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Resumo

Na teoria de Yang-Mills planar maximamente supersimétrica, podemos calcu-
lar fung¢des de correlacdo com acoplamento de t'Hooft pequeno usando a hexago-
nalizagdo. Os principais objetos deste método sdo chamados de hexagonos, que
devem obedecer a um conjunto de axiomas. Revisando as propriedades analiticas
desses blocos de construgdo, aprendemos como fixar completamente o hexdgono
na primeira ordem de teoria da perturbacdo. Nossa abordagem oferece licdes
importantes para a generalizagdo dos resultados para todas as ordens.

Entre outras coisas, somos capazes de calcular a fungdo de trés pontos envol-
vendo trés operadores com spin e com polariza¢des genéricas em N =4 SYM em
primeira ordem de uma forma muito simples. Tais constantes de estrutura sdo
essenciais para o estudo da fisica de spin grande e fazem parte de uma enorme

teia de dualidades na teoria.

Palavras Chaves: Campos de calibre (Fisica); Fisica matematica; Supersimetria

Areas do conhecimento: Teoria Quantica de Campos; Teoria de cordas; Fisica

matematica



Abstract

In planar maximally supersymmetric Yang-Mills, we can compute three-point
functions at weak coupling using the so-called hexagonalization formalism. The
main objects in this framework are called hexagons, which must obey a set of
axioms. By reviewing the analytic properties of these building blocks, we learn
how to completely bootstrap the hexagon at tree-level. Our approach offers
important lessons for the generalization of the results to all-loops.

Among other things, we are able to compute the three-point function involving
three spinning operators with generic polarizations in N' = 4 SYM at tree-level
in a very simple way. Such correlators are essential to the study of the large spin

physics and is part of a huge web of dualities in the theory.

Keywords: Gauge theories; AdS-CFT correspondence; Integrability; Conformal
Field Theory.

Knowledge areas: Quantum Fields and Strings; Mathematical Physics
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Chapter 1

Introduction

Classical and quantum integrability are paramount to understanding the
AdS/CFT correspondence. Over the last two decades, many integrability tech-
niques have been developed to study a plethora of observables in N/ = 4 super-
symmetric Yang-Mills (SYM) and its gravity dual at weak, strong, and even at
finite coupling [1,2]. Of outstanding success are the computation of the spectrum
and structure constants of single-trace operators to all-loops in perturbation the-
ory, using the quantum spectral curve [3] and the hexagonalization procedure [4],
respectively. In this thesis, we focus on the latter.

In the hexagonalization framework, we start by taking inspiration from the
string side of the AdS/CFT correspondence and regard the correlation function
of three single-trace operators as a pair of pants where the excitations of each
operator live on the boundary of the corresponding hole (or closed string). The
idea behind the method is to cut the pair of pants along the seams to get two -
simpler - objects, which we call hexagons. If we conjecture the integrability of
the theory at all-loops, these building blocks must satisfy some axioms, known
as ‘decoupling axioms’. Such axioms are used to fix the hexagons, which can be
glued again into a correlation function.

With this very simple idea (conceptually), we are able to compute structure
constants in the weak coupling limit up to five-loops (e.g. [5], ..) (!) and possibly
more. Even more impressive, it also matches the strong coupling limit of the
theory. It’s therefore thought to be valid at all-loops; once we accept this, the
method becomes also useful to generate perturbative data which can be used to
test other ideas in both the gauge theory and the string theory sides.

Although being extremely powerful, allowing for non-perturbative predictions

in a four-dimensional non-Abelian gauge theory, this framework can also be
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Chapter 1. Introduction 2

obscure, in some sense. Notably, we have very little analytical understanding
about the hexagons and structure constants with three generic excited states, even
at tree-level! This is way more than a simple technical detail; it’s vital if we want
to understand the web of dualities surrounding N' = 4 SYM, in particular the
relation between three-point functions and Wilson loops [6-8].

1.1 Results

In this work, we discover the origin of the hexagonalization from the spin-
chain picture [9-12]. This new understanding allow us to understand how to
generate solutions to the ‘decoupling axioms’ for spinning hexagons (derived
in [7]) and find - for the first time - closed expressions for the tree-level hexagons
and structure constants for three excited operators with arbitrary polarizations.
Furthermore, we present evidence that the very same method can, perhaps, be
used to also provide concise expressions for all-loop hexagons.

Inverting the logic, we can use these hexagons to present concise formulas for
the three-point of spinning operators! These take a remarkably similar form to
those with simpler configurations, as the "type I-I-I" correlator in the SU(2) sector
[11,12]. This fact indicates that many other constructions done for the simpler
configurations might have analogous for the generic spinning operators. As an
example, we point out the coherent state construction which maps the classical
limit of the spin-chain to a classically integrable Landau-Lifschitz model [13].

From studying the analytical structure of the hexagons, we also solve the
open problem of deriving the classical limit of ‘type I-I-I" from their microscopic
description. Our results match the predictions made in [13] using powerful tools
of classical integrability. Furthermore, we use the closed formulas we found
for spinning correlators to start exploring their large spin limit. We hope these
explorations are relevant for understanding the relation between large spin physics

and Wilson loops and the interplay between hexagons and pentagons [14].

1.2 Outline

This work is based on [15], in collaboration with Matheus Fabri. In Chapter 2
we review the map between single-trace operators in N = 4 and spin-chains, and
compute its spectrum. In Chapter 3, we review the ‘tailoring” procedure in spin-

chains and use it to re-derive hexagonalization in the weak coupling limit. Then,
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we use the new insights to compute the hexagon for three excited operators in the
SU(2) and SL(2) sectors, our main result. In Chapter 4, we discuss the classical
limit of SU(2) correlators and solve the open problem of computing it from the
microscopic expressions. We also compute the large spin limit for some very
simple spinning correlators. In Chapter 5 conclude the discussion and summarize
the results and future prospects.



Chapter 2
N = 4 and integrability: spectrum

N = 4SYM is a non-abelian gauge theory which enjoys many extra symmetries
(beyond Poincaré symmetry), as conformal symmetry and supersymmetry. Being
a Conformal Field Theory, one can (in principle) recover all the correlators in
the theory only from the dimensions of the operators {A;} and their structure
constants {Cjj }-

This chapter explains how to use integrability to compute the spectrum of
N = 4 SYM [1,16]. We describe the map between the so-called single trace
operators and closed spin chains. Then, the problem of computing the anomalous
dimensions of operators in the gauge theory is mapped into the very well known
problem of computing the energies in an integrable spin-chain.

Then, in the next chapter we show that we can go on with the spin-chain
picture and show that Wick contractions can be realized as combinations of over-
laps between spin-chain states and use the structure of quantum integrability to

compute the structure constants between three excited states.

2.1 N =4 SYM and spin-chains

The goal of this section is to relate one loop correlation functions in ' =
4 SYM and closed integrable spin-chains. A/ = 4 SYM is a four-dimensional

superconformal gauge theory with
e six scalar fields ®;, (i =1,...,6)
* one four-dimensional vector field A,, (1 =1,...,4)

¢ one ten-dimensional spinor Y4, (A =1,...,16)
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All fields are in the adjoint representation of the gauge group U(N), which
means we can write ®; = ®/T,, A, = AZTE,, Y4 = Y%7, where T, are the
generators of U(N) with the normalization tr(T,T,) = %‘7. The action of the theory
is the following

1 1 1 - »
=5 /d4x tr {—E(Fw)z + (Dy®)? = 5 [®;, @ +i¥ (T'D,¥ +iT” [d)i,T])]

2g 2
(2.1)

Here, gy is the coupling constant of the theory, and T = (T*,T%) are ten
sixteen-dimensional Dirac matrices with normalization tr (FA,FB ) = 16 4B,
Moreover, F and D are defined as usual.

In the planar limit (N — oo, A = g%, N finite), we can study the theory as a
function of the "t Hooft coupling A. In particular, we can use perturbation theory
techniques to understand the weak coupling regime (A < 1). In this work we’ll
work with a class of gauge-invariant operators constructed by taking the trace of a
product of scalar fields

OPare (1) = tr (cp?lafe . cbgafe> (x) 2.2)

In particular, we want to compute two- and three-point functions of these
single-trace operators. These observables are almost completely completely fixed by
the conformal symmetry of N' = 4 SYM. The two-point function is characterized
by the conformal dimensions A; of each operator. Concretely, we can always choose

a basis of renormalized operators such that

(0i(x)0j(y)) = Mm (2.3)
and the three-point function is characterized by the structure constants Cjj
(O1R)0;(y)Oula)) = YT T @4
N fx =yl %ily — 2|z — x|
Aj+Ai—Ay .
where A;j = ————. In the zero-th order of large-N perturbation theory, the

dimension of the (bare) single-trace operators is given simply by the sum of the
dimensions of the fields inside the trace. When we try to compute the one-loop

corrections to the two-point function, the operators both mix and need to be
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renormalized. Then, we can write
O;(x) = (Mo obre(x) (2.5)
1

such that the two-point function have the form (2.3). Note that if we take OP2"(x)
to be eigenstate of I', O transforms as follows:

O, — A_(AO—PY) O; (2.6)

under x — Ax, where 7 is an eigenvalue of I". Then, to find the one-loop conformal
dimension of single trace operators, we need to find the eigenvalues of [". In what
follows we will find I and in the next section we’ll learn the tools to diagonalize it.

To find I', we will use the fact that the correlation functions involving renor-
malized operators are finite. In particular, (O}, ;, O, Dl ) needs to be finite if
® = /Zp®PP™ is renormalized, i.e., if Ze is such that Zg (®PePPare) is finite. By

imposing this condition, we get the following expression for 1

~ A 1
I'= 8_ - 282 Z ( nn+l — nn+1 - EKn,n—H) (2-7)

Here, H is the same as the Hamiltonian of a SO(6) Heisenberg spin-chain if we

make the identification

Oiig = [ Tiy -+ i) (2.8)
and

T % UR T DU o P (2.9)

IR O P T DU S (2.10)

MO\

K|... 11 ... ) = L el (2.11)

k

1

The Hamiltonian for this SO(6) spin-chain is integrable, which means we have
an infinite set of conserved quantities and we have a very nice method to compute
its spectrum, which we’ll develop in the next section.

