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Résumé

Conformément au concept de physique moderne, il y a quatre inter-
actions dan la nature : électromagnétique, faible, fort et gravitationnelle.
Dans le niveau quantique, les trois premieres de ces interactions sont décrites
avec succes par les theories quantiques des champs. De 'autre cote, en
dépit des nombreuses tentatives pour décrire la force gravitationnelle au
niveau quantique, jusqu’a maintenant, aucune d’entre elles n’a resulte dans
la théorie quantique de la gravité verifiée par les experiences.

Un autre probleme important de la physique moderne est lie a notre
comprehension de la physique des champs fortement couples. Quand une
constante d’accouplement s’élargit, et conformément, 'interaction corres-
pondante se renforce, la théorie de la perturbation, notre principale tech-
nique de calcul des observables basée sur ’expansion dans un parametre
restreint, devient inutile. A cause de ce probleme, nous ne sommes toujours
pas en mesure de decrire satisfaisante les observables de la chromodyna-
mique quantique, une théorie des interactions fortes, au niveau des energies
basses.

Un phénomene de la dualité entre les theories jauge et les theories des
cordes nous permet de jeter un éclairage particulier sur ces problématiques.
La relation entre les theories jauge et les theories des cordes vient de I'idee
ancienne (années 60) de decrire les interactions fortes en termes de cordes,
quand par exemple quark et anti-quark sont connectées I'une a ’autre par
le moyen d’une corde gluon et forment un meson. Ce modele était méme
capable d’expliquer certains phénomenes inhérents aux hadrons telle que
la dependance linéaire entre la spin et la masse au carré (la trajectoire
Regge). Cependant, la presence de tachyon dans le spectre, d’autres inco-
herences puis la découverte de la chromodynamique quantique ont conduit
a abandonner cette idee.

La preuve importante suivante de la relation entre les theories jauge et
les theories des cordes revient a Gerard 't Hooft. Dans [1], il a traité de la
généralisation de la chromodynamique quantique avec un nombre arbitraire
de couleurs N. En analysant les diagrammes de Feynman dans ce cas, il a
remarque que leurs expressions pouvaient étre organisées dans une double
série en égard a deux paramétres : la constante de 't Hooft A = g2,,N et
1/N. De plus, il s’est apercu que chaque diagramme pouvait étre identifié
avec une surface appropriée et que la puissance du nombre de couleur N
avec laquelle il apparait dans I’expression d'un diagramme donné, est defini
par la caracteristique d’Euler de la surface y = 2 — 2¢g, ou g est le genre



de la surface. Cela signifie que quand on prend la limite N — oo (limite
planaire) les seuls diagrammes qui survivent sont ceux qui correspondent
a une sphere (les diagrammes planaires). La decouverte de cette double
expansion a suscite un nouvel interet a I'idee de la dualite entre les théories
jauge et les théories des cordes, puisque I'expansion dans le parametre 1/N
nous rappelle clairement 1’expansion de genre de la theorie des cordes.

Cependant, la premiere réalisation precision de la dualité corde/jauge a
ete decouverté beaucoup plus tard. Cette réalisation est apparue dans le
cadre de la correspondance AdS/CFT proposée par Maldacena. Dans [2], il
adresse I’hypothese qu’il doit exister une correspondance bijection entre les
observables de la théorie des cordes definié sur le produit de I'espace AdS
avec quelques variété compacts et la théorie des champs conformes definié
sur la frontiere de ’espace AdS. Par consequent, 'identification suivante
entre les paramétres de la théorie est induité

22 1 Js
A =47"T", N = 1272
ou T et g, sont respectivement la tension des cordes et le couplage stable des
cordes. L’existence d’'une telle correspondance est tres interessante puisque
cela met en relation deux theories completement differentes definiés sur un
espace avec différentes dimensions.

A ce moment-la, la correspondance AdS/CFT demeure une conjecture.
Une des principales difficultés d’explorer ce phénomene est qu’un faible
régime de couplage de la théorie des cordes correspond a un regime de
couplage fort de la CF'T et vice versa. Par consequent, il est impossible de
comparer les observables des deux cotes de la dualité tant que des methodes
perturbatives sont appliquées. Néanmoins, a cause des nombreuses preuves,
notamment celles qui seront mentionnées ci-apres, de nos jours, la corres-
pondance AdS/CFT est sérieusement analysée comme étant vraie. Dans
ce sens, la difficulte mentionnée précedemment peut étre prise comme un
avantage. En effet, accepter la conjecture de Maldacena comme étant va-
lide nous permet d’étudier un regime de couplage des cordes de la jauge en
considérant le faible regime de couplage de la théorie des cordes correspon-
dante, et inversement. Ce concept semble prometeur afin de comprendre
une facon de decrire QCD a niveau d’énergie faible. De 1’autre cote, une
théorie des cordes permet d’unifier toutes les interactions sous l'unique
concept incluant un graviton, une particule de deux tours décrivant les
excitations du champ de gravité, et en ce sens il apparait étre I'un des
principaux candidats dans le role de la théorie decrivant la gravité quan-
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tique. De ce point de vue, la connection forte entre la théorie des cordes et
la théorie de jauge est tres intriguante et merite d’etre étudiée en profon-
deur.

L’exemple le plus notable de la correspondance AdS/CFT est la dualité
entre N' = 4 SYM et le type II B de la théorie des cordes definié sur I'es-
pace AdSs x S°. N' =4 SYM est une théorie superconformelle obtenue par
la reduction dimensionnelle de N' = 1 SYM de dix dimensions a quatre.
A cause de la symétrie conformelle, toutes les excitations sont isolées et
les observables de la théorie sont presentées par des fonctions de correla-
tion des opérateurs invariants de jauge et les circuits de Wilson. Toutes
les opérateurs invariants de jauge peuvent étre diagonalisés par rapport a
I’action de l'opérateur de dilatation. Chaque opérateur est caracterisé par
sa valeur propre, la dimension conformelle de son opérateur, qui adopte
les corrections en termes de dimension irréguliere, quand l'interaction est
prise en compte. La symétrie conformelle permet de fixer I’expression des
fonctions correlatives a deux points jusqu’a la valeur des dimensions confor-
melles des opérateurs impliqués. De 'autre cote, encore une fois a cause de
la symetrié conformelle, le operator product expansion (OPE) devient un
outil tres puissant pour calculer les fonctions correlatives. En 'appliquant
par la suite au corrélateur n-point, nous pouvons réduire son calcul au
calcul des fonctions a deux points, dans ’hypothese que les constantes de
la structure sont connues. A leur tour, les constantes de la structure sont
encodées dans les expressions des fonctions a trois points, qui doivent étre
calculées séparément. Par consequent, toutes les informations a propos des
observables de N = 4 SYM sont encodées dans des fonctions correlatives
a deux et trois points.

Dans cette these, nous avons considéré quelques approches des corrélateurs
a trois points de la théorie N’ = 4 SYM. Le corps de la these est compose de
deux parties presentees respectivement dans le second et le troisieme cha-
pitres. Dans le second chapitre, nous avons traité de ’approche de calcul
des fonctions a trois points inspirée de la théorie de champs de cordes. Sur
I’analogie du sommet de la corde qui décrit l'interaction entre les cordes
dans la théorie des champs des cordes, nous avons construit 1’objet que
nous appelons le sommet de spin. D’abord, nous avons construit le som-
met de spin & niveaux d’arbre du secteur scalaire de N' = 4 SYM. Nous
avons examiné la limite BMN du sommet de la rotation et montré que cela
reproduit le sommet de la rotation de SFT construit dans [3, 4]. Puis, nous
avons généralisé le sommet de la rotation a la théorie entiere a niveaux



d’arbre en exploitant la representation oscillante de la symétrie algébre
psu(2,2|4). Le sommet a été écrit dans la forme bilinéaires des oscillateurs
agissant dans le vacuum. Puis, le produit scalaire du sommet de la ro-
tation avec les états correspondant aux opérateurs donne l’expression de
la fonction a trois points. En réduisant le sommet au secteur so(4), nous
avons reproduit le résultat du niveau d’arbre obtenu dans [5]. Finalement,
nous avons montré que le sommet de la rotation satisfait la condition de
monodromie et apparait, en consequence, étre Yangian invariant.

