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Pushing the Bounds of the Conformal Bootstrap

by Anténio ANTUNES

This thesis is devoted to the development and application of conformal bootstrap methods
for quantum field theories (QFTs) in diverse settings, including massive QFTs, ordinary con-

formal field theories (CFTs), and CFTs probed by certain classes of defects.

We begin by giving an overview of the conformal bootstrap methodology, emphasizing its
applicability in different physical contexts where conformal symmetry plays an important
role, albeit in different guises. We also point out similarities and differences with other boot-

strap minded approaches which emerge beyond the realm of conformality.

Then, following [1], we describe the use of the conformal bootstrap for the characterization
of renormalization group (RG) flows in gapped QFTs. By studying massive scalar fields in
two-dimensional Euclidean anti-deSitter (AdS) space, one introduces both an infrared (IR)
regulator and a natural RG scale, the radius of curvature Lq4s. Additionally, since the isome-
tries of this two-dimensional space act on its boundary as conformal transformations, one
can naturally define a one-parameter family of conformally covariant observables defined
by the boundary limit of bulk correlation functions and labeled by the scale Lags, i.e., the RG
scale. These boundary correlators satisfy all the usual axioms necessary to setup a conformal
bootstrap program, and we pursue this idea, leading to bounds on simple scalar flows in

AdS,, with special attention to those of the sine-Gordon family.

We subsequently turn to a discussion on conformal field theories whose symmetry is par-

tially broken by a pair of intersecting conformal boundaries [2]. Such systems are naturally
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important for experimental realizations of conformality but also have potential applications
for holography and entanglement entropy. We define the relevant observables, the simplest
of which are bulk one-point functions and bulk-edge two-point functions. We then use the
boundary operator expansion (BOE), established in the context of usual boundary conformal
field theory (BCFT), to develop a conformal block expansion for the relevant observables.
Imposing that the expansions with respect to both boundaries coincide in the common do-
main of convergence leads to a bootstrap equation, which gives rise to non-perturbative
constraints on the observables. We then solve these equations analytically in simple cases,
notably for a bulk free field.

Moving to theories with full d—dimensional conformal symmetry, we then analyze five-
and six-point correlators using the analytic lightcone bootstrap [3]. We briefly discuss the
appropriate kinematics and review the derivation of these higher-point blocks in the light-
cone limit. We then solve the crossing equation using the large spin expansion, deriving
the asymptotic behaviour of operator product expansion (OPE) coefficients involving two or
three spinning operators. We also provide a comparison with explicit results obtained for

mean field theory (MFT) and to leading order in a cubic coupling.

We conclude giving an overarching picture of the thesis and point out several open direc-

tions, both straightforward and more long-term and/or speculative goals.

In the appendices we give additional technical details and some parallel developments to
the ones of the main text. We particularly bring the attention of the reader to the appendices
dedicated to the counting of degeneracies in 1-dimensional MFT and to the unitarity cuts of

generalized bubble diagrams in AdS, which are unpublished elsewhere.
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Esta tese é dedicada ao desenvolvimento e aplicagdo de métodos de “Conformal Bootstrap”
para teorias quanticas de campo (TQCs) em diversos cendrios incluindo TQCs massivas,

teorias de campo conforme (TCCs) usuais, e TCCs deformadas por certas classes de defeitos.

Comegamos por dar uma visdo geral da metodologia do ”conformal bootstrap”, enfatizando
a sua aplicabilidade em diferentes contextos fisicos onde a simetria conforme tem um papel
importante, apesar de em diversas formas. Também chamamos a atencado as semelhangas e
diferencas relativamente a outras abordagens do tipo “Bootstrap” que surgem em contextos

para la do alcance da invaridncia conforme.

Depois, seguindo [1], descrevemos o uso do conformal bootstrap na caracterizagao dos fluxos
do grupo de renormalizacdo (GR) em teorias massivas. Estudando campos escalares mas-
sivos em espaco anti-deSitter (AdS) bi-dimensional Euclideano, introduz-se um regulador
de infravermelho e uma escala natural do GR, o raio de curvatura Lagqs. Como as isome-
trias deste espago bi-dimensional atuam na sua fronteira como tranformagdes conformes,
conseguimos naturalmente definir uma familia a um parametro de observaveis covariantes
conformes, obtidas pelo limite de fronteira das fun¢des de correlagdo do interior do espago,
e parametrizadas pela escala Lags, i.e., a escala do GR. Estes correladores na fronteira sat-
isfazem os axiomas necessarios para a formulacdo do conformal bootstrap, e perseguimos
esta ideia, obtendo constrangimentos para fluxos simples do GR em teorias escalares em

AdS[pages=-],, com especial foco nos fluxos da familia do modelo de sine-Gordon.
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Subsequentemente, passamos a discutir teorias de campo conforme cuja simetria é parcial-
mente quebrada por um par de fronteiras conformes que se intersectam numa “aresta” de
co-dimensao 2 [2]. Tais sistemas sdo naturalmente importantes para realiza¢des experimen-
tais de simetria conforme e tém também potenciais aplica¢cdes no contexto de holografia e
entropia de entrelacamento quantico. Definimos as observaveis relevantes, das quais as
mais simples sdo a fungdo de um ponto no interior do sistema e a func¢do de dois pontos
interior-aresta. Depois, utilizamos a expansdo em operadores na fronteira (BOE), derivada
no contexto da teoria de campo conforme com fronteira habitual, de modo a desenvolver
uma expansdo em ”“conformal blocks” para as observaveis relevantes. Impondo que as ex-
pansdes respetivamente as duas fronteiras concordem na regido de convergéncia matua leva
a uma equagdo de bootstrap, que impde constrangimentos nao-perturbativos as observéaveis.
Resolvemos entdo analiticamente estas equagdes em casos simples, dos quais destacamos um

campo escalar livre no interior.

Passando para teorias com a simetria conforme completa em d dimensdes, analisamos entao
fungdes de correlagdo de 5 e 6 pontos utilizando o “lightcone” bootstrap analitico [3]. Dis-
cutimos brevemente a cinemética apropriada e revemos a deriva¢do dos blocos para 5 e 6
pontos no limite do cone-de-luz. Resolvemos entdo as equagdes de bootstrap utilizando
a expansdo em spin grande, derivando o comportamento assimptético dos coeficientes da
“operator product expansion” (OPE) involvendo dois ou trés operadores com spin. Efetu-
amos também uma comparagdo com resultados explicitos obtidos em teoria de campo médio

e em primeira ordem num acoplamento ctibico.

Concluimos dando uma perspectiva estrutural da tese e apontando vérias dire¢des abertas

de investigacgdo, tanto mais diretas, como a mais longo prazo e/ou mais especulativas.

Nos apéndices providencidmos alguns pormenores técnicos e alguns desenvolvimentos par-
alelos ao do texto principal. Chamamos em particular a atencdo do leitor aos apéndices
dedicados a contagem de degenerescéncia em teoria de campo médio em uma dimensao e
aos cortes de unitariedade de diagramas tipo bolha generalizados em AdS que ndo estdo

publicados na literatura.
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Chapter 1

Introduction: The Bootstrap Approach
to Quantum Field Theory

Quantum field theory (QFT) is a general framework which describes the physics of systems
with many degrees of freedom, often in a large range of energy scales. In many contexts, it is
possible to formulate an interacting system as a relevant (in the renormalization group (RG)
sense) deformation of a solvable, conformally invariant QFT. Such an ultraviolet (UV) theory
is called a conformal field theory (CFT). Often, one takes this UV theory to be free. Atlong
distances, such systems will generically be strongly coupled. However they can broadly be
classified as either gapless, where they are described by an infrared (IR) CFT with interesting
correlation functions, or gapped, where the more natural observable is the S-matrix of the

massive excitations.

The standard Feynman diagrammatic techniques in QFT are essentially perturbative and
therefore have limited applicability. A set of methods and ideas which allows us to go fur-
ther is encapsulated in the Bootstrap approach to QFTs. In the bootstrap methodology, one
formulates the theory directly in terms of its observables, and attempts to determine them
by imposing universal consistency properties (for example unitarity or permutation invari-
ance), perhaps supplemented by additional information specific to particular models. These
ideas have led to remarkable success in the study of CFTs (the so-called conformal boot-
strap), and, to a more limited extent, gapped QFTs, through the S-matrix bootstrap, which

was revived recently.

The goal of this thesis is to generalize and apply these ideas and methods in a broader set of
physical scenarios than what has been done so far. We will provide a guide to these contri-
butions in section 1.4 below. First, however, we will find it convenient to briefly review some

of the more standard bootstrap problems considered in the recent literature, including the
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conformal bootstrap for four-point functions, simple examples of the S-matrix bootstrap mo-
tivated by the study of QFTs in anti-de Sitter spacetime and the two-point function bootstrap
for boundary conformal field theories (BCFTs). This will serve not only to set notation and to
clarify the main concepts and technical aspects, but also to motivate the problems we attack
in the original research presented in the later chapters. We begin with a succinct review of

the standard conformal bootstrap [4-8].

1.1 A lightning review of the Conformal Bootstrap

Conformal field theories are quantum field theories whose observables satisfy covariance
properties under conformal transformations. In Euclidean signature, these are the spacetime
transformations which are a local rescaling and therefore preserve angles'. The vector fields

associated to these transformations are
Pu=0u, Mmu =x,0,—2,0,, d=2"0,, Fk,=2x,(2"0,)— x28u, (1.1)

which correspond to translations, rotations, dilations and special conformal transformations,
respectively. In a QFT these actions are lifted to the Hilbert space by construction of the
associated charges. This proceeds as follows: let £ = £#(x)0, be any of the above vector
fields. Now, consider any co-dimension 1 surface . Then, given the conserved, local stress-

tensor 7" (x), available in any QFT, we define:

Qe(x) = - /2 A, (2) T () 1.2)

with n,, the normal vector to the surface 33, which would be spacelike in Lorentzian signature.
For ¢, satisfying the conformal Killing equation, and for a traceless stress-tensor T}, (z) = 0,
these charges are conserved in the quantum theory, which is equivalent to saying that Q¢(X)
is a topological surface operator [13]. The algebra of the quantum charges is essentially
the one inherited from the vector fields, as in d > 3 there are no central extensions. This
conformal algebra turns out to be so(d + 1, 1), which coincides with the Lorentz algebra in

d + 2 dimensions®. We write only a subset of the commutation relations:

[D,P,)=P,, [D,K,|=-K,, [KuP,)=20,D—-2M,, [D,M,]=0, (1.3)

!Thisisa generalization of scale invariance, which emerges naturally in the fixed points of the renormalization
group. That scale invariance is generically enhanced to conformal invariance is a fact that has only been proved
in certain circumstances, namely in two space-time dimensions [9]. There is also strong evidence that it holds
in four dimensions [10, 11]. While the available proofs tend to use unitarity as an additional assumption, it is
believed that locality is actually the key ingredient which allows the enhancement to happen [5, 12].

2This fact leads to the convenient embedding space formalism of [14], which linearizes the action of conformal
symmetry in an auxiliary d + 2-dimensional space.
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where we capitalized the vector fields since we are now referring to the quantum charges,
and the remaining commutation relations follow from Poincaré invariance. These commu-
tation relations suggest the following representation-theoretic structure: we should consider
eigenstates of the dilation operator D, whose eigenvalues are raised by P and lowered by K
by one unit each. The requirement that these eigenvalues are bounded from below, which
will follow from unitarity or cluster decomposition, then indicates us to study lowest weight

states, which are annihilated by K, the so-called conformal primaries. We can write this as
[D,0(0)] = AO(0),  [K,,0(0)] =0, [Mp,0%0)] = (pu)3,0"(0), (1.4)

where in the last line we declared the primary to be in a representation p of the rotation
group, with a denoting a representation index. Throughout this work we won’t need more
than the symmetric traceless representations of spin J, where a = ;... uy, but see [15]
for more general representations. This structure defines a Verma module of the conformal
algebra: we start from the lowest weight primary and then construct an infinite tower of
descendant operators by acting with the P, operator an arbitrary number of times, each time
raising the conformal dimension A by one unit. The fact that the Hilbert space must decom-
pose into a direct sum of such modules will have important consequences, for example, in

the conformal block decomposition which will appear below.

Having defined the primary operators, and having established the symmetries of the quan-
tum theory, we can now study their consequences on correlation functions, through the Ward
identities. Using that the vacuum is invariant under conformal transformations and impos-
ing the transformation properties of primaries, we find for one-, two- and three-point func-

tions of scalars on Euclidean space R?

)
(O(2)) =001, (O1(21)02(x2)) = 5, (1.5)
L12
€123
<01(IL'1)02((L'2)03({L'3)>: Al+As—As AstA3—A; A1+A3—Ag? (16)
L12 La3 L13

where we introduced the notation z;; = |z; — x;|. Importantly, all one-point functions van-
ish, except for the identity operator; two-point functions are power laws, diagonal in the
scaling dimensions, and conventionally normalized to one; and three-point functions have
their position dependence determined, up to an overall constant c;23, the so-called OPE co-
efficient, or structure constant. The generalization for symmetric traceless tensor operators

was studied in [14] and will be useful later in chapter 4.

The set of scaling dimensions and OPE coefficients is collectively known as the CFT data, as it
determines completely all of the local correlation functions in a theory. This will follow from

the operator product expansion (OPE) which we are yet to define. It is easiest to understand
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the OPE using the state-operator correspondence, which we now recall. So far, we have
been rather carelessly switching between local operator language and Hilbert space/state
language. This is a reasonable thing to do since, in CFTs, there is a bijective map between
states and operators, the state-operator correspondence. That any local operator defines a
state is natural in any QFT, and is obvious, say, with a path-integral representation. On the
other hand, it is hard to imagine how a state, defined on a d — 1 dimensional manifold,
could have a unique interpretation as a 0 dimensional local operator. The reason that this is
possible is scale invariance, which allows us to relate surfaces of different sizes. To make this
manifest, one defines radial quantization, where the Hilbert space is defined on S%~! and the
Hamiltonian is taken to be the dilatation operator D, which evolves states between spheres
of different radii. In this formalism, the scaling dimensions A play the role of energies on
the cylinder R x S?~!, related by a Weyl tranformation to the original R?. As any state can
be decomposed into a sum of energy eigenstates, we can use the Hamiltonian to evolve back
to a small sphere around the origin, where we interpret the state as a sum of local operators:

primaries and descendants. In this language we have
0(0)[0) < [0), (1.7)
and therefore primary states satisfy
D|0) = A|O), K,O0)=0, M,|0)=pu.lO). (1.8)

The state-operator correspondence can be proved more formally using a path integral rep-
resentation, if one is available. From this correspondence, one can also derive the operator

product expansion. Consider a state obtained by two operator insertions

[¥1,2) = O1(21)02(0)|0) , (1.9)

where we interpret the state as living on a sphere containing both operators. By the same
argument as above, we decompose it in eigenstates of D, evolve it back to near the origin

and see it as an (infinite) sum of local operators acting on the origin
[12) =) Craw(w1,85,)Ok(0)][0). (1.10)
k

Finally, we promote this to an operator equation, consider an arbitrary insertion point for the

second operator, and separate the identity contribution to write

0
O1(21)Os(72) = zlii + ) c1okDl12, 02, Or(22) , (1.11)
L12 k
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where we isolated the OPE coefficient, which is the only dynamical data involved, from the
symmetry determined differential operator D = 275" 2272 (1 4 O(z15 - 8y, 22,02)), which
produces all the descendants associated to the primary O. We wrote this in a somewhat
schematic form, as a general primary operator in the OPE of two scalars can be a symmet-
ric traceless tensor of spin J. Therefore there will be index contractions between position

dependence and the primary tensor indices which we omitted.

The OPE is an extremely powerful construct. Indeed, by applying this expansion to any
n—point function, we can reduce it to an infinite sum of n — 1-point functions, only at the
cost of knowing the spectrum (A, Ji) of exchanged operators along with the associated OPE
coefficients. This justifies our previous statements on the idea that the CFT data completely
determines all local correlators. Before proceeding, it is important to specialize to the case of
Lorentzian-unitary /Euclidean-reflection-positive CFTs. Theories with this property satisfy
additional conditions. Their OPE coefficients are real cj,3 = c123, and scaling dimensions are
bounded below

A>—— J=0; A>A;=J+d—-2,J>0. (1.12)

These inequalities are known as unitarity bounds and are saturated if and only if the opera-
tors live in short multiplets: they are either free scalars or conserved currents.

Let us now return to use the OPE machinery in the case of four-point functions of identical

scalars ¢, having in mind unitary CFTs
g\u,v
(@(z1)o(22)(23)d(24)) = 72A(¢ 2)A¢ : (1.13)
T12 T3q
where we have introduced the conformally invariant cross-ratios v and v
2 .2 2 .2
u = 12T ZZ, v= T1atos _ (1-2)(1-72), (1.14)

2 2 2 2
L13T24 L13T24

and also introduced the convenient parameters z and z, which correspond to a particular
gauge fixing of the conformal symmetry: 1 = 0,22 = (z,¥,0,...,0),23 = (1,0,0,...,0), 24 =
(00,0,0,...,0) with z = x + iy. In writing eq.(1.13) we have already taken advantage of the
full kinematic constraints of conformal symmetry: the four-point function can depend on
an arbitrary function of the two independent cross-ratios. At this point, where we have a

dynamical function still undetermined, we will make use of the OPE.

Let us perform the OPE between the two pair of operators (¢(z1), ¢(x2)) and (¢(x3), p(x4)).
This will introduce two sums over the spectrum, and two differential operators acting on
a two-point function of the exchanged operators. Orthogonality of the two-point function

collapses one of the sums. When the dust settles, one finds the following expansion, known
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as the conformal block decomposition
9(u,0) =1+ 3Gy, (u,0) (115)
k

The 1 on the right-hand side corresponds to the exchange of the identity operator. The re-
maining terms are dressed by a square of OPE coefficients, which will be positive in a uni-
tary theory. The functions Ga,, s, (u,v) are known as conformal blocks and, by the above
argument, are completely fixed by conformal symmetry. Determining them through direct
application of the OPE is in practice not a very good approach. However, there are many
mathematical strategies developed over the years to obtain convenient expressions for the
blocks. The blocks satisfy a Casimir differential equation [16-18], as well as recursion rela-
tions which follow from the analytic structure in A [19, 20]. In particular, they can be written
down analytically in terms of hypergeometric functions in even spacetime dimensions, as
well as in one spacetime dimension. They are also known in the collinear limit z = Z in any d
[21] as well as for J = 0 in d = 3. Generically we have an extremely accurate numerical con-
trol over these objects by combining the recursion relations with a series expansion solution

for the differential equation in the so-called radial coordinates [21, 22].

1.1.1 Crossing and the conformal bootstrap equations

At this point, we have completely separated the dynamics from the kinematics, and have
essentially computed the four-point function up to the knowledge of the CFT data involved
in the ¢ x ¢ OPE. The next step in the bootstrap program is to impose additional conditions
which will constrain the possible values of Ay and Ci(bk‘ Clearly, in the computation we
described above, the permutation invariance of the correlation function, which is manifest in
the operator language, was broken by a choice of channel, when we paired up the operators
in a 12-34 direct-channel structure. It would have been equally valid to perform the same
expansion in the cross-channel, where we pair up the operators as 14-23. At the level of the
correlation functions themselves this leads to a rather simple identity

g(u,v) = (E>A¢ g(v,u). (1.16)

v

However, from the point of view of the conformal block expansion, this is a highly non-trivial
constraint. The reason is that each individual conformal block is not crossing symmetric.
Indeed, the direct-channel blocks have power-law behavior in the direct-channel OPE limit
but logarithmic behavior in the corresponding cross-channel limit. Imposing this matching
in the region of mutual convergence, which turns out to be z € C\ {{—00,0} U {1, +00}},

leads to an infinite ”2-dimensional” set of constraints. This is somewhat natural, as we have
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an infinite “2-dimensional” set of unknowns, the scaling dimensions A and OPE coefficients
cé S Phrased in this manner, it seems we are confronted with a formidable task. There are
two main modern developments which allow us to tackle this problem. The first, which
appeared chronologically later, is to study this equation analytically in a suitable kinematic
limit [23, 24]. The main idea is that by considering the correlator in Lorentzian kinematics,
we can, in a certain sense, be simultaneously close to both channels. Concretely, one takes the
operator x2 to approach the intersection of the light-cones of the operators in z; and z3. In
this lightcone-limit, it is possible to determine the CFT data of certain families of operators.
We will review this procedure in chapter 4, where we will generalize the method to certain

higher-point correlators.

The other approach is numerical in nature. The idea is to truncate the infinite number of
constraints to a smartly chosen finite subset [25]. Let us first write the crossing equation in

terms of the conformal block expansion

Z Cid)k (UA(PGAIWJIC(U/, v) — uR*Ga, 1, (v, u) = Z Ciq&kFéAk:bJ)k(ua v) = — (v —uh9),

’ ) (1.17)
where we separated the identity contribution to the right side. We will try to impose con-
straints on the first non-trivial OPE datum, the dimension of the leading scalar in the ¢ x ¢
OPE which we denote by A*. The key step is to find a linear functional ¢, taken from some
finite-dimensional space, which satisfies the following properties when acting on the space

of functions of v and v

AFog)=1; a(Fap) 20,A>A%; a(F %) >0,A>A;. (1.18)

If such a functional exists, we apply it to the crossing equation (1.17), and derive a contra-
diction, meaning that a physical CFT must actually have a non-trivial scalar with scaling

dimension below the trial A*.

It is also possible to derive bounds on the OPE coefficients ci S with a similar algorithm [26]
Maximize o(Fp o) subject to:  a(Fa= j+) =1, a(Fa,y)>0,(A,J)e CFT. (1.19)

While the choice of the optimal linear functionals is an interesting question, in practice, most

studies choose to take linear combinations of derivatives
A
a= Y amadl Oy, (1.20)
m~+n odd

To implement the constraints in practice is somewhat subtle. We must always truncate the

discrete set of spins, and somehow handle the continuous amount of inequalities parametrized
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by A. One possibility is to discretize the dimensions in a grid and impose an upper cutoff.
This reduces the problem to a finite set of inequalities, placing the problem in the framework
of linear programming. This strategy was mostly pursued in the early days of the numer-
ical bootstrap [25-28]. More elegantly, one can notice that the derivatives of the conformal
blocks actually admit very accurate approximations in terms of positive prefactors multi-
plied by polynomial functions of A. This is a so-called polynomial matrix program, which
can be recast in terms of imposing positive semi-definiteness of finite dimensional matrices,
an instance of semi-definite programming [29-32], which is also particularly useful in formu-
lating positivity for systems of multiple correlators. While software to systematically solve
such programs was available by the time the bootstrap community realized this formulation
was possible, a specialized software dubbed SDPB, was later developed and became stan-
dard in the community [33]. In chapter 2, we will make extensive use of the semidefinite
formulation of the bootstrap equation, using in particular SDPB as the numerical engine of

the computations.

These methods have been used to tremendous success in studying many strongly-coupled
CFTs, including the 3d Ising and its O(/N) symmetric generalizations [19, 30, 31, 34, 35],
fermionic models [36-38], conformal gauge theories [39-42], and supersymmetric CFTs [43—
49].

1.2 Quantum fields in AdS and the S-Matrix Bootstrap

Another context where d-dimensional conformal symmetry plays a key role is in d + 1-
dimensional physics in (Euclidean) anti-de Sitter (AdS) space. The isometries of AdS;;
are isomorphic to the d-dimensional conformal group, and, in fact, the conformal action is
realized in the co-dimension one boundary of the space. This matching of symmetries is es-
sential in the holographic correspondence known as AdS/CFT duality [50-52]. In this case,
a quantum theory of gravity in d + 1 dimensions with AdS asymptotics is claimed to be dual
to a local QFT in the conformally flat d—dimensional boundary of spacetime. Concrete ex-
amples can be obtained in the context of string-theory, where certain near-horizon limits of
D-brane setups lead to supersymmetric conformal gauge theories describing the physics in
the world-volume of the branes, which can alternatively be seen as strings propagating in
an AdS;y; xMy spacetime induced by the branes, with M a compact manifold. The most
famous and well-studied example is the duality between N’ = 4 supersymmetric Yang-Mills

theory and type IIB string theory in AdS;xS® [50].

While AdS/CFT is undeniably one of the richest subjects in theoretical physics in the last

quarter of a century, we will not be studying it in this thesis. Instead, in chapter 2, we
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will focus on a simpler but related concept, the study of quantum field theory in a non-
dynamical AdS background metric [53-59]. This rigid holography has several motivations.
AdS space is maximally symmetric, but has a scale, its radius Lg4s, which plays the role of
an IR regulator. Of course, the same could be said of QFT on the sphere S¢, but AdS space
is infinite, and as we discussed has a conformal boundary. This allows for the definition of
scattering-like observables supplemented by asymptotic states, not available on the sphere.
These observables are the conformal correlators defined at the boundary of AdS, which we
will briefly review below. Another motivation is to use the scale Lags as a “dial” which we
can tune to probe different aspects of the bulk theory. In particular, we can access the S-
Matrix by studying the flat space limit Lyqs — oo and probe the RG flow of the theory by
tuning Lag4s from 0 in the UV, all the way down to the IR, the flat space limit.

Let us then define the basic objects of QFT in Euclidean AdS, following [59]. First we write
some useful coordinate systems for AdS. The Poincaré patch metric is written as

ds? = LideZQ;dmz , (121)
where 2z > 0, the holographic/radial coordinate is such that a R? conformal boundary sits
at z = 0. This space is clearly related by a Weyl transformation to the upper half-plane. If
the bulk theory is conformal, then we can directly relate the observables in AdS to the upper
half-plane, with appropriate conformal boundary conditions, leading to a boundary CFT or
BCFT. We will also study this setup in more detail below, under different motivations, to

prepare us for chapter 3.

A different set of coordinates, the so-called global coordinates lead instead to the metric

dr? + dp? + sin® de?l—l

cos? p

2 _ 12
dS = LAdS

, (1.22)

with —co < 7 < oo and 0 < p < 7/2. Now, the boundary R x S9! sits at p = 7/2.
This geometry makes manifest the connection to the state-operator map picture discussed in
section 1.1. Indeed, this means that local operators in the boundary of AdS are equivalent to
states on the cylinder and therefore will satisfy an OPE. To define these local operators we
start from a bulk field ¢; and push it towards the boundary. In Poincaré coordinates, which

we will mostly use in practice, this becomes
¢i(z,z) = Z ik z S [Op(z) + .., (1.23)
k

where Oy (z) are the boundary primary operators, and the dots standing to subleading cor-

rections as z — 0 associated to descendants. Conformal transformations on the boundary
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along with the state-operator map and unitarity of the bulk theory assure us that the bound-

ary four-point correlators

G(.I’l, I, X3, $4) = <O<$1)O(1‘2)O<$3)O(1‘4)> y (1.24)

satisfy all of the axioms® we used in the construction of the conformal bootstrap equations in

section 1.1. This means that, in principle, we can use conformal techniques in d-dimensions
to bootstrap massive quantum field theories in d + 1-dimensions [59]! Indeed, the isometries
of AdS map to a d dimensional conformal group regardless of the gapped or gapless nature
of the bulk theory4. In particular, we can consider the flat space limit Lyqs — oo of the
correlators and bootstrap the flat space S-matrix data. To see how this comes about, we recall
the basic dictionary

m?LAqs = Ai(A; —d), (1.25)

To be in a flat space regime, the Compton wavelength of the particles must be much smaller
than the AdS radius: m;Lagqs — 00, meaning we must probe the large dimension limit A; —

oo of the conformal theory. Indeed, one identifies the flat space masses through

m; AV

where we chose to work in units of the mass of the lightest particle m;. We can now ask
questions about flat space S-matrices and try to answer them using our conformal bootstrap
techniques. We will also sketch out the S-matrix methods which provide bounds directly
in flat space. The interplay between the two approaches will turn out to be quite fruitful.
Indeed, questions that are very natural from the S-matrix point of view will inspire some of

the original (conformal) results in the next chapter.

A simple illustrative question, which motivated the studies of chapter 2, is the following:
consider scattering of identical massive particles in two flat spacetime dimensions. These
particles have a mass m; and can form a bound state of mass mo < 2my. Taking this as the
single-particle spectrum of the theory, we ask if there is an upper limit on the value of the
cubic coupling g%, associated to the formation of the bound-state. That there should be an
upper bound is physically clear: if the interaction strength is too strong, either the bound
state has to become lighter, or other bound states must form. It is possible to solve these
questions analytically and write down the extremal S-matrix, but we will instead explain a

numerical algorithm that can solve this problem and can be easily generalized to the more

*Note that theories defined this way are obviously non-local. There is no notion of a stress-tensor on the
boundary, but this is not an axiom we used in the construction of the bootstrap equations. Sometimes, these
theories are refered to as conformal theories (CTs) in the literature.

41If the bulk theory is conformal, certain aspects of d + 1 dimensional conformal symmetry will also emerge.
See [60] for a discussion.
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interesting cases which cannot be solved analytically and whose results will guide the second

part of chapter 2.

1.2.1 A detour through the S-Matrix Bootstrap

Let us lay down the basic principles of the S-matrix bootstrap and exhibit the relevant max-
imization algorithm [61, 62]. We will eventually come back and connect to the QFT in AdS
approach. Two-to-two (2-2) scattering is described by the following matrix elements of the

S-matrix operator 5
in(p3 4l S|p1, p2)in = 15(s) (1.27)

where we used two dimensional on-shell momenta p; = (E, ;) with p? = —m? in (—, +) sig-

nature; the identity 1 = (27)24E) E5(5(p1 — p3)0 (P2 — pa) + (1 <> p2)) denotes the normalized
momentum conserving delta-function”; And the 2-2 scattering amplitude S(s) depends on
the Mandelstam invariant s = (p; +p2)?. Note that for identical particles in 2d, the remaining
higher-dimensional invariants satisfy u = 0 and t = 4m? — s. The scattering amplitude S(s)
is the main object of interest in the S-matrix bootstrap. We impose the following axioms to

constrain this object:

¢ Unitarity: probability is preserved in a quantum mechanical system, which means that
summing over all possible final states must give us back unity. Since we focused on a

subset of final states, the elastic 2-2 piece, we must have instead
1S(s)] <1, s>4m?, (1.28)

where the scattering process is considered at physical energies.

* Analyticity: causality and unitarity determine the singularity structure of the ampli-

tude. Bound states correspond to poles

2
S(s) ~ —Jp—T112 (1.29)

with J; a Jacobian relating the connected and disconnected parts whose explicit form
is not important for our purposes. The amplitude also acquires discontinuities asso-
ciated to multi-particle thresholds imposed by unitarity. For example, any interacting

amplitude must have

Disc,S(s) = lim S(s +ie) — S(s — ie)

: £0, s>4m?, (1.30)
e—0 21

°In two dimensions, the connected and disconnected part of the amplitude have the same support.
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associated to two-particle states of the external particles, at least in some range of ener-
gies. Combined with polynomial boundedness at high energies and crossing, this leads
to dispersion relations which determine the full amplitude in terms of its singularities,

up to possibly a finite number of subtractions.

* Crossing: for identical particles we can reinterpret the scattering process as happening
in the t-channel. This involves analytic continuation away from the s-channel physical
region and is therefore deeply connected to analyticity. If such an analytic continuation
exists we write

S(s) = S(4m? —s). (1.31)

In particular, the s-channel poles and cuts must have a ¢-channel counterpart, deter-

mining the analytic structure of the amplitude in the full complex s-plane.

The goal of the S-matrix bootstrap is to probe the space of consistent theories by extremizing
certain observables, while satisfying the constraints derived above. To do this, it is conve-

nient to use the following parametrization of the S-matrix

2 2 Nmax
9112 9112 a b
S,(s,t) = —J. —J + E ) 1.32
p(5:1) s—m2  Pt—m2 42 C(ab)Ps Pt (1.32)

In this expression we formally uplifted the amplitude to a complex function of two variables
s and t. In the end, we must of course impose the on-shell constraint s + ¢t = 4m?. By
symmetrizing the coefficients c,, we made the amplitude crossing symmetric. The analytic
structure is built into the ps functions which map the s plane with a cut at s > 4m? to the unit
disk whose boundary is the image of the cuts. With this map the amplitude is analytic in the
product of the two disks and therefore admits a double Taylor expansion in the p variables,
which we truncate at degree Npmax for practical use in a computer. Finally, we must impose

unitarity, which must be done for a discrete and finite set of points sgig

1S,(sM)P <1, s >4m?, s*¢ Sgrid - (1.33)

This leads to a set of quadratic constraints on the variables g7, and c(,y). Finally, we can
maximize the (linear) target g7,, subject to the above constraints. The result is shown in
figure 1.1. Remarkably, these bounds are actually saturated by a physical S-matrix, the one
corresponding to the scattering of the lightest breathers in sine-Gordon theory. This S-matrix

is given by

_ Vs(AmT = s) + /m3(4m? — md) (1.34)

Ssc(s) = )
) = omE ) — VT )
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FIGURE 1.1: Upper bound on the cubic coupling to a bound state g, as a function of the

mass ratio between the external particle and the bound state m;/msy. The results are satu-

rated by the S-matrix of the lightest breathers in sine-Gordon theory when (m;/m2)? < 2.
Adapted from [59].

and is also known as a Castillejo-Dalitz-Dyson (CDD) pole. It clearly has the right analytic
and crossing properties, and saturates unitarity, meaning it is a purely elastic S-matrix. This
approach to the bootstrap is known as the primal approach, since we are explicitly construct-
ing S-matrices compatible with our requirements and approaching the boundary of the space
of theories from the inside. This is in opposition to the conformal bootstrap, where we have a
dual approach, excluding infeasible theories, and approaching the boundary of the allowed
space from the outside. We should emphasize that this primal approach is not as rigorous
as the dual one, since the addition of extra constraints can make the bounds weaker. On the
other hand, in the dual-minded conformal bootstrap, extra constraints can only make the
bounds stronger. A dual approach to the S-Matrix bootstrap also exists and was presented

for example in [63, 64].

1.2.2 Back to QFT in AdS and the conformal bootstrap

With this result in mind, we can now ask how we can derive the same bound by taking the
flat space limit of the 1-dimensional conformal bootstrap on the boundary of AdS,. Clearly,
the key observable is the OPE coefficient c7,,(A1, Az), which now depends on two variables:
the external dimension A; and the dimension of the “bound state” A, the leading non-trivial
operator in the O; x O; OPE. A convenient way to organize this dependence is in terms of
A which is a proxy for the overall scale Lg4s, and the ratio Ay /A;, which approaches the
dimensionless ratio of masses used to parametrize the flat-space results. To make a quan-
titative match, one also needs the explicit relation between the AdS coupling and the OPE
coefficient. This is straightforward to obtain non-perturbatively as 3-point functions in AdS
are fixed by conformal symmetry, and one needs only to compute a cubic Witten diagram,
see [59] for detalils.
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FIGURE 1.2: Upper bound on the cubic coupling to a bound state g7,, in AdS as a function

of the dimension ratio between the external particle and the bound state Ay /A, as well as

the “radius of AdS” A;. After extrapolation to the flat-space limit, the results reproduce the
bounds derived above through S-matrix techniques. Adapted from [59].

Using the OPE maximization algorithm described in section 1.1, and imposing that O is
the only bound state, i.e., that every other operator in the spectrum satisfies A > 2Ay, it is
possible to derive the upper bounds shown in figure 1.2. After extrapolating the numeri-
cal bootstrap cutoff A — oo at fixed A; (the orange points), one subsequently extrapolates
A; — oo finding the red dots in the back of the figure. Remarkably, they coincide to a
high numerical accuracy with the bound derived using the constructive/primal S-matrix
approach described above. Indeed, we proved two-dimensional bounds on massive QFTs
using the far simpler setup of 1-dimensional conformally invariant theories! We take this
opportunity to emphasize that the bounds at finite A; are valid bounds on the QFT in AdS
with finite radius. Chapter 2 is devoted to the exploration of these and related bounds, with
an underlying RG flow interpretation: we expect small A; to describe the UV of the theory
and large A; its IR.

1.2.3 Bootstrap hints from flat space kinks

We finish this section by presenting another example of a natural S-matrix Bootstrap ques-
tion, explored in [65], which will suggest novel questions for the conformal bootstrap at finite

L pg4s in the second part of chapter 2.

Consider scattering in a theory containing an O(N) fundamental multiplet, as in a theory of
N real scalars with the same mass. In this case, there are several independent processes to
consider, so we have a tuple of amplitudes S,(s), with the label a enumerating the different

processes. In this case, there are three independent functions associated to the irreducible
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FIGURE 1.3: Space of allowed quartic couplings for 2 dimensional S-matrices with O(2) sym-
metry. The bounds are saturated by the Zamolodchikov-Zamolodchikov kink S-matrices of
sine-Gordon theory and their analytic continuations. Adapted from [65].

representations in the tensor product of two O(N) fundamentals: the singlet a = S, the an-
tisymmetric representation ¢ = A, and the rank two tensor a = 7. We are interested in
understanding analyticity, unitarity and crossing for these processes. While analyticity and
unitarity are essentially unchanged if we work in the representation basis, crossing becomes
rather non-trivial, mixing up different representations. In practice this means that this prob-

lem is complicated enough for the numerical S-matrix bootstrap to be the main tool.

To keep the analytic structure as simple as possible, we are free to study S-matrices where
no poles exists, i.e., there are no stable bound states. In this case, there is no cubic cou-
pling for us to maximize, and we must look for a different observable which is still non-
perturbatively well-defined. A way out is to study the values of the S-matrices themselves
Sa(s*) with s* € [2m?2,4m?[, since S, are real-valued functions in this (unphysical) range of
energies. We can take this as a non-perturbative definition of the quartic couplings in our
theory. A particularly nice choice is to take the crossing symmetric value s* = 2m? were
actually only two components of the S-matrix are independent. Using a simple extension of
the algorithms described in 1.2.1, or their dualized version, one can then provide bounds in
this two-component space of effective quartic couplings. The results for the O(2) case, taken
from [65], are reproduced in figure 1.3. Note that the 0} 2(s*) represented are simple linear
components of the S, discussed above. One finds that the Zamolodchikov-Zamolodchikov
[66] kink S-matrices of sine-Gordon theory saturate the bounds, as do their analytic contin-
uations [65]. This holds of course, in the parameter region where such S-matrices have no
stable bound states. That the sine-Gordon model can also be defined as the theory that sat-
urates these bounds begs the question if this can also be understood from the QFT in AdS

perspective. In fact, this suggests that it should be interesting to study conformal bootstrap
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bounds on O(N) charged correlators, and in particular to bound the values of the correlator,
at say, the crossing symmetric point G(z = 1/2). A careful exploration of this question will
be done in chapter 2, leading to interesting connection between the conformal and S-matrix

bootstraps.

1.3 Boundary Bootstrap: basic concepts and results

In this section we will review the bootstrap approach to boundary conformal field theory
(BCFT). The goal here is to describe the basic ideas and methods which will be generalized
to a more complicated setup in chapter 3. The BCFT setup is actually deeply connected to the
QFT in AdS framework described above. In fact, when the QFT in AdS is actually conformal,
a Weyl transformation directly relates the AdS results to the BCFT language, as we already

mentioned in section 1.2.

However, the study of BCFTs is interesting regardless of this connection, in particular from
the Euclidean CFT and statistical mechanics point of view [67]. Indeed, when studying sec-
ond order phase transitions we encounter a universal set of critical exponents, which follows
from the strictness of the bootstrap conditions. For example, three dimensional systems with
a Zo symmetry and two relevant operators (one odd and one even) are always described by
the 3d Ising CFT. This encompasses uniaxial ferromagnets near the Curie point and critical

opalescence of liquids in the vicinity of the second order phase transition, for example.

When such systems are studied either in the lab, or in Monte Carlo simulations, boundary
conditions play an important role. On the one hand, the inclusion of the boundary in the
analysis breaks translational symmetry in the direction perpendicular to the boundary and
in fact lowers the symmetry of the system to a (d — 1)-dimensional conformal group [67-69],
meaning there should exist conformally invariant boundary conditions. On the other hand,
this introduces new interesting observables, such as different critical exponents associated
to decays of correlation functions towards or along the boundary. Remarkably, there is also
some degree of universality in the boundary critical behaviour; for example, in the case of
the critical 3d Ising model, there are only three different sets of boundary critical exponents.
These are associated to the so-called ordinary transition, where the magnetization vanishes
at the boundary, the extraordinary transition, where it diverges at the boundary, meaning
the system acquires a net magnetization in the bulk, and the special transition, where the

magnetization approaches a constant value at the boundary, with vanishing slope.

It is possible to understand and make predictions on this phenomenology using the BCFT
framework which we now explain, following [68-70]. We start from a CFT; defined in the

upper half space, x4 > 0. We take the bulk CFT to be given, meaning we know all the local
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operators O;(x), their dimensions and spins {A;, J;} and OPE coefficients c;;;. By construc-
tion all this data is unchanged, since we can always consider correlation functions where
bulk operators are much closer to themselves than to the boundary, recovering bulk physics.
However, since we have less symmetry, kinematics are less restricted. For example, one-
point functions of scalars are no longer required to vanish, as the distance to the boundary

provides an intrinsic length. We then have

(Oi(r)) = —&, (1.35)

where we see a new CFT datum appear, a;, the one-point function coefficient. Since we
canonically normalize the two-point correlator in the bulk limit, this constant cannot be ab-

sorbed into a normalization and is therefore physically meaningful.

Similarly, the two-point function (O(x;)O(z2)) in the bulk is far less restricted. While we can
always restrict ourselves to kinematics where the boundary can be ignored (1 4, 2 4 > 212),
more generally we need to take into account a new two-point conformally invariant cross-

ratio
2

-2 (1.36)
471 472 4

In this language, the bulk limit is simply £ — 0. In general, we can write the two-point

function as
EAG(9)

(O(21)O(22)) = EWLCWLE

(1.37)

where %g% G(§) = 1, to recover the homogenous two-point function. We now see that the
bulk two-point function in the presence of a boundary is quite non-trivial, similar to a four-
point function in homogeneous CFT, but somewhat simpler, since there is a unique cross-
ratio. To make progress in determining this function, it would be convenient to have a notion
of block decomposition as well as of crossing. One possible decomposition is clear: we can
perform the bulk OPE, reducing the calculation to a sum of one-point functions, which are

fixed up to a constant, as we saw in (1.35). Concretely, we have
1
(O(@1)0(22)) = 5 + > coorD[z12, 0, (Ok(2)) | (1.38)
12 k

where D is the bulk OPE differential operator defined in (1.11). In terms of the function of

the cross-ratio, this means

G =1+ Z cook tk foulk.a, (), (1.39)
2

where we separated the bulk identity contribution, fiux A, are the so-called bulk channel

conformal blocks, which can be obtained by explicitly acting with the differential operator D
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on the one-point functions ;r;Ak, and are given explicitly by [69, 70]

Ar Ay

Joulkoay (€) = €84/ 5 Fy <2, < Ap+1-d/2; —§> : (1.40)

1.3.1 The Boundary channel

At this point, it is not completely clear if a notion of cross channel block expansion exists
or even what the cross channel should be. Looking at the cross-ratio { we see that another
interesting limit corresponds to taking & — oo, where the operators approach the boundary.
The fact that we still have scale invariance suggests that we can perform radial quantization
centered at the boundary. We could then map states on the hemispheres to local opera-
tors supported at the boundary. These two facts suggest that we define boundary operators
4] (Z, x4 = 0) supported at the now fully conformal invariant subspace z4 = 0, and Z denot-
ing the d — 1 parallel dimensions. Indeed, these operators should satisfy all the properties of

a usual CFT in d — 1 dimensions. For example, we should have

~ ~ ~ o5
(O@) =055z (O1(F1)0x()) = — = (141)
L19
(01(i1) Oy (2) O3 (3)) = =2 ~ (1.42)

2A1+A2—A3 Ao +A3—Ay zA1+A3—Ay
12 Ta3 13

where we started omitting that we always have z; 4 = 0 for hatted operators. Note that this
introduces a whole zoo of new boundary CFT data: the boundary scaling dimensions A
and OPE coefficients ¢; ;. At this point we can start to connect the bulk data to the boundary
data, in the hope of understanding the { — oo limit, or equivalently the boundary channel.
The first step is to notice that SO(d, 1) invariance fixes the bulk-boundary two-point function

up to an overall factor

t}):.—x

(O1(21)Os (22, 22,4 = 0)) = (1.43)

- Ao A1=Ay
(73, + x%,d)A2x1,cll ’
where u% is the so-called bulk-to-boundary OPE coefficient as will become clear momentar-
ily. Since we have defined a set of boundary operators, and have access to a hemisphere
quantization picture, it is natural to consider the expansion as x; 4 — 0, and interpret this as

a decomposition of the bulk primary in terms of its boundary counterparts. In fact, defining
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the boundary operator expansion (BOE)°

o
- Mg A o
0@, x4-1) = —————Dlxq4-1,0z]0i(T), 1.44
(& 2a-1) lemd_l)Ml [2a-1,0:)01(7) (1.44)
we can recover eq.(1.43), for an appropriately chosen differential operator D whose explicit
form we will write down later in chapter 3, but won’t need for now. With this BOE, we can
now systematically study the boundary channel for the two-point function. Applying this
expansion on both operators and using orthogonality of boundary two-point functions, we
have
(O@)02)) = 3 (40, a0 D1 .05, 1Dlfez s 02,1 O)Oua)) . (145)
~ (421,422,0) T ’ ’
In terms of the function of the cross-ratio and dropping the O label in the BOE coefficient,

we have

G =¢> (a% + Y 1 foary A, (5)) : (1.46)
l

where we separated the boundary identity contribution and see that the one-point function
coefficients can also be thought of as the bulk O to boundary identity BOE coefficent. Addi-
tionally, f, dry A is the so-called boundary channel conformal block, which can be obtained
by acting with the BOE differential operators on the boundary two-point function and admits
the explicit expression [69, 70]

Foary 3,6 =€ %2R (B, A+ 1—d/22R,+2 - d;-1/¢) | (1.47)

which as expected, can be Taylor expanded in the £ — oo limit, giving us a boundary channel

expansion.

1.3.2 The boundary crossing equation

Having established the two expansions in the bulk and boundary channels, we can write
down the crossing equation by demanding the equality between the two decompositions.
This reads

G(&) =1+ cook ak fouka,(§) =& (a?g + u?fbdryv& (5)) (1.48)
I

k

which admits the schematic representation of figure 1.4 [70]. Generically solving this equa-

®We emphasize the similarity between this expansion and the bulk field to boundary operator map in AdS
described in equation 1.23.
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Zk: k =;T T

FIGURE 1.4: Schematic representation of the boundary bootstrap equation. Adapted from
[70].

tion is a difficult task. First of all, we see that only the boundary channel admits an expansion
with positive coefficients, in contrast with the bulk channel in which the coefficients can have
either sign. Therefore, the positive functional techniques developed in section 1.1 can only
be applied with an additional assumption of positivity of these coefficients. This allows one
to study only a subset of conformal boundary conditions. On the other hand, one can also
consider an uncontrolled truncation of the OPE and BOE expansions, obtaining approximate
solutions to the crossing equations [71, 72] which are insensitive to the sign of the coefficients,

but suffer from errors which are difficult to estimate.

Another approach is to study the equation analytically, which is possible when the bulk
theory is simple enough. An illustrative example, on which we will expand upon in chapter
3, is to take the bulk CFT to be a free scalar field ¢ of dimension A; = (d—2)/2. In this case, it
turns out to be possible to solve the equation with a finite number of blocks on each channel

[70]. In fact, we can write the ansatz

1+ Coon @ foulk ay (€) = (ai + M%fbdry,gl (f)) : (1.49)

Expanding the equation in the bulk channel { — 0, taking care to use appropriate hypergeo-
metric identities to expand the boundary channel blocks, where they behave as f, dry A, (&) ~
a4 b&'=2, one finds that the bulk exchanged operator must have dimension A, = 2A,.
Therefore, we can interpret this operator as : ¢* : in the free theory, which is expected from
the free bulk OPE. By instead expanding in the boundary channel £ — oo, one discovers that

there are two sets of boundary data that solve the equation to all orders in 1/¢

C¢¢¢2(Z¢2 =1 y ap = 0, ﬁl = Ad, ,ul2 = 2, (150)
d—2

Coppp20g2 = —1, ayp =0, ﬁl:Ad—i—l, M?:T. (1.51)

These solutions have a clear physical interpretation. The first one corresponds to Neumann
boundary conditions, where the boundary operator is just the restriction of ¢ to the bound-
ary: b= ¢l 4=0, meaning we set the normal derivative of the field to zero at the boundary.

This is the free version of the special transition in the Ising model/Wilson-Fisher fixed point.
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The second solution corresponds to Dirichlet boundary conditions, where the boundary op-
erator is the normal derivative of the bulk field: 0 L&E = Og,¢|z,~0, meaning we set the field
itself to zero at the boundary. This is connected to the ordinary transition at the non-trivial
fixed point. More generally one can consider linear combinations of these solutions which
can emerge from an interaction in the boundary [73]. For the free boundary conditions the
two-point functions obtained from this data are just the ones expected from the method of

images
1 n 1
(@, + (1.4 = 22,4))% (T, + (210 + 22,0)7)5¢

(p(x1)d(22)) = (1.52)

with the + for the Neumann case and the — for the Dirichlet case. In chapter 3 we will study
this system in the more complicated geometry of a wedge generated by two such boundaries

which intersect.

This method can also be pushed to leading-order in the € expansion at the Wilson-fisher fixed
point, where a finite number of blocks remain at each channel and the CFT data receives
order e corrections. In this case one can also study the extraordinary boundary condition
with ay # 0, since it becomes compatible with the non-trivial equations of motion ({¢(x)) =
M¢(z))3, unlike in the free case where the one-point function coefficient is set to zero by the
equation of motion. Working at higher order in ¢ where infinitely many operators contribute

is possible but requires more sophisticated techniques such as dispersion relations [74].