To simplify our life, we’ll start by working with a SU(2) sub-sector of the

A

Here we define g2 =%z
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scalar sector. Namely, we will consider only operators built from the two complex

scalars,
Z=P1+idP;, and X =P34 idy (2.12)
and make the identification

tr(...Z...)—=|...7T...) and tr(...X...)—=|...}...) (2.13)

Note that K vanishes in this sector; for example,

K|...™...)=K|... 7111 ...) = K| ... 1212 ...) =0 (2.14)

Therefore, we get the following Hamiltonian.

4 4
AW =¢ - Z Pyut1 = Z (1n,n+1 - PH,V!-H) (2.15)
n=1

n=1

2.2 The ansatz of Bethe

As we saw in the last section, one can interpret the one-loop dilatation operator
of N = 4 SYM as the Hamiltonian of a XXX spin chain, which is integrable. In this
section, we will try to diagonalize the spin 1/2 XXX chain using the algebraic Bethe

ansatz.

y4 4
A 1 =g -
H(l)_—ﬁ—i P == 6—42 S5,-S 2.16
= nn+1 2 [ = n°on+l ( )

While we will work out only this specific example, the construction is very
general and applies to all integrable spin-chains. The basic ingredient of the
method is the R-matrix, which acts on h; ® hj, where h;~¢ is the Hilbert space of
the i-th site of the spin chain and A is an auxiliary Hilbert space. The R-matrix of
an integrable theory must satisfy the Yang-Baxter equations

Rij(u)Rix(u + v)Rje(v) = Rj(u)Rige(u + v)R;(0) (2.17)

The complex numbers u and v are called spectral parameters. Using the symme-
try of the spin-chain and the Yang-Baxter equations, we can fix the R-matrix up to
an overall factor by writing down all the invariant tensors. For the SU(N) case, we
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have
Ri]-(u) = ul; + iPi]' (2.18)

where 1;; and P;; are the identity and permutation operators acting in i; ® h;. Now,
we construct the Lax operator

LEﬂ) (1,[) = Roai (u — %) = (u — %) ]-Ogn + iPOgn (219)

For the SU(2) spin-chain, we can also write

(2.20)

- 1+iS% 1S
L) = @1+ides, = (T 1o P
St ul—iS3

Note that L,(f) acts on hy, ® hy. Since the Lax operators are constructed from

R-matrices, we can write the following “almost commutation relations” (see 2.2)

Ro,0, (1 — 0)LY () LP (v) = L (0) LY (u) Royo, (1 — 0) (2.21)
La:) ()
S M?

— w0
\“"7 Lv\ (%3 2

|

\

|
A\

) Qq Olww’\}' )

‘: A

i \

‘ Y

QV L,: (o
QaJ‘M«/\r)

Figure 2.1: We can move lines

Using these operators, we can construct the monodromy matrix

Q@ () = L (). L () = (é‘((g g%) (2.22)

which acts on hp, ® hy & - - - ® hy. This operator inherits the “almost commutation
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relations” of the Lax operator, meaning
Royo, (4 = 0)OW ()0 (0) = 0P (@)W () Roy0, (u —v)  (223)

By tracing out the auxiliary space of the monodromy matrix, we get the transfer
matrix, which acts on the full Hilbert space of the spin chain.

A

T(u) = Tro, O (u) = A(u) + D(u) (2.24)

The transfer matrix does not depend on the auxiliary space we choose. By
multiplying the “almost commutation relations” of Q by R, (1 — v) from the
right and taking the trace over hy, ® hg,, we show the identity [T(u), T(v)] = 0
holds for any u and v.

2.2.1 Bethe states

Now, if we are lucky enough so that our Hamiltonian can be constructed from
T’s, we will have a good time when diagonalizing it :D. In fact, the SU(2) spin

chain Hamiltonian can be written as

AN =¢—i (2.25)

Therefore, if we want to find the eigenvalues of H we only need to diagonalize
T. To do that, first let’s see how the monodromy matrix acts on the ferromagnetic

vacuum of a spin-chain with £ sites | 1) = ®_; | 1)¢41_i- By looking at one site,

(2.26)

La(w)| 1) = ((u + %) | 1) complicated>>

0 (v=3)11)
then,
A<u>|¢f>=(u+§)g|¢ﬁ> and D<u>:(u—§)£|¢f> 227)

Also, inspired by the fact that B(u) should behave like S~, we guess that it

should be some kind of creation operator. If that’s the case, we can write the
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following ansatz for an eigenstate of T

[u) = B(u1) ... B(up)| 1) (2.28)

By applying T to this state and using the algebra derived from (2.23), we
conclude that |u) is an eigenstate if u satisfies

Ui+ _Hu]-—uk—H (2.29)
uj=5) ke |

Spectral parameters obeying this condition are called Bethe roots and states
built from it are said to be on-shell. These eigenstates have eigenvalue

N { M . o N ¢! M . +
T(u):(u—l—%> H%—i—(u—%) Hw (2.30)

k=1 k=1 U Uk

From T (u) we can now compute the energy of the spin-chain:

E—(— i% log T (u+1/2)| (2.31)
which gives us simply
Mo
E= k; ZT (2.32)

Furthermore, we can identify the Bethe roots to the momenta of the magnons

by e'f = ZH—% By doing that, we have the following dispersion relation
—2

M
E=) e(px) where €(p)= 4sin2§ (2.33)
k=1
Finally, since we have a closed spin-chain, we need to have translation invari-
ance. That requires e’ = 1, where P is the total momentum of the magnons. Then,
the Bethe roots must satisfy

k=1 %k —

=1 (2.34)

We concluded the task of diagonalizing the SU(2) Heisenberg spin-chain. We
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can use a similar procedure to compute the eigensystem of the PSU(2,214) spin
chain, which is equivalent to computing the spectrum of single-trace operators in
N =4 SYM. An important diference between these two groups is that the latter
is non-compact. In the following section we discuss the simplest non-compact
subgroup of PSU(2,2 | 4).

2.2.2 Non-compact spin chains

Consider operators constructed from a complex scalar (say Z) and covariant

derivatives along some light-like direction D. Schematically, they have the form
O =tr(D"zDR7...D"Z) = ki ky ... k) (2.35)

and correspond to states in the XXX_% spin-chain, labeled by positive integers
{k;}. Therefore, this sector, known as SL(2), is non-compact. This fact leads to
important differences in the construction of the R-matrix.

In the SU(2) case, the R-matrix acts on the tensor product of two sites which are
spin—% representations of SU(2), which is the direct sum of a spin-0 and a spin-1

representation:

—0a1 (2.36)

N =

®

NI -

Then, we can construct the R-matrix and Hamiltonian from combinations of

the projectors in these spaces

(Psinglet)ij = 1ij — P (2.37)
(Piplet)ij = Lij + Pjj (2.38)

However, the SL(2) algebra is infinite-dimensional: each one-site state is labeled
by a positive integer. As consequence, the two-site states are in an infinite direct
sum of representations and the R-matrix and Hamiltonian should be constructed

from the projectors in each of these spaces, (P;>0);j. Explicitly,

h(n) (Pn)jj (2.39)

4
=1

Hmzzf

n=0j
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where (1) is the n-th harmonic number. Also, up to an overall factor,

> 1 [(—n—iu)

-x m(m)g (2.40)

Despite these complications, we can perform the Bethe ansatz method in the
same way and construct states |u) from B operators acting on the vacuum state
corresponding to the 3-BPS operator trZ!. As it turns out, this leads to almost the

same Bethe equations of the SU(2) case (pay attention to the flipped signs):

<”f5> :ﬁ—”f_”’”” (2.41)

1 U — Uy — 1

where the spin S is the total number of derivatives, S = Z;j k;. The energy of
such state is given by

(2.42)

S
E=) 1
k=

2
1 U+

IS

and the state must satisfy the same periodicity condition as before.

But don’t be mistaken: the seemly innocent sign flip dramatically changes the
nature of the Bethe roots {u;}. For example, the roots come in complex conjugate
pairs for SU(2) and are all real for SL(2). Another subtle detail is that the equations
above don’t make any reference to the numbers {k;}, but instead contain all
possible states with S derivatives; the information about how the derivatives are
distributed can be labeled by ‘mode numbers’. We will elaborate on these two

points when discussing semi-classical limits.

2.2.3 All-loop Bethe ansatz

The interpretation of the anomalous dimensions as energies in integrable
spin-chains is not restricted to tree-level and can be extended to some orders in

perturbation theory! By computing more Feynman diagrams at two-loops, it’s
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possible to extend (2.7) [17], restricted to the SU(2) sector, to

4 4 4
Z nnt+1 — Punt1 +2g Z nn+2 — Prny2) Z nn+l — Puns1)

n=1 n=1 n=1

J/

-~ -~

A1) 2 (@)
(2.43)

Although this full Hamiltonian is not integrable in that it’s charges do not
commute in general, it's ‘perturbatively” integrable, in the sense that its conserved
charges commute up to O(g®) corrections.

We do not expect the integrable spin-chain picture remain for much higher
loops. However, one can formulate an all-loop Bethe ansatz valid for asymptoti-

cally large operators. For example, in the SU(2) sector [18]:

N\ M S\ (1=
k XX
(%) :H<{ +> — L o, x)? (2.44)

P R

using the notation x; = x(u;), x]i =x(uj*; ) with x(u) defined through

x(u) + =2 (2.45)

These equations do not come from any spin-chain and can, in fact, can be

related to the string sigma-model.