Dans le troisieme chapitre, nous avons considéré I’approche aux corrélateurs
HHL (heavy-heavy-light) basée sur la relation de ce type de corrélateurs
avec les facteurs de forme diagonale. D’apres la conjecture de [6] dans le cas
ou les opérateurs lourds sont conjugués les uns aux autres la dependance de
la structure constante sur la longueur des opérateurs lourds L doit prendre
la forme proposée par les facteurs de forme diagonale dans les théories
quantique des chaps bidimensionnelles [7]. D’abord, nous avons examine
la conjecture au niveau d’arbre en prenant pour exemple les corrélateurs
a trois points avec les opérateurs lourds venant du secteur su(2) et les
opérateurs legers appartenant au secteur scalaire so(6). Nous avons montré
que pour la configuration considérée, la conjecture de [6] tient au niveau
d’arbre. Nous avons aussi présenté ’argumentation generale en faveur de
la validité de la conjecture a un circuit soutenu par le calcul explicite.

Conformément a la conjecture, la structure constante du corrélateur
HHL prend la forme de la somme de toutes les partitions des rapidités de
I'opérateur lourd :

1
pn(u)

S 1O @) oy ().
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Cuur =

ou py(a) est la dialogonale sous-determinant d’une norme Guadin (voir
(3.61)) et les coefficients f© sont définis par la forme de I'opérateur le-
ger O et ne dependent pas explicitement de L. Dans le cas de facteurs
de forme diagonale dans la théorie bidimensionnelle de la quantique des
champs, ces coefficients semblent étre les facteurs de forme diagonale du
méme opérateur local, mais dans un nombre infini. Les facteurs de forme
dans le volume infinie sont connus pour satisfaire la propriété exprimer
en termes de blocs de construction simples pour n’importe quel nombre de
magnons. Malgré cela, il n’est pas clair pour nous quel sens physique exact
est porté par les coefficients f© apparaissant dans la constante de structure
des corrélateurs lourds-lourds-leger dans N' = 4 SYM, nous avons montré
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qu’ils peuvent également étre exprimés au moyen de certaines fonctions
simples (regardez par ex. (3.76)), que nous avons vérifié jusqu’ le cas avec
clng magnon.

Dans la deuxieme partie du troisieme chapitre, nous avons étendu notre
considération toutes les boucles en exploitant le programme de hexagone,
la toute nouvelle méthode proposée pour calculer des corrélateurs = trois
points non extrémes. Nous avons considéré le méme type de configuration
de corrélateur que dans la premiere partie avec la seule différence que, par
souci de simplicité, nous nous restreignions en prenant ’opérateur leger
comme un état semi-BPS. Sur les exemples avec des opérateurs lourds ayant
une et deux excitations, nous avons démontré que la conjecture se maintient
toujours au niveau de toute boucle jusqu’aux corrections d’enrubannage
avanceées.

Quant au calcul au niveau d’arbres, nous avons examiné le compor-
tement des coefficients. Fait intéressant, nous avons constaté que, = une
boucle, les coefficients f© peuvent encore étre exprimés par le méme ansatz
avec la modification appropriée d’une boucle des fonctions de construction
(regardez (3.168)), que nous avons vérifié jusqu’ le cas de quatre magnon.
Cela nous donne l'espoir que le méme genre d’ansatz peut tenir au niveau
de n’importe quelle boucle.

En fin, nous aimerions dire qu’en dépit des grands progres récemment
réalisés grace a la proposition de programme de hexagone, il reste encore
beaucoup = faire dans le domaine du calcul des fonctions a trois points.
Une des questions non résolues est le calcul des corrections de taille finie.
Il est arrivé que déj au niveau de quatre boucles, il n’est pas clair com-
ment calculer les corrections d’enveloppement a certains corrélateurs en
raison de ’apparition du double pole dans I'intégrande qui n’est pas clair
comment traiter [8]. Une autre question importante est liée a efficacité
du programme de hexagone. Méme dans ’approximation asymptotique, la
constante de structure est donnée comme une somme sur les partitions des
excitations de 'opérateur, ce qui rend tres difficile le calcul des corrélateurs
a trois points des opérateurs avec un grand nombre d’excitations. En fin,
meéme apres que le probleme avec le double pole soit résolu, le calcul des
corrélateurs a trois points au couplage fini demeurera un probléme excep-
tionnel méme pour les opérateurs avec un petit nombre d’excitations. A ce
stade, une étude plus approfondie des corrélateurs HHL pourrait jouer un
role important, puisque le calcul des corrections d’enveloppement aux fac-
teurs de forme diagonale existe dans la littérature [9, 10], et on peut essayer



d’appliquer ces résultats & N = 4 SYM. Une autre idée qui doit étre gardée
a l'esprit est 'application de la technique de séparation des variables (SoV)
au calcul des fonctions a trois points. Cependant a I'heure actuelle, tous
les résultats obtenus dans cette direction sont limités a I’approximation au
niveau des arbres.
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Chapter 1

Introduction

1.1 Gauge/string duality and AdS/CFT correspon-
dence

According to the concept of the modern physics there are four interactions in the
nature: electromagnetic, weak, strong and gravitational. On the quantum level first three
of these interactions are successfully described by quantum gauge field theories. On the
other hand, in spite of the numerous attempts of describing the gravitational force at the
quantum level, up to now none of them resulted in the theory of quantum gravity verified
by the experiments.

Another important problem of the modern physics is related to our understanding of
the physics of the strongly coupled fields. When a coupling constant becomes large, and
accordingly the corresponding interaction becomes strong in literal sense, the perturbation
theory, our main technique of computing the observables based on the expansion in a small
parameter, becomes useless. Due to this issue we are still not able to describe observables
of the quantum chromodynamics (QCD), a theory of the strong interactions, satisfactory
at low energies.

A phenomenon of the duality between gauge and string theories allows to shed some
light on both of these issues. The relation between strings and gauge theories originates
in the old idea (1960’s) of describing the strong interactions in terms of strings, when e.g.
quark and anti-quark are connected to each other by means of the gluon string and form a
meson. This model was even able to explain certain phenomena inherent to hadrons such
as linear dependence between the spin and the mass squared (Regge trajectory). However
the presence of tachyon in the spectrum, some other inconsistencies and then discovery
of QCD led to abandon this idea.

The next important evidence of the relation between gauge and string theories is due
to to Gerard 't Hooft. In [1] he considered the generalization of QCD with arbitrary
number of colors N (for QCD N = 3). By analyzing Feynman diagrams in this case
he noticed that their expressions can be organized into a double series with respect to
the two parameters: 't Hooft constant A = g%,,N and 1/N. Moreover he realized that
each diagram can be identified with an appropriate surface and that the power of the
color number N with which it appears in the expression for a given diagram, is defined
by the corresponding to the surface Euler characteristics y = 2 — 2g, where ¢ is the
genus of the surface. It means that when taking the limit N — oo (planar limit) only



those diagrams survive which correspond to a sphere (planar diagrams). Discovering of
this double expansion brought new interest to the idea of the duality between gauge
and string theories, since the expansion with respect to 1/N clearly reminds the genus
expansion of the string theory.