1.4 A quick guide through this thesis

The overarching goal of this thesis is to extend the range of applicability of the conformal
bootstrap, thereby “pushing its bounds”. Having reviewed the main ideas of some standard
bootstrap setups and having pointed out their importance to the subsequent chapters, we

now proceed to give a brief summary of said chapters, along with the associated appendices.

We begin in chapter 2, where we try to use the conformal bootstrap to constrain RG flows.
The main idea is to study a (massive) QFT which undergoes an RG flow in a fixed AdS back-
ground. This gives us the possibility to study a set of conformally covariant observables: the
boundary limit of bulk correlation functions, which inherit the isometries of AdS in the form
of conformal transformations. The additional bootstrap axioms of unitarity, the OPE and
crossing are also inherited, and hence we are able to utilize the conformal bootstrap machin-
ery. We focus on Z, symmetric “breather” correlators, which put constraints on general ¢>"
deformed scalar theories including the breathers of sine-Gordon as a special case. We also
study O(2) charged “kink” correlators which naturally exist in the sine-Gordon model. We
present additional details of the calculations, including perturbative results both for bosons

and fermions, a discussion on spurious correlators which obstruct certain bounds, as well as
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additional numerical results on the O(2) charged observables in appendix 2.A. During the
course of this chapter it becomes apparent that multi-particle states are crucial to the inter-
pretation of our results. We study the presence of multi-particle states in AdS perturbation
theory using very general machinery in appendix 2.B. Additionally, we quantify the amount

of such states using the thermal AdS partition function in appendix 2.C.

We proceed to chapter 3, where we formulate a bootstrap approach to CFTs in a non-trivial
geometry, an angle § wedge, delimited by two intersecting boundaries with conformally in-
variant boundary condition. The theory also has a co-dimension 2 subsector, consisting of
the operators living on the intersection of the two boundaries: the edge. We study the kine-
matics and point out two simple observables which depend on a single cross-ratio: the bulk
one-point function and the bulk-edge two-point function. We use the BOE to relate these
observables to an expansion in terms of simpler universal functions, the analogues of the
conformal blocks. That the correlation functions admit an expansion in this basis is already
an interesting constraint. Furthermore, the geometry of this system is very suggestive of a
crossing equation: one where we equate the expansions with respect to each boundary of the
system. We then show that this equation is remarkably powerful; indeed, it allows to solve
for the CFT data in simple cases, for example the case of a free bulk field with Dirichlet or

Neumann boundary conditions.

In chapter 4, we extend the analytic lightcone bootstrap to the study of five- and six-point
scalar correlation functions. We focus on the snowflake topology, which corresponds to only
performing OPEs between the external operators. We briefly review the kinematics, pointing
out our cyclic choice of cross-ratios and describe the derivation of the higher-point conformal
blocks in the lightcone limit, using the Lorentzian OPE. We then proceed as in the four-point
bootstrap: we isolate the direct channel singularities caused by the leading twist operator
exchanges, and reproduce them from the large spin behavior of the operators in the cross-
channel. In this way, we fix the large spin behavior of some non-trivial OPE coefficients:
the ones between two spinning operators an one external scalar in the five-point case, and
between three spinning operators in the six-point case. We also obtain some explicit OPE
data for mean field theories/disconnected correlators, allowing us to explicitly check our
results, extending the CFT adage: ”All conformal field theories are free at large spin”. We
give some extra technical details, including some explicit results on higher-point blocks, an
analysis of higher-point D-functions using AdS techniques, as well as some results on the

conformal harmonic analysis of higher point functions in the lengthy appendix 4.A.

We conclude in chapter 5, with a brief summary of the main results, complemented by an
extended discussion of associated open research directions. Finally, we close the thesis with

some remarks on the importance of the bootstrap approach.



Chapter 2

Towards Bootstrapping RG flows:
Sine-Gordon in AdS

2.1 Introduction

In this chapter we will study quantum field theories in a fixed AdS background. Such a setup
was first discussed long ago in [75], but it has gained more attention in recent years because
of the applicability of novel conformal bootstrap methods [25]'. Indeed, as is well-known
from the AdS/CFT correspondence, if the AdS isometries are respected then the correlation
functions of boundary operators obey almost all the axioms of conformal field theory (CFT)
and in particular can be studied with all the usual conformal bootstrap tools. Not only does
this allow one to investigate non-perturbative properties of theories in AdS, but by taking
a flat-space limit one can even obtain quantitative results for the S-matrix of flat-space non-
conformal QFTs, as was demonstrated in [59, 61, 62, 77]. In this latter limit the boundary
correlation functions in particular are expected to transform into S-matrix elements, as can

be seen in several ways [59, 78-82].

From this prehistory let us highlight the recovery of a maximal coupling for a bound state in
two-dimensional S-matrices with a Zy symmetry discussed in [59]. To obtain this result from
a QFT in AdS approach one proceeds as follows. Assuming a one-dimensional boundary

operator product expansion of the form

O1xO01=14¢11209 + ... (operators with A > 2A1) RN (21)

See also [76] for a Hamiltonian truncation approach to this problem.

23
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one can numerically bound the coupling c;12 as a function of A; and A,. In the flat-space
limit A; =~ m1Lags and Ag = maLags become both large, but an extrapolation of the numer-
ical bootstrap methods yields an upper bound on the three-point coupling that is in excellent
agreement with a bound obtained from the analytic S-matrix bootstrap [61]. Moreover, for
V2 < mg/m; < 2 the flat-space scattering amplitude that extremizes this coupling is physi-
cal: it corresponds to the elastic amplitude of two ‘breathers’ in the integrable sine-Gordon

theory.

This particular result invites the question of the physical relevance of the numerical boot-
strap results at finite A. We recall that Lsg4s can play the role of a renormalization group
scale, and the spectrum A(Lags) and OPE coefficients ¢(Lags) can generally be expected to
vary smoothly between the BCFT in the UV as Lgs — 0 and the flat-space gapped theory as
L ags — oo. Therefore, it is natural to ask whether the numerical upper bound on ¢;;2 at finite
A is perhaps also saturated by sine-Gordon theory, now in an AdS space with a finite curva-
ture radius. And if this is not the case, are there perhaps other numerical bootstrap bounds
that are saturated by quantum field theories in AdS? If so then this would be a compelling

example of our ability to bootstrap an entire RG flow using only conformal methods.

One of the aims of this chapter is to explore this line of thought for the Zy preserving RG
flows emanating from the free boson ¢ in AdS,. A general such flow will begin at the confor-
mal point where the AdS curvature is unimportant and we simply have a BCFT setup with
well understood dynamics. For example, with the choice of Dirichlet boundary conditions
there is always the simple operator 0, ¢ with A = 1 and with generalized free boson corre-
lation functions. We can then switch on a potential, which in the most general Z, preserving

case would take the form

2 2n
/Adsd NI (2.2)

n>0
Without further tuning, the deformed theory will flow to a gapped phase and in particular
all the boundary scaling dimensions will become parametrically large as Lxqs — oo. The
objective of this chapter is to analyze to which extent such RG flows can be constrained or

bootstrapped.

For the sine-Gordon theory the deformation has the form

A / d*x /g cos(Bo), (2.3)
AdS

with ¢ a compact boson, ¢ ~ ¢ + 2w/8. The dimension of the deforming operator is
Az = (3%/(4r). It will be important to consider Az < 2 for the perturbation to be relevant.
The parameter 3 also determines the flat space spectrum as we explain in the beginning of

Appendix 2.A.1. For example, for Ag < 2/3, the infrared is gapped and there are at least two
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breathers. As already mentioned, the scattering amplitude of the lightest breather saturates
the S-matrix bootstrap bound on the cubic coupling g112 o c112. In the ultraviolet the picture
is as follows. The boundary operator with the quantum numbers of the lightest breather
is O1 = 0,¢ with Ay = 1. At the free point its self-OPE is indeed of the form (2.1) with
Ay = 2just saturating the imposed gap, and fortuitously we find that c112 = /2 saturates its

numerical upper bound for these values of A; and As.

In section 2.2 we discuss the saturation of this bound by perturbative results around the free
points. We first show that the bound is saturated by the first-order perturbative result, which
is encouraging. At the second order things are however more involved. The sine-Gordon
theory at fixed 3 is “lost” in the sense that it moves into the bulk of the numerically allowed
region. On the other hand, one can also consider sending A — oo and 5 — 0 so as to only
retain the ¢* perturbation at the second order, and with this scaling the perturbative results
do appear to saturate the numerical bounds. (For a specific value of the external dimension
the second-order equivalence between the numerical bounds and the ¢* theory was observed
earlier in [83].) This is however where we believe our luck will run out, and at higher orders
we expect numerics and analytics to diverge for any scaling of A and 3. Concretely this is
because the extremal spectrum of the numerical bounds does not match the perturbative
expectations; see subsection 2.2.2.6 for a detailed discussion. As far as any of these breather
bootstrap bounds are concerned, then, we must conclude that the sine-Gordon theory in AdS
can only be recovered in the deep UV and the deep IR. This does not suffice to achieve our
stated goal of bootstrapping an RG flow, but it certainly imposes sharp constraints on its

behaviour.

Starting at subsection 2.2.3, the remainder of section 2.2 is dedicated to a multi-correlator
study of two operators that should become two different breathers in the infrared. We intro-
duce a natural five-dimensional space of OPE data in which we carve out various allowed
regions with a numerical bootstrap analysis. With the exception of the free point, we un-
fortunately find that our perturbative predictions always appear to lie strictly below the
numerical bounds. Therefore, the conclusion that the ‘breather correlators’ are not extremal

holds also for this setup.

In the sine-Gordon theories there are more elementary objects than breathers: the kinks which
correspond to field configurations that interpolate between different minima of the cosine
potential. These are the subject of section 2.3. They correspond to winding modes in the
free compact boson theory, and a first-order perturbative analysis is provided in subsection
2.3.2. We also perform a first-order analysis around the free Dirac fermion in subsection 2.3.3,
which describes essentially the same theory because of the bosonization duality between the

sine-Gordon and the Thirring model [84].
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In the remainder of section 2.3 we turn to the numerical analysis. An a priori reason for op-
timism is that kink states do not exist for non-compact bosons and so general interactions
of the form (2.2) no longer provide viable deformation of the UV correlators. At a practi-
cal level, the main difference with the breather setup is that the kinks are charged under a
global O(2) symmetry. We have chosen to numerically bound the value of the correlators
at the crossing symmetric point. This analysis yields a three-dimensional ‘menhir” shape
displayed in figure 2.12. Just as for the breathers, we once more find that the free and first-
order perturbative theories lie on the boundary of the allowed (menhiresque) space, and so
does the flat-space S-matrix if we extrapolate the bounds to large scaling dimensions A. The
sine-Gordon flows must lie within this menhir all the way from the UV to the IR, offering a

definite bootstrap constraint on an RG flow.

Further conclusions and an outlook are provided in section 2.4. We in particular point out
that, beyond low orders in perturbation theory, physical theories are not expected to ex-
actly saturate bounds with a finite number of correlators. Instead we expect that bounds are
saturated by extremal correlators with a very sparse and unphysical spectrum. Some tech-
nical results are collected in the associated appendices: in appendix 2.A.1 we give details of
the perturbative calculations for sine-Gordon breathers; in appendix 2.A.2 we describe how
multi-correlator bounds can be limited by the existence of unphysical solutions to crossing; in
appendix 2.A.3 we explain the computation of the correlation functions of charged fermions
in the AdS, Thirring model; and appendix 2.A.4 provides some further numerical data for

the kink correlation functions.

Additionally, to give a more complete picture of this rich setup, we provide two further ap-
pendices which can be read mostly independently from the main text. In Appendix 2.B, we
give a general discussion of the operator content of generalized bubble diagrams which ap-
pear naturally in sine-Gordon perturbation theory as a particular case. Finally, in Appendix
2.C, we provide an in-depth analysis of the multi-particle spectrum of QFTs in AdS, using
the thermal partition function. We also expand these techniques to derive certain perturba-

tive anomalous dimensions.

2.2 Breather scattering

In this section we focus on breather states in sine-Gordon theory. These can be viewed as
bound states of kinks and anti-kinks that are neutral under the continuous O(2) symmetry,
but can still be charged under the Z; symmetry that sends ¢ — —¢. In the UV theory with
Dirichlet boundary conditions in AdS, the first boundary operator with the corresponding

quantum numbers is 01 = 9| ¢ and so we will assume that it generates the lightest Z, odd
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breather state. We will denote the lightest Z2 even operator by 02, which in the UV theory is
given by (9, ¢)2. We will therefore be investigating the four-point functions of O; and 0.

As explained in the introduction, our initial interest with these correlation functions is to see
if we can track the sine-Gordon RG flow from highly curved AdS in the UV all the way to the
flat-space limit. Unfortunately the operators in questions are not sensitive to the compactifi-
cation radius r of the boson ¢, and the physically allowed deformations of the free correlator
therefore involve all the possible ¢*" couplings mentioned above. From the viewpoint of the
numerical bootstrap it will turn out that the sine-Gordon theory at fixed 8 does not occupy

a distinguished place in the space of all these flows.

The organization of this section is as follows. We begin by analyzing the four-point function
of O analytically and numerically near the fixed point, to first and to second order in per-
turbation theory. We will provide evidence that the sine-Gordon theory in AdS saturates the
(extrapolated) numerical bounds to the first order but not to the second order. In subsection
2.2.3 we do a multiple correlator analysis involving also the operator 0. In this case the
parameter space is five-dimensional and we provide numerical bounds along various cross-
sections, which we can match to first-order perturbation theory. We in particular show that

the sine-Gordon theory does not seem to saturate the bounds away from the free point.

2.2.1 The free boson and its perturbations

Our background is Euclidean AdS;, with the metric
LQ
a5? = Laas (g2 4 4,2y (24)
Yy

with y > 0 and with € R the boundary coordinate. In this background we consider a free

massless boson with the action

_ 1 2 2
S = /A ngd /7 (09)2 (2.5)

and with Dirichlet boundary condition,” so ¢ — 0 as y — 0. The simplest non-trivial bound-
ary operator is then O = 0, ¢(z) whose correlation functions are just those of a generalized

free boson with A = 1. For example, if we write its four-point function as

(01 (21)01 ()01 (23)01 (12)) = —5-—5- £(2), 2.6)

L1934

This is the only choice compatible with conformality and the flat space limit. Had we chosen the Neumann
boundary condition, the mass deformation would not continuously connect to the large A flat space limit, see
[59]. Additionally, there would be light operators on the boundary, which could trigger a boundary RG flow,
destroying conformal invariance.



28 2. TOWARDS BOOTSTRAPPING RG FLOWS: SINE-GORDON IN ADS

with
L, T12T3 7 2.7)
213724
where z;; = z; — x;, then in the free theory
52
FOG) =1+ 22+ T (2.8)

and all higher-point functions of O; are equally easily obtained by Wick contractions.

In this section we will be interested in small perturbations away from the free conformal
point that preserve the Z, reflection symmetry. As we stated in the introduction, at first
sight one may want to consider an interaction Lagrangian of the form A, ¢*" which con-
tains all the relevant operators in the theory. However, in principle we can also consider
irrelevant interactions, like (9¢)* and more complicated operators. Irrelevant deformations
certainly make sense to any finite order in perturbation theory, where only finitely many
counterterms are needed to cancel all divergences. They can however also correspond to a
non-perturbatively well-defined setup: any RG flow that ends on the free massless boson
would locally be parametrized by such irrelevant deformations. This means that there is no

reason to exclude them from our bootstrap studies.

2.2.2 Single correlator
2.2.2.1 First-order ¢* perturbation theory

As discussed in the introduction, we are interested in Z; symmetric deformations of the
massless boson and therefore we can add any ¢?" operator to the Lagrangian. At first order,
however, only the ¢? and ¢* operators change the four-point function of 9, ¢, and so (for

now) we will consider only the action

5= &2z\/g B(@qf))Q +A (% ¢2 + % ¢4)} . (2.9)

AdSs

Using the Feynman-Witten rules, the first-order correction to the correlator is then given by

(O1(21)01(22) 01 (23)O1 (z4)) V) =
1
= / d2x\/§ [—m <2H3H4 +5 permutations) — )\%11'[11'[21'[31'[4] , (2.10)
AdS, s l‘12 T

with
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the bulk-to-boundary propagator for A = 1. The integrals can be evaluated straightfor-
wardly as they correspond to a mass shift and a basic D-function. The complete correlator,

obtained after integration, is given below in section 2.2.3.

Using the results given in appendix 2.A.1.1, we can extract until first order the relevant CFT

data for our two-parameter family of CTs. The result is

(A1, Ao, 2y) = (1 + Ag2, 2 + 2)g + )\%T, 2 A%) . 2.12)

We can understand the g2-dependent contributions as coming from disconnected diagrams
with a mass shift. The g4 correction is derived from the connected quartic Witten diagram. It
will be convenient for comparison with the numerics to work in terms of physical quantities
only. Therefore we restate the previous result as relations between conformal data. To first

order in perturbation theory we can write
o =2—2As +4A, . (2.13)

This defines a plane in the 3-d space (A1, Az, c35).

2.2.2.2 Comparison with numerics

It is well-known that the generalized free boson saturates the upper bound c¢3;, < 2 for
A1 = 1 and Ay = 2. This alone indicates that the result of first-order perturbation theory
should be tangential to the bound. Indeed, to first order we can always switch on both g3 and
g4 with arbitrary signs because we can stabilize the potential with higher-order terms. But if
every direction is physical then no direction can exit the allowed region, which geometrically
is only possible if the bound is tangential to the plane defined by (2.13) at A; = 1 and Ay = 2
[83].

We have verified that this is indeed what happens in the entire plane.* To illustrate this we
show in figure 2.1 the two slices given by the lines with fixed A; and fixed A,. The dark
areas are the rigorously ruled out region and we observe that the slope already matches first-
order perturbation theory quite well. Furthermore, if we extrapolate the numerical results to
infinite numerical precision we obtain an excellent match for all the shown data points. This

confirms our expectation that the numerical bound matches first-order perturbation theory.

3See also appendix A of [85].
4The numerical bootstrap analyses in this paper were all done using SDPB [33, 86]. The numerical setup is
entirely analogous to [59].
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A% Ay

FIGURE 2.1: Bounds on the OPE coefficient c,, in the vicinity of the free point. In the first

plot we keep A; = 1 fixed and in the second A, = 2. The raw data points range from

A = 5 (upper gray line) to A = 29 (lower black line) in steps of 4, where A is the number of

derivatives of the crossing equation that we used. (We show the same values of A in figures

2.2 and 2.3.) The blue points are an extrapolation to A = co which fit well the first-order

perturbative result (red line) around the free theory (red point). The green line corresponds
to the irrelevant deformation discussed below.

2.2.2.3 Other deformations

Now let us consider other deformations of the free massless bosons. First of all, we could
have set go = g4 = 0. Then the first-order deviations given above would vanish trivially,
and instead the leading deviation from the free theory would be given (at some loop order)
by the first non-zero coupling like g or gs. The same argument as above would show that
these deviations are necessarily also tangential to the numerical bound. In this way the entire
infinite space of RG flows emanating from the free boson appears to collapse to the lines in

tigure 2.1.

As mentioned at the beginning of this section, to first order it is also completely acceptable to
study irrelevant deformations. Out of all of those we will consider only the (9¢)* interaction.
Physically one may think of this interaction as the least irrelevant operator in a theory that
preserves both the reflection and the shift symmetry of ¢, and whose RG flow ends in the free
massless boson. In higher dimensions this situation would for example arise whenever ¢ is
a Goldstone boson, and then it is well-known that the coefficient of (0¢)* must be positive in

flat space [87]. For the two-dimensional theory in Euclidean AdS the action

S = d*x\/g [;(agb)? — X(agﬁ)ﬂ , (2.14)

AdSs

yields the first-order correction to the OPE data

A 23 .
(Al, A27 0%12) = (1, 2 — 67, 2 — )\367'('> + O(}\Z) . (2.15)
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This perturbative result corresponds to the green line in the left plot in figure 2.1. How-
ever, the upper half of this line is excluded by the (extrapolated) numerical bootstrap bound.
We therefore conclude that this leading-order perturbation cannot exponentiate to a valid

solution to the crossing symmetry equations, and therefore
A>0, (2.16)

just as in higher dimensions.

It is interesting that we could so easily bound the coefficient of the leading irrelevant oper-
ator. In future work it might be worthwhile to see if this idea can be used to derive similar
bounds in higher-dimensional theories and for the subleading irrelevant terms. In this way
the numerical bootstrap can perhaps re-derive or improve the analytic results of [88-90] and
[91] for effective field theories in AdS.

2.2.2.4 Second-order

Starting with the second order in perturbation theory we have a choice to make. Suppose
the ¢ interaction strength is proportional to a parametrically small coupling A. Then how
should we scale the ¢5 and higher interactions? Our first natural option is to consider the
sine-Gordon interaction at fixed 3 as discussed in the introduction. Then we can heuristically

write
n

(=1
(2n)!

Acos(Bp) —1) =AY B, (2.17)
n>0

and deduce that the ¢® coupling should simply scale as X\. (In practice we should work
directly with the compact boson and regard the cosine term as a real vertex operator, as

explained in detail in appendix 2.A.1.2.)

The other choice is obtained by replacing 3 — A¢ and A — A™! so the interaction becomes

n>0

In this case the ¢ interaction scales as \%. The advantage of the second scaling is that A is
now a true loop counting parameter, as is easily verified by drawing a few Feynman dia-

grams. It is also the scaling that was used in [92] to give an elegant intuitive argument for

the integrability of the classical theory in flat space.”

°If we introduce the ¢?* interactions order by order then we necessarily have to consider the boson to be non-
compact and then the spectrum of bulk operators is continuous. Fortunately, this does not pose any problem for
the correlation functions of boundary operators because with our choice of Dirichlet boundary conditions the
boundary spectrum remains discrete.
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The different choices of expanding the interaction potential lead to different ways of perturb-
ing the fixed point and a priori we can consider all of them in connection with the numerical

results. In both cases we will get an expansion of the form

A = 1+’y£1))\+fy£2))\2+... ,
Ag =247+~ + (2.19)
Alo=24+cWAx+ PN

where the coefficients are functions of the single remaining parameter 3 or £&. The compu-
tation of these coefficients can be found in appendix 2.A.1.2; for the sine-Gordon theory at
fixed 3 the computations are far from trivial and ¢(?(3) and 752) (B) can only be obtained
numerically, with a computational cost that increases quickly with 3. If we keep ¢ fixed then
the computation is significantly easier, and only the ¢? and ¢ interaction vertices contribute.
Either way, in both cases the equations are seen to lead to a one-parameter family of RG flows
that emanate from the free point. For comparison with the numerics it is useful to eliminate
A and the parameter in favor of (A; — 1, Ay — 2), obtaining a quadratic equation for ¢, in
terms of Ay — 2 and A; — 1. Doing so for the second scaling, which is the same as the o
perturbation, yields

: b

6%12 =2— 2(A2 - 2A1) + (711-5 - 4{(3) + 2) (AQ - 2A1)2 + 4(A2 - 2A1)(A1 - 1) s (220)

and one may envisage a similar equation for the sine-Gordon perturbation at fixed /3, which
is however much more difficult to write down. Notice that we can no longer deduce the
individual RG flows from the parametrization given in equation (2.20) — instead we only
see the surface that is foliated by all the flows together. This is however also all we are able

to see numerically.

For the numerical experiment we have chosen to compute the second derivative of the max-

imal value of ¢, along the straight lines given by
AQ —2= O'(Al - 1) . (221)

The results are shown in figure 2.2 for 0 < o < 2 where the sine-Gordon deformation is
relevant. For this figure we estimated the second derivative of the numerical bound using
finite differences, and then extrapolated to infinite A. Our first observation is that the ¢*
theory, and therefore also the sine-Gordon theory at fixed &, provides an excellent match with

the numerical data.® At this order sine-Gordon is a maximal theory. We shall argue below

®For A; = 1 this was also observed in [83].
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0.0 0.5 1.0 1.5 2.0

FIGURE 2.2: The second derivative of c¢112 with respect to Ay, at the free theory point, as a

function of 0 = (As —2)/(A; — 1). The dashed red ¢* curve coincides to high precision with

the extrapolation of the numerical results to infinite A which are represented by the blue
points. On the other hand, the sine-Gordon curve (in green) is subleading.

that we do not expect such property to hold at higher orders. At this order the sine-Gordon

deformation at fixed /3 is however no longer maximal, as we anticipated in the introduction.

2.2.2.5 Relation to gap maximization

It turns out that we can trace the ¢* theory to second order also in a different manner: we can
try to maximize the gap to the operator after Oy = (9, ¢)? rather than maximizing the OPE
coefficient c3,,. At the free conformal point there is a degeneracy since these next operators
are given by

O4=(0.0)0(01¢),  Ou = (910), (2.22)

which both have dimension 4. Of course, this degeneracy generically gets lifted as we switch
on the ¢* or even the ¢? terms in the Lagrangian. But to second order only the first of these
operators makes an appearance in the four-point function of O; = 9, ¢ because ¢?,, =

O(M\*). For this operator O, we find, in a manner analogous to before, that
1% 25

1
Ay =4+ Q(Al — 1) + E(AQ — 2A1) (2.23)

+ é(Az —2A1) (A1 —-1)+ <ﬁz - 2((3)> (Ay —2A1)%.
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FIGURE 2.3: First and second derivative of A4 at the free theory point, as a function of 2 — 0.

The ¢* curve, or the SG theory at fixed ¢, in red coincide to high precision with the large

A extrapolation of the spectrum extraction from OPE maximization points in blue and the

black gap maximization points. Both numerical approaches give very similar results. Note

that the second derivatives, as estimated from finite differences, are not monotonic in the
cutoff A.

This quadratic curve once more precisely traces the numerical bounds as can be seen in figure

2.3. Using the uniqueness of the extremal solution it is then clear that

Boundary dual of ot theory in AdS
= Extremal theory that maximizes the OPE coefficient c112 = c112(A1, A2) (2.24)

= Extremal theory that maximizes the gap Ay = Ag(Aq, Ag),

to second order around A; — 1 and Ay — 2A;. We also note that we empirically found that
the OPE and gap maximization problems have the same solution at finite truncation order,

which was also observed in [83] before.

2.2.2.6 Comments on higher orders

We have seen that the sine-Gordon theory can be extremal around the free point, albeit only
with a specific scaling of the parameters, to second order in perturbation theory. Unfor-
tunately this extremality property is unlikely to persist at higher orders, as we will now
proceed to explain. The overall picture will therefore be that sine-Gordon theory in AdS sat-
urates the bootstrap bound to zeroth, first and second order in the UV and also in the deep

IR, but not in between.

Rather than working out the details of the higher-order perturbative results we will pro-
vide an indirect argument for non-extremality. First we recall that the numerical bootstrap
procedure allows us to extract an approximate solution to the crossing symmetry equations
precisely at the extremal value of the OPE or gap bound. Now, for any A; and A in the

vicinity of the free point this so-called extremal spectrum appears to be quite special in the
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sense that it is relatively sparse: as we explain in more detail below, it contains at most a

single operator per ‘bin’ of width 2 in A space.

For reference we first discuss this sparseness property in physical theories. It is clearly
obeyed at the free point: the spectrum in the generalized free four-point function of O; =
01 ¢ contains operators of dimensions 2A; + 2n with A; = 1. In reality, however, there
are multiple such operators for each n > 1 and the free spectrum is highly degenerate. Per-
haps surprisingly these degeneracies remain hidden to first and second order in perturbation
theory. For example, the operator Oy = (9, ¢)* only appears at fourth order in \ in the four-
point function of O; and the same is true for other operators at higher n. Therefore, whereas
the spectrum up to third order is sparse enough to be extremal, at fourth and higher orders

this is generally no longer the case.

On the numerical side we simply observed a sparse extremal spectrum for all the values of
Aq and Aj that we tried, with no hint of resolved degeneracies at any A. The sparseness
was also already discussed in some detail in [83]. In that paper it is reflected not only in the
choice of functional basis, but the numerical results (for A; = 1 and varying As) also provide
substantial evidence that there is indeed a single operator per bin. Finally, the sparseness
property also fits in nicely with the extremal functionals in one dimension that were found

in [93, 94] which also always have a single operator per bin.

It remains an interesting open question whether every extremal solution has at most a single
operator per bin, and whether a similar sparseness can be true even for multi-correlator

bootstrap bounds. This is however beyond the scope of the present work.”

Are there mechanisms that could retain the sparsity of the spectrum and therefore extremal-
ity? We can for example imagine tuning the couplings such that the entire spectrum of the
theory remains degenerate also at higher orders, or tuning the OPE coefficients such that
the spectrum of operators appearing in (O;0;0;0;) remains sparse. (In the latter case we
would still observe non-sparseness in other correlation functions, for example the ones stud-
ied in the next subsection.) Some counting arguments however show that either scenario is
unlikely to be achievable with only ¢?* interactions: at every order there is simply too much
OPE data to tune given the finite number of coefficients. A more promising avenue would be

to also allow for irrelevant deformations. Indeed, every primary operator can also be used to

"We can offer some comments nevertheless. Of course the mean-field spectrum of a multi-correlator bootstrap
setup involving O and Oz would generally contain 3 operators per bin, corresponding to the different double-
twist operators 019°" 01, 020°" 02 and 010" Os. But this is not necessarily an extremal spectrum. On the other
hand, let us recall the dictionary and numerical results of [59] which state that correlators (of identical operators)
with a single operator per bin must converge to scattering amplitudes which saturate elastic unitarity in the
flat-space limit. But in [77] it was shown that some multi-correlator systems (or actually the bounds obtained
from them) converge to multi-amplitude systems (or actually the bounds obtained from them) whose individual
amplitudes do not all saturate elastic unitarity. We therefore believe that these extremal correlators do not contain
a single operator per bin. It would be nice to check this, but the authors of [77] did not analyze the extremal
spectra for their bounds.
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deform the theory and one might therefore imagine tuning their coefficients precisely such

that sparsity is retained.

It would be interesting to see whether there indeed exists a tuning of relevant and irrelevant
interactions such that the spectrum remains sparse at finite coupling. Such a tuning bears
some resemblance to the flat-space analysis of [92] where the flat-space sine-Gordon theory
is recovered by dialing the interactions so as to eliminate particle production. Indeed, ac-
cording to [59, 81], a correlator with a single operator per bin produces an elastic amplitude
in the flat-space limit. It is therefore likely to be this fine-tuned and likely non-local theory
that saturates the numerical upper bound on c?,, all the way from the free boson at A = 1

until the flat-space sine-Gordon theory at A — oo.

2.2.3 Multiple correlators

We will now analyze the following system of correlators

(O2(21)O2(22)O1(23)O1(74)) (2.25)

We will again probe this system in the vicinity of the generalized free boson point with A; =
1 and Ay = 2, where we can identify O; = 0, ¢ and Oy = (0L0)2.

The operators appearing in this mixed one-dimensional correlator system are labeled by
their quantum numbers under the Z, reflection symmetry sending ¢ — —¢, as well as under
boundary parity  — —z. The latter symmetry is what remains of a rotational symmetry
in one space dimension. Parity odd operators cannot appear in the OPE of two identical
operators, which exemplifies that it can be useful to think of the parity odd operators as spin
1 and the parity even operators as spin 0. The operators O; and O, are parity even. The

operator spectra will be assumed to have the form

Zy | P | assumed spectrum

+ | + | 1, Oy, and operators with A > Agyp

— | + | O1 and operators with A > Ay

— | — | operators with A > A,

+ | — | no assumptions, as these do not feature in (2.25)

With these assumptions we are left with the following natural five-dimensional space of
parameters

P {A1, A2, Agap, c112, 222} - (2.26)
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As an example, it is easily verified that the generalized massless free boson point corresponds
to {1,2,4,v/2,2v2}.

Below, we will study some first-order deformations away from the generalized free boson
point, both numerically and perturbatively. For the perturbative computations we will as-
sume that the Z; symmetry remains preserved. If we furthermore only consider relevant

perturbations then the most general first-order deformation is captured by the action

1 g2 94 g6 g8
— d2 - 2 A (22 2 J4 4 JO0 .6 JS 8 2.07
S S, m\/§[2(8¢)+ <2!¢+4!¢+6!¢+8!¢) ’ (227)
with X infinitesimal and g2, g4, g6 and gg arbitrary. As before, couplings of the form %k for
sufficiently large k£ do not lead to a first-order change of the correlators in (2.25). The action
(2.27) leads to a four-dimensional space of deformations emanating from the generalized
massless free boson point, and our first goal is to compute how the OPE data in P is affected

by these deformations.

2.2.3.1 First-order perturbation theory: correlators

We begin our perturbative analysis by computing the correlators in (2.25) to first order in A
with the action (2.27). In this subsection, with a small abuse of notation, it is understood that,

in the free theory Oy = (9, ¢)? is normalized to have unit norm.

As explained in section 2.2.2.1, the four-point function of O; to first order reads:

(O1(21)O1(22) O1(23) O1(24)) :ﬁ

Lo T3y
2M\go 22

e <(1 — 2)2log(z) + log (1;))

where A; = 1 + \gs and the D-function D1111(2) is defined in appendix 2.A.1.1. Notice that

22 AJ4 90—
ToF  an” D)

14224

+0(\?), (2.28)

all terms proportional to g» come from disconnected diagrams,® the only connected term

comes from the g4 coupling, and the g¢ and gs couplings do not contribute.

8Notice that 2221 = 22 4+ 2Ag22% log(z) + O(A\?).
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XX

FIGURE 2.4: Connected diagrams contributing to the 4-pt function (020201 01). There are
contributions from both the g and g4 couplings. Additional dlagrams obtained by permut-
ing the external operators must be added.

For the other two correlation functions in (2.25), let us first write their zeroth-order term.

Simple Wick contractions yield

= )
1422242 ,
37%29734 (1—2)2

(Oa(w1)Oa(w2) Oa(w3) Oa(24)) ) = — 1 [1 +2t (1 —4 )
1975y o

*4 ( Ta i)? a iﬁﬂ |

The first-order corrections to the first correlator come from the connected diagrams in figure

<OQ($1)02([E2)01 (3}3)01 ($4)>(0)

(2.29)

2.4, plus other disconnected diagrams. The first diagram in figure 2.4 is proportional to the

g6 coupling and reads
S / 2 /g TI2TI2TT5T, (2.30)
27° J Ads,

with II; corresponding the bulk to boundary propagator for a field dual to an operator of
dimension 1, defined previously in (2.11). Notice that II? is proportional to the bulk to
boundary propagator for a field dual to an operator of dimension 2, and this means that
this contribution to the correlator is simply the D-function Dg9;1. Taking into account all the

other diagrams we obtain that

(O2(21)O2(22)O1(23)O1(24)) = ﬁ (h(o)(z) ?296 2 Daani (2) — %2251111(2)
Ty T34 g
Aga2? (2(z — 2)(log(1 — 2) — 1) — 2) N 4Ng22? ((2% — 2z + 2) log(z) — log(1 — z))>

* 27(z — 1)2 (z—1)2

+0(\?), (2.31)

where h(9)(2) is defined by the tree level answer obtained from (2.29), A; = 1 4 Ag2 as
before, and Ay = 2 + 2\g2 + Agsa/(47). Notice that we previously also obtained these scaling

dimensions from the four-point function of O; — see equation (2.12).
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RS

FIGURE 2.5: Tree level diagrams contributing to the 4-pt function (O2020205) from ¢%, 5
and ¢* interactions. Additional diagrams obtained by permuting the external operators
must be added.

Finally, the four-point function of (9, ¢)? is given by

(O2(x1)O2(x2)O2(x3)O2(x4)) = g;%Qijgf? {k(ﬂ) (2) — 1(;1%8 ADoon

~ 3Ags 2(p _ _ o o -

) ( 1122 + 2 (D1212 + D1g21 + Dai21 + Dag11 + (2 — 1) *Dayi2) >
_?%((3_1)Z+1)2+)ﬁ(zi21)4(z(—822+152—8)10g(1—z)
+22(2" — 42° + 1427 — 202 4 10) log(2) — 8(2 — 1)%(2* — 2 + 1)) (2.32)

4)\9222

P ((2z4 — 423 4522 — 4z + 2) log(1 — z)

— (2% = 42° + 122" — 202° + 202% — 122 + 4) log(2))] + O(\?),

where k(%) (2) is again the tree level answer defined by (2.29) and A; and A, are as before.
For this correlator the connected Witten diagrams are shown in 2.5. In particular, the first
diagram introduces a contribution from the gs coupling given by

L / 20 /g TI2TI2TI2T1 (2.33)
At J aas,

which is just the D-function Daags”.

2.2.3.2 First-order perturbation theory: OPE data

To compare with the numerical bootstrap we will extract the OPE data in P from the above
correlators. The extraction of A, As and cj12 is immediate and leads to the same answers
given previously. We can then extract co22 from either of the final two correlators in (2.25),

with the result

3g4A 396\
Cogo = 2V/2 — ) 2.34
222 2o 16y2r2 (2.34)

9We use the same AdS> D functions as [85, 95].
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We are left with the extraction of Ag,p. As explained above, at the massless free point the
gap is set by two degenerate operators of dimension 4, namely Oy = (9;¢)0(0,¢) and
Oy = (0.¢)". At first order in A we need to resolve the mixing problem to derive the change
in the gap. It is helpful to write O, and O, as the two orthonormal linear combinations of Oy

and Oy . The variables to resolve are then the coefficients pﬁ)a, p§1)b’ pgg)a, pég)b of the conformal

blocks corresponding to these operators as well as the two anomalous dimensions %(L ), 7(1).

We can write
(010,0,01)) ~ (p§1)(1 +p(1(i)b> Ga(2)+ ...,

(020,0,01)" (\/ P + \/ pé%)bpub> (2)+---, (2.35)

(02050,00) ~ (péog)a +pé%)b> Ga(z) 4.,

and, similarly, at first order we should have:

(01010,00)D ~ (pQ 0 + 538" ) Gal=) og(2) + ...

<O2020101 (\/ P22ap11a’7a )+ V pégbp(ﬁ)ﬂb > z)log(z) +...,

(0505,0,0)D) ~ ( O 0 4 pggﬂgl)) Ga(2)log(z) + ... . (2.36)

By matching these expressions to the conformal block decomposition of the correlators in the

previous subsection we obtain

0 6 0 0 0 0 _ 12
pgl)a +p51)b 5 \/pé2)a \/pgl)a + \/ng)b\/pgl)b =50
0 54 0 0) (1) 94+ 48mgo
ng)a +p§2)b 5 Pgl)ﬂzsl) +p§1)ﬂz§ )= T o0n (2.37)
(0) (0) (1) —5g6 + 8mgs + 38472 g0
\ P24 pna’Ya )+ /gy pllb b= 3072 g
©0) (1) n (0) ( ) _ 25gs + 400mge + 294472 g4 + 1075273 gg
Pa2ala” T P22 32073
These equations admit the unique solution (up to permutation of a and b)
©o 3 1 U o 3 1 U
- r - ) — = + )
Plia =5 ( Vu? + 3207r2gg> P = 5 V2 + 320m2g2
o 27 3(u—160mge) 0 27 3(u—160mge)
Phon = &+ ——— >, Py = _ 2 (2.38)
5 5/ u* + 320m-gg 5 5\/u + 3207m4gg
2 4+ 320m2g7 u — /u? 4 320m2g3
(1) _ o 94 | u+y/us+320m3gg (1) _ 9 91 '
Yo' =22 F o 76873 A T 76873 ’



2. TOWARDS BOOTSTRAPPING RG FLOWS: SINE-GORDON IN ADS 41

where v is the following linear combination of couplings

u = 5gg + 96mgs + 560w g4 + 7687 gy . (2.39)

Since the square root in the above expression is never negative, it follows that fylgl) is always

the smallest of the two anomalous dimensions and therefore

u — y/u? + 32072 g2
Agap =4+ A (292 + 2y il 96> , (2.40)

24m 76873

where it is assumed that A > 0 but the gy, couplings can have either sign.

2.2.3.3 Numerical analysis

The numerical analysis of the three correlators in (2.25) proceeds exactly as in [77] and we re-
fer to appendix K of that paper for the detailed conformal block decompositions and crossing
symmetry equations. We recall in particular that the number of constraints is parametrized

by an integer A; larger A leads to better bounds but is computationally more demanding.

Since our parameter space P is five-dimensional we will have to restrict ourselves to various
cross-sections around the massless free boson point. Our first attempt at visualizing the basic
features of the allowed region inside P is shown in figure 2.6. We fixed A; = 1 and Ay = 2
and show an allowed region in the (c;12, ¢222) space which clearly shrinks if we increase Agap
from 3 to 4.1 We include plots for A = 10 and A = 30 to demonstrate that the numerical
bounds have not quite converged yet, and especially for small Ag,, further improvements
can be expected by increasing A. We also assumed that c112 > 0; this can be done without
loss of generality because CFT correlators are invariant under a simultaneous reflection of

all operators O; — —O;.

The red point in each panel of figure 2.6 corresponds to the massless free boson. Interestingly;,
for Agap very close to 4 the bounds appear to converge to a small sliver around this point.
This would imply that it is impossible to change c;12 without lowering Ay, at the same time,
but it does appear possible to change c222 in both directions. We will explain this from the

viewpoint of perturbation theory below.

To get an idea of the allowed region in the whole of P we add that these plots do not quali-

tatively change if we vary A; and A; a little bit around the generalized free boson values.

"When Agp = 2 the bound on c222 disappears and the allowed region grows to a horizontal strip. Fur-
thermore, the remaining bound on c112 then equals the single-correlator bound. It is surprising that no extra
information can be gleaned from a multi-correlator analysis in this case. In appendix 2.A.2 we explain that this
comes about because of a peculiar “identity-less’ solution to the crossing equations.
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FIGURE 2.6: The space of allowed values for (c112,co22) for A; = 1 and Ay = 2 and Ag,p

taking the values 3 (outermost yellow), 3.2 (red), 3.3, 3.6 and ultimately 4 (innermost blue).

Increasing the number of constraints from A = 10 to A = 30 shrinks all the regions. The red
point corresponds to the generalized free field theory.

Comparison with first-order perturbation theory
Recall the first-order perturbative result of the previous subsection:

Ap=1+Ag2+0(N?),
Ay = 2+2A92+AZ—;+0(A2),

g4 2
c112 = V2 =\ +0(\?),
Av2m (2.41)

394 396 > 2
a2 = 2V2 — A + +0(N\?),
222 (2\@77 161272 (%)

— 2 320 2,2
Agap:4+A<2gz+g4+“ ks 7T96>+0(A2),

247 76873

with
u = 5gg + 96mgs + 560w g4 + 76873 gy, (2.42)

and where the four possible couplings g2, g4, g6, gs can in principle take arbitrary real values.

We will now compare these results to the numerical bootstrap bounds along several different
lines. For the ‘gs line” we set g4 = gg = 0, for the ‘g4 line” we set go = g¢ = 0 and for the
‘g6 line” we set g = g4 = 0. For each line we let (A1, Ay, c112, c222) be parametrized as in
(2.41) and measure the tangent line at the free boson point for the bound on Ag,,. Notice
that the gs dependence only enters in Ag,p, so we will not meaningfully be able to compare
the numerical bootstrap bound to a “gg line” within P. Finally we will consider several ‘sine-

Gordon’ lines where the couplings are taken to be varied as dictated by the expansion of

cos(39).
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FIGURE 2.7: The maximal value of the gap as a function of A; with (As, c112, c222) as given,

which to first order corresponds to switching on only the g, deformation. The numerical

bounds, obtained with A = 10 in gray and A = 20 in black, appear to converge to the line

2A; 4 2. The free theory (red dashed line) can only explain this bound for A; > 1. By

selectively switching on a ¢® interaction (blue line) we can also saturate the bound to first
order in perturbation theory for A; < 1.

The g5 line

If we set g4 = g6 = 0 then

1 2
Agap =4+2(A1 - 1) + )\WQU 0(—u) + O(\7), (2.43)

with 6 the Heaviside theta function and u arbitrary since gs is arbitrary. The largest gap is
therefore found by setting u to any non-negative value. But since u = 5gs + 76873gs, this

means we should take

3
gs > max (— 5T . o) (2.44)

to maximize the gap. Thus, for g» > 0, which means A; > 1, the maximal gap is obtained
by the non-interacting theory with ¢? deformation. On the other hand, for g» < 0, so for
A1 < 1, we actually find that an interacting theory is the one that maximizes the gap within

our parameter space.

As we show in figure 2.7, this observation is sufficient to explain the behavior of the numer-
ical bootstrap bound near the generalized free point. Physically we observe that the gap at
the free point is saturated by two operators Oy ~ (9, ¢)0(0,¢) and Oy ~ (9, $)*, whose

dimensions under the g2 deformation change as

Ay =2A1 4+ 2, Ay = 4. (245)
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Taking the minimum of these two values we obtain the red line in the figure, which only
saturates the bound for A; > 1. On the other hand, if we selectively switch on a gg, so as
to make u > 0 then we obtain the blue line which is nicely tangential to the bound on both
sides of A; = 1.

Notice that the multi-correlator bound appears to coincide with the single-correlator bound
2A1 + 2 for a large range of Ay, and not just in a small neighbourhood of the free point.
This indicates that there might be a not necessarily physical solution of the multi-correlator
crossing equations whose gap equals the single-correlator bound, perhaps in the same style
as the identity-less solution discussed in appendix 2.A.2 for Ag,, < 8A1/3. However we
have shown that there also exists a physical setup that saturates the bound in the vicinity of
A =1

The g4 line
Along the g4 line we set g2 = g = 0 and find that
A =1+0(0\?),
Ay =2+ A%T OO, (2.46)

1 A 2
Agap = 4+ 6(A2 -2)+ W%&(—u) +O0(\7),

and the smallest gap is obtained by setting

2
gs > max (—5627T g4, 0) , (2.47)

such that u > 0 always. This once more means that the gap along the g4¢* deformation line
has a kink at the free point, but by switching on gg for Ay < 2 so as to retain u > 0 we can

avoid the kink and obtain a smooth tangent line in perturbation theory.

Upon comparison with the numerical results shown in figure 2.8 we once more see that the
perturbative tangent line lies parallel to the numerical bootstrap curve around the free point,
provided we switch on the gg interactions for Ay < 2. The full numerical result however
deviates rather quickly from the straight line. It would be interesting to match this to second-
order perturbation theory [83] for the multi-correlator system in the future.

Notice that both for the g line and for the g4 line there is always an extremal tangent direction

L(ll) and %51) actually become equal to each other at first order. The

with v = 0, implying that ,
extremal theory therefore maintains the degeneracy of the two operators, which is consistent
with the “single operator per bin” observation for the extremal spectrum that we discussed

above in the context of the single correlator analysis. We would like to stress again that it
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Agap
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3.98" ioAg=t
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FIGURE 2.8: The maximal value of the gap as a function of A, with (Aq, c112, c222) as given,

which to first order corresponds to switching on only the g4 deformation. The best bound

was obtained with A = 30; the slightly weaker bound with A = 20. At the free point the

numerical bound appears to become tangent to the line 4 + £(A; — 2). The free theory

(red dashed line) can only explain this bound for A, > 2. By selectively switching on a ¢®

interaction (blue line) we can also saturate the bound to first order in perturbation theory for
Ay < 2.

would be worth investigating the existence of any ‘single operator per bin” extremal theory

beyond first-order perturbation theory.

The gg line

Along the g¢ line we have
Ay =2, 2 = V2, (2.48)

and only c2922 and Ag,p can change, with a relation that we can write as:

U—\/%ﬂﬁ (0222—2ﬁ)2+u2 9
Agap = 4+ 6873 +O0(N\%). (2.49)

Interestingly, to maximize the gap away from the free point we need to take u — oo. In other
words, we can take gg/gs — oo and then we would expect Ag,, to remain approximately flat
around the free point. Of course this limit is a bit singular but, as we show in figure 2.9, it
appears to accurately saturate the bound to the first order in perturbation theory.
The plot in figure 2.9 is more zoomed in than the previous plots and also evaluated at sig-
nificantly higher A. This allowed us to clearly exhibit the sharp and somewhat intriguing

kink in the maximal gap when we decrease c222 below the free value. Since A,y is below 4
already at the shown value A = 50, it is unlikely that this kink merges with the free point as
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FIGURE 2.9: The maximal value of the gap as a function of cog2 with (A1, Ag, ¢112) as given,

which to first order corresponds to switching on only the g deformation. The numerical

bound appears to converge to the horizontal line A, = 4. The free theory can only explain

this bound at the single red point. We can venture away from this point by switching on

ge, but to obtain the blue line we need to simultaneously turn on a much larger ¢® interac-

tion. Notice that the best bound (in black) corresponds to A = 50, whereas the gray bounds
correspond to A = 30 and A = 40.

A — oo. (Notice that this means that the leftmost point of the blue ‘sliver” in figure 2.6 will
not merge with the free point as A — oc.) We do not have a good candidate theory that can
explain this kink, but we may speculate that it corresponds to an extremal point in the space
of all RG flows starting from the free massless boson. In more detail, we envisage that the
(infinite-dimensional) space of all possible relevant deformations as in (2.2) (which in turn is
foliated by RG flows) must somehow map into the (infinite-dimensional) space of OPE data.
It is natural to expect that extremal points in the image of this map are also physically inter-
esting. For example, they may be points where the potential becomes unstable or a phase
transition takes place. It would be very interesting to see if the image of such points in the

space of OPE data can be reliably identified.

