,0XM = X,0XM =0, so that

Xy HM = Xy Hy =0. (4.100)

We can write the equations of motion in terms of the quantities H é\/f , H}, . There are two equivalent
ways of writing them, depending on the order in which we take the derivatives. For instance, one

can derive

H H
Z ¢ — zi - R Z ijz—j)XM_ (4.101)

Focusing on a given pole ( = 2z, we obtain
M 1 Hé\’ﬁj N M
OHYM = -5y —E IR XM (4.102)
We can now consider the contractions
_ M
Sk =Hy Hy ar - (4.103)

As a consequence of the equations of motions, Sk ;s is holomorphic (gSk,k/ = 0). On the other
hand, our procedure implies that Sy ;s is given by SVMPLs in ¢. The only SVMPL which is also
holomorphic is the constant function, so Sy, ;- is independent of ¢ ,C. This result is valid to all orders
in 1/R. For the solution computed above, we can actually do better and compute these products
exactly. In our procedure, H ,ﬁw , F,i/l are given in terms of SVMPLs, where the point ( = 0 has been

—M
chosen as the base point. This implies that we can compute H, ,ﬁ‘/[ , H, exactly at that point. Indeed,

HI(0) = Hy(0) = —%pg,o . HY0)= FZ(O) =0. (4.104)

Since Sk i+ is constant, we can evaluate it at any point, and in particular at ¢ = 0, where we obtain
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Sk = 7%. Note in particular Si ; = 0. Furthermore, we also have Sy 2 + S1,3 + S1,4 = 0,
which follows from (4.99) together with Sy, = 0. The same considerations follow for the contractions
= M= . . . . .

Sk = Hy Hy . With this structure, the Virasoro constraints take exactly the same form as in

flat space. In particular, we obtain a single constraint on the location of the punctures, which is now

(21 —23)(22 —24) _ P10 P30 (4.105)

(21 - 22)(23 - 24) P1,0 - P2,0 ’

exactly as in flat space. This proves that our construction in terms of SVMPLs satisfies both the

equations of motion and the Virasoro constraints.

4.3.2 FEvaluation of the action

Now, we need to evaluate the action at the classical solution we found. To make contact with
flat space (R — oo) while still having a finite answer, we need to subtract a constantg and the

Lagrangian to consider is

4 4
1 = ) 1 — ,
= gaXMBXM —i ; (PY X+ PYR) 6P (¢ — z,) = %8XM8XM —~ szZ_l PS¢ —2z)
(4.106)
where in our signature Xg = —X° = —R+---. In the second expression, we took into account that

P,i‘/[ X — 0 as we approach the puncture, so its contribution vanishes.

In other words, the total contribution to the action is given by the bulk action plus the sum over
the “masses” Rm = i RP). The contribution from both terms is finite. Indeed, R P} is clearly
finite, while the bulk contribution is integrable. The non-integrable divergence as we approach the

puncture,
PM Py

OXMAX y ~
MT ==

(4.107)

vanishes since P,iw Py =0.
We are then ready to recover flat space from our AdS model. We solve for X° = vVR2 + X - X

and expand in 1/R:

4

iy P X6P(C—z) -

k=1

X -9X

L= 21

1 (X -0XX-0X
T -

.4
Zple X6 )((—zk)> o
k:

(4.108)
At leading order, we obtain the usual Lagrangian in flat space. Then, we write the action on the

classical solution as

S = Spulk + Svertex (4.109)

22This is analogous to the vacuum-energy subtraction in QFT.
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with

Sbulk:i/d% OX DX — — X -0XX-0X +... , (4.110)
2m R?

4
. 1
Svertex = —1 g <p271 + ﬁpg’z +.. ) .

We denote different terms in the expansion by & = S + L8W 4 ... The first two terms in the

bulk action are given by

s ——/d2C6X0 aXO_/d2g C—t (4.111)
bl Z (C—2)(C—2)
slg}llsz d*¢ (0Xo - 0X1 + 0X1 - 0Xo — Xo - 0XoXo - 0Xp) = /d%z T,
.
1,j= 1 J

where ¢;; are rational numbers and f;;({) is of transcendental weight two and can be written in

terms of SVMPLs. The integral can be done using the formula [6]

1 L Low
— | & #f) = —L,w(2;) + Res =% (2) , (4.112)
2w (z—2)(Z — 25) Z=00 Z — Z;

where the total contribution at Z = oo vanishes. The results, expressed in terms of the cross ratio

zg = —2284 read
0 223214

50, = -5 (co<zO> ;

2
sihe=5*(

~ 2
- £1(20)>7 (4.113)

2

— 2 20 — 2 1—z 22 -1
% Loo1 (20) + Lo1o (20) + —52Lo11 (20) + 25— Lio1 (20) + 6((3)> :
20 Z0 20 20

In order to evaluate the source terms, we can simply use the relation P,iw Qr,m = 0 to write P,S in

terms of P}’ and @Y, which can be read off from X* using (4.78) and (4.40). We have

1
Ph1 = Dro - Qk0 Pro =Pko - Q1 + Dkl Qh0 — 3k.0 " 4k, 0Pk.0 * Q.0 > (4.114)

leading to the expressions

11—z
S\(lgrtex =25 (EO('ZO) + 20 Oﬁl(Z0)> )

1 -3 320 —5
Sﬁiﬁmx =5° <2£000 (20) + (20 )ﬁom (20) — %5010 (20) (4.115)
22 + 20— 2 322 — 29— 2 -1
+ wﬁon (20) — wﬁlol (20) + uﬁ111 (20) — 8¢(3 )>
25 2z 220

In summary, this classical solution predicts the following behaviour of the amplitude in the high-
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energy limit:

Apg(S,T) ~ =S — eSV1(Zo)+%§V3(Zo)+}STZVs(Zo)+--- ’ (4.116)

where V;(zp) are combinations of transcendental functions of weight ¢. The first two terms are given

by
20 — 1
Vi(z0) = — Lo(20) + L1(z0) ,
1 2o — 1)2 1 20— 1 zo— 1
Vs(20) = = 5Looo(20) — (022(2))5111(20) + ;0/3001(20) + 0220 Lo10(z0) + 0220 L101(20)
1—
+ 220 Lo11(20) +2¢(3) .
20
(4.117)

4.3.3 Deformations of the solution and exponentiation

Let us now comment on possible deformations of our classical solution, consistent with the equations
of motion and Virasoro constraints, such that the flat space momenta pg’o are invariant. The first
deformation is labelled by a constant vector W# and reduces to translations in the flat space limit.

It acts on coordinates as X* — X* and X° — X with

- X° V1+W?2/R2 —1
B XM iz 14 .
Xt = Xt WHee 4 WHW - X 2 ;

. X
X0 =/1+W2/R? (XO + \/]%) . (4.119)

(4.118)

In other words, it is a Lorentz transformation on the embedding coordinates
XM 5 XM = A\M XN (4.120)

with A%UMM/A%/ = nnnv. As such, it preserves the inner products Sy i/, as well as the equations
of motion. As already mentioned, in the flat space limit, this transformation reduces to shifts by
wh = WH(R = c0), and hence the flat space momenta are invariant. On the other hand, it acts on the
momenta at higher orders in 1/R. We will fix the freedom implied by this deformation as follows.
While the flat space/seed momenta are conserved, >, Pﬁ,o = 0, this is not true at higher orders
in 1/R. Since we are considering a scattering problem around flat space, where the p-coordinates
parametrise this space, it seems reasonable to impose momentum conservation on the p-plane. We
can use the W-deformation to achieve that, so that the total momentum in the p-coordinates is

conserved: . ]5: = 0. Imagine we carry out the procedure described previously. This will lead to
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Pl =37, P!', which is non-zero from order 1/R?. Perform now a transformation such that

5 Py VI+W2/R? — 1
P}‘:P§‘+W“§T+W“W-PT +W2/ =0. (4.121)

This can be achieved by choosing (for P2 > 0, (PY)? — PrPr > 0)

P
WhH = — RPr : (4.122)
(Pp)* = PpPy

To leading order, this gives

. 4
i 1
W= S (L) £ ) +O (1) (4.123)
i, k=1
i;ﬁjyg#ka;ﬁk

On the other hand, note that the momentum will not be conserved in the 0-direction. Indeed, this
cannot be achieved, as translations are not a symmetry of AdS. Note also the following. While
the embedding momentum at each puncture is null, PkM Py = 0, from order 1/R? there is an
“induced” mass (P)? = Py - Py. It turns out that for the choice in which the momentum along the
p—coordinates is conserved, this induced mass does not depend on the puncture: Py - P, = —m?.
When we talk about the solution to the classical scattering problem in AdS, we always mean the
transformed solution , with W* given in .

Let us discuss another type of deformation: rescaling the seed momenta by a factor A, pff — A pl.

This acts in a very simple way at higher orders in 1/R. More specifically, at each puncture,

1 1 A2 AP
Ph + Pl + bk e APG + TPl (4.124)

At the level of the Mandelstam invariants, this rescales S — A2S. In particular, if

(0%
A=l ot (4.125)

it modifies the Mandelstam invariants as

S—>(1+2 +--~)S. (4.126)

o
R?
Note that ratios of Mandelstam invariants are invariant. On the solutions X*(R,po), where pg

denotes the seed flat space momenta, this acts as

XH(RAW) =AX* () & XHARAm) = AXH () (4.127
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as expected.
Now, let us go back to (4.116) and use the freedom discussed around (4.124) to rescale the

momenta such that

S%S(leSYF;(QZO)qL...) , (4.128)

while keeping ratios S/T invariant. Although these corrections are suppressed in the regime we are

studying (large S, R with fixed S?/R?), the first correction does enter the leading high-energy limit

of the amplitude via the term SV (zp) in the exponential. After performing this rescaling, we have
SVi(z) = =8©,  52V5(z9) = =SV — 28 Fy(20) SO, (4.129)

while V5(z9) and further terms do not contribute to the leading high-energy limit. While F5(zp)
cannot be determined purely within the context of this classical bosonic model (being a subleading
quantity), it will be fixed by the comparison below.

The final step is indeed the comparison to the expected high-energy limit of the AdS Vira-
soro—Shapiro amplitude computed in [169,[171]. We reviewed that the AdS amplitude is given in
terms of a worldsheet integral representation, identical to that for flat space, with the extra insertion
of single-valued functions W, (z) (4.69)). Then, its high-energy limit, in a 1/R expansion, is obtained
by simply evaluating the worldsheet integral representation on the saddle point from flat space z = zg

and takes the form (4.70]), with

U2

W-?)(Z) = ?ng(& T,Z) )
) (4.130)
U
Wi(z) = g7 Giol(S, T, 2) .

with GE});?)(S, T, z) being the AdS corrections to the flat space integrand, computed in [169]. At the

saddle point, we find

1 (20— 1)2
W3(20) = Looo (20) — Loo1 (20) — ;13010 (20) — Tﬁon (20)
o= 1) (0 o 0 (4.131)
29 — 29 —
+ 2 5—L101 (20) + 072&11 (z0) +2¢(3) ,
20 )
and
1
W6(Zo) = §W3(Z0)2 . (4132)

This is quite non-triviall We are now ready to compare (4.116|) with (4.70). The leading term of

course reproduces the flat space result:

eSV1 (Z()) —

672Slog|S\72T10g\T\72U10g\U| ) (4133)
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More interestingly, the full high-energy limit of the AdS Virasoro—Shapiro amplitude to all orders
in S?/R? is determined by the subleading exponent (first AdS correction, suppressed by 1/R?), and

it precisely matches the expected result,

s2 V- (z ) S2 S4
erz V3(z0) — 1+EW3(ZO)+EW6(ZO)+”' , (4134)
provided we choose
1 2 zo— 1
FQ(Z()) = Z (—ﬁoo (Zo) + —Lo1 (Zo) + 07511 (Zo)> . (4135)
Z0 20

The existence of such Fh(zy) comes from the fact that the combination S?Ws(zp) + SV neatly
factorises into something of weight two times S(®). Furthermore, the bosonic model predicts expo-
nentiation to all orders in S?/R2, via . The highly non-trivial relation is a test of
exponentiation to quadratic order.