However the first precise realization of the gauge/string duality was discovered much
later. This realization appeared in the framework of the AdS/CFT correspondence pro-
posed by Maldacena. In [2] he conjectured that there should exist a one-to-one correspon-
dence between observables of the string theory defined on the product of AdS space with
some compact manifold and the conformal field theory (CFT) defined on the boundary
of the AdS space. At that, the following identification between the theory parameters is
implied

A=ddT?, Lo O (1.1)
"N A4ArT? '
where T" and g, are the string tension and string coupling constant correspondingly. Exis-
tence of such a correspondence is very interesting since, it relate two completely different
theories defined on a spaces with different dimensions.

At this moment AdS/CFT correspondence still remains a conjecture. One of the main
difficulties to exploring this phenomenon is that weak coupling regime of a string theory
corresponds to a strong coupling regime of a CFT and vice versa. Therefore one can not
directly compare the observables from both sides of the duality as long as perturbative
methods are applied. Nevertheless, due to the numerous evidences, some of which will be
mentioned below, nowadays the AdS/CFT correspondence is strongly believed to be true.
In this sense the difficulty mentioned above can be turned into an advantage. Because
accepting Maldacena’s conjecture to be valid allows us to study a string coupling regime
of the gauge theory by considering weak coupling regime of the corresponding string
theory, and also in an opposite way. This concept looks promising for understanding a
way to describe QCD at low energy level. On the other hand, a string theory allows to
unify all the interactions under the single concept including a graviton, two-spin particle
describing the excitations of the gravity field, and in this sense appears to be one of the
main candidate on the role of the theory describing quantum gravity. From this point of
view deep connection between gauge and string theories is very intriguing and deserves
to be thoroughly studied.

The most notable example of the AdS/CFT correspondence is the duality between
N =4 SYM and type II B string theory defined on AdSs x S° space. N' =4 SYM is a
superconformal theory obtained by dimensional reduction of the ' =1 SYM in ten di-
mensions to four dimensions. Due to conformal symmetry all the excitations are massless
and the observables of the theory are presented by correlation functions of the gauge in-
variant operators and Wilson loops. All the gauge invariant operators can be diagonalized
with respect to the action of the dilatation operator. Each operator is characterized by
its eigenvalue, conformal dimension of the operator, which gets the corrections in terms
of the anomalous dimension, when the interaction is taken into account. The conformal
symmetry allows to fix the expression of the two-point correlation functions up to the
value of the conformal dimensions of the operators involved. On the other hand, and
again due to the conformal symmetry, the operator product expansion (OPE) becomes a
very powerful tool for computing the correlation functions. By subsequently applying it
to an n-point correlator, one can reduce its computation to the computation of the two-
point functions, under assumption that the structure constants are known. In its turn,
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the structure constants are encoded in the expressions of the three-point functions, which
should be computed separately. Therefore, all the informations about the observables of
N =4 SYM is encoded in two- and three-point correlation functions.

As a consequence of the duality there is one-to-one correspondence between the op-
erators of the theory and the states of the string theory. The first identification between
string theory and gauge theory observables was performed for the so-called half-BPS op-
erators of N = 4 SYM. This terminology originates form the fact that these operators
are annihilated by the half of the supercharges of the theory. The half-BPS operators
are identified with the supergravity modes of the string theory. Then the energies of
the supergravity states are identified with conformal dimensions of appropriate half-BPS
operators. Due to the symmetry, the conformal dimensions of the half-BPS operators do
not get corrections when the interaction is turned on, and therefore coincide with their
classical values.

Another, less trivial case, is the BMN limit [11], which is characterized by the states
with large conformal dimensions carrying few low-lying excitations. From the point of
view of the string theory, the BMN limit corresponds to the point-like string moving with a
speed close to the speed of light along the equator of the S® and sitting on the center of the
AdSs5 space. Such string states can be described by the so-called pp-wave background,
which can be obtained from the original string theory by taking a special kind of the
Penrose limit [12, 13]. The theory obtained has a great advantage compared to the string
theory on the AdSs x S® space, namely it can be quantized. Another useful property of the
BMN limit is that one can introduce there an effective coupling constant X' = A/ J? (where
J scales as the length of the operator), which can be used as an expansion parameter at
weak coupling as well as at strong coupling. This allows to compare the data obtained
on both sides of the duality directly on the basis of perturbative methods! Finally, non-
planar corrections survive the BMN limit [14, 15] and thus can be identified with the
genus expansion of the string theory on pp-wave.

However the half-BPS sector and the BMN limit are restricted to very specific class of
operators and thus can not give us the whole picture illustrating the duality between N =
4 SYM and its string counterpart. The main feature drawing attention to these theories
and giving us a hope to understand the phenomenon of the AdS/CFT correspondence
better is their integrability, which simply means that it is possible to compute all the
observables of the theory exactly. Integrability is a quite a common phenomenon for the
two dimensional sigma-models. In this sense the integrability of the string counterpart
of the duality is not a big surprise. On the other hand, the reasoning for the fact that
N =4 SYM should be integrable was not obvious at all until some explicit computations
was done. In this context the integrability of NV =4 SYM, which at the moment is well-
established only in the planar limit (N — 00), can be considered as one of the evidences
confirming that the conjecture about AdS/CFT correspondence is a true statement.

The first explicit computation indicating the integrability of the planar N' =4 SYM
was performed in [16], where the authors considered the anomalous dimension (the part
of the conformal dimension appearing when the interaction is turned on) of the operators
from the so-called scalar sector, which consist of the operators made just of the scalar
fields, at one loop. The action of the one loop dilatation operator is closed on the set
of such operators, therefore its action can diagonalized on these operators independently
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on the others.! By performing the explicit computation of the appropriate Feynman

diagrams the authors established that the action of the one-loop dilatation operator inside
the scalar sector exactly coincides with the action of the so(6) spin chain Hamiltonian in
periodic boundary condition.

The spin chains are the discrete models defined on the space consisting normally of
the finite number of sites and broadly used in statistical physics. The fields living on
each site of a spin chain form representation of the corresponding symmetry group. The
most known example of the spin chain system is XXX/, spin chain also referred to
as Heisenberg spin chain. XXX/, spin chain enjoys integrability and the solution of
its spectral problem is given by the famous technique of the Bethe ansatz, proposed by
Hans Bethe in [17]. Bethe-ansatz technique is broadly used now from condensed matter
and statistical physics to high energy theory and since then was significantly developed
and generalized. A great contribution at this point belongs to the Leningrad group in
mathematical physics (see e.g. [18]).

The so(6) spin chain enjoys integrability as well and the eigenstates of its Hamiltonian
can be constructed by the nested algebraic Bethe ansatz (NABA). It means that the one
loop spectral problem in the scalar sector of N'= 4 SYM is indeed integrable! Discovery
of this fact underlies the long, but exciting way of understanding the integrable structure
of N =4 SYM.

A great simplification in analyzing the spectral problem and in understanding the
integrability of N/ = 4 SYM was achieved by analyzing the dilatation operator of the
theory. The systematic study of the dilatation operator was initiated in [19], where the
authors considered the action of the dilatation operator on the operators consisting of the
scalar fields up to two loops. Then in further works results were generalized to other type
of operators and for some specific sectors to higher loops. In [20] the author established the
complete one loop dilatation operator acting in the representation of the theory symmetry
group psu(2,2|4). At the same time it was shown that the complete one loop dilatation
operator coincide with the Hamiltonian of the su(2,2[4) spin chain [21], by that proving
the one loop integrability of the theory. Further on the basis of the symmetry analysis the
dilatation operator and its integrable structure were obtained for some particular sectors
at higher loops [22, 23|. Finally the results on the study of the dilatation operator were
systematized and summarized in [24].