The Sine-Gordon lines

Our perturbative analyses can also capture the sine-Gordon theory. We expand

ﬁS
40320

56
720

2 ﬁ4
L - cos(89) = 5" — 50" +

8
2 P+ (2.50)

¢6

and then use the fact that, to the first order, the higher-point ¢*" couplings do not contribute

to the correlators we are analyzing. Therefore the sine-Gordon lines correspond to

g2 = —f%, g1 = B4, g6 = —f°, g8 =%, (2.51)
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Dgap - 2 A4 Dgap - 2 A
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FIGURE 2.10: Tracing the maximal gap along the lines given by the sine-Gordon theories

with the given values of Ag. The gray bounds correspond to A = 20 and the black ones to

A = 30. The bound is always tangent to the blue lines corresponding to the deformed theory

that is obtained by switching on an independent gs. The original sine-Gordon theories, in

red, only saturate the numerical bound at the free point. Notice that the vertical axis shows

Agap — 24 rather than just Ag,, to more clearly show the small deviations from a straight
line in the numerical data.

For every value of 3? this once again traces out a curve in P. If we trade A for A; and
let (Ag, c112, c222) be given by the first-order perturbative result as above, then the gap in
the sine-Gordon theories is given by the red lines in figure 2.10.!' We see that sine-Gordon
does not saturate the multi-correlator bound even to first order, for any of the values of 3
we tested. The tangent lines to the numerical bound instead appear to correspond to the
blue dashed lines, which as before correspond to dialing gs independently to the value that

maximizes the gap.'?

'In the physical sine-Gordon theories we should perturb around a minimum of the potential to smoothly
connect to the flat-space theory. This means that A\go > 0, so A; > 1. Although the part of the red lines
for A1 < 1 might not be a sine-Gordon theory, it can still be understood as corresponding to the first-order
deformation along the given line in the parameter space.

2The blue lines also correspond to the single-correlator perturbative ¢* result for the maximal gap. It might
surprise the reader that the red lines do not automatically saturate this bound even on one side. After all, is one
of the two operators 04 and Oy not the one that appears in the single correlator as well? The resolution to this
question is that, with non-zero gs, the operator in the single-correlator bound is actually a linear combination of
O4 and Oy . Doing just the single-correlator analysis, one mis-identifies the corresponding block as originating
from a single operator with a larger anomalous dimension.
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2.3 Kink scattering

The most elementary excitations of the sine-Gordon model are solitons or kinks that wind
once around the compact field space ¢ ~ ¢+2m/3. These transform as vectors under the O(2)
(topological) global symmetry of the sine-Gordon theory. In the OPE of a kink and an anti-
kink one recovers the breathers of the previous section. These are necessarily SO(2)-neutral

but can have either sign for the Z, center symmetry.

In this section we will look at the numerical bootstrap for O(2) vector operators in one-
dimensional CFTs. Our goal is to formulate the analogous problem to the kink anti-kink
S-matrix bootstrap of [63, 96], but for the sine-Gordon theory in AdS. We will again compare
the numerical data with the results of a perturbative study around UV theory, which is the
compact boson with the relevant sine-Gordon deformation (2.3), but also connect with the

flat-space results at very large A.

2.3.1 O(2) covariant correlators in CFT,

We will consider the crossing equations for the four-point function of O(2) vectors. This
has been studied extensively in the literature, specially in the 3d case due to its important
applications to condensed matter and statistical physics [19, 35, 97, 98]. We consider external

operators K; of equal dimension A, and write the correlator as

w15 wae (Ki(21) K (w2) Ki(23) Ky (1)) = gijua(2) (2.52)

= 03011 91(2) + dirbj1 92(2) + dubjn 93(2)
where i, j, k,l € {1,2} are O(2) fundamental indices. The crossing equation then becomes

z

240,
sl = (122) o1 =2). 253)

There are three independent components to this equation, which can be written as

(1—2)"2ga(2) = 22 ga(1—2),
(1—2)%2 (g1(2) + g3(2)) = 2% (g1 (1 — 2) + gs(1 — 2))
(1—2)*2 (g1(2) — g3(2)) = =22 (g1(1 — 2) — g3(1 — 2)). (2.54)

The correlator (2.52) can be decomposed into the 3 irreducible representations in the tensor
product of O(2) vectors: the symmetric-traceless charge 2 representation, the scalar 0" and

the pseudo-scalar/anti-symmetric 0~, where the + denotes the transformation properties

BWe reserve the symbol A for the dimension of the boundary operator in the free compact boson theory.
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under Zy C O(2). The components of the correlator can be written as
01(2) = 3 WGa(2) = S NEGA(2) = gor (2) — g2(2),
o+ 2
92(2) = > AoGalz) = Y \pGal(2) = g2(2) — go- (), (2.55)
2 0-
ga(2) = S NBGa () + 3 NG (2) = ga(2) + g0 (2).
2 0-
with G (z) the 1d conformal block:
Ga(z) = 22 9F1(A, A 2A, 2) . (2.56)

We will apply numerical conformal bootstrap methods to this system in section 2.3.4 but first

let us discuss the perturbative analysis.

2.3.2 Sine-Gordon charged correlators in conformal perturbation theory

As is customary, we decompose the free boson into its left and right moving components

¢ =9¢L+ R, (2.57)

and also define

=01 —¢r. (2.58)

This decomposition makes manifest the two U(1) symmetries: the first is associated to the
shift ¢ — ¢ + ¢, generated by the Noether current j§ = 9"¢ whose charge we label by the
integer n; the second is associated to the shift ® — & + ¢ with the current Ji' = " 9,¢ whose

charge we label by the integer m.

With the above decomposition we can write the most general vertex operator as
Vipm = ePLOLHPROR . (2.59)
with the field space momenta p;, g related to the two U(1) charges through

pr = n +2mmr, pr=  owmr. (2.60)
r r
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The scaling dimension and spin of these operators are given by

A _1(2+2)_1”2+4222
n,m — 7‘('pL pR _47T 7,2 T™mer I

8
1 2 2
Jn,m = g (pL - pR) =nm. (261)

As an example, in terms of the vertex operators the sine-Gordon potential (2.3) 2 cos(8¢) =
Vio + V_10. Since these are charged under j§ but not under ji' we conclude that the sine-

Gordon interaction term breaks only the former of the two U(1) symmetries.

In the remainder of this section we will be interested in the correlation functions of the oper-
ators
Voirr=:e 8%, (2.62)

These have the same quantum numbers as the flat space kink and anti-kink and have scaling

dimension 7//3? in the UV.

A major simplification for perturbation theory in AdS, is that the free boson correlation func-
tions are essentially equivalent to those on the upper half plane H, since the two backgrounds

are related by multiplication by a Weyl factor.'*

As before, we will exclusively consider the Dirichlet boundary condition ¢ = 0. This choice
also allows us to compute upper half-plane correlators in terms of the full plane correlators,
by replacing the right moving modes with left moving modes inserted at the mirror image
of the insertion point with respect to the boundary. In particular, for Dirichlet boundary

conditions we have

¢L(w) - ¢(1‘, y) ) ¢R(w) - —¢($, _y) ) (263)

where w = z + iy is a holomorphic coordinate on the complex plane. We can then treat ¢ as a
holomorphic field, and compute correlation functions on the plane using standard methods.

The boundary correlation functions are then easily obtained as limit of the bulk ones.

2.3.2.1 Four-point function in free theory

We start from a four-point function G(w;,w;) on the upper half plane H, with a particular

choice of charges

Gr(wi, w;) = (Vo,41(w1,w01)Vo,—1(we, W2) Vo, 41 (w3, W3) Vo,—1(wa, Wa) ) g - (2.64)

. . . . P . L3 L?
“This is obvious in Poincaré coordinates: ds%, Sy = ;5‘5 (dy? + dz?) = ;—g‘sdsfﬂ .
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By the doubling trick this becomes a holomorphic eight-point function on the plane

Gu = <6’ia¢(“’1)eia‘z’(wﬁe—ia‘z’(w?)e_md’(w;)eia¢(w3)eia¢(w§)e_ia¢(w4)€_ia¢(w1)>R2 ’ (2.65)
with o = 27/3. Such holomorphic vertex operator correlation functions can be computed

using the formula

(L) = o e
k

i<j
which holds when ), a; = 0 and vanishes otherwise. Using this result, and pushing the

operators to the boundary, we find

2 ! 2/4 T13T24 of/m
G (w3, )|y s 2 227/ [ /7 (—23220__) (2.67)
i1 T1272314234

Crucially, the powers of y; correspond precisely to the bulk-boundary OPE factor that maps
the V{ 11 operators of dimension o? /47 = /3% from the upper half plane to the boundary.
Absorbing an overall power of 2 into the definition of the boundary operators to obtain the

canonical normalization, we find our one-dimensional correlator becomes:

1

2
(1 —z2)7/T. 2.68
(x12.1‘34)a2/ﬂ-( Z) ( )

Gt (i) =
From this, we can read the dimension of the boundary kink operator Ay = o?/21 = 27//3?,
which is twice the dimension of the corresponding bulk field. Furthermore, the invariant part
of the correlator admits a Taylor series at z = 0, which means that the exchanged operators
in the s-channel have integer dimension. They are also neutral under the U(1) symmetries,
and we recognize them as 0, ¢ and its composites, whose correlation functions we analyzed
in the previous section. In particular, we find that the Z; odd operator 9, ¢ of dimension 1 is
itself exchanged, with an OPE coefficient

Chgey = 20k . (2.69)

This will be important for comparison with the numerical bootstrap results below. The other

OPE channel is equivalent to the s-channel of the differently ordered correlator:

1 2 o?/m
z
Gr—lo) = (12234) "/ (1 - Z) . 270

The exchanged operators in this channel are vertex operators with winding charge two. In

the OPE limit we see the powers z*2K 1" the factor 4 is expected because the dimension of
p P
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the bulk vertex operators is quadratic in their charge.'”

For later reference, we note that the above correlators are related to the functions gr(z) in-

troduced previously as:

92(2) = 3G e-—(2),
Gos (2) = G- (2) ﬂ; Gi——+(2) 7 @2.71)
go-(2) = Gi1-(2) ; Gi—1(2)

2.3.2.2 First-order corrections

It is not hard to extend the previous calculation to first order in A. Since our perturbation is
A AdS, d?z./g cos(B¢), all the integrands can still be obtained in terms of correlation func-
tions of vertex operators. However, we must be careful about the fact that our external
operators are winding modes, while the perturbation is a sum of two momentum modes
eP(Pr+9r) 4 o=iB(0L+¢R) We can start by computing the first order correction to the kink
two-point function, which will allow us to read off its anomalous dimension. We want to

compute
(K (21)K (22)) = 27725 — )\/AdSQ N (K(21) K (22)O0(2,9)) 449, + -+ - (2.72)

where O = cos(f¢) — 1 is the relevant deforming operator (with the subtraction of the con-
stant piece necessary to cancel infrared divergences), and the correlator on the right is to be

computed in the free theory. To obtain the integrand we use the map to the upper half plane:

_ ([ Lags —Ap _
<K(m1)K(:B2)O(:I:,y)>Ad52 = < y ) <K(1:1)K(x2)(9(a:,y)>H , (2.73)

with Ag = 2/(4r). Then, from the method of images we find

(K (@)K (@)0(,9))y = lim (251)7 2% (2) 22 (.74

y1,y2—0

% <eimb(wﬂeiw(wi‘)e—iw(wz)e—ia¢(w§) (ew(¢<w>—¢<w*>> 1 e iB(w)—p(w*)) _ 2)>

)

where we pushed the operators to the boundary and inserted the appropriate bulk-to-boundary

power law. Since a8 = 27, a remarkable simplification happens, and the first order integrand

SWe note in passing that these vertex operators correlation functions are interesting examples of exact CFT
correlators which are not of mean field theory type, since the exchanged operators do not have double-particle
dimension.
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becomes simply:

o A dady —2(12)*”
(K(x1)K(x2)) = 215 (1 —ALygs” /Adsz v (2 + (2 —21)?) (Y2 + (z — 332)2)> ’
(2.75)

2-Ag . . . . . .
where AL}, ;o ” is the dimensionless coupling. From now on, we will set Laqs = 1 to avoid

cluttering. The integral itself has a logarithmic IR divergence, which, when regularized by
stopping the integration a distance € away from the AdS boundary, allows us to read the

anomalous dimension of the kink operator to be
A, =Ag +92+ 0\, y=—27. (2.76)

Importantly, this anomalous dimension is independent of .

Our next target is the computation of the four-point functions. This is more involved, but
things simplify drastically if we subtract the (one-loop corrected) disconnected parts. For

example, in the case of the + — +— correlator we find the clean result

2(Ak+X\7) 20k
= T13724 L13724 conn, (1)
Cr=(@i) =\ o sstnaton Mo GV (2), 2.77
+—+ ( ) (;U12.’E23$14ZE34> <$12x23$14x34> +—+ ( ) ( )

where the connected contribution is simply

G W (2) = —8wiowasTiamas (2.78)

/ dxdy yt
ags, V2 WP+ (@—2)?) (W + (2 —22)?) (Y2 + (2 — 23))) (Y2 + (z — 24)?)

Remarkably, the quantization of charges once again leads to a rational integrand. In fact,
we identify a product of 4 bulk-to-boundary propagators of dimension 1, which leads to the

well known D-function D111 (x;). Carefully collecting all the terms, we obtain

Gyt (x,) = S Br) 2B (1—2) K <1 + Mmrzlog < 2 >) . (2.79)
L12 T34

A similar analysis of the other charge sectors gives

1 2A z
Go——t(zi) = 2(Ax+72), 2(Ak+9N) (1=2)72 (1 + )\4ﬂ-1 -z log z) ’ (2.80)
T2 34
1

22\ 28K log(1 — z)
5 Iy (1—2) <1+)\47r (z —logz>> .
Z12 L34

Gt (1) = mm
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From this and equations (2.55) and (2.71), we can extract the value of the correlators at the

crossing symmetric point, which will be useful below

95 = go(1/2) = —2728571 (1625 — 2 4 87Alog(2)) + O(N\?),
g =g1(1/2) = 222571 L O(\?). (2.81)

Using these equations and (2.76), we can eliminate the Lagrangian parameters A and Ax to

obtain the following surface in the 3 dimensional space (g7, g5, Ay),
log (g7 2 722") =124} (¢} + ¢3) < 1. (2.82)

Notice that the free theories corresponds to setting both sides of this equation to zero, which
leads to a line in the space (g7, g5, A,) parameterised by Ag. Switching on the coupling A
extends this line to a surface, which is well described by (2.82) in the neighbourhood of the

entire free theory line.

2.3.3 Dirac fermions in AdS,

A Dirac fermion is another example of a bulk QFT that gives rise to boundary correlators
with O(2) symmetry. In fact, this theory is at the origin of the well-known duality between
the sine-Gordon theory and the Thirring model [84], which corresponds to bosonization in
the UV. (We will argue that the duality also holds in AdS,.)

The claim is that sine-Gordon model and a massive fermion with a quartic interaction (¢y#))?
in AdS; give rise to the same two-parameter family of QFTs. For example, we claim that they
give rise to the same two-dimensional surface in the space (g7, g5, A, ). However, the weakly
coupled description of each theory gives access to a different part of this surface. While

sine-Gordon leads to (2.82), the fermionic description leads to
gy +272 =91 —gh) < 1. (2.83)

Notice that both descriptions are weakly coupled around the point (g, g5, A,) = (1, -3, 1)
corresponding to the free massless fermion. As a consistency check, one can verify that the

two surfaces have the same tangent plane at this point.

We outline the calculation of the fermions in AdS,, relegating the details to appendix 2.A.3.
Dirac fermions in AdS; admit a decomposition into two pieces according their behavior near

the boundary

U(y,2) = ¥ (y,2) + ¥ (y,2) V(Y. m) 5y ox(a). (2.84)
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Here, Ay = 1 +m is the scaling dimension of the fermion, depending on the bulk mass m.
These two pieces individually have a dual interpretation in terms of vertex operators. We
would like to compute the correlators in this theory analogous to the bosonic theory (2.71).
We need to compute G __,G__,G4__. Zeroth order perturbation theory is done by
mere Wick contraction, keeping track of additional minus signs due to the fermionic nature
of the fields. However, for the first order perturbation theory, one needs to compute tree
level Witten diagrams with fermionic propagators. As reviewed in the appendix 2.A.3, these
diagrams are related to the corresponding scalar Witten diagrams by a shift of one half in the
external dimensions. Once the dust settles we obtain the following first-order values for the

three observables listed above:

| Ayl (2A+ 1) D,

g =—-2722 11 A+ 003,
2 F(A+%)4 f f
2172AT (2A + 3) D,
g;:1+ﬁ F(A( 1)42) A)\f—i—O(/\?), (2.85)
T2

Ay =A+0(N).

Here, Dy = D Atvlatiaslarl (1/2) is a special function defined in appendix 2.A.3, and A
is the free fermion dimension. After eliminating Ay and A this leads to the simpler relation
(2.83).

2.3.4 Numerical bootstrap

Having collected some analytical data on the UV limit of sine-Gordon in AdS;, we can now
try to ask whether it is an extremal theory with respect to some bootstrap problem in the

one-dimensional boundary theory. Combining equations (2.54) and (2.55) yields

S AVora+ D> AGVan+ > AbVo-a =0, (2.86)
o+ 2 0—
with
0 Fx —Fy
Vora=| Fr |, Vea= 0 s Vo-a= Fy , (2.87)
r 2} ~F%
and
Fi=(1-2)*Ga(2) £ 2*2Ga(1 - 2). (2.88)

These can be analyzed with the standard conformal bootstrap methods.
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Bounding the four-point function: single correlator

We are interested in extremizing the values of our correlators at the crossing symmetric point
z = 1/2. Incorporating this value in the numerical bootstrap was first done in [99] and we
will essentially follow their approach. To review the method, consider first the analogous

problem for a single-correlator setup:'°

(600¢) = —2 (2.89)

(x1234)

and associated crossing symmetry equation:
Dk (1= 2)*29Galz) — 2*2Ga(l - 2)) = 0. (2.90)
A

Normally one acts with a functional a(-) that is a linear combination of the odd derivatives,

so for each block in the above equation we obtain:
A
2 Z 042n+18§n+1 ((1 - Z)QAd’GA(z)) ‘2:1/2 ) (2.91)
n=0

with agy,41 the components of the functional. Suppose that now we want to formulate im-

pose that the correlator takes the value g(1/2) = g* at the crossing symmetric point. This

implies that
D A2 GA(1/2) = 27", (2.92)
A
or, more suggestively
DA ((1-2)*2Ga(2) = 0202 *2g") [sm1p =0, (2.93)
A

where the choice to assign g* to the identity block is arbitrary but convenient. Upon com-
parison with the original problem, we conclude that we should (a) add the zero derivative

component to the basis of odd derivatives (2.91), and (b) work with shifted blocks such that

(1—2)*2Ga(z) = (1 — 2)*2Galz) — 6a0(1/2)* 9" = FA(2). (2.94)

16Analy’cic bounds on the value of a single correlator were derived in [100], which state that ggrr < g(z) < gcrs
for A* > 2A,. For z = 1/2, we found that these bounds can be checked, to a high numerical accuracy, using the
procedure that we now outline.



2. TOWARDS BOOTSTRAPPING RG FLOWS: SINE-GORDON IN ADS 57

Note that the shift does not alter any of the equations corresponding to odd derivatives. The

complete functional must then obey:
a(FA(2) = D a0 (FA(2))|s=1/2 > 0 (2.95)
n=0,1,3,5

for all A in the assumed spectrum, including the identity operator. We can then perform a

binary search in g, to find its extremal allowed values for a given spectrum.

Bounding the four-point function: correlator of O(2) vectors

As discussed in section 2.3.1, in the O(2) case the correlator has three components g; 2 3(2). At
the crossing symmetric point z = 1/2, equation (2.54) implies that g3(1/2) = ¢1(1/2). This is
automatically imposed in the zero-derivative part of the third component of equation (2.86),
since F{ (z) contains the information about even derivatives. This leaves us with two inde-
pendent values which we can take to be ¢1(1/2) and ¢2(1/2). Using the block decomposition

and the third crossing equation, we have that

92(1/2) = Z/\ Ga(1/2) — Z)\ Ga(1/2),

291(1/2) = Z)\ Ga(1/2) +Z)\ Ga(1/2), (2.96)

where the right hand sides are exactly in the form of the first and second components of the
crossing equation (2.86). Now we can just extend the above single-correlator procedure to the
first and second components of (2.86); we allow the functional to include the zero-derivative
component of these equations and add constant shifts to the blocks. For the second compo-

nent (corresponding to g;(1/2)) the replacement reads:
(1-2)*2Galz) = (1 - 2)**Galz) — 6a0(1/2)*22g7 = Fy a(2), (2.97)

which once again does not alter the odd-derivative components. For the first component,
whose zero derivative term corresponds to g2(1/2), we must be more careful because the

identity operator is not exchanged in this equation. The resolution is to shift the blocks as
(1= 2)*2Gal2) = (1= 2)*2Gal2) = 6a0(1/2)*2(g5 + 1) = Fya(2), (2.98)

and to also add an identity operator in this channel. The extra ‘1" then cancels this identity
block, and the zero-derivative component of the first equation does end up imposing the
correct values of ¢g5. The higher-derivative components of course do normally see this ex-

tra identity operator, but this is easily fixed by setting them to zero by hand in the vector
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corresponding to the action of the linear functional on the identity operator. Altogether this
shows that the problem for a fixed gj and g5 can be formulated entirely analogously to the

single-correlator case.

We will explore the allowed values of gj and g3 for a given gap in the spectrum. It is conve-
nient to first maximize the gap in a grid of gi and g3, and then find a central value of g7 and
g5 where the problem is primal feasible for the desired gap. Then one can parametrize the
(97, g5) plane in polar coordinates centered at that point, and do a radial bisection for several

angles to find the boundary of the allowed space in this plane.'”

2.3.4.1 Numerical maximization results: the O(2) menhir

We will impose a gap of 2A, in all sectors. Physically we have in mind that there are
no bound states (in the flat-space limit), and in practice this makes the number of free
parameters more manageable. In the UV theory this condition is obeyed in the interval
1/4 < A, = Ag < 1/2, or equivalently 47 < 8% < 8.

As a first result, we show in figure 2.11 the allowed region in the (gj, g5) plane for a repre-

sentative value A, = 0.3.18

The slate contains several interesting features, including a few kinks. Two of them are easily
identified with the generalized free boson and fermion solutions. Remarkably, the vertex
operator correlation function also sits right at the boundary of the allowed region. We also
plot the first-order perturbative results around the free boson as given in equation (2.82), and
around the free fermion as given in equation (2.83). They are nicely tangent to the bound,
but for the free fermion we see that the Thirring coupling has to be positive to stay within the
allowed region. The other sign is forbidden since it leads to a negative anomalous dimension

for the two fermion operator of dimension 2A,, violating our gap assumption.

We also studied how the slate changes as we vary the dimension of the external operator A,,.
The resulting three-dimensional figure is shaped like a menhir and is shown in figure 2.12.
The kinks that were visible in the A, = 0.3 plot remain present in the full interval. An inter-
esting fact is that when A, = 1/2, the vertex operator correlator is equal to the generalized
free fermion correlator. This is the boundary version of the elementary bosonization relation

between a free boson and a free fermion.

"Note that the allowed region in the (g7, g3) plane is convex. Proof: pick two points p; and ps in the plane
that are allowed, so at each point there is a good solution to crossing symmetry. Now take a linear combination
of these two solutions with positive weights and total weight one. These are still good solutions (crossing sym-
metric, positive OPE coefficients, unit operator appears with coefficient 1), but by varying the relative weight we
cover the entire line connecting p; and p2. That line is therefore also in the allowed region.

8Related bounds were obtained in [101], and our slate nicely fits in the leftmost region of the convex hull
shown in figure 6 of [101]. However, our bounds are far stricter since we only allow for the identity exchange in
the singlet channel and we always impose a gap of 2A, in all sectors.
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FIGURE 2.11: Allowed region in the space of correlation function values for A, = 0.3 with

a gap of 2A, in all sectors. The plot is computed with A = 25 but it would not change

significantly for higher A. The plot contains several interesting kinks. Two of them can be

identified with the generalized free fermion in red and the generalized free boson in green.

In blue, we find the correlator of boundary vertex operators with winding number 1 in the

compact boson CFT with Dirichlet boundary conditions. The small segments in red and blue
correspond to the first order deformations discussed above.

As shown by the blue surface in figure 2.12, the first-order sine-Gordon perturbative surface
(2.82) is tangent to the bound in a remarkably extended region. The same is true for the
tirst-order Thirring perturbative surface (2.83), which is shown in red in figure 2.12. We
also see that at A, = 1/2 the A cos(5¢) perturbation is related to the mass deformation of
the free fermion as expected from the bosonization map from sine-Gordon to the fermionic
Thirring model. This can be checked by comparing the tangent vectors associated to the two

deformations.

To more carefully quantify the saturation of the bounds by the bosonic and fermionic formu-
lations of the sine-Gordon theory, we present in figure 2.13 the difference between the values
of g5 for the perturbative results and the numerical bound (dg3) for each fixed value of g7 and
A,, which specify the two free parameters in the perturbative theories. We find a remarkable
match in the respective regions of validity of the perturbative description which are rather
complementary. However, we find first-order perturbation theory in the bosonic theory to

be more effective in a larger region of observable space.

Comments on the flat-space limit

It is also interesting to ask what happens as we increase the external dimension A,, where
we expect to connect to the flat space limit and to the sine-Gordon kink S-matrix. For this,

we need to be able to relate the CFT correlator to the flat space S-matrix. Let us consider first
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FIGURE 2.12: Allowed region in the (¢} , ¢5) space of O(2) symmetric correlators. The three-

dimensional shape is a tower of allowed space for external dimensions 1/4 < A, < 1/2. The

blue line and attached surface correspond to the free vertex operator correlator and its first

order correction (2.82), both of which are tangent to the bound. In red, we have the massive

fermion line and the surface corresponding to the first-order Thirring perturbation (2.83).
Again, these are tangent to the bound.

the four-point function of identical operators of dimension Ay4. According to the work of [81]
there is an elementary relation between the connected correlation function and the scattering
amplitude in flat space. In our O(2) case this relation becomes:

o1(s) = lim 2728 (g(2) — 1)

)

Lpgs—o0 z=1—s/(4m?)
oo(s) = lim 2z 2Bvgy(z) . (2.99)
Ladgs—r00 z2=1—5/(4m?)

Here the 0; are the components of the O(2) S-matrix in the same conventions as our CFT cor-
relators (same as in [35]). The extra prefactors are simply due to the one-dimensional contact
Witten diagram at large A,, which should be divided out according to the prescription in
[81]. We also observe that the value of the correlator at the conformal crossing symmetric

point z = 1/2 maps to the massive crossing symmetric point s = 2m? = 2.

Although the flat-space limit is really only valid in the large Lag4s and therefore large A,

limit, it is still interesting to plot the quantities 0;(2) = o at finite A,. We do so in figure
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10 4]
FIGURE 2.13: Difference between the perturbative and extremal numerical value for g5 as a
function of g7 and A,,. The left plot corresponds to the vertex operator formulation of sine-
Gordon, and the right to the fermionic Thirring model description. The error is small near
each description’s perturbative region. Both descriptions work well near the massless free
fermion point g7 =1, A, = 1/2. For reference, we also plot colored surfaces corresponding
to dg; = 0, and thick colored lines corresponding to the free regimes in each description.
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FIGURE 2.14: Bounds on the rescaled variables o3, 07 for A, = 1/4,1/2,1,2, from the inte-

rior to the exterior. The black line, corresponds to the flat space values of the sine gordon

kink S-matrix, in the parameter range 1/4 < Ax = 27/3% < 1/2, which is the no-bound
state range.

2.14. Remarkably, in these variables, the UV and IR regions become extremely close! In par-
ticular, the free fermion line collapses into a single point. We can also extrapolate these results
to A, — oo. Upon doing so we find a reasonably good match with the expected flat space
sine-Gordon values, which can be obtained by numerically evaluating the Zamolodchikov-
Zamolodchikov S-matrix [66] and which saturates the S-matrix bounds of [65]. Some numer-

ical data and the associated extrapolation for the case of 05 = 0 is presented in figure 2.15.

Our proposal is that sine-Gordon in AdS; provides a two parameter family of correlators

which approximately saturate the bounds in the (07, 03) plane (or equivalently the (g7, g5)
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FIGURE 2.15: Lower bounds on the rescaled variable o} as a function of A!, for o} = 0.

The blue line is a quadratic interpolation in A;!. The extrapolation to the flat space limit

is presented as a larger blue point with a non-rigorous error-bar, which we estimated by

performing extrapolations of different degree in A, . We observe an excellent match with
the flat-space value, represented by the yellow line.

plane) for all values of the AdS radius. The saturation is sharp in the UV, where it corre-
sponds to the winding vertex operator correlators, but also in the IR where it describes the
flat space sine-Gordon kink S-matrix. In addition, the bounds are also saturated along the
free fermion line. At intermediate values we expect the sine-Gordon correlators to be close
to the bounds but perhaps not exactly saturating them because extremal solutions typically
have a sparser spectrum of exchanged operators than any physical theory (see discussion in
2.2.2.6). It would be interesting to understand this in more detail, and in particular study the
effect of including the constraints of multiple correlators which should bring the bootstrap
bound closer to the real QFT in AdS.

2.4 Conclusions

Studying quantum field theory in Anti-de Sitter space is a worthwhile endeavour. Its confor-
mally covariant boundary observables allow us to leverage the conformal bootstrap axioms
for non-conformal theories. This chapter describes the first step towards the goal of boot-

strapping an RG flow using conformal techniques.

We started by studying the simplest possible setup: Zy symmetric deformations of a mass-
less free boson in AdS;. In flat space, the canonical example of an RG flow between this
boson and a gapped phase is the sine-Gordon theory. The integrable S-matrix of the lightest
breathers in this theory maximizes the coupling to their bound state. This led us to analyze
the AdS version of this problem, which amounts to the maximization of the OPE coefficient

3,5 between the two lightest Zs odd operators in the boundary theory and their Z, even



2. TOWARDS BOOTSTRAPPING RG FLOWS: SINE-GORDON IN ADS 63

“bound state”. We found that this OPE coefficient is extremized both in the free UV limit
and to first order in perturbation theory. However, at second order in the lambda expansion,
the sine-Gordon theory moves to the interior of the bound and stops being extremal. Instead,

we find that the extremal theory is associated to Witten diagrams with only quartic vertices.

However, the extremality of these physical theories cannot last forever. The extremal solu-
tions to the crossing equations are observed to have a sparse spectrum with “one operator
per bin” (of width 2 in A space), much like a generalized free theory. In physical theories
perturbation theory does not allow for this possibility, since three loop diagrams allow for
unitarity cuts which are known to contain four-particle operators [102, 103] '°. This means
that while we are able to track sine-Gordon theory in the endpoints of the RG flow, we cannot

control it in between, as the extremal spectrum cannot coincide with the physical one.

Our next step was to include multiple correlators in the numerical bootstrap study. While
this analysis did lead to the discovery of interesting features in the space of CFT data, we did
not improve on the single-correlator bounds in the region where we are able to make contact

with the perturbative RG flows.

To find sine-Gordon, there was fortunately another path to take. In the flat space theory, the
breathers are in fact a composite state of two more elementary excitations: kinks and anti-
kinks. These form a doublet under a topological O(2) symmetry, and are therefore sensitive
to the radius of the UV compact boson theory. This clearly singles out sine-Gordon in the
zoo of all the Z, symmetric deformations. In the UV the kinks overlap with winding mode
operators, and their correlators therefore provided a new target for a perturbative and nu-
merical analysis. In this case we decided to numerically bound the values of these correlators
at the crossing symmetric point, with the allowed region taking a menhir-like shape shown
in figure 2.12. Once again, it is known that these bounds are saturated by the sine-Gordon
theory in the deep IR and we found that they are also saturated to the first order in pertur-
bation theory. It would be nice if we could show that the sine-Gordon theories remain near
the boundary of the space also for intermediate points along the flow, but to do so we need

more perturbative and numerical data.

Amusingly, we could also perturbatively saturate the bounds on the correlator by studying
quartic deformations of a Dirac fermion. This is related to the duality between sine-Gordon
theory and the Thirring model, which we explored further in AdS,. In the future it would be
interesting to explore other aspects of this duality in hyperbolic space, for example how the

boundary conditions are mapped to each other.

A recurring theme in this chapter was the difference between the spectrum of a physical

theory and the spectrum of extremal solutions to crossing. For the single-correlator bounds

“See also the detailed analysis done in the (unpublished) appendix 2.B
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we appear to obtain a rather sparse extremal spectra with one operator per bin, which we
showed to be unphysical because the local quantum field theories we analyzed have a denser

spectrum 2

. The multi-correlator analysis is less obvious. The optimistic expectation is that
the inclusion of more external operators is bound to reveal the presence of more exchanged
operators in the spectrum. Unfortunately this expectation is sometimes plagued by the exis-
tence of spurious solutions to crossing, an example of which we described in appendix 2.A.2.
It would be interesting to avoid having to deal with these solutions and to explictly extract
an extremal spectrum with more than one operator per bin. This would be the first step in a
hierarchy of multi-correlator problems, which would hopefully approach a realistic, dense,

CFT spectrum.

Finally it would be nice to see how this all connects to the integrability of flat-space S-
matrices. S-matrix integrability is defined as the absence of particle production along with
factorization of higher-point processes determined by the Yang-Baxter equations. Is there a
form of integrability that can survive in AdS? If so, then what would be the precise signature
of integrability?! in its one-dimensional boundary CFT data? And is there some connection
to the solutions that extremize the bootstrap bounds? It would be interesting to address these

questions in the future.

®For a detailed analysis of the spectrum using character theory see the (unpublished) appendix 2.C

ZOne possibly useful example was studied in [104], where the spectrum of a one-dimensional conformal
theory can be computed using integrability methods imported from A/ = 4 SYM. The spectrum shown in their
figure 2 is much richer than one operator per bin once the coupling is large enough for the lifting of degeneracies
to be visible and includes many level crossings.



Appendices for Chapter 2

2.A Details on sine-Gordon in AdS

2.A.1 Conformal perturbation theory for sine-Gordon breathers in AdS;

In this appendix we recover the results of section 2.2.2.1 in the language of conformal per-
turbation theory instead of using the Feynman-Witten rules. This is of course somewhat
of an overkill, since only the mass shift and the ¢* vertex contribute at this order, but it will
greatly simplify the analysis of the second order calculation, where all $?" vertices contribute

simultaneously. We start from the following action

S = d*z\/g [1(&;5)2 + Acos(B9)| . (2.100)
AdS» 2

Recall that demanding that the boson is 27r periodic, requires 5 = n/r, with n as an inte-
ger. We take n = 1, which means deforming by the most relevant operator. We will use the
notation cos(3¢) = (V3 + V_g)/2, with both the chiral and anti-chiral components, where
V denotes the full vertex operators V3 =: €/#? .. The space of relevant scalar vertex opera-
tor deformations is determined by 3. We find that there are [/87/3] pairs of momentum
modes and |/2/7 3] pairs of winding modes. In particular, there is exactly one deforma-
tion preserving the symmetries of the RG flow in the range of 3 discussed in section 2.3:
the sine-Gordon potential cos(5¢). The parameter 5 also determines the flat space spectrum
of particles. In particular, the number of bound states is given by |87/3?] — 1. Note that
for Ag = (%/(4m) < 2/3 there are at least two bound states as mentioned in the introduc-
tion. Additionally there are no bound states in the range 47 < B2 < 8, a fact that will be

important in section 2.3.

At short distances, the curvature of AdS plays no role, and the UV theory is just a free boson
in AdSs>. In Euclidean signature, and in Poincaré coordinates, the geometry is related by a
Weyl transformation to that of a half-plane, leading to the statement that we can do pertur-
bative calculations around the free-boson BCFT. This will lead to perturbation theory cal-

culations more similar to conformal perturbation theory rather than Feynman-Witten rules.

65
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The relation between the two is obtained by expanding the cosine potential in its argument

and using Wick contractions, as done in the main text.

In addition, we required a choice of boundary condition which we took to be Dirichlet. As
discussed in the main text, the boundary operator of lowest dimension is the restriction of
01 ¢ to the boundary, with dimension 1. This boundary condition also implies that a bulk
insertion of V3(z,%) is mapped to the two insertions Vz(z), V_3(2*) by the Cardy doubling
trick/method of images. We will be interested in the CFT data of these boundary operators

which we will extract from their correlation functions. We focus on the following observable:

(0¢(21)0¢(22)0(23)0p(4))R - (2.101)

The answer will be given in perturbation theory by a power series in A\. The conformal

perturbation theory prescription instructs us to compute terms that organize as

(06(21)0¢(w2)0d(x3)0¢(4))

= Z (—1)”)\71 /Ads d?z- - /Ads d*2,(0¢ 0 0 0 Vip(21,71) - - - Vs (2, Zn)) ads - (2.102)

n!

n

From the Weyl-rescaling we have that (O; ... Oy) 445 = [, Q(zi)*Ai (Oy...0y)BcFT, Where
Q(zi) = Laas/vyi- Therefore, the fundamental objects for this procedure are correlation func-
tions of the boundary d¢ operator with bulk operators V.. 3 in the free boson Dirichlet BCFT.
This can be done with Wick contractions, which we systematize by using the following trick

‘ ) [1e%0}
0(e'?) = ia(9p)e’ ™ = ¢ = a(ja oo (2.103)

The idea is to use this convenient formula along with the formula for correlators of chiral

vertex operators in free theory with chiral dimension 2h; = a? /4w,

(Vay - Vo Jme = [ [ 12 — 2] */47 . (2.104)

1<j

We replace the 0¢ by a single derivative of a chiral vertex operator since chiral fields don’t
need the insertion of the mirror image. After the replacement of a bulk vertex operator by
the two mirror replicas with opposite charge, we have a simple prescription to compute the

required correlators

(010 020 03¢ 010 Vig(21,%1) ... V43(2n, Zn)) BCFT
= ili% a1 01020304 (Va(21) Vi (22) Var(23) Vi (€4) Vi (21) Vs (27) - - Vi (20) Vi (23) e -
(2.105)
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Here 0; = 0y,, x; are boundary points and z; are bulk points. To take these derivatives, we
put the auxiliary vertex operators at (x;,y;), then differentiate with respect to y; and only

then set y; = 0. After this, one can take the limit of o going to zero.

2.A.1.1 First-order perturbation theory

Typically, one requires charge conservation with the insertion of vertex operators. But in
Dirichlet boundary conditions, this is automatically satisfied as the mirror operator has op-
posite charge. In particular, we will have a non-vanishing first order correction to the four-
point function. Note that cos(8¢) = (V3 + V_g)/2 is a sum of two contributions. The two
vertex operators turn out to give identical results, so the factor of half in the cosine means

we just need to compute the following term

— (010020 03¢ 019 V3(2,Z)) BerT = —(01¢ 020 03¢ 010 V(2)V_p5(2"))p2 =

= — lim a1 01020304 (Vi (1) Va (22) Vi (w3) Ver(24) V3 (2) Vg (2¥) e = (2.106)
—A 1 2 /1 4
= 2 < 5 1+2 perms> — 67 <2H3H4 +5 perms) + %H1H2H3H4 ,
(2y) 1= [ \P12734 T \T7y T

where we identified 1I; as the bulk to boundary propagator for A = 1 as given in (2.11).
To study the correlator in AdS, we must multiply by the Weyl factors of the bulk insertion

points, that is:

52

(016 Do D3 1) Vs (2, %)) aas = (Ljds) (016 2 Beh 010 V(2. 2)porr . (2.107)

It is important to note that one vertex operator corresponds to two chiral insertions, such
that we get the right power of y to kill the prefactor in 2.106. After this, the expression is
covariant in AdS, depending only on objects that can be written as scalar products in the

embedding space.

Recall that now we have to integrate over the Poincaré patch, with the appropriate measure:
dzdy(L? 45/y?). The integral of the first term in (2.106) is just the free answer times the vol-
ume of AdS which diverges like Vol(R) /¢, in holographic regularization, where we stop the
y integral at a distance € from the boundary. We can of course ignore this term by subtracting
the constant part of the potential in the bulk. The integral of the second term corresponds to

a mass shift-diagram. In fact, writing only the position dependence, the answer is
2
1

2
log( X2 log (%34
<7r og(73) + 20%( i) ) perms> . (2.108)

L? 1
/ dxdy A;ls <2H3H4 +5 perms> =
AdS T12

2
Y L12T34
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We have omitted terms that go to zero as € goes to zero. Now we have divergences which are
logarithmic in ¢, along with log(acfj) dependence which gives rise to the first order anomalous
dimension of the external operator 0¢. Because this is linear in A we see that this is dual to
the small mass of the bulk field. Finally, the last term in (2.106) is just a D-function, or a

contact Witten diagram. These integrals are finite and are given by

1 T 1 _
/ dzdy— (I HaIl31ly) = D111 (%i)]a=1 = ZﬁZZDnn(Z) ; (2.109)
AdS Y L1223y
where
Dim(2) = —— log(=?) ~ ~log (1 - 2)°) (2.110)
z—1 z ’

where z is the 1d cross-ratio. This term will lead to a change in the conformal block expan-
sion, generating anomalous dimensions and OPE coefficients for all the exchanged operators.
In this case they are just two-particle operators with perturbative corrections. A neat way to

pick the anomalous dimensions is to use the following orthogonality relation

dz 1 —A—n/
75 S ()2 AT R s (2) = b (2.111)
i 2
where we use the notation Fj(z) = 2Fi(h, h;2h;z). This allows one to pick anomalous

dimensions from the log terms in the Witten diagram

1 1 dz ;

Yon = >2 2mi _3_2nF7172n(Z)G(2)|10gZ' (2112)

(0)
(Ca¢a¢,2n

Here 2n labels the number of derivatives in the two-particle operator, nga .2n 15 the OPE
coefficient in the free theory, and the G(z)|oq » is the piece of the correlator that multiplies
log z, after extracting the usual x}; x5} prefactor. In fact, from expanding the free four-point

function )
<<al<z>><am><am><am>>:212(1+;ﬂ+ : ) (2.113)

L1234 (1—2)?

in conformal blocks, one gets

( 0) )2 _20(2+ 2n)2T'(2n + 3)

( 2.114
€a¢0¢,2n I'(2n+ 1)I'(4n + 3) ( )

This matches the usual GFF answer with d = 1,A = 1. Next, the contribution from the

contact Witten diagram is

NN T
— (AL As)=Rs D111 (2) . (2.115)
4771‘%21'54
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The 2744 factor appears as an overall factor in the perturbative calculation, so it can be
absorbed in the definition of lambda. Removing the z; dependent prefactor and looking at

the coefficient of log(z) gives:

9—Ag 574 227

— (A\L? 25 .
( ) A7z —1

(2.116)

We need to compare this term to the log(z) piece of the perturbed conformal block expansion

o0
2
5 (e0)* 4022 Fron(2) = GO (g 1)
n=0
Therefore, to compute the anomalous dimension of the first double-trace operator (n = 0),
since the power series of the contribution starts at order 2% and F_1(z) is analytic around

z =0, with F_1(0) =1, we get

W _ Lorongo-n B 2 as0ma, Bt
i =~ L2278 S = (AL A2 (2.118)

Here, we have used C(a[ga s.2n—0 = 2. Generally, for higher dimensional double-particle opera-
tors there is a similar prefactor, but the n dependence would be 77(11) ~ =24t Given this

CZESHCESHE
anomalous dimension it is also easy to compute the associated OPE coefficient, by noticing

the following
> 2 2 1
GO noroge) = D (1) 22 Fagon(2) + () 2229 200 Fason(2)] . (2119)
n=0

Note that 0,, 12, (2) starts its Taylor series at order 21, s0 looking at the 22 coefficient of this

equation we get

2 2
GO ngrog(o)] 2 = () - (D) + (29) 7 - (0) (2.120)
2

— [G(”(Z)\no_log(z)] 2 = (cﬁlo) - 2.121)

We have A

_ 9 Aoy B o, 2
GO () hoton(s) | = —(ALT9)2789 =22 (—log((1 - 2))). (2122)
Therefore, expanding the logarithm we get

2 4

(cﬁllz)()) = —Q(ALZ_Aﬂ)Q_Aﬂ%T =2y (2.123)

Finally, we need to extract the anomalous dimension of the external operator, as discussed

when we renormalized it. The corrected 2-pt function, which is read from the disconnected
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piece of the 2-pt function is

2 1 2
(AL2~2s)22s iw . (2.124)
12
Now recall from before that the order A\ term from ﬁ is —'y%. This implies that
iy 12
v = —(AL¥A8)27 8852 (2.125)

In these conventions the anomalous dimension is negative, but this is not surprising since

the cosine perturbation has a negative mass.

2.A.1.2 Second-order perturbation theory

Now we will be interested in contributions of the form
Tin 0401050504 (Ve (1) Vo (02) V() Va () Vi g (2D Vg (=) V() V() g - (2126)

where we recall that 9;V,, () really means (9, Vo (z; = x; +iy;))|y, 0. After calculating this
object we must multiply by the Weyl factors and perform two integrals, over the AdS points
21 and zg respectively. As a warmup, let us consider the two-point function

lim a™?0102 (Va(21)Va(22)Vig(2)Vog(2*)Vis(2)Vop(2*) o - (2.127)

a—0

Using our faithful companion, equation(2.104), we obtain
2720y~ Rey/ =88 (nBagd) — AN (I oy + ILIT 0™ + I TTHn™s + I IThn™9)) . (2.128)

Here II; and II} are the bulk-to-boundary propagators, but now with an index that labels the
boundary point and a prime (or not) that labels the bulk point, for example: II; =

r_ y
and II;, = e bl

Also, n”# plays the role of an effective bulk to bulk propagator,
z—a)?+(y—y)*

because n = Ciill is a function only of the chordal distance ¢ = ( 77 . For explicitness
let us also write A
ny _ (=) +(w—y)*\™’

e = <(x—1:’)2+(y+y’)2 | (2129)

Note that at this order there are four possible orderings for the V3, which are grouped into

two pairs that give the same result. The other inequivalent choice is

lim o*0105 (Vo (1) Va(2) Vi (2) Vo (2") Vo5 (2 )V 5(27)) (2.130)

a—

= (4yy)~ 2% [~ 20aty — 40(IN Ty~ 2% — ILIT y~ 26 — T Toyn 28 + Ty~ 22)] .

R2
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e

FIGURE 2.16: Connected diagrams contributing to the two-point function. The combina-
torics and the =+ signs of the bulk-to-bulk propagator are not explicit.

() 9 &=
\/

FIGURE 2.17: Connected diagrams contributing to the four-point function. The combina-
torics and the = signs of the bulk-to-bulk propagator are not explicit.

Comparing to the first term, n — 1/7 and there is an extra minus sign on the terms where the
two bulk-to-boundary propagators end in different bulk points. This structure of terms calls
for a diagrammatic representation in terms of Witten Diagrams with a full line for the bulk-
to-boundary propagator and a dashed line for the effective bulk-to-bulk propagator ™8 + =25
(the + is for an even number of bulk to boundary propagator ending in each integration point
and the — when there is an odd number of bulk-boundary propagators in each point), with
a dot denoting the integration point and a power of \. In fact, the two point contributions

can be written diagrammatically as in figure 2.16, and the four-point as in figure 2.17.

In both cases, one must count all possible arrangements of the external points in the given
diagrams and write the bulk-to-boundary propagators accordingly. This 74 + =24 object
is related to the usual bulk-to-bulk propagator, which as a function of the chordal distance
given by

Ga =Cal™2 oF, (A, A, 2A, _<4> , (2.131)

where we already used the fact that d + 1 = 2. The effective bulk-to-bulk propagator should
somehow ressum the effects of all powers in the expansion of the cosine potential. First, we

introduce the following notation:

A —A
9,+(C) = (C) T4 (C) . (2.132)
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FIGURE 2.18: Graphical representation of the effective bulk-to-bulk propagator as an infinite
sum of sets of 2n propagators of dimension 1.

In fact, one can check that the effective propagator gz 4 (¢) is an exponentiation of the single

particle propagator:

B ¢ Ag ¢ —Ag
g5.4(0) = (<+4> T <<+4>

32 log (% + 1)

= 2cosh
cos i

— 2cosh (52%:1(()) . (2.133)

This provides a graphical interpretation for the effective bulk-to-bulk propagator that we
represent in figure 2.18. Similarly, gg _ is proportional to the sinh of the single particle prop-

agator.

We can now proceed with the calculation. By using the isometries of AdS, most of the dia-
grams reduce to objects that have already appeared in the first order calculation. First, we

note that the second diagram of figure 2.16, can be written as

1
d’X [ / d*X'gs (X - X' . (2.134)
/Ads2 AdSs ot ) (P X)(P- X)

Here, using the standard embedding formalism notation, the P; denote boundary points

and X, X’ the bulk integration points. Thus P; and X are 2+1 dimensional vectors satisfying
(P))? = 0and X? = —L? ;4. Therefore, the X’ integral which is an invariant function of X

alone must be a constant, let’s say Cj,
/ *X'gs (X - X') = Cp. (2.135)
AdSs

As expected, this constant is infinite and must be properly regulated, but we will deal with

that later. Proceeding we obtain

1
C / d’X ,
 Jaas, (P X) (P2 X)

(2.136)

which is proportional to the mass-shift diagram of the first order calculation.
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The other diagram that contributes to the two-point function (left of figure 2.16) can be writ-

ten as

/ dQXU d*X'gs (X X’)# (2.137)
ads, (P1-X) [Jads, o (P-X")]" '

The X’ integral must be an invariant function of X and P, and therefore must be a function
only of the scalar product (P - X), and since the function must be homogeneous of degree

—1 with respect to P, this fixes the answer to be

1 Ci

/A - X'gs_(X - X') = B (2.138)

where (' is another (infinite) constant. The final form of the contribution is then

1

2
o X O (2499

which again was already calculated at first order.