To sum up, the AdS Virasoro—Shapiro amplitude in the high-energy limit, namely large R, S, T'
with fixed S/R and S/T, takes the form

2
Aup(S,T) = AV(S,T) x erz Wa(5/T) (4.136)

Curvature corrections exponentiate! The high-energy limit truly is a regime where the amplitude

can be computed to all orders in the curvature expansion. The leading behaviour is captured by the

bosonic model describing the scattering of classical strings on AdS, A(S,T)gr ~ e, evaluated on
the classical solution
S? S3
-S§= SVl(Z()) + ﬁV},(Z(]) + ﬁ‘/tg,(Z()) + -, (4137)

Let us emphasise the universal scope of these findings. First, our result does not depend on the
dimensionality of the AdS space. Notice also that, at the level of the action, the contribution we
are computing is much smaller than the flat space contribution, indeed S V;(zg) > %ng(zo), but we
keep it because it is in the exponential. Higher-order curvature corrections, on the other hand, can
be safely ignored. In other words, in the regime we are considering, only the first-order curvature
corrections around flat space are important.

In closing, we note that our analysis omits quantum corrections, including contributions from
fermionic fields. These corrections can indeed affect our results and are encapsulated in the “non-
universal” function Fy(z), given in (4.13F). It would be very interesting to derive Fh(z) directly

from a worldsheet computation. At present, this is unavailable.
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4.4 The Regge limit

In this Section, we consider a much richer limit, namely the large T, finite S Regge regime. No-
toriously, in the Regge limit, amplitudes simplify dramatically. At the heart of Regge theory lies
the connection between the analytic structure of a scattering amplitude and its high-energy asymp-
totics. For example, the flat space Virasoro—Shapiro amplitude has an infinite sequence of
simple poles, each corresponding to the exchange of a spin J string state. These poles arrange
themselves into linear Regge trajectories, which control the T' > —S > 0, S finite, behaviour. A
remarkable achievement of Regge theory is that the amplitude in this regime can be fixed without
knowledge of the full scattering result: one needs only the spectrum of the leading Regge trajectory
and the corresponding cubic couplingsﬁ

More precisely, any amplitude admits a partial-wave expansion, namely a decomposition into

contributions of definite angular momentum J (called “spin” in this context):

oo

A(S,T) =Y (2] +1)as(S) Gy (2s) , (4.138)
J=0

where a;(S) are S-channel partial wave amplitudes and G ;(zg) are Gegenbauer poly-

_ CSD—S)/Q
nomials, which go as 7 in the Regge limit. D is the bulk spacetime dimension. These polynomials

are evaluated at the cosine of the scattering angle for massless external states,

2T
zg =cosbfg =1+ < (4.139)

The main idea is that the behaviour of the amplitude in the Regge limit is dominated by an exchange
of states in the S-channel. Under mild assumptions, the analyticity in the spin of the partial wave

decomposition implies that any amplitude behaves in this limit as [183,/184)
A(S,T) ~ B(S) TS . (4.140)

The exponent encodes key spectral data. At tree-level in string theory, the leading trajectory is
linear, a(S) = J + 'S, where o is the Regge slope setting the spacing of masses, and the intercept
J = a(0) equals the highest spin of any massless state: J = 1 for open strings and J = 2 for
closed strings. These parameters fix both the mass spectrum and the asymptotic behaviour of the
amplitude.

However, this prediction, based solely on the S-channel partial-wave expansion, is not entirely

accurate because the series (4.138) does not converge in the physical T-channel region. More specif-

23See |182] for the differences between the Regge limit in QFT as opposed to string theory from a one-loop analysis.
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ically, it converges in —1 < zg < 1, but the T-channel has zg < —1. The usual remedy is to extend
the spin J into the complex plane. We will review and implement this procedure in what follows, to
study the Regge limit of the AdS Virasoro-Shapiro amplitude.

Before doing so, we should mention that in the interesting work [185], the authors developed a
Regge theory generalisation for AdS scattering in Mellin space. Our results may be viewed as the
Borel transform of theirs, although translating between the two is technically involved due to the
intricate analytic structure of A(S,T'). On our side, we also supply a complementary new description

from the worldsheet perspective.

4.4.1 Regge limit of the AdS Virasoro-Shapiro amplitude

We are interested in the Regge behaviour of the AdS Virasoro—Shapiro amplitude. This limit is
dominated by the exchange of operators in the leading Regge trajectory. As usual, the starting point

is the Mellin amplitude for the exchange of an operator of spin J and twist 7:

)
MT,J(S,(J,') = Z 4—m + PJ_l(S,t) s (4.141)

m=0

where

SR i U St il Ut ) L e R R VAU R
o aDm+ DL (J+3) T(J+7-DI (-m -3 +4) T (-2 +J+m+7+1)

(4.142)

with Q}:fn(t) a Mack polynomial [108], and Pj;_;(s,t) is a regular contribution. Mack polynomials
are in general very complicated, but here we are only interested in the leading large ¢ behaviour for
which

Ty =7 4 (4.143)

Jm

Furthermore, in this limit, we can also ignore regular terms present in the exchange, given by a
polynomial Py_1(s,t) of degree J — 1, since this grows at most as t/~! for ¢ large. In this limit,
we can compute explicitly the exchange amplitude M, ;(s,t) = M, ;(s)t/ + -+, but we are more

interested in the difference equation it satisfies:

8\? 20
(5 — 3) M, (s —2)— (32 +2Js+ 35~ R2m2> M, ;(s) = M, , (4.144)

where

4 1
<T - 3) (2J +T+ 36) =m’R*. (4.145)
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This relation follows from the equation of motion identity satisfied by the exchange Witten diagram.
When expanding around the flat space limit, m? will be kept fixed as we take R large@ M, is a

complicated but explicit quantity, independent of s:

PIHTHI(J+6)T (J+ 5+ T (J+ 5 +3)
Me(r,J) = — - 5 - 22 (4.146)
T (2-5) T(J+5+2) T (J+7F+4)
All together, we can write
M(s,t) ~ > C*(J)M s (s)t” (4.147)
J=0

where the sum involves only operators in the leading Regge trajectory, and for each exchange we
have only kept the leading contribution at large ¢. Here, 7 and J denotes the twist and the spin of
the exchanged operator, while C'(J) denotes the OPE coefficient. More precisely, one should first
perform the sum over the spin, and then take the large ¢ limit. Since the leading contribution arises
from the Regge spin J = J*, it is a valid approximation to consider the leading large ¢ asymptotics
of each exchange.

The expansion (4.147)) has a corresponding expression after Borel transform:
A(S,T) =Y C* () A, 5 (S)T7 (4.148)
J=0

where
1 e} . J
M ;(s) = ﬁ/o dBe "B AL (;é) (;;) . (4.149)

As usual, we are interested in expansions around the flat space limit. It is convenient to introduce

the rescaled Mellin variable § = which is kept finite as we take the flat space limit.

S
2R2

We can write the difference equation satisfied by M, ;(8) in the form
DM ;(8) = Mc(7,J) (4.150)

with M,.(r,J) independent of §, and the difference operator can be written as

2 8(n+2)
1 & 4= Uy + (73 - 1) Uo 16
D = (—4U. 4+ = —|lou» 4.151
( ++m)+R2n§R2n (n+1) mtDm+2 o) (4.151)
where
Ug=50;, Up=—qs+5%0;, U_=0;. (4.152)

24Recall that at strong coupling 7 ~ A4 O R,
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(a) Original contour (b) Deformed contour

Figure 4.3: Integration contours in the complex-J plane. The original contour reproduces the sum
over spins. The deformed contour, closed to the right, picks up the original poles, as well as Regge
poles, of which the residues are subtracted to keep the same result. Picture from [178].

The relation (4.151)) in turns implies an analogous relation for A, ;(S):
DAT,J(S) = AC(Tv J) ) (4153)

where D takes exactly the same form as in (4.151)) but now the operators Uy, U+ act on functions of
S.
We will now apply the ideas of Regge theory to A(S,T). The first step is to write the sum over

the spin J as a contour integral:

dJ1+(-1)7 ,

AST) = [ 57 Ssim(n)) C*(N)A- 5(S)T7 . (4.154)

In principle, we should sum over all trajectories, but as already mentioned, only the leading Regge
trajectory, with 7 = 7(J), will contribute in the Regge limit. The contour integral picks the poles at
J =0,2,.... Note that we think of 7(J) and C?(J) as analytic functions of J. Then, we deform the
contour, as in Figure [I.3] The deformed contour, parallel to the imaginary axis, picks up residues
from Regge poles, which must be subtracted from this new integral to give A(S,T). In the large T
limit, the factor of T causes the pole with the largest real value of J—which corresponds to the
leading Regge trajectory—to provide the dominant contribution to the Borel amplitude.

The analytic structure of A, ;(S) is more complicated than in flat space. In particular, in a
1/R expansion, it contains poles of higher and higher order, as reviewed above. The locations and
residues of these poles are determined, in terms of m(J)?, entirely by the relation that A, ;(5)
satisfies. In a 1/R expansion, this relation becomes a recursion relation and can be solved order by

order. To any given order in 1/R, A, ;(S) contains poles of the form

AW (8) = %,f) , w=—-4S+m(J)?, (4.155)

x

where k is a positive integer. In the J—plane, this leads to a k-th order pole at J = J*(S), where
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J* is implicitly given by the solution of
m(J*)* =48 . (4.156)

Which contribution does this give in the Regge limit? In the J-plane, —4S + m(J)? has a simple

zero at J = J*, so that we can write
—4S +m(J)? = (J—J)NB() . (4.157)

Deforming the contour and using Cauchy’s theorem, we see that the contribution from the pole

A®)(S) to the Regge limit is

dJ1+(-1)7

o1+ (-1,
2i 2sin(rJ) )

o (J)T‘k(J)

BI)*

T'If(m2) TJ = —7

(J = J*)RB(])* T(k) 2sin(rJ) T’ . (4158)

J=J*

In other words, for every pole of order k in A, ;(S) we can write its contribution as an operator

e (J) ()
xk L(k) B(J)k

(4.159)

acting on functions of J. The derivatives act on everything on the right. We can then formally define
the operators

1 n . __ n 1
y=&1m, Ty '_8"7507)”' (4.160)

We introduced the “normal ordered” : y2 : # yy so that all the derivative operators d; are placed on
the left, and then they act on everything on their right. The result in the Regge limit is then given
by

1

C*(J)——T17 , 4.161
( )ﬁ(J) rs) ( )

1+ (-1)7

ARegge(Sa T) = —T: R(y) . ZST(ﬂ"])

where R(y) is the following integral transform of A(z):

A(z) = /OOo e YR (y)dy . (4.162)

This integral transform basically implements Cauchy’s theorem. We can write down the final answer

as follows. We define the normalised function 7A2(y) such that it satisfies the relation
DR(y) = d(y) , (4.163)

where D has the same formal expression as before (4.151)), but now the operators Uy, Uy are defined
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as operators acting on functions of y In a large R expansion, ﬁ(y) =0(y) + -+, with 6(y) the
Heaviside step function. As an operator, 6(y) acts as the identity operator (since y > 0 is the range
the integral transform is defined). Our final formula for the AdS Virasoro—Shapiro amplitude in the

Regge limit is then

R _1\J
Aragse(8.7) = R+ D)

77 4.164
B s (4164

with C(J) a rescaled OPE coefficient,

T 2J+1R2J+4

€W =- T'(J +6)

M.(7,J) C*(J) , (4.165)

where 7 = 7(J) is the twist of the operators in the leading Regge trajectory. We have written the
AdS Virasoro-Shapiro amplitude in the Regge limit in terms of the CFT data of the exchanged

operators (planar 4d N’ =4 SYM at strong coupling).

4.4.2 Small-curvature expansion

Our final expression depends on three ingredients: the dimensions of the operators in the
leading Regge trajectory, through m?(.J), which determine the trajectory J*(S) and the Regge slope
B(J); the OPE coefficients C(.J); and the operator R(y) encoding background-curvature effects. Let
us report these ingredients in a 1/R expansion, for the first few orders.

We start with the CFT data for the operators in the leading Regge trajectory. Their twist is

given by [162]
13J%+10J + 16
7(J)=vV2(J+2)R—J -2+ L hS N (4.166)

R 4./2(J +2)

From this, we can determine m? and

3J +6S — 16
e+

BJ) = 2 R cee (4.167)
J(S) = 2(S-1)+ 952 ;;25— 0 (4.168)

The OPE coefficients can be read off from [169]. We have
4 1 2m(—4(J +2)((3) +7J +4) (4.169)

=@ B Grardey)

25See [178] for more details on these operators.
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Finally, solving (4.163) in a 1/R expansion, and for y > 0, we find

12
R(y)=1- ﬁ§(3m4y3 +6m2y? +2y) + - . (4.170)

With these ingredients, we can write

1
ARegge(5,T) = AW (S,T)+ @A(l) (S, T) +---

Regge Regge
1 (4.171)
0 A(1
= Aﬁgigge(s, T) <1 + ﬁAgggge(g, T)+ - ) ’
with
Agge)gge(s, T) = eiwsﬂﬁsﬂ ’ (4.172)

I'S+1)
the flat space result in the Regge limit, where we have assumed 7' has a small negative imaginary

part.