An important progress was made by elaborating on the idea of the BMN limit. In
[25], the agreement between the string energy and gauge theory anomalous dimension
was obtained at two loop order. However, the prediction of [19] made from the gauge
theory side for the three loop anomalous dimension didn’t match with the corresponding
quantity obtained from the string theory computation [26]?. On the other hand, in [27] the
authors proposed a way to identify some semi-classical highly excited strings states with
the corresponding gauge theory operators. This idea, further elaborated in [28, 29, 30, 31],
inspired the authors of [32], where they argued that the BMN scaling with the expansion
parameter A" should hold for the energies of the certain semi-classical states at weak
as well as at strong coupling, despite violation of the dilute gas approximation. The

1. We will discuss later that there is not just the scalar sector, but plenty of sectors, which can be
considered separately at one loop or even at all loop

2. It is worth mentioning here that the discrepancy between anomalous dimension and string energy
appears not in the strict BMN limit, but only when the finite size corrections in powers of 1/.J are taken
into account
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corresponding semi-classical limit is normally referred to as Frolov-Tseytlin limit. Similar
to the BMN proposal, this statement got solid confirmation at one [33, 34] and two [35]
loops, but failed at three loop order [35, 36]. The possible resolution to this paradox was
proposed in [37], where the authors assumed that the reason of the three loop mismatch
can be caused by the non-commutativity of the limits, which one has to take according
to the BMN and Frolov-Tseytlin prescriptions. Indeed, when taking the BMN limit in
gauge theory, one has to first expand an observable in the 't Hooft constant A\ and then
put the length of the operator to be large. At strong coupling the procedure is opposite:
we first take the semi-classical limit, which implies the large angular momentum of the
string (equivalently large length of the corresponding operator), and only after we can do
expansion in \.

In the same paper [37] another very important proposal was made. Namely, the
authors could generalize the one loop Bethe ansatz, diagonalizing the dilatation operator
of the su(2) sector® to all loops in the asymptotic approximation by generalizing the
X X X,/7 spin chain to a special inhomogeneous long-range interacting spin chain. In this
context, the asymptotic approximation means that the result is supposed to be obtained
up to the order of O(A\F), where L is the length of the gauge theory operator. As it is
mentioned in [37] (see also [38]), in order to obtain the exact result, one has to take into
account the so-called wrapping corrections. The point is that when going higher order
by order in perturbation theory the sites of the spin chain identified with the dilatation
operator become to interact on larger distances. Finally the range of the interaction
length reaches the length of the operator L, and at this point wrapping effects start to
contribute.

In the meantime another significant result concerning the identification of the gauge
theory operators and string theory states was obtained. As it has been mentioned above
a lot of semi-classical string solutions were constructed to be identified with the cor-
responding gauge theory operators. In addition to already mentioned papers one can
append [39, 40, 41, 42]. However the systematic approach was missing. In order to fill
this gap the authors of [43] proposed a way to relate the integrability of both sides of the
duality. They considered the reduction of the full world-sheet sigma model to the string
living on S? x R, that corresponds to the su(2) sector of N =4 SYM. By exploiting the
finite gap method [44] they showed that the general semi-classical solution to the string
sigma-model in this case can be reduced to solving a curtain Riemann-Hilbert problem
of finding a function defined on some algebraic curve with known discontinuities. On the
other hand, they took the semi-classical limit of the two-loop Bethe equations, arising at
weak coupling. They showed that the problem of finding the solutions to these equations
can be reduced to exactly the same Riemann-Hilbert problem as the one obtained in
string theory and expanded up to two loops with a certain redefinitions of some parame-
ters. This achievement allowed to identify the gauge theory operators of su(2) sector with
the corresponding semi-classical string solution systematically and in a straightforward
way giving a solid justification of the AdS/CFT correspondence. Later it was developed
further in [45], where other kind of operator were considered belonging to so-called si(2)
sector of N' =4 SYM.

The next important achievement to be mentioned is related to the extension of the
asymptotic Bethe ansatz proposed in [37]. In [46] the authors generalized the result of

3. The su(2) sector is formed by the operators consisting of the two scalar fields related by the su(2)
transformation
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[37] to rank-1 sectors of N/ =4 SYM and then conjectured it for the whole theory. The
main component of their proposal was the expression for the all loop S-matrix which
they conjectured for the scattering of all the elementary fields. The confirmation of their
ansatz was obtained in [47], where by using the symmetry constrains the expression for
the all loop S-matrix was fixed up to a scalar factor (dressing phase). The study of
the dressing phase was initiated in [48]. Further from the assumption that the crossing
relation should exist for the string theory on AdSs x S° the functional equations for the
dressing phase were derived in [49]. The solution to this equation was found in [50].
Finally the expression for the dressing phase at weak coupling was conjectured in [51]
resulting in corrected asymptotic Bethe ansatz.

The asymptotic Bethe ansatz provided us with ability to compute the spectrum of
N =4 SYM in the limit of large length of the operator, however the implementation of
the wrapping corrections still remained an outstanding problem. One of the steps in this
direction was undertaken in [52], where, by following the ideas of [53], the authors derived
the leading finite-size corrections (Luscher corrections) for the case of the giant magnon
at strong coupling. However a more efficient way to reach the wrapping corrections
turned out to be due to thermodynamic Bethe ansatz (TBA) [54]. By exploiting the
TBA approach the so-called Y-system, containing the information about exact anomalous
dimension of any local operator of N' = 4 SYM, was first conjectured [55] and then derived
in [56, 57, 58]. The obtained system got the confirmation from the explicit computations
[59, 60], which gave the same result as the one predicted by [61], where the Luscher
corrections for Konishi operator were computed up to five loops. Nevertheless due to the
complexity of the Y-system its applications were significantly restricted. Fortunately it
appeared to be possible to turn the infinite set of the integral non-linear equations of
Y-system into a finite system [62]. The final form of the equations allowing computation
of the exact anomalous dimension were presented in [63], in the form of non-linear system
of Riemann-Hilbert equations called the Ppu-system.

Apart from the great achievements in solving the spectral problem, the impressive
results were obtained in computing the planar scattering amplitudes, which in N' = 4 SYM
coincide with the null polygon Wilson loops. In [64] the authors proposed to express the
planar scattering amplitudes in terms of some building blocks which they call the pentagon
transition and which can be computed exactly by means of the bootstrap procedure. The
similar approach was recently applied for the computation of the three-point functions.
In [65] the authors managed to express the three-point functions in terms of the objects
which they called hezagon. As well as pentagon transitions, the hexagons happened to be
computable exactly by means of integrability. In the section 1.4 of the chapter we will give
a historical overview on the achievements concerning the computation of the three-point
functions in more details.

The thesis is based on the following works.

1. Y. Jiang, I. Kostov, A. Petrovskii, and D. Serban, String Bits and the Spin Vertex,
Nucl. Phys. B897 (2015) 374404, [arXiv:1410.8860].

2. Y. Jiang and A. Petrovskii, From Spin Vertex to String Vertex, JHEP 06 (2015)
172, [arXiv:1412.2256].

3. L. Hollo, Y. Jiang, and A. Petrovskii, Diagonal Form Factors and Heavy-Heavy-
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Light Three-Point Functions at Weak Coupling, JHEP 09 (2015) 125, [arXiv:1504.0713]
4. Y. Jiang and A. Petrovskii, Diagonal form factors and hexagon form factors,
[arXiv:1511.0619].

1.2 N =4SYM

In this section we will review some basic information about the N' = 4 SYM. The
N =4 SYM is a maximally supersymmetric gauge theory defined on the four-dimensional
Mincowski space. The fields are presented by six scalars, four fermions and the gauge field:

(bm; wiaa 'LEZ'CH A,lu (12)

and interacts through the lagrangian
1 1 2 _
L= JTeF" Foy + 5D G Db — gZTr[qu, Sl [Bms D] + Trhiao D iy —
(1.3)

ig ab ij Wrnd sabeiify
- 5T1“1/Jm07:6][¢m7 wjb] - ETH/JmUnfEJ[CbW %j]-

All the fields live in the adjoint representation of the gauge group SU(N). The scalars
form six dimensional representation of the R-symmetry SU(4). The fermions form with
respect to one of the indexes the fundamental representations of the R-symmetry and
with respect to another the representation of the su(2), (or su(2)gr) copy of the Lorentz
group.