Using these results, it is straightforward to compute the left and right diagrams of figure
2.17, which contribute to the four-point function. For the left diagram, we integrate over the

top point, to get
1

2
Co /Adsg B B O® X (B X))

(2.140)

which is proportional to a contact Witten diagram which has already appeared. Similarly, on
the right hand side diagram, by performing the integral over the right-most point, we will

be left with
1

2
< /AdsQ B E XE B X))

(2.141)

which again has been calculated. This leaves the middle diagram. By using the spectral

representation
o0

g5, (X - X') = / Va4 () (— cosh(p)) (2.142)

—00
where we have used the isometries of AdS to set one of the points at the center in global
coordinates, such that X - X’ = — cosh p. We are left with a standard calculation familiar

from exchange Witten diagrams:

e 1 1
dvgs+ (v / *Xd*X’ Qi ( — cosh . (2143
/_Oo gﬁ,:l:( ) AdSs (Pl ] X)(PQ ] X) ( (p)) (P3 ) X’)(P4 ] X’) ( )
Using  the  split  representation  for  the  harmonic  function, with
—d_jy
H%—l—iu(PO’X) = (POX) 2 P
Vz Cé-{—wcé—iu
2
Qi (X - X') = - /dPOHgHV (PO,X)Hg_iV (Po, X'). (2.144)
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We can perform the integral over the AdS points which are proportional to 3-pt functions in
the CFT. One is left with the spectral integral, and the integral over the boundary, introduced
by the split representation:

dPy
1 v

A—L_iv A1+i”/ 1, 1, 1_ v (2145)
—oo (Prg)7 4T 2 (Pyg)” 12 S (Pro)dT 2 (Pao)t T 2 (Pa)t 2

[ a0

NS

(Pio) i~

Here a(v) is a completely kinematical object, which has, however, poles in v (they will be
related to the double trace contribution to this diagram), and A = 1 is the free dimension of
the external operator, kept general for clarity. The P, integral is the shadow representation

of the conformal partial wave, so the result becomes

/Oo o Gpx) TasyTa sy Pargsra(®2) Ty 4940272 (2.146)
v ; + . (2.
o (Pr2)® (P3g)® 647r2+1F2 F? N F%Jriyri’/ F%fiur_i’/

We have used G to denote the usual conformal block, which is really only a function of one
cross-ratio in 1d. We also used I', = I'(a) to save space and everywhere we should set d = 1.
It is important to note the existence of double trace poles in the overall Gamma functions.

The only thing left to determine is gg 4 (V).

Evaluating the AdS diagrams

Let us know study the integrals in detail. First we consider
/ d*Xgs (X -X'). (2.147)
AdS;

Since this is a constant, we can choose the location of X’ at our convenience. In particular, in

global coordinates, with X" at the center, we have X - X’ = — cosh p and, using coshp = 1+ s

2 coshp —1
dfdp sinh + (A —-A
/ / psin p[(coshp+1> +(Ap = —Ap)

Let us focus on the first term. The integral is manifestly rotationally invariant, so we have

we can write

(2.148)

oo 2 Ap
2 dpsinhp {1 — ———— . 2.149
77/0 pam p( 1+Coshp> ( )

The expression is now amenable to generalized binomial expansion, which is convenient,
because it makes the integral easy to compute, but mostly because it provides a natural
way to study the IR divergences, and to renormalize UV divergences by a suitable analytic
continuation in Ag. To see why, let us note that in (2.148), as p — 0 the integrand goes to 0,

since Ag > 0, so there is no UV divergence for this term. When Ag — —Ag, we have a UV
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Divergence for Ag > 1, but we can just analytically continue the result for positive A, which

essentially amounts to performing the binomial expansion with power —Ag.

Next, for the IR there is an obvious problem. When p — oo, the propagator goes to 1 and
the measure makes the integral blow up exponentially at large p, this is easily dealt with by
subtracting the constant, but, in fact, it is easy to just introduce a hard cutoff L and use the
binomial expansion. This isolates the constant, and also shows that there is another, weaker
divergence, which is linear in L. This should be thought of as an anomalous dimension
log-like divergence, since the leading divergence is exponential in L, corresponding to the
second term in the expansion. After that all the integrals converge and we can resum back

the binomial expansion. We obtain, not writing the overall factor of 27,

(ZL - 1> + (485108(2) - 2L ) + 225 (H(Ag) — 1) + O(e7F) (2.150)

Equivalently, the integral can be done directly, and it is of hypergeometric type. After ex-
panding at large values of the cutoff, one also recovers (2.150). The terms in (2.150) are
grouped by their order in the binomial expansion, with the last one ressuming from the third
term to infinity. H(A) = v+ ¥(A + 1) is the analytic continuation of the Harmonic numbers,
with v the Euler-Mascheroni constant and ¥(a) = I'(a)/T'(a), the DiGamma function. We
can now analytically continue to negative Ag and add the contribution of the second term,
yielding, finally

Co = 27 <2(62L 1)+ 2A5(Alﬁ _ Wcot(ﬂAg))> . (2.151)
Subtraction of the constant value at infinity gets rid of the first term in the sum inside the

bracket.

For the next integral we have

/ PPXgs (X - X)L =0, (2.152)
AdSs '

Making the same choice as before, p’ = 0, gives

I coshp —1
/ / dfdpsinh p [( coshp F 1> — (Ag = —Ap)

Since the function is periodic in 6, we can shift § — 6 + 6, without changing the integration

1
cosh p — sinh pcos(6 — 6)

. (2.153)

region. (Note that our parametrization is X = (— cosh p, sinh p cos(6),sinh psinf) and P, =
(—1,cos(#2),sin(#2)). The 6 integral just gives 27, as the p dependence cancels out, and we

are left with exactly the same result as in the previous integral, but with a relative minus sign
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between the +A3 and the —Ag terms. Namely
Oy = 2(4A5 log(2) — 2A5L) + 20, (2(7 — 1)+ U1+ Ag) + T(1— Aﬁ)) . (2154)

In this case there is no volume term, as the constant terms cancel at infinity, but one would
still need to account the first non-zero term in the binomial expansion, which corresponds to

the log? singularity in second order perturbation theory for the anomalous dimension.

Now we just need to compute the spectral representation of gz 1 (— cosh p). In Hyqy; we have

or’s [ d d d+1
2
g(v) = Fzrdgl) /0 dp Sinh(l))d 2F1 (2 —w, 5 +w; T; - sinh(p/2)2> 9(p) - (2.155)

It is convenient to notice the following identity

ai, az,C F(d) 1 1 d—c—1 ai, az
S Fy 2 z/ 711 — ) R 2| dt,  (2.156)
bi,d L(e)l'(d—c) Jo by

and to change to the variable x = 4/(4 + £). Details of the transform for a power of the
chordal distance were given in appendix B of [60]. Following a similar calculation, the spec-

tral transform for our effective propagator is given by

d—1
o s 1 1 TtAs d d d+1 z—1
T 2d/ dpg— 5 +0s (—1) ) <+w,—w, Tl ) (2.157)
0 x 2 2 2 z

Now it is convenient to use a Pfaff identity for the o

2Fi(a,biciz) = (1—2)"" o1y <c —a,b;¢c Zl> ; (2.158)

Z —_—
Using in the identity above z = (z — 1) /2, we get an extra power of x and a Hypergeometric
of argument 1 — z. Finally we can change the integration variable to ' = 1 — = and we get
an integral exactly of the form of (2.156). With this technique we can easily reproduce the
results of [60]. Furthermore, the result for our effective propagator is (note that this avoided

any singularities as d — 1)
oy =1 . 1
4l (Ag + 1)T (—w — 2) 3Fy (2 —iv,Ag +1, 5~ W Ag —iv+ 2 1; 1> . (2.159)

Note that the hypergeometric is only balanced for Im(rv) < —1/2. We will find a hyper-

geometric transformation which provides a suitable analytic continuation and furthermore
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restores manifest v <+ —v symmetry. The one that gets the job done is

. ~ r
3F2 [a7b7c;e7f; 1] = 3F2 [€—C7f—C,T;T’+CL,7’+b;1] I—\ET; ) (2160)
C
withr = e+ f —a — b — c. The balance of this 3F is 1 + Ag, which means it converges for all
positive values of Ag (in the full v plane). Furthermore, for Ag < 1 we can add the negative

power piece since it will still converge. This means that we have the final answer
1 1
g(v) = —4w2Aﬁsech(wu) 3Fh (1 — AB, 3 w,iv + 3 1,2; 1) + (Ag < —Ap), (2.161)

where we added the piece with Ag <+ —Ag. We have checked that this expression has simple
poles at % + i = 2 + 2n, and only there. It looks like it also has poles at 1 + n in general,
but the negative Ag term cancels the poles at odd exchanged dimension, which we know
cannot exist. The simple poles will multiply the double pole already present from (2.146),
and generate triple poles, which will give second derivatives of the conformal block with
respect to dimension, that are associated to both log® and log terms which are important for
anomalous dimensions. In particular, if we pick the pole at iv = 3/2, which corresponds to
the first double-particle operator (A = 2), we get the expected log?, log and regular term. The
log? piece is

32'7TA%((Z — 2)log(1 — 2) — 22)log?(2)

z

, (2.162)

whose small z expansion starts with a 2%log?(z) term, as expected from the computation
below. (We are everywhere failing to write a prefactor of A%24_2Aﬁ that comes from the
vertex operator calculation). In fact, comparing to (2.168) below, the result has the right
$ dependence. This is consistent with the conformal block expansion, which relates the

coefficient to the first order anomalous dimension squared.

For convenience, we write here the second order expansion of the conformal block decom-

position, which determines the second order CFT data. The conformal block expansion is

Dy 2N Far(z) = G(2), (2.163)
A'eS

where we use again the short hand 2 F1 (A, A, 2A, z) = Fa(z). Our spectrum is

A=A, =2+2n+ M+ 2272 (2.164)

n

We have of course already computed 7(()1). The OPE coefficients squared are written as

Ronr = 2 = (cn0)>2 +A (cg))2 42 (c,?))Q , (2.165)
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and the correlation function computed in perturbation theory as
G(z) = GO>2) + \GW (2) + X2GP(2). (2.166)

Expanding the 22" term in (2.163) will generate log(z) and log(z)? terms, which satisfy a

separate equation. The log?(z) terms give
) 2+20 L (_1))? @)
Z <cn ) z 20 (7n > Foyon(2) = G (2)1pg2 , - (2.167)

In particular, the power of 22 fixes a relation with the first order data of the (9, ¢)? operator

(cg°)>2% <7§)1))2 = GO (2) 1002 ]2 - (2.168)

This is a non-trivial consistency check. The log(z) equation already fixes the second order

anomalous dimension

e ()04 (9)'52) Fasan() + (9280)” S00Fatan(s)]| = 62

(2.169)
Again the power of z? is enough to determine the first operator
2 2
(c6”) 6" + (c6”) 96" = G2 @hogl-» (2:170)
Finally, the equation for the regular term gives
2+2 2))? )2 %(11)
D (9) Frsan(2) + () B0 Fos20(2) (2.171)
+(e ”))2 VD20, Py pon(2) + - (%”)2 Op Faon(2) | | = GPlrey - (2172)
n n 9 n n 8 n n n reg
It then follows that the 22 piece fixes the OPE coefficient
2
(cff)) = GO (2)|reglse - (2.173)

The previous expansion encapsulates the A dependence, but we still have a parameter 5.
Thus it is also convenient to expand in 3 to cross-check the calculation with ¢™ theories. We
have that, order by order in a small 5 expansion, the effective propagator generates products
of the single particle propagator, as expected from expansion of the potential cos(8¢) =
1-— %2¢2 + %q% - %?qu + .... We might wonder if this property holds after the spectral
transform, and indeed it does. By taking the first piece (this corresponds to the exponential

instead of the cosh of the single propagator) of (2.161), and expanding in small 3, the first
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term is proportional to

Gv) =

I — 2.174
2+ (1— %)2 ( )

which is the spectral representation of the propagator of a scalar field dual to an operator of

dimension 1 in CFT}. The next term is

, (2.175)

which matches with the spectral function for the product of two propagators (as in a bubble
diagram), which was computed in [60]. This seems like a non-trivial check, and makes it rea-
sonable to propose that the formula (2.161) is a generating function (by expansion in /) of the
spectral representation of any number of propagators. Although it always has poles in the
double-particle locations, and a higher number of propagators should correspond to multi-
particle poles, this is compatible, because double /multi-particle operators are degenerate for

external dimension 1, as in our case.

Furthermore, with this spectral function one can pick the poles in the spectral integral of
(2.146) and get the conformal block decomposition. We can look, for simplicity, to the coeffi-
cient of log?(2) 22727 3 Fy (2 4 2n,2 + 2n,4 + 4n, 2) in this expansion and read off

2
(aﬁ?’) it (3F2(—2n 1,20+ 21— Ag1,21) — 3Fa(—2n— 1,20+ 2, Ag + 151, 2; 1))

8(n+1)(2n+1) o 1776)

where we factorized the free theory OPE coefficients, to make the comparison to (2.167) eas-

ier. In particular, the remaining terms should be first order anomalous dimensions squared.
Indeed, in the small 8 expansion, to first non-trivial order, one recovers the result from R
theory v, < 1/((n+1)(2n+1)). However, there are interesting corrections from higher orders
in 3, which should correspond to first order anomalous dimensions of multi-particle opera-
tors, which are generated by the ¢*" 2n-point functions (2n-point contact diagrams). This is
not visible in the four-point function at first order. More rigorously, we have mixing among
multi-particle operators and the results should be interpreted as averages over degenerate
operators. We can also try computing these anomalous dimension averages at finite 3, for

special values of Ag where the equations simplify. For example, for Ag = 1/2 we get

im ((% 2
(vM)?) = 16((((222:))2 2.177)

whose large n behavior is (7,) ~ 1/n%/2. One can study the general large n behavior of these

dimension for general Az and obtains

() ~ PRl (2.178)
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This follows the general expectations of [53, 105], which essentially states that the large n
behaviour of the anomalous dimensions is controlled by the mass dimension of the bulk
coupling. It appears that this is not visible in the 4-point function at first order (where only
the ¢ term contributes), because effectively the beta expansion truncates at 34, which corre-
sponds to Ag — 0 and gives v, ~ —;. More carefully, this means that the solution to the
mixing problem is not fixed by the first order single-particle correlator, which is compatible
with a pure ¢? interaction and an only two-particle spectrum. When we go to second order
in )\, the n-particle interactions kick in, and the mixing problem becomes apparent, bringing

all multi-particle operators to the limelight.

Note that to analyze the log? » behavior it was enough to study the s-channel block expansion
of the s-channel generalized bubble diagram. This is because the t- and u- channel blocks can
analogously be expanded in their respective channel’s conformal blocks, which have only
single-log singularities in the s—channel OPE limit. Equivalently, we can take the s-channel
block expansion and consider the behavior of the blocks around the t- and u- OPE limits.
To simplify this procedure, it is important to notice that the s-channel bubble diagram is
invariant under permutations of the external points z1 and x2. This means that the u-channel
contribution is directly related to the t-channel, so it is enough to consider the t-channel OPE
limit and include a factor of 2. In fact, by using invariance of the s-channel diagram under

the permutation x; <+ x2 one can derive

z—1

G(s)(z) = G(S) < : > 5 (2.179)

where G ;) denotes the s-channel generalized bubble diagram. In fact, by further using per-

mutations to get to the other channels, one obtains

G <Z - 1) = G(2), (2.180)

From which it is clear that the behaviour as z — 0 of the two channels is the same.

Unlike the case for the log? z terms, the t-channel contributes to both the log z and regular
terms, which means it will contribute to the second order anomalous dimension and the
second order OPE coefficient. Furthermore, we have that the t-channel OPE limit of the

s-channel blocks is given by

r'2A) (29O (A) +log(1 — 2) + 27)

22 9P (A A 20, 2) ~ — T(A)2

+0(1-2), (2.181)

which means that all operators of all dimensions contribute at the same order in the small z
expansion, so one needs to perform an infinite sum in the t-channel to get the contribution for

one operator in the s-channel. Given the form of the spectral function (2.161), for general Ag
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these sums are hard to perform explicitly (we computed the sum over residues numerically

for several values of Ag), but in the small beta expansion, where the leading contribution
comes from ¢* bubble diagrams, we were able to reproduce the known loop data

(2)__1+4C(3) (2)_7L4 Z 2.182

Yo = 9 ) 60_15—}_2' (2.182)

In our conventions, the normalization is actually proportional to 3%, as expected from ex-

panding the cosine potential and counting powers of 3 in the ¢* bubble diagram, but in our

normalization this gets divided by the square of 7((]1).

2.A.2 Multiple correlators and numerical bounds

In [77] the correlation functions of two operators were analyzed, which we will call ¢ and .
It was assumed that there existed a Zs symmetry under which ¢ is odd and x is even. With

an eye towards the flat-space limit, the assumed OPEs were

® X ¢ =1+ Agpyx + (...operators with A > 2A,...),
b Xy = Appy® + (. ..operators with A > Ay + A, ...), (2.183)
X X X =14+ A&+ (...operators with A > 2A,...).

Also, both ¢ and x were assumed to be Lorentz scalars, which in one dimension simply

means that they are parity even.

Section 4 in [77] was concerned with obtaining upper bounds on the couplings A44, and
Ayyxy from the conformal bootstrap, extrapolating these to the flat-space limit, and comparing
them with multi-amplitude S-matrix bootstrap bounds that were also obtained in that paper.
Since operator ordering matters in one Euclidean dimension, the correlation functions that

were analyzed were:

(poog),  (Ppoxx), (oxox),  (Xxxx), (2.184)

and the authors of [77] also analyzed the corresponding flat-space amplitudes

Sop—dd,  Ops—xx and Sox—xo s Sex—dxs  Oxx—xx s (2.185)

with analytic S-matrix bootstrap methods.

Although in many cases a good match between the two bootstrap approaches was found,
this was no longer true when the mass ratio ms/m; was slightly larger than about v/2. (In
fact, tested points were 1.5 and 1.6, and stability requires my/m; < 2.) For these mass ra-
tios the multi-correlator analysis resulted in exactly the same bound as that obtained from

(ppo¢p) alone. On the other hand, the S-matrix bootstrap method applied to just the Sy sy
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scattering amplitude already resulted in a bound that was significantly better, up to about
a factor of three. (This problem was quite general, but for the particular case where A, is

assumed to equal —\y4, it is clearly illustrated on the right-hand side of figure 12 of [77].)

This difference leads to a natural puzzle: if correlators become scattering amplitudes in the
flat-space limit, then why do bounds obtained from correlators not always reduce to bounds
obtained from amplitudes? In the next few paragraphs we explain the resolution to this
puzzle. It will also help us to understand why many of the multi-correlator bounds in the

main text do not improve on the single-correlator bounds.

If 4oy saturates the single-correlator bound then the solution to the (¢p¢¢p¢) crossing equa-
tion must be the solution that converges to the sine-Gordon amplitude in flat space. Our aim
is now to show that the other crossing equations can also be solved if A, /A is large enough,

and therefore yield no further constraints on Ay, -

We begin with the (xxxx) crossing equation. This equation in itself is decoupled from the
(pppd) equation. For the present discussion we only need to assume that this bound is weak,
in the sense that if we fix

= Mo (2.186)
A¢¢x

and use it to trade A,y for Age,, then the bound obtained from the (xxxx) correlator is
weaker than that obtained from the (¢¢¢¢) correlator.??

Now consider the (¢¢pxx) correlator. Since its s-channel conformal block decomposition fea-
tures coefficients of the form Ag¢r Ak, it can only feature operators that appear both in the
(ppp¢) four-point function and in the (x xxx) four-point function. This provides a non-trivial
link between the correlation functions under normal circumstances, but we will not outline

a loophole that can avoid this connection.

The main idea is that there might exist solutions to the crossing equations that exist purely in

the continuum part of the spectrum. For example, consider the crossing symmetry equation for

o),

Q=22 [ 14+ 22, 002+ D> A gg(Ap2) | =(z¢1-2), (2.187)
k, Ap>2A,

ZIn fact, we can observe that the maximization of Ay is precisely the same as that of scenario II of [59]. In
that paper it was shown that there was no upper bound (in the flat-space limit) as soon as the gap, which in
our case is 2my, was smaller than v/3m,. Therefore, for A, /Ag > 2/4/3 =~ 1.15 and sufficiently close to the
flat-space limit this correlator in itself does not give us a useful bound at all. The assumption stated in the main
text is therefore certainly satisfied.
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FIGURE 2.19: Witten diagram representation of the f, correlator, where Y is interpreted

as a "triple trace” of the form x = [p1¢2¢1]. The solid lines denote the ¢; propagators

and the dashed lines denote the ¢, propagators. The diagram is manifestly s <> ¢ crossing
symmetric.

and suppose there exists a function f, (z) that obeys

fx(z) = Z ,uig(Ak,z),
b Ars2A, (2.188)

(1—2)22%xf (2) = (z & 1 —2),

thus this function has a conformal block decomposition obeying crossing and unitarity but
without the fixed part consisting of the identity and, in this case, the block corresponding
to x itself. Then we can add this function with an arbitrarily large (positive) coefficient to the
{(xxxx) equation without violating the bootstrap axioms. For the system of correlators at
hand, doing so buys us the freedom to add any operators in f,(z) to the (¢¢pxx) correlation
function as well. Indeed, even if the operators in f, (z) do not strictly speaking appear in the
(ppp¢) four-point function, we can imagine adding them there with a very small coefficient,
and if we simultaneously add f, (z) with a very large coefficient to (xxxx) then we can get

these operators with an arbitrary coefficient in the s-channel of (p¢xx).
Instead of a single function f,(z), we propose the following family of functions

SAx+a

fx(z) = S (2.189)

which has a conformal block decomposition with positive coefficients if the parameter 0 <
a < A, /3.2 This function has a Witten diagram interpretation: it is the four-point function

obtained from a completely connected Witten diagram (see figure 2.19) where x is interpreted

B A closed form for the conformal block coefficients appears in [106]. We have checked that the first 40 coeffi-
cients are positive.
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as a “triple-trace” operator of the form x = [¢1¢2¢1], with dimension A, = 2A; + Ay and
a = Ay. Its conformal block decomposition begins with an operator with dimension A, + «

so consistency with (2.188) requires A, + o > 2A4, leading to

Ay >

N W

Ag, (2.190)

as a necessary condition for f, (z) to exist. This precisely agrees with the observation men-
tioned above that the QFT in AdS bound differs from the S-matrix bound only for A, /A,
equal to 1.5 and 1.6.

With o a free parameter we now have the freedom to add arbitrary conformal blocks of di-
mensions at least 2A 4 in the s-channel of the (¢¢xx) correlator using the procedure outlined
above: we add f, for a suitable o with a large coefficient and select the relevant block by
switching on a non-zero small coefficient in (¢¢p¢p¢). But then all we are left with are the two
crossing equations from (¢¢xx) and (px¢yx) where there is not sufficient positivity to obtain
any meaningful bound. Altogether then, we must conclude that it is impossible to improve

on the single-correlator bound for the parameter ranges stated above.

Finally, it is interesting to make contact with the flat-space limit. The main culprit is clearly
fx(z) in equation (2.189). In the flat-space limit, according to the dictionary of [81], the cor-

responding contribution to the scattering amplitude would become

1
— 1 —2A _ .
Tx—xx = ]_%g%oz “frlz) = A}Olgloo (=1 z))AX*a : (2.191)

Since A, —a > 0, we find that the limit is zero if |2(1 —z)| > 1 but becomes infinite otherwise.
As explained in [81], this is a familar complication: in the flat-space limit not every possible
correlator becomes a good scattering amplitude, and we now see how that can also limit the
bounds obtained from the QFT in AdS construction. It would be interesting to understand
more systematically when do the conformal bootstrap bounds for QFT in AdS converge to

the corresponding S-matrix bootstrap bounds.

2.A.3 Fermions in AdS

In this appendix we describe the details of the calculation involving fermions in AdSs out-

lined in the main text.
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2.A.3.1 Bosonization in AdSs

The bosonization duality in flat space relates the observables in the fermionic theory to the

bosonic theory as

Py <> eTOLR (2.192)
(b, hyt ) > (0,0, 0" ) | (2.193)

with ¢ and ¢ related to ¢ and ¢ through (2.57) and (2.58). In order to test its natural
generalization to AdS, we would like to perform perturbation theory in AdS around the free
fermion. We consider the massive Thirring interaction in AdS». In flat space, it is dual to
the sine-Gordon interaction cos(3¢). The Thirring interaction is a specific interaction of four

fermions in flat space given by
L= (w,atw) (VY pratth) - (2.194)

To generalize the fermion interactions and propagators to AdS>, we use the shorthand nota-
tion Z = (y, z) to denote a generic bulk point as well as the vielbein ef, [95]. We can write the
gamma matrices in AdS», fyffl is = eh T, Let 1) denote the Dirac fermion in AdS;. When one

takes the limit of this field to the boundary, one of the components dominates [60, 107]

w(ya .CC) = ¢+(y,$) + ”‘?—(%37) ) (2195)

with
b —y0 YV EM g 4 () (2.196)

Note that these components are individually dual to vertex operators in the bosonic theory.

The bulk to boundary propagators for the fermions in AdS, are [107, 108]

Yoy + (T — )
\/y A+§

= Yoy + 11(z — ;)
YA (y, z;2;) =PT II
( i) NG

Ea (Y, w3 1;) y, ;) P, (2.197)

Here x, x; are one-dimensional positions on the boundary. We have used the chiral projector
P+ = (1 +9)/2, while TI denotes the corresponding propagator of the scalar operator in
AdS. For the purposes of perturbation theory, we note the following identity for the product
of propagators [107-109]

Ya (Y 2521) Ba (v, 2520) = (@0, P ) T, 1 (s z) T 1 (g, 2322) (2.198)
2 2
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The tensor structure 74,I', P~ = 79,7, where 7 are the boundary gamma matrices. In one-

dimensional CFTs, this corresponds simply to z12.

2.A.3.2 Perturbation theory

We would like to compute the contribution in the free theory of fermions using the standard
fermionic mean field theory formula. This corresponds to simple wick contractions in AdS5.
We define the cross ratio z in the 1d CFT as in the main text (2.7). Performing the Wick

contractions using the correct negative signs for massive fermions leads to

Gy = ! [1-2°2],
L1234

1 L o\ 28
Gy = [Zm - ( ) ] )
12234 11—z

1 P 2A
G_|.__|__ == [1 —|— < ) ] .
12734 1—=z2

For first order perturbation theory, it is useful to recall the D function defined in equa-

tions (2.109) and (2.110) which is used in scalar contact Witten diagrams. Schematically,

the fermionic contact Witten diagram is written as

Weermion = )\f /AdS EA (Z7 1'15) XA (Z7 $25) EA (Z, $35) XA (Z> $45) . (2-199)

Consider first the case of massless free fermion, A = % Using (2.197), the product of the
fermion propagators can be converted into the product of scalar propagators. They will be
multiplied by the appropriate tensor structure. Thus, the fermionic contact Witten diagram
can be written in terms of scalar contact Witten diagram Wiermion & D1111 [109, 110]. We com-
pute the correlation functions using appropriate Witten diagram to arrive at the following

correlation functions

mz(l—2)—=
Gy gy =Ap——=D 2.200
+——+ f4 T1973 1111 (2)7 ( )
G N2 p (2) (2.201)
R Gk :
m =2 =
= A D . 2.202
G-+ I S 1111 (2) ( )

It is possible to compute the first order correction also for massive fermions, using the iden-
tity
3 1
T2 F (2A — 5) ZQA

Daaan = Dannan (2). (2.203)
T (A) gy 2aeal?
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The corresponding correlators are as follows

Gi——1 = Af (12034 — T13724) DAJr% A+% A+% A+% (2.204)

1
T2l (2A + 3) 222 (1 — 2) )
T4 (A + %) J;%QAng A—i—%A—i—% A+%A+% ’

!
Sl

Gig—— = Ap (—w14223 + 13724) D (2.205)

A+3A+3A+EA4S

1
ﬂ-QI‘(zA_i_%) S20+1 "

4 1 2A 2A N N
o (A + 1) 220220 Ay Atz A A3

G- = Ay (12234 + T1423) D (2.206)

Avsa+iatiagd
1
—m2l (2A + %) L

zZ).
T (a+]) s arhardaran

2.A.4 OPE coefficient maximization for O(2) correlators

In the main text we probed the sine-Gordon kink S-Matrix by extremizing the correlator at
the crossing symmetric point. This is the natural observable in the scenario where there are
no bound states, which can be achieved by tuning the sine-Gordon parameter 3. Working
with bound states in AdS is complicated at finite radius, since we have no control over the
dimensions of the dual operators, except in perturbation theory. However, the existence of
bound states provides another natural quantity to maximize: the coupling. This was done
in the Zy symmetric S-Matrix context in [59], leading to the S-matrix of the lightest breather
in the sine-Gordon model. In the O(2) symmetric case, the authors of [63, 96] were able to
pinpoint the sine-Gordon kink S-matrix by maximizing the coupling between kink anti-kink
and the lightest breather, which is U(1) neutral and Z, odd.?* In this appendix, we will
study the natural generalization of this problem: maximize the OPE coefficient between the

external operators and the lightest exchanged operator with the right quantum numbers.

The charged external operators have dimension A = 27/3?, which we can tune by chang-
ing the boson radius r = 1/3. We consider Ag > 1/4 where the deformation is relevant. For
any value of A, the charge zero sectors of the free boson correlators contain only operators
of integer dimension, with the first few Zs odd operators having odd dimension, and Z,

even operators having even dimension. %°

* In the parameter region where this is the only stable bound state, maximizing the coupling is not enough
to obtain this S-Matrix and one needs to input additional information about resonances in the physical sheet
[63] to get saturation of the bounds. On the other hand, in the parameter region where there are two, or more
bound states, by inputting the exact values of their masses, one directly recovers the sine-Gordon S-matrix upon
maximizing the coupling [96].

PThis can be checked using SL»(R) characters, which is done in detail in the (unpublished) appendix 2.C
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FIGURE 2.20: The blue points represent the upper bound on the kink anti-kink Z, odd
breather OPE coefficient as a function of the kink dimension A,, assuming a Z; odd bound
state of dimension 1, a Z, even bound state of dimension 2, and all gaps to be 2A,,. In orange
we plot the analytic result for the winding mode correlator. Finally in green and purple, we
plot the number of bound states in the IR and UV sine-Gordon theories, respectively.

We can then impose the dimension of the bound states, i.e, of the U(1) neutral operators

with dimension smaller than 24,, and maximize, for each value of A,, the OPE coefficient
2

“kE1

parameter 3. We begin by imposing a Z, odd operator of dimension 1, a Z even operator

We think of our freedom to vary A, as the analogue of the choice of the sine-Gordon

of dimension 2, and take the gaps in all 3 sectors to be 2A,, the two-particle threshold. Note
that for A, < 1 the Z, even bound state gets absorbed into the kink—anti-kink continuum,
and the same happens for the Z; odd bound state at A, < 1/2. We present the bounds on
the OPE coefficient in figure 2.20. As a consistency check, we see that our one parameter
family of free correlators has an OPE coefficient which is always below the bound, and in
fact saturates it for A, slightly above 1. The bound has a maximum at A, = 3/4, which
curiously corresponds to the value of 3 at which the flat space theory gets a second bound
state. There is also a kink at A, = 1 associated to the fact that Ay becomes a true bound state
of the UV theory. We indicate the number of bound states in the UV and IR by purple and

green step functions to clarify these facts.

For our correlator to saturate the bounds, we need to introduce more information about the
spectrum. We know that the next Z, odd operator after the lightest one has dimension 3. We

can impose this gap in the Z, odd sector to obtain the blue dots in figure 2.21.

This has the effect of lowering the bound on the region 1 < A, < 3/2 to the extent that the
vertex operator correlator now saturates it, but gives the same result as the previous plot for
A, < 1. Finally, we increase the gap in the Zs even sector to 4 which ensures that our corre-
lator is now extremal for any value of 1/4 < A, < 3/2. This is presented in the green dots

of figure 2.21. We see that just like in the flat space S-Matrix analysis, one needs to introduce
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FIGURE 2.21: Same plot as before, with the stronger assumption that the Z, odd gap is 3

for the blue points, and additionally that the Z; even gap is 4 for the green points. The blue

points coincide with the ones of the previous plot for A, < 1 and match the analytic winding

mode correlator for A, > 1. The green points match the analytic correlator in the full range
of A,.
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FIGURE 2.22: Bounds on the AdS coupling gi(?l as a function of the AdS mass A, 2. In grey
are the bounds assuming only the bound state of dimension 1, in blue the bounds when we
add the bound state of dimension 2 and in green when we further include the bound state
of dimension 3. The orange dashed curve is the sine-Gordon correlator for zero AdS radius
(A =0,A; = 1), which saturates the bound in parts of the two and three bound state regions.

specific data about the resonance spectrum, namely the gaps in the 07 and 0~ sectors for the
correlation function to saturate the bounds on the OPE coefficient/coupling. Therefore, this
is a less optimal question than correlator maximization, where no extra gaps were needed.
This is related to the fact that at z = 1/2 the correlator is not just dominated by the leading op-
erator in the OPE, and therefore maximizing its OPE coefficient is not necessarily equivalent
to maximizing the value of the full correlator. We can also perform a qualitative comparison

between the results at zero radius and the flat space limit. For this it is convenient to rescale



90 2. TOWARDS BOOTSTRAPPING RG FLOWS: SINE-GORDON IN ADS

the OPE coefficients into AdS couplings and to plot the mass squared ratio instead of the ex-
ternal dimension?. We now compare the flat space results of [96] (their figure 2) to our small
AdS radius results (figure 2.22). The plots are qualitatively similar, with sine-Gordon failing
to be extremal in the one bound state region but matching the maximum allowed value, at
least in some part of the parameter range where more bound states are taken into account.
It would be interesting to take a scaling limit where we increase the bound state dimension

and try to quantitatively match to the flat space results.

*In fact, since the bound state is dual to a massless particle in the free limit, we actually plot A, >
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2.B  On Generalized bubble diagrams in AdS

In this appendix, we study AdS scalar diagrams with two ¢" vertices and n—3 loops/bubbles
(equivalently n — 2 bulk to bulk propagators) represented in figure 2.23. The main goal is to
prove that they contain multi-trace operators built of all the internal field in their conformal

block expansion. The main idea is to “cut” the diagrams in their intermediate propagators,

FIGURE 2.23: Generalized bubble Witten diagram with two n-valent vertices.

following the AdS unitarity methods of [102, 103, 111].

2.B.1 AdS Unitarity: Splitting the diagram

Consider the AdS scalar bulk-to-bulk propagator in the spectral representation:

+oo
Ga(y1,y2) :/ dvP(v, ) (y1,92), (2.207)

—0o0

where: )
v 1
P(V, A) = 7ﬁ.
Tri+(A-3)

(2.208)
It is known that the harmonic function satisfies the split representation in terms of bulk-to-
boundary propagators”’ integrated over a common boundary point, see for instance [112].

This leads to a useful form of the bulk-to-bulk propagator:

“+o00

Ga(y1,92) :/

—0o0

WP A) [ daky,, om)K, om). (2.209)
2 2

“In this Appendix we use the standard notation K for the bulk-to-boundary propagator since there is no risk
of confusion with the kink operators of chapter 2.
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With this, we consider a general amplitude, which can be seen as a gluing of two tree level
diagrams from a n — 2 particle cut, and use the split representation for the bulk-to-bulk

propagators:

A}?}fub(xl, 9,3, .734) = /dV5dI/6 N dl/5+(n,3)dd1'5ddx6 N ddac5+(n,3)P(1/5, A5) Ce

5..nF2,34

AlL%gi'e'é”JrQ(a;l, T} X5, ... ,xn+2)AR7tree (r3,24;%5,...,Tnt+2), (2.210)
1 3
2 4

FIGURE 2.24: Splitting the Witten diagram into left and right subdiagrams through a multi-
particle cut.

where the tildes in the labels of the right hand side tree level diagram denote the shadow
transformation, which maps A; to A; = d— A;. Thev integrals come from the spectral
representation for each propagator, and the boundary integrals from the corresponding split

point. This procedure is schematically represented in figure 2.24.

We have reduced the main problem of our calculation to computing n-point tree level am-
plitudes which we will need to expand in n-point conformal partial waves (CPWs). Both
these objects play an important role in chapter 4, and are discussed in more detail in the ap-
pendices 4.A.2 and 4.A.3, in the five and six-point case. Therefore, here we only write down
the general partial waves in the comb channel, whose topology generalizes nicely to n-point
functions [113]. Later, it will be convenient to use this channel, in order to treat all diagrams

on a similar footing.

The comb channel n-point partial waves (that have n —3 exchanged operators) can be written

as:

iz (1., Tn) = / dza, ...dze, (010904, )(O4 030,,) ...

(O 10204, O, sOn 10,), (2.211)
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and represented schematically in figure 2.25. They can also be written recursively in terms

FIGURE 2.25: Schematic representation of the n-point comb channel CPW structure

of an integral of the n-1 pt comb partial wave times a 3-pt function:

glz.n  _ / g, W2(=2@n3)( 0 0., (2.212)

ai1az...an—3 a1az...an—4

CFT bubble identities

Since we will be gluing a left and right tree level diagram, we will make repeated use of the

following CFT bubble identity (also discussed in appendix 4.A.3):

/ddﬂﬁldd@<(9d/2+w,1(93)01($1)(92(962))<(’51($1)@1($1)Of1/2_w,m($/)> =
B(v, J)d (V — V/) 0506 (a: — :1:/) , (2.213)

which can be used to prove the following bubble identity for 4 point CPWs which will be
used to glue the left and right diagrams:

/ dlz3dlw P () WS =B, 0)85 06 (v — V) WS (xy) (2.214)

%—l—w, St J T %—i—iu,]

where B is a constant defined through equation 4.174, but whose explicit form is not crucial
here. We describe how to prove the identity for the 4-pt partial wave using the bubble iden-
tity, as it will be instructive when we try to generalize it to the less standard higher-point

case. We use the representation of the 4-pt CPWs as an integrated product of 3-pt functions:
/ dP3dte g U2 () WA — (2.215)
[t and? sy, a1, (010201,) (00, 0101 (010501, ) (O O505)

By interchanging the order of integrations, we perform the x3, x4 integrals by using the CFT

bubble identity. This gives a delta function for the position and the spectral parameters of
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the operators O,, Oy, . We also get a bubble factor:
/ A4, B(Vay, Ja )6 (Vay — V5,)044, 1 ay (Oay O506) (01020, ) - (2.216)

It is clear that we are left with the partial-wave ¥}2°%, proving the identity. We will need

generalizations of this identity for our multi-bubble diagrams. Schematically:
/dd% o ddxn‘IIIQS...n\IJﬁ...EM ~ pl234 (2.217)
We will now analyze in detail the five-point case. Let us consider then, the integral:

/ ddIL’5 ddxﬁ ddl’7\1112567 (l’l) \I/Zi%gf (wl)

ai,az
= / dd$5ddx6dd$7dd.%'a1 dd.%'@ dd.%'bl ddiL‘bQ <01 OQOal ) <@a1 O5Oa2> <@a2 O6O7>

(070604, ) (O, 050, M (O, O304) . (2.218)

We now perform integrals of bubble type, from the innermost pairs of 3-pt functions, to the
outside. in particular, we integrate over z7 and z¢. This produces a Bubble factor B(vq,, Ja, ),
a delta function between v,, and v;,, and a delta function over the position of the az and by

operators. This allows to do for example the x;, integration. We are left with:

B(Vay)5(Vay— )67, 10, / Qs g, dhae, dhazy, (010504, )(Oas O5O0u,) Oy O50n,) By, O504)
(2.219)
We iterate the procedure by integrating over x5 and xz,,, getting a delta function for z,,, p,
which can be integrated immediately. The remaining integral over x; will just give the 4-pt
partial wave:
/ dlr5dlrd eV 2SO = TT B(va,)0(va, — v0,)07,,,0,, i (@1, ... 2a) . (2.220)
i=1,2
It is clear that this formula generalizes for the n-point partial waves in the comb channel.
For an n-point function, we perform n-3 bubble integrations, and get n-3 bubble factors and
delta functions for the quantum numbers of operators a; and b;. Note that the simplicity
of the calculation is due to the very precise ordering of the second partial wave. Generi-
cally, expanding an n-point function in this particular channel requires complicated n-point
crossing relations, or at least repeated application of four-point crossing relations. We take
advantage of the fact that our contact diagrams are trivial to decompose in any channel, and

in particular the one that is needed to apply the previously derived identities.
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2.B.2 Double-Bubble: The bi-quintic diagram

In this section we analyze the first non-trivial generalization of the bubble diagram, the two-

bubble diagram from two ¢° vertices.

N

FIGURE 2.26: Two-loop bi-quintic Witten diagram

We will explicitly glue two five-point contact diagrams. We use the split representation for

the three bulk-to-bulk propagators and obtain a gluing;:

A (21,0, 73, 24) = /dV5dVﬁdwdd%ddﬂCGdde?P(%,As)P(V&Ae’)P(V?,A?)
ALZOT (31 o w5, 6, fC?)AZg’M(xs, T4; X5, T6, T7) - (2.221)

Using the CPW decomposition of the five-point contact diagram discussed in appendix
4.A.2, and subsequently applying the five-point partial wave bubble identity derived above,
we immediately obtain the CPW decomposition of the 2-bubble diagram:

A3 — / dvsdvedvrdvg, dva, B(Va, , Jay ) B(Vay , Ja, )P (s, As) P (v, Ag) P(v7, Ar)

Pitzcg)67 (Var s Vas )pZth534 (Vags Vay )\Ijt11$34 . (2.222)

To study the Pole structure in order to see what operators are exchanged, it is important to

remember that the b factors (b125, bz5,) have the following poles:

As=A1+ Aoy +n, (2.223)
A5 = Ag —+ A4 +n. (2224)
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Our spectral function will be just a product of six such factors (the bubble factors B don’t
introduce any poles), with many shadow symmetries, which will allow us to restrict to a

small set of poles. Let us write the CPW expansion more explicitly:

7
A28 — /dVa..? H P(vi, A;) / Va, AVay Ba; Bayb12a,ba; 505035670550, bas50, barsa Varo

= (2.225)
First note that the first and last b-factors immediately give the appearance of the double-
twist operators from the external legs. In the language of [103], the Cut operation eliminates
these poles (it is just proportional to the double-discontinuity of external double-twist blocks,
which vanishes [114]). Now, we will have two choices to close the a; contour, and after
that, two more choices to close the as contour. All these possibilities are equal by shadow
symmetry, and one just needs to close the contours in the appropriate side of the complex v,
planes. Let us then choose to pick up the poles from the second and then third b factors. The

poles of the second b factor give us:
A D (2.226)

where [5as], = [050,,], are the double-twist operator with constituents Os, O,,. After this
we pick up the ay poles from the third b factor. This replaces O,, with the double-twists
[O6Or]. In the end, we are left with:

AV — / dvs.. 7 ﬁ P(v;, A;)(bs and Bs residues)\I/[I;g’% . (2.227)

i=5
We see that there are off-shell triple-twist operators [O5sOsO7], which will become on-shell
once we pick the poles of the P factors. There are other possible ways to close the vs_ 7
contours, but eventually they give double-twist operators of the external fields, and are killed
by the double discontinuity (dDisc) as explained above. We conclude that cutting (taking the
dDisc) the 2-bubble diagram gives us exactly the on-shell triple-twist operators [0 OOz, as

one would expect from the flat space diagrammatic intuition.

2.B.3 Bubble-Trouble: n-bubble diagrams

With our setup, the generalization to n-bubble diagrams is straightforward. We first consider

the contact diagram:

A(I:tcn(mla cee 73371) = /dd+1yH KAZ- (xb y) . (2228)
i=1
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Now, we decompose it in the comb channel, by inserting delta functions which we again
decompose in the spectral representation and then split with a boundary integration. We
attach the external legs to the auxiliary bulk points in a way that is coherent with the topology

of the comb channel n-point CPW:

n—3 n—3 n—3
Aty = [T v [ @y T T] a0 Kons (01,000 Kisa (02,00 K, 2:229)
=1 =1 =1

n—4
(H Kd/2fiyai KA2+in/2iuai> chl/inuani3 (xan_ga yan_3)KAn_1 («Tn—la yan_g)KAn («Tm yan_3) s
=1

where one of terms inside the bracket is connected to the original bulk integration point (it
doesn’t matter which one). We can then perform the bulk integrals as before and obtain a

string of 3-pt functions with their associated b-factors

n—3 n—3 n—4
Aitcn = / H dyai H ddxaibmal (H b&i(i+2)ai+1> b&n_g(nfl)(n)
=1 =1 =1
n—4

(010204,) (H <Ofli O(i+2) Oai+1 >> <O&n—3 O(n—l) O(n)> . (2.230)

=1

The towers of three point functions are of course perfectly adjusted to obtain the Comb n-

point partial wave after the boundary integrations. We finally get:

n—3
Acic" = / 1T dvasntic Wars - Van o) Ua ey (@15 )
=1
n—4 n—3
ptlzién(ya1v cee Van—3) = b124, (H b&i(i+2)ai+1> b&nfs(n—l)(”) H 5Ja¢’0 ’ (2.231)
i=1 =1

We are now in position to compute the most general 4-point function with two n + 3-valent

vertices and n loops. By the general splitting argument of the introduction we write:

5+n—3 5+n—3 5+n—3

1234 d
An—bub<m17$27x37x4):/ 11 de’/ IT @ ] P2y
i=5 i=5 i=5
12,5..n+2 . n+2...5,34 .
Al (x1,22; 5, -« Tpt2) Ange (3, T4;T5, ..., Tnta), (2.232)

using the CPW decomposition derived above, we have:

5+n—3 54+n—3 54+n—3

AL / I] / ] e [[ Pt
=5 =5 =5
n—3 . o
LT dva.dvn,pii" (va g™ (v, ) 025w 531 (2.233)

i=1
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The n-point partial waves satisfy the generalized bubble identity, giving a product of bubble
factors B(v,,) and delta functions 6(v,, — v5,). We are then left with the four-point partial

wave as well:

5+n—3 5+n—3 n—3 L
A =TI dvi TI P20 [] dveBlai)pied " (va,)piic ™ (v, Wa2®* . (2.234)
=5 =5 =1

By using the expression of the OPE functions in terms of b factors we can analyze the pole

structure of the CPW expansion:

5+n—3 54+n—3 n—3 n—4
A= I dvi T P20 [ dveB(ai)biza, (H b&i(i+2)ai+1> Dai_s(n—1)(n)
=5 =5 =1 =1

n—4

SRECR10| CAREN P 223

i=1
Again, the external double-twist poles are killed by dDisc. Up to shadow equivalent configu-
rations, we can successively pick up poles with operators of the form [O,, ,O,+1] The poles
in va; will keep adding the dimension of the operators flowing in the diagram. After all the
Vg, integrations we are left with off-shell multi-twist operators: [Os ... Oy41]. The on-shell
poles are the only ones that survive dDisc so we conclude that the Cut of these diagrams
includes exactly the multi-twist operators with as many constituents as the internal legs we

cut through.
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2.C  On multi-particle state degeneracies in AdS

In this appendix we study quantum fields in thermal AdS, and the associated canonical par-
tition functions. The main goal is to analyze the degeneracies of the GFF spectrum which
emerge for multi-particle/multi-twist operators. Degeneracies also appear between oper-
ators with different number of particles when the dimension of the single operator is an
integer, which is the case, for instance, for a massless scalar in AdS. Having developed the
thermal AdS technology, we will also take the opportunity to compute some leading or-
der anomalous dimensions of two- and three- particle operators following the techniques of
[115].