The first curvature correction reads

e

2
hegge(ST) = A5 log® T + gs (—3ms + 378 cot(mS) + 651V () — 2) log? T +

3
52 (2m2 cot(1S) + 4imp @ (8) — 1 — 272 cot?(nS) — 4@ ()2 + 2D (S)

4imr 11 4 8(0)(3)
- £+£+£WCOt(WS)+73S

©
(151 + 4”%“”5) — 672 csc?(nS) — 120(0(8)2 + 8 15) ;(S) + 691 (9)

—4r cot(mS) () ) log T+

1
EZT('SQ

—127 cot(78)p 0 (9) + 4n? — 3) +25%¢(3) — 72i2 - §7r352 cot(mS) + %WSQ cot(mS)
+§52w<0>(5>3 — 27252 (8) + 52 (§) — 252 M (9) @) (5) + SYS) %(32)(5 )
47352 cot(mS) esc? (1S) + 2152 cot(w8) D (9)? — 752 cot (7)™ (S)

+27128% csc?(78) 0 (9) + @ + ? + % - %ws cot(rS) — §w2scsc2(7r5)

_4590(5)2 11890 (5) N 251 (S) 4

11
—Zr T (0) - =
3 3 3 3 S cot(wS)' ()

6 )

where (9 (S) = T'(S)/T'(S) is the digamma function. The above result is quite complicated,
but fully explicit! Note that the terms proportional to log® T, log® T' are relatively simple. Then,

A(Q)

Reg ge(S ) will contain terms proportional to log® T, log® T, ..., and so on, which can also be ex-

plicitly computed, but are very involved. In general, higher-order terms can be computed in terms
of the CFT data of operators in the leading Regge trajectory. To each order in 1/R, the result is
complicated but completely explicit.

Actually, to any order in 1/R we can write the result in terms of derivatives acting on the Regge
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limit of the flat space Virasoro—Shapiro amplitude. For instance,

ARy (8.T) = (PP ()03 + PP (8)0% + PP (9)0s + B (S)) Ao (ST, (4173)

with the second order polynomials given by
2 4 11 2 11
PR = -2 PPS) = 15 PES) = 55T T pAs) = 25%(s) - TP+ Dot
6 3 6 2 3 6
(4.174)

More generally, we obtain

Ay (8.T) = (PR ()08 + -+ PPV () ) AR, (S.T) (4.175)

From the expression (4.164)) we can also infer some results to all orders in 1/R. More precisely, to
order 1/R?*" we get terms proportional to 1og3’“c T, log?’k_1 T,.... We can then resum all leading logs,
all subleading logs, and so on. To compute this explicitly, we need to compute ﬁ(y) in a limit of

large y, R?, with 32/R? fixed. For the first orders, we obtain

. —1)F /omA\" _ 3k—1
R(?”:Z(Ri’Z (23 ) F(k1+1) (y3k+2k(115 = ym2 +> ' (4.176)

k=0

With this at hand, we obtain, for the resummation of the leading logs,

AEL (S,T) = AW (8,T)x e 3218’ T, (4.177)

Regge

so that the leading logs exponentiate. This makes contact with our high-energy results (4.136]). In
particular, in the high-energy limit, the leading logs in T' come from the SVMPL Lggo(20) in (4.131)).

The limit considered in this Section, however, is much richer. For the subleading poles, we obtain

R 1 1 o

egge(S )= Egegge(S T) x —ze~ 3 R2 log® T

T 1 4.178)
16571 + 27 4 (

X 10g2 (G‘S’E)Rog 2 S2 COt(7 S) + 4SQ¢(O)( ) ?S 2”.‘.52> )

To order 1/R*, this agrees with the explicit results obtained above. This expression, however,

provides all order results in the limit of large R, T with log® T /R? fixed!
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4.4.3 Worldsheet perspective

The Regge limit of the AdS Virasoro-Shapiro amplitude can also be computed from the worldsheet

representation found in [169]. In a large R expansion, the amplitude takes the form (4.62)) with

1/1 zI2 1= z|?
GO(S, T, z) = 3 (U2 + |S—|2 - | 75 | ) (4.179)

reproducing the usual Virasoro-Shapiro amplitude in flat space@ At an arbitrary order 1/R?F,

G¥) (S, T, z) is built from SVMPLSs of weight 3k and rational functions of S, T' of the form P(*)(S, T /U?

and crossing symmetric combinations, where P(%)(S7 T') are homogenous polynomials of degree 2k.
We are interested in the Regge, large T, finite S, limit. At the level of the worldsheet integrand,

the relevant limit is that of small z,Z and large T, with T z,T Z fixed. We can then define

1 T
G(S,T,z) = lim =G (S, E,ez) . (4.180)

e—0 62

We assume the integrand remains finite as we take ¢ — 0. Let us make an important observation.
In the AdS Virasoro—Shapiro program, the ansatz for the worldsheet theory is formulated directly
at the level of the integrand . This approach carries an inherent ambiguity: one may always
add terms that vanish upon integration without affecting the final amplitude. For a detailed analysis
of these integrand-level degeneracies, see Section 4.2 of [169]. For the specific study of the Regge
limit, for example, the finiteness of the integrand as € goes to 0 is true for the first two curvature
corrections explicitly obtained in [169}/171], provided that these ambiguities are chosen appropriately.
Of course, the final result does not depend on the choice of such ambiguities, but for this particular
choice, one can take the Regge limit at the level of the integrand.

The Regge amplitude can then be computed as
ARegge(S,T) = / d?2|2| 725721 — 2| 72T 2G(S, T, 2) . (4.181)

The structure of G’(S, T, z) in a 1/R expansion is relatively simple. At each order in 1/R, G’(S, T, z)

is given by a polynomial in z, Z and log |z|. More precisely,

SQk—l T2k

2 Sk k), - k _
GR(S,T,z) = Wh(() )(log |z]) + Thg )(z,z,log lz]) -+ ﬁh;klﬂ(z,z,log lz), (4.182)

where h((lk) (z,%,log|z|) is a polynomial of degree 3k in log |z| and a homogenous symmetric polynomial

of degree ¢ in z,z. For example, we can explicitly compute G(S, T, z) from the results in [169]. To

26This choice is equivalent to the one in ([4.64), but more symmetric-looking.
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leading order we find

. 21 1]z
GO(S, T, z) = szt g% , (4.183)

while for the first curvature correction

252 — 28T (2 + %) + 5T%2% (z+2)(T(z+7%) —25)
1872 6T

(22 +2%) log|2|* — i (522 +52% + 2z(4 — 8((3))) -

G(S,T, z) = log® | 2| + log” |2/

+

N

The second order integrand in the Regge limit CA?(Q)(S7 T, z) can also be computed from the results
in [169], but the final answer is very lengthy and not particularly illuminating.

In general, in order to compute the integral from a given integrand, we can use the result [6]

95— 9T —9 T(m—-S'(-T)I'1-U —n)
Imn T) = 2 25-2 1— 2T -2 _m—=n — 4.184
(5,T) /d 24l 1= S ey g T oy pnees B
with the following Regge behaviour
s I'(=9) (S +1)2 e
Jmn T) = S T2S’ T—m—n 4.1
Regge(Sa ) € F(S+ 1) X F(—m+ S—|— 1)F(—’I’L+S+ 1) ) ( 85)

where we have assumed T is large with a small, negative imaginary part and we have pulled out the
large T result for m = n = 0, relevant for Virasoro—Shapiro in flat space. Note furthermore that
the Virasoro-Shapiro amplitude in flat space is given by A (S, T) = U~21°(S,T). Insertions of

log |z|? in the integrand can be computed in terms of derivatives:
/d2z|z|_25_2|1 22T 2 man ogP ]2 = (—1)? OB I(S,T) . (4.186)

With these results at hand, we can compute Apgegge(S,T) to order 1/R?* from the worldsheet per-
spective. The results are in full agreement with what we found in the previous section.

Let us now reverse our logic and look for integrands that lead to the correct result in the Regge
limit, to all orders in 1/R. For a given solution, at order 1/R?*  we always have the freedom to add

insertions K(k)(S, T, z) in the “kernel” such that they integrate to zero:
/d22|z|*25*2|1 — 272K R8T, 2) =0 . (4.187)

Given the structure (4.175)), we look for integrands such that

1

= d2z|z|—25—2|1—z|—2T—2F(k)(s,T,z):(Pg,j’“)(S)agk+--~+P(§2’“>(S)) AD) (S) . (4.188)

Regge
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It turns out that it is always possible to find a solution with the structure (4.182]), namelyﬂ

T2k+

2
k _
sz(klz(z,aloglzl) , (4.189)

FO(S,T,2) = 5% fi (log2]) + ' TP (2.2, log [21) + -+ +

where the functions flgk)(z,f, log |z]) are homogenous polynomials of degree 3k in log |z|, the single-
valued logarithm, as a consequence of the number of derivatives in . This structure is fully
consistent, and provides independent evidence, for the structure proposed in [169H171]!

However, these polynomials are not fully fixed, due to the possibility of adding kernels, as ex-
plained above. In order to find an integrand systematically, let us instead fix the kernel ambiguity

by considering the following family of integrands:

1

JT(=1-J/2)
= H-1-J/2)

21 —J—4|1 _ |—2T—2 B o~ in

77, (4.190)

where F (S, —log|z|) is a generic insertion that depends only on log|z| (i.e. it has no powers of z,Z

in a small z,Z expansion), and the above equality is true in the Regge limit. In this expression, J is

|Z|7J74

simply a parameter and S a spectator. Note that the factor coincides with the usual factor

|z|729-2 at leading order in 1/R upon setting J = J*(S), which we will do momentarily. With this

family of insertions, we get the following functional equation in order to reproduce the correct result

in the Regge limit, namely Equation (4.164)):

JT1-0/2)

—F(S,0)e T2+ J/2)

s 1 1+ (-1 1
=R (a‘]ﬁ(J)) o) CBN T |

(4.191)

J=J*(S)

On both sides of this equation, one should first take derivatives with respect to J and then set
J = J*(S). This should be seen as an equation for the insertion F(S,d;) in terms of R(y), which
can be explicitly computed to any order, and the CFT data for the operators in the leading Regge
trajectory. To any order in 1/R, this equation admits a unique solution. Indeed, to order 1/R2¥

ﬁ(y) is a polynomial of degree 3k. Hence, F(S, ;) is a polynomial of degree 3k in 0;:
F(S,00)|ypor = fau(S)T + -+ f1(S)0s + fo(S) - (4.192)

The coefficients of this polynomial are uniquely fixed by matching the powers of log T on both sides
of the functional equation (4.191}).

27Indeed, the insertion of positive powers of z,%Z produces polynomials in S times the flat space Virasoro—Shapiro
amplitude in the Regge limit, see (4.184)), so that the choice below leads to an overcomplete basis of polynomials of
degree 2k in S, upon integration, multiplying each power of log T'.
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For clarity of notation, let us define

_ 5 1y, ing D(=1-J/2) _ 1+ (-1)7 1
G(9y) :.’R(&;B(J)) i, —e m:h(J) © D) C(J)ﬁ(J) =g(J). (4.193)
We are looking for F(.S,0;) such that
F(S7 a])h(J)TJ‘J:J*(S) = G(aJ)g(J)TJ‘J:J*(S) ) (4194)

but because this equation is valid for all T', we can write an operator solution:

F(S,05) = G(&;)M . (4.195)
M) | j= g )
On the RHS, all the derivatives 0 are on the left (due to the normal ordering in : 7@(8]%) ). At
any order in 1/R, there is a finite number of such derivatives. We then move all derivatives to the
right (as operators), and then set J = J*(S). This gives F(S, ;).
As an example, we can compute F(S,9d;) to order 1/R%. We can do this by plugging all the
ingredients, given Section to this order. We find

11

1 4 16 32 7 3

F(S,a]):lJrﬁ

6

The resulting insertion does not have the structure (4.182)). The reason for this is that we fixed
the kernel ambiguity by forbidding positive powers of z,Z in a small z,Z expansion. Relaxing this
condition, we can make the insertion consistent with , as seen above. Both solutions differ by
a kernel that integrates to zero, of course.