Chapter 3

N = 4 and integrability: correlation

functions

Given the success of the map between single-trace operators in N' = 4 SYM
and spin-chains for the spectrum, one may ask whether is possible to extract other
observables in a similar fashion. In this chapter we will explore some ways to
compute the three-point functions of single-trace operators both at weak- and

finite-coupling.

3.1 Tailoring spin-chains

The first strategy is to simply compute the tree-level three-point functions by
Feynman diagrams. The combinatorics of Wick contractions can be reproduced by
considering all the ways we can cut the spin-chains corresponding to the operators
in sub-chains and overlapping adjacent sub-chains [9-12].

Moreover, in the spirit of mapping the problem to spin-chains, we consider
the overlap between individual excitations of the spin-chain to correspond to the

propagator between the constituting fields. Schematically,

tr(X...ZY) tr(YZ...X) = (X|i|X) .. (Z]:|Z) (Y] ]Y) (3.1)

The subscript ‘r” signalizes that we need to perform some kind of transfor-
mation in the bra’s so that the overlap reproduces the propagators in the field

theory.

14
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3.1.1 Double spin-chain

The last approach is, in principle, valid to all sectors of N' = 4 SYM at tree-level.
However, in practice it’s very hard to study simple operators (in the SU(2) and
SL(2) sectors) embedded in larger spaces. In what follows we will study the SO(4)
sub-sector of the theory formed only by Z, Z,Y,and Y. In this case, we can write
our operators as SU(2) excitations over a double spin-chain SU(2); x SU(2)r ~
SO(4).

In this picture, the fields we are going to use are written as

Z= [N Mr Z= 0@ (3.2)
Y= || hr Y= ®|MHr (3.3)

As we did before, we are going to take Z to be the vacuum and we will put
excitations on top of it. In order to remain in the SO(4) sub-sector, we can only put
excitation in either the left or the right spin-chain:

w, 7). = B(uz) ... B(upm)| 1)1 (34)
|&,7)r = B(it1) ... B(iip)| 1)r (3.5)

After putting the excitations on the canonical ground state, we rotate the state
to the desired direction of SO(4). To perform the Wick contractions between two
tields, we introduce the spin-vertex operator:

FiF = (1(jm)1 ® o)1) (1]([fir) g © [fi2) ) (3.6)

where (1| projects out the singlet:

(1] =eplal @ =t [@(T] (3.7)
For example,
Z7=0 and ZZ =1 (3.8)
since

(e[ 1)=0 and A[([NHe[))=1 (3.9)
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Finally, we define
0107 = (|01)1,|02)1){|O1)r, |O2)R) (3.10)

where the bilinear (-, -) is defined for two spin-chains A; and A; of equal length
{ as

4

(A1), [A2)) = (H(lj,e—j+1|) |A1) @ [Az) (3.11)

j=1

We know now how to contract two double spin-chains. To compute the three-point
function, we break each operator in two subchains (labeled by I/ and r) and contract

the adjacent parts, schematically':

Cioz ~ Y_{(|01,),102,))(|02,)",105.)1){|03.)", |O1,)") (3.12)

a,b,c

This procedure is done in detail in [11]. A very interesting remark is the similarity
between the spin-vertex and the string-vertex from String Field Theory [11,12,19].
In what follows we are going explore a bit the structure of these correlators.

3.1.2 Simplest example: mixed correlators

We start by analyzing a simple example, in which there’s essentially only one

way of cutting the chains and two of the overlaps are trivial. Take, for example,

O1 = tr(ZZYYY) (3.13)
O, = t(Y2222) (3.14)
O3 = tr(ZZYY) (3.15)

with lengths L1, Ly, L3. Schematically, the only type of Wick contraction in this
configuration is the following:

Then, there’s only one non-trivial overlap - namely the one between O; and
O;. The scalar product between these two sub-chains involves all the excitations
of the two operators and it’s equal to A/, (u; U uy), with

Ajw) = Y (D) ay(a) f(a, &) (3.16)

aUa=u

IFor each sector
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L

a(@) =] <x - 2) . fp) =T111 (x%’“) (3.17)
xea \ X+ 3 xewyep X—y

This beautiful and simple quantity has many representations and, in particular,

can be re-casted as a determinant; it appears in the integrability literature as either

partial Domain Wall Partition Function (pDWPF) or simply ‘'mathcal A’. As an
example of its nice structure, we write the following identity [10]:

Qu(i/2)" 1) _Aw)
.A u) = —— — U 7
W= A w) ]131(1 Di) Quiray

(3.18)
where A(u) = H]-Aik(uj —uy), Qu(v) = [T, (v — uj) and D, ! is the operators
that shifts x by —i. From this identity, it’s straightforward to show that A is a
determinant.

In this example, the both O; and (rotated) O, have Y excitations over a Z
vacuum, while O3 has Y excitations over a Z vacuum. This fact implies that
operator O3 cannot interact with 07 and O,. For this reason, we call these mixed
correlators or type I-I-II. This is reminescent of the fact that the global symmetry
factorizes, i.e. SO(4) = SU(2)r x SU(2)g. In this language, the excitations of O; and
O, belong to the left sector and the ones from O3 belong to the right sector.

3.1.3 General example: pure correlators

We can also have the three operators having the same kind of excitations when
rotated to the Z vacuum, we call this correlators type I-I-I or pure. Consider, for



Chapter 3. N' = 4 and integrability: correlation functions 18

example, the three-point function with the operators

01 =t (ZZYYY) (3.19)
Oy =tr(Z227Y) (3.20)
O3 = tr(ZZYY) (3.21)
where
Z=7Z+7Z+Y-Y (3.22)
Y=Y+Z (3.23)

Now, there are many different structures for Wick contractions of the fields.
In this case, we have to rotate the vacua of each operator to the same one (which
gives rise to polarization factors zijz) ; separate the excitations of each operator in
two (weighted by a splitting factor); and compute the overlaps between adjacent
spin chains (using (3.16)).

The general formula for the properly normalized correlator is

G(uy, up, u3) = Z Zi\glzf\“l\*|542|Zé\§23*|“2|*|5<3|Z§;131*|0‘3|*|5¢1|
o Uk, =u;
x Hy,, (w1,&1) Hy,, (a2, &) Hy,, (a3, &3)
X Ag, (&1 Uag) Agy, (2 Uaz) Ay, (A3 Uag) (3.24)

with the splitting factors given by

2 — (_qylal f(®4)

wmﬁy_(n|;mg- (3.25)
One important remark is that although the three-point function seems to
strongly depend on the polarizations z;;, this is only an illusion due to the fact
that this answer is an off-shell statement. In our case, the three polarizations
are parallel and, therefore, the on-shell correlator should not depend on any free
parameter. In fact, one can check this is the case when we use sets of Bethe roots

u; which satisfy the Bethe equations.
The simplicity of the derivation in this section relies on the fact that we were
studying configurations with fields that can be embedded in SO(4) = SU(2), x

2These numbers satisfy z1p + 223 +231 =0
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SU(2)r, which is very convenient for dealing with SU(2) excitations. This story
would not be so simple if we had fields with SU(2) excitations with polarizations
exploring the entire SO(6).

In what follows we will switch gears and briefly introduce the powerful, non-
perturbative, framework of hexagonalization. Within this framework, we are
going to show, in the next chapter, how to find an expression similar to 3.24 in
more general settings. In particular, we are going to show the explicit result
correlation functions of spinning operators, i.e. operators with SL(2) excitations,
with polarizations exploring the SO(2,4) sector of V' = 4 SYM.

3.2 Hexagonalization

The mapping between the correlators in the theory and combinations of spin-
chain overlaps is a particular feature of the weak coupling limit. At finite coupling
we must have a more generic framework which also accounts for the strong-
coupling behaviour of the theory, dual to classical string theory in AdSsx S°. This
is obtained by looking to the correlation functions at finite coupling as a pair
of pants, i.e. puncture sphere, in which every hole (puncture) corresponds to a
single-trace operator/closed string.

3.2.1 Cutting pairs of pants

While in this work we are not going to focus on the details of the construction,
we are going to describe the general idea of the prescription and highlight key
properties which will be important for our goals. Starting with the pair of pants,
we break them into two simpler building blocks called hexagons. Then, we sum
over all possible ways of splitting the excitations between the front and back
hexagons, as in the following picture:
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In addition to that, we glue two hexagons by inserting a complete basis of
states along the seams and integrating over all possible flavor/momentum of each
intermediate state. We call those states mirror particles, which can ‘wrap” around
the operators. In most of this work, we are going to ignore such effects, since
they are damped (roughly) by a factor e ¢ ~ ¢2‘, where / is the length of the
bridge in which the magnon propagates, and E is its energy. We call the correlators
computed without including these corrections ‘asymptotic three-point functions’.

Schematically?,

g(u11u2/ u3) - Z (_1)‘51‘+‘52‘+‘53‘ w(51/51> (U(SZ,&Z) w(5—3/ 53)
6;Udi=u;

x H(b1,02,03) H(d1,03,52) (3.26)

where w is some simple splitting factor and H is the hexagon.

Then, the idea of the approach is to find an expression for H. This is obtained
by using the fact that, in this picture, the excitations of the operators are particles
in an two dimensional integrable field theory, of which our hexagons are form-
factors. This observation makes it possible to derive axioms for these form-factors

in the spirit of the integrable bootstrap.