2.C.1 Thermal partition functions and GFF degeneracies

We start in Euclidean Global AdS;. 1, and compactify the time direction into a thermal circle
of length 3

ds? = (dp? + dt* +sin® pdQ5_,) , t =2t + 8. (2.236)

cos? p

We will study a scalar theory with the action:

S = / Al /g <;(v¢)2 - %A(A - d)¢2> + ASint - (2.237)

One can then compute the thermal partition function for the weakly coupled QFT in this
background
Z(B) = Tre PH . (2.238)

The trace over the spectrum is simplified by using the fact that the Hilbert organizes into
irreps of SO(d + 1, 1) labeled by scaling dimension A and SO(d) irreps p. We then collect the
primary and all the descendants generated by P, into a character. In particular a character
for such a representation is just

_ Tr(I,)¢? _
Xap(B) = Tra e P = (1(_”)(1)d ,q=e". (2.239)

The partition function can then be written as

Z(B) =1+  Napxan(B), (2.240)
A,p
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with Na , the degeneracy of that state. The usual starting point of the Fock space of free

particles in AdS has a partition function

ZB)=1+xa0+ > Y Xoat2n+s(B) + (triple- and higher-twists) , (2.241)
J=0,2,... n=0

where the sum runs over the identity, a single operator corresponding to the scalar field in the
Langrangian, the (non-degenerate) double-particle states, and then multi-particle operators.
We will start by studying the degeneracy of multi-particle states for free fields in AdS,, where
the group theory simplifies as we only have one momentum operator P. Let us consider the

partial partition function for states with m actions of P: Z,,. We have then:

o0

1

Ty = Z gA+mm — = o (2.242)
n=0

The full partition function can subsequently be obtained by multiplying all the partial ones

o0

1
7 = Ty = —— 2.243
,Eo (4% 9)oc (2:249)
where we used the g—deformed Pochhamer:
n—1
(a:9)n = J] (1 —aq"), (2.244)
k=0

with the n = oo in the subscript defined by the limit of the previous expression. It is con-
venient to expand the previous expression in powers of ¢* to disentangle different multi-

particle contributions. It turns out that

= 1
Z=> (¢™)"—, (2.245)
nzo (@:0)n

and we note that
1 1

= . 2.246

T ([T B (D (2240

For each order p in the ¢ expansion, we study the p—particle operators by factoring the
%)

power (¢°)? and expand the remaining coefficient in characters of the form:

n

q
X(pa)+n = (7)) ——

, (2.247)
1—g¢q
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using arbitrary coefficients, which count the degeneracy. For two-particle operators (dimen-

sion 2A + 2n), we read off degeneracies Naoa4p, forn =0,1,2,...:

-1 +1
Noasn = {1,0,1,0,1,0,1,0,...} = ()2+ (2.248)
which reproduces the standard “double-twist” operators schematically written as
00],, =00"0, (2.249)

which have even-shifted dimensions Ao, = 2A + 2n. Performing the same expansion for

three-particle operators we get instead the degeneracies:
Niayn =1{1,0,1,1,1,1,2,1,2,2,2,2,3,2,3,3,3,3,4,3,... }, (2.250)
which admits the nice closed form expression:
Noasn = [(n+2)/2] = [(n+2)/3]. (2.251)
Similarly, for the four-particle operators, we get:
Niasn = {1,0,1,1,2,1,3,2,4,3,5,4,7,5,8,7,10,8,12,10,... }, (2.252)
with the closed form expression:
Niacn = [((n+3)2 +6)/12] — |(n +3)/4) |(n+5)/4] . (2.253)

Finally, we consider the case of A = 1, corresponding to a bulk massless particle. Aside
from the degeneracies between operators of the same particle number, we can now have
degeneracy between states with different particle number. This amounts to expanding the
full partition function into characters, or carefully adding appropriately shifted degeneracies
for n-particle states with different n. The degeneracies INV,,, corresponding to primaries of

dimensionm = 0,1,2,... are given by
Npo={1,1,1,1,2,2,4,4,7,8,12,14,21,24,34,41,55,66,... } , (2.254)

which, for m > 2 turns out to be the number of partitions of m not containing 1. The main
result here is to know when multi-particle operators are non-degenerate and we can assign
them an anomalous dimension without ambiguity, or when they are degenerate, and the
anomalous dimensions we compute in the next section instead have the interpretation as

averages over a given level.
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2.C.2 Anomalous dimensions from thermal partition functions

Next, we turn on the coupling A. Since the irreps p cannot change with A\, we just expand the
dimensions of operators (always defining the single-particle operator to have dimension A).

For example, for two-particle operators the dimensions change as
2A +2n 4 J — 28+ 2n+ J + Ay(n, J) + O(\?). (2.255)
Expanding the partition function in the coupling:

Z5(B) +ZNAp ng DCVICI (2.256)

The key idea of [115] is to use an identity involving the trace over a spin-J propagator in

AdS:

o
w — (2A;—d) /dd+1x\/§Tr M,y (2, 25)] (2.257)

such that a perturbative calculation of the partition function allows one to read off the anoma-
lous dimensions from eq. 2.256 without performing any integrals or complicated conformal

block decompositions. Let us consider the simplest possible Z; symmetric interaction

S = / A /got (2.258)

Perturbation theory gives a single diagram, represented in figure 2.27, with symmetry factor
3:

FIGURE 2.27: Leading vacuum bubble in ¢*

In Z\(8) = In Zo(B) — 3X / Az /gGh (2, 2)GE (z, x) (2.259)
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where Gg(x, x) is the thermal AdS propagator, which corresponds to winding an arbitrary

number of times around the thermal circle:

o0
> Galz,zs). (2.260)

n=—00
Here, z,3 is the point obtained by performing n thermal translations starting from z. One
does not sum over n = 0 by removing the divergence with a counterterm (in AdS; this could
be done by normal ordering the interaction operator, for example). The n-th term in the
sum, corresponds at a fixed euclidean time to a propagation of n particles. Therefore, for the

two-particle operators, the relevant terms have n = 1. We therefore arrive at:

In Z)(8) = In Zy(B) — 12)\/dd+1x\/§GA (z,25) Ga (z,75) . (2.261)

To be able to use the main trick (eq. 2.256), we must have an integral over a single propagator.

Therefore we must use an expression of the form:
Gal(z,y)Galz,y) Za<° (A, A)Gonson(@,y) (2.262)
n=0

where (here we specialized to AdS; for simplicity),

( ) + A7+ AQ)TL(QTL + A+ Ag)%
2y/mnl(n + )%(n—i—Ag)%(n%—Al—kAg—%)n

aO(AL, Ay) = (2.263)
This formula can be obtained either from harmonic analysis, or by expanding eq. 2.262 in
the inverse distance, matching powers and guessing the general form of the coefficients. This

allows us to write the partition function as

A A) 5XA,0(5)
In Zx(8) =1n Zo(B) + 6A22A+2n_d/2 A , (2.264)
2A+2n

from which we directly read off the anomalous dimensions **:
(0)
6an’ (A, A)

10 = S =12

(2.265)

This simple example shows how elegant and streamlined this method is. We now try to use

it to analyze multi-particle operators.

*For non-derivatively coupled ¢* interaction only scalar two-particle operators get an anomalous dimensions
while spinning ones do not get corrected at this order. In any case, in AdS2 we only have scalar operators, so we
aren’t losing much generality by choosing this particular interaction.
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Sextic interaction and three particle operators

Our main question now is in what context we can have access to multi-particle operators.
In the ¢* case above, this either happens at higher loops, or may potentially have tree-level
contributions from terms of the form X [ d?*'z,/gGa(z, 225)Ga(z, 25). Typically, in AdS,
calculations of ¢ theory, one only sees anomalous dimensions of double-twist operators.
This is because when computing the (¢¢pp¢) correlator, the ¢ x ¢ OPE only contains multi-
twist operators in the 3rd loop order (this can be seen from interpreting the cuts of Witten
diagrams as multi-particle states as in appendix 2.B), therefore making the access to their

anomalous dimensions prohibitively difficult.

However, looking at other correlators, namely (¢?¢%¢¢) and (¢?$?¢?$?) suggests that anoma-
lous dimensions are possibly there, even at tree level as a consequence of the two-particle
operator anomalous dimensions. In any case, from the thermal partition function method
we would need some identities relating products of propagators going a different number of
times around the thermal circle to sums of single propagators. The existence of such identi-

ties is unclear.

On the other hand, for higher point vertices we have more Wick contractions, which sug-
gests it might be possible to see multi-twist operators more directly, as more particles can

propagate simultaneously. Let us then introduce the sextic interaction:
SO = / RARENATN (2.266)
and the dimensions of triple-twist operators should change as:
BA+T = 3A+1+ (AN A). (2.267)

There is also only one tree level diagram, with symmetry factor 15 as we show in figure 2.28.

This contributes to the free energy as

FIGURE 2.28: Leading vacuum bubble in ¢5
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In Z5(8) = In Zo(8) — 15X / Az /gGh (, )G (2, 2)GE (z, z) . (2.268)

Clearly the minimum number of simultaneous particles at fixed euclidean time is 3, so this
starts by contributing only to the three-particle operators. In particular we must pick only

the terms with n = %1 in the thermal copy sum, yielding

InZy(B) =InZy(B) — 120)\/dd+1$\/§GA(x, 28)Ga(x,23)GA(x, 28) . (2.269)

To use the the same trick as before we must find an identity of the type:

Ga(z,25)Ga(, 25)Galw,x5) = Y bi(A, A, A)Gsp yai(w, 1) (2.270)
1=0

which can be derived by iterating the two-propagator identity:

(GalQ)Ga(0) Gal() = Z‘Ban@, A) (Gaas2a(O)GA(Q))
= f:o OOO an (A, A)am (2A + 2n, A)Gsat2n+2m(C)
= i zl:an A, A)aj_n(2A + 20, A) | G3a42(C) (2.271)
= L=
From which we conclude that
bi(AAA) = zl: an(A, N)aj_p, (2A +2n, A) . (2.272)

n=0

Interestingly, in AdS; it is possible to find the complicated looking closed form expression:

b(ALA,A) = 27887ITUA - 1) (1 — )T+ A=D1+ 2A)T (1+3A — 1) {

AT (A+ 3T (A+3)°T(I+A+ )T (I +2A+3)T(1 +3A+1)

éA(QA +1)2AA = 1)(20 = 1)(A+1—1)(3A + 1) (4A + 20 + 1)(6A + 41 — 1) x
(;,—z,—Z—A+;,A,A,2A Ll+2A,143A -1 )

8F7 +

Lol - A+ 128 A+ LA+ L1420+ L 1430

1 1
5A2(4A — 1) (A +1— 2) (2A + 1)(6A + 21 — 1)(6A 441 — 1) x

(3L hTATIF AT LAF L2845 20+ L3A+ 1+ 5 (2.273)
T A2 A+ B AFE A28+ 1423 304141 ' '
2 2
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Listing the first few coefficients, we see that they aren’t as complicated as they might appear:

3T(A)’T(A + 1T (3A + 1) b(ALALA) — IT(A)T(A +1)2T (3A + 1)

4l (A+1)°rEA+1) 47T (A +1)°T(3A +2)
(2.274)

but they quickly complicate as higher levels will be associated to degenerate states. This

bo(A, A A) =

means that we can write:

o0

b(A,AA) D
In Zx(8) = In Zo(8) + GOAZ 3Al Ty XaAA(ﬁ) : (2.275)
3A+21

from which we read off the [p¢¢]; triple-twist anomalous dimensions:

60by (A, A, A)

O Y TR YR

(Yors1 (A, A, A) =0) . (2.276)

Note that this means that only even-shifted three-particle operators receive anomalous di-
mensions. Furthermore, because of the degeneracies we computed before, we know that up
to level 6 this is an actual anomalous dimension, and otherwise, it should be interpreted as

an average over the degenerate operators at that level.

One can of course generalize this for a $? interaction and compute the anomalous dimension
for p-particle operators, by deriving identities for the products of p propagators. These can
always be written in terms of nested sums, but most likely become too hard to compute in

closed form.



Chapter 3

Conformal Bootstrap near the Edge

3.1 Introduction

In this chapter, we turn our attention to conformal field theories probed by intersecting con-
formal boundaries, giving rise to a wedge geometry, with a prominent co-dimension 2 edge.
From the point of view of statistical mechanics, and second order phase transitions, it is very
natural to study setups where part of the conformal symmetry is geometrically broken. For
example, an experimentalist might want to measure his critical sample near its surface. In
particular, a system can exhibit different types of critical behaviour regarding its surface and
bulk degrees freedom, leading for example to different critical exponents. An interesting
example of this is the phase diagram of the Ising model with a surface interaction. The ex-
tension of conformal field theory to this setup is known as boundary conformal field theory
(BCFT) [67, 116-119], which we briefly discussed in the introduction. Aside from containing
the same local degrees of freedom and observables of the bulk theory, BCFT additionally con-
tains local operators living on the boundary. This means that the CFT data further includes
the scaling dimensions of boundary operators and the coefficients of the expansion of bulk
degrees of freedom in terms of their boundary counterpart (BOE) [68, 69]. Remarkably, as
explained above, the consistency of the bulk operator product expansion with the boundary
operator expansion leads to a crossing equation which imposes powerful non-perturbative
constraint on the bulk and boundary CFT data, extending the applicability of the conformal
bootstrap philosophy [70, 72, 74, 120-125].

The extension of this program to defects of arbitrary co-dimension, known as defect CFT,
has also had similar success [126-132]. In the case of co-dimension higher than one, the
transverse rotation symmetry of the defect plays an interesting role as it becomes a global
internal symmetry from the point of view of the defect local operators, organizing them in

representations of the transverse rotation group [133-136].
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We also note that other mild modifications of conformal symmetry have proved to be just
as powerful in teaching us about the rich properties of CFTs. Notably, the study of CFT
at finite temperature, which is tantamount to probing the theory in the manifold R¢~! x S1,
along with the periodicity condition for correlators in this geometry (i.e. the KMS condition),
leads to a set of bootstrap equations constraining the thermal data [137, 138]. We emphasize
that this setup introduces an explicit dimensionful scale to the system, whose effects are
somewhat tamed by the periodicity. Additionally, CFTs in the background of a real projective
space have also been studied, leading to results which are quite similar in nature to the BCFT
case [139, 140].

This finally leads us to the scenario explored in this chapter, a conformal field theory probed
by two intersecting boundaries. Parallel boundaries, or defects, lead to the introduction of
an explicit length scale destroying all hopes to take advantage of the full power of conformal
symmetry [141]. Intersecting boundaries however, lead to a type of deformation of confor-
mal symmetry qualitatively different from all the examples mentioned above. On the one
hand, it does not introduce any length scales, making it qualitatively different from thermal
CFT. On the other hand it introduces a dimensionless parameter, § the angle between the two
boundaries, as opposed to BCFT or defect CFT which are sharp, rigid deformations of ho-
mogenous CFT. We remark that even thermal CFT is not a one parameter deformation, since
the deformation parameter is dimensionful, meaning all non-zero values of temperature are
equivalent in a CFT. We have arrived then at the two main motivations for studying CFT in

a wedge:

(1) Experimental and computational critical systems have boundaries and edges.

(77) Introducing a wedge of angle 6 is a one-parameter deformation of a CFT (albeit discon-

nected from the homogeneous case).

There is also an important historical motivation. In the 1980’s many critical systems were
studied in a wedge configuration. Notably, Cardy attacked this problem for O(/N) models in
the 4—e expansion [142], which lead to other developments, including in 2 and 3 dimensional
systems [143-147]. The results by Cardy will serve as a guiding principle in many points of

this work.

With this incentive, we now propose to apply the conformal bootstrap approach one more
time. We introduce edge scaling dimensions, and boundary to edge expansion coefficients.
Imposing compatibility of the boundary expansion on the two boundaries will lead to con-
sistency equations relating the data of the bulk, the two boundaries and the edge. This leads
to a rich setup, which contains one bulk theory with a reduced conformal symmetry, two

boundary theories, themselves BCFTs, since the edge plays the role of the boundary of a
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boundary, and an edge theory, with the full conformal symmetry for a d — 2 dimensional

theory.

The chapter is structured as follows. We begin in section 3.2 by carefully describing the setup
and analyzing the relevant kinematics. In section 3.3 we take advantage of the boundary op-
erator expansion, developing a conformal block expansion for the bulk one point functions.
Imposing consistency of the two boundary expansions leads to a crossing equation, analo-
gous to the ones in BCFT or homogeneous CFT. In section 3.4 we analyze the properties of
the crossing equation and solve them in simple cases, notably in the case where the bulk field
has the dimension of a free scalar field. In section 3.5, we extend the previous program to the
case where one considers a bulk-edge two point function, making a connection to the results

by Cardy. We conclude and discuss future avenues in section 3.6.

3.2 Kinematical Setup

We consider a d-dimensional CFT near two intersecting boundaries, which form an edge of
co-dimension 2. We take the normal vectors of the boundaries to live in the x4_1, x4 plane,
and let the surfaces have an angle ¢, with one of the boundaries, taken conventionally at
zq—1 = 0. Note that in the limit § — 7 we recover the usual BCFT configuration. We label

the directions along the co-dimension 2 edge by #. We present the setup in figure 3.1.

S
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FIGURE 3.1: Setup for CFT near two intersecting boundaries forming an angle 6.

Let us now analyse the symmetry of this system. First recall that a usual bulk CFT possesses
SO(d + 1,1) symmetry, generated by d translations, d special conformal transformations, 1
dilation and d(d — 1)/2 rotations. This adds up to (d +2)(d+ 1)/2 generators. By introducing
one boundary, we break translation symmetry and the associated SCT of the direction normal

to the boundary. Furthermore we can no longer perform rotations that change the normal
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vector, so we have d — 1 fewer rotations allowed. This gives a theory with d — 1 translations
d — 1 SCTs, 1 dilation and (d — 1)(d — 2)/2 rotations, which shows that BCFTs have SO(d, 1)
symmetry, as is well known. Importantly the boundary is scale invariant, because z; = 0
is a scale invariant condition, and the remaining SCTs are easily shown to persist, since the

system maintains inversion symmetry [67, 69].

Now, the introduction of a second, intersecting and non-coincident boundary breaks an ad-
ditional translation, the associated SCT, and d —2 rotations, since rotations involving only the
z4—1 and x4 coordinates were already broken by the “first” boundary. Clearly scale invari-
ance and inversion symmetry remain, since the BCFT derivation holds for both boundaries
simultaneously. We are left then with SO(d — 1, 1) symmetry, which means the system still
has some leftover conformal invariance for d > 2. In particular, the theory on the edge has
the full symmetry of a CFT in the appropriate d — 2 dimensions. The case d = 2 leaves only
scale invariance, and we therefore assume d > 2 from now on. We also emphasize that 6 is
an external parameter of our setup that we can tune as we please. This means that the edge

CFT data generically depends on 6.

3.2.1 Embedding Formalism and wedge correlation functions

We now adapt the embedding space formalism [14] to this setup. This will clarify the SO(d —
1,1) invariance and allow us to trivially write down the general form of bulk 1-pt functions.
Consider the embedding formalism for SO(d + 1, 1) acting linearly on the coordinates of

R4*11 and consider the projective null cone
PA=(Pt,P~,P',....PY, PAP,=0, PA~XPY;, A>0, (3.1)

Physical space is obtained by a# = P*/P" The presence of a boundary at 2,1 = 0 is imple-

mented by introducing a vector [70]
VA =(0,...,0,1,0), (3.2)

which selects a special direction that must be preserved by conformal transformations. The

other boundary is implemented by introducing a second vector'

VA =(0,...,0,0,1). (3.3)

1One might want to introduce a vector Vi = (0,...,0,—cos#,sin#), normal to the tilted boundary. However,
since our observables will anyway explicitly depend on 6, we can just replace it by V2. Clearly, transformations
that leave V4 and V4 invariant also leave Vi and Vj invariant and vice-versa.
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It is now clear that rotations that don’t touch the last two coordinates leave the system in-
variant, making manifest the SO(d — 1, 1) symmetry. Let us consider then a 1-pt function of
a scalar operator

(O(Z, 4-1,24q)) - (3.4)

In embedding space we promote the fields to be homogeneous functions of P, with
O\P) = A"20(P). (3.5)

This means we must construct a homogeneous function of degree —A in P using V1, V5 and

P. This fixes the form of the correlator to be

r (54.9)

<O(P>> = W,

(3.6)
where we conventionally chose the prefactor to be (2P - V1) ~2. Other choices, such as (2P -
V)2 are related by multiplication by a function of the cross ratio (P - Vi)/(P - V3). Upon

projection to physical space we obtain

. _ f(n,0)
<O($7 Td—1, $d)> — (21’d_1)A ) (37)
where we introduce the cross ratio 7 defined as
n = xi;l =tang. (3.8)

This means that a 1-pt function for edge CFT is non-trivial, because of the kinematical an-
gular dependence in ¢ and the parametric dependence in 6. The explicit breaking of the
transverse rotation symmetry around the edge means that the d — 2 dimensional theory is
qualitatively different from a defect CFT in co-dimension 2 where the defect spectrum orga-
nizes in representations of SO(2)? [126, 127]. A slight generalization of the one point corre-
lator of a bulk field are the bulk-edge two point functions, where we insert an operator O
(we use two hats for edge operators, one hat for boundary operators and no hats for bulk

operators). Symmetry now determines

/N

~ f PiVé’a
(O01(P1)02(P)) = e ) B f(9,0) . (3.9)
(—2P1 . P2) 2(2P1 . VY]_)AlfAQ T'ZAQ (21,1’01 I)Alng

>

"However, the edge CFT is somewhat reminiscent of the so-called spinning conformal defects [148], which
are themselves charged under the transverse rotation group. It would be interesting to understand if there is a
precise connection between the physics of these two systems.
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where 72

= Ty + 27 4, + 214 and F1a = &) — T2. Note that by using translations we can
set o = 0. A subsequent special conformal transformations along the edge direction allows
us to have 7y = 0 at the cost of changing the perpendicular distance to the edge which can
be undone by a scaling transformation. Additionally, note that by setting Zg = 0, we can
recover the bulk 1-pt function case. It will also be convenient to consider the boundary-edge

2-pt function

(61(P)Oa(Py)) = BO _ me g
(—4Py - Py)R2(2P; - Vp)R1=82 (272)R2(214) A1~ A2

>

where 72 = 7%, + 2 since we took the boundary point to be in the boundary at x4, = 0.
We also chose an unusual factor of 2 in the definition of i for later convenience. We can also

take the edge operator to be the identity by setting Zg in which case we simply have

~1 ~1
(O1(Py)) = 5 P‘l‘{ (2) ol ;;jfi . (3.11)
A similar formula will hold for the other boundary. The previous formulas highlight the
fact that for each 6 the boundary theory is a BCFT, with the edge playing the role of the
boundary of the boundary. This is a testament to the richness of the setup, which contains
one bulk theory, two boundary theories, themselves BCFTs and an edge theory, with the full
conformal symmetry for a d — 2 dimensional space. We conclude this section with a table
describing all 1 and 2 point functions in terms of the CFT data involved and the relevant

cross-ratios.

< > Q) Edge 51(f1) Boundary 61(f1, a;l,d) Bulk 01 (fl, .%'17(1,1, .%'17(1)
THO) f(m1,9)
@ @ 6171 (2$1,d)£1 (25131,d)A1

O, %5 Ay gim.0)
|12|282 (221,0)31-22(272) 82 (2w1,4-1)81-B27282

O, f(G2,0) f(G2m,0)

(2x1,4)21 (232 ,9) 22 (2x1,4-1)21 (2w )22
O f(C12,m,m2,0)
2 (2x1,4-1)21 (221 4_1)22

Here, we defined the cross-ratios 7; = g:% N2 = ﬁg:&; and (12 = %. We remark

that the bulk-boundary and bulk-bulk correlation functions are interesting observables, pos-
sessing 2 and 3 cross-ratios respectively, but we will only study the bulk 1-pt function and the
bulk-edge 2-pt function, which are the simplest non-trivial correlators. Additionally, there
are also boundary-boundary correlators, which, if the operators are on the same boundary,
reduce to the usual 2-pt functions in BCFT. However, when the operators are on different

boundaries, this is a new observable, which should be closely related to the ones we will
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study in this work>®. We finally note that the choice of vectors V; in (i2 should be adapted

according to the boundary at which the boundary operator (if any) is localized.

3.3 Boundary OPE, block expansions and crossing equation

With the kinematics in place, we can now use the usual arguments of OPE expansions to
derive general properties of the bulk 1-pt function. We will make crucial use of the boundary
operator expansion (BOE) with respect to each boundary. The requirement that the two

expansions match will lead us to a crossing equation.

3.3.1 Boundary OPE

In BCFT one has access to the bulk OPE since this is a local procedure which is insensitive
to the existence of the boundary, as long as the two bulk operators involved are closer to
themselves than to any other operator, including boundary operators. Additionally one is
able to expand bulk operators in terms of boundary operators, using the distance to the
boundary as an expansion parameter. This is known as the boundary operator expansion or
BOE [69]. To perform the expansion in the transverse distance to the boundary one needs
to find a boundary hemisphere that contains only the bulk operator. This is the analogue of
the bulk spheres that separate two bulk operators using radial quantization. In particular
we note that the BOE stops converging if there is a boundary operator inserted ”directly
below” the bulk operator. Kinematics dictate that only boundary scalars can be exchanged
in the BOE [69, 70]. In the case of BCFT, with a boundary at z4_; = 0 and d — 1 transverse
directions labeled by %, the BOE has the general structure

o
5 ao 2] A =
@ 1) = —Dlxq-1,0z0,(Z), 3.12
(Z,24-1) g )8 + ; (200 )A B (241, 0] Oi(7) (3.12)
where D is a homogeneous differential operator and ap = ¥ is the 1-pt function coeffi-
cient, or equivalently the bulk to boundary identity OPE coefficient. Additionally ¢ are the
general bulk-boundary OPE coefficients.

We can now apply the BOE in our wedge setup. Within the region of convergence, which we
will discuss below, we can consider a boundary hemisphere, say with respect to the bound-
ary at z4—; = 0, expanding the bulk operator in a basis of local operators of this boundary.
This is essentially a local procedure with respect to the boundary, which is available in spite

of the existence of the edge. We call the expansion with respect to the boundary at z4_; = 0

*In particular, using the BOE expansion for one of the operators should lead to a block expansion similar to the
ones we will study below, but will generically contain contributions from an infinite number of edge operators.
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FIGURE 3.2: Diagrammatic representation of the wall channel expansion. The thick line
represents the bulk to boundary expansion and the dashed line represents the one point
function on the boundary.

the wall channel and we represent it in figure 3.2. The wall channel BOE simply reads

- ao M A (=
. = —Dlxq_1,0z, 0y L L), 1
O(Z,x4-1,%q) g )E + zl: e [Ta—1, 0, 02, ) O1(F, z4) (3.13)
where we emphasized the special role that x4 will play, even though it locally is just another
transverse direction from the point of view of the BOE around z,_, along with the remain-
ing d — 2 directions #. Now, we take into account the global features. Since the boundary
operators are themselves in a BCFT, where the boundary of the boundary is the edge, they

have non-vanishing 1-pt functions, leading to:

7 _ _ao(0) oM 195,09
<O($, Td—1, xd)>0 = (233d—1)A + Zl: (2xd_1)A_£l D[fEd_h Oz, a:cd} (2.7}(1)3 ) (3.14)

Where we allowed for explicit dependence on the angle between the boundaries, since the
1-pt function can ultimately depend on 6, through the data of the edge theory. Of course
when 6 — 7 we expect to be able to recover the usual BOPE coefficients. Clearly, because
of its local nature, the differential operator is the same as in usual BCFT. The authors of [69]

showed that, for a boundary operator of dimension A, the differential operator in BCFT is

Dlz4_1,0z

;}m!(& T ( Fa1V > : (3.15)

| =
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We simply have to use it with special care to distinguish between the x4 and # directions,

meaning that our differential operator reads

> 1 1 - m
Dlxg_1,0z 0y,] = E AT I (—4x34(v2+a;)> . (3.16)
: 2 2/m

m=0

3.3.2 Conformal blocks in the wall channel

Armed with the explicit differential operator, we are able to write down a block expansion

<O(f, Td—1, :L’d)> = @%’T

1 —~
= (ao(e) + ZCZ(Q)fwall(Ahn)> : (3.17)
1
where we introduced the coefficients

a(8) = ag, (). (3.18)

where ag (6) is the 1-pt function coefficient of O or equivalently the bulk-to-edge OPE co-
efficient between the boundary operator O and the edge identity operator (only the CFT
data involving edge operators is allowed to depend explicitly on #). We also defined the

wall-channel conformal block

—~ ~ 1
fwal(A1, 1) = (224_1)> Dzg_1, 9z, Os,) CR (3.19)

214)

Using the representation (3.16) for the differential operator leads to an infinite sum which we

can perform explicitly, obtaining

~ A A 1+A 3 d o~
Fwall (D, m) = 0™ o Fy (217 9 = 3 3" At —772> (3:20)
Note that as  — 0, the block behaves as
~ ﬁl

Jwan(Ag,n) ~n=t. (3.21)

This is consistent with the OPE limit 241 — 0 since
(OF, 201 = 0,20)) ~ ————(Oy(# 24)) = ! _ ™ am

A (224-1)A—2 A (2wg-1)ADi(2zg)d (2waa)® "

Additionally, we can use the fact that the BOE commutes with the boundary Casimir opera-

tor to derive a differential equation for the block. Defining, in embedding space, the hatted
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coordinates

pA— (P+,P—,P1,...,Pd—2,Pd> , (3.23)
We easily write the Casimir operator for SO(d, 1)

~ 1 4+
LQZ—ELABLM L

o = P;05 — Pgd;. (3.24)

AB~1A°BT 'B
Since the Casimir is the same in a given conformal multiplet, we must have
PV P-Vs
o (13 (FH-9) I, (#4-9)

(P-1)A = Cﬁ,,ow, (3.25)

where c3 | is the value of the Casimir for a boundary primary O,

Cx,0 = A(A —d+1). (3.26)
Performing elementary manipulations in embedding space and projecting to the physical

coordinate space, we derive an ODE for the block in terms of the cross-ratio 7

n (n° + 1) fZ () + 0 (20° +2 = d) f5 () + Bu(d — Ay = 1) fx (n) = 0. (3.27)

The solution of this equation with the boundary condition fﬁz (n) ~ 7]& as 1) goes to zero is

precisely the one obtained above by ressuming the BOE.

3.3.3 Ramp channel blocks and crossing equation

Having developed the BOE with respect to the boundary at z4_;, we can now consider the
other BOE as the bulk operator approaches the angled boundary. Clearly, if we rotate our
axis, this is the same (up to orientation) as the wall channel OPE when we replace x4_1 — s
and x4 — 5|, where s and s| are the distances from the insertion point perpendicularly to
the angled boundary and the distance along the angled boundary to the edge, respectively.
They are given by

51 =xgsinf —xg qcosl, s =mzgcos86+ g 18inb, (3.28)
we depict the different sets of coordinates in figure 3.3. It is convenient then to define the

cross-ratio with respect to the tilted boundary

s;  sinf —mncosf
fl=—=————=tan(f — ¢). .29
<(6) 8| cosf + nsind an( ¢) (3:29)
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7

FIGURE 3.3: The two sets of orthogonal coordinates in the wedge setup.

Note that ( satisfies the expected properties in simple limits:

cmy=-n, ¢<(3)= 717 (3.30)

With the appropriate replacements, we can now easily write the ramp-channel conformal

block expansion

; ap () oy %5,.(%)
(O(Z, z4-1,74)) = (2(31)A + Z mD[sL,&g, 83”]W7 (3.31)
leading to
<O(fa Td—1, xd)) = (281 ( + Z Cm framp ms T 0)) ) (332)

with the ramp channel block given by

A Ap 144, 3 d ~
Jramp (A m,n,H) CAm By (2, 5 '3 35 +Am,—C2> ) (3.33)

where we suppressed the explicit § dependence in (. We emphasize that although we expect

certain classes of solutions where the spectrum and BOE coefficients on each boundary are
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FIGURE 3.4: Diagrammatic representation of the crossing equation for the 1-pt function near
an edge. The left hand side crresponds to the wall-channel expansion and the right hand
side to the ramp-channel expansion.

the same, a generic solution will have a completely different theory living on each bound-

ary*. With these ingredients, we can write down the crossing equation for general ¢

A
n
+ch ) fwal(Ar, ) = (ban—nCOSH) < +Z (0) framp( mun)9)>'
(3.35)

This equation is diagrammatically represented in figure 3.4.

Note that there is an interesting special case when the boundaries are perpendicular, i.e.
§ = %, in this case we use the name floor channel instead of ramp channel, and the equation

81mp11f1es to

( ) + ZCI ( ) Fwan(As,m) =n® (a’o (g) + ;Clm, (g) Jwan (ﬁm, 71])) , (3.36)

where we used that

framp( my 1,0 =7/2) = fﬂoor(zmv 1) = fwall (zmy :]) . (3.37)

In this case, the blocks on the left/wall channel admit a single power-law expansion around
n — 0, in even powers of n, while the block on the right/floor channel admit a similar
expansion around n — oo. This is reminiscent of the crossing equation for a 2-pt function
in BCFT in terms of the bulk and boundary channels [70] and, more generally, of analytic
studies of the crossing equation [23, 24, 114]. Note also that the block in the ramp/floor
channel, has an interesting small n behaviour. Tipically, hypergeometric identities predict

two separate power series when the argument of the function is large, but in our case, it

“Clearly, as @ — T, there should be a solution where the two expansions are identical and additionally one
reobtains a purely BCFT result
ao

(O(%,xg—1,Td))o=r = Gra B ,ao0(0) = ap(0) =ao + 00 — ), c1(8) = c;(0) =0+ OO — ) (3.34)
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FIGURE 3.5: Regions of convergence for each BOE. Coloured lines represent the region
where the associated BOE converges. Lines intersect in the region of mutual convergence

turns out that they are integer separated, leading to

fﬂoor(ﬁmvn) Nb0+b177+ 3 77_>0a (338)

which is a power series with both even and odd powers of . This will play a crucial role

when solving the crossing equations below.

3.3.4 Comments on BOE convergence

In the previous section we assumed that the two boundary expansions had a region of mu-
tual convergence, where the crossing equation is valid. It turns out that this region is some-
what subtle, so we make a few comments on this point before proceeding to analyze solu-

tions of the equations.

The crucial aspect to note is that the kinematical region where the two OPEs simultaneously
converge depends on theta, and is, in general just a subspace of the full kinematics. For
0 < 0 < /2, both BOEs converge for any value of ¢ inside the wedge, namely 0 < ¢ < 6.
However, for an obtuse wedge, only a region centered around ¢ = /2 ensures convergence
in both channels, more precisely § — 7/2 < ¢ < 7/2. This can easily be understood by using
scale invariance and drawing the usual hemispheres for quantization with respect to each
boundaries Hilbert space. By drawing perpendicular lines with respect to each boundary
one constructs the tangents of all possible hemispheres centered at the boundary, leading to a
sub-wedge where the lines associated to each boundary intersect. This is the region of mutual
convergence. We depict the previous procedure in figure 3.5. Therefore, we implicitly work

with 6 < 7/2, where both BOEs converge inside the full wedge, and analytically continue in
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¢ when necessary. In particular, the § — 7 limit, which naively recovers the BCFT case, is
subtle, since the overlap between the region of convergence of the two expansions vanishes.
We also note that § = 7/2 is a particularly symmetric case, with the maximum wedge of

convergence.

3.4 Solving crossing for the 1-pt function

Having established the validity of the crossing equation (3.35), we will now attempt to study
its possible solutions. In general, the bootstrap equation (3.35) is a non-perturbative con-
straint on the bulk, boundary and edge CFT data, which contains generically infinitely many
unknowns. As in the case of the boundary bootstrap for 2-pt functions, the coefficients of this
equation aren’t necessarily positive, meaning the standard linear/semi-definite program-
ming approach to the solution of these equations can only be attempted with the assumption
of positivity, which is far from general. One could alternatively try to obtain approximate
(but uncontrolled) solutions with any sign of the coefficients using Gliozzi’s method of de-
terminants. In this work however, we will focus on simple analytically tractable cases and

leave the numerical approach for future explorations.

We will start by looking at a trivial example where only one of the boundaries actually exists.
Subsequently, we will consider some simple but non-trivial regimes which we can study
analytically. By taking the bulk field to be a free scalar of dimension A,y = ¢ — 1, we will find
that solutions to the crossing equation can contain at most two boundary blocks: A= d-1
and A = %, corresponding to the operators gg and 9 qg, associated to Neumann and Dirichlet
boundary conditions. Free boundary conditions correspond to having a single N or D block
in each boundary channel. More generally, a combination of these blocks can correspond
to non-trivial /interacting boundary conditions for the free bulk field. This was extensively

studied in the single boundary case in [73, 149, 150].

3.4.1 Warmup: 1-pt function with a single boundary

Let us first consider a one point function where only the boundary at x4 is present. This
case has SO(d, 1) symmetry, and therefore we can expand in our blocks which correspond to
a SO(d — 1, 1) subgroup. We begin for simplicity by taking § = 7/2. The one point function
is simply

ao

(O(F,24-1,24)) = rg )R

(3.39)
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which of course means that in the wall channel we only exchange the identity operator with

coefficient ap. The crossing equation then reads
ao ~
77? = Z cn ffloor (An,y 1) - (3.40)
n

Expanding the equation around 7 = 0 does not prove useful, since all the blocks behave as
a constant. All we learn is that we need infinitely many terms. On the other hand, around

1n — oo we have
facor(Bn,n) ~ 72 (1+0(n72)) | (3.41)

which means that a;, = 0 and that the leading operator will be A = A. This of course

2

creates an infinite tower of terms in ~“ which we cancel order by order with the addition of

operators of dimension ﬁn = A + 2n. We then find that the coefficients are given by

A7(A)oy T (—4+n+A+1)

T T~ At D) (3.42)
The case of arbitrary 6 is similar, except that we must now solve
Ui . A
ap = <b111077(3089> ;cm(@framp(ﬁm,n,@) . (3.43)

Crucially the § dependent prefactor leads to odd powers of 7!

, and therefore the expan-
sion contains all operators of the form A,, = A 4+ m. The coefficients are somewhat more

complicated but have the form

m/2
em(0) = Z by, i, cos(2k0) meven
k=0
(m—1)/2
= Z b, 1 cos((2k +1)0) modd, (3.44)
k=0

where b,,, ; and b/, are similar in structure to ¢,,. This is of course consistent with the case

0 = m/2, in which case the odd terms are set to zero.

3.4.2 Free bulk field with orthogonal boundaries

Let us now look at a case with a non-trivial boundary spectrum on both boundaries. A
simplifying assumption that still leads to interesting physics is to take a free bulk field ¢
with dimension Ay = ¢ — 1, in the orthogonal intersection setup. The fact that the bulk

field is free does not stop us from having interesting boundary dynamics, as was extensively
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studied by the authors of [73, 149]. Furthermore, we will see that the edge theory can also

present interesting properties.

In this case the crossing equation reads (we suppress the theta dependence of the coefficients

since in this section we fix § = 7/2):

A Al 1+£l 3—d+2£l
ag +ZCZ77AZF <2> 5 5 =) =
l

e ;n Am 14+ A, 3—d+24, 1

m

Now, since the blocks on the right hand side admit a regular series in  as n — 0, we must
reproduce a power series of the form 77%_1 (k1 + kon + ... ). This suggests we might be able
to reproduce this with a finite number of block on the left hand side. We will generically need
two blocks on the left, to account for even and odd powers of 1, and we must set a;, = 0. In
particular, we must have Ay = 4 —1 to produce the even powers, and Ay = 4 to produce
the odd powers. This corresponds to the boundary operators ¢ and 9, ¢, respectively. Then,
for the coefficients of the power series to explicitly match, we must have a;, = 0 and A, =
4_1or Ay = ¢, which can also be seen by expanding at large 7. The most general solution,

then, contains gg and 0 ng on both channels:

/
d 1 1 9.3 dd 13 1
4;2,—2> 4 9ep < +2;2,—2> (3.46)

,—n2) = A7t sin(¢)? sin (Ag¢) (3.47)

Furthermore, imposing the precise match of coefficients in the small n expansion gives that
the primed coefficients are fixed in terms of the unprimed ones, but we still have a two

parameter family of solutions constructed in terms of c- The precise relation is

67 €014
=5 i

c’aﬂb =—-Ay cos(7rd/4)CA — sm(7rd/4) (3.48)

This solution can be easily checked to solve crossing for any value of 7. This is simplest to

do in the angular variable ¢ where crossing is just ¢ — 7/2 — ¢. Let us for a moment take
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space-time dimension to be 4. In this case, we can solve the equations with a single block on

each side, since they are mapped one-to-one

I SR
ARRCIEARCIR

c5- (3.49)

It is interesting to notice that the Dirichlet block gets mapped to the Neumann block and

vice-versa. In fact, in this case, the crossing equation simply reads

2
S/ R Ay O NV (3.50)
¢1 + 12 9101 4 n? 1 +n? 9191 +n?

which is trivially solved by eq. (3.49). A general solution can be obtained by taking any

linear combination of the two blocks.

3.4.2.1 Comparison to the equation of motion

Since the bulk field is free, it satisfies the bulk laplace equation, so we can use this to check

the previous results. For a 1-pt function we simply need to solve the differential equation
D<¢)(fa $d_1,xd)> =0. (351)

Using the kinematic structure of the point function

(6,0, 24)) = Lzt (352
(2:Ud_1) 2

and that when acting on the ¥ independent 1-pt function the laplacian simplifies to

0? 0?
0~ = 3.53
ox?_, + ox?’ (3:53)
we can derive an ordinary differential equation for f(n)
an ((20° +2—d) f'(n) +n (n* + 1) f"(n) +d(d —2) f(n) = 0. (3.54)

This is a second order differential equation, and it turns out that the two independent solu-

tions can be written as:

) = Afuan (§ = 1.1) + Bfan (5.1 3.5

Which is precisely the combination of Neumann and Dirichlet blocks derived from the cross-
ing equation. This is of course consistent with the fact that we have a two-parameter family

of solutions to the crossing equation.
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Note that solving the differential equation in d = 4 leads once again to the simple combina-

tion

; 1 U UK
(T, xd-1,74)) = g <C¢1 P + CaL(ang) (3.56)

It is natural from the free field point of view to try to impose free boundary conditions (Neu-
mann or Dirichlet) on each boundary separately. This corresponds to having a single block
on each channel which is a subclass of the 2 parameter set of solutions of the crossing equa-

tion (3.46)°. Imposing N/D BCs at each boundary is achieved by the four possible conditions:

(Ozur.a) D& Ta—1, ) |2y_s 4=0 (3.57)

meaning we can take the derivative with respect to either x4_; or x4 to vanish in the bound-
ary at z4_; = 0 or x4 = 0. Imposing these boundary conditions leads to the following
restrictions on the expansion coefficients

D,;Ud_1:O—>C$=0

D,zg=0—c¢ =0

IR

N,l‘d_lzo—)Caﬂ;:O

N,zg=0—c¢>=0 (3.58)

¢

Meaning that the only possible free boundary conditions are DN and N D, which is consis-
tent with the fact that a single neumann block in one channel corresponds to a single Dirichlet
block in the other and vice versa. These boundary conditions intuitively correspond to the
fact that at the edge x4_1 = x4 = 0, a parallel derivative in one boundary corresponds to the

normal derivative in the other.

3.4.2.2 Generalization to arbitrary 0

It is not hard to generalize the previous results to the case of arbitrary intersection angle 6.
We simply use that crossing now sends ¢ — 6 — ¢ and account for the § dependent prefactor
present in equation (3.35). We can once again write down a solution with only Dirichlet and
Neumann blocks on both channels, and expand at small 7 to fix the coefficients. We still find,
for each theta, a two-parameter family of solutions given by

= COS(Ad9)0$ + A;l sin(AdQ)caﬂg,
= Ad Sin(AdG)ng — COS(AdG)CaJ_

<)

5 (3.59)

<)

/
C
01

>Solutions with a linear combination of both blocks can correspond to interacting boundary theories as dis-
cussed in [73, 149].
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Once again, using the ¢ variable, we can check that the previous relations solve crossing
for any value of the cross-ratio. We can of course recover the orthogonal boundary case by

setting 6 = /2.

Having the extra parameter 6 to play with, we can find other interesting special solutions.
For example, it was impossible to find a Dirichlet-Dirichlet solution in the orthogonal bound-
aries case. Now we can consistently set c; = C:Z = 0, without making the whole solution
vanish. To make this happen, we must have some critical angles 6; which take the values

= —— . (3.60)

For these angles, we can solve the crossing equation with a single 9 | & block on each side,
and the coefficients satisfy

/ — ~
9,3~ €. 3" (3.61)

That is, we can set the free Dirichlet-Dirichlet boundary conditions without trivializing the

1-pt function only for certain special angles 6;. We note that there are no interesting DD one

point functions for d < 4 since 3 = 27 and 0, = 7.

3.5 Bulk-edge 2-pt function

In the previous section we showed that generically, we cannot impose DD boundary con-
ditions in a 1-pt function of a free bulk field. Such boundary conditions are very natu-
ral from the Feynman perturbation theory point of view. In fact, Cardy [142] studied the
Wilson-Fisher fixed point in the wedge geometry geometry precisely by deriving free theory
propagators for the bulk field with Dirichlet-Dirichlet boundary conditions. In particular he
derived interesting critical exponents for correlators where one or both of the bulk fields are
close to the boundary. This suggests that we can access interesting CFT data and a bigger
set of boundary conditions, including the DD case, by considering a slightly more general
correlator. We will consider the simplest non-trivial 2-pt function which is the bulk-edge 2-pt
function. As discussed in section 3.2, this depends again on a single cross-ratio, but crucially
introduces an extra parameter, the dimension of the edge operator 2, which can be seen as a

function of 6.

3.5.1 Block expansion and crossing equation

With this in mind, we can start from the bulk-edge correlator, use translational inariance to

set 5 = 0 and use the BOE in the wall channel to reduce the calculation to an infinite sum of
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boundary-edge two point functions

1
— A H -~ = N
(O1(Z, 24—1,24)02(0)) = zz: mD[ﬂﬁd—h Oz, 0z, ](O1(£,0,24)O2(0))
1 ~
=N — Dy 1,050, ——2——— . (362)
T (2wa_q)tm (2a4) 21— 22 (272) A2

Note that when the [ = I (the boundary identity operator), we are evaluating an edge 1-pt
function, which is non-vanishing only for the edge identity operator. Also, we can easily
recover the bulk 1-pt expansion when we set 22 = 0. As discussed above, we can always
do a conformal transformation to set ¥ = 0, simplifying the analysis. However this should
only be done after computing the transverse derivatives in the BOE. Proceeding with the
calculation leads to a slight modification of the block expansion derived above for the bulk
1-pt function
2 1

(01(0,24-1,24)02(0)) = (g ) Byt > fuwan(Br, Az, m) (3.63)
-1 .

where we defined the coefficients
o = b, (3.64)

and the bulk-edge block

2(2%71)&@"?2 (D[ﬂqu,af, 3zd](2$d)_Al+A2(2?2)_A2) |7=0,
(3.65)

and we once more emphasized that we set ¥ = 0 after applying the BOE. Again, using the

>»

fwall(ﬁl; 327 77) - (77 + 77_1)

explicit expression for the Differential operator D, we get

= A~ = A —Ay 1+A —A d -~
fwall<Al,A2,n>—nAlA22F1<l 2 1+ Ai—8s. 3 d Al,—vﬁ), (3.66)

2 7 2 22
which clearly reduces to the one point block upon setting 22 = 0, and is consistent with the

OPE limit n — 0, as is easily checked by taking the leading term in eq. (3.62).

Once again, we can also write down a Casimir equation that defines the block, and obtain it

by imposing the OPE limit. We again write this in embedding space

A% PV,
I 75, () = cx 75, (#5.) (3.67)
(P Vi)Ai-da(_2p; . Py)Ae A0 (p Ly )AI-Re (2P . py)he
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Extracting the necessary prefactors, we derive an ODE for the function g(n)
nt (1) ")+ (2 (7 + 1+ Do) = d) () +(Bo—B0) Do+ A1 +1-d)g(n) = 0. (3.68)

Upon imposing the boundary condition g(7) ~ nzl*z? as 7 approaches zero, we recover the

block obtained in equation (3.66).

As before, the ramp channel is obtained with the replacements
.’L’d,1—>SJ_,$d—>S”,?7—>C. (369)

This leads to the bootstrap equation for the bulk-edge two point function

R A1—22 A
> fwan (B Agyy) = (”) > framp (B, B2, €) (3.70)

l sin@ — ncosd

It is clear that we recover the 1-pt bootstrap equation when taking Ay = 0.

3.5.2 Solutions with trivial boundaries

We can begin checking the consistency of equation (3.70) by looking for solutions where the
boundaries don’t contain independent dynamics, which amounts to considering correlation
functions obtained with one or even no boundaries. This corresponds to expanding a corre-
lator in terms of our SO(d — 1,1) wedge blocks which in this case is a subgroup of the full
symmetry. Let us first take a 2-pt function in a homogeneous CFT

1

(01(0,24-1,74) 02(0)) = r2A1

(3.71)

Since in CFT two point functions are orthogonal, this means we set 32 = A in the prefactor

of equation (3.63). We must then have

> enfwan(Ar, Arn) = ey framp(Ar, A1, ¢) = 1. (3.72)

n m

This is easily solved with a single block in each channel, by exchanging the operator A=A

This is because of the truncation of the Hypergeometric series in the block

Jwan (A1, A1,m) = framp(AhAlaC) =1, (3.73)

where we also set ca, = ¢y, = 1. We can also consider the slightly less trivial example of a

single boundary at x4_; = 0. In this case we have a usual bulk-boundary 2-pt function of a
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BCFT which is fixed by kinematics to be

— -~ 1
_ = — 74
(O1(0,24-1,22)02(0)) (221 )21 D2p28 (3.74)

where we set the bulk-boundary OPE coefficient to 1. In the wall channel we once again ex-
change only one operator A; = A,. However, we now have a non-trivial ratio of prefactors,

and the crossing equation becomes

A—Ao
n / XA
l=|——F——"— Ay Ao, (), 3.75

(sin@—ncose) ;Cmframp( m£2,0) 679
which is of course a generalization of the case studied in section 3.4.1. Let us again, for
simplicity, take # = /2 and therefore expand around a virtual boundary at 4 = 0. As in the
one point function case, by expanding around 1 — oo we find that we need an infinite tower

of operators of the form ﬁm = A1 + 2m. The coefficients then read

;o 4-mr (A1+m+%—g) (Al—BQ)Qm
e m!F(AlJerJr%*%)

C

: (3.76)

which clearly recover the one point function case upon setting 32 =0.