As another example, let us find the insertion F(S, —log|z|) that reproduces the leading log®* T
to each order 1/R2?*. In this approximation, we can set h(J) and g(J) to their flat space values,

9(J) 1
oy = 10 (RZ) , (4.197)

together with 8(J) = 2+ ---, m?(J*) = 4S5 + ---. From (4.176)), keeping only the leading order

terms at each order in 1/R, we then find
~ 1 _ﬁ{ﬁ
Fy)=:R|(z05):~e 3r2°% . (4.198)

The corresponding worldsheet integral is

1

- A2z (4 — Z|—2T—2€%10g3|z|

, (4.199)
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where in this approximation we can take J*(S) = 2S5 — 2. To this solution, we can add an integrand

that integrates to zero. More precisely, combining this result with the proposal in [169] leads tﬂ

ARegge(S7T): /d22|2| 25— 2|1 Z| 2T— 263R2 log ‘Z‘

(f0< log® |z|) z4+3)L fl( log® |z>+zz§2f2<s log® |z|>>

where requiring the correct leading order logs to all orders in 1/R, in the Regge limit, implies

fo ( log® |z> +2f (122 log® |z|> + f2 (122 log® z|> (4.200)

This is a prediction for the integrand, to all orders in 1/R, in the limit of large R, small z with
log® | 2|/ R? fixed.

28In particular, note that for the leading logs at each order in 1/R the series in z,Z truncates to second order and
does not contain 22 + 2. This is a consequence of the specific structure of the proposal in [169)].



Chapter 5

Stringy KLT Relations on AdS

After deriving higher-point holographic correlators in both maximally and half-maximally supersym-
metric field theories, we turned our attention to the a’-corrections for four-graviton scattering on
AdSs x S5. In this final Chapter, we broaden our scope to the investigation of the mathematical
structure governing string scattering in AdS backgrounds, including the open-string sector. More
precisely, the open-string building blocks will teach us about closed-string amplitudes, now in AdS,
in the spirit of [4]. Indeed, our flagship result is an AdS analogue of the KLT relations. Concretely,
we will show that the elementary worldsheet integrals, J,(s,t) (open strings) and I,,(s,t) (closed

strings), are related by

Lp(s,t) = ) Ju, (5,8) K™ (s,8) Juy (5,1) (5.1)

wi, w2

where the Kernel can be computed exactly.

Before presenting our results, one last time, let us review some relevant results in flat space. We
begin by specialising to the field-theoretic formulation of the double-copy construction presented in
the Introduction, whose structure —in unifying gauge and gravity theories at the level of perturbative
amplitudes— is essentially the same as in string theory, which will ultimately be our main framework.
The prescription is to take colour-ordered tree-level amplitudes from two “single-copy” theories and

assemble them into the full non-colour-ordered tree-level amplitude of the “double-copy” theory.

Schematically{T]
AR =N Ala]  Kalalf]  AR[B] (5.2)
a,B . .
double-copy " single copy single copy

Here, o and 3 each label a particular cyclic ordering of the external legs. By working with colour-
ordered amplitudes A,[a], one separates the purely kinematic dependence from the non-abelian

colour algebra, as we did in (3.14). Each A,[a] is computed by summing only over those planar

1We assume all the states to be massless and in the adjoint representation of colour groups.

100
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diagrams whose external states appear in the fixed cyclic sequence . The double-copy sum then
recombines these kinematic building blocks to produce the full colour-blind tree-level amplitude.
K, [a]f] is a universal function of the Mandelstam variables, called the Kernel. It plays two crucial
roles: first, its zeros cancel the double poles that arise in the naive product of two gauge theory
amplitudes; second, it supplies the missing simple poles required for the correct factorisation of the
gravity amplitude. This non-trivial cancellation of spurious singularities makes the very existence of
the Kernel remarkable. Moreover, it can be defined for any number of external legs n, even when
considering the full string theory [4].

Notice that the resulting double-copy amplitude is independent of the particular colour orderings

a, 8. Accordingly, the double-copy defines a bilinear (multiplicative) map between field theories,

(theory)r ® (theory)g = (theory)rgr , (5.3)

where the multiplication rule is given by the Kernel. Although a full treatment lies beyond this
Chapter, one can define the so-called “KLT algebra” that characterises which single-copy theories
admit a consistent double-copy construction, as well as the most general form of the Kernel [186).
It turns out that, in the “field-theory KLT” (or double-copy) map, the entries of the inverse of
the Kernel are the colour-ordered amplitudes of the cubic bi-adjoint scalar (BAS) theory [187].
This surprising dual role makes the Kernel itself a highly non-trivial and illuminating object. In
[1881/189], Mizera showed that the inverse of the stringy KLT Kernel can be understood as the set of
o’—deformed amplitudes of BAS. Equivalently, the simplest stringy extension of the BAS amplitudes
is precisely the inverse KLT Kernel itself, which encodes the scattering of cubic scalars with all order
o -corrections Pl

To summarise, the Kernel encodes how disparate “single-copy” theories are knitted together into
a unified double-copy framework, and, through its role as the inverse of a BAS amplitude, carries its
own rich structure. The physical significance of the connections it reveals between different models
remains an open area of research, as does the generalisation of this algebraic machinery to curved
backgrounds. In this Chapter, we shall propose a concrete prescription for lifting the stringy KLT
construction into a full string-theoretic setting on AdS. Indeed, so far, double-copy relations in AdS
had been restricted to the supergravity regime only. See for instance [7579).

We will first study the building blocks of string amplitudes in AdS to gently introduce the reader
to the right formalism for the KLT relations. Let us just preview that, even in our case, the inverse
of the Kernel will have a special role, and take a very elegant and simple form. Our results are

naturally reminiscent of what was found in flat space [188][189], where it was shown that intersection

2 Actually, it has been recently shown how all the stringy amplitudes for scalars and pions come from the inverse of
the KLT Kernel on o’-shifted kinematics [190]. See also references therein for different perspectives on this universality
of amplitudes.
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theory provides a geometric interpretation of the KLT relations. In particular, the inverse of the
KLT Kernel in flat space can be interpreted as intersection numbers of twisted cycles. This aspect

will not be covered in this thesis.

5.1 Preliminary mathematical aspects of string amplitudes

5.1.1 Flat space

The Veneziano amplitude [191] for the scattering of four open-string tachyons is given by the Euler
beta functionf]

B(s,t) = /0 1 —2) e = =2 (5.4)

While the integral converges for Re(s) > 0, Re(t) > 0, the RHS can be continued beyond this region.
The closed-string amplitude for the scattering of four tachyons in flat space, the Virasoro—Shapiro
amplitude, is given by the complex beta function

L(s)D(HI(1—s—t)
s+ 61 —s)(1—1t)

Be(s,t) = /|z|25—2|1 P2, = (5.5)

Notice that we do not have the prefactor 1/(s + ¢)? as in (£.46). This is because here we are
considering tachyons (s 4+t + u = 1), instead of gravitons (s + ¢ + « = 0). While the integral
converges for Re(s) > 0, Re(t) > 0, Re(1—s—t) > 0, the RHS can be continued beyond this region.

These two functions satisfy various functional equations and relations. For instance, under shifts

in the Mandelstam variables,

Bls+1,8) = = B(s,0), Blsst+1) = ——Bls.1) (56)

s+t
Another beautiful functional equation is

(s + t)(cot(mws) + cot(mt))
st

6(57t)ﬁ(_5’ _t) = - ’ (57)

which can be shown to be related to Poincaré duality [192].
The Euler and complex beta functions are intimately connected. In a small s,t expansion, they
are related by a single-valued map

Pe(s,t) = sv(B(s,1)) (5-8)

3Notice that there is a small change of convention compared to Chapter we map the Mandelstam variables S
and T to —s and —t to align with the number-theoretic literature.
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where sv acts term by term and is such that

sv(€(2n)) = (w(2n) =0, sv(((2n+1)) =(w(?n+1)=2(2n+1), n=1,2,... . (5.9)

The implications of this relation away from s =t = 0 are not clear, but it can be shown [192,/193]

that they are equivalent to

sin(7s) sin(mt)

rsm(n(s + 1) %Y (5.10)

,6@(87 t) =

which are the KLT relations [4]. This interplay between open- and closed-tree-level string amplitudes
in flat space goes beyond four points. It is now understood that closed-string amplitudes, of any
multiplicity, are the single-valued projection of open-string amplitudes. This was initially conjectured

in [194], and then shown in [6}/135}192,195] using different methods. See also [196-198].

5.1.2 Going into AdS

We have seen that different techniques can be combined to advance the computation of massless tree-
level amplitudes for closed strings in AdS [159,/169-171,[173|174,/199]. Recently, progress has also
been made for open strings in AdS [200,201]. In both cases, the ansatz for the amplitude involves
polylogarithmic functions: multiple polylogarithms (MPLs) for open strings, and their single-valued
counterparts (SVMPLs) for closed strings. This leads us to consider the natural generalisations of

the Euler and complex beta functions:

1
Juw(8,1) :/ 21— 2) T Ly (x)de
0 (5.11)
Lo (s.1) :/\zPS—?u—z|2t—25w(z)d2z ,

where L, (x) is the MPL labelled by the word w and L, (z) is the SVMPL labelled by the word w.

For the empty word w = e we obtain back the Euler and complex beta functions

Je(s»t) = B(s’t) ) Ie(sat) = ﬁ@(svt) . (512)

Before showing that these building blocks satisfy several properties and relations, let us review some
additional details about (SV)MPLs, which will be relevant in the following. For further details, see

for instance [6].
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5.1.3 Generating functionals for polylogarithms

Let us introduce two non-commutative variables {eg, €1}, associated to the letters {0,1}. We define

the generating function of multiple polylogarithms:

L(eg,e1;x) = Le(x) + Lo(x)eo + Li(z)er + Loo(x)ed + Loi(z)eper + Lig(x)ereg 4+ ... ,  (5.13)
where the order of the variables is important. The derivative relations for MPLs are then equivalent
to the Knizhnik—Zamolodchikov (KZ) equation,

0

—L(eg,e152) = (exo + =

ox

o 1) L(eg,e1;) , (5.14)

with the boundary condition L(eq,e;;x) = e®!°8% as 2 — 0. The generating function for multiple
zeta values, or in other words, the regularised generating function L(eg, e1; ) at = 1, is the Drinfeld
associator

Z(eg,e1) = L(eg, e151) , (5.15)

which satisfies the duality relation
Z(eg,e1)Z(er,e9) =1 . (5.16)
As a series expansion in ey, e, it is given by
Z(eg,e1) =1 —((2)[eo, e1] +¢(3)[[eo, e1],e0 +€1] + -+, (5.17)
where [eg, 1] = ege; — e1ep denotes the commutator. The Drinfeld associator can also be defined by
Z(eg,e1) = L(e1,ep; 1 — x) ' L(eg, e1; ) . (5.18)
Moving on to the single-valued case, we can define a generating function of SVMPLs as
L(eg,e152) = Le(2) + Lo(2)eo + L1(2)er + Loo(z)ed + Lo1(z)eoer + Lio(z)ereg + ..., (5.19)

which is a formal solution to the holomorphic and anti-holomorphic KZ equations,

€1
z—1

9 e
55(60,61;2) = (; +

0 e e
2t = o) (24 257)

z—1

) L(eg,e1;2) ,
(5.20)
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where €] is a deformed variable which can be obtained from eg, e; by solving
ZR(eg, e))el (ZR (e, €)™t = Z(eg, e1) " te1Z(eq, e1) (5.21)
recursively. In an expansion, we obtain
ey = e1 —2C(3)[eo + ex, [er, [eo, en]]] + -+ (5.22)

The boundary conditions is £(eg, e1;z) = e 18 I=” as z — 0. Its regularised value at z = 1 defines
the Deligne associator

W(eo,e1) = L(eg,e1;1) , (5.23)

which satisfies the duality relation
W(eg,e1)W(e1,e0) =1 . (5.24)
In an expansion, the Deligne associator is given by
W(eg,e1) =14 2¢(3)[[eo, e1],e0 +e1] + -+ . (5.25)
The Deligne associator can also be defined by
Wieg,e1) = Lle1,eq; 1 — 2) " L(ey, e1;2) . (5.26)