3.2.2 Decoupling axioms

To our purposes, we are going to use the axioms in their tree-level version and
for simple sectors as, for example, SU(2) and SL(2).

u

Resuﬁv -

The first condition the form-factors must satisfy is that if we send an rapidity
to infinity, it should simply decouple and the hexagon should remain the same

3Note that the second hexagon has the opposite orientation.
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(with proper normalization). That is,

xlgl’olo 7‘[(51 U {x}, 0r, 53) = H((51,52, (53) (3.27)
lim (51,62 U {x},83) = H(61,62,63) (3.28)
lim #4(61, 0,03 U {x}) = H (61,02, 83) (3.29)

The second condition concerns what happens when we take one rapidity
from two different operators to be the same. In this framework, we can “cross’
excitations from one operator to other one. When we do that, the particle on the
first operator becomes its anti-particle and annihilates the particle in the second

operator. In the tree-level case, this reduces to

RESy_m’H((Sl U {x}, oo U {y},53) =Z+itp f(x, 51) f(éz, x) ,H((Sl,éz, 53) (3.30)
Resy_>x7-l(51,(52 U {x},(53 U {y}) =d ity f(x, (52) f((53, X) H(51,52, 53) (3.31)
Resy%xH(& U {y},éz, o3 U {x}) =*+ity f(x, (53) f(51, x) H(51,(52, (53) (3.32)

where for the SU(2) (SL(2)) case we use the + (-) sign. The t;; factors refers
to the scalar product between the normalized polarizations of the i-th and j-th
operators. At tree-level, these two conditions combined allow us to completely
determine H. To discover how to do it, we are going to derive now H from (3.24)
to get inspiration. For the I-I-I correlator, ;; = 1 and we pick the + sign.

3.2.3 From tailoring to hexagonalization

In what follows, we will reshuffle the sum and show that, upon using Bethe
equations, our expression for the correlator can be recast in a hexagon-like formula.
By inserting the explicit expression for A, (3.16), in equation (3.24):

_ Mip—|aq | = &2 |  Mpz—|ao|—|&3| Mz —|az|—|& | |&q |+ |@o |+ &3]+ 1]+ B2 | +|B3]
g Z 21 Zy3 Z31 (=1)

a;UR=u;
BiUBi=a;Un;q

X f(&y, 1) f (82, a2) f(@2,42) % f(B1,B1)f (B2, B2)f (B3, B3)
gy, (a1)ap, (a2)ag,, (a3)

. ag,,(B1)aey, (B2)as, (Bs)

(3.33)
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Then, separating the roots in the intersections «; N B;_1, etc:

g, (@1)  ag, (a1 N Ba)ag, (w1 N Ps)  ap, (a1 N pBs)
ag, (B3)  ap, (w10 B3)ag, (@3N P3)  ag, (&3N B3)

(3.34)

Note that all the roots in the argument of 4, in the denominator belongs to the
third operator. Then, we can write the following version of the Bethe equations:

f(uz, x)
ag.,. (X)ag,.(x) = — 3.35
531( ) 523( ) f(x/u?,) ( )
Using this,
M — (_1)l&NBs] g 7 M
ag, (B3) (-1) X g, (01 N B3)ag,, (@3 N B3) x Flan 511 Bo) (3.36)
And, finally,
G = Z Zi\/zflz—\rxl\—|&2|Zé\§23—|a2|—|543|zé\1131—|oc3|—|5¢1| (_1)|5c1|+|5¢2|+|5¢3|+|51|+|52‘+|53‘
o;Ur;=u;
BiUBi=a;Ua; 1

x f(@1, 1) f (B2, a2) f (&2, @2) % f(B1, B1) f (B2, B2) f (B3, P3)
X gy, (a1 N B3)ag,, (&3 N B3)ag, (a2 N B1)ag, (&1 N B1)ag, (as N B2)ag, (@2 N B2)
[ mnB+aanBa - asngs| . £ (BN B1,wm) f(@2 N o, uz) f(@3 N B3, u3)
x (—1) X f(uy, &1 N PB1) fup, & N B2) f(uz, a3N P3) (3.37)

This is seemingly a very messy expression, but we’ll see it contains some nice

features! First, one can check that using this expression, G is independent of the
polarizations for any choice of uj, up, and uz. Therefore, this is a good off-shell
representation for the three-point function as it makes the global SO(4) symmetry
of our setting explicit.

To discover the hidden structure of such a complicated expression, let’s try to
write the terms of it which don’t contain any momentum factor a,. This term is
given by the partitions such that

BiNay=PrNaz=pPsNag=P1Nag = PNy =PzNaz=2. (3.38)
These conditions fix the subsets §; and B; to be

B1=wy, B2 =ua3, B3 =wa1, B1 =1, B2 = 2, B3 = A3. (3.39)
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Therefore, plugging these back in (3.37) we get

A \Mi+Mo+M; Mp—Ms—|aa|+|ay| Ms—M—|az|+|aa|  M;—Mp—|ag|[+|as]|
Go = (-1) Y. 23 X Z3;

a1Ur|=uy

ar Uy =1y

azUkz=u3

X f(ay,a1)f (@2, 02) f (&3, a3) f (a2, &1) f (a3, &2) f (21, 23).  (3.40)

The term above has a very nice structure: it only contains interactions between
“neighbor” partitions f(a;, &;) and f(&;, ;). More than that, this quantity exactly
corresponds to the hexagon for the SU(2) correlator! To show that, we generalize
what we just did to define Gy: we analyze the terms in G proportional to

gy ((51)a€12 (52){1&3(53)/ (341)

where §; U d; = u;. The partitions 8; need to satisfy B; Na; = ¥jand B; N&; = v;
with v; U %¥; = 4.
Then these are fixed to

Bi = Dé]/’?] U ; and ‘Bi =a;/v U Y- (3.42)

Plugging this back in (3.37) yields us our first result*

Glu,up,uz) = Y (=1)0l+2 0l 651, 51) £ (65, 82) f (83, 85)
(51U51:u1
(52U5_2:1JI2
(53U53:U3

X g, (01)ag,, (82)ar,,(83)Go (01, 02,03)Go (1,83, 62). (3.43)

Therefore, we gave an alternative derivation for the hexagon form-factor at tree-
level for three non-BPS operators in the ‘SO(4) sector’! In doing so, we established
that the hexagon itself can also be written as a sum over partitions (3.40). On the
other hand, we know the hexagons must satisfy the decoupling axioms mentioned
previously. It’s very instructive to analyze how the sum over partitions ensure the
axioms are satisfied.

For the first axiom, note that lim,_,« f(x, anything) = 1. Moreover, if we
look at Gy(d1 U {x}, b, 83), we can put x in either a; or &y. If it’s in a1, we get a
contribution —z1, 22_31 zgl Go(d1, 02, 63). Similarly, if it’s in &1, we get a contribution

4The details of this derivation are left to the Appendix XXX.
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—2(1)2 22_31 z31 Go. Summing the two, we obtain:

. z z
lim Go(01 U {x},62,03) = — (ﬁ + ﬂ) Go(01,02,03) = Go(01,02,03)  (3.44)
X0 223 223
Using the same kind of reasoning we can verify the second axiom. This time, we
note the only contribution comes from x € &; and y € &, and Res, ., f(x,y) = i.
Therefore,

Res,2Go(61 U {x},62U {y}, )
= (—D)MAMAMs () x f(x ) f(Ba, x) d f(x, 1) fa, x) (3.45)

;U =u;

That is,

Resy_>xgg(51 U {x}, by U {y},53) = if(x, (51)f((52, x) 90(51, 02, (53) (3.46)

3.2.4 Spinning hexagons

Now we extend the same analysis for the non-compact SL(2) sector with generic
polarizations, i.e., with polarizations pointing to any direction of SO(2,4). In this
sector instead of polarized scalars like before we consider now operators of the
form

Os(x,L,R) = Ly Ry - - - LagRag O™ 745 (), (3.47)

where (’)gl"xl'““sds (x) is a BPS vacuum with S covariant derivatives D** applied
onit. Also L, and Ry are the left and right polarization spinors.

The prescription for computing the hexagons starts by putting the the excita-
tions on the same edge. Each excitation belongs to a bi-fundamental representation
of PSU(212)2, x4 x4:

x4 = (" %0 9?4 = (9", ¢% ¢ 97 (3.48)

For example,
X=9¢'¢!, —X=0¢’ (3.49)
Y =¢'¢?, Y=g (3.50)

D7 = p*ip* (3.51)
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Then, we should put all dotted excitations on one side and all undotted ones on
the other. In doing so, they scatter with the Beisert S-matrix and finally contracted
with the polarizations L and R. The resulting quantity can be interpreted as a
partition function in a Kagome lattice.

Although there is this honest way to compute the hexagons, it’s very messy and
hard to see how it really works. For example, even for the tree-level computation
of the SU(2) hexagon with only one excitation in each edge, we already have to
sum over all PSU(2 |2) flavours. For more details (and images!), see [7].

Instead, it’s possible to find recursion relations for the hexagon with operators

in this configuration.

Resy sy Go(u U {x},up U{y}, uz) = —ityp f(x,u1)f(u, x)Go(uy, up,u3), (3.52)
Resy sy Go(uy, up U {x}, usU{y}) = —itr3 f(x,u2) f(u3,x)Go(us, up,uz), (3.53)
Res, »x Go(ui U {y}, up, us U {x}) = —it31 f(x,u3)f(ur, x)Go(ur, up, u3). (3.54)

where t;; and f(x,y) are:
K <Li/ Rl><L]/ R]>

foy) =TIT1 (ﬂ) (3.56)

uexvey u—v

with (L,R) = det(L, R), (3.55)

These relations are very similar to the SU(2) ones, note however the presence
of the polarizations t;; and the sign change in f(x,y). The latter is related to the
fact that the S-matrix for SU(2) and SL(2) are inverse of one another.

Now we need remember the way the sum over partitions (3.40) solved the re-
cursion relations for the SU(2) case. With that inspiration, we derive the following
formula as our second result:

Golup,up,ug) = Y Wl (1 — py)alplel(n — py)lealplisl (1 — )il £ (ay, )

a1Ur|=uq
ar Uiy =up
azUkz=u3

x f(@z,a2)f (&3, a3) f (a2, &1) f (w3, &2) f (a1, &3), (3.57)

Note that in order to satisfy the first axiom, we need to have the weights of «;
and &; summed to one, hence we choose them to be ; and 1 — h;. Moreover, when
we take the residue of a root from u; going to a root of u;, we will get the product
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of the weights of a; and «;. Therefore, choosing
ho(1—hy) = tia, h3(1—hy) =t3, and hi(1—h3) = t31. (3.58)

we manage to construct a solution to the recursion relations.