3.5.3 Free bulk field

We now return to solutions with non-trivial physics on both channels. Once again, it is a
remarkable simplification to study the boundary and edge dynamics of a free bulk field ¢
which has dimension A, = ¢ — 1. Its correlation functions are defined by the free Schwinger-
Dyson equations

(2, xg—1,24) -..) =0 (3.77)

which holds at separated points. This will provide a nice check for the results obtained by
solving the bootstrap equation. It turns out that to solve crossing, the same boundary blocks
A= ¢ — 1,4 are enough even for generic 22. Once again, the blocks dramatically simplify,

and the crossing equation simply reads

c; cos ((Ad — 22) (;S) +¢5.5 (Ad - Zg)‘l sin ((Ad - Zz) ¢>
sin(cZ))ZQ—Ad
c;:cos ((Ad - 22) (60— aﬁ)) + Ci?ug (Ad - Z2>,1 sin ((Ad - 22) 60— Eb))

sin(¢)A2—Ra

(3.78)

»
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Amusingly, the solution to this crossing equation is trivial, as it is equivalent to the elemen-

tary trigonometric identities for the sum and difference of angles. We find

c;? = cos ((Ad — 22> 9) 5+ (Ad - Zg)‘l sin ((Ad - Zz) 9) 0.4

d) 5= (Ad _ Zg) sin ((Ad . Zz) 9) ¢ — cos ((Ad — Zg) 9) Co 5 (3.79)

As in the one point function case, these solutions can generically correspond to non-trivial
boundary conditions, as we need a linear combination of both blocks to solve crossing. How-
ever, we can now look for Dirichlet-Dirichlet solutions where ;= c;? = 0. This solution is
the starting point for the perturbative analysis of Cardy in 4 — ¢ dimensions [142]. The edge
dimension gives us enough room to impose Dirichlet boundary conditions for arbitrary 6.

This leads to the following constraint on Zg

d T
A2:§—1+n5, (3.80)

with n an arbitrary integer. Additionally the expansion coefficients are constrained to satisfy
c:?L 3= Cod For Dirichlet boundary conditions in the normal BCFT setup where § = 7,
the boundary operator should just be interpreted as 0 1 &, meaning 22(6’ = 7) = %. We then
conclude that®:

A d 7'('
App=5—-1+~

. G (3.81)

as obtained by Cardy in [142]. Remarkably, this captures a non-trivial anomalous dimension,
although we are studying a free theory with free boundary conditions. The final correlator

is quite simple:

. ~ sin (%fb)
<Ol (0, Td—1, .Td)OQ(O»DD = 1"(1_724_% 5 (382)

where we set the overall free coefficient to 1.

It is not hard to solve the crossing equations for other free boundary conditions. For example

setting c’a 3=C,3= 0, which is Neumann-Neumann gives
L
~ d 27

We can also consider Dirichlet-Neumann boundary conditions and obtain

A d T
S :
Anp 5 + 5 (3.84)

®Note that the operators with negative n are non-unitary, as their dimension can be made arbitrarily negative
by making 6 small. The n = 1 operator is the most relevant and therefore determines the critical exponents in
gaussian theories.
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We can also reproduce the general solution for an arbitrary combination of Dirichlet and

Neumann blocks, through the use of the equations of motion, as mentioned above. We have
{p(%, xg—1,24)O(0)) =0, (3.85)

we will eventually set # = 0 but only after acting with the laplacian. Specifying the kinemat-

ical structure of the correlator leads to

( 92 52 92 ) g (xi:)
(

2 2 72 N N
8.7][1_1 amd ax 2$d_1)A17A27"2A2

=0, (3.86)
which leads to the ODE

4n? (172 +1)g"(n) +4n (2 (32 + 72 + 1) - d) g (n) + (d— 2£2> (d— 2 (32 + 1)) g(n)=0.
(3.87)
The two independent solutions to this equation are once again the Neumann and Dirichlet

block, and we can of course take the most general solution to be a combination of both.

3.5.3.1 Comments on the order ¢ bootstrap

These simple solutions are interesting as they can be a starting point for perturbative ex-
pansions. In particular, Cardy studied the e expansion to first order with DD boundary
conditions [142]. Let us briefly comment on how this fits into our framework. First, we re-
call that in the BCFT 2-pt function bootstrap, the order ¢ correlator can still be obtained with
a finite sum of blocks [70]. Of our particular interest is the boundary channel expansion.
In this channel, for Dirichlet boundary conditions, we still only exchange the operator 0 b,
although it acquires an order ¢ anomalous dimension, and there is an order € correction to
the expansion coefficient. This may lead one to believe that we can solve our crossing equa-
tion around Dirichlet boundary conditions at order ¢ by still exchanging only 0, 0. A simple
ansatz to first order in ¢, allowing only for order e corrections to the CFT data of the order
zero solution fails to give a non-trivial result. After a moment’s thought, one remembers
the existence of an infinite tower of boundary operators of dimension 2n + 2 contributing at
order €2 to the BCFT bootstrap. Since the expansion coefficient in this case is the square of
the bulk-boundary OPE coefficient, this means that the bulk-boundary coefficient is of order
e. In the boundary case, the square increases the order in € from one to two, leading to the
fact that only operators that already appeared at order zero can appear at first order [70, 74].
In the wedge setup such a simplification does not happen. This is because our expansion co-
efficient is a product p} i, which contains one bulk to boundary and one boundary to edge

coefficient. As we argued, the bulk to boundary coefficients for the Dirichlet operators are of
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order ¢, but we generally allow the boundary to edge coefficients to be of order one, meaning
our correlator should contain infinitely many blocks already at order e. The diagrammatic
calculation of Cardy seems to support this possibility, as is visible by the infinite number
of contributions that must be taken into account in the two point correlator. We note, how-
ever, that Cardy was able to isolate the relevant logarithmic singularity and obtain the edge

anomalous dimension 75, which we quote here for the O(N) model [142]

~ N+2 (57%/60?+1)

TN 6n/6 (3.88)

notably, this expression reproduces the anomalous dimension of 0 ME for § = m. To reproduce
this result, we need techniques to handle the infinite sums of blocks. Such techniques were
used in the BCFT bootstrap to obtain order €? results [74] and it should be possible to adapt

them to the order e problem in our setup. We leave this exploration for future work.

3.5.4 Generalized free field solution

Upon a careful observation of the crossing equation for a free bulk field, eq. (3.78), and its
solution eq. (3.79), we notice that the fact that the dimension of the external bulk field was
the free field dimension Ay = % — 1 isn’t particularly important. In fact, performing the

formal replacement A; — A; we find a generalized free field solution:

. _~ crcos (A1 — 22 o) +c LA(Al — 22)*1 sin ( (A1 — 22 1)
(01(0, 241, 24)05(0))Grr = — << siz(¢3 2_21 Z;mdl)Al—Z?r?&(( ) )

»

)

(3.89)
which is crossing symmetric, and remarkably simple. However the simplification happens
only at the level of the correlation function, since the individual blocks only simplify for
dimensions that are integer separated from a free field. In particular, expanding the invariant
part of the correlator at small  we find the behaviour g(n) ~ nAl_KQ(l +n+ O(n?)). We
then find that the decomposition of this correlator in wall channel blocks corresponds to an

infinite tower of operators of dimensions ﬁn such that

~

An:Al—i—n,nEZzo. (390)
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Without loss of generality, we can set the overall coefficients c; = ¢, 5 = 1, and find the
coefficients ¢, for each of the operators exchanged in the boundary. We obtain

()2 (A= Rs) (~4+A1+), (~d+Ai+1)

n n
2 2

2nnl (5 (—d + 241 + 1)) 2 (5 (—d+2A1 +3))

(1)@ 2 (A = Bp+ 1) (—4+ A1+ 1)s (5 + A1+ )
n—1 2 2
S . , nodd. (3.92)
2n=Inl (1 (—d +2A1 +3)) b1 (5 (=d+2A1 +5)) n1

, meven (3.91)

Cp =

n
2

Cp =

On the ramp/floor channel, we again have infinitely many operators of the form ﬁm =
A; 4+ m, with some 6 dependent coefficients ¢/,. This is the simplest solution with infinitely
many operators on both channels. We also note that we can obtain a GFF type one point

function by setting Zg =0.

3.6 Conclusions

In this chapter, we developed the necessary machinery to start a bootstrap program for cor-
relators of a CFT in a wedge configuration with angle 6 between the intersecting boundaries.
We studied the kinematics of bulk, boundary and edge correlation functions, emphasizing
the bulk one point function, and the bulk-edge two point function, which are the simplest

non-trivial correlators, depending on a cross-ratio 1 = tan(¢) and the parameter 6.

We developed a conformal block expansion for these correlation functions, taking advantage
of the convergence of the boundary operator expansion. We obtained explicit expressions for
the blocks using the BOE and the Casimir equation. Imposing the equality of the two bound-
ary expansions lead us to a one parameter family of non-perturbative crossing equations,
analogous to many others in the CFT literature. We analytically solved these equations in
simple cases, namely for fictitious boundaries, for generalized free fields, and for a free bulk
field.

The case of a free bulk field is of particular interest for applications, since it provides a
starting point for perturbative expansions, for example the € expansion. We were able to
obtain the leading dimension for the edge operator under free boundary conditions, repro-
ducing and extending results by Cardy [142]. We also obtained the general solution where
the boundary theory contains an arbitrary linear combination of the Neumann and Dirichlet

operators.

There are several open directions to build upon the basic framework we developed. The
most obvious one is the analysis of the analytic structure of the blocks and study of discon-

tinuities of the crossing equation, or more general dispersive techniques, which have the
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potential to address the infinite sums of blocks that appear in the € expansion at first order.
In particular, it might be possible to transfer the techniques developed by [74, 123] to this
context. The anomalous dimension of the edge operator obtained by Cardy seems like the

perfect benchmark to test the full potential of our setup.

Another avenue is to study the crossing equation non-perturbatively, through the use of nu-
merical techniques such as linear or semi-definite programming [25, 33, 34]. A first obstacle
to this is that we do not have manifest positivity of the expansion coefficients in either chan-
nel. One could of course take this positivity as an input and study the numerical bounds
with the understanding that their applicability is limited. An obvious target would be the
3d Ising model, or even the ¢ expansion, since the dependence on space-time dimension of
the blocks is very mild, as in the BCFT bootstrap [70]. An alternative that bypasses the sign
problem of the coefficients is to use a Gliozzi type method of determinants [71, 72], although

this technique has other limitations, since one cannot use it to obtain rigorous error bars.

There is also a potential relation to holographic physics [50-52]. There are several similar
(but different) holographic setups where a wedge plays a role. We find of note, the wedge
holography between AdS;;; and CFT,_; of [151], the interface-type holography studied in
[152, 153] and others in the entanglement entropy literature [154-156]. For a more direct rela-
tion it would be interesting to construct a holographic setup dual to the wedge configuration.
This would imply considering a system with a set of AdS;;1, AdS,;, AdS,_; spaces and the
dual CFT,4, CFT4—; and CFT,_, that we have considered. The language and formalism of
[157], where several Witten diagrams dual to BCFT/ICFT were computed, can potentially
be generalized to allow for one more co-dimension [158], embedding our setup into their
calculations. This also suggests that Mellin amplitudes could be a useful tool to study our

wedge correlators, at least if they are of holographic nature.

Finally, we mention that systems of several boundaries and defects are very common in the
literature of supersymmetric, and in particular superconformal field theories. Notably, in
the context of the SCFT-chiral algebra correspondence [159] there have been recent studies
of setups with intersecting defects [160, 161]. It would be interesting to see if our program
can be generalized to intersecting defects of arbitrary co-dimension, and if the bootstrap

approach can give further insight into the dynamics of these systems.






Chapter 4

Lightcone Bootstrap at higher points

4.1 Introduction

In this chapter we study generic CFTs with the full d-dimensional conformal symmetry, using
the analytic bootstrap. Analytic bootstrap methods have given a structural understanding
of CFTs by leveraging the analytic structure of four-point functions [23, 24, 162-171]. Typ-
ically such studies consider the four-point function of scalar operators. This fact limits the
data that can be accessed to scalar/scalar/symmetric traceless (of spin .JJ) OPE coefficients.
However, it is important to consider OPE coefficients between multiple spinning operators,
of which an important example is the OPE coefficient of three stress tensors [172, 173]. A
possibility would be to extend the analytic bootstrap to the four-point function of operators
with spin, but this approach is technically challenging and works mostly in a case by case
basis. An alternative is to consider higher-point functions of scalar operators, which through
the OPE contains information about operators of arbitrary spin [174, 175]. In this case the
technical challenge lies upon our knowledge of higher-point conformal blocks, which is still
incomplete [113, 175-177].

For the scalar four-point function, the lightcone bootstrap predicts the universal behaviour of
scalar/scalar/spin J OPE coefficients at large spin, which are of mean field type [23, 24]. Sub-
sequent corrections, that include scaling dimensions and OPE coefficients, are determined by
the leading twist operators in the theory [23, 24]. This large spin expansion is actually con-
vergent up to a low spin value determined by the Regge behaviour of the four-point function
[114,178]. A remarkable check of the accuracy of this method was done in the 3D Ising model
where the numerical bootstrap provided the data for comparison [162, 179] (see also [180] for
the O(2) model). Motivated by this success, our goal in this chapter is to extend the light-
cone bootstrap to the case of higher-point functions and therefore access OPE data involving

spinning operators.

135
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More concretely, we will bootstrap five- and six-point functions. In the five-point case there
is an unique OPE topology which involves the exchange of two operators of spin .J; and J
and therefore includes the scalar/spin .J; /spin J> OPE coefficient. In the six-point case we
consider the snowflake OPE channel which involves the exchange of three operators of spin

J1, J2 and J3 and therefore includes the spin .J; /spin J»/spin J3 OPE coefficient.

This bootstrap analysis is done in section 4.3, which follows section 4.2 where we review the
kinematics and derive the lightcone conformal blocks for five- and six-point functions. These
results are tested in section 4.4 for the case of generalized free theory and of theories with
a cubic coupling, whose block decomposition we determine explicitly. We conclude with a

discussion of open problems in section 4.5.

Additional technical details are given in the associated appendices: appendix 4.A.1 gives
more details on higher-point blocks, including some comments about the Euclidean expan-
sion and the Mellin representation; appendix 4.A.2 discusses higher-point D-functions based
on AdS techniques; appendix 4.A.3 presents new results on conformal harmonic analysis rel-

evant for higher-point functions and can be read mostly independently from the main text.

4.2 Kinematics and conformal blocks

It is a well known property that n-point correlation functions in a conformal field theory
depend nontrivially on n(n — 3)/2 conformal invariant variables for high enough spacetime
dimension'. The choice of conformal invariant cross-ratios usually depends on the problem
one is analysing. In a four-point function, that depends on two cross-ratios (say v and v),

there are several choices of cross-ratios used throughout the literature, for example

2 .2 2 .2
w=zz= 2T (1) (1—7) = ST (4.1)
L13T24 L1374
or
Z+z
s=|z|, §:COSHZW. 4.2)

This paper is focused on the analytic bootstrap of five- and six-point correlation functions,

and therefore we will need to use appropriate sets of cross-ratios. For the five-point function

it will be convenient to work with the five variables u1, ..., us given by
2 .2
TiHk
12735
U] = Uil = Uq 4.3
! 222l B Z|$j—>93j+1 ’ (4.3)

!There are relations between conformal invariant cross-ratios for low dimensions (d < n — 2) such that the
number of independent variables is instead nd — (d + 1)(d + 2)/2.
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where in this definition the subscript in x; is taken modulo 5 (for example x¢ = x1). For the

six-point function we introduce the nine cross-rations u;, ... ug and Uy, ..., Us defined by
2 .2 2 .2
7o T
12735 13746
u = Uil = U Uy = Uit1 = Ui (4.4)
2 2 i+ Z‘x~—>az- ’ 2 .2 0 tt Uaj—ajpr’
T13T25 AChn T14%36 RSk

where the subscript in z; is now taken modulo 6.

We will be interested in the Lorentzian lightcone expansion of correlation functions. The
difference between the Lorentzian and Euclidean expansions can be easily understood from
the OPE of two operators. In the Euclidean case the operators are taken to be coincident
(z;; — 0) while in the Lorentzian case the operators approach the lightcone of each other
(x?j — 0). As is well known, the Euclidean limit is dominated by the operators with lowest
scaling dimension, in contrast with the Lorentzian case that is dominated by the operator
with lowest twist 7 = A — J. This is evident from the leading term of the formula for the
OPE

-D,)’0 : ,
d(x1) p(w2) = Y Chan (#12 - D:) mf’iﬁxl ?) +... Euclidean (4.5)
k (235) 2
t o t
d(x1) p(z2) ~ Y Cl2k/ [dt] k(@1 tAfi; T12) Lorentzian (4.6)
k 0 (275) 2

where the ... represent subleading terms in each expansion, z is a null polarization vector,

(A +J) Aptd _
) = e, (0 —0) (47)

and D, is the so-called Todorov operator [181]

d o\ 0 1 0?
_(%_ 9N 9L
Dx = <2 Lre 82) oz 27 9z-0z (48)

The formulae above are key in obtaining the conformal block expansion around both limits.
For example, in the four-point function case it is trivial to obtain the lightcone block from
(4.6), with the result

Oar)oen) ~ Y — T [ Ol + tom, wi)oam)olen)) 49

ko(23p) 2

0122k [dt] ($%3$34 - 95%455%3)‘]

pY.p— At Aptd 0
ko (23973,) 2 (235t + (1 —t)xig) "2 (234t + (1 —t)af,) 2
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ﬁ Ja ﬂ CJ1JzJa!
i ’ ’2 Ji 2

E CJ‘J:O!

P
s

FIGURE 4.1: Schematic representation of the OPE channels for five- and six- point functions.

In the top left we have the snowflake decomposition of the five-point function, where we

emphasize the OPE coefficient involving two spinning operators. In the top right we have

the snowflake decomposition of the six-point function, emphasizing the OPE coefficient of

three spinning operators. In the bottom, we depict the comb channel expansion, which may
involve mixed-symmetry tensors and which we will not analyze in detail.

where we have changed variables t — ¢/(t + 1) and t — tx3,/22,. The lightcone block for

the exchange of an operator Oy, is defined by this leading term in the expansion

12)% > Chy, (Grlu,v) +..0) (4.10)
k

(P(x1) ... p(w4)) =~ 2
L1a%34

where

Ap+Jip Ap+Jg
2 ’ 2

Gr(u,v) = u™ /(1 —v)s o Fy ( A+ Jg, 1= U) =u gp(v).  (411)

We defined the function g (v) for later convenience. Note that the expansion (4.10) is merely
schematic, since subleading terms in the lightcone limit of a lower twist block can dominate

with respect to the lightcone limit of a higher twist block.
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4.2.1 Lightcone conformal blocks

Let us start with the lightcone expansion of the five-point conformal block. Applying twice
the OPE limit (4.6) we obtain

2
(601 o) = 3 (H Coo, | [dm]) (O o1, 142) Ok 3 2 P, 231)0103))
i=1

: (@) )

(4.12)
The limits 22, — 0 and 23, — 0 correspond to u; — 0 and u3 — 0, respectively. The three-
point function in the integrand involves the external scalar and two symmetric traceless op-
erators with arbitrary spin as depicted in the top-left part of figure 4.1. Our convention for
three-point functions of symmetric and traceless operators is [14]

315253 J1 —52 —Z3 J2—€1 —f3 -]3—[1 —52 43 ZE Z1
C V. V | 2% H3H

Ji1JoJ3 71,23 2,31 s 13°°23
(Oky (@1,21) . Oy (w3, 23)) = =228 S Ry, gt o (419)

¢; (95%2) 2 (215) 2 (253) 2

where we used a null polarization vector z; to encode the indices of the operators, h; = A;+J;
and V and H are defined as

(2 - CL'U).%‘ZQk — (2 - xzk)xfj x?j(zi )

Vijk = 3 o Hij = (2 @) (25 @) — (4.14)
Tl 2
The sum in ¢; € {0, ..., min(Jy)} counts the possible tensor structures. In the five-point case

we have a three-point function of a scalar with two operators of spin J; and Js, therefore
the different structures are labelled by ¢35 = ¢ and ¢; and /¢, vanish. After doing simple and
straightforward manipulations we arrive at the explicit expression for the lightcone block
defined by

¢
1 z2 2
(1) d(w5)) ~ (22,22,) 5 < 7y > Z Py kyt Gy kpe (i) (4.15)
12734 T15735 .y
where
T2 ' B¢
Orikoe(ui) = ug® ug’ (1 — ug) uy® /[dtl][dlb] (4.16)
(1 —t1(1 — ug)uy — U2U4)J2_e(1 —ta(1 — ug)us — U2U5)J1_€
hy—71 201 Ay hi o201 A, hithy—Ag *

(1—(1—uw)te) 2 (1=-(Q-us)ts) = (1-(Q-t)1—t2)(1—wug)) 2

The expansion (4.15) includes a product of three OPE coefficients that we denote by

¢
Prikoe = Cogpky C¢¢k20ék)lk2 : (4.17)
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Formula (4.16) is valid as long as one of the exchanged operators is not the identity. In such
a case the OPE instead simplifies to

Cooz

(23y)Re

P(x1)p(z2) ~ (4.18)

which forces the other exchanged operator to be the same as the external one. When the
exchanged operator in the (12) OPE is the identity we have (in this case there is a single

£ = 0 structure)

A

Gz(ui) = <u3u5>2 , (4.19)

Uyq
on the other hand, when the identity is flowing in the (34) OPE, we have

¢
Goz(ui) = uy” (4.20)
For the lightcone expansion of the six-point conformal block we need to apply the OPE limit
(4.6) three times. We will choose the snowflake channel as illustrated in the top-right of figure
4.1. In this choice the exchanged operators are always symmetric traceless tensors of spin .J;.

This gives

(O(0) 600} ~ gy xs S PG, Vi) = @21)

T12%34T56) 7 10,

3
J (Ok, (x1 + t1za1, 12) Ok, (3 + tawas, x34) Ok, (x5 + t3x6s, T56))
Z H Cook; [dti] ) , 2Bo g .
=1

2A¢7‘rl 9
ks (1) 2 (234)" 2 (w5) 2

Using the three-point function conventions (4.14) and defining 7 = >, 7;, L = >, ¢; and
H =", h; we obtain

gk?ifi (ui? UZ) = Uyq u32 U52 Gk, (u2; Uy, Up, UZ) (422)
3 . ;b1 PV : o Jitt;—L
- H : [dt]u% X' T = ) T T2 (1 — gy ) Tl — L gt
N : Rl Ai—L+H]2 ,
i=1 p

1 T2 T3
2
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where we use the notation ¢; = ¢; 3 and’

1
Ai = ———— (1= tim) (1 = x1-i) (= T+ ugi—1) — (1 = tiy1)un1y)X2—i + X3-i)
(1 — ugii-1))
+ tim1ugirny (1= x3-i) (= 1+ ug_1) — (1 = tix1)ugi—1)x2—i) | » (4.23)

Bi =1— x2-i — ti4i(1 —ug — x2—i + (1 — ti—1)u2ix1—i) ,

with x; defined as x; = Ul%i@’” A nice property of the x variables is that the conformal

block factorizes in products of three 2 £ in the limit x; — 0. Another nice property is that ¢;

determines the leading power of x;, as can easily be seen in (4.22).

When one of the exchanged operators is the identity, the remaining two are equal to each

other, which leads to the simplified expression

uius
U

Gz (ui, Us) = < >2 gr(u2/U1), (4.24)

where gy, (v) contains is the four-point block as defined in (4.11).

4.3 Snowflake bootstrap

Let us start by recalling the basic features of the lightcone bootstrap for four-point correlators

[23, 24]. A four-point function of local operators ¢ can be decomposed in the (12) or (23) OPE

channels
L > CluGrlu,v) = L > C2Grlv,u) (4.25)
(2Fy234) 2 o o0 (23527,) % P ¢

where Gy, (u,v) is the full conformal block in the (12) channel. This bootstrap equation has
been used to extract properties of conformal field theories following both analytic and nu-

merical approaches.

Low twist operators dominate in the lightcone x%, — 0 limit of the left hand side of the

bootstrap equation. Unitary CFTs obey the following bounds for the twist of operators

(d—2)/2 scalar
7 =0 identity, T=A-J> (4.26)
d—2 spin,

The reader may have realized that due to the cyclic defining property of the cross-ratios we can for example
refer to the even cross-ratios uz, u4, us in the product as uz(;—1)-
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FIGURE 4.2: Schematic representation of the relevant lightcone limit in the z-plane. The
point x5 first approaches the lightcone of the operator at the origin, as © — 0. Subsequently,
it approaches the lightcone of the operator at z3 = (1,0), which corresponds to taking v — 0.

and so the leading term on the left hand side of the bootstrap equation is given by

1 1 Tk
e O ClGrl(,0) = e [T+ Cl g )+ ] 4.27)
(27,23)2¢ . @0 (2Fp23,) 5 °0

where we have used that the conformal block behaves as Gy, (u, v) — Gi(u,v) = u2gy(v) in
the v — 0 limit. The assumption is that above the identity there is a unique operator Oy,
with leading twist. Next we take the limit of 23; — 0, which moves the point 5 to the corner
of the square made by the lightcones of points 1 and 3, which can be taken respectively at 0
and 1 in the complex z-plane, as shown in figure 4.2. It is possible to take this second limit,

which corresponds to v small, and use the right hand side of (4.25).

Each term in the v — 0 limit will diverge at most logarithmically, which apparently con-
tradicts the power law divergence of the left hand side of the equation. The emergence of
the power law singularity was addressed in [23, 24] and it boils down to the contribution
of double-twist operators [¢p@]o s ~ ¢[1°07 ¢ whose twist approaches 2A 4 at large spin. The
stronger divergence is recovered by performing the infinite sum over spin of these double-
twist families. In particular, this fixes the density of OPE coefficients for this family of oper-
ators at large spin to be’

8/7
2 204—3/2
Costodhns ~ T(a,p22ber7? 2, (4.28)

which is the behaviour of OPE coefficients in Mean Field Theory.

Additionally, the leading twist operator above the identity in the direct-channel leads to 1/.J

*This differs from some conventions in the literature by a factor of 2/ due to our conformal block normaliza-
tion.
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suppressed corrections to the OPE coefficients along with anomalous dimension type correc-

tions, which means the twist of these families behaves as

k

7 (4.29)

Tioglo.s = 20¢ +

At this level the large spin expansion is merely asymptotic, and the OPE coefficients and
anomalous dimensions cannot be assigned to a single operator of a given spin. However,
the large spin expansion actually converges at least down to spin 2, and the OPE coeffi-
cients are really associated to a unique operator at each spin, which follows from the fact
that the double-twist operators really sit in Regge trajectories that are analytic in spin. All
these remarkable facts were established through the Lorentzian inversion formula [114]. This
formula systematizes the large spin perturbation theory /lightcone-bootstrap and essentially
supersedes it as a computational tool [182-184]. In this work, however, we are interested in
higher-point functions which are much richer, and for which a Lorentzian inversion formula
is presently unavailable. Therefore we must resort to the more pedestrian large spin pertur-
bation theory. It would of course be interesting to develop higher-point Lorentzian inversion

formulae and reproduce and extend the results we will derive below.

4.3.1 Five-point function

Let us consider the more complicated case of the five-point function. We now have an ex-
change of two operators, and their contribution is captured by the block expansion in a

given channel. We consider the (12)(34) and (23)(45) channels for the five-point function
(¢(21)p(22)d(3)(24) P (25)),

29 29
2 2

(v15)

(23,23,) 2% (235235)

12,34 (95%
Z Pklszlekgé(ul) -

23,45
2 VAg (2 Z P"I”ﬂGmmf( ui) -
k1 ko, (z33775) ¢(37129514)

A¢
p) ny,ng,l

m‘g

(4.30)
The limit 2%,,2%, — 0 is dominated by low twist operators in the (12)(34) channel. The
natural candidate to lead this expansion is the identity operator, however it is not possible
to have two identities being exchanged at the same time, since that would imply a nonzero
three-point functions between two identities and the scalar operator ¢(x5). It is however
possible to have one identity being exchanged in one OPE and another operator in the other
OPE. In this case the conformal blocks simplify considerably and the exchanged operator
must be the external one. The block simplifies to a product of a two- and three-point function,

check (4.19) and (4.20). Thus, we conclude that the first terms in the lightcone limit in the



144 4. LIGHTCONE BOOTSTRAP AT HIGHER POINTS

channel (12)(34) are given by

A<b A
U3U5> 2 Ze

Cops 91 ¢(Ui) + CppgGpz(ui) = Coge < ” +u? |- (4.31)

There is possibly another leading term from two exchanges of the leading twist operator Oy, .

This term has a lightcone limit in the channel (12)(34) given by

Coék, Cogkr ChiokrdGhonke (i) - (4.32)

The term that dominates is determined by the rate at which u; and u3 go to zero and by the
twist of ¢ and Oy,. Below we shall address both possibilities. We may then take the other
limits 235, 235, 235 — 0, corresponding to us, u4,us — 0, which as we shall see, are suitable

for the expansion in the (23)(45) channel. The decomposition in this channel takes the form

A
uruus 6/2 Z P G234 (4. 433
2,,2 ninal n1n2f(ul)7 ( . )

USU
2™ ny,ng,l

where we collected here the prefactors on both sides of (4.30). The powers of us, u4 in the
denominator of (4.33) impose constraints on the operators that need to be present in the

conformal block decomposition of the channel (23)(45).

4.3.1.1 Identity in the (12) OPE

Let us understand this in more detail. First consider the term
B¢

usus \ 2
Cops91 (i) = C¢>¢>¢>< i45> : (4.34)

where the identity is exchanged in the (12) OPE. The cross-ratios uz and w4, when taken to be
small, control the twist of the exchanged operators in the cross-channel. We can use this to
infer what class of operators are contributing in the cross-channel where the blocks behave
as

23,45 n1/2 Tny/2
gnlngé( Z) = U; 1/ UZ 2/ gnlnzf(u1>u3>u5) . (435)

Combining these behaviours with the prefactor in (4.33) we can conclude that the operators
n1 have a twist that approaches 2A 4, and therefore correspond to the usual leading double-
twist operators. Moreover, in this case the operator ny must have twist Ay. This corresponds
to the exchange of the external operator itself. Therefore the cross-channel OPE data is given
by

Ploslo..6 = Caoloalo,s CoosCooloalo.. (4.36)



4. LIGHTCONE BOOTSTRAP AT HIGHER POINTS 145

from which we can see that the single-trace OPE coefficient cancels on both sides of the
crossing equation, and we are left with data that is known from the four-point bootstrap,

namely scalar/scalar/double-twist OPE coefficients.

Actually this case reduces to the crossing of the four-point function of ¢ and its descendants.
Firstly, in the direct-channel, since the five-point function factorizes into a product of 2 and
3-pt functions, we can use the (45) OPE into the exchanged scalar operator ¢, which acts
on the MFT 4-pt function of ¢ at points 1235. Secondly, in the cross-channel the (45) OPE
reduces the five-point block into an action on the four-point block with external ¢ at points
1523 and double-twist exchange. This shows the problem reduces to that of the four-point

function.

Nevertheless it is instructive to check this result explicitly using the lightcone blocks in (4.16)
to describe the cross-channel contributions. In this case J, = £ = 0 and Ay = Ay. Addition-
ally for large spin J; the dimension of the exchanged operator approaches the double-twist
value A; = 2A4 + Ji. This significantly simplifies the expression (4.16) for the blocks. In
practice, it is useful to expand the integrand using the binomial theorem and performing the
t; integrals, which leads to a representation in terms of an infinite sum of hypergeometric
functions. In fact, the sum is dominated by the region u; ~ J; 2, similarly to the four-point
case. This allows one to simplify the hypergeometric functions into Bessel functions, so the
large spin limit of the lightcone block reads
Nt Aptl\ (2044, S5 A S

co J; D ( B (2R Juy 7wy (1 - ws) g Ky (21/0)
21738~ N17D(n + 1)0'(n + Ay)

23,45 (U) ~
[#9lo,s; 0"
n=0

(4.37)

Imposing the well-known large spin asymptotics of the scalar/scalar/double-twist OPE co-
efficients (4.28), one can do the sum over J; by approximating it as an integral. This repro-
duces the correct power of u; at fixed n. The correct power of u3 is then recovered by doing

the infinite sum over n.

We remark that one can then consider the related contribution where we swap the exchanged
operators in the cross-channel, meaning we have O,,, = ¢ and O,,, = [¢¢]o, s,. This obviously
corresponds to a factorized correlator in a different channel which is subleading in the light-

cone limit here considered.

4.3.1.2 Identity in the (34) OPE

On the other hand, when we exchange the identity in the (34) OPE, the direct-channel con-

tribution is
A

Coppur” - (4.38)
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Thus, since the leading powers of us and u4 in the cross-channel expression (4.33) are the
same, the operators that are exchanged in the cross-channel will both have the double-twist
value 2A . This allows us to probe the double-twist/double-twist/scalar OPE coefficient on

the cross-channel

_ ©
Bloslo, s, 16610,1,¢ = Cosloslo.r, Coololo.s, Cologlo, 1, (6610, (4.39)

It is important to notice that the double-twist/double-twist/scalar OPE coefficient depends
on the additional quantum number ¢/, which encodes the tensor structure associated to spin-

spin-scalar three-point functions.

Since the scalar/scalar/double-twist coefficients are fixed from the four-point analysis, match-
ing to the direct-channel we immediately discover the remarkable non-perturbative relation

(0
Cofoslo.s, (6610, X Co06 (4.40)

which would be expected in a perturbative theory. With a more careful analysis, we will now

fix the large spin asymptotics of this OPE coefficient, along with its ¢ dependence.

We need to reproduce the power law behaviour in the variables u;, u3 and us, which will
emerge from the infinite sum over Jj, J» and ¢ in the cross-channel. More specifically, we
consider the limit J1, Jo — oo with u;JZ and u;J3 fixed. It is possible to approximate the
lightcone block in this regime by approximating the integrand in (4.16), so that one finds

integral representations of two Bessel functions,*

248+ J1+J2
23,45 N LT /24172 Ay Ay o )
Gl66)o. s, 6610, 5yt (i) = =177y "y “uy * (1 — us)
1 1
uf(3A¢+ztz)u§(A¢+2€)K L8 (2J1u}/2> Kﬂﬁ (2J2u;/2> . (4.41)
2 2

It is not hard to see that for consistency with the u3 — 0 limit the power law behavior in

u1, us has to be reproduced term by term in the sum over ¢. This leads to the ansatz

J1—Ja Jf+3(A¢_1)/2J2Z+3(A¢_1)/27 (442)

Ploglo, s 16610,y = Coop be 2
which, upon performing the integrals over J; and .J,, reproduces the power law behavior
in u; and uz. Since ¢ € {0,...,min(J1, J2)}, this leaves us with an infinite sum over ¢ to
perform, which will recover the power law behavior in u3. In particular, we need to zoom

in on the £ — oo region, with u3 approaching zero such that us/ is kept fixed. In this limit,

“This procedure deserves a word of caution. Strictly speaking we should first take the limit of u1,uz — 0,
keeping large spin contributions, and only then take u2,us — 0. In practice, since we use the lightcone block
expansion (4.16) in the cross-channel, we are swapping the order of limits. This is justified a posteriori since the
asymptotics of OPE coefficients at large spin that we obtain match the examples studied in section 4.4.



4. LIGHTCONE BOOTSTRAP AT HIGHER POINTS 147

FIGURE 4.3: Witten diagrams corresponding to the leading order five-point function in a
large N theory. The black and red dashed lines correspond to the unitarity cuts in the direct
and crossed OPE channels, allowing us to infer what the exchanged operators are.

we can use the approximation (1 — ug)? ~ e~“3{. Then, we can take the asymptotic large ¢
pp ymp 8

behaviour of the coefficient b, to be °

be ~ 2ol (1+2A¢>

9380=3 /T T (Ay)2T (1 + %)

(7222 (4.43)

We can then approximate the sum over / by an integral, which gives the correct power law

behaviour in u3 and finally reproduces the identity contribution in the direct-channel.

Both leading terms with an identity exchange are understood as a five-point function which
factorizes into a product of a two- and three-point functions. A simple example of CFTs
expected to present this behaviour are holographic theories with cubic couplings. We can
draw bulk Witten diagrams and look at their unitarity cuts to infer the exchanged operators
in the corresponding channel. This is presented in figure 4.3. Clearly, this picture is consistent

with the results obtained from the lightcone limit analysis.

4.3.1.3 Two non-trivial exchanges

The case of two non-trivial exchanges is more subtle. When the exchanged operators are

identical to the external ones, the lightcone limit of the block in the channel (12)(34) is given

>The same result could be obtained by explicitly performing the sum over £ assuming b, ) How-

(A
ever, this cannot be used to determine the form of the coefficients at finite ¢ since the leading singularity in
uz — 0 only determines the asymptotic behaviour at £ — co. Remarkably this turns out to be the exact form of
the coefficients in the disconnected correlator in section 4.4.2.1. A similar situation also occurs for the six-point

case.
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by

c3 S T(A)° In g1 925a, 2 (1 1 452 s®
e (U1U3US) r(3e)t Go 4+ Inuy Inus + A¢272( nuy + Inus) + 342 = 54,2 +o )
T 2

(4.44)
where Sé") denotes the degree-n harmonic number and the dots represent subleading terms
in ug, u4 and us. The powers of up and u4 indicate that the exchanged operators in the cross-
channel should once again be of double-twist type. However, since the powers of us are the
same for both block expansions in the small us limit, one cannot employ the usual argument
which ensures that operators with large spin .J, dominate the cross-channel. This means that
the information in this OPE is not universal. The leading power of « is a constant, which can
be achieved block by block in the cross-channel, and therefore the usual argument for the

necessity of large spin double-twist operators is not valid.

One can instead study the case where the two exchanged scalar operators O, are different

from the external one, but identical among themselves.

A=Ay
Gooo(ui) & an.a, (urugus)®Puy 2 (4.45)
with R
4D I (Axtl)2 g2 7T( = (/;)
aA*A¢ — ( 2 ) ( 2 ) (446)

Ax—A 2 Apy\2
(=52 +1)"T(3)
When A, < A this is the leading term. On the other hand, for A, > Ay the leading powers

are instead integers and lead to the same limitation discussed above. Nevertheless, the term

(4.45) is still present and can also be bootstrapped.

Notably, the power of u4 will change the nature of the exchanged operators in the (45) OPE.
In particular, we now have that the operator must have dimension asymptoting to A, +
Ay + Jo. Thus we prove the existence of the double-twist operators [¢O.]o, s, built out of
the external ¢ and the internal O,. We see an asymmetry between the exchanges in the
cross-channel, since the operators in the (23) channel are still the double-twist composites
[¢®]o,s,- This is similar to the case of identity exchange in the (12) channel which also leads
to an asymmetry in the cross-channel exchanges. In particular, swapping the cross-channel

exchanges in the (23) and (45) OPEs leads to a subleading contribution in the direct-channel.

The calculation in the cross-channel is similar to that of the previous subsection. Both fam-

ilies of double-twist operators must be in the large spin regime, which gives the following
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approximation for the cross-channel conformal block

) 23A¢+A*+J1+J2
23,45 N o 1/2 71/2 Ay (Ap+AL)/2 )
[¢¢]0,Jl[¢0*]0,J2€(u’) ~ 7‘]1 Jy Tug Ty (1 —us3)

1 1
uf(2A¢+A*+2€)ug(A¢+25)K£+% (2:]1“1/2) Kg+ﬂ <2J2ué/2) . (447)
2

Once again the sum over large spins J; and .J; must be done for fixed ¢ and we then sum

over /. The correct asymptotics for the OPE coefficients in this case is given by

4A¢73+287A* 3A¢,73+2Z72A,~<

Plolo s, 160700yt = 400,27 TR Ty e R (4.48)
where
95—3A4—A.
qa.ny = Po,o.08,,8 ) —x—AC : (4.49)
D(25=5)0(Ay — 52)?
The factor of Po, o, = 35 0. Cy0.0. is needed to match the direct-channel.

4.3.1.4 Stress-tensor exchange

In a general CFT, the leading twist operators are usually scalars of scaling dimension less
than d — 2 or the stress tensor which has dimension d and spin 2, and therefore twist d — 2. A
spin 1 conserved current also has twist d — 2 but, since we are studying the OPE of identical
scalars, only even spin operators can be exchanged. Thus, we are only left to consider the

case of the stress tensor®.

In this case, the direct-channel contribution has three terms associated to the tensor structures
with ¢ = 0,1,2. In the cyclic lightcone limit, it turns out that the powerlaw behavior in
ug — 0is suppressed by £ and therefore the tensor structure with ¢ = 0 dominates. The block
behaves very similarly to the scalar case, with the role of A, being played by the twist of the
stress tensor d — 2, up to some extra prefactors. Concretely, the direct-channel block contains
the following term in the lightcone expansion

d—2—A¢
Grri—o ~ ara, (wugus) =D e, 7 (4.50)

with )
74d-117 (%) sec? (WW)

Q =

In the block expansion this term will come multiplied by the product of OPE coefficients

(4.51)

Prr¢—. Once again there are terms where the powers of u4 and us are constant and cannot

SHigher spin conserved currents also have twist d — 2 but they only exist in free theories and we therefore
ignore them.
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be reproduced by large spin double twist families in the cross-channel. The term in (4.50) is
the leading one for d — 2 — A4 < 0, but it remains in the expansion otherwise, so it can be
bootstrapped. The physics in the cross-channel is very similar to the scalar case as well. The
small up and w4 behavior is matched by operators of the form [¢¢]g s, in the (23) OPE and
[¢To,, in the (45) OPE, with twists asymptoting to 2Ay and d — 2 + Ay at large J; and Js,
respectively. The large spin limit is needed to obtain the right power law behavior in u; and
us, and finally the large ¢ limit reproduces the small u3 behavior. The cross-channel blocks
and OPE coefficients are the same as in the scalar case with the replacement A, — d — 2,
up to the different prefactor which is fixed by the direct-channel block. More concretely, the

cross-channel block in the large spin limit becomes

23,45 ~ 23Rp+d=2+T1+] J1/2J1/2uA¢u(A¢+d_2)/2(l )
[#¢]o,11 [¢T 0,15 ¢ . 1 J2 Y2 Yy 3

1 _ 1
u14(2A¢+d 2+2€)u§(A¢+2€)KH% (2J1U1/2) Kﬁ—s—% <2J2Ué/2> ) (4.52)

and the OPE coefficients

—1420—d+40g) L (1420-2d+304)

o= h=ta g AR (453)

1
P[¢¢]0,J1 [#T 0,75 ¢ ~4TAy ‘]22

where
9T—304—d

qra, = Prre=oara, 5 - (4.54)
P25 )0 (8 - 52)

4.3.2 Six-point function — snowflake

The six-point function is a richer object as it admits two very different OPE decompositions
that are usually denoted by snowflake and comb. One distinction between them is that
in the snowflake decomposition we do three OPEs in nonconsecutive pairs of points and
therefore all OPEs involve two external scalars. Therefore there will be an OPE coefficient
between three symmetric traceless operators of arbitrary spin, as can be seen in the top-right
of figure 4.1. On the other hand, in the comb channel the OPE involves consecutive pairs
of operators. Thus, after performing the OPE between two external scalars, the resulting
symmetric traceless operator will be fused with another external scalar and can produce a
mixed symmetry tensor operator, which in the mean field theory limit should correspond to
a triple-twist operator. The bottom part of figure 4.1 illustrates this structure. In this paper we
use the lightcone OPE between scalars (4.6) and therefore limit our analysis to the snowflake

channel, whose bootstrap equation we depict in figure 4.4.
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2 3

FIGURE 4.4: A schematic form of the six-point snowflake bootstrap equation. The left hand
side represents the (12)(34)(56) direct-channel expansion while the right hand side repre-
sents the (23)(45)(61) cross-channel.

We start by considering the block expansion in the direct (12)(34)(56) channel

(p(x1) ... px6)) = Zpk” G0y, Uy) (4.55)

(55121'343556

and take the lightcone limits 23, — 0, 23, — 0, 225 — 0, which correspond to u; — 0, ug — 0,
us — 0. The leading contributions in this limit come from the exchange of three identities,
one identity and two leading twists or three leading twists. For now we take the leading
twist to be a scalar, so that

1 —
(O(x1)...0(zs)) = Prr1G7r77(0si, Ui) + (PIk*k:*gIk*k* (ui, Ui) + perm)

(z3ya3,adg) e L

+Pk Feukin Thsknk (Ui,Ui)} =

1 ui1usz

Tk
2
B AL L+ <C¢¢k*( 0, ) gk*(u2/U1)+perl’n> (4.56)

Thy

2 Ghkuks (W23, Us)

+ ngpk* Ch kol (U1u3U5)

9

where A, is the dimension of the leading twist operator Oy, and the functions g, and g, . .
are defined from the four- and six-point lightcone blocks in (4.11) and (4.22), respectively.
Then we take the three distances 733, 235 and 24 to zero, or in cross-ratios uz; — 0, which
will be appropriate to study the OPE decomposition in the crossed channel (23)(45)(16) in

the lightcone limit. The four-point conformal block g, simplifies considerably in this limit

L(A + Js)

e (ui ) U;) ~ STE=Tay (SMQJWQ n ln(ui/Uj)> T (4.57)
2
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where the ... represent subleading terms in u;/U;. However, after taking us; — 0 the func-
tion gy, k. k., (u2i, U;) of the six-point conformal lightcone block is still a nontrivial function of
the cross-ratios U;, so we take one further limit 23,, 235, 23, — 0, or equivalently U; — 0,
which we refer to as the origin limit [175]. Let us remark that we do this just to make the

problem technically simpler. With this extra limit one gets

r3(A.) [[L InU;
Geoteak, (uzis Up) = _FGEA*; [H; +285. 2 Uy InU; + <4SA* . -89, + <2> In U
B 2

2
358, <4SA* , —3S% , + 3@) 1. ] + perm, (4.58)
2

where the ... represent subleading terms. We give the derivation os this result in appendix
4.A.1. Notice that up to this order the correlator is polynomial of degree three in the loga-

rithm of the cross-ratios, which contrasts with the behavior in a planar gauge theory[174].

4.3.2.1 Exchange of three identities

Given the crossing equation

3
Z‘sz . 12 134, 56( LU = H <UZZ;1> Zpkz . 2345 16( LU, (4.59)

kil i=1 ki l;

the limit taken above should be compatible with the cross-channel decompositions in the
channel (23)(45)(16). As we just described, the left hand side of this equation starts with a
one and then has subleading corrections in the cross-ratios u,qq —+ 0, while on the right hand
side there is an aparent power law divergence in ueven in the prefactor. This implies that
the cross-channel decomposition involves operators with dimension approximately equal to
2A4 + J that cancel the prefactor uQAf in the denominator. Each individual conformal block
in the (23)(45)(16) channel is regular in the cross-ratios uy4q as they approach zero, which is
not enough to cancel the prefactor u?fil and recover the identity contribution of the direct-
channel.” The solution is similar to that of the four- and five-point correlators in the sense
that the identity is recovered from the infinite sum of double-twist operators with large spin.
This can also be intuitively understood by looking at the “unitarity cuts” of a disconnected

Witten diagram as in figure 4.5.

We will now choose the kinematics where both u.qq and U; are sent to zero with the same
rate J 2, with ¢; fixed. This is not the choice we did in the direct-channel above, but we will

recover its kinematics by sending uoqq/U; — 0 afterwards. The conformal block simplifies

"This behavior is similar to that of scalar exchange in the direct-channel (4.58) and is given in appendix 4.A.1
for general spin.
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FIGURE 4.5: Witten diagram corresponding to the leading order six-point function in a large

N theory. The black and red dashed lines correspond to the unitarity cuts in the direct

and crossed OPE channels, allowing us to read-off the exchanged identity and double-twist
operators, respectively.

considerably in this limit and is given by a product of three Bessel functions

1
3 2J +71J2 n li— 142041 +Ti—1—Tit1

23 45,16 /
H 1 u21 X11K22L 1— 2£z+1+ﬂ+1 Ti—1 (2‘] Uai— 1) U27, 1 : ’

i=1 2

l\.’)

(4.60)

where we can see that the parameter ¢; controls the cross-ratio x;+1 = 1 — ugi—1/Uzi—1. The
direct-channel limit that we took above can be recovered in the cross-channel by studying
the limit where x; approaches 1, which in turn is controlled by the large ¢; region. 8 We
can now use (4.60) in the crossing equation (4.59) to reproduce the identity exchange of the

direct-channel

u
ne1 2n

3 AW
1~ é (H <“2"‘1> / dJnden) P, Gy (ui, U3 (4.61)

where we transformed the sums in k;, /; in the crossing equation to integrals in .J,,, ¢, (in-
cluding a factor of 1/2 because we are only summing over even spins). We can assume that

the product of OPE coefficients Py, ,, has the large J; power law behavior

3
Py, = C [ 277 I fu(ln) . (4.62)

n=1

8We stress that we made the choice of considering the limit U; — 0 to simplify the expression for the block.
Alternatively, one could mimic the approach of [175] and keep these cross-ratios finite. We emphasize however
that our choice of taking the origin limit respects an order: U; — 0 only after u; — 0. The latter limit is dominated
by large J; and large ¢;, whereas the subsequent U; — 0 imposes J; > ¢; > 1.
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Integrating over .J; we obtain

3 20y, Do 4 2(0;_1+4;11)—2a;—3

2750y i1 X 3+ 2a; + 26(& 1— gi—l) (i1 Hbiv1)—2a

=111 Janse) =5 . Uy © . (46
i=1e=

where we used that 7; = 2A4 to leading order in large J;. Then we consider the limit where
Uodd/Ui — 0. Remember that we need a power law divergence in u,qq to kill the prefactor
in (4.61) and, as expected, this is generated by the tail of the sum in ¢;. In this regime we
can replace Xfi by exp(—{;uz;i—3/Usi—3), where we are keeping fixed the argument of the
exponential in the limit. The powers of U; cannot depend on /; otherwise this would give
rise to a non-trivial in behavior U;, which is not consistent with the left-hand side of (4.61),

so we conclude that
a; =1+ ZEJ — ¥, (4.64)
J

with 7 a constant that does not depend on ¢;. We can, at this point, take the large ¢; behavior
of the I" functions in (4.63). The ¢; behavior of the expression suggests that for large ¢; the

function f(¢;) has the following form
filly) ~e 260972 (4.65)

with g and c constants. Putting everything together and after doing the /; integration we

obtain

3
3 A,—3 _g— 3 T
1~ C 20812 (2 +g+ r> [Tuay? Ui, (4.66)
=1

which fixes both r, g and ¢ to be

C4A, -3 1

=-A =,
r 5 > 9 ¢, C 2R (A,)

(4.67)

This fixes the asymptotic form of P, proposed in (4.62).