SVMPLs can be constructed from MPLs in a recursive way |152]. In particular, we can write the

generating functional for SVMPLs in terms of the one for MPLS as
L(eo, e1;2) = Lleo, e132) L (eo, €13 7) (5.27)

where the Reverse operator R acts by reversing the order of the words labelling the components of
L(eg, €1;Z), namely

LB(eg, €l;2) = 14 -+ + Loo11(2)e, el egeq + - -+ . (5.28)

The above construction implies that the Drinfeld and Deligne associators are related by

W(eo,e1) = Z(eo,e1)Z(eo, €))® . (5.29)
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5.2 Open-string amplitudes on AdS - building blocks

We start with the J,,(s,t) integrals

Jw(s,t)/l 2711 —2) Ly (x)da . (5.30)

0

Juw(s,t) =poles+ Y s"t7 > (Low(1) — Liw(1)) , (5.31)
p,q=0 WeorPlaww

where notice that the evaluation of the multiple polylogarithms at unity gives the multiple zeta
values. However, we are after analytic expressions valid for generic s,t. As explained around ,
it is convenient to introduce non-commutative variables eg,e; - associated with the letters 0,1 -
and formally define the generating function of MPLs L(eg, e1;2). Correspondingly, we introduce a

generating function for the J,,(s,t) integrals:

J(s,t;€0,€1) / z)" 1 L(eg, eq; x)dx
(5.32)
=J. (S t) + Jo(S t)eo + Jl(s t)el + JOO(S t)eo + JOl(S t)eoel + -
This generating function satisfies interesting properties. The shuffle identities, together with
0
8—:05 = Lo(x)x® ,
83 (5.33)

(=)' = Li@)(1 - 2)'

imply that

ST Jwlst), Odulst) = Y Ju(st). (5.34)

w’ 0w w’ ellw

At the level of the generating function, we can write

0 0 0
PN —J(s,t;ep,e1) = =—T(s,t;e0,€1) , (5.35)

0
\7(87t;60361) - 7L7(S7t;60’61) 5 at 661

(960

where the non-commutative derivative is defined such that

T s .
De; i s (5.36)
together with the product rule
0 df(eg, e dg(eg, e
de. (f(eo,e1)gleo, e1)) = f(aizil)g(eo,el) + f(€0,€1)g(872i1) ; (5.37)
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where the order of products needs to be respectedﬁ Furthermore, from its integral definition, it

follows that

J(s,t;ep,e1) =T (s+1,t5e0,e1) + T(s,t + 1;e0,€1) . (5.38)

The transformation property under shifts in only one of the two Mandelstam variables can be found

by combining the KZ equation (5.14)) with integration by parts. In particular,

1
1, 3 = 15 eo, ’
J(s+1,t;e0,e1) S+t+eo+el($+€o)j(8 €0, €1)
: (5.39)
t+1; = —F— (¢ t;
\7(57 + 1€0a61) S+t+€0+61( +61)\7(S7 580761)a

where ey and e; are non-commutative variables, so expressions such as are defined via

1
s+t+eoter

geometric series in the Mandelstam variables. The shift relations imply a hierarchy for the functions

Jw (8, t) as the weight w increases:

1

s+t+eg+er
1

s+t+eg+ e

(s+t)T(s+1,t;eq9,e1) — sT(s,t;e0,€1) = (et —e18)T (s, t;ep,€1) 4
(5.40)

(s+t)T(s,t+ L;ep,e1) — tT (s, t;e0,€1) = (e1s—eot)T(s,t;eq,e1) .

These relations fix, in principle, J,,(s,t) in terms of lower weight integrals, modulo the Euler beta

function, which is the solution of the homogenous shift equations. The solution can be fixed by the

behaviour as s — 0. For w # 0P, J,,(s,t) is regular as s — 0, while Jo» (s,1) = (S;}r)lp + reg. In terms

of generating functions:

J(s,t;e0,e1) = +reg, ass—0. (5.41)
S+ ep
As before, since eg is a non-commutative variable, —1— is to be interpreted as an expansion —1— =
s+eg s+eq
% — % + -+, so that s — 0 is a singular limit.

MPLs L, (x) are closed under the argument transformation © — 1 — z, and their transformation
properties are governed by the Drinfeld associator (5.18). Since the region of integration defining
the Jy,(s,t) integrals is invariant under such transformation, the integrals have a symmetry under

the exchange s < t, also governed by the Drinfeld associator. In terms of the generating functions:

j(t,s;el,eo) :j(s,t;eo,el)Z(el,eo) . (542)

4e.g. note that 2 _(egey — e1eg) = 0, so that o ep,e1) = 0 does not mean that f(eg,e1) is independent of eg.
deg deg
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This is consistent with the derivative relations (5.35|) since

iZ(eo, 61) =0. (543)

0
o Zleoer) = 5

860

Finally, let us mention that J(s,t;ep,e1) also satisfies a generalisation of Poincaré duality (5.7)).

This relation involves the AdS Kernel, and is discussed at the end of the Chapter.

5.2.1 Explicit results

Up to weight four, the Jy,(s,t) integrals can be computed analytically, generally in terms of gener-

alised hypergeometric functions. At weight zero, we have

L(s)T'(t)
= = .44
Je(s,t) = B(s,t) TGTD) (5.44)
The relations ([5.35)) then fix the integrals at weight one:
JO(S7t) = 85Je(57t) ) Jl(sat) = atJe(Svt) : (545)

At weight two, three combinations are fixed by the derivative relations ([5.35):
1 1
J()o(S,t) == 5682J€(S,t) , Jll(S,t) = §at2Je(S,t) 5 J01(87t) + Jlo(s,t) = 85875Je(s7t) . (546)

In addition, we have

F1+8Ft 17151a 1+8
Joi(s,t) = _F((l m )—|—(t))4 3 ; , (5.47)
o 2, 2, 1+s+t
which can be computed by direct integration. Here, we have used the general result
Lon—ll(x) = *Lln(fﬁ) (548)
At weight three, there are 8 independent integrals. Two of them are given by
I'(1+4s)I'(¢ 1,1,1,1, 1+s
Jooi (s, t) = Ms 4 ; ) (5.49)
(1+s 2, 2, 21+s+1

and

J110(57 t) = J()Ol(t7 S) + <(2)J0(t, S) + C(S)Je(t, S) . (550)
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The other six combinations can be written in terms of derivatives:

JOOQ(S,t) = %8§Je($,t) s J111(8,t) %3 J (S t)
O0sJ11(s,t) = Jor1(s,t) + Jio1(s,t) + Juwo(s,t) ,  OeJoo(s,t) = Jioo(s,t) + Joro(s,t) + Joo1 (s, t) ,

8SJ01(s,t) = 2J001(S,t) + J010($,t) ) 8t,]10(s,t) = 2J110(S,t) + J101(S,t> . (551)

As we increase the weight, the integrals become more and more complicated. We will show below
that they are particular cases of Aomoto-Gelfand generalised hypergeometric functions. At weight
four, they can still be written in terms of hypergeometric functions and their derivatives. Let us
start with words with two zeros and two ones, which are the most complicated examples. There
are six of them. The following combinations can be written in terms of derivatives of lower order

integrals, already computed:

OsJo11(s,t) = 2Joo11(s,t) + Joro1(s,t) + Jo110(s, 1) ,
0sJ101(8,t) = Jo101(8,t) + 2J1001(s, t) + Jio10(s, ) ,
OsJ110(s,t) = Jor10(s,t) + Jro10(s, t) + 2J1100(5, 1) |
(5.52)
0¢Joo1(s,t) = Jioo1 (s, t) + Joro1(s,t) + 2Jo011(8, 1) ,
0¢Jo1o(s,t) = Jio1o(s,t) + 2Jo110(s,t) + Joro1(s,t) ,

Ot J100(8,t) = 2J1100(8, t) + J1r010(8, 1) + J1001 (s, t) -

These relations are not all independent, and fix only four integrals. Two extra integrals can be
computed as follows. Let us start with Joo11(s,t). Plugging the series representation around zero

for Loo11(x) from (4.34]), and integrating term by term, we obtain

oo

s+ OT'(t) H{ -1
Joo11(s,t) E E—i—s—l—t (fg ) ; (5.53)
-1

where H(¢ — 1) is the harmonic number. To perform the sum we notice that

I'(t+e¢)
Hl—-1)=v+ 0e————= (5.54)
e |._o
The sum over ¢ can now be performed and we obtain
T(1+ s)T(¢t 1,1,1,1 4+, 1+s
Joo11(s,t) = 11(17)(75)36 54 i1 : (5.55)
(I1+s+1) 2, 2 2145+t
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Using similar tricks we can compute all other integrals, for instance

P(1+S)F(t) 1717151+627 1+S
s (05, = 02) 5Fu

t) =
Jor1 (s, 7) (1 +5+1) -

: (5.56)
l+e,l+s+t

6126220

Together with the relations given above, this fixes all integrals at weight four with two zeros and two
ones. Let us now focus on the integrals with three zeros and one one. Integrals with three ones and
one zero are related to them by s <> ¢ symmetry (5.42)). By direct integration, or by applying the
trick above, we obtain

J =—"TAisx1n
0001 (s, 1) 1"(1+3+t)6 2,...2,1+s+t’

The other three independent combinations can be fixed by the derivative relations, as can Jogoo (s, t)
and Jy111(s, ).

Before proceeding, let us mention that the Jy, (s, t) integrals have an interesting structure of poles.
We can always use the shuffle relations to write polylogarithms in terms of Ly(z) and polylogarithms

whose label ends in the letter 1. For instance,
Llo(.’b) = —L01(x) + Ll(CL’)Lo(ZL') . (558)

In terms of the J,(s,t) integrals, this means that we can always focus on words ending in 1 and

derivatives of those functions with respect to s. In compact notation, we have

Tsi o sa(8:1) = i M . (5.59)

681632 . gsd
030> >04>0 1 72 d

This has poles at s = —n and ¢t = —n. We can write

= (=nrre) 1 & (=)r(s) 1
Blst) = n;) Tn+ O)D(t—n)s+n 2 T(n+ DI(s—n)t+n " (5.60)

For the poles in ¢, we find

Topsa(s.) = L 3 (Z)"[(s + ) . (5.61)

— S1 0982 . pSd
n=0 " 1>0p>>0q>0 F(n + I)F(S +4 ”)él l éd

For the poles in s, we find

Jopsa(ss)=>_ > L) ! S (5.62)

— S1p82 | pSd
v R T'(n+ DIt —n) 63245 O s+n+
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Renaming n + ¢; = n/ so that ¢; < n’, we find

o0

B 1 = (=)™ ~61(1) 1
J817-..7Sd(87t) = Z s+ Z F(n’—£1+1)I‘(t+£1 771,) ﬂilfgzgzd . (563)

n’=0 b1 >0>->03>0

These remarks are useful for applications to dispersive sum rules and in order to compute the

spectrum of intermediate operators from the amplitude.

Low-energy expansion

In Equation (5.31) we have presented the low-energy expansion of the J-integrals, which mirrors
the low-energy expansion of the Veneziano amplitude, uplifting it to AdS. Once the explicit results
for the J-integrals are given, one can also derive the low-energy expansion from the hypergeometric
functions that appear, which brings to light some interesting structures. Concretely, we first expand
the hypergeometric function in a power series. Next, we expand the general term for small S and
T, and finally, resum. As usual, the last step is non-trivial, especially if one does not already know
the relevant sums involving (generalised) harmonic numbers. On the one hand, one can determine
(potentially) previously unknown Euler sums by comparing with the result from , which is
far more immediate. On the other hand, we can guess these sums in Mathematica by making an
ansatz in terms of zeta values at fixed weight. In this approach, it is fundamental to include only
the independent zeta values.

More specifically, we work with the Riemann zeta function,

1
G=Cs)=) v (5.64)
n>1
Thanks to Euler, we know that (3 = 72/6. We need to consider the algebraic relations among the
numbers 7, (3, ..., (2n+1. It is widely believed that there are no relations: 7 and all the zetas at odd
integers are believed to be algebraically independent. It is known that 7 is transcendental over Q.