Therefore, we have found a closed expression for the hexagon! We remember
that in [7] the hexagon partition function was a complicated sum over intermediate
states in a Kagome lattice and remarkably (3.57) reproduces it exactly. It would be
interesting understand how to derive this from the partition function approach.

Although it’s not manifest, all hexagons with excitations in only one operator
is equal to one at tree-level, as one can see by noticing the only potential poles are
at the locations u; = u; and seeing that they all cancel. Explicitly,

Resy, sy Y h‘l”‘l‘(l—hl)w‘l' [] (”_—W) (3.59)
aUri=uy ueny u—uv
(USH%]

has two contributions: 1 € a1, up € &1 and vice-versa. The residue in these two
situations only differ by a sign and, therefore, cancel. Since there are no poles
and the sum must be a rational function whose numerator’s degree is at most the
degree of the denominator, it’s a constant. Setting all the roots to infinity, one by

one, one see that the sum must be equal to
H=m+1-m)H)M =1 (3.60)

This seemingly innocent fact is indeed the main problem in the generalization
of our method to all-loops as we’ll see. The reason why it’s so important is that
this is what ensures that our decoupling axioms will always result in hexagons
which are polynomials in the (physical) polarizations t;; and don’t depend on
other combinations of /;’s, since the recursion relations can only generate ;. At
the end of this chapter we will discuss the importance of these observations for
the all-loop hexagons.

As anticipated before, the SL(2) hexagon has the same structure as the one
for SU(2) operators (3.40). However, this result did not come from spin chains as
before; it is therefore an interesting question to find some spin chain origin of this

sum. Indeed, to begin the explorations in this direction, we can go backwards and
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state the following formula correlators with general polarizations:

Glur,wus) = Y (L= ) ISR (1 o) Pl (1 g
;U =u;
X Hyy, (@, @1) Hy, (a2, &2) Hey, (a3, 83)
X Ag, (81 U ag) Ay, (32 Uag) Ay, (13 Uag)  (3.61)

It would be a good idea to investigate if there is some modification in the
tailoring procedure or in the global rotations to adapt the full construction to
the SL(2) sector. That would allow to recast the problem in terms of a classically
integrable sigma-model. One could speculate that in this case we would arrive
in some kind of higher-rank Hitchin system, as in the Thermodynamical Bubble
Ansatz [20]. If this is indeed true, it could also clarify how to compute these more
complicated correlation functions at strong coupling - currently only the SO(4)
and SO(2,2) case are done, which correspond to strings rotating in S®> and in AdS3,

respectively.

3.2.5 Special cases

For completeness, now that we found the solution we can explore it a bit.
First, there is the very simple choice (t12,t23,t31) = (1,0,0), analogous to the
I-I-II correlators in the SU(2) sector. For this choice of polarizations the sum over
partitions (3.57) truncate and we find

H(ulluZI u3) - f(u2/ ul)/ (362)

That configuration, also called Abelian, can be evaluated at finite coupling and,

furthermore, its three-point function has a Pfaffian representation. Using (3.61),
g(ul, uy, 113) ~ Aéu (ul U uZ) Af23 (113) ~ Aéu (ul U uZ) Af31 (113) (363)

as expected. Note that we have two equivalent choices in this case, (h1, hp, h3) =
(0,1,0) or (hy,hy,h3) = (0,1,1), hence the two possible representations. We
ommited some momentum factors to make more explicit the symmetry of the
correlators. For the yet simpler (t12, t23,t31) = (0,0,0) case, H = 1 and we can

even find a closed form for the structure constant, given by

g = "4531 (ul)Agu (112)-'4(23 (U3) (364)
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Note that it is completely factorized since the interactions between roots of
distinct operators are given by the hexagons, which are trivial here. Up to now,
the previous discussed cases had simple analogs in SU(2). A slightly more general
case we can consider is (t1p, f23,t31) = (£,0,0), where 0 < t < 1. This choice
translates to (hy, hy, h3) = (0,t,0) and then we have

H(u,up,uz) = Y #9201 —1)F2lf (@, a0) f(an, wy). (3.65)
arUkr=uy
Note that uz decouples entirely and the t = 1 and t = 0 cases easily reduce to
what we found before. We also note this expression has the exact form of the A
functional of up with a modified ay(ay) given now by f(az,u;) and can, therefore,
be expressed by a determinant. More explicitly

t

H(uy,up,uz) = (1 — t)luz\Aarz {:

(z, u1)] : (3.66)

Plugging this choice of polarization in 3.61, we get

G = Ap(us) Yt = pll Hy (g, 82) Ag, (w1 Uag) A, (@2) (3.67)

;U =u;

Which reduces in the t — 0 limit to the previous factorized expression. Note that al-
though we could not work out the sum over partitions in this case, the dependence

on the polarizations is explicit unlike in the hexagon partition function.

3.2.6 All-loop explorations

As derived in the [7,21], the abelian hexagon is given at all loops by

b(d3, 0
Habelian(81,02,03) = h(6,7,8)h(6,7, 63 )h(637,8,) = f@&)ﬁ (3.68)
where
1
4,}/ — =
h(u*,0) (o, 1) f(o,u) (3.69)
h(u?7,v) = b(u,v) = ! (3.70)
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Note that b is anti-symmetric®. At tree-level, f is the same as in the section
before and b = 1. In general, denoting the dressing phase® as o (u,v), we have

1— 1
_ X -y vyt 1
Xty
]. - X+1 —
b(u,v) = —f/a(u,v) (3.72)
-

If we are to find a representation for the all-loop non-abelian hexagons as sums
over partitions, we need to make sure to match the 3 abelian cases. From the last
section, we see that a sensible guess might be, in terms of f and b (in a super
compact representation)

b(&;, a;) .
H(b1,62,83) = ), h‘al )& f (@, )f(lX],&i)%gl(ﬂéi,ﬂé]’)gz(“i,&i)
a;UR;=9; b(ai’ &; )
(3.73)

where we cannot determine g and g» from the matching with the abelian cases
alone, since they are always 1 for the only contributing term. We require now

some kind of decoupling property, meaning, for example

it
Res, xH (61U x,8, Uy, 3) = —% F(x,60)f (82, x)H (51,62, 63) (3.74)

with and we conclude the following sum is our perfect candidate:

H(b1,62,03) = b(6;,6;) x Y hl\,“i|(1 _ hl,)lﬁci|f(5‘i/“i)f(“j/ ;)

- - (3.75)
4, UR;=0; b(Dél', [Xl') b([X]', [Xl')

To see this, note that the only pole as y — x in (1 U x, 6, Uy, d3) comes from
x € & and y € ap due to f(ay,&1). Then, we can pull out all the dependence of
x and y from sum to get the decoupling above’. By a similar reasoning, it also

5In the sense b(u, v)b(v,u) = 1

®Which is anti-symmetric, i.e. o(u,v)o(v,u) = 1

To get the exact decoupling, note that we also need to strip out the x and y dependence from
the b’s in the pre-factor.
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satisfies the decoupling of a root going to infinity®:

lim H(51 Ux, 52,(53) = H(51,52, (53) (3.76)

X—00

f

One very nice observation here is that the combination 3 can be written as

= fi(u,v)s(u,v) (3.77)

where f;(u,v) is the f we used at tree-level, and s(u,v) = 1+ O(g?) is a symmetric
function at all loops and does not depend on the infamous dressing phase. At
one-loop, it’s given by:

2g2

() D

The expression we found for the hexagon satisfies the decoupling conditions

s(u,v) =1+ (3.78)

and matches the Abelian cases. But what about more complex configurations? In
fact, we can show that for any choice of polarizations, our hexagons matches the
complicated computation with the partition function of a Hubbard model in a
Kagome lattice when there is at most 1 root in each operator, including the case
H(u,v,w). For one-loop, this is:

H(u,0,w) =1+ + + +
U—v wW—u V—w

o tlz(u—l)-i-i)

<u2+ %) (vz—i—}I) (u—o)

However, this construction fails when you have more than one root in each

g +perms | (3.79)

operator. To see why this is true, let’s look at # (uy, {}, {}) for a generic u;. One
can see

H= Y nla- h1)|a1|fb_g‘f‘1f"‘1) (3.80)

aUrp=uq 0(1,0(1)

This time, we cannot carry out the tree-level argument since nothing prevents

8Since limy o0 f(%,y) = limy_oo b(x,y) = 1
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this sum of having poles at, for example, i%. In fact, for u; = {uq, us}:
hi(1—hq)
(B+1) (1B+1)

As a consequence of this fact, the recursion relations keep propagating these
factors with h; and the full hexagon becomes cursed with this problem. It’s an

H=1+2¢° =14 2h1(1 — ) (s(ug, up) — 1) (3.81)

open problem how to overcome this obstacle and generalize our construction to
all loops.



Chapter 4

Clasical limits

In this chapter, we describe the classical limit three-point functions in both the
SU(2) and SL(2) sector: we still take the weak coupling limit but now we take the
operators to have very large charges, which imply a very large number of Bethe
roots. Furthermore, in the appropriate regime, these roots condense into ‘cuts’
described by some density p(u). Remarkably, one can often find very compact
representations for correlators in this limit as functions of the densities.

What’s more, these quantities are very similar in form to those obtained for
the strong coupling limit of the theory, described by the integrability of classical
strings. In fact, these similarities can be made explicit by considering the classical
limit of coherent states made of spin-chain Bethe states [ XXX], described by the
integrable Landau-Lifschitz model. With such construction, it was possible to
compute the I-I-I correlators of heavy states. One of the outcomes of the present

work is showing how to derive this result directly from the microscopic picture.