The bosonic symmetry of the theory is presented by the product of the conformal group
in four dimensions SO(4, 2) and the R-symmetry SU(4), which are formed by the following
generators: Lorentz generators L;;, L;j, shifts P,, special conformal transformations K,
the dilatation operator D and fifteen R-symmetry generators R;;. The supersymmetric
transformations are given by 16 supercharges Q;q, Qia, Sia; Sia. Together all the generators
form PSU(2,2|4) group, the complete symmetry of the theory. All the symmetries still
hold at the quantum level including the conformal symmetry, due to the fact that (-
function is identically equal to zero.

Since the symmetry group is non-compact, the unitary representations, which a physi-
cist is interested in, are infinite-dimensional. The physical representations are defined
on the space spanned by the local gauge invariant operators (in other words, states) in
general presented by a product of the single-trace operators

O(x) = TrWi(x)... W (x), (1.4)

where by W;(z) we understand the fields transforming homogeneously under the gauge
group, such as DF¢, Dk, Dk, D¢F,,, k=0,1,2.... In what follows we will refer to the
fields W; as elementary fields.

In order to form a highest weight representation we will define the primary states O(z),
as those which are annihilated at the point © = 0 by the special conformal generators:

K,0(0) = 0. (1.5)

Then the full representation module can be formed by successive action of the lowering
operators on the highest weight state O(z). The operators which are not primaries are
called descendants with respect to the primary operator they are obtained from.
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Since the theory is conformal, the particles are massless and, in the conventional sense,
there is no spectral problem. However there is an analog of it, namely the dilatation
eigenvalue A of a local operator O(z), or, in order words, its conformal dimension. On
the classical level it is given just by the sum of dimensions of all the fields the operator is
made of. When the interaction is switched on the conformal dimension gets the correction
~ which is called an anomalous dimension. We will refer to the problem of computing
the anomalous dimension of an operators as a spectral problem. As it has been already
mentioned we are going to work in the planar limit of AV = 4 SYM, when the number of
color N is taken to be large, so we are interested only in the leading order in the expansion
of the observables in 1/N. In the planar limit the conformal dimension of the multi-trace
operator is given by the sum of its single-trace operators. Therefore one can consider just
single-trace operators.

Due to the conformal symmetry of the theory, the expression of the properly normal-
ized two-point correlator is completely defined by its conformal dimension. E.g. in the
case of the primary scalar operators the two-point correlation functions is given as follows

i
(0i(2)0;(y)) = m
Thus the spectral problem is equivalent to the problem of computing the two-point cor-
relation function of the corresponding operator.

A significant simplification in the spectral analysis can be achieved by noticing that the
action of the dilatation operator is closed on certain subsets of the states up to some loop
level or sometimes even exactly. These subsets are referred to as sectors (or subsectors)
of the theory. The simplest example is the su(2) sector consisting of the two elementary
fields related to each other by one of the su(2) transformations of the symmetry, e.g.
Z = f(gz55 +igg) and X = %((ﬁl + i¢9). The su(2) sector is closed in all orders in
perturbation theory. At tree level the action of the dilatation operator on it coincides
with the Hamiltonian of the Heisenberg X X X 5 spin chain.

Another example we will be considering in this thesis is so(6) sector, or scalar sector,
presented by all the scalar fields Z, Z, X, XY, Y forming the fundamental representation
of so(6) group and given as follows

(1.6)

_ 1 )
7(% +igs), 2= —2(¢5 — i),
_ 1 .
= 7(% +igs), X = —2(¢1 — i), (1.7)
. 1 :
Y = E(% + is), E(% — i¢y)

The scalar sector is closed with respect to the action of one loop dilatation operator.

Other observables of the theory appear to be the rest of n-point correlation functions.
Among them the three-point functions draws particular attention. The reason is that the
operator product expansion (OPE) appears to be an exact statement in conformal field
theory. The OPE states that when two operators taken within a correlation function are
defined on the close enough space-time points, their product can be replaced by a sum of
the local operators with the coefficients called the structure constants

(O1(2)Os(z + 6z).. 2012k612k(517)0k( )eo)s (1.8)
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where eqo;, are the conformal partial waves defined by the operators involved. Therefore
by successively applying the OPE to an arbitrary n-point correlator, one can reduce it to
a sum of two-point functions. At the same time it is not hard to see that the structure
constants are given by the three-point functions. This means that all the information
about the observables of the theory is encoded in two- and three-point correlators.

The form of the three-point correlators is fixed by the conformal symmetry as well,
for scalar primary operators it is given as follows

0123
<Ol<l‘>02<y)03(2>> = |Z‘ . y|A1+A2—A3]a: . Z|A1+A3_A2|y _ Z|A2+A3_A1 9

(1.9)

where C}93 is a structure constant.

1.3 Basic tools of integrability

In this section we will review basic tools of integrability which we will be using in the
following.

1.3.1 XXX/, spin chain. Coordinate Bethe Ansatz

In this section we will describe the method of coordinate Bethe-ansatz allowing the
diagonalization of the XX X/, spin chain corresponding to the su(2) sector of N' = 4
SYM. For a more detailed review we recommend to see [66].

The XX X/, spin chain model is defined on the Hilbert space H:

H=h®..Qh (1.10)

where hj, = C?, and has the following Hamiltonian:

H = Z — Pl (1.11)

Here o} are Pauli matrices and the periodicity condition is implied: o7, = of.

Figure 1.1 — The spin chain.
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We will refer to a subspace hy as the k-th site of the spin chain. For the basis of a

one-site space h; we choose
1 0
|1 = (0) ;D= (1) : (1.12)

The full space is spanned by the states of the form
| LT e 1), (1.13)

with the possibility for each site to have either spin up or down. We define the vacuum
to be

) =|1..1). (1.14)
It is not hard to see that it is an eigenstate of the Hamiltonian (1.11). We will denote the
excited states with N spins down at positions nq,...,ny as

|7’Ll,...,7’LN>. (115)

The spin operators S¢ = %Zle o commutes with the Hamiltonian, thus these op-
erators can be diagonalized simultaneously. Accordingly the ansatz for the Hamiltonian

eigenstates with the total spin S = % should have the form

[Yn) = Z f(ny,...,nn)|ng, ...,ny), (1.16)

1<ny...<ny<L

where f(nq,...,ny) is a factor to be defined. The solution to this problem is given by the
coordinate Bethe ansatz [17] given as follows

WJN) = E eiPrmtipanatipsngt.HipNnN S(p%pl)61132711+2p1n2+1p3n3+---+leTLN_|_

1<n;..<nn<L

S(pg, p1)5(p3, pl)eip2n1+ip3n2+ip1n3+...+ipNnN + > |n1, ceey nN),

(1.17)
with py, ..., py satisfying the condition (Bethe equations):
el = H S(pk,pj)s (1.18)
J#k
where . .
S(prspj) = ) 2 | (1.19)

o eiPetpi) — 9eiri + 1°
The eigenstates (1.17) are conventionally called Bethe-states. The ansatz (1.17) allows the
following simple physical interpretation. In analogy with a plane wave we associate the
state e’"|n), to which we shall refer as to one magnon state, with a free particle moving
around the circle with a momentum p. Further the scattering is diagonal and absolutely
elastic which gives that the wave function should be given by a superposition of the
states of all possible permutations of the particles times a phase factor composed of the
product of the corresponding set of the S-matrices S(p, ¢). Since the system is defined in
finite space, the momenta should be quantized, which is expressed by the Bethe equations
(1.18).
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1.3.2 XXX,/ spin chain. Algebraic Bethe Ansatz