Therefore, (5, is transcendental for each n > 1, since

Bgn(271')2n

C2n == (_1)n+1 2(271)‘ )

(5.65)

where Bs,, denote the 2n-th Bernoulli number. In 1978, Apéry showed that (5 is irrational [202]E|
Actually, infinitely many odd zetas are irrational. The picture changes upon the inclusion of multiple

zeta values,

e =Clts) = Y (5.66)

n ...n
ny>ng>>np>1 1 k

5The question of whether ¢(3) is transcendental is still open.
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Very generally, the Q-vector space spanned by multiple zeta values forms an algebra: the product of
linear combinations of numbers of the form (s, .. s, is again a linear combination of such numbers.
Below we list a few examples of (multiple) zeta values of low weights, along with some of their linear

relations:

w =2 ) C?
w=3, (,¢01=0 (5.67)

2
w=4, (4, CG1=10 G2=230, G11=0=2(.

In our computation, we need to solve standard sums such as

(1+n)3  (1+n)

2) =—C+ GG, (5.68)

n=0

and more complicated ones. Starting from weight 8, the computation is more subtle as, for the
first time, we have an independent multiple zeta value, namely (35, which satisfies the stuffle (or
quasi-shuffle) product,

G35+ (53 =00 —Cs - (5.69)

5.2.2 Relation to Aomoto-Gelfand hypergeometric functions

Following the previous Section, without loss of generality, let us then focus on words ending in the

letter 1. The representation of MPLs in terms of iterated integrals (4.31) leads to

1 x 1
Jalaz“a“ll(s,t):/ dw*lu_az)t*l/ da / dey _dzy (5.70)
0 0 0

T — ay To — Qo Tz, —1

We can make a change of coordinates

Uy =T, Uy = In , forn=1,2-.. (5.71)
Tn—1

so that u, € [0,1]. The integral then becomes

1 =2
upuy Uy -

(upu1 — a1)(upuiug — ag) -+ (ug -+ - u, — 1)

2
.o u’,‘_2u’r_1

17
Jalaz...arfll(s,t):/ Hduiug_l(l—uo)hl . (5.72)
0 =0

This is a particular case of Aomoto-Gelfand hypergeometric function of type (r+2,2r +d+ 2)
(see [203H205)),

17
/ H duiu?i_l(l — ui)ﬁﬁai*l(l —Ypttg - U)o (1= yrugug )T (5.73)
0 i=0
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where to make contact with (5.72]) we choose 7; # 0 only for a; = 1. Here r is the weight, or
length of the word, and d is the depth, or number of ones. The integrals we consider in this
Chapter are obtained in the limit y; — 1. Let us consider for example Jy-—11(s,t). In this case,

Jor—11(8,t) = Jgr-11(s,t; 1), where

ud(l —wu -1 I'(1+s)I'(¢t 1.+ 1 1+s
Jor—11(s,t;y) = / Hdu o o) =— ( ) ()T+2Fr+1 Y
1 —yuouy -~ up F(1+s+t) 2o 2145+t

(5.74)

is a standard generalised hypergeometric function.
The relation to Aomoto-Gelfand hypergeometric functions suggests the introduction of extra
variables y; such that at y; = 1 the integrals reduce to the expressions that appear in the open-string

scattering problem. It is convenient to do this in the compact notation where
Jorisgi s (8,8) = (1) Tger—11952-1..1(5,1), s >1 . (5.75)

By writing Ls, ... 5,(x) as a nested sum and integrating term by term, we obtain

(oo}
B(s +41,t)
Tsi e sa(851) = > T (5.76)
C1>05>-->L3>0 1
where 8(s + ¢,t) = % We can now introduce extra variables y;,
- 5 s+ ‘elv : y
Js17---,5d(8at;yla"' 7yd) = Z ( ) d s (577)

S1 pS2 Sd
R zd

L1 >0>->03>0
so that

Ts1,s9,54($: 1) = Jsy 89,00 s4(8, 51, 1) . (5.78)

The functions Js, s, ... .s,(S,t;¥1,- -+ ,¥4) are generalised hypergeometric functionsﬁ As such, they

satisfy differential relations in the variables y;. Indeed,

0
Yqijsl,n-,sd(syt;YM T 7yd) = Jsl,w,sq—l,» (5 t; Y1, ayd) ) (579)
Oyq

so that the operator y,5— a lowers the index s4, and the total weight, by one. By repeated action of

6More precisely, they fall into the category of Horn’s hypergeometric series, in general given by

Z c(ny,ng, )z tzg? -

ni,ng, =0

with ¢(n1 + 1,n2,---)/c(n1,n2,---),c(n1,n2 +1,---)/c(n1,na2, -+ ) and so on, rational functions of the n;.
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such operators, we reach

Jo,0(8, 551, ,¥a) = Z [3(s+€1,t)yf1 ~--y§d ) (5.80)
Ly >02>->L3>0

These are particular cases of Lauricella hypergeometric functions [206], and for the present case,

they can be written as linear combinations of hypergeometric functions.

5.3 Closed-string amplitudes on AdS - building blocks

We now turn our attention to the building blocks of closed-string amplitudes on Ad.S,
I,(s,t) = / 12127211 — 2272 L, (2)d?2 (5.81)
cPy

where £,,(z) is the SVMPL labelled by the word w in the alphabet with letters {0,1}. The inte-
gral converges for Re(s) > 0, Re(t) > 0, Re(s +t) < 1, but the explicit results we will find can be

continued beyond that region. The integrals can be computed in a low-energy expansion [171],

Ly(s,t) =poles+ > s7t% Y (Low(1) = Liw(1)), (5.82)

p,q=0 WeorPLwlaww

where we now get single-valued multiple zeta values, matching what was discussed around (|4.59).

From ([5.31)) and (5.82) we can see that

[ Lu(s,t) = sv (Ju(s,1)) | (5.83)

since L£,,(1) = sv (Ly(1)), so that the closed-string amplitude building blocks are the single-valued
version of the open-string amplitude building blocks, as expected.

We are, however, after a quadratic relation a la KLT ([5.10). We introduce a generating function
for the SVMPLs, L(eg,e;2), as in . Integrating it term by term leads to the generating

function for the I,,(s,t) integrals:

Z(s,t;ep,e1) = / 1225721 — 2|22 L (e, e1; 2)d*z . (5.84)
CP,

We will start by discussing the general properties of Z(eg,e1;2). Then, we will turn to its explicit
computation and relation to the generating function J(eo, e1; z) appearing in the problem of open-

string scattering on AdS.
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The shuffle identities, together with

9\ 2 s
D 1o = Looep
) (5.85)
a|1 — 2P =Li(2)1 - 2*,
imply that
0 0 0 0
—7 ; =—17 ; —7 ; =—17 ; . .
35 (S7t7607€1) 860 (Sat7€0761) 3 at (S7t7607€1) 861 (Sat7€0761) (5 86)

Furthermore, the holomorphic and anti-holomorphic KZ equations for L(eg,e1;2) together with

integration by parts lead t(ﬂ

1 1
T(s+ 1.t . S (s, t: - -
(s+1,t;e9,€1) s+t+eo+el(s+eo) (s, ,eo,el)(s+eo)s+t+eo+e,1
1 1
—— (t+e1)I(s, t;ep, 1)t +€}) ————
s+t+eo+61( +e)I(s teo,en)(t + 1)3—|—t+eo+e’1

(5.87)
Z(s,t+ 1;e9,e1) =

SVMPLs are closed under z — 1 — z, and their transformation is governed by the Deligne associator.

Performing a change of coordinates z — 1 — z in (5.81]) implies that

Z(t,s;e1,eq0) =Z(s,t;e0,e1)W(er,eq) . (5.88)

The properties obtained so far mimic the properties for the building blocks of open-string amplitudes
in AdS. In addition, it follows from that the result for I, (s, t) is only sensitive to the symmetric
part of £, (z) under the exchange of z +» Z. Together with the explicit construction of SVMPLs,
this leads to the relation

I(Svt;e();el) :IR(57t;6076/1) ’ (589)

where

IR(S, t; eo, 6/1) = IE(S, t) + -4 1000106063606060 + ey (590)

i.e. the order of the letters in the word labelling I,,(s,t) is reversed.

5.3.1 Explicit results

Let us now compute the generating function Z(s, t; eg, 1) in a series expansion in the non-commutative

variables eg, e1:

I(s,t;eo,e1) = Lo(s,t) + -+, (5.91)

7To be precise, we have obtained these relations by doing formal manipulations that take us outside the convergence
region of the relevant integrals. We assume that these relations hold for the appropriate analytic continuation.
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with I.(s,t) = Bc(s,t) the complex beta function. The condition ([5.89) imposes relations among

different components. Up to weight four:

Lio(s,t) = Ini(s,t) ,  Troo(s,t) = loo1(s,t), Tr10(s,t) = Io11(s,t) ,
Liiio(s,t) = To111(s, t) +2¢(3) 11 (s, t) ,  Ti100(s,t) = Ioo11(s,t) — 2¢(3)I1(s,1) ,
Liio1(s,t) = To11(s, t) — 6¢(3)11(s,t) ,  Tio10(s,t) = To101(s,t) +4¢(3)11(s,1) ,

Looo(s,t) = Tooo1(s,t) ,  Io1oo(s,t) = Tooro(s,t) , (5.92)

leaving three independent integrals at weight two, six at weight three and ten at weight four. Next,
we impose the derivative relations (5.86). Up to weight two, this fixes the remaining integrals, in

terms of the complex beta function, equivalently I.(s,t):

IO(Svt) = as-[e(s?t) ’ Il(sat) = at-[e(svt) )
) . ) (5.93)
100(8,15) = 5852]6(5,15) 5 Ill(S,t) = 58152[5(8,15) 5 Io1(8,t) = 5638,5[6(8,25) .

At weight three, it leaves only two independent integrals, which we take to be Ipp1(s,t) and Ip11(s,t):

1 1
Iooo(s,t) = gﬁfle(s,t) s Illl(S,t) = éafle(s,t) 5
1 1 (5.94)
IlOl(S,t) = —2]011(8,t) + 5656152[5(8,1*,) R I(no(S,l‘f) = —2]001(S,t) + 5852@16(3,75) .

At weight four, it turns out the relations (5.86]) are quite powerful, and only one independent integral

remains, which we take to be Ip101(s,t):

Toooo(s;t) = 2*1433[@(&& ;

L(st) = 2*14821[@(8,75) ;

Loi(s,t) = —%@Ion(s,t) + éasafle(s’t) +3¢(3)0¢1c(s,1) ,

Tooio(s,t) = —%8#001(5775) + é@?@tfe(s,t) ;

Toon(5,1) = 506To0n(s,6) — 52080WL(s,1) (5.95)
Iotio(s,t) = —Iowoi(s,t) — Orlooa (s, t) + iafaffe(&t) —2¢(3)Le(s,t)

hon(s8) = ~Toron(5,8) = QTons (5,1) + JORRLe(s,1) — 2Ll

Ipo11(s,t) = %551011(&75) + %&Iom(svt) - %033312(5,1?) +((3)0¢1c(s,t) ,

Tous(s,0) = 30Tou(s,1) = 520,08 (s,1) — (B (s.1)

Our next task is to compute explicitly the independent integrals. We do so by extending the ideas

of KLT [4] to the integration of SVMPLs, following [200]. In the Appendix to that paper, they
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considered integrals of the form
Avtosea(5,) = / 22— P2 Y R Gi(E)d | (5.96)

where the inserted sum is finite and single-valued, but each independent term is not necessarily single-
valued. By deforming the contours as in [4], it was shown that these integrals can be factorised into

one-dimensional integrals:
o0

I« [t .
Aclosed (8, 1) = 5 Z/o xs_l(l — x)t_lGi(x)dx/l y* 1 Discy [(1 — y)t_lFi(y)] dy , (5.97)

where the discontinuity across the real axis for y > 1 is defined as

Discy [f(y)] = f(y +i€) — fly —ie), y>1. (5.98)
For Y7 F;(2)G;(z) = 1, we get
Discy [(1 —y)"™!] = 2isin(nt)(y — 1), (5.99)

and

1 1 oo
Aclosed (8, 1) = - sin(mf)/ o1 - x)tfldx/ vy y — 1)y, (5.100)
0 1

which is the KLT formula [4].