4.1 Setup and Bethe equations

The classical limit in the SU(2) sector is defined as
{~M — oo. 4.1)

In this regime, the roots of each operator grows with /¢, (u; ~ ¢ — o), and have
a separation of order O(1). Thus, after a 1/ re-scaling, the roots’ separation are
of order O(1//¢) and they condense into a continuous contour C; [22], as shown
in figure 4.1. Each set of roots is characterized by a density p;(u) in the complex
plane defined at the contour C;.

32
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u; Pi

Figure 4.1: Condensation of roots. In the classical limit, the roots condense into
cuts and we describe the set of roots u; by a root density p; in the complex plane.

As shown before, our basic ingredients are f and a,. Upon this limit, they

become
f(z,u) = €©® and a(z) —» e_lé, (4.2)
where G(z) is the resolvent
G(z) = /C dx %. (4.3)

Unlike the density, it is clear that this function is defined at the entire complex
plane modulo {C;}. with discontinuity given by

G(z+i0) — G(z — i0) = 2mip(z) (4.4)

We can go further and extend G(z) to the full plane with the definition.

o) = SE+0) ; G(z — i0) s)

With these notations, the SU(2) Bethe equations

Ui+ 5 _Hu]-—uk—z (46)
wi—3) it |

become simply, upon taking the logarithm and replacing the sums with integrals

against the density p(x),

G(z) = £ + 7tn (4.7)
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where 7 is the mode number, which is associated to which branch of the logarithm
we choose.
As we’ll see, the structure constants do not depend on the densities explicitly,

but rather on the quasi-momentum,

p(a) = G(z) — 5 48)

which is a meromorphic function on the complex plane with a pole at the origin
and branch cuts at {C;}. Naturally, this function can be extended to a Riemann
surfaces with many sheets. Finally, the Bethe equations become

e2ir(x) =1 (4.9)

The solutions of the SU(2) Bethe equations which satisfy the momentum con-
servation condition are given by configurations of Bethe roots symmetric with
respect to the real axis and have the shape of an "umbrella” (see figure 4.1). Also,

in the classical limit, these cuts are separated by a macroscopic distance (order /).

4.2 Path-integral and saddle-point equation

The previous results for the three-point function consisted of taking the classical

limit of the A-functional, which we recall here:

Ajw) = Y (=) ay(a) f(a,7) (4.10)
aUa=u

In the proposed limit, besides replacing a, and f with the classical counterparts,
we need to deal with the sum over partitions. Let’s go by parts: the summand

becomes:
ap(e) f(a, &) — exp /du 0 (14) —ié +i7r+i/ dv Pa(1) (4.11)

’ C u c uU—v

where p, represents the density of the roots in « (and the same for &) and p, + pz =
p. Then, we replace the sum over partitions by a path integral over p, with an

appropriate measure to reflect the fact that many microscopic configurations
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correspond to the same density:

— 0
(4.12)

Ai(p) = /[DPa][measure] exp </C dut po (1) l_ié i i][c do ZaﬂD

with
log [measure] = /Cdu (plogp — palogpn — palogpa) (4.13)

One can see that in the classical limit the exponent of the integrand is of order ¢
and then we can use saddle point to compute the integral. One must note however
that this is not the full story, since we took u and v large in f(u, v) and we need to
be careful about the situation u — v ~ O(1). It’s possible to show that by doing

this one gets the "corrected" measure

log [measure] = /cdu (F(p) — F(pa) — F(pa)) (4.14)
where
F'(p) = logsinh 7tp (4.15)
Then, the result of the path integral in the classical limit is
log Ay (p 7{ Lip (e (4.16)
where
14
g(u) = -5t G(z) (4.17)

Now we present some known results in the literature. The classical limit of

[-I-II correlators can be readily computed

cee* dz S dz —
1 _ il I ip1+ipy+ils/2z j{ il I ips+i(lp—01)/2z
0g (Cooo> félucz 27T 12 ( > + Cs 27 12 < )

——27{ —le (##1) +po1s (418)

where C°°° is the structure constant of three BPS operators with the same lengths
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as the excited operators and pols is just the terms containing all the polarizations
which is fixed by SU(2) invariance. Such configuration is considerably simpler
than I-I-], since each sector has at most two interacting operators.

To overcome these difficulties, the authors of [13] used the strategy of using
the classical limit to map the problem from the starting point to a classically
integrable model, known as Landau-Lifschitz. By doing so, they were able to use
the powerful machinery of classical integrability previously used to compute the
same quantities at strong coupling. In this way, besides finding the result above

for the I-I-II case, they also found the following result for the I-I-I correlator:

Ce** 1 0 | | |
lOg < ooo) — 5 Z f P Ll Ipi+ipi—ipk +
c 2 {i,jk}=cperm{1,2,3} 7 Ci'/Cj 27 ( >

——27{ —L12 21”71 +pols (4.19)

where cperm{1,2,3} are all the cyclic permutations of {1,2,3}. Although the
structure of pure and mixed correlators are clearly similar, a derivation coming
directly from the microscopic expressions was lacking.

In principle, one can proceed in the same way as before and write the saddle-
point equations for the more complicated I-I-I correlator. The path integral would
be

Go = (—1)M1+M2+M3Zi\/2[2_M3Z§g3 M1Z§211 M, / [Dple] [Dpaz] [DP%]

V4
XeXp[Z A (pllogpl p"‘llogp“1‘(Pl—PM)lOg(m—pa1)+pallog£)]

cperm

< exp [ T (if [ el pa2<u><pz<zi);pal<v>>>] 420)

cperm

It's necessary to introduce 8 more densities which interact among themselves!
This fact makes it very hard to solve the equations, which are the following system
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of coupled integral equations:.

log (ﬂ - 1) +log% —iG1 +iGu, +1G3 —iGyy =0 foru €€y (4.21)

Py

log (ﬂ - 1) +10g 2 —iGy+iGy, +iG1 — Gy =0 forueCp  (422)
Pasy Z12
03 Z31 . . ) _ B

log| — — 1) +log — —iG3 +iGy, +1Gy —iGy, =0 forueCz  (4.23)
Puc3 223

We did not fo this way. Instead, we took a shortcut.

4.3 Microscopic derivation

Going back to the hexagon representation of G in (3.43), we see that the classical
limit of all the quantities in the sum over partitions are known with the exception
of the hexagon. Consider two excited operators only, then the recursion relations
(3.29) and (3.32) are solved by #H(u1,uz) = f(up, uy). Plugging this result in (3.43),
we find the left side of I-I-II structure constants. A natural guess to solve the

recurrence relations for three excited operators and type I-I-I correlators is

Htry (1.11, uy, 1.13) = f(uz, ul)f(U3, uz)f(ul, ug). (4.24)

This has the poles in the correct places and possess the appropriate asymptotic
behavior. However, it does not satisfy the relations. Indeed for the first one we

have:

Resy x Hiry(ur U {x}, up U {y}, u3)
= if(x,u1)f(uz, x)f(us, x) f (%, u3) Hiry (w1, uz, u3). (4.25)

This is very similar to what we were looking for, apart from the underlined term.
In the classical limit, the roots are large and the sets of roots are well separated;

then, we can say
f(u;,2)f(z,u)) =1, (4.26)

with z being a root in u; with k # j. That is for (4.24) to be a solution of the
recursion relations we must have the cuts to be macroscopically distant, e.g. the

distance between roots uj and u3 is of order O ().

lignoring the correction of the measure (4.14)
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Therefore, in the classical limit regime, H is given by (4.24) for three excited
operators. This derivation sounds a bit unnatural because we have mixed the
microscopic analytic structure (recursion relations) of H with a macroscopic limit.
It also does not seem to carry over more complicated cases, as the SL(2) correlators.
We propose it’s a good idea to find a coherent-state-like approach for them as well.

With all the ingredients we now move to the computation of the full three-point

function. Plugging our classical limit solution for H in (3.43), we have

G(uj,up,u3)

—1)l%lg, (a f (@ ) :
H (1, up, u3) {i,]',k}zcgm{lzﬁ} <“;‘U§—ui( )l )f(‘xi’ w) f (wj, ;)

(4.27)

where cperm{1,2,3} is all the cyclic permutations of {1,2,3}. The partitions
being summed are now untangled, and the problem factorizes into three sums.
In Appendix E, we transform each of the sums into a path-integral and compute
their classical limit using the methods in [9]. In the end we can write the structure

constant as:

L d o
tog G (w1, uzua) = 7 Z % 2_Z Lip (61Pi+1r’j—zpk> ’ (4.28)
{i,jk}=cperm{1,2,3} 7 CiVCj 27T

This result exactly matches the correlator (4.19) found in [13]>.

4.4 Spinning correlators

Let’s consider now the SL(2) sector. First, if we take the operators to have
very large spin and very large length, S; — oo, £ — oo, all roots will be large,
(u ~ £) [23]. Although this seems similar to the SU(2) case, there are differences.
For example, now all the cuts are located at the real axis. For the configurations
we are interested, the cuts are symmetric with respect to the imaginary axis. More
precisely, they are of the form u € [—b, —a] U [a, b], with b > a > 1. Despite those
differences, it’s still possible to carry out most of the analysis.

Much more interesting is the case of large spin but finite length, S > ¢ ~ 1.
In this case, the roots are real and spread in the interval [—b,b], b > 1. If we

choose the mode numbers in the negative axis to be 1 and the mode numbers in

2After we include the contributions from polarizations and Gaudin norms, the latter given in
Appendix A.
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the positive axis to be -1, we are studying folded strings, i.e. with two cusps. This
means all of the spin of a given operator are distributed only between 2 of its sites.
In this case, each operator splits in two pieces due to the "centrifugal force". In
fact, their correlation function becomes a hexagonal null Wilson loop.

Note that in this regime we cannot:

¢ Separate the cuts.
¢ Ignore the contributions near u ~ 0.