In this section we will describe the algebraic Bethe-ansatz [18] serving as an alternative
way for diagonalizing spin chain Hamiltonians. The idea of the algebraic Bethe-ansatz
is based on introducing a connection along the spin chain, which we shall conventionally
call Lax operator. The Lax operator is defined on the product of one-site quantum space
h and an auxiliary space A isomorphic to a quantum space (A = C?) and has the form

Lio(u) = (u— )L ® L, +i»_ Sp @ of, (1.20)
or ,

Lialw) = ( it u—,—iS}) (1.21)
where S° = %i, u is a complex variable and 6’s are the so-called inhomogeneities. In order

to get the homogeneous XXX,/ spin chain corresponding to the one loop dilatation
operator of the su(2) sector we need to put the inhomogeneities to zero. The Lax-operator
also can be rewritten in terms of the permutation operator P, ¢} ® ¢ = ¢ @ ¢} as

Lia(u) = (u—0) — %)Ik,a + i P q, (1.22)

Py = %(Ha®ﬂb+;a§®a§‘). (1.23)
It is not hard to see that the Lax operator satisfies Yang-Baxter equation:
Rop(u—v)Lg () Lip(v) = Lip(v) Lo (1) Rap(u — v), (1.24)
where R, is called R-matrix and given as follows
Rop(u) = (u—0k)op +iPsp. (1.25)
We then construct the monodromy matrix 7'(u) as follows:

T(u) = (g‘gzg ggzg) Ly o(u) Lo a() L o(u). (1.26)

From the Yang-Baxter equation (1.24) and from the property [Lg, o(w), Li, 5] = 0 (k1 # k2,
a # b) one can derive the so-called RTT relation

Rmb(u — U)Tkﬂ(u)TM(v) = Tk7b(v)Tk7a(u)Ra,b(u - ?J). (127)
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It can be written elementwise as follows

D(v)B(u) = f(v—u)B(u)D(v) + g(u — v)B(v)D(u),

B(v)D(u) = f(v—u)D(u)B(v) + g(u — v)D(v) B(u),

C(v)A(u) = f(v —u)A(u)C(v) + g(u — v)A(v)C(u),

AW)C(u) = f(v —u)C(W)A) + g(u —v)C(v)A(u),

C(v)D(u) = f(u—v)DW)C(v) + g(v — u)D(v)C(u),

D(v)C(u) = f(u —v)C(u)D(v) + g(v —u)C(v)D(u),

[C(v), B(u)] = g(u —v) [A(v)D(u) — A(u)D(v)] = g(u — v) [D(u)A(v) — D(v)A(u)],

[D(v), A(w)] = g(u = v) [B(v)C(u) — B(u)C(v)] = g(u — v) [C(u)B(v) — C(v) B(u)],

[A(u), A(v)] = [B(u), B(v)] = [C(u), C(v)] = [D(u), D(v)] = 0, s,
1.28

where f(u) =1+ %, g(u) = % From the RRT relation we immediately get that
[T (w), T(v)] =0, (1.29)

where T (u) is the transfer matrix defined as the trace of the monodromy matrix over the
auxiliary space T (u) = Tr,T'(u). By performing some manipulations with the permuta-
tion operator P,;, it is not hard to express the Hamiltonian as follows

H=1L+ i%iu)T(u)l‘u:i/z, (1.30)

Hence
[H, T (u)] = 0. (1.31)

Thus we can see that by expanding the transfer matrix as a polynomial of u, we get L
conserved charges, which coincide with number of degrees of freedom, giving rise to the
integrable structure of the X X X/, spin chain.

The main insight of the algebraic Bethe ansatz is that the construction of the Hamil-
tonian eigenstates (Bethe-states) is performed by successive action of the element B(u)
of the monodromy matrix on the ferromagnetic vacuum (1.14) :

U1, .o, un) = Bluy)...B(un)|Q). (1.32)

The values ui,...,uy are called rapidities. In case of the X X X/, spin chain they are
connected to the particles momenta by the expression

ip_ Ut i/2 1.33
U=z (1.33)
The rapidities satisfy the Bethe equations:
N .
a(uyg) H U — Uj + 1
_ Uit (1.34)

-9
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In the following we will be using the expressions of how the monodromy matrix ele-
ments act on the eigenstates of the Hamiltonian. They can be derived from the algebra

(1.28):

A(v)u) = afv) Q“Qu ——[u) + ZM ) {w, v\ {un}),

zxwmw=a>Qaf+z +§3N ) ob\ (1)

= ST K {ul\ {und) + > Ko [{u, 03\ {un, un}),

k>n

where Q,(u) = ﬁ (u—ug), a(u) = ﬁ(u —0r+1/2), d(u) = ﬁ(u — 0, —i/2) and

k=1 k=1 k=1

M, (1) = “altn) []& == L (1.36)
£

: N : :
Kn:za(v)d(un) Huj—un—z ‘ uj—v+z+

Un =0 UG Uy u; — v
ia(u,)d(v) al Uj — Uy +1 U —V— 1
Uty S U U . uj —v
K, — d(ug)a(uy,) U,k;_un_{_iHu‘j_Uk_i‘Uj_un_{_i—'_
(up — v)(Up — V) U — Uy, S WUk Uj — Up
d(ug)a(ug) — up — u, — 1@ Uj— Uk Fi U — Uy — 1
(up — ) (up — V) up — Uy jgﬂ u; — ug . Uj— Uy

By writing the state |w \ {u;, ..., u;, }) we mean that the rapidities u;,, ..., u;, should be

removed from the list w.
Finally from (1.35) it is not hard to derive the expression for the transfer matrix

eigenvalue:

T (w)|uy, ...,un) = (A(u) + D(w))|ug, ..., un) = ty(uw)|ug, ..., un), (1.37)
— alu Qu(u —1) " Qu(u+1)
tu(u) = a(u) ———= Oult) + d( )—Qu(u) : (1.38)

1.3.3 The gauge theory operators and the spin chains

In order to apply the integrability technique of the spin chains to N' = 4 SYM one
makes identification between the gauge invariant operators of the field theory with the
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spin chains. For example in the case of su(2) sector the operators consist of the two fields
connected by the su(2) transformation, let’s say Z and X. Then we identify the spin up
site of the spin chain with the field Z, and spin down site with the field X:

=z, |—-X. (1.39)

The state Tr(Z%) then is considered as a vacuum state, and the impurities X as excitations
put on top of it. Under the following identification the action of the one loop dilatation
operator on the operators from su(2) sector coincide with the Hamiltonian of the X X X )
spin chain (1.11). So we can construct an eigenstate of the dilatation operator by use of
the Bethe ansatz discussed above. It is worth mentioning that besides the Bethe equations
(1.18), the momenta p; parameterizing the Bethe states should satisfy the so-called zero
momentum condition coming from the cyclicity of the trace:

ol tpn) — 1 (1.40)

1.3.4 Scalar product of the Bethe-states

In this section we will briefly review the issue of a scalar product of two Bethe-states,
which is extensively used in the computation of the three-point functions. In what follows
we will refer to the states of the form (1.32) as to the Bethe-states, among which we will
distinguish on-shell Bethe-states (with rapidities uy, ..., uy satisfying the Bethe equations
(1.34)) and off-shell Bethe-states (with rapidities being an arbitrary set of the complex
numbers).