When we insert the SVMPLs £,,(z), we can still factorise the integrals into products of 1d integrals
involving MPLs L, (z). These are almost identical to the integrals considered above, except that
the second integral is in the range y € [1,00] and one needs to keep track of discontinuities. The
resulting expressions are very lengthy, but the result can always be written as bilinears of the 1d

Juw(s,t) integrals. For example,

IOOl(S,t) = H(&t) (J()Ol(&t)Je(S,t)+Jloo(s,t)Je(S,t)+J00(S,t)J1(S,t)+J0(8,t)<]10(5,t))
+0:k(8, ) Joo (8, t) Je(s,t) + Osk(s,8)(J1o(s, ) Je(s,t) + Jo(s,t)J1(s,t))

Jr%asam(s, t)Jo(s,t)Je(s,t) + %552#;(8, t)J1(s,t)Je(s,1) (5.101)

2 2cos?(m(s +t)) — cos(27s) — cos(2mt)

Asin(n(s + 1)) Je(s,t)Je(s,t)

sin(7s) sin(wt)

s (r(511)) is the KLT Kernel. This suggests writing our results in an illuminating

where k(s,t) =

way.
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54 AdS KLT relations

Motivated by the KLT relations, the construction of SVMPLs from MPLs, and the results above,
we propose the following relation between the building blocks of open- and closed-string amplitudes

on AdS:

I(s,t;e0,e1) = T (s, t;e0,e1) K(s,t;e0,e1) T (s, t; €0, €)) (5.102)

where K(s,t;eg,e1) admits an expansion in the non-commutative variables,
K(s,t;e0,e1) = k(s,t) + ko(s,t)eg + k1(s,t)er + -+ . (5.103)

It starts with the KLT Kernel k(s,t), and contains only trigonometric functions in s,¢. Indeed,

because of the shift relations (5.39) and (5.87)), the AdS KLT Kernel is periodic in both s and ¢,
K(s+1,t;e0,e1) = K(s,t + 1;e9,e1) = K(s,t;e9,€1) - (5.104)
As a consequence of the derivative relations ([5.35) and (5.86)), the Kernel also satisfies

ilC(s,t;eo,el) . 0 K(s,t;ep,e1) = iIC(&t;eO,el) , (5.105)

as K(Syt;e()uel) = 860 361

where we have used the fact that (recall 3%1 is a non-commutative derivative)

g ,

In addition, (5.89) leads to
K(s,t;e0,e1) = KE(s,t;e,€)) . (5.107)

Finally, the AdS Kernel also possesses a symmetry under the exchange of s and t, inherited from

the respective symmetries for the 1d and 2d integrals:
K(t,s;e1,e0) = Z(eo, e1)K(s,t;e0,e1)Z(e1,€0) - (5.108)

To a given order, one can compute the AdS Kernel by computing the generating functions 7 (s, t; eg, e1)
and Z(s, t; ep, e1) explicitly. The relation (5.102)) hence has a unique solution for K (s, ¢; eg, e1), which
can be computed order by order in eg, €.

However, let us present another way, which is much more instructive and allows us to compute

8This follows from the fixed-point equation for €} (5.21)) together with (5.43).
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the AdS KLT Kernel to all orders. Consider the generating function

Z(s,t;ep,e1) = /|z|23_2|1 — 2?72 L(eq, e1; 2)d*z
(5.109)
:/|z|2572|1 — 2?72 L(eg, e1; 2) L (e, €} Z)d?z .

The holomorphic factorisation formula (5.97) leads to

1

2mi

- 1
/ y* " 'Discy [(1 — y)t_lL(eo,el;y)] / dx x“”_l(l — x)t_lLR(eo,ell;a?) )
L 0
(5.110)

I(s,tyeq, 1) =

where the order of the two factors is important and recall that Disci[f(y)] = f(y + ie) — f(y — ie).
Note that the second factor is nothing but the generating functional J (s, ¢; e, €}). Let us now focus

on the first factor. In order to convert the integral to an integral in the correct range [1, 00] — [0, 1],

0 1 o]
(/ dz +/ dz +/ dz) 2711 = 2) 1 F(2) =0, (5.111)
— 00 0 1 z=xtie

where in our case F(z) = L(eg,e1;2) and the contour is just above or just below the real line.

consider

Furthermore, we have

Zs—l ’Z:xiie _ _eﬂ:iﬂ's(_l,)s—l’ z <0,

(5.112)

(1—2)"" =Tz -1 >1.

z=xtie

The discontinuities of MPLs as we cross the real line, either for x < 0 or = > 1, are governed by

monodromy matrices:

L(eg,e1;x +i€) = L(eg,er;x —ie)My, <0,

(5.113)
L(eg,e1;x —ie) = L(eg,e1;x +ie) My, x> 1,
where the monodromy matrices have been computed in [152] and are given by
My = e2™ My = Z(ey,e0)e*™ Z(eg, e1) (5.114)

For clarity of notation, let us introduce three objects:

0
JE) = / d:v(—x)s_l(l - ac)t_lL(eo7 e1;x — ie)

1
J:/ dee® (1 — 2)" " L(e, e1; ) |
0

JH) = / drx® " (z — 1) L(eg, e1; x + ie) |
1
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where we have suppressed the (s, t;eg,e1) dependence. As a consequence of (5.111)), they satisfy

—e™ My +J—e "t JH) =0 |

(5.115)
—e s ) 4 g — et g =0,
where the monodromy matrices do not commute with J, J(=), J) . We can always write
et ) et JEN = JK (5.116)
where K is invertibleﬂ and related to the AdS KLT Kernel by K = —ﬁK . Plugging this in the
previous two relations, we find
_eiTrSJ(—)MO + J(+) (_e—mf, + e~ it =1 _ ei”tMlK_l) =0,
(5.117)
—e~ims g5) 4 g() (fe”tMl +e i RKT - e”tMlel) =0.
Since J~ and J7 are invertible, K ~! should satisfy
e*iﬂ's (_efiﬂt T e*iﬂ'thl _ eiﬂ'tMlel) — eiﬂ's (_eithl 4 e*iﬂthl _ eiﬂ'tMlel) MO .
We can solve for K1 and find
2i7rsM 2i7rtM
K l=14-5 -0 S (5.118)

1— 62i7rsMO + 1— 62iﬂtM1 :

At zeroth order in the non-commutative variables, My = M; = 1 and we get the inverse of the usual

KLT Kernel (K~! = —2miK 1),
Kt = m(cot(ms) + cot(mt)) + - . (5.119)

At higher orders, and up to weight four, it precisely links the explicit integrals we computed. Plugging

the explicit expressions for the monodromy matrices, we find

K= = 7 (cot (m(s+eq)) + Z(ex, eq) cot (m(t+e1)) Z(eo, e1)) (5.120)

valid to all orders.

9A function f(ep,e1) = a + apeg + arer + --- with a # 0 is always invertible.
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5.5 Poincaré duality

We conclude this Chapter by generalising the relation due to Poincaré duality. We consider
P(s,teq,e1) = J(s,t;e0,e1)K(s,t; €0, e1) T (=5, —t; —eq, —e1) , (5.121)
and deduce properties of the function P(s,t;eg,e1). In particular, let us consider shifts in s:
P(s+1,t;e0,e1) = T(s+ 1,t;e0,e1)K(s + 1,t;e0,e1) T (=5 — 1, —t; —eg, —e1) . (5.122)

Then, let us also recall two key points: the shift relations (5.39)),

1
Ltiep,e1) = ——— tieo,e1) 5.123
J(s + €o:€1) s+t+eo+el(s+60)j(s €0-€1) ( )
and the fact that K(s,t;eg, e1) is periodic. This leads to
1
P(s+1,t;eg,61) = ——— (s +eg)P(s,t;ep,e1)(s+t+1+eg+e1)— . (5.124
( 0:€1) S+t+60+61( 0)P( 0: 1) 0 1)8+1+60 ( )
We can write both shifts in s and ¢ as
(s+t+ey+e1)P(s+1,t;ep,e1)(s+1+e) = (s+eo)P(s,t;ep,e1)(s+t+1+eq+er),
(s+t+eg+e)P(s,t+1;e0,e1)(t+14+e1) = (t+e1)P(s,t;ep,er)(s+t+1+e+er).

We also have symmetry under the exchange of s and t, see ([5.42)) and (5.108)). It follows that

P(s,t;ep,e1) = P(t,s;e1,€e0) - (5.125)

We have used the fact that L(eg, e1, )"t = L*(—eq, —e1,z). See |207]. In particular, evaluating this
at x = 1 implies a relation between the Drinfeld associator with reversed non-commutative variables
and e; — —e;. Using the symmetry (5.125)) together with the recursion relations, and the result at

zeroth order, we obtain

1 1

t; K(s,t; B(—s,—t;—ep, —€1) = — -
j(S, 760761) (57 ,60761)j ( S, ; —€o, 61) S+60 t+€1

(5.126)

which generalise the relation in flat space (5.7)), that we copy below to appreciate the comparison:

Bls, o5, DB(—5, 1) =~~~ 1 . (5127)

S
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where we denote the flat space Kernel by Ko (s,t). Notice that the order of the terms in the LHS of

(5.126) is crucial, contrary to ([5.127)), making our result highly non-trivial.



Chapter 6

Discussion and outlook

This dissertation has been guided by a sustained drive to integrate classic CFT methods with ad-
vanced mathematical frameworks, from special functions to number—theoretic techniques, which are
deeply embedded in Theoretical Physics. By bringing these different methods together, we aimed to
uncover the mathematical structure of scattering amplitudes in AdS. This relates to the question
of extracting CFT data from strongly coupled theories. Below, we offer a summary of our principal
findings, placing particular emphasis on the string amplitude sector in AdS, which forms the heart of
this thesis. We then highlight cross-cutting techniques and observations, and propose several avenues

for future research, some of which are already underway.

6.1 Main results

In Chapter 3] we presented two bootstrap strategies for computing the six-point correlation functions
of supergluons and supergravitons in AdS. The first method relies exclusively on the flat space limit
and factorisation of the Mellin amplitude, with only minimal input from supersymmetry. This
completely fixed the answer in AdS. The second approach decomposes the correlators into distinct
components and fixes each in turn by applying the chiral algebra twist and the light-cone OPE limits.
Our results hold in the field-theory limit of the AdS/CFT correspondence.

In Chapter 4] we then incorporated stringy corrections to the four-point graviton amplitude in
AdSs x S, with particular emphasis on its high-energy regimes, where exact results yield deep insight
into the full theory. For the limit of large S, T, we showed that the complete answer to all orders
in S/R is fixed by the subleading correction, and curvature effects exponentiate . This is
reproduced to all orders by a classical scattering computation in AdS. In the Regge limit of large T’
and finite S, we expressed the AdS Virasoro—Shapiro amplitude in terms of CFT data for the leading

Regge trajectory (4.164)), echoing what happens in flat space. To all orders in 1/R, the amplitude

123
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can be written explicitly as derivatives acting on the flat space Virasoro—Shapiro amplitude in the
Regge limit, with leading logarithms exponentiating and matching the high-energy result. We
could furthermore resum subleading contributions in to all orders in the limit of large R, T
with log® T/R? held fixed. These two complementary high-energy limits illuminate the worldsheet:
they open a pathway towards a direct worldsheet description of strings on AdSs x S°. In particular,
the richer Regge regime yields specific constraints. Our functional equation determines the
worldsheet integrand in the Regge limit to all orders in 1/R, providing compelling evidence for the
full proposal. This equation selects families of integrands that reproduce the correct Regge behaviour
and manifestly ensure single-valuedness around the worldsheet point z = 1.

Finally, in Chapter [, we undertook a detailed study of the mathematical structure of string
amplitudes in AdS, addressing both closed strings (such as the Virasoro—Shapiro amplitude) and
open strings. This investigation was originally driven by the curiosity to carry out the worldsheet
integrals in , and obtain the AdS amplitude as an explicit function of the kinematic variables
S and T. Indeed, before our work, all (finite-energy) expressions were known only at the level of the
integrand. While Appendix F of [200] introduced preliminary guidance on integrating certain pieces
of the worldsheet integrand, our work [208] presents the first complete theory. Our results allow us
to compute in an analytic/closed form the first AdS curvature corrections for all results available in
the literature. Notice also that an advantage of our expressions, as opposed to their integral form, is
that they can be analytically continued away from the region of convergence of the integrals. This
opens up the possibility of studying the amplitudes in the complex s,t plane more directly. The
explicit expression for the AdS curvature corrections A®) (S, T) in involves a variety of special
functions. The building blocks are laid out in detail in Chapter [5| as infinite towers of worldsheet
integrals generalising the Euler and complex Beta functions. This aims to provide a more schematic
and rigorous mathematical language. In particular, we have developed a new machinery to compute
certain classes of integrals over the Riemann sphere. Exact examples in the literature include single-
valued hypergeometric functions and generalisations of those. See for example [135,|157}205L209].
Our results complement those and can be useful in other contexts involving worldsheet computations.
In the language of generating functions, we could further demonstrate that the open- and closed-

string building blocks in AdS obey KLT relations, whose Kernel can be computed ezactly, as shown

in (5.120).