In the problem of the spectrum, the only consequence of the second observation

above is that we cannot, for example, drop the 1 when computing the energy?,

E-]-5S p(u)
5:—:2/d 4.29
8’ uuz+}l (429

Otherwise, it was completely valid to describe the roots by a density and re-
scale the Bethe roots [24]. While we have to be careful with the second observation,

the first one can be a feature.

4.4.1 Saddle-point equations

In the saddle point equations for the I-I-I three-point function, equation (4.23),
we had one equation for each cut. Now, we will have the three equations on the

same cut, which seems much better! In this case, we have the following equations:

sinh (01 — poy) M

&1 — Gz + Gu, — Go, = log sinh 77pn, T (4.30)
1o St 7T(02 — pay)  ho
Gy — G1 + Guy — Ggy = log snhrps,  1- I (4.31)
inh — h
G3 — Go + Gg, — Go, = log sinh 77(03 = pas) _h3 (4.32)

sinhwp,, 1 —h3

While we could not solve these equations in general, it might be interesting
to investigate the possibility of recasting these equations in a TBA-like fashion.
Other possible paths are studying what the solutions of this equation look like for
hy = hy = h3 = 1; this choice corresponds to the special value in the Wilson loop
literature [8], Uy = Uy = U3 = %I. Another possible path might be to take G — (G
and study the limits { — 0 and { — oc. In all of these cases the equations simplify

3With the appropriate rescaling
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a lot and one can get a piece of information. We hope to report progress on this
question.

4.4.2 Wilson loop dictionary and collinear limit

In what follows, we will sketch a simple application of our results. Following
[25], there is a map between the polarizations ¢;; and the Wilson loop cross ratios
(ul/ UZI U3)

&
_ 4,
N (A iy S T (%.33)
;3
_ 4.34
R Sy N 1A — @54
2
to = f (4.35)
(o—=t3—=141)(J1 — 43— {2)
where
0 = J2J5 (4.36)
u-
L2+ T3+ i/ witn
31
o = (4.37)
Js+ 1+ Jor) 0t
63 _ ]1]2 = (438)

Ji+2+]3 UL

In the collinear limit [8, 14, 20], one of the U’s, say Uy, goes to zero. Then,
fz = 63 =0and

= J2J3
J2+ 173
Consequently, tj, = t3; = 0, and
2
by = (1_3) (4.39)
J2

The corresponding three-point function is given by (3.67). We leave for the
future the task of computing its classical limit.
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Conclusion

The hexagonalization formalism to compute structure constants in N' = 4
SYM was a super powerful achievement, however it’s still an important task to
understand it better to use all its power. The partition function interpretation
for the hexagons introduced in [7] yielded us recursion relations that allowed
their computation at tree level ((3.57)). In other words, we solved the hexagon
"matrix part", reducing the sum over intermediate states in PSU(2 | 2)%ina Kagome
lattice to a simple sum over partitions. We tried to do the same for the asymptotic,
all-loop Hexagon and, although it didn’t work, there is indication that it might be
a good way of solving the matrix part in general. We remark that we can work
backwards in our construction to also recover the correlation functions from the
hexagons. This provides a concrete and useful formula for anyone willing to study
the large-spin dynamics of spinning operators in N' = 45YM

We also computed the classical limit of I-I-I correlation functions in the SU(2)
sector, which are in agreement with the predictions made in [13] at weak coupling.
Furthermore, we discussed some of our attempts to extract information about the
classical limit/large spin limit of more complicated families of correlators.

Now we discuss some important topics related to our work.

WL/OPE duality

As suggested in [20], the large spin limit of structure constants involving three
spinning operators should be connected with null hexagonal Wilson loops (WL);
a precise map for the kinematics of this duality was worked out in [25]. This
relation is the WL/OPE duality. It is one piece in a big web of dualities present in
N = 4 SYM, which involves polygonal Wilson loops, scattering amplitudes and

41
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three-point functions of spinning operators. All these quantities have different
integrability descriptions: the polygonal Wilson loops and scattering amplitudes
can be computed from the operator product expansion (OPE) of integrable pen-
tagons, while three-point functions (and therefore polygonal Wilson loops) can
be computed from the integrable hexagons. These describe the interactions of
open and closed strings, respectively. To understand all these dualities from an
integrability point of view and relate hexagons to pentagons is a very exciting
challenge.

Our analysis may capture some of this large spin dynamics. Concretely, two
important families of correlators are given by

(U, Uy, Us) = (u,u,u) = (t1o,ta3,t31) = (¢, 1, 1)
and

J2

. In our setup, the second limit hugely simplifies and we can almost get a closed

2
(ul, U,, U3) = (t,O,l — t) = (t12, trs, t31) = (0, <E) ,O)

formula for it at tree-level... and more! In this limit (collinear limit), we can try to
use the one-loop expressions for A and then we just have to compute one path
integral, possibly by saddle point.

Classical and quantum integrability

In our paper, we studied the microscopic description of three-point functions at
weak coupling in the SL(2) sector. It’s given by (3.61). On the other hand, we can
study these correlators directly in the macroscopic regime: for SU(2), the problem
is mapped to a Landau-Lifschitz sigma-model and can be solved by using classical
integrability tools at weak and strong coupling [13]. In this language, the weak
coupling correlators have the same structure as the strong coupling ones, which
describe the scattering of three classical closed strings rotating in S°.

In the future, we hope to explore the possibility of mapping the computation
of correlators in the full SL(2) sector at weak coupling to a classically integrable
sigma model as in the SU(2) case. Furthermore, we expect these objects to be
closely related to their strong coupling counterparts, which describe the three-
point function of closed strings rotating in AdSs.

Finally, having in mind the WL/OPE duality, we expect this problem to be
related to the computation of Wilson loops living in AdSs, in which the result can



Chapter 5. Conclusion 43

be expressed as the free energy of a thermodynamics Bethe ansatz system [8]. Note
that for three-point functions at strong coupling and with polarizations on a plane,
this was already computed in [26,27], which would serve as a test for any proposal.
A good starting point for achieving this goal may be to find the spin-vertex for this
sector to compute the three-point functions and use their monodromy relations to
formulate the sigma-model construction [12].



Appendix A

Gaudin norm of Bethe states

The norm of a Bethe state is called the Gaudin norm. It can be computed
directly from the algebraic Bethe ansatz [28]. Given a set of roots u that describes
a certain Bethe state, its norm is

[T(x—i/2) T]w+i/2)" Bu), (A1)

X€u =

where / is the length of the spin-chain and

I1 ( ”’”J”) det M, (A2)
n#m Um
2 ¢ M 2
Mo = T +5nm(—u%+1/4_§ (un—ui)2+1>’ (A.3)

The polynomial factors in the norm can be absorbed in the definition of D (a;, &;)
as we do in Appendix B. So it remains to compute the classical limit of the deter-
minant factor B(u). It was already found in [10,29] and it is just

1 dz . i
log B(u) = 2§ —Lip (ez p). (A4)

This explain the presence of the single contour terms in equations (4.18) and (4.19).
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Bethe equations and rewriting D(«;, &)

In this appendix we rewrite D(a;, &;) using Bethe equations such that the final
structure constant will then be independent of the polarizations z;; for off-shell
roots. First we define the Baxter polynomials as usual and a different normalization
for the contraction of Bethe states:

Qy () =[T=+is2), (B.1)
uex
Zp(a; Urjlli;) = Qg (@)Qy, (i) Zp(o; Uaj|C). (B.2)

This rewriting of the scalar products suits our purposes since it is Z, («a; U &ill;f)
that has a good classical limit and not the former definition. We can write D(a;, &;)

as

3

3
D(aj,&;) = (_1)Ia1|+laz|+|wslnf(“l ) T1Q, Qg (&;)
i=1

i=1
X Zp(le U 063‘513) p(az U 061‘512)2;7(0(3 U 562|£23). (B.3)

Now one uses the A-functional defined in [9,10] by

dety, (ub™1 — g(uq) (g £1)71)

+
Aulsl= det,p (ug . 1)

, (B.4)

which has a sum over partitions expression given by

Avlel = 1 (-)Mg(a)f(a ). (B.5)

aUx=u
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Where + is for the SU(2) f(u,v) and — for the SL(2) one. We note that the choice
Q(z) = ay(z) yields the determinant part of the pPDWPF and it is the closed form

expression for the scalar product of a Bethe state and a descendant of the vacuum.
Let A [a¢] = Ay(u), then

3 .
D 0(,5( e _1 |a1|+|062|+|063| 0{,5{ 121 _ _
( ] ]) (—1) Ef( i z>Mls(%)aeu(()&l)agm(az)

X Ag, (0 Ults) Ay, (02 Uty ) Agyy (a3 Ulz). (B.6)

It remains to divide the structure constant by the norms of the operators. As said
in Appendix A the determinant part of the norm has a well defined classical limit,
then we define T)(txj, &;) as the previous summand but divided by the polynomial

part of the norms. Therefore

=i

,Zj((x]', 56]) =

=

—1) |l +|az|+]as] 3 3 (@,
o L [Ty 25

ap,,(&3)ag, (&1)ag,, (&2) -7 , )

X Ay, (e Uag)Ag, (o Udy) Ay, (a3 U i), (B.7)

Since we are dealing with physical operators, the total momentum of each one
vanishes. Then
ag(uj) = 1. (B.8)

We can take this identity and redefine the variables in the sum and obtain the new
summand

3
D(aj,&;) = (—1)laaltlnzlFlas] [T/ (i, @i)ap, (@3)ap, (&1)ag, (72)
i1
X .Agm (061 U 563)./4512(062 U 5&1)Ag23 (063 U 562). (B.9)

The full structure constant G is z;; independent if the roots satisfy the Bethe
equations. Using the sum over partitions expression for the A-functional, the full
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summand is just