4.3.2.2 Exchange of one identity and two leading twist operators

So far we have only reproduced the contribution of the identity in the direct-channel OPE
decomposition (4.56). As we have seen subleading contributions depend non trivially on
the cross-ratios, even in the limit where all u; approach zero, cf. (4.57) and (4.58). One key
difference is that we will have to generate logs of the cross-ratios from the cross-channel OPE

decomposition. Some of these logs are generated by allowing a correction to the dimension
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of the double-twist operators of the form

T, = 204 + }; . (4.68)
The conformal block, in the large spin limit, depends on the twist of the exchanged operator
in an explicit way as can be seen in (4.60). It is easy to perturb the previous computation,
done to reproduce the contribution of the identity with the cross-channel double-twist ex-
change, and include the correction to the dimension of these operators. First we expand
(4.60) at large J; and keep the first subleading term in the series. Then, performing the inte-
grals in J; and ¢; we obtain the following correction to the contribution of the leading twist

operators exchange

r (2A¢2—n> U2j“2j+3U2%‘+1 U25—1U25+1 2
k’w Z [ln ; — (SA¢ — SA2<;5a)1| <'7U,J> . (469)
® (Uzj—1U2j+1U2j_1) 2 2j+1

[NIES

This term has the correct power law behavior coming from the direct-channel contribution
of the identity and two leading twist operators, cf. (4.56) or (4.24). This fixes a = 7, in
agreement with the four-point function calculation. Moreover, it contains some of the logs
coming from the four-point block function gy, , but it also has some unexpected log terms. It
is precisely these terms that will allow us to fix the correction to the OPE coefficient between

three double-twist operators

wInJp +b;,p1n/d ;
Py, = P 1+ZZk eyl k;rr s Inbe)  v; +... ], (4.70)
j J

where ¢; j, b; ; and v; are coefficients that we will fix. Upon inserting this in the cross-channel

conformal block decomposition, and integrating over J; and ¢;, we obtain

Tk

Cj,itChi—1 Cji—1 . . . 2
*bj,i+1*% bjit1+ .772 21)] U5 —1U25+1
E In Ugi 1 UgiZy e SA¢ - SAM 3
4 . p Uit
p J

J

4.71)
The correct log behavior imposes that
bii =0,biit1 =biiva =5, ¢i=0,¢ciit1=Cciit2=—5, v1 =kSr12s
! ’ ’ 27 ’ ’ 2 2
C2, T2 A, (2] + 7
b= — PPT* ( d>) ( ) 4.72)

22J*—1p2(2ﬁ¢2—7*)F2(2J-2H*) ’

Thus, we see that we can reproduce exchanges in the direct-channel that include at least one

identity by taking into account the contribution of large spin double-twist operators in the
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cross-channel. Moreover this procedure fixes the dimension and OPE coefficients of these

operators at large spin. The formula for the OPE coefficients is one of the main results of this

paper.

4.3.2.3 Exchange of three leading twist operators

Before analysing the contribution of the exchange of three leading twist operators in the
direct-channel, let us see what is the effect of dressing the large spin double-twist contribu-
tion in the cross-channel by a term of the form H?:l J#07. This can be used, for example, to
check what is the cross-ratio dependence of the corrections to the double-twist exchange in

the cross-channel at large spin

q] 1+2’"J+1
3

3 Ay
U%—1 e q; T 23,45, 16 23 1
[ ( o > /dJid&-PJfZ_ [ [[77¢ J]G 1, Us) o | [ ErE— (4.73)

i=1 j=1 j= 1u2] +7j+1

It follows that multiple corrections to the dimension of operators exchanged in the OPEs
(23)(45) and (23)(45)(16), where r; = 0 and two or three nonvanishing exponents ¢; equal

—Tx, have, respectively, terms of the form

T

uus \ 2 . <U1U3U5) |:
us* | Inug Inu —|—...], ————— | Inug Inug Inug + . , 4.74
<U2U3> 3 [ 2 4 (U1U2U3) 2 4 6 ( )

where the ... stand for the contribution of log terms in other cross-ratios that are not im-
portant for the present discussion. One important feature of these two results is that at least
one power of uyqq is given by 7,. This can be thought as coming from the direct-channel
contribution of a family of operators whose twist asymptotes to 27,. Another curious feature
is that there is necessarily a dependence on In ueven that cannot be generated by the contribu-
tion of a single conformal block, as we can see from (4.58). This suggests that this term comes
from the contribution in the direct-channel of an infinite family of operators with twist 27,.
This behavior was already observed in [162] for the case of the four-point function from the

existence of log? v terms.

Now we are ready to reproduce the last term in (4.56) from the cross-channel decomposition.
Since the direct-channel contribution (4.58) does not have any In ueyen we conclude from the
analysis of the previous paragraph that this term does not come from the correction of the
dimension of double-twist operators. Therefore it must come solely from the correction to

the OPE coefficient, which we propose to have the form

] birInt i InJ;, In¥;
PJ 0 = P}reee 1 +§ Zk: (C]7k' Ile; —t_ 5,k n k:) +UJ +p(nJJ7 Iii) 4. . (475)
' <l [, 76
J ivi i
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where the ¢; ;, b; ; and v; were already fixed in the previous section and p(InJ;,In¢;) is a

polynomial function of the third degree’

J2 J2 J2 ']1 J2 J3 JQ J3 1
InJj, Intj) = e1 — e 31 In -1 1 4+ 2¢c4| In Jp In
plinJplaly) == n€1€2 nﬁlgs lols Tehn l1lal3 4[ s < 0 ) 5263
; InféyInlsls +1nlyIn’ In?¢; +1n? /4y +1n2¢
+1InJz1n 2J 1DJ31Dg§g2gl+3( 1 2£3 2 3) n°¢; + In“ £y 3|
/ €1€3 ) 5
(4.76)

This polynomial generates the terms

[801 +c2InUy In Uy InUs — 4eg In Uy UpUs + 2¢4 Y InUsIn U]-] . (4.77)

1<J

upon integration in J; and ¢;. A simple comparison with (4.58) fixes the values of ¢; to be

T(A)T3(A
ca = Py, .k, (AT (Ag) =1 <S(2)

_ 452 _9 — CQ) (&)
2A,—AL ) Ax—2 x—2 )
FQ(%)F?’ ( ¢>2 ) 2
1 (2)
c1 = 1 SA*2—2 4SA*_2 —3SA. 5 +3C2 | 2, cq = SA*2—2 Co . (4.78)
2
for a scalar leading twist operator and

_ y €4 — _ )

3 2
—T3(A,) Pooo B er = T3(A) Pooo By ¢ = 3(A )Pooo Bigo + 3Poor IB35)0)1 + 3P002B(()o)2

Pooo B(()t)o + Poo1 Bé%))l + POOQIB(%)Q
F3 ( 2A¢ T )

cg = 2T (Ay) , (4.79)
for the exchange a stress tensor, where we used the block for stress-tensor exchange derived
in appendix 4.A.1.2 and wrote Py, ¢,0, = Prrre,e,0,- We emphasize the absence of the OPE
coefficients associated with the structures where two or three of the /;’s are equal to 1. This
happens since such structures are subleading in the U; — 0 limit. The constants IB%ZZ)Z 4, are
the coefficients multiplying the degree-m polynomial of In U; in the block associated to the
tensor structure labeled by /i, ¢ and /3. These coefficients can be read off from equation
(4.114) in appendix 4.A.1.2. We remark that, as is well known, the OPE coefficients of the

stress tensor are not all independent and in fact satisfy

8(Pooo + Poo1) + d(d + 2) Poo2

(d+4)(d - 2) ’
32(2 + d) Pooo + 8d(6 + d) Pyor — 4d(d? — 20) Py
(d—2)%(d+2)(d+4) ’

Py11 = -2

(4.80)

P =

°This ansatz is justified because the scalar conformal block is a polynomial of degree 3 in log of cross-ratios
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FIGURE 4.6: Schematic representation of the gravitational processes dual to the six-point
comb channel on the left and to the six-point snowflake channel on the right. In the comb
case, three particles come from the infinite past, interact weakly and continue towards future
infinity. In the snowflake case, the blue and red particles come from the past infinity of two
different time coordinates, say ¢ and 3, respectively. The blue one travels to future infinity
along ¢; and the red one along t,. A third, green particle comes from past infinity in the t;
direction and moves towards past infinity in ¢,. The process can also be interpreted in other
similar ways by permuting the role of the OPEs.

since its correlation functions satisfy conservation equations [14]. This means that the differ-
ent OPE coefficients associated to the ¢; tensor structures are related to a set of three inde-

pendent numbers.

We end this section with a speculative holographic interpretation of our bootstrap results
which can be skipped by the more orthodox readers. In a four-point function, radial quan-
tization allows us to visualize a weak gravitational process in AdS where two particles with
large relative angular momentum come from the infinite past, interact, and continue towards
the infinite future. This picture can be generalized for the six-point function in the comb
channel, which instead corresponds to a three-body gravitational interaction. However, in
the snowflake OPE that we analyzed, one cannot assign a single time coordinate which leads
to the cylinder picture. Instead, this channel corresponds to a gravitational process where the
asymptotic states are defined with respect to distinct time coordinates'’, where the underly-
ing geometry is instead a “pair of pants”. The physical process is more easily understood by

inspecting figure 4.6.

4.4 Examples

Consistency conditions of the bootstrap equations for higher-point functions impose con-
straints on the behaviour of three point functions of spinning operators as we have seen in
the previous sections. The goal of this section is to extract OPE coefficients of spinning oper-

ators by performing an explicit conformal block decomposition of the generalized free field

""We thank Pedro Vieira for discussions on this point.
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theory correlator, as well as theories with cubic couplings, and confirm some of our previous

results.

4.4.1 Generalized free theory

The six-point function of operators ¢ in a generalized free field theory is given by

6

([T oG@omer = >~ (de1)d(2))(d(ws)d(wa)) ($(x5)(w6)) = Y

=1 perm perm

1

S 48l
(z}ya3,ads) e (@81

where we should sum over all permutations of operator positions. We can extract a prefactor

2 2 2 A . . . . .
(x1925,055)"¢ to write everything just in terms of cross-ratios,

6 3
_ _A
(29a34236) 2 (] [ (@a))mrr = 1+ (urugus)™ <1 + (uguaug) ¢ + > U, ¢>

i=1 i=1

A A Ag . A A Ag . A A Ag
<U21+1u2z+3 ) + <u2z—1u2z+1u22+3 ) + <u21+1 U2z+3U2z+1 ) (4 82)

3

2

i=1

Uzi—1 u2i+2U2i—1 u2i+2U2i—1

The prefactor we have extracted is appropriate to analyze the OPE limit in the channel
(12)(34)(56). The first term in (4.82) corresponds to the exchange of three identity operators
and the others can contain one identity and two double-twist operators, or three double-twist
operators. A systematic analysis of the operators that are exchanged in the OPE in these three
channels can be done using the six-point conformal blocks [174] or the Casimir differential
operator together with the boundary condition of the block in the lightcone limit [175]. We
obtained for the OPE of three leading double-twist operators, which can not be extracted

from the four-point function of ¢, the result

o (itt=441) L (Ba)s(@o)
p o (ZJ £5)—L; 2 4.83
SI 2L (A (2R
2

By taking first the large J; and then the large ¢; limit we recover the asymptotic behavior

(4.62) derived from the lightcone bootstrap in the previous section.

Note that for a free theory with A, = (d — 2)/2 this is the full set of OPE data that can be
extracted from this correlator. In a generalized free theory there are subleading double-twist

operators ¢0"97 ¢ whose OPE coefficients could be extracted.
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44.2 ¢3theoryind =6 —¢

We now consider turning on a cubic coupling which will allow us to further test our predic-
tions involving, for example, the five-point function which vanishes for mean field theory.

The five-point function in ¢ theory is given by'!

5 5

(L) = > (dlan)d(z))(d(as)d(a)d(ws)) + (] [ o)

=1 perm =1

(4.84)

conn

This correlation function only has odd powers of € as can be seen by drawing a few Feyn-
man diagrams or from the strucutre of perturbation theory around the Z, symmetric free
theory. The leading term is a factorized correlator given by a product of a two-point func-
tion and a three-point function. The two-point function starts at the free theory order, but
the three-point functions starts at order ¢, with a tree level contact diagram. The connected
contribution starts at order € and coexists with corrections to the factorized correlator. To

leading order in the € expansion the connected contribution is given by

(¢(z1) ... ¢(x5))

SORE ;
_ v (Goo) / "o . (4.85)

2.2 2.2 .2 .2 (.22
conn S orm T12734 T 507302 50(250)

This six-dimensional integral is proportional to a D-function D11112 which we analyze in
Appendix 4.A.2.

4.4.21 Disconnected contribution to the five-point function

Let us write the block decomposition as

(p(x1) ... ¢(555)>(1) = Z PklkZZ klkz(é )(uz) ) (4.86)

3312953437153335 .y

where the superscript (1) indicates the order in the € expansion. We used that A, = 24 O(e)
and that Py, 1, starts at order e. Our goal is to derive the spectrum and OPE coefficients of

the operators exchanged in the (12)(34) channel for the leading disconnected contribution

"This result can be obtained easily with the method of skeleton expansions as presented in [185]. Tt would
be interesting to do conformal block decomposition for five- and six-point correlators in ¢* and see how the
respective spinning OPE coefficients compare with the ones in A" = 4 SYM [175].
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that is given by

: Céi;(f? x%3 S uzus % u1U3 % ) Mg
<H¢(xi)>(1) =71 32 | "‘( ) +< p ) [(uwi) 2+ (ugud) 2 +
i=1 L19T34L15%35 Uy uguiUs

A A A 2 9 A‘b A A
(UQ’UJ?;'Ug) 2 <u12 =+ u32 ):| + <u§u3) |:1 —+ (UQU4U5) 2 + Us @ <u42 + ’U,52 ):| ) (4.87)
o U4

To obtain the block decomposition we use two independent methods which serves as a cross-
check of the calculation. Firstly we consider the Euclidean expansion of the five-point block
discussed in Appendix E of [176], and match it to the small ©; and u3 expansion of the corre-
lator. Using this we can obtain as many OPE coefficients as we desire. We can then conjecture
a general form for arbitrary Ji, J> and ¢, which we subsequently test by comparing to the ex-
plicit higher order results. Alternatively, we can use a generalization of the technique of [186]
to higher-point correlators [175]. We act with the Casimir differential operators on the cor-
relator in terms of its small u;, u3 expansion. Since the conformal blocks are eigenfunctions
of the Casimir operator, we can fix the OPE coefficients order by order in uy, ug by acting
recursively with the differential operators. Again, we can do this to arbitrarily high order,

guess the general form of the coefficients and check it to even higher order.

We find that depending on which pair of operators form the two-point function we have dif-
ferent sets of operators being exchanged. When the two-point function is between points z;
and 3, we have the identity in the (12) OPE and ¢ in the (34) OPE. The product of OPE co-
efficients is simply given by PZ(;) = C&; - Similarly, when the two-point function is between
points z3 and x4, we have Pq%) = Cﬁ(ﬁ' When the two-point function is between points z;
and x5, or between x5 and x5, the result is less trivial since it leads to an expansion with an
infinite number of operators. Adding up these two contributions, we find in the (12) OPE

the double-twist operators [¢¢]o, s, with dimension 4 + J and (even) spin J, along with the

operator ¢ in the (34) OPE. In this case we obtain P[E;d{}o 6= Cd()gqui Slodlo.s” where
2THI(J +2)2T(J + 3)
2 —
Cosloglos = ) (4.88)

I'(J + 1)I(2J +3)

which is the usual formula for the OPE coefficients of two scalar operators and a leading
double-twist operator, which holds in MFT with Ay = 2. We may also consider the factorised
correlator with generic A,.!? In this case we have several infinite towers of subleading twist
operators with dimension 2A4 + 2n + J and spin J. We checked that the OPE coefficients
are again given by the four-point MFT result. This can be easily understood by using the

2For example studying ¢° theory in AdS with a massive scalar such that m* = Ay (A, — d).
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convergent OPE in the (34) channel, as discussed in section 4.3.1.1. A similar story holds

when the two-point function is between points z3 and x5, or between x4 and x5,

Finally we can have a two-point function between x; and z3, 1 and x4, 2 and x3, and x2 and
x4, which are the most non-trivial and interesting cases. Together they admit an expansion
in terms of blocks where the exchanged operators are [¢¢]o s, in the (12) OPE and [¢¢]o,, in
the (34) OPE. Thus we access OPE coefficients with one scalar and two spinning operators,
which have the extra quantum number /. It is not hard to propose the formula for the OPE
coefficients in the case ¢ = 0, where the dependence in J; and J; turns out to factorize due

to the nature of the tensor structure of / = 0. We find, for generic Ay,

2 9T (JA + ﬂ) T (J; +204 — 1)

(1) 6—4A
P = 207450 : (4.89)
[¢9lo, .1, [#Plo, ., £=0 zl_[1 T(Ji+1)T (A¢) r (A¢) r (Ji i+ qu B %)
which for the A, = 2 case drastically simplifies to
272 () 4 3) 0 (Jo + 3
Py (1 +3)T(Ja+ 3) (4.90)
0,71 [6@]0,05 =0 — F(Jl—i—%)F(Jg—i—%)

For higher ¢ we find that the J; and J» dependence no longer factorizes. Instead, for A, = 2

(1)
we find that the ratio P (44, J2e/ [¢¢]o 5, [66l0,1, (=0

in J; and J,, with maximum degree 2¢ in both variables combined and maximum degree ¢

is given by a symmetric polynomial

in each variable separately. For example, the first few polynomials are given by

Py 1
=tz (34 (7 + 1) +h),

Py 1755 2, 72

=1 <J2 Ji A JoJ? + 3Ty TJody + 6(Jy + Jo) + 18), (4.91)
P

ﬁ ol (J2 T3 — (LT3 + T30 + 120277

F12(JoJ? + J2T) + 8500y + T2( 1 + o) + 216),

where here we used the shorthand notation Py—; = P[(¢> d)>] We can easily write
0,71 [#Plo,s5€=1"

down these polynomials to a very high order.'> Unfortunately we did not find a closed form

at arbitrary /. Nevertheless, we could perform the simpler task of finding the large .J;, J> at

fixed ¢ behavior, which in fact we were able to do for generic A,. We found that

(1)
Plodlonlotlornt _ (JiJ)!

o F Tl 1)(Ay),’
oo dlonemo LBl

(4.92)

BWe can also write down a few of them for general A. In this case there is also a simple additional denomi-
nator.
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Combining this result with the large spin behavior of the ¢ = 0 OPE coefficient, and then tak-
ing the large ¢ limit, we find a perfect match with formula (4.42) obtained using the lightcone
bootstrap!

4.4.2.2 Comments on the six-point function

The six-point function of a scalar ¢ in the € expansion is given by

6 6
([T o)) = D ()@ (d(xa)d(x0) (d(x5)d(x6)) + Y ($la)d(@2))(] [ ¢(@))] comn
=1 perm perm =3
6
+ D (de)d(a2)d(ws)(d(xa)d(as)d(wo)) + (] | (@) o (4.93)
perm i=1

The leading term is given by the mean field theory discussed above (with Ay = 2 + O(¢))
and is of order €”. The partialy factorized terms (two-point function times four-point function
and three-point function times another three-point function) begin at order ¢2. These have
subsequent corrections of order €*, which is the order at which the connected contributions

begin. At leading order the latter is given by
6

d6.%'() d6x7d6x8
( ¢(9€z)>‘ =C; / + / +perm
g cont 000 l’%ﬂ%ﬂ%g H?Zl 17120 5"?233%79537(9537)2%217@218(95%8)2(:3(258)295%8 ,

where the first integral is the same as the six-point D-function D111111, which we analyze in
Appendix 4.A.2. It would be nice to systematically study all these corrections and to match
the asymptotics of the OPE coefficients with the lightcone bootstrap results presented in
section (4.3.2).

4.5 Discussion

In this chapter, we have shown how to use the lightcone bootstrap for five- and six-point
functions to determine the large spin behaviour of some new OPE coefficients. For the five-
point function, in the case of a direct-channel identity exchange we determined the large
Ji, Jo and £ behaviour of the OPE coefficient c®

leglo, 1, [¢9lo, 1,
case of a leading twist exchange in the direct-channel, including the possibility of the stress

in the cross-channel. For the

. . . (©) -
tensor exchange, we determined the asymptotic behaviour of C ol6l0.1, [60Jo.1, " For the six

point function, in the case of a direct-channel identity exchange, we determined the large
A , : (€:) . . . ..

J; and ¢; behaviour of C[ o101, [6810.7, [6810.1, Subleading corrections to this OPE coefficient

due to the direct-channel leading twist exchange were also bootstrapped. An interesting

interpretation of these results emerges in connection to the origin limit U; — 0. In this limit
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we observed that the correlation function diverges at most as log U7 in contrast with the
planar gauge theory case where the divergences can be an arbitrary power of log U; [174, 175].
The difference between these results follows from the existence or not of a twist gap in a CFT

correlator.

Our knowledge of higher-point conformal blocks is still in its infancy. In particular, the work
in this chapter was limited to the leading order expansion of the blocks in the lightcone limit.
In our notation this corresponds to the leading term in the limit u,qq — 0 that defines the
lightcone blocks. It would be very interesting to study subleading corrections to the blocks in
this limit, which would allow us to bootstrap OPE coefficients with subleading double-twist
operators of the form [¢¢], ;s and [¢O,], ;. Additionally, to simplify our analysis, we often
took the origin limit U; — 0. It would also be interesting to compute subleading terms in this

expansion, which can be done using only the available lightcone blocks.

In this thesis chapter we only considered the lightcone blocks in the snowflake channel. For
the six-point function the comb channel block would lead to a different expansion involving
the exchange of mixed symmetry operators, which we expect to be of triple-twist type. Such
operators are expected to be degenerate at large spin, but this degeneracy should be lifted at
finite spin. It is a very interesting question whether the bootstrap would be able to address
this question in the large spin expansion. This could be a sign of analyticity in spin for each

triple-twist family.

Analyticity is also an open question regarding the new OPE coefficients whose large spin
behaviour we determined here. In the snowflake channel, since there is a unique operator at
each spin and twist, the fact that analyticity has been proven in the simpler case of the OPE
coefficient Cyy(s¢), , Wwould lead us to expect analyticity to still hold. However, the situation
here is more subtle because we also have to take into account the label ¢; that parametrizes

tensor structures and is basis dependent. This is an interesting question since the case of
C(gz)

[#¢o, 1, [9Plo, 75 [PBlo, 15
in this family of operators. In particular, for an appropriate choice of the external scalar

would be connected to the OPE coefficients of the low spin contributions

operators, this might provide access to the OPE coefficient between three energy-momentum
tensors Cg%)T. One would hope to derive reliable predictions by including the contributions

from the first terms in the large J expansion.

Analyticity in spin is also important for Regge theory of higher-point functions. This is clear
since Conformal Regge Theory relies on the analytic continuation in spin [187]. In the four-
point case the Lorentzian inversion formula established such analyticity [114]. Thus, de-
riving a Lorentzian inversion formula for higher-point functions would shed light in this

problem and, most likely, sistematize the calculations reported in this chapter.
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A more ambitious problem is to set up the Euclidean numerical bootstrap for higher-point
functions, with obvious gains in the available CFT data. It is well known that positivity is a
key ingredient in the numerical bootstrap of four-point functions. In the case of the six-point
function it is possible to choose reflection positive kinematics, however such positivity is not
guaranteed term by term in the block expansion. The situation looks even worse in the case
of the five-point function, since this correlator can not be seen as a positive norm of a state.
One possibility would be to consider a positive semi-definite matrix whose matrix elements
would involve the four-, five- and six-point function. We hope to return to these questions

in the future.






Appendices for Chapter 4

4.A Details on higher point lightcone Bootstrap

4.A.1 Higher-point Conformal Blocks

In this appendix we provide some details on the structure of higher-point conformal blocks.

We begin by discussing the Mellin representation.

4.A.1.1 Mellin amplitudes

The Mellin amplitude of a connected n-point function of scalar conformal correlators can be
defined as[78, 188]

(01 (1) O (100)) = / M () T Tw) (@2) 7 (4.94)

1<i<j<n

where [d7] denotes an integration with the constraints
n
Z%'j =0, vji="%i, Yi=—4;. (4.95)
i=1

It is a well known fact by now that the OPE implies that the Mellin amplitude is a mero-
morphic function of the Mellin variables ~;;. For each exchange of a primary operator with
dimension A and spin J there is an infinite set of poles in the Melllin amplitude,

Vo~ o}

~ , —0,1,2,... 4.96
Yok — (A —J +2m) " (490)

where

k 2 k n
— (sz) S w97)
=1

a=11i=k+1

167
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with the p; defined such that p; - p; = ~;;. The residue Q,, is related to lower point functions
and conformal blocks[189]. The label m is associated to the contribution of higher twist

descendant operators.

In particular, the equivalence between (4.94) and conformal block decompositions (4.15)
and (4.21) imposes that the Mellin amplitude for the five and six-point correlator needs to

have the following poles

> 1 Ci20,Caag, Cg(,{;IJQFl(V)

My ~ JiI—Ag 124, Jo—Dy, 120, (4.98)
(712 - f) (’)/34 — f)
l;
M ~ >, Cl2J1CS4J2056J3C§1}2J3E11213 () (199

J1—Ayg +2A¢ Jo—Aj +2A¢ J3—Aj +2A¢ ’
(712 - + V34 — + V56 — +

where the functions F; and Fy,;,;, are computed by Mellin transforming the lightcone blocks
used in this paper and C'xyz are OPE coefficients. In the following we will determine the

form of F; and F},;,;, for some specific cases'®.

Let us start with the five-point lightcone conformal block (4.16) with identical scalar opera-

tors O; = ¢, and write the numerator using the binomial formula

Ji =1\ (i1 (T2 — 1\ [i2 [dt1][dta]t? 72 (1 — t1)72t5 71 (1 — to)
) Sl . s (4.100)
L 11 J1 19 72 2- 81t tJ2 &
11,22,J1,J2 (1 — (1 — t2)U4) 2
Aj—J] Ag—Jy L
u, 2 oug 2 (1 —uz)lu%1ﬂ2ul51uf
A A+ +Ta—Ay A —AgtJitJ—20+A, *

(1—(1—t1)(1 —t2)(1 — up)) 2 (1—(1—t1)us) 2

X

Next we introduce three Mellin variables s, s2, s3 with respect to the cross-ratios us, u4 and

Us,

5 G YNt [

11,02,71,J2 J1 2 /2
—s1+j1+j2,, —sa+iz *33+i1+% A+ i+ Ag+ Jo — A¢
Uy Uy Us B
—s
Ao — Ay =20+ 1+ 2+ A Ay —Dg =2+ 1+ 2+ A
< . ¢ . ©) By, (4101)
—59 —83
with the function Bg, 4, s, given by
o Ag—Ay—Jy—Jo+2(s3—s1)+2A—Ay+2jy
851,32,53 - /[dtl][dt2](1 - t1)22—12—53t1 ? 151217]1782
Ay —Ag—J—Jo+214+2(sg—51)+2j1 — Ay 2s1—J1—Ja—A1—Ag+A
(1 — tg) 2 (1 — t1<1 — tg)) 2 . (4.102)

"It would be interesting to repeat the analysis of appendix A.1 of [187] for higher-point functions.
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For J; = J» = 0 the function B, s, s, can be integrated to

F(Al)F(AQ)F(A1—A¢';2(82—81) )F(AQ—A¢—;2(53—51))F(2(51_32_53)+A¢)

2
F2(%)r2(%)r(w)

851732753 = (4103)
One of the advantages of this Mellin representation for the conformal block is that it makes it
easier to study certain limits. For example, to get the leading term in the us, us, us — 0 limit
we just have to close each contour si, s2, s3 to the left picking all the poles along the way.

Notice that B;, s, s, for generic spin can be written as a 3F, hypergeometric series

(A4 () D iy o+ =+ )T (= § —sa+ )

S BRI T (5 + )T (3 + 5

F(ﬁ"‘jl—%—81+52+%—%>F<€+j2—%—514-834-%—%)

F(€+i1_%+%_31+%>r<£+i2+%_c722 sy + A1tla=Be

(4.104)

3Fy

i+3+j1—81+82+€ —ﬂ+ﬂ+j2—81+83+€ 74’—1—71—1-*—81'1
Ji 4 J2
2 T3

R . S T Rr Gy

To find F} one needs to relate the Mellin transform we have computed to the Mellin ampli-
tude definition in (4.94). We use the conditions (4.95) to write the Mellin amplitude in terms
of five independent Mellin variables, namely:vi2, v34, V13, V15, V35. After computing the inte-
gral in y12 and 734, we can relate the two sets of Mellin variables, s;’s and v;;, by demanding
the exponents of the cross-ratios to be the same on both expressions. To do so, we first ex-
pand (1 —u2)! = 37, (1) (—u2)*. We find then the relation

2j1 + 2j2 + 2k — Jo + Ay, — 2713 — 2735
2 )
2i2—|—J1—J2—AJ1+AJ2+A¢—2’)/35

59 = : . (4.105)

51 = 83 =15 + i1,

This relation depends on indices that are summed over. Thus, performing the change of
variables in (4.101) leads us to finite sums of contour integrals. We would like to swap the
order of sums and integrals to be able to write F; from those finite sums. This can be done
if we are allowed to move, without crossing any poles, all the contours to the same region.
Assuming this can be done '°, to find F; is just simple algebra. For specific values of spin and
scaling dimension of the exchanged operators, it is easy to see that F; defined in this way
is, as expected, a polynomial in the Mellin variables 713, 715,735 whose degree depends on
Ji, Ja, L.

>To be rigorous one needs to study in detail the very complicated pole structure of the integrand. This is
particularly challenging due to the the possible presence of fake poles. As discussed in [190], gamma functions
that depend on more than a single Mellin variable can naively suggest the presence of families of poles that differ
depending on the order of integration of the Mellin variables. These poles are fake.
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It is possible to repeat the same analysis for the six-point conformal block in the lightcone.
Since the method is essentially the same we will just quote here the Mellin transform of the

block for the exchange of scalar operators

A
3 = 3 .
u21 1 Us_i % —8344 A; — 2(31 + 31)
H S / H ds;T(s;) ugzU_z U (S (4.106)
=1 F(
r (Agl — 2(83 + Sg — 82)> r (Alg - 2(82 + 54 — Sl)) r <A32 — 2(81 + s5 — 83))
2 2 2 ’

where 51 = s5 + 56,52 = 54 + 55,53 = s4 + s and A;; = A; — Aj. To relate this to Fypp we
repeat the analysis above. We write the usual Mellin amplitude definition (4.94) in terms of
9 independent Mellin variables v;;. After integrating in 72,734 and s, it is easy to relate
the remaining v;; to s;’s by imposing the same power behaviour of the cross-ratios on both

Mellin representations. We find:
S1 =123, S2=7Y45, S3 =716, S4=746, S5="24, S6= 26" (4.107)

A simple computation shows that Fyg is independent of v;; as one would expect for scalar

exchanges.

4.A.1.2 Explicit computation of six-point blocks

In the following we compute the leading lightcone limit contribution for the exchange of
three minimal-twist operators in the snowflake channel of the six-point function. For sim-
plicity, let us first consider that the corresponding operators are scalars. It will be useful
to recall the definition of the block gk« (u2i, U;) given in (4.22). This is a complicated
three-dimensional integral even in the simpler scalar case. One can show, however, that no
divergences appear from the limit us; — 0 '°, since the U;’s act as regulators of those pos-
sible divergences. This substantially simplifies our analysis. The situation for the spinning

operators is technically more involved but it is still free of divergences in the limit of ug; — 0.

As an example, consider the exchange of three leading-twist scalar operators with dimension

2 in terms of the cross-ratios v, v, Y’ defined as

Uy = Yu (1 — )1(1 Yuw) U, — Yo (1 — )1(1 Yuw) O Yo (1= ) (1 — )

1= yuyo) (1 = yut) (1 —yot) L= yoyw) 0 (1= yute) (L= Yuys)
(4.108)

This can be checked for example with the HyperInt package [191]. We find only logarithmic divergences in
U; whenever U; — 0.

The appearance of these cross-ratios is not surprising given the duality between null polygon Wilson loops
and correlation functions, see [175] for recent development in this topic. In fact these cross-ratios have appeared
before in the study of WL/scattering amplitudes in N' = 4 SYM [192].
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In these cross-ratios, the block becomes

dt; (yiyier — 1)?

3 00
0.0;) = / (4109
g2z ) 111) o Yiit1 — D(yi—1 — 1) + (1 + tiv1) Wivit1 — 1) (yiyi—1 — 1) ( )

where we have changed variables t; — ¢;/(t; + 1) and identified y1 = v, y2 = v, and y3 =
Yw- The subscripts should be understood mod 3. These cross-ratios appear to be a more
natural choice to compute these integrals, as the integrand factorizes into simpler pieces.

The integration can be done exactly and written in terms of hyperlogarithmic functions as

(1 - yuyw) (1 - yvyw) (1 - yuyv)
(1 - yw) (1 - yu) (1 - yv) (yuyvyw -

~Ho(y) (o0 () + Ho g () = Hoa (o) = Ho yor (9) = Hoa () ) + 2Hy oo (0)
+Ho(yar) (Ho yzt () + Hoa(9) + Ho o (50) = Ho ot () + ot () — Ho )1 ()

o+ 21 () (0 () = Ho gy () ) = 2Hg o on (00) + Hy o o (0) = oy -1.0(0)

+Hy -1 0(0) + 2 o1 (yu) + Hop1 (o) + Ho1 (yw)) — 2Ho (y,4,,)-1,1 (%) — 2Hg o1 o1 (yu)

— (Ho,1,0(yu) + Ho,1,0(y0) + Ho,0(yw)) + 2H, -1 (y0) (Ho, (yoyu) -1 () — Ho 1 (ya))

+2H: (yw) (Hovyv_l(y“) ~ Ho,(guyu) (yu)) + 2Hg (yp0) 1,951 (yu) = 2H o1 o1 (Ya)

g222 (0, U;) Ho(yu) (Ho,1(yw) + Hoa(yo) — Hy -1 (y0)
1)

—1
w

+ Ho(yu)Ho(yo)Ho(Yw) + Hy 1 o(yu) + C2(Ho(yw) + Ho(yu) + HO(yv))> : (4.110)

The hyperlogarithm functions H are defined recursively via the integral [191]

dt In"™ 2

z
Hw1,wz,...,wn(z) = / ?HWZ,..qUJn(Z)7 HU,O,...,O(Z) = 1 H(Z) =1 (4111)
0 w1 n!

One can then check that in the limit where all y; — 0 (which corresponds to U; — 0), the
integral (4.109) is given by

lim (4.109) ~ —In(yy) In(yy) In(yw) — ¢ In(yw) — G2 In(yy) — 2 In(yy) (4.112)

which is consistent with the behaviour in (4.58). In fact, one can repeat this computation
for several even integer values of the dimension of the exchanged scalar operators. In this
class of examples, the integral can be performed with the HyperInt package. We use several
parameterizations of the block and guess its general form in the kinematic limit we consider
in this paper, namely ug;—1 — 0, followed by uz; — 0 and in last place U; — 0. This is (4.58).
We will later confirm these results by using a Mellin representation which we will define

below.

For a stress tensor exchange, the form of the integrand is more complicated. Even for specific

values of the ¢;’s and of the space-time dimension d, we find that these computations extend
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in time and therefore this procedure becomes less useful. It is however worth stating that if
we restrict ourselves to the case where y,, = y, = v, these computations can be performed
very quickly in HyperInt. We use these results as a sanity check for the Mellin method we

now present.

In the kinematics relevant for the bootstrap calculation of section 4.3 we need to take uy; — 0,
in which case we can derive a simplified Mellin representation. For that we consider the
lightcone block (4.22), set ug; — 0 in the in‘cegrand18 and then we Mellin transform with

respect to the cross-ratios U;. After some massaging we obtain

515253 H ds 2‘] + 7_ Z mi Umi+ni_5i+£2—i
eshoskos = l QJF 2J+T o7\ 2 i
n'L7mZ
J—lo_;—Ll3_;\ (J—n; @ ) E _i
( S | (e N (e e SR OW))

. (4113)

(2J —si — b1y — l3—; + %)sl (J +mig1 4+ ni — s — sip1 + %)si*ni*£2—i+el—i

in the case where all the operators have the same twist and spin. The sums over n; and m;
were introduced to reduce the binomials that appeared in the numerator into monomials of
Us.

We would like to make an expansion in the limit U; — 0. In Mellin language this is simply
done by closing the s; contours to the left and picking the corresponding poles. At leading
order only some poles contribute. We will call these the leading poles. The leading poles
will only come from the gamma functions explicitly written above and which only depend

on one of the Mellin variables.

We observe that the position of the leading poles does not depend on the value of m;. There-
fore in the limit U; — 0, the leading contributions have to come from the terms with m; = 0.
For fixed values of spin, twist and ¢;, we perform the sum over n; and pick the residues of
leading poles. These leading contributions are located at values of s; such that the expo-
nent of the corresponding U; becomes 0, which leads to the expected logarithmic behaviour
when there is a double pole'. If we use this mechanism in the case of scalar minimal-twist
exchange, we immediately reproduce the result of (4.58)! Moreover, we can also check that
this procedure for the leading poles nicely matches the results of direct integration using

HyperInt in the limit y, = ¥, = Y.

For a stress tensor exchange, we have three possible values of ¢;’s, namely 0,1 and 2. If two

or three ¢;’s take value 1, those contributions will be subleading by powers of U;. We thus

®This does not lead to any divergences as discussed above.

YOther poles of the family will always contribute at subleading orders. In fact, if we have s; smaller than the
required value, there will be a non-vanishing power U; which leads to a subleading contribution. On the other
hand, if s; is instead larger, there is no corresponding pole and the residue is 0. In other words, leading poles are
the rightmost poles of the family prescribed by the explicit gamma functions we wrote above.
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list the results for the remaining cases

3
17T = 64T (TT+4)6 H 3 14 (S5+1) S%“ + T(T+2)(t +4)(T + 6) 6 )il

i

St <8(T(7‘ +6)+2)+ CQ>

SI+1
+25; Ui Uy — = <8 <S%+) 65511> +perm],

27(t+2)(1 +4)(7 +6)
3 6)+4
9rrr = — L(r + 4%(r(r +6) + 4) [251+1+1I1U2] (4.114)
16T (754  r(r + 2)(7 + 4)(r +6) L
I'(r+14
9Frr = — ’ [255+1 +In UQ} ;

AT (T 7 (r +2)(7 + 4)(7 + 6)

where 7 = d — 2 is the twist of the stress-tensor. Notice the result diverges for 7 = 0. This
is not a problem since we are considering the case where there is a twist gap which happens

for d > 2. For other non-vanishing ¢;, the result is obtained by permuting the cross-ratios.

4.A.1.3 Euclidean expansion of six-point conformal blocks

The results of the main part of the paper were derived using the leading term of the confor-
mal blocks expanded around the lightcone. We will shift gears in this section and analyze
the conformal blocks expanded around the Euclidean OPE limit in a similar approach to the

one done for four- and five-point function conformal blocks [17, 21, 176].

The two key ingredients in the derivation of the blocks are that they satisfy the Casimir

differential equation

B (L< 1 4 L(”)> - CM} Fas(z) =0, (4.115)

with
Cag=AA-d)+J(J+d—-2), (4.116)

where L 4p are the generators of the conformal group and their boundary condition coming
from the OPE

w1 Iy
O(x:,) O c; Tiin T o (3,) (4.117)
Z1 z2 i1i2k Ay +8iy — Bty ko1 g \Lig ). .
(z7 2
1119

In the Euclidean OPE limit there are three cross-ratios that approach zero

2 2 2
s =uyp, S5 = us, 53 = us, (4.118)
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and six others that remain fixed

g o U1 — UQUQ 5 . U3 — U4U1 5 . U2 — u6U3
1= 81U1 ’ 2= 82U3 ’ 37 33U2
T e e L R
8182U1 8183U2 8283U3

in a six-point correlation function and are analogous to the four-point cross-ratios written in
equation (4.2). The cross-ratios that remain fixed can be interpreted as measuring the angles
that the points 2,4,6 approach 1,3,5. It follows from the OPE (4.117) that the conformal
block should behave as

Gagi(si, &) = Hs g5(&), si—0, (4.120)

where g, (&-)20 is a polynomial function of the cross-ratios ; that satisfies three differential

equations coming from the Casimir of the channel (12) in the limit s; — 0,

(4 — €00, + (4 — )0, + (4 — E3)0Z, — 2(262 + £164) D, Ok,
—2(282 + £164) 06, 0, — 2(283 + £185)0¢, 05 + (1 — d)(€10¢, + 40, + &50¢;) (4.121)

2(26283 — &4&5 — 2£6) 0, 05 + J1(J1 +d —2) | g5,(&) =0,

with similar equations for the channels (34) and (56). These three differential equations,

together with the boundary condition for A — 0,

9. (8) — gih7@27@3§éfgff17€3£é]37317€2££3£§2€§1 ’ €15 — 51,;,3 ’ Cano — 54)\52,6 ’
(4.122)

fix completely the form of the function. It is possible (and easy) to get subleading correc-
tions of g, (&;) for any value of J; and ¢; from the differential equations. By analyzing these

corrections we were able to check that the function g, (¢;) satisfies relations of the type

1
k
fk 97,0, (&) = Z Cz(lA)..i69J1+2'1,J2+i2,-..,€3+i4,..-51+i6 (52)7 (4'123)

ij=—1

“This is the analogue of the Gengebauer polynomial that appears in the leading term of the OPE of a four-
point function conformal block. Let us also remark that this function appears in the definition of the conformal
block using the shadow formalism.
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that can be used to define it recursively. One example of these relations is®!
C(_liooooo = 4((2J}l fil _ig))((zl{]ll—:% fﬁ;’) ’ C%)0000 =1, (4.124)
) __ 263(d+2(6+ 43— 2)) e ___ 2b(d+2l+ 5 —2)
—100-100 7 07 4 d — 4) (2, +d - 2) —1000-10 7 O +d—4)(2 +d - 2)°
(1) B 4903 (1) B 40505
100110 T T fd—4) (2 +d—2)) @ 0T 05 g 4)2J +d—2)

Let us remark that there are similar relations for the Gegenbauer polynomial and for the

five-point analogue[176].

It is an interesting open problem to obtain a representation of the conformal block as a series

expansion in s;, as was done for four and five points[21, 176]*.

Z'The other relations as well as the definition of g, ¢, (&) in terms of a recurrence relation is provided in a
auxiliary file.

21t would also be interesting to see how the recent and new approaches to the conformal blocks[177, 193, 194]
can help in this problem.
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4.A.2 D-functions

In this appendix we analyze five- and six-point D-functions using standard technology from
perturbation theory in AdS [103, 195].

4.A.2.1 Five Points

We start from a five-point contact Witten diagram with a non-derivative interaction
ng AT, w5) = /Ads A Y KA, (21,Y) .. Ka,(25,Y) = Da,...As (4.125)
d+1

where the bulk-boundary propagator is defined as

(4.126)

kston = ()

We can expand this in five-point conformal blocks without knowing their explicit form, using
Harmonic analysis and the conformal partial waves. We will do this in the (12)(34) channel,
but other channels can be obtained with the same method. Start by introducing auxiliary
1= [,45dy'0(y —y) and attach the bulk to boundary propagators to the auxiliary points in
the desired (12)(34) structure, i.e.

Wete = /dydy’dy”KA1 (21,0 ) Ky (w2, 4 ) Kag (23, 4" ) K, (24, 4" ) Kag (25, 9)0(y' )0 (4" ) -
(4.127)
Next, we use the spectral representation of the AdS delta function and the split representa-

tion of the harmonic function to obtain

+i00 dC
6(y1 — y2) /dw/ 7,06 ) Kpie(@', y1)Kn—c(2',y2) , (4.128)

where c is the imaginary spectral parameter, = d/2 and the spectral function for the Dirac

delta is
P(g+c)T(5-¢)
2714 (—c)T(c)

ps(c) = (4.129)

Now, all three bulk integrals can be performed, since they are of the AdS three-point function

type

/dyKAl(ﬂfl, Y) KA, (22, Y) KA (23,Y) = an;,ny,n5(O01(21)O2(22)O3(23)) (4.130)
where
1
(O1(21)O2(22)O3(73)) = —x7;5 - vy (4.131)

Lig Loz T3
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is the kinematical three-point function without OPE coefficient, and

(U2 1

Ay Ao, A3 = o (Al) T (AQ) T (AS) 9 ) . (4132)

We are then left with two spectral integrals and two boundary integrals

wete = /[dc’] [al(:"]dac’cl:c”pg(c')p(s(c”)aAl’AQ7;L+c/c1;l,c/7A5,h,cnathC//,A:,”A4 (4.133)

(O1(21)Oa(22) Oy (2")) (On—er (2") O5 (25) Op— e (2")) (O e (2" ) O3 (23) Ou(4))

where [dc] = dc/2mi. The position space integrals precisely coincide with the definition of
the five-point conformal partial wave for the exchange of two scalar operators of dimension

h+cdandh+ "

YRR (1) = / dzdz’ (01020410 (7)) (On—c (2') 05 Op - (2")) (Opy. e (27) O304)

h+c’ ,h+c
(4.134)
Thus, we find the partial have expansion for the five-point contact Witten diagram
wee = [ ae (e VUL o) (4.135)
with
p5(c, ") = ps () ps(c")any ot Ut As b Uer Ag Ay - (4.136)

To obtain the conformal block expansion we deform the contours towards the real axis and
pick up the physical poles. To do this we need the relation between the conformal partial
waves and the conformal blocks. Since they solve the same Casimir equations, the confor-
mal partial waves must be a linear combination of the blocks for the exchanged operators
and their shadows. We provide a detailed analysis of this relation in Appendix 4.A.3. The
coefficients can be obtained in the OPE limits and are given in terms of shadow factors K

(h — c appears since it is the shadow of h 4+ ¢)

\Ilﬁi;;ﬁic,, (zi) = K ,ff(’j,l_C”K hA_‘r’;}f,ﬂ/ Gﬁig;;}ﬁi,,(wi) + 3 shadow terms (4.137)
With
5= () A R by 49
2 2
which are related to the shadow factors S we will compute below by K il jAz =(—3)’ Sﬁ} jAz.

We will carefully describe these factors in Appendix 4.A.3. Note that since we only exchange

scalar operators we always have J = 0 so we suppress that label. We now have the block
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expansion in contour integral form

W — [ )ae sl G R  o3) (4.139)
where
ps(c, ") = AR RS ehahte 5001 1y (4.140)

and the factor of 4 comes from the shadow combinations. The function p5 contains three
families of poles corresponding to the exchanged operators. Introducing the notation A’ =

h + ¢, we have

Famlly 1. A= A1+ Ag + 20y , A = Az + Ay +2myq , (4141)
Family 2 A=A+ Ay +2ny , A" = A1+ Ay + As + 2ng + 2meo , (4.142)
Famlly 3 A= A3+ Ay + As + 2ng + 2mg A = As+ Ay +2ms3. (4.143)

Thus we can write the block expansion as

t A1...A Aq... A
Wee = Z Phag,, 1384m, 671[151,11,[534]7%1 + Z Py, [125]ng+mo G[lé}@fuanﬁm
n1,m1=0 ng,ma=0
AL As
+ Z P[345]n3+'m3 [34]m3G[34115]n3+m3,[34]m3 ) (4144)
n3,m3=0

where [ij],, denotes the scalar double-twist [O;0;],, with n laplacians, and similarly for the
triple-twists [ijk|,+m. The P, are related to the OPE coefficients through (4.17) with ¢ = 0.

Finally, we specify how to obtain the P, from the residues of ps

/ "
P[12]n1[34}m1 = ReSA":A3+A4+2m1ReSA’:A1+A2+2n1p5(A AT,
/ "
P[lz}nQ [125]ng +mg — ReSA”=A + Mgt As+2ns+2ms RESAT=A | 4 Ay 12,5 (A", A”),

Pi345]y 4y [341my = RESAT=Ay 1+ A4 +2ms RESAI= A/ A5 20,05 (A, A”) . (4.145)
Some comments on this block expansion are in order:

* We have exchange of both double-twist and triple-twist operators. Unlike the double-
twist operators, of which there is only one of a given dimension, triple-twist operators
are degenerate at leading order in 1/N. Since we have operators of dimension A; +
As + As 4+ 2(n + m), and we sum over both n and m this means that there are p + 1

triple-twist operators of dimension A + Ay + As + 2p.

e Large N counting determines that a connected five-point function has a leading be-

haviour ~ 1/N3. (One can have factorized three-point x two-point functions at order



4. LIGHTCONE BOOTSTRAP AT HIGHER POINTS 179

1/N but let’s ignore those). We can check this large /N behaviour in the OPE coefficients.

For family 1 we have

Puay, 345, = Cr2n12),,, 112, 50341, C134],m, 34 (4.146)

where the first and last OPE coefficient are the MFT ones, so we are accessing the 1/N3

information in C[y9),, 5(34)

ni mi

. For the second family we have

P12}, 11250y sy = 012[12]n2 0[12],L25[125,}n2+m2 0[125]n2+m234 ) (4.147)

where now the first two OPE coefficients are MFT (although the second one is single-

twist/double-twist/ triple-twist), and the 1/N? data we are probing is Cli2s] 34-The

no+mo

third family is similar to the second one.