6.1.1 General observations

A recurring theme throughout this thesis is the special significance of the flat space limit: it pro-
vides both the starting point for novel methods and the guiding template for extending amplitude

properties to curved backgrounds. Our two-stage algorithm presented in [89] begins with the flat
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space result, crucially using the transverse polarisation choice of , and then promotes it to
AdS by enforcing the correct factorisation into lower-point amplitudes. This very same two-step
procedure also underpins our study of string amplitudes in AdS: we take the Borel transform of
the Mellin amplitude , thereby implementing Penedones’ flat space limit [48] while keeping all
1/R corrections, which define the AdS corrections. The full power and significance of Borel space
are still not completely understood. It would be worthwhile to develop a deeper understanding of
the single-valuedness property along with the special role of the Borel transform. At leading order,
it realises the flat space limit, but what further insights might it unveil? How can we forge a clearer
connection with the physical CF'T correlator? These questions are still open. The subsequent Section

introduces other possible trajectories.

6.2 Future directions

6.2.1 Field-theory regime

Higher-point holographic correlators

Drawing on our analysis of the six-gluon correlator in AdS, several compelling directions for future
investigation present themselves. First, it would be interesting to further explore colour-kinematics
duality and double-copy relation in Mellin space, extending previous observations at lower points
[661/76,88]. The appearance of subleading poles in suggests a generalised version of the duality
in this case.

More generally, the remarkably simple structure of the results makes it plausible that a recursive
method can be developed to compute higher-point correlators. The simplification of the flat space
amplitude in the orthogonal configuration certainly warrants more attention. It should be possible to
obtain all multiplicity results by adapting on-shell techniques. On the other hand, it can be checked
that the five-point amplitude of supergluons [88] can also be fixed from factorisation if the four-point
function with one spinning leg is used. Therefore, it would be important to systematically extend
our analysis to spinning amplitudes after further developing the spinning Mellin formalism [80]. In
particular, this would allow us to apply the strategy to spinning gluon amplitudes in pure YM in
AdS. Combining these elements, we can hope to generate higher-point AdS amplitudes directly from
lower-point amplitudes.

Moving to the six-graviton case, a key ingredient of our approach was the use of the chiral algebra
twist [60], which relates correlation functions of different operators belonging to the same supermul-
tiplet. We focused on the i-BPS sector, which defines the supergraviton multiplet. However, this

2

technique can be used more generally, and other multiplets can be similarly analysed. It would be
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interesting to use this approach to derive relations for correlation functions of other operators, in
particular, operators residing in unprotected long multiplets. The bootstrap method may also be
useful for deriving superconformal blocks for higher-point functions, either in the co-plane config-
uration or general kinematics. Finally, a natural extension would be to include stringy corrections
to these correlators. Importantly, in that case, we could take full advantage of the tree-level string

amplitude known in flat space, as we did in the AdS Virasoro-Shapiro program presented in Chapter

2]

A change of perspective

While it falls outside our current sphere of expertise and interest, we nevertheless offer a brief remark
on the possibility of exploring alternative ways of implementing the flat space limit in holographic
setups. In this thesis, we used the holographic principle for a spacetime with negative cosmological
constant, AdS. Extending this understanding to asymptotically flat spacetimes remains challenging.
Typically, the flat space limit is implemented by making specific kinematic choices and “zooming in”

on the centre of AdS, allowing flat space physics to emerge. See Figure [6.1

T =47

\1
I
+
VB

Figure 6.1: Usual setup to take the flat space limit of holographic correlators in a global patch of
AdS. Here 7 represents the global time coordinate. The boundary operators are inserted in little
strips (blue strip for outgoing operators and orange strip for incoming operators), such that the
scattering occurs in a small region in the centre of AdS, which can be approximated by flat space.
Figure from [210].

However, this raises a key question: What are the implications of taking such a bulk flat space
limit for the dual boundary theory? While AdS/CFT relates gravity in asymptotically AdSgi1
spacetime to a CFTy, our understanding of a holographic description of flat space is still in its early
stages. Two main frameworks have been proposed: Celestial [211] and Carrollian Holography [212].
The latter applies to gravity in d + 1-dimensional asymptotically flat spacetime and establishes a

correspondence with a Carrollian CFT, obtained from a standard CFT by formally taking the speed
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of light to zero. The transition from the usual holographic setup for AdS is achieved through specific
limits. Taking the R — oo limit in AdS leads to flat spacetime. Taking the ¢ — 0 (speed of light)
limit in the dual CFT gives rise to a Carrollian structure. In [210], we explored this setup and
analysed the flat space limit of AdS Lorentzian boundary correlators. A key point is that the use of
Bondi coordinates allows for a flat space limit implemented directly in position space. This induces
the Carrollian limit in the boundary theory by identifying % <> c¢. Familiar features, such as the

emergence of bulk singularities [213, 214|E| follow from enforcing a finite and non-trivial Carrollian

limit.

6.2.2 String theory regime

Within the AdS Virasoro—Shapiro program [169], many broad avenues for future work remain. In
Section we presented its main ingredients: guided by the principle of single-valuedness |170],
the ansatz at each order k in the small-curvature expansion involves worldsheet integrals of weight-
3k SVMPLs together with a finite set of rational coefficients. These unknown coeflicients are then
fixed by imposing the correct supergravity limit, enforcing the expected pole structure (for exam-
ple, via dispersive sum rules [159]), and matching the dimensions of the lowest-lying Konishi-like
operators provided by integrability. The ultimate goal is to compute the amplitude to every order
in 1/R, and ultimately at finite R. It would be very interesting to reproduce these results for the
AdS Virasoro-Shapiro amplitude by a direct string theory computation. Among the other possi-
ble approaches, the pure-spinor formalism seems to be the most promising framework for a direct
worldsheet derivation. In recent years, there has been some progress in constructing vertex oper-
ators within this approach [216,217], yet the precise integration measure required for amplitude
computations is still unknown. It would therefore be particularly interesting to leverage the results
of this program to reconstruct that measure in a 1/R expansion. We should also mention the recent

progress in developing string field theory in the presence of RR backgrounds, see [218}219].

High-energy limit in AdS

Our results in the high-energy limit put strong constraints on curvature corrections at higher orders,
in particular fixing the answer at the saddle point. It would be instructive to see if this can be
combined with results from integrability and the structure of the solution to go to higher orders. It
would also be worthwhile to see if subleading corrections to the high-energy limit follow a simple
pattern.

As a short aside, let us mention that there is another beautiful infinite series representation of

the Virasoro-Shapiro amplitude (as opposed to (4.51))). From Appendix C of [220], we learn that the

ISee also the interesting recent work [215].
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amplitude can be written as

0 o { 0 B, 1 1 1
A8, T) = ﬁ/ﬂ (S, T uE Z n@n D) (52n1 + =t + T , (6.1)
n>1

where B,, are Bernoulli numbers, which encode the quantum fluctuations about the saddle point’s
classical configuration. Understanding the interpolation between the low-energy and high-energy
regimes is at the heart of [220], and it would be super insightful to explore similar patterns for our
results [

From another perspective, the worldsheet saddle point prediction is reproduced by a classical
scattering computation in AdS. First, we could study the bosonic model exactly, for finite R, perhaps
by using a Pohlmeyer-type reduction [221], as was done for the problem of scattering amplitudes in
MSYM at strong coupling [222]. Moreover, we could extend the computation of this bosonic model
to higher-point functions. The location of the punctures would serve as the letters of the SVMPLs
that form the solution. Notice that, again, we expect that, in a 1/R expansion, the location of
the saddle point is the same as for flat space. Another common avenue is to extend to higher-genus
surfaces. A fascinating feature of the worldsheet computation is that one can go to higher genus, and
the genus expansion is Borel summable [223]. It would be very interesting to explore this question
in AdS.

To wrap up, we present a selection of conceptual open questions. We reviewed Gross and Mende’s
result in flat space for the high-energy string scattering amplitude, with fixed angle, with the notable
exponentiation . This can be interpreted as the saddle point action for a minimal area surface
in flat space, contributing to the four-point amplitude. In AdS, we also found an exponentiation, in

the limit of large S, T, R, with S/T and S?/R? fixed. More specifically:
Anp(S.T) = ARy (S, T) ¢ (S +28 RG0S (6.2)

where SO and S are the leading and subleading contributions of the action evaluated on the
classical solution. S is of weight 1, S of weight 3, and F5(zo) of weight 2. The exponentiation
phenomenon usually conceals profound physics waiting to be uncovered. Therefore, it would be
very instructive to deepen our understanding of . This is fundamental and subtle for various
reasons. First, what is the interpretation of Fy(2g) as defined in equation ? We found it by
comparison with the high-energy limit of the AdS Virasoro-Shapiro amplitude in AdSs x S°, and it
gives the contribution from the first correction to our classical computation. One could argue that a

full one-loop fluctuation calculation would fix it. Of course, this would depend on more details, such

2] thank Pedro Vieira, one of the authors of the paper cited above, for raising this point during my visit to the
Perimeter Institute in October 2024.
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as the prefactors of the exact vertex operators. But on the other side, and remarkably, the same
F5(20) has been recently found in AdSs x S3 x My [173] and AdSy x CP? [174]. Therefore, it might
be a universal quantity. This requires further investigation. More generally, it would be illuminating
to inspect the interplay between the two branches of our computation in the high-energy regime.
From the worldsheet perspective, the AdS amplitude is defined as the Borel transform of the Mellin
amplitude. Then, it is a function of the Borel variables S and 7. However, from the spacetime
perspective, the AdS amplitude is defined in terms of the flat space momenta, which are ambiguous
at subleading order 1/ R2E| It is necessary to further develop this interplay to understand the role of
F5(zp) as a result of the conversion between the two sets of variables. This links to the fact that there
is yet no proof for the Penedones’ formula [48] beyond flat space. For us, it is a working definition,

which gives reasonable results.

Regge limit in AdS

Regarding our AdS Virasoro-Shapiro amplitude results in the Regge regime, we begin by noting
that our integrand solutions admit large families of ambiguities, namely, those integrands whose
total integral vanishes. Similar ambiguities were also present in [169,/171]. While at present it is not
clear how to fully fix or understand these ambiguities, we noted that for a specific choice (that fixes
them partially), one can take the Regge limit at the level of the integrand first .

An open question is how to impose the correct Regge limit together with single-valuedness at
z = 1. This should settle the question of how constraining the CFT data of the leading twist
operators is in constructing the AdS Virasoro—Shapiro amplitude. The results presented here are
the first steps in this direction. Let us stress once more that our findings connect very directly the
AdS Virasoro-Shapiro amplitude to the impressive developments in integrability [160H162|, via the
CFT data of leading twist operators in planar A" = 4 SYM. It would be fascinating to develop a
quantum spectral curve for the AdS Virasoro—Shapiro amplitude!

Finally, building on the discussion above, it would also be interesting to understand whether/how
the pure spinor formalism simplifies at high energies, and whether it can be used to compute sub-

leading corrections.

KLT relations in AdS

Our results in Chapter [5] open many avenues for future research. Most importantly, while we have
focused on the relation between building blocks for open and closed string amplitudes on AdS, the
natural next step is to focus on specific amplitudes in specific theories, and look for KLT /double-copy

relations, extending more concretely the beautiful work in flat space [4,68,[224], to AdS.

31 thank Tobias Hansen for discussions about this point.
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Speaking of extensions of flat space structures, it is well-known that the Drinfeld and Deligne
associators provide the generating functions for the Euler and complex Beta functions, more generally
capturing open and closed string amplitudes [194,225,|226]. This construction has recently been
extended to AdS [227], to which we refer for additional possible future directions within the same
framework. Another interesting direction is the generalisation of our results to higher multiplicity
amplitudes. The first step is to identify the corresponding building blocks. Presumably, these
involve the insertions of multiple polylogarithms in two or more variables for open strings and their
single-valued analogues for closed strings. See [142,/2281229], where such single-valued functions are
introduced and studied.

On a more conceptual level, we have shown that much of the beautiful mathematical structure
found in string theory amplitudes in flat space persists when AdS curvature corrections are taken
into account. It would be compelling to fully understand the reasons and implications of this for

string theory on curved backgrounds.
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