Due to the property

B(u) = —C(u*), (1.41)

for every Bethe-state B(uy)...B(uy)|S2) one can define a dual Bethe-state by
(1, ] = (~D)M(QUC (). .Cluy), (1.42)

where we have used the fact that C(u)’s commute with each other. The set of the
Bethe roots u possess the property to turn into itself under the action of the complex
conjugation: w* = wu. It means that the definition of the dual states the signs of the
complex conjugation can be omitted:

(g, ooy un] = (—1)N(QC(wr).-Cun). (1.43)

Now we can define a scalar product between two Bethe-states as (u|v). In this thesis
we will be interested in the absolute value of the scalar product meaning that the factor
of (=1) can be dropped out:

(ulv) = H ) T Bwn)Q). (1.44)

k=1

The simplest case of the scalar product (1.44) correspond to the option when the sets
u and v coincide. Then the scalar product reduces to the computation of the Bethe-state

norm:
N

(ulu) = Q\HC u; HB ur)|€). (1.45)
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The compact expression of the norm for the on-shell Bethe-states was obtained by Gaudin
in [67]:

(ulu) = (HMWM%)HM) pn({L, .., N, (1.46)

j=1 j<k (uj —
with
where
N
Op(w) = p(up)L — i log S(uy, wy). (1.48)

i#k

Here p(u) and S(u,v) are the particle momentum and S-matrix correspondingly.

Another case we are interested in is when one of the states is an on-shell and another is
off-shell Bethe-states. Then the corresponding expression is given by Slavnov determinant
[68]:

::]2

(ulv)y = | | a(v Fuvs (1.49)
7j=1
where
det ;. Q(u;
Sy = S0t Uy, o) (1.50)
detjk U——Uk-f-l
The matrix element Q(u;,vy) is given by
Quj, vp) =t(u; — vg) — 2PNt (v, — ) (1.51)
(uj — v — ) — (u; — vg + i)e¥Pale)
(uj = o) [(uj = vx)® +1]
where py(v) is the so-called pseudomomentum
a(u) Qu(u — )
and t(u) is
1 1
t(u) =—— . 1.53

1.3.5 Quantum inverse scattering problem

An important issue for computing the form factors of local spin operators, which is
relevant to our thesis and will be considered in the chapter 3 is to establish the relation
between the local spin operators o and the elements of the monodromy matrix A, B, C, D,
which action on the Bethe-states are given by the known expressions listed in the previous
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section. This problem is referred to as Quantum Inverse Scattering Problem (QISP) which
solution we will review in this section.
For the convenience we will define the operators in the quantum space h = C?

ab achb
Ef =079 (1.54)
Then the solution to QISP can be written as follows

n

E® = {ﬁ T (0 + i/Q)} T, +1i/2) {H T (0x + i/Q)} (1.55)

k=1

where
T (u) = A(u), T™(u) = B(u), T*(u)=C(u), T*(u)= D(u), (1.56)

and the indexes k,n stand for the site numbers.

1.4 Three-point functions and integrability

In this section we will briefly review some results on the three-point functions in N' = 4
SYM.

The first computations of the three-point functions was restricted by the simplest
configurations involving just half-BPS operators, which don’t receive any quantum cor-
rections [69, 70, 71, 72]. As it was expected the precise matching between string and
gauge theory sides was obtained.

As in the case with the spectral problem, a lot of attention was drawn by the BMN
limit. The comparison between gauge and string sides of the duality became possible after
starting from [73] the string vertex describing the interactions between the strings in the
pp-wave background was built. The comparison with weak coupling gave precise match
at the leading order in the BMN limit (see e.g. [74]). We will talk in more details about
the string vertex in pp-wave string theory in the chapter 2.

A systematic approach to the computation of the three-point functions from integrabil-
ity at weak coupling was initiated in [5], where the authors considered the non-extremal 4
three-point functions with the operators each of which belongs to one of the su(2) sectors
of N =4 SYM at tree level. Here it is worth mentioning that due to the trivial action
of the tree level dilatation operator leading to high degeneracy of the spectrum, in order
to compute a structure constant at tree level, one has to consider the eigenstates of the
one loop dilatation operator. The main result which the authors of [5] obtained was to
reduce the computation of the structure constant to the computation of the scalar prod-
ucts between off-shell Bethe states. It was achieved in two steps. The first, cutting, is
the representation of the on-shell Bethe states, corresponding to the gauge theory opera-
tors, as a sum of products of two off-shell Bethe states. The second, sewing, performing
the contractions between the operators by means of the scalar product between the corre-
sponding off-shell Bethe states. Unlike to the case of the on-shell /off-shell scalar products,
discussed in the section (1.3.4), off-shell/off-shell scalar products can not be presented in

4. Non-extremal three-point functions correspond to the case when each operator is contracted with
other two. When two of the operators are not contracted the three-point correlator is called extremal
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the compact determinant-like form. Nevertheless the authors proposed some recursive
way of computing the off-shell /off-shell scalar products quite efficiently.

The result of [5] was improved in [75], where the author managed to obtain a compact
determinant-like form for the structure constant by exploiting some tricks based on the
analogy of the problem to the computation of the partition function of the six vertex
model.

Further these results were extended to one loop in [76], where the authors used the
results of the explicit computations of the Feynman diagrams for the case of the operators
from the scalar sector so(6) performed in [77, 78]. The final expression for the one loop
structure constant again was presented in the determinant-like form, however much more
complicated then in tree level. Later an alternative way of computing one loop structure
constant allowing to get the semi-classical limit in a straightforward fashion was proposed
in [79].

Another way to extend the method of [5] was considered in [80], where the tree level
structure constant of the operators belonging to the su(3) sector was examined. In some
cases the authors was able to obtain the result in the determinant form. Further the
method was also generalized at one loop to the sl(2) sector® in [81] and su(1]1) sector in
[82].

A different approach to the three-point correlators was proposed in [83, 84]. In these
works the authors considered the so-called heavy-heavy-light (HHL) correlators. This
configuration assumes that the two of the operators (the heavy operators) are taken to be
very large compared to the third one (the light operator). In this sense HHL correlator
is close to the two-point function of the heavy operators, since the influence of the third
operator is small. By considering the third operator as supergravity modes emitted by
the classical string corresponding to the heavy operators the authors of [83, 84] computed
some HHL correlators at string theory side. The precise match of the string theory
computation for HHL configuration with the weak coupling computation in N' =4 SYM
was obtained in [85], where the authors approximated the heavy states in the classical
limit by the coherent states of the Landau-Lifshitz model (see [86, 87] for more details).
HHL correlators is one of the main interest of this thesis and will be discussed further in
the chapter 3.

A lot of works are devoted to the three-point functions in the semi-classical limit,
when all three of the operators are identified with some classical string solutions. At
weak coupling the three-point correlator in the classical limit was first considered in [88],
where two of the operators were taken to be half-BPS and the third to be non-BPS; all
from the su(2) sector. Further this result was generalized to the case with three non-BPS
operators in [89, 90]. In [79] this result was extended to one loop. The semi-classical limit
of the three-point correlators with operators belonging to the su(3) sector was considered
in [80]. The computation in the semi-classical limit is interesting in the first place due to
the possibility of comparison with the string theory computations, initiated in [91] and
then further developed in [92, 93, 94, 95|, giving the desired match between both sides of
the duality [96, 97].

An alternative approach to the three-point functions in N'= 4 SYM is due to the spin
vertex, which was inspired by the string field theory. The idea is to build an object for
computing the three-point correlators which would play the same role as the string vertex

5. The configuration considered in [81] was restricted to the case with only one operator being from
the sl(2) sector. Other two were taken to be half-BPS states from the su(2) sector
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in the string field theory approach. This kind of object was first constructed in [98] and
then developed in [99], where the Yangian invariance of the spin vertex was realized. The
second chapter of this thesis is devoted to the spin vertex approach.