¢ For generic dimensions we have an expansion in terms of blocks, however when the
exchanged operators in different families have dimensions that differ by an even inte-

ger, we find that the OPE coefficients naively diverge. This happens when
Al +D0+ A5 —A3—Ay;=2p or A1+Ay—As5—A3—Ay=2q (4148)

for some p,q € Z. By carefully regulating the external dimensions and taking the
limit, one finds that the divergences in OPE coefficients cancel, and we get instead
derivatives of the blocks with respect to the exchanged dimension. This is the tell-tale
sign of anomalous dimensions for the exchanged operators. We will see this explicitly
in the Dj1112 example that we will analyze below. Equivalently, we can take the integer
separated dimensions at the level of the spectral function, which will then have double
poles. Picking their residues also leads to the derivatives of the blocks. In particular,
recall that the D functions which admit a closed form expression are the ones where the
total dimension is an even integer. This means that either A1 + Ay + As and Az + Ay
are both odd or both even. In any case, their difference is an even number, and will
therefore satisfy the above condition. Therefore, we learn that explicitly computable

D-functions must always contain derivatives of blocks.

The case of Di1112 The simplest computable (in terms of ladder integrals) five-point D-
function is Di1112. As argued above, this D-function contains blocks and derivatives of
blocks corresponding to anomalous dimensions in its expansion. Following the limiting pro-
cedure described in the previous section, the coefficients in the expansion can be read off. We
can organize the sum into two integers corresponding to the two exchanged operators. It is

actually more convenient to pick the two integers to parametrize the dimension of one of the
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operators and the difference between the two. We separate the cases with same dimension

and positive difference, since they are qualitatively different. Therefore we write

2 . 350,711
f%+n1+2 F—%+2n1+3 <1 4

2r—ad/2 12 2
2m+27 _dyon, 42

T r: . .r
WCtC _ io: 2n1+1 ni+1

n1=0

Goyony 2420, (4.149)

d/2
o0 i / 5Fnl+1F5+n1+1F5+2n1+1F_g+n1+21—‘_g+6+n1+2
+ Z -
Iy

2

T T T T 8A1G2+2(n1+5),2+2n1
Fo+2ny+3° 220 —dgony 427 20+ D) T 2(54n+1) - §

[«%)
/N ©
n
Nl

o1 T d s o po — 2 <S—g+25+2m+1 + 525+2n1+1> + Ssni + 55+2n1> +1

—d/2
2m /FQm+2F—g+2m+2F2(5+n1+1)F2(5+n1+1)—%

Fnl+1F,%+n1+2115+n1+1]-_‘6+2n1+1r,%+5+n1+2F7%+§+2n1+3G2+2(n1+5),2+2n1

+ (Al < AQ)) s

where we introduced the shorthand notation I', = I'(a). Specializing for concreteness to the

case d = 4 and explicitly writing the block expansion for the first few operators, we have

10 134 10 4 16 134

W = 4n?Gy o — 57@(?2,4 - %71'2G276 — §7T2G4,2 + §7T2G4,4 - 2—25772G476 - %772(;6,2
- %WQG@-A + 2;;571'2616,6 + §W2G2,4(0’1) + %WZG&G(O’D + %W2G4,6(0’1)
+ §7T2G472(1’0) + %WQGGQ(LO) + I%HGGA(I’O) + higher dimension operators,
(4.150)

which has the expected left-right symmetry. On the other hand, D;112 admits an explicit
position space expression in terms of a linear combination of products of rational functions
of the five cross-ratios and one-loop ladder functions ®(z,z) with the arguments being all

possible five-point cross-ratios. In practice, we have to invert to the variables u, v and use

2Lis(1 — v) + log(u) log(v)

O(u,v) = 1o + (4.151)
u(2(v 4+ 1)Lia(1 — v) + log(u)(—2v + vlog(v) + log(v) + 2) + 2(v + vlog(v) — 1)) +O(?)
(1—-v)? '

Using the radial expansion for the five-point blocks described in [176]

A/ N "
GA’,A” = Z an’,n”sl +n 82 tn Hn’,n”(Xla X2, Xd) s (4152)
n-,n

Where a,, ,» are kinematically fixed coefficients, si, so are radial variables which are small

in the double (12)(34) OPE limit and # is a polynomial in the 1, X2, X3 angular variables,”

BWe have 21 = &1,2x2 = &3 and —2y3 = & in terms of the &; variables introduced in [176].
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which are fixed in this limit. As an example we have:

G = s3st+shsha —sisho + oot (446 — 1) +ysistxa—2x1x0) + 585t (43 — 1) +0(57).

(4.153)
Using the explicit blocks and the expression in terms of ladder functions, we can form an
expansion in the small s1, so limit, and we precisely reproduce the block expansion derived

through harmonic analysis in the previous section.

4.A.2.2 Six Points

Itis not hard to generalize the previous analysis to the six-point D-function. We will consider

the expansion in terms of the snowflake partial wave

Vi po= / d7,59(01020 4(27)) (030405 (23)) (05060 (w9)) (O (w7) Ol (w8) O (o))
(4.154)

A similar analysis to the five-point case leads to the spectral function

ﬁﬁ(cla C2, 63) = /06(01)p&(CQ)pé(C3)aA1,A2,h+c1 a/AS,A4,h+C*2a’A5,A6,h+C3ah701,h*CQ,h*Cg . (4'155)

Using the OPE limits discussed in Appendix 4.A.3, we can then determine the proportional-

ity factor between the partial wave and the block

Whie htenhtes (T5) = Kg:gf’h_ci”l(gfg’h_c?’ KZfE;’H” Ghtcy htcohtcs (i) + 7 shadow terms
(4.156)
Such that we can represent the six-point function by
prete _ / [der2,3]06(¢1,2,3) Gher hotes hotes (€4) (4.157)
with
polc123) = 8K KOS KT 2 B (e 0) (4.158)
This spectral function leads to the following families of exchanged operators
1 Ap=A14+A0+4+2n1, Ag=A3+ A4 +2ny, Ac = A5 + Ag + 2n3, (4159)
2 Ap=A3+ A4+ A5+ Ag+2my, Ap = A3+ Ay +2ma, Ac = As + A + 2mg3,
3 Aa=A1+A2+2p1, Ap = A1 + Ay + A5 + Ag + 2pt, Ac = A5 + Ag + 2p3,
4 Ax=A01+82+2q1, Ap =83+ 84 +2¢2, Ac = A1+ Ao+ Az + Ay + 2,
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where m; = my + mg + mg3 and similarly for the other indices. Note that we identify double-

and quadruple-twist operator families in the spectrum.

The case of Dj11111  Once again we consider integer valued D-functions, the simplest of
which has all dimensions equal to 1. They are particularly useful in the study of ¢? theory in
6 — € dimensions. On the lightcone (12)(34)(56), the D-function D11;111 has been computed
in [196]. The fact that all dimensions are identical and furthermore integer, leads to the usual
degeneracies, and pole collisions, which are responsible for generating derivatives of blocks,

and therefore tree level anomalous dimensions.

Note that for poles to collide, we must have that some double-twist operators in family 1
have the same dimension as a quadruple trace operator in families 2,3 or 4. Therefore, the
sum of operators naturally organizes in terms of a triangle function. If the three dimensions
satisfy the triangle inequality, then there are no pole collisions, and the contributions can
only come from family 1. If the triangle inequality is violated by some exchanged operator
(and of course this can only happen to one operator at a time), then we must consider the
poles in family 1 along with the family who has that operator as a quadruple trace (e.g. if

A > Ap + Ac then we take family 2). We write

3
cte e 7rd/2 Fni+1F2,%+n1P1—ni+nj+nk
W= Z 2 PS*%JFeranrnsH T T G2+2n172+2n272+2n3+
ni,n2,n3=0 =1 2H2nit 2—g+om,
0 Drtilng il gy ol gy olsroni 41l 2n, 41
| 2
ni,n2,0 F2n1+2r2n2+2rfg+2n1+21—\7%+2n2+2

/2
& F—g+m+2rnt+lr—g+6+2n1+2n2+3
X T T OnsGo12n, 242002420, +
0% 2(ne+1)" — 4 yon, 42

s —¢_g_5+2nt+3 - ¢_g+nt+2 + 2¢_g+2nt+2 + s — Ysron+1 + 2%on, — Vsrony+1 — Vnytl

Z wal -1 -1 Ffl

n1,n2,6 n2+1r—%+m+2 —44ny+2 6+2n1+1r5r2n1+2r2n2+2r—§+2n1+2r—g+2n2+2r2(m+1)

—m2T,, 1T 1T

4 _5+2n+3

-1 -1
2F7%+2nt+21—‘5+2n2+11—‘_%+nt+2

Goi2n, 24200 2420, + (A3 <> A1) + (Az < Ag) | , (4.160)

where n; =ny +no+dand ¢, = Sy —a™ ! —g.
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4.A.3 Higher-point correlators and Harmonic Analysis

Harmonic analysis of the conformal group leads to the Euclidean inversion formula, which
extracts the CFT data from the full correlator. This tool is available even for higher-point
functions, but is generically not a useful apparatus for computations. A notable exception
is the case of MFT correlators where the inversion can be performed rather explicitly in the
case of four-pt functions [197]. In this appendix we derive some of the results needed to

generalize this procedure to higher-point functions.

4.A.3.1 MFT six-point function from Harmonic Analysis

We will study the six-point function of identical real scalar operators ¢ of dimension Ay
presented previously in (4.81). Before moving on, it is important to point out that depending
on the OPE channel (snowflake vs comb), we can have different amounts of identity operator
exchanges which must be accounted separately in the conformal partial wave expansion,
since they are non-normalizable with respect to the Euclidean inversion formula. To analyze

this we recall the definition of the six-point partial waves. The snowflake partial wave is

W = / (01020 4(27)) (03040 5(15))" (05050 (29)) (O (w7) Ol () OL (29)) ¢,

o (4.161)
a, b, ¢, d are tensor structure labels anc71 the daggers denote the dual representation, meaning
the indices of the A, B, C exchanged operators are contracted. We can now identify the prob-
lematic identity exchanges. The 12 — 34 — 56 contraction corresponds to the exchange of three
identity operators, which is non-normalizable but can trivially be written as the conventional
prefactor times 1. We can also have the exchange of one identity operator and two non-trivial
double-twists. This will be the case, for example in the Wick contraction 12 — 35 — 46. Pulling
out the prefactor, we will be able to expand this in a factorized form, as a two-point function
times a four-point function, and of course the block expansion of the four-pt function will be
the non-trivial, but well-known MFT one. In total, we have one wick contraction with three
identities and six with one identity. Below, we will therefore focus on the eight remaining

non-trivial ones. On the other hand, we have the comb channel partial wave:

V5 = [ (010:04(7)" (O} (27)0:0n(a)) (O} (15)0400 20))* (O 20) 0505

o (4.162)
We can now have two identity exchanges (which is again a factor of 1 with the conventional
prefactor choice), or one identity exchange (four choices). We must account for 15 — 34 — 26

and 16 — 34 — 25 Wick contractions which exchanged an identity in the snowflake channel,
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but do not do so in the comb channel. The remaining eight non-trivial contractions are the

same as before.

To obtain the OPE coefficients, we will be using the euclidean inversion formula, which
amounts to integrating the euclidean correlator multiplied by an appropriate conformal par-
tial wave. This works because of the orthogonality property of partial waves. The appropri-

ate inner product is given by

~ ~ dezq - - dx,, ~ -
(101--0,).(01-+-01)) = [ St (0100 (0]-0}). (@169

Snowflake channel For the snowflake partial waves we find the orthogonality property

it .6 04,4'0B,B0C,C"
\I,sf,l...G,abcd \Ilsf,lf;.ﬁi,efgh) _ , , ) 4.164
( ABC 2 T ARBrCH 1(Ba, T (Bp, Tp) (B, Jo) (4.164

((12A)“, <‘1’T2T2ﬂ>e) (<34B>b, <3T21TBT>f) (<56(J>C, <5T6TGT>9) (<ATBTGT>d, <ABC’>h> ,

where dx x/ = 216(vx — vx/)djy,7,, and we adopted the shorthand notation X = Ox. The

snowflake partial wave expansion is given by

(O1...05) = > /duAddeuolggcd(uA,JA,VB,JB,VC,JC)\I/i{:E;g(mi), (4.165)
Ja,JB,Jc

and we invert this with the orthogonality relation

it gt I8t (va,Ja,ve, JB,ve, J
99t = (01 0p) Wi R ) - a0 o T, )

(Aa, T)u(Ap, Tp)n(Ae, Jo)
((12A)“, <‘1”fé*£ﬂ>€) <<34B)b, <§,TZHBT>f) (<560>C, <5T8TGT>9) (<ATBT0T>d, <ABc>h)
(4.166)

Taking identical real scalars O; = O = O, this reduces the calculation of the spectral function
to the calculation of the integral on the left hand side of the above equation, which is given
by

1" = [ B 0(00)0(2) 0 (52)) (Ol Ol O 3)) (s Ol Ofs) x

(Oa(27)0p(28)Oc(29))*(O(21) - .. O(w6))mpr - (4.167)

As discussed above, the MFT correlator consists of fifteen triplets of Wick contractions.
Clearly, when either of the pairs are 12, 34 or 56, we can integrate one of the variables, and
this will shadow transform one of the three-point functions. However, we will then have a

three-point function with two coincident points, integrated over this point, which is badly
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divergent. This is the reason why such contributions are non-normalizable and need to be ac-
counted for separately. Therefore, we henceforth focus on a representative contribution, and
the remaining ones can be obtained in an identical manner (in fact some of them give a man-
ifestly equal result). Let us take for concreteness (O(x1)O(x3))(O(z2)O(x5))(O(x4)O(z6)) C
(O(x1) ...0O(z6))mrr Performing the integration over z3 56 applies shadow transforms on

the 3-pt functions:

70— / W<@(xl)@(l‘2)@;($7)><S[@]($1)@($4)@T3($8)><S[(§](;I;2)S[@](ZE4)@TC($9)>X

% (Oa(27)Op(28)Oc(29))" , (4.168)
with the shadow transform for the scalar defined as

(S[0(x)...) = /dy@(fﬂ)@(y))@(y) ) (4.169)

We also define the shadow factor for the three-point functions, which is the fundamental

building block for the following calculations
(S[010;0,)" = S([0]010,)§(0010,)" . (4.170)
We can now write the spectral function as

& :/W<(’j(:c1)@(m2)@j4($7)>(O(m)@(m)@;(xg))<O(:c2)0(a:4)(’32,(g;9))><

S([0)00L)S(0[01OL)S(IO1OOLNO 4(a7)Op (x5)Oc (29))
(4.171)

Let us make a few comments. First note that there is some freedom in choosing what oper-
ators we actually shadow transform, and in the case where we transform two in the same
three-point function, we can also choose the order. This leads to apparently different ex-
pressions, which presumably give the same result in the end. We should also point out
that independently of these choices, the shadow factors only include one spinning operator
and are therefore known in closed form for any J and d. Additionally, it is clear that each
three-point function has exactly one point in common with the other ones, and therefore the

position space integrals remain non-trivial.

To address this, we note that an integral of two three-point functions integrated by a common
point is just a four-point partial wave, which admits well-known crossing relations, whose
kernel are the 6; symbols of the conformal group. There is now some freedom in choosing
over what integration point to perform crossing. Crossing over the scalar corresponds to a

65 symbol with three spinning operators. Crossing over a spinning one will lead to a similar
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result. Let us first define the 65 symbol** through the crossing relation

abcd
WO (1 o o ) = Z/[dA] [A1, 1] [Ag, o] [A',T] Wby o e )
g N0 VAR R

4.172)

Let us cross through the scalar at 24 using

tﬁm@mmeWMMMmmww:ZﬂMﬂ (4173)
7

b
N A . s . /dx4<(9(951)0($2)(9'(964)><@’T($4)@E($9)@E($S)>b-
[Ac, Jo] [Ap,Jp] [A,J']

With this, we can easily perform the z1, x2 integrals using the bubble integral formula

1 5(0(21)0(22)0y (7)) (O(21) O(2) 0/ (a4)) = — 24

e Tyatam) (<(§(§(§L>, <(9(9(9A>) .

(4.174)
The delta function between operators O 4 and O’ removes the auxiliary spectral integral, and
the position space delta function gives a final pairing between A, B, C' three-point functions.

Collecting everything, we obtain

b
1% = S([0]OOL)S(0[0]0L)S([0]00] NA ~A A
([0100,)S(0[0]0)S([0] B){ Ao de] [Apds] [Bada] } X

(10001, (0004))
;L(Z&,4,(];4)

(<@L@;@g>b,<0,40300>“) . (4175)

Note that we have a 65 symbol with three spinning operators. When one or two of these
operators are scalars, this should be related to well-known 6; symbols through the tetra-
hedral Sy symmetry. Otherwise, this is a non-trivial object to be obtained either through
weight-shifting operators, or more directly from the Euclidean inversion formula applied to

the cross-channel partial wave with the appropriate tensor structures.

Comb channel In the comb channel we have slight modifications to the orthogonality

properties. The orthogonality relation now reads

d4,40B,B'0C,Cr
NG 1...6,abcd \I/C if..6t, efgh> 4.176
( ABC Art Briévt w(Aa, JA)u(Ap, Jp)u (A(%JC) ( )

((12A>a,<iTéTAT>6) (<AT3B> (A3 B ) (<BT40> (BATChys ) (<OT56>d, <05T6T>h) :

#QOur convention for the 6j symbol differs from others in the literature by a normalization factor.
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from which the spectral function now follows from the Euclidean inversion integral

R IS (va,Ja,ve, JB,ve, Jo)
1¢f9h = (10, ... Og), WS 8efah) — _Zabed\VA A VB, B, VO, 4177
(0100 5 5" ) = R s T i Jo) @177)

(<12A>a, <1+m*>e) (<AT33>b, <A3TBT>f) ((BT4C>C, <BzﬂéT>9) ((C’T56>d, <05T6T>h) ,

Once again, we specialize to the case of identical external scalars O, such that the spectral

function can be obtained from the integral

1% = [ S0 0(0)0(22)0l (27)) (O () Ol Ol 3)) (O ) O0) O ()

(Oc(29)O(w5)O(6)){(O(x1) . . . O(6) )T - (4.178)

34 Identity

As discussed above, in the Comb channel there are two qualitatively different types of terms
without an identity exchange. The non-trivial contractions in the snowflake channel are also
non-trivial in the comb channel. However, the (O(xz3)O(z4)) Wick contraction, which is an
identity exchange in the snowflake OPE, now becomes a non-trivial contribution. Let us take

the 15 — 34 — 26 contraction. This gives a contribution

15 / MI2ITED (60 O(2) 0, (1)} (0.4 (7) Olrs) Oy (25)) (O 25) STO) 5) O )}

Note that there is again a lot of freedom in what operator to take the shadow transform, and
in the subsequent steps. However, it is unavoidable to obtain a shadow transform on a three-
point function with two spinning operators, which gives a complicated (matrix) shadow

factor

s | ELEIEED6(11)O )0y (7)) (O (1) O s Ol () (O () O(3) Ol ()

S(0c[0]0)S(0c0[0])S(05[0]0c)"{Oc(x0)O(21)O(x2)) . (4.180)

We can now apply the bubble integral formula for the z; » integrals. This imposes a delta
function between operators A and C, and also on their positions, 7 — z9. In the end, we

obtain

a 5A,C o~ - o o
I3 i, 7y S(0cl010)S(0c00)S(05(010c ), (1000.4),(0400)) x

((0,4@@3)“,(030@,4)0) . (4181)
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We again emphasize that this depends on a non-trivial shadow factor.

Non-trivial contractions: one point in common

Now, we have to consider again the eight non-trivial Wick contractions, which contain no
identity operators in any channel. There are two further classes of Wick contractions, ones
which will induce two common points between two pairs of three-point functions, and ones
where all three-point functions will have one point in common with each other. A represen-
tative example of the second type is the Wick contraction 14 — 25 — 36. Its contribution to the

spectral function is given by

15 [ S (0(0)0(02) 0 (7)) (O (w7)O(a) Ol x)) Q) O ) O ()

(Oc(w9)O(25)O(w6))(O(21)O(x4))(O(x2) O(5))(O(23) O(xs)) . (4.182)

As usual we have some freedom in what operators to shadow transform. In this case, this
is particularly relevant, since out of the three shadow factors, we can have either zero, one
or two “difficult” shadow factors, depending on what operators we transform. Sticking to
the easiest possibility, we inevitably get only one common point per three-point function,
which means that once again we need to use crossing relations or 6j symbols to proceed
with the position space integrals. It is convenient to cross through O4(z7) and then do the

x93 integrals using the bubble formula. In the end we get

Jab - A [Ap,Jp] [Aa,JA] o
A A [Ac, Jc]

N } S([O]004)S(Oc[0)]0)S(Oc0[0]) x (4.183)

(1000}, (0000))
1(Ac, Jo)

(100L00), (0050L)")
There is just one more class of Wick contractions to analyze.

Non-trivial contractions: two points in common

We can also have two-point functions connecting the adjacent three-point functions of the
partial wave. A representative example for this case is the Wick contraction 16 — 23 —45. The

contribution to the spectral function is given by

s | L (0(01)O(2) O}y (1)) (O (1) Ol Oy ) (O 5 OL) Oy )

(Oc(29)O(5)O(6)){O(21) O (6)) (O(w2) O (23))(O(wa) O(w5)) . (4.184)
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Once again, we have the freedom to perform the shadow transforms, and we can get either

zero, one or two hard factors. Let us get all simple factors by making the choice

1% 5 / WL (0 11)O(5) O (27) (O a (7)O3) Ol (25)) (O (28) D () Ol (0))
S(0c[0]0)S(0cO[O))S(O[0]04)(Oc(9)O(24) O(x1)) - (4.185)

There are now two possible approaches. We can try to do, for example the x3, x7 integrals,

which would involve a bubble integral with a spinning operator integrated over

(5@5’05(1‘1 —
1(A,0)

7s) (1000.4),(000.4)) .
(4.186)

This would mean that the operator exchanged at Op(z5) would need to be the same as the

/3 (O(@1)0(a3)0} (a7))(Oa(7)Oa) Ol as))” =

external operator. It is not hard to argue that this is possible in MFT. We are then able to do

the final three-point pairing and obtain

O00,), <O@OA>)
1(A,0)

. R K L

15 5(0c[010)S(0c0[0))S(0[0104) ( (1000¢), (000¢)) .
(4.187)
Note that the tensor structure indices went away, since Op became a scalar operator, and

therefore all tensor structures became unique.

4.A.3.2 Partial wave decompositon and conformal blocks

In the previous section we formally derived the partial wave decomposition of MFT six-point
functions. However, to obtain the actual CFT data, we need to write down the conformal
block decomposition and read-off the OPE coefficients. In this subsection, we establish a
relation between the partial wave decomposition and the conformal block expansion. We
quickly review the case of the four-point function which can be expanded in partial waves

as

[N A
(010,0505) =Y [i ’ ;meab(A, p) ) (1) 4 discrete . (4.188)
P 2

Here discrete is associated with possible additional isolated contributions, notably includ-
ing the identity. The partial wave is defined in terms of a conformally-invariant integral

involving two three-point structures

v (@;) = / d'2(01020(x))( (030,01 (x)) . (4.189)

In order to relate the partial wave decomposition to conformal blocks we follow the strategy

of [197]. The partial wave in (4.189) is a solution of the Casimir equation and therefore one
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can establish its relation to conformal blocks by uniquely estimating its form in the OPE limit
x1 — x2. Obviously the Euclidean OPE limit cannot be taken simply inside the integral as the
integrand probes regions where the OPE in the pair (12) is no longer valid. However, under-
standing the leading behaviour outside this region is enough to match those contributions to

a given conformal block. For concreteness, consider the replacement

(01020(2))@ = C\3), (O (22)O()) , (4.190)

where C’f;g encodes leading terms in the OPE O; x 0. With this replacement the integral

in (4.189) becomes a shadow transform of ot,
UG~ O (03018[01) ) = S(0304[01)iC{3n (050,010 . @191)

On the other hand, the conformal block G E; 2 is a solution of the Casimir equation, which in
the OPE limit of @1 x O behaves as

ng) ~ C£3é<(f)304@T>(b) ’ (1 — x2). (4.192)
It is thus clear that the partial wave must contain a term
1) 5 §(050,[01)G4 (4.193)

Similarly, if one performs an OPE on O3 x O, instead, it is straightforward to show that the

partial wave contains a term
wg 5 8(010,0])2GE (4.194)
Putting everything together we conclude that
v = S(0;04[0M)EGET + S(010:[0))2G”, (4.195)

which reflects the fact that the Casimir equation is invariant under A — d — A. Inserting
this relation on (4.188), extending the integration region along the entire imaginary axis and

using shadow symmetry, allows us to write

+zoo dA ac
.. Oy) Z / ’ Cue(A, )G9 (4.196)

—100

where Cue(A, p) = Ip(A, p)S(O504]O1). As usual we can then deform the contour inte-

gration away from the principal series and pick up poles of C,.(A, p) on the real line, which
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have residues that encode CFT data. For a particular exchanged operator O,, we have

012*034* = —RGSA:A*C(A, p*) . (4.197)

This formalism can straightforwardly be adapted to the case of higher-point functions. For
five-point functions, the discussion has already been presented in [103], but we also review

it here. We consider the partial wave

VG () = / 4% 4d%s 5 (01020 1) (O1,0505) P (0p0504) (4.198)

where O 4 p are exchanged operators. A five-point function can be decomposed in terms of

this partial wave

2400 dA 240 dA
2 2 (abc
(01...05) = 3 : / 28 LoD, pas A, pp) UGS (2) . (4199)

d 211 21
PAPB ~ 2

IS8

To expand this partial wave in terms of conformal blocks we again consider OPE limits. In
particular, we take 1 — x2 and z3 — x4 at the level of the integrand and we observe that
the partial wave must contain the term

O, (abc a c A A B a c e
W (@) O OOy SIOLOsSIO)® = (SP)uSE)! ClsaCiils (04 0s05) ).

)

KGSZEC)

(4.200)
where we have used the shorthand notation S§¢ = S([04]050..) and recognized the lead-

ing behaviour of the conformal block G(Xg) in the OPE limits ;1 — x9 and z3 — x4. As

igbbc) (z;) is a solution of the Casimir equations,

above, we notice that the partial wave \II(Z
one for each OPE exchange, and therefore it enjoys the invariance A <> d — A. We can then

propose the decomposition

‘1’%3(%) = R1Gap(7;) + RaG 35(wi) + R3G  5(x;) + RaG 55(7:) (4.201)



192 4. LIGHTCONE BOOTSTRAP AT HIGHER POINTS

where, as we have seen, R} = (S5B )¢ (SA5) In order to find the remaining R;’s we explore

the symmetry of the partial wave:

T () = / 4% 4d%s 3 (01020 1) (O,0501) P (0 0504)
= / Az ad?ad% 5 ((S%P) 1) 010504) D (O} O 4 ) (O}, 050L) D (O5030,)
= / de pdtep(SID)((S3P)1)2(010.0.4) (01,0501 (050;04)©

= (SE)a((STP) UG @)

(4.202)
Performing an OPE expansion on the \If%](;bc) (x;), we observe
O;(abc B Al aec
vy 10 (25) o (SFP)5(SE)EGYEE (), (4.203)
from which follows that
Rofl = (SK)4(S57)2. (4.204)
Similarly, one can show that
Ry=5S¥, Ri=SPsH. (4.205)

Just as we have shown in the 4-point case, one can use the shadow symmetry of 1. to extend

the region of integration such that

5+ gA §H% gA
L0y= Y / o B Do) (S VSEIGS

o o dico 2mi oo 2mi

(4.206)

The exact same techniques can be applied to six-point functions. Here, we focus on the
snowflake decomposition which admits the partial wave expansion (4.165), where the snowflake
partial wave is defined in (4.161). In a completely analogous procedure as discussed above,
we can relate this partial wave to conformal blocks. In particular, from the shadow invari-

ance of the Casimir equations it is natural to expand the partial wave as

\I'ng,c(xi) = R1Gapc + RaG 350 + R3G 5o + RuG 55
+ RsG gpc + RoG ype + BrG gpe + RsG 6 (4.207)

where

Ry = SBCSACSAR | Ry = §25ACGAB | Ry = §3sBCSAB | Ry = 53580 5AC,
Rs = S125%, SAB R = S35 SBC, R7=S},25365§C, Rg = S12534526 . (4.208)
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The computation of these coefficients exactly mimics the computations in (4.202) and below.
One can now insert (4.207) on the partial wave expansion and extend the region of integra-

tion to the whole imaginary axis, keeping only one term which reads

5+ JA 4 dAg dAc

2wt 2w 2w

Tubed(Da, pa; Ap, pB; Ac, po) X

(01...06)= ) ;

papB,pc ¥ 2

~=d e
A ABJ ~(abc
SEC g4C fséBgG(ABg) . (4.209)

4.A.3.3 Direct computation of spinning shadow coefficients

In the previous subsections, we have repeatedly come across shadow coefficients involving
multiple spinning operators but the computation of these shadow coefficients is an impor-
tant question on its own. In this subsection, we will derive some of them using the shadow
formalism. In [197] some of these coefficients were computed using weight-shifting opera-
tors from which recursion relations were derived [198]. Here, we extend these results and
compute directly the explicit integration involved in the definition of these coefficients. We

can write the shadow transform of an operator in a three-point structure as
(0:0:5103))) = [ d0(0:00)(010:00). 4210)

where we have an implicit contraction of indices. Here we only consider symmetric and
traceless representations of the conformal group and so the two- and three-point structures
can be written in terms of the two fundamental building blocks [14] that appeared in (4.14).
In particular we choose the normalization of the two-point structure to take the form
i
(O(z1,21)O(x3, 2)) = —22 (4.211)

- _A+J
L12

On the other hand, the three-point structure is given by (4.13) once we omit the OPE coeffi-
cients. As in the main text, we use here the index-free notation of [14, 199]. In particular, in

what follows we will use the formula

(a-D)(b-2)) = (2?2(@2b2)‘50§1 ((;;(;26)§> ’ (4.212)

where C"~! is a Gegenbauer polynomial and h = d/2.

Before moving on to more complicated examples, let us, as a warm-up, compute the shadow

integral for three scalar operators. In this case, we can use the well-known star-triangle
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formula [200]

d,. 1 _ Whr(h —a)l'(h—b)(h—c) 1
[ e MO Gl g
=G(a,b,c)

with a + b + ¢ = 2h to get

<¢A1 ¢A28[¢A3]>

/dd 1 1
2o 2(d—A3) A1 +Ag—Ag A1—Ao+Ag —A1+As+A3
Ty (2f) T 2 (2f)T 2 (ad)

WP ( Aw — BVT( Bati=0oyp(AatAs—n,
_ 7'T(Az — h)T( 2 )T( )<¢A1¢A2¢A3>v

(4.214)

2
P(Qh _ AS)I‘(AS‘FAQl*AQ )F( A3+A22*A1 )

from which we can easily read the shadow coefficient S(¢pa, P, [PA4])-

In [197] the authors computed the shadow coefficients for the case where two of the operators
were scalars and one of them had spin J. Here we compute the coefficients corresponding to
two spinning operators and a scalar and we shall recover their results as a restriction. Let us
take the operators at 1 and 3 to be spinning operators whereas the operator at x5 is a scalar.
In this case the three-point structure simplifies and we are left just with the label ¢/, = ¢. We

first do a shadow transform of the operator at x3

<0A1,J1 ¢A28[0A3,J3]>(£) =

d %) At B LT, ) (4.215)
:/d x0<OA3,J3($3723)0A3,u1...,uJ3(x0)><0A17J1(x1721)¢A2(x2)OA3 *(20))"

where the indices to be contracted are explicitly shown. In light of the results of [14], this
contraction can be simply done in terms of encoding polynomials that depend on the build-
ings blocks H;; and V; j,. By doing so, one immediately recognizes that the term asso-
ciated with the two-point function is already of the desired form (a - D,,)”* with a# =
(203 - 23)xhy — 3723242 The terms in the three-point structure require some additional care.
It is easy to see however that the zp-dependent terms can be completed to a binomial of de-
gree Js of form (b - 29)”, as appears in (4.212). After using this equation, one then needs to
expand back the binomial and collect only the term we have started with. The computation

is straightforward and leads to the following expression for our integral

(%2 )—%(A1+J1+A2—A3+Jg—2f)
/ddxo 2 \2(A1+J1—A +127J) 2\ (—Ar1—J1+As+A3—J34+20) (.2 \A x
2J3($01)2 1+J1 2+A3—J3 (9%2)2 1—J1 2+A3—J3 (xOS)Ag-‘rJg
X Vf,]éo’z (Vao1 + Va00)" ™ (Va01(zo1 - 21) — ’Ho,3,1)é, (4.216)

®Notice that a*> = 0. We may then just keep the term k& = 0 in the series definition of the Gegenbauer

S _\k 2 J—2k
potynomial, C3(c) = ] 0229
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where for compactness we defined H; jx = (2ij - 2;)(r; - 21) — 3(25 - 2) 73

After performing the expansion of the integrand, one observes that all the terms to be inte-

grated take the simple form
(zo1 - 21)% (203 - 23)°
(251)4(289)" (x3)°

The terms in the numerator can be found from taking derivatives of the denominator as

(4.217)

F(a + Oé) (ZEU : Zj)a

@) ()t

(27 0s,)*(ay) " = 2

(4.218)

It is then easy to integrate the terms in (4.217) by swapping the order of integration and

differentiation

(zd)%(23,)b(xd5)c  2°T(a) 2°T(c)

/ddmo (o1 + 21)%(wo3 - z;;)ﬁ I'a—a)T(c— ﬁ)G(a Cabe— B)x

< (21 00)" (e 00y) ()~ () (ay)
(4.219)
where a + b+ ¢ = 2h + o + 8 and G(a, b, ¢) was defined in (4.213).

We can use a conformal transformation to fix the position of the scalar operator x5 at infinity.
For a scalar, this can be safely done without loss of information. Indeed, there is only one
nonzero ¢; which controls both z; and z3 and there is no z;-dependence. If one does so, the
integrand simplifies and the 27, drop out. The action of the derivatives can then be given in

terms of known functions,

h+a+pB—0)
I'(h —b)

. PR | N h—a-
(Zl : 8x1> <23 : az3)/3 (-’L'%J)b h =2 2’8 ( (%31 : Zl) (1'13 ' 23)6(1%3)17 g IBX

2
Z1°23%
X 2F1<_047_/87b+1—h—05_6; 2x13-z3x1;3-2;1> .

(4.220)
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Putting everything together, we find

<OA17J1 ¢A28[0A3,J3]> @ =

255 35 53l Ul [NIGUIATHIGE

hF J1+J3+27”—25+2t+A1—A2+53 1—\ J17J3+2p72t7A1+A2+53
7T 2 2

T
Q

(_ 1) J3+r+s+t+2w—m 27J3

T (J1+J3—2p—2q+2r—25+2t+A1—A2+A3) T (Jl—J3+2p—2t—A1+A2+A3>
2 2

m J —m J m
I' (A3 —h) (—p—q), (= +qg—r+s), H3Vi 55 " Vaie

T(14+w)T (p+q+£3) (27J17J372r+23272t7A1+A2753) (:E%g)mwrgz%sug
w

(4.221)

(Oa,,09n, 0537J3 ) (m)

from which we can easily read the shadow coefficients associated with each possible three-
point structure. One can check that this expression reproduces the results of [197] as a special
case.” It is worth stating that all the sums here have indeed a finite number of terms. This
can be seen from the expression above by noticing that for sufficiently large w the Pochham-

mer symbols in the numerator will vanish.

One could have wanted to do instead the shadow transform of the scalar operator. That
case is simpler as there is no need to deal with the contractions of indices as we did in the

beginning of this subsection. Keeping x5 at infinity, we have the following integral to do

—A1—J1+A9—A3—-J3
2

2

d (z13) 1

/d O A Ay Ag-Ty , ,  —AI-Ji4Ap+AgtIy V103 V310 H13= (4.222)
Lo1 2 (253) 2

%Strictly speaking there is a 277% difference which follows from a different normalization of the two-point
function.
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which can be integrated in the exact same way as before. This is a straightforward computa-

tion and we find

<0A1,J18[¢A2]0A37J3>(£) =

oo b4s—r
Z Z (Jl - €> <J3 - é) (£> <€ +5— T> (_1)J1+J3—P+q—r+2$+€—mx
0s=0 m p q " m

=0

Ji—LJ3—C ¢

Il
=)

p=0 ¢

7ThF (Jl +Js—p—q— 2 + Ay — h) T (—J1+J3+A21+52—A3) T (J1—J3—A21+52+A3>

J1— J3—
(“h+p+0s(—Js+a+0),  HEV"VL" (4.223)
(Lth+ptgh20—Ji—Js—Do)s () Mthtfpidatsy |
13

<0A1,J1 ¢£2 OA3,J3>(m)

The shadow coefficients computed in this way also reproduce the known results of [197] in

the appropriate restriction.

Lastly, let us comment on the more generic situation where all operators have spin, which is,
of course, more complicated. Note that we were only able to write the action of the deriva-
tives in such a compact form because we fixed x5 to infinity. In the more general case, we are
no longer able to naively set x3 to infinity since we would lose control of ¢; and /3. On the
other hand, we can still successfully integrate the shadow transform in a case-by-case basis,
but this becomes cumbersome for large values of spin. For completeness, let us write down

the integral that remains after having dealt with the contraction of indices

—Ay—J]—Ag—Jo+Az—J3+20y
2

[ (1)r+e(at,) )
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01
Os1,J1—lo—Ll3y rJo—l1—0 2 2 2
X ngvléo : 3V2f)1 e (V3702 (‘/27019501 —x12 - 329502) + 7'[0,3723712) X

Lo
2 2 2 2 2 2 2 2
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) J3—01—1Lo
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where we assume that the shadow transform is done in the operator at x3. One can easily

see that all the terms can be integrated in the same way as before

/ddxo (zo1 - 21)* (w02 - 22) (wos - 23)7 _ T(a—a)T(b— B)T(c—1) Gla—a.b—B.c—)

(@81)*(x52)" (233)° ~ 2°T(a) 2°T(b) 2T(c)
X (51 00y ) (22 Ou) (25 - 0y ()" (a2g)0 0B ()t (4.225)

wherea +b+c=2h+a+ 3 +1.

This is all we need to successfully compute any shadow coefficient of a three-point function
of three operators in spin J; representation, but we did not manage to find a simple and
compact formula for the action of derivatives in the above expression. While one can use
this formalism to compute the shadow coefficients of three spinning operators, in practice
the procedure becomes too computationally expensive at large spin. It would be interesting

to investigate if the weight-shifting formalism of [197] offers a more efficient alternative.



Chapter 5

Conclusions and Open directions

In this final chapter we will provide a brief summary of the main body of this thesis, followed
by a short discussion of potential extensions of the corresponding work. For the convenience
of the reader, we restate and expand on some of the proposals mentioned at the end of each

chapter, but also add some alternative directions.

In chapter 2, we gave the first steps towards using conformal methods on the boundary of
AdS to bootstrap RG flows. We constrained the space of OPE coefficients and scaling di-
mensions, dual to cubic couplings and masses of the bulk theory. We found that breathers
(bosons in a Zy symmetric sector of sine-Gordon) saturate the bounds in UV perturbation
theory in an appropriate scheme, and the IR /flat-space bounds. Subsequently, we turned to
the O(2) charged kink sector, where we considered a bound-state free region of the param-
eter space of sine-Gordon. In this case, we bounded the values of the different correlation
functions evaluated at the crossing symmetric point. Again, we found that the perturbative

UV theory saturates the bounds, as well as the IR flat space limit.

The main unanswered question remains the understanding of the intermediate energy regime.
We argued that a generic QFT in AdS should have a dense spectrum, unlike the sparse ex-
tremal solutions, and therefore should not saturate the bounds. A natural expectation is that
by including multiple correlators in the bootstrap setup, the extremal solutions should be-
come richer and support a denser spectrum. We attempted a simple multi-correlator study
but were unsuccessful because of the existence of spurious solutions to crossing in this part
of CFT space. It would be interesting to check the spectrum in the region where the multi-

correlator bootstrap of [77] succeeded and test our hypotheses there.

Any discussion on the sparse spectrum of extremal solutions to crossing and their relation to
purely elastic flat space scattering amplitudes invariably leads to questions on the definition
of integrability in AdS;. We seem to have argued that the sparse “two-particle” only spec-

trum seems impossible to achieve for scalar fields in AdS, deformed by relevant interactions.
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Perhaps an infinite number of irrelevant interactions or non-locality can fix this problem. An
example along these lines is the theory of branons on a flux tube [201] which is approx-
imately integrable and is closely related to the integrable 7T deformation [79, 202-204]. A
completely orthogonal direction is to find other criteria for integrability. Is a certain structure
of higher-point Mellin amplitudes appropriate, analogously to the vanishing of 2 — n am-
plitudes [92]? Can one define g—functions and generalize the thermodynamic Bethe ansatz
[205, 206] for the S— and R—matrices to the conformal correlators on the boundary of AdS?

These are interesting questions in their own right that we hope to explore in the future.

Apart from the limitations and puzzles still remaining, we have developed a method to quan-
titatively bound RG flows. There are a few direct applications that might be of interest. The
O(N) symmetric generalization of the bounds on correlators is worthy of attention. In flat
space, one encounters, aside from the integrable non-linear sigma models, some mysteri-
ous S-matrices saturating the bootstrap bounds, the so-called periodic Yang-Baxter solutions
[65]. Can we understand their UV nature by placing them in AdS? In the same spirit, we can
consider bound-state free Zy symmetric systems, having in mind sinh-Gordon theory and its
analytic continuation: the staircase model [207]. We could then study the space of the corre-
lator and its derivatives, whose S-matrix analogue is saturated by these models in flat space.
For the staircase models, connections to RG flows between minimal models are also expected
to emerge [207, 208]. We are currently actively pursuing this direction. Higher-dimensional
RG flows can in principle be studied by this method as well and are an important direction

for the future.

In chapter 3, we developed a non-perturbative approach to CFTs in a conformal wedge.
This describes a system near intersecting conformal boundaries, forming a co-dimension 2
conformal edge. We studied the kinematics, establishing the relevance of the bulk one-point
function and the bulk-edge two-point function. We then used the BOE to derive a conformal
block expansion, and by matching the expansions with respect to each boundary, established
a crossing equation. The solution of this crossing equation for a free bulk field lead to a

derivation of the edge operator’s anomalous dimension.

A few clear outstanding questions remain in this setup. Can we use the analyticity properties
of the block expansion to obtain a systematic formalism that allows us to extract boundary-
to-edge expansion coefficients, along with edge conformal dimensions, in the spirit of [74]?
In particular, can we re-derive the one-loop results of Cardy obtained in the 4 — € expansion
[142]? From a more non-perturbative point of view, can we use these equations to establish
a numerical bootstrap setup, either assuming positivity [70], or by performing uncontrolled
truncations [72]? The main target of this approach would be to study the 3d Ising model

near an edge. The angle dependence of the CFT data in such a scenario is intriguing, as we
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usually think of the 3d Ising model (and any generic non-perturbative CFT for that matter)

as an isolated point in the space of CFTs.

Another interesting question is the study of the one-point function of the stress-tensor or a
spin-1 conserved current. In particular, does the existence of a displacement operator have
interesting implication for the physics on the edge? Is there a notion of an edge operator as-
sociated to small rotations of the edge or even to varying the opening angle §? Regarding the
stress tensor, one might also ask questions concerning the energy density and the connection
to the Casimir effect. Indeed, considering a scaling limit where the angle between boundaries
goes to zero with a fixed ratio with respect to the angle of the insertion point, one recovers
a parallel plate geometry. In this case the scale symmetry is lost, and one may wonder if the
bootstrap equation remains valid. It is easy to see that in this limit, our bootstrap equation
reduces to a matching of power laws, very much in line with the thermal bootstrap [137]. In
fact, for identical boundary conditions, we can translate the one-point function bootstrap on
the slab to a two-point function bootstrap on the thermal cylinder. It would be interesting
to explore this direction more deeply, and perhaps connect to Monte Carlo results and to
the intriguing yet mysterious proposal of “uniformizing geometry” for conformal one-point
functions on a slab [209-211].

In chapter 4, we began an analytic bootstrap program for scalar five- and six-point functions
in generic, non-perturbative CFTs!. By focusing on null perimeter limits, in the snowflake
OPE topologies, we related the identity and leading twist operators, in the direct channel,
to large spin double-twist operators in the cross-channel. In particular, the cross-channel is
controlled by OPE coefficients which involve one scalar and two large spin operators, in the
five-point case, and three large spin operators in the six-point case. By additionally taking
the remaining cross-ratios to be small, the tensor structures with large label /; become dom-
inant, and we hence extracted the OPE coefficients in the large J;, [; limit. Additionally, we
explicitly checked that our results match the closed form expressions obtained for discon-
nected correlation functions, generalizing the notion that all CFT’s become “free” at large

spin.

There are many concrete extensions of these results to be considered. In particular, we expect
subleading powers of J at fixed [ to be connected with the small U expansion of which we
took only the leading terms. More generally, going beyond the leading lightcone limit should
provide access to data where the cross-channel operators have subleading double-twist. For
such developments, a more concrete grasp of higher-point blocks is needed, but proceeding

along the lightcone OPE approach still seems promising.

!This is in contrast to the similar work on planar conformal gauge theories done in [174].
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As was famously done for four-point functions, it would be of great interest to systematize
these calculations by establishing higher-point Lorentzian inversion formulae. In the four-
point case, these formulas streamline the calculation of subleading corrections, manifest an-
alyticity in spin of the OPE data, and clarify the convergence of large spin expansion down
to the Regge intercept of the theory, which is known to be smaller or equal than 1 non-
perturbatively [114]. Various subtleties emerge in trying to generalize this to higher-points.
What is the appropriate generalization of the double discontinuity and of the kernel: the
conformal block with light-transformed quantum numbers? How does the basis dependent
tensor structure label / come into play? Must there be analyticity in these quantum num-
bers as well? Would it hold in any basis, or is there any privileged choice of basis for tensor

structures? These are only some of the questions one would need to confront.

Somewhat orthogonally, there is also great interest in understanding the six-point comb
channel bootstrap. This is deeply connected to more complicated operators that can be ex-
changed in the innermost OPE. In particular, in generic space-time dimension, these oper-
ators can be tensors with two-row Young tableaux. More importantly, mean field theory
makes it clear that these operators can be of triple-twist nature, which also clarifies the pos-
sibly complicated spin structures that can appear. Additionally, in the large spin limit, it is
clear that there are many degenerate families of this type. Triple-twist operators are of great
interest theoretically as to truly solve a CFT we must be able to understand its rich and dense
spectrum. In the mean field limit, it becomes clear that multi-twist operators have to be con-
sidered and are an integral part of the spectrum. For example, in the numerical solution of
the 3d Ising model using the four-point functions of o and ¢ [32], the [coo] operators have
relatively low twist but could be invisible due to their very small OPE coefficients. Presum-
ably to truly reduce the island to a point, an important step is to acquire quantitative control
over these operators. To attack this problem, imposing crossing simply at the level of the
comb topology in the six-point function is a possibility, as is matching the snowflake chan-
nel to the comb channel. In any case, more control over the scalar-spin-spin lightcone OPE

would be a useful tool.

Finally, there is also the hope of formulating a numerical bootstrap program for higher-point
functions. As positivity is key in the numerical approach, the comb channel seems like a
better starting point as we can split the 6-pt function into 3 “incoming” and 3 ”outgoing”
operators. It is possible to write the comb OPE as a square of sums, but then positivity is im-
posed at the level of a function of the cross-ratios (we are squaring a full four-point function)
which makes it unclear if a standard numerical formulation can be used. Alternatively, one
can naively assume positivity term by term in the product of OPE coefficients. For example,
in the 1d case, where the blocks are explicitly known [113], it might be possible to directly

study a toy version of this idea.
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51 Closing Remarks

In this thesis we have developed different extensions and applications of the bootstrap ap-
proach. While the four-point functions in CFT still play the main role in the modern boot-
strap program, we see that there are numerous extensions of these ideas which allow us to
understand quantum field theory (and even quantum gravity) in more general contexts, and

study rich and diverse sets of observables.

The main lesson here is that more important than the particular technical assumptions (the
convergent OPE, unitarity, crossing symmetry, etc.) and the specific setup where a bootstrap
approach is available (four-point functions in CFT, two-point functions in BCFT, gapped S-

matrices, etc.), is an underlying set of scientific principles:

e First and foremost, a physical system should be defined in terms of its observables. As
advantageous as the reductionist view of science has been over the past four centuries,
we cannot eternally rely on our ingenuity to construct microscopic models. Therefore,
having a precise definition of the observables and their properties is key to making
progress, when, for example, no experimental data is available as is the case in quan-

tum gravity.

* One should then establish a set of physically motivated properties which the observ-
ables must satisfy. These can be treated as axioms, but this point of view is somewhat
dangerous. In mathematics, a set of axioms is either consistent or inconsistent, it cannot
be incorrect per se. In physics, the “axioms” are based in our limited understanding
of physical systems, meaning they can be incorrect if they disagree with the results of
experiments. Therefore, we should limit ourselves to postulating very basic proper-
ties, without which we would be unable to reasonably formulate a description of such

a system.

¢ Finally, one needs a systematic mathematical framework to impose the properties on
the observables, determining the allowed space of answers. One can populate this
space with known physical systems and ask: Do they saturate the bounds? Are they in
a privileged position in this space? If not, what other physical properties are we miss-
ing to sharply define our system? Or alternatively, what hitherto unknown physical

systems are saturating the bounds?

We are convinced that in the current state of the field, where many of the main ideas cannot
be cross-checked with experiments, these bootstrap principles are an important reference

point to ensure the scientific soundness of the results being produced.
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