D= (—n)liablnl Y (q)illpabelpl e (82)00, (83)1 (1)
B1UB L=y Una Ay, (B1) ey, (B2)acs, (B3)

B2Upa=0rUa3

BaUBs=a3Uny

X f(ay, a1)f (@2, 22) f (&3, a3) f(B1, B1) f (B2, B2) f (B3, B3). (B.10)

Note that:

g, (02)ag, (03)ag, (1) ap,(Br Naz)ag, (B2 Mas)ag, (Bs Nag)
g, (B1)ar, (Ba)ag, (B3)  ag,(B1M&1)ag,, (B2 Nao)ag, (B3 Nas)’

(B.11)

Clearly B; N &; C u; then one can use the Bethe equations to invert a,(x) in the
denominator. In our notation the Bethe equations are simply

ap(x) = S({x},u;). (B.12)

]

In the end we obtain the final form

f)((x].’@].) — (_1)|561|+|542|+|543| Z (_1)|l31|+|l32|+|ﬁ3|
B1UB1=a1Uny
B2Upr=mUn3
BsUBz=azUny
X ﬂglz(lgl M Déz)agm([gz N 063)ag31 (53 N 061)&1431 ([31 N 561)&1512 (ﬁz N 0_62){1523 (ﬁg N 0_63)
x S (ul,ﬁl M 071) S (U2, ,32 M D_éz) S (U3, ,33 N 5€3)

X f(@r,01)f (a2, 02) f (3, 23) f(B1, B1) f (B2, B2) f (B3, B3)- (B.13)
Similar manipulations were made in [4] to check that G is independent of the

polarizations. However they only tested it for one excitation on each operator.

Here we work for a general number of them and establish the above relation.



Appendix C

Simplifying hexagon recursion relations

Recently in [7] some recursion relations were found for spinning hexagons.
In this appendix we will rewrite them in a more appropriate form for us. Let
Z(u, v, w) denote the hexagon partition function with three excited operators with

Ji excitations each one. The recursion relations found [7] take the following form:

i— 1 ) U
Res'z]j_)uiz(u, V, W) == Z<L1, R2 LZ, Rl H ul’u M

1121 ”z//u ) j'=j+1 f(ulf )

x Z(u/{u;},v/{vj},w), (C.1)

lim Z(u,v,w) = (=12 BN Ry x Z(a/{u;}, v, w). (C2)

Uu;— o0

It turns out we can greatly simplify these recursion relations by redefining the
hexagon partition functions as

H(u,v,w) = Z(u,v,w) x flu)f<(wa)f<(us) _1)<11+12+13)(£1+12+1371>
P T vivlayls
17273

, (C.3)
where

f<w)=T] (%) . (C.4)

i<j
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The first recursion relation for #(u, v, w) then become

1 = 2 1 B
Fetun) (o To D () 1k 7oy, LL oy * Resorulurvw) =

= ) P fopw) H(u/{ui}, v/{vj},w)
o Ly L1 Fluo) ™ Fotar 7 uh Pt oy )

, (C5)

which, after simplifications, it becomes (3.52):

ResvﬁuiH(u, vV, W) = —itlzf(ui,ul/{u,-})f(uz/{vj}, ui)”;'-[(u/{ui},v/{vj},w).
(C.6)

And the second recursion relation becomes

lim H(u,v,w) = H(u/{u;},v,w), (C.7)

U;—>00

Which is exactly (3.29) in Chapter 3. The remaining recursion relations are obtained

with similar manipulations.
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Redefining the sum over partitions

In this appendix we rewrite the sum over partitions (3.33) to reproduce the
hexagon formula (3.43). As done in the Chapter 3 we define the partitions {7y}, ¥;}
such that B; Na; = 7; and B;N&; = 7; where 7; U%; = ¢§; and we partition
each operator’s roots as é; U d; = u;. This is defined such that the all the terms
containing a,’s in (B.13) are joined. Then the partitions {;, B j} are given by

Bi=waj/¥jUyiand B; = &;/v; U7;. (D.1)

Applying this at D results in

D = (—1)0HEHEl g, (61)ay,,(52)ar, (35)

)
" f(71,7m) f(’rz, 72) f(73,73) f(51,7_1) f(d2, 12) f(53,7_3)
Fru ) f(r2,72) f(3,73) f(71,01) f(72,62) f(73,83)

x f(&1/71,a1)f(v1,01) f(R2/ 72, 2) f (v2, 22) f (@3 /73, 3) f (773, &3)
x f(aa/ 72,21/ 7v1)f(vr, @1/ 7v1) f(w2/ Y2, 72) f (71, 72)
x f(as/ 73,82/ v2) f(v2, &2/ v2) f(23/ 73, 73) f (72, 73)
x f(ar/y1,&3/73)f(v3, &3/ 3) f (@1 /71, 71) f (73, 71). (D.2)

After some algebraic manipulations one can see that is useful to define partitions
for the set §; = w; U @, such that a; = @; U ¥; and &; = w; U ;. This yields us the
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following simple expression

D = (—1)ARHE s ay (61)a,, (82)a1,(83) X f(31,61)f (82, 82) £ (85, 83)
X f(wr, @) f(@01, ws) f(ws, @3) f (@03, w2) f (w2, @2) f (@2, w1)

x f(v1, ) f (v, 72) f (Y2, 72) £ (v2, ¥3) f (Y3, 713) f (3, 71). - (D.3)

Which has the same structure as the one in . Now the only remaining factors in

the sum over partitions to deal with are the polarizations. For these we can do the

following split:
My —lag|—|ay| _ _[81]+[02]—|03] —|@2|—|w1] |61|+[02]—]83]— | 72|~ 71l
Z1y =2, Z19 , (D.4)
Moz —lag|—|aa| _ _|62]+[33]—|01]—|@s|—|wa| 162|403 —]61— 73| =72l
223 =223 212 ’ (D.5)
Mz —|aq|—|as| _ _|83]+[01]—|02| = |@1|—|ws] 183|401 =182 —= |71 ] = V3l
Z3 = Zy; Z3q . (D.6)

Thus each one can be absorbed in the sum over partitions y; U %; = ; and w; U
@; = §; to obtain exactly:

Gluy,up,uz) = Y (=)l £(5) 51)£(55,80) £ (53, 03)

61 U5:1 =u
(52U(§2:u2
63Udz3=us

X Aps (51)6{512 (52)[1(23 (53)7—[(51/ 531 52)7-[(51/ 5—2/ 5_3) (D7)

With H given by (3.40). This establishes the equality between double spin-chain

formalism and hexagonalization.



Appendix E

Contour manipulations in the classical

limit

In this appendix we show how to find the final form of the classical limit of type
I-I-I correlators (4.28). The first step is compute the classical limit by saddle-point
of path integrals as in [29]. We can substitute each sum in (4.27) by path integrals
of the form

Y (_1)‘0Li|a€ki(lxi) f (@i, ;) ) _>/[Dpal.]exp (/C du J-"[pai]JriPaiﬂi)-

o U =u; f(ai/ uk)f(u]’ lxi

(E.1)

Where F|p,,] is the stochastic anomaly term, given by

Flow] = (o) — Fpw,) — Flps,) with F(p) = /O " dx logsinh(nx),  (E2)

and ip,;4; is the classical limit of the summand. Here, g; is a function of the

quasimomenta given by

qi = 7T+ Pj— Pk — Pis (E.3)

and ¢, denotes the average of g; evaluated above and below the cut C;.
Then one does these path integrals by saddle-point and finds

G(uy,up, u3) du _. [ _ip iptip:
log 25288 Y M 14, (e—ipeipiting) (E.4)
7‘[(111,112, u3) {i,jk}=cperm{1,2,3} Ci 2n < >

To find the same as in [13] we have to join the contours C;. To do this we use Bethe
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equations in the classical limit and contour manipulations. The Bethe equations in
the classical limit are given by [22]
, ; (1 — i0) = (k) (k)

pj(u+1i0) + pj(u —i0) = 27n;”" for u € C;. (E.5)
Where UkC].(k) = Cjand n](.k) € Z. The Bethe equations tell us that p(u) is defined
in a two sheet Riemann surface. Then when one crosses a rapidity cut we simply
do the changes p(u) — —p(u) and C; — —C;.

Consider the first term in (E.4). We start by splitting it as

j{ d_u Lip (e—ilﬂa—ipl-i-ir’z) = _1 d_u Li, (eip1+ip2—ip3>
o 27 2 Je, 21
+ 1 d_l/l L12 (efip3fip1+ip2> (E6)
2 Je 27 !

where in the first term we used the Bethe equations to go to the second sheet, thus
changing the sign of p;. We consider now the following dilogarithm identity

2
Lip(x) = —Lig(—1/x) — %2 _ M. (E.7)

Which can be used to invert p; in the second term thus yielding

du e 1 du i
L —lpa—ipitip2 ) — 7 log? (— 1p3+1p1—1r72>
C 27 2 <e ) 4 Je, 27 8 ( ¢
1 du i 1 du i
B S § < 1P1+1Pz—1p3) B SR F < lP1+1P3—1P2) E.
2 Je,om 2 \° 2 Jo 2 2 \° (E.8)

Similar manipulations can be done in the remaining terms in (E.4) to obtain

log G(u,wpuz) 1 y ( f/g 9z (efpi+fmim)> 1 rest.

H(ul’uz’ U3) 2 {i,j k}=cperm{1,2,3} iUCj 2
(E.9)
Where rest is simply given by
Lopdu o o/ i ipi
rest = Z T log <—e Piipj pk). (E.10)

{i,j k}=cperm{1,2,3}

After some painstaking, but simple, manipulations one sees that log H (uj, up, u3)
indeed cancels with rest up to phases that can be absorbed by redefining the



Appendix E. Contour manipulations in the classical limit 54

operators. Therefore the classical limit (E.4) is indeed equivalent to the classical
limit (4.28) given in the main text.
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