Quite recently in [65] the authors proposed an all loop based on integrability approach
called the hexagon program for computing the non-extremal three-point functions suitable
in principle for any three-point correlator. We will describe this method in more details
in the chapter 3, where we apply it for the computation of the HHL correlators.

Finally what we would like to mention here is the separation of variables (SoV) ap-
proach due to Sklyanin [100, 101]. An interesting feature of this method is that in the
basis of the separated variables the wave functions of the dilatation operator eigenstates
are defined by the Q-functions, which appears to be the basic object in the quantum
spectral curve approach. In this sense the SoV can provide us with a link between quan-
tum spectral curve technique and three-point functions. Some progress in accommodating
the SoV technique for computing the three-point correlators was made in [102, 103, 104],
however the results are at the moment restricted to the tree level approximation.
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Chapter 2

The spin vertex

In this chapter we will consider an approach for computing the three-point functions
in N/ = 4 SYM inspired from the string field theory (SFT). We will review the string
field theory and application of these approach to the plane wave limit of the type IIB
string theory defined on the AdSs x S® background. The object describing the interaction
between strings is called string vertex. We will construct its analog, which we call spin
vertex, in the BMN limit of the N/ = 4 SYM theory. Then we will show that the
computation of the tree level three-point functions in the BMN limit based on the spin
vertex gives precisely the same result as the computation on the string theory side. Then
we will construct the spin vertex at tree level of N' = 4 SYM for any kind of the operators
and show that it is invariant with respect to an infinite number of the conserved charges.

2.1 Light-cone string field theory on pp-wave back-
ground

The SFT realizes the idea of describing the string interactions in the same way as
quantum field theory does for the particles. The light-cone string field theory is the first
SFT which appeared. It was introduced and developed in [105, 106, 107, 108, 109, 110]
and then generalized to superstrings in [111, 112, 113]. Due to an obvious drawback -
breakdown of the Lorentz invariance - the light-cone SF'T was abandoned for some time in
favor of the covariant approach (see e.g. [114]). However the AdS/CFT correspondence
drew new attention to the subject after the discovery of the pp-wave background as a
special limit of AdSs x S® space [12]. The reason is the particular simplicity of the
string theory on the pp-wave background in the light-cone gauge. In this section we will
first briefly describe how to get the pp-wave background by taking the Penrose limit of
AdSs5 x S® space and also the gauge theory operators in the BMN limit dual to the string
states defined on the pp-wave space. Further we will discuss the main concepts of the
light-cone SF'T and in particular the light-cone SF'T on the pp-wave space.
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2.1.1 PP-wave background and the BMN limit of the N/ = 4
SYM

The metric of AdSs x S® is given as follows

ds?

R2
where p = 0 is the center of the AdS5 and p = oo is the boundary, and 1 is the coordinate
along the equator of the S% The pp-wave background can be obtained by taking a
special kind of Penrose limit of the AdSs x S® space [12, 13]. One can imagine this limit
by considering a particle in the vicinity of the center of AdS moving with a speed close to
the speed of light along the equator of the S°. In order to perform the limit it’s convenient
to rescale the coordinates as follows

= —dt? cosh? p + dp® + sinh? pdQ2 + dip* cos? 0 + df* + sin® OdQ, (2.1)

x z Y z z Y p R’ R? ( )
where T* = (¢t £ ¢), and after to take the limit R — oo. Then the metric will take the
form

ds® = —4daxdr™ — pa?(dx)? + darda’, (2.3)

where I = 1,...,8. The parameter x can be eliminated by rescaling 2% — z*p*!.

The energy and the angular momentum in global coordinates of the string theory
background are given as E = i0;, J = —i0, respectively. In terms of CFT the energy
corresponds to the conformal dimension of the operator. The angular momentum will
correspond to one of the components of the R-charge. By choosing one of the components
we break the R-symmetry from SO(6) to SO(2) x SO(4), which on the string theory side
correspond to choosing the plane in which the particle is moving. The relation between
the string and gauge magnitudes is given as follows

2p" = —py = 10+ = 105+ = z((?t + 8w) =A—-J
L o1 A+J (2.4)

2p :—p,:—ﬁzﬁz o

The states surviving in the Penrose limit should have the finite light-cone energy and the

light-cone momentum. The relation (2.4) means that the corresponding operators on the

gauge theory side should have finite value of A — .J, and A + J should be of order of R2,

where R is considered to be large. These conditions define the BMN operators [11].

In order to write the BMN operators explicitly, we have to first choose the vacuum
state which fixes the R-charge component of the BMN operator. Conventionally we choose
the vacuum state to be TrZ”7, where Z = %(% +i¢g). This is a half-BPS state, which
has conformal dimension equal to its classical value Ay = J. In order to build the excited
states we insert some other fields between the vacuum fields Z, such as four scalars ¢;,
i =1,...,4, fermions 14q, Vea, derivatives D,, i =1,...,4 of the scalars and fermions, or
by considering the derivatives of the vacuum fields Z itself. So we get the operators of
the following form

I
0y = ﬁz(at —0y) =

Te(ZZDpiZ 2.2 D\ baa 2 2. D) 2L 7). (2.5)

In order to keep the operator in the BMN regime we have to take the number of the
excitations much smaller then the number of the vacuum fields J ~ +/N. This condition
is referred to as dilute gas approximation.
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Finally, in the BMN limit other expansion parameters appear

2 )
9yuN 1 J N2

N\ = = = Arg,(up* 2.6

72 GptaE N AT (up*a')?, (2.6)

with o/ = =1-. From this we can see that in the BMN limit the we can have 't Hooft

27T
constant A to be in principle of any value covering the range from weak to strong coupling

keeping at the same time A’ to be small. This allows to compare the observables from the
both sides of the duality explicitly.

2.1.2 The concept of the SFT

The string field theory is the formulation of string theory where the main object is the
field operator ® which creates and destroys strings. it has been formulated in light-cone
gauge for flat [111, 112, 113] and pp-wave [73, 115, 116, 117] backgrounds.

The field operator ® acts in the Hilbert space H:

H=lvac) BH1 B Ho® ..., Ho=H1®..0H,
—_——
n (2.7)

(H, is a Hilbert space of one string) and can be expanded in the sum of creation/annihi-
lation operators as follows (the fermionic part is suppressed for the sake of simplicity):

2(p(0)) ~ 3 Ay TT vn(o0) (2:8)

n=—oo

Here Ag(p™) is an operator which creates (p* < 0) or annihilates (p* > 0) string with the
set of excitations given by the occupation vector N (each component of N indicates the
excitation level of corresponding string mode) and ¥y, (p,) is just a harmonic oscillator
wave-function in momentum representation with the excitation level NN,,.

The Hamiltonian of SFT can be expanded in coupling constant g;:

H = Hy+ g Hs + g2Hy + ..., (2.9)

where H is a free Hamiltonian, which in terms of ®, has the form:
Ha~ [ 55 D p(o) DY (Ao B, (210)

where p(0) and A(0) are momentum densities for bosonic and fermionic sectors respec-
tively and A is the free string theory hamiltonian. The first correction Hs to the hamilto-
nian is the three-point string vertex (see the Fig. 2.1) describing the interactions between
the strings by means of the matrix element (3|H3|1)|2). The main principle of getting the
expression for Hj is to require that the corrected generators should satisfy the supersym-
metry algebra of the theory. After turning on the interaction, the set of generators can be
divided in two groups: kinematical (those which symmetry are not affected by adding to
the action terms of higher orders in g;) and dynamical (those which has to be corrected
after taking into account the interaction). In this sense all the constrains appearing due
to the symmetry algebra can be divided in two groups: kinematical (commutation rela-
tions of dynamical generators with kinematical) and dynamical (commutation relations
of dynamical generators between each other).
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Figure 2.1

2.1.3 SFT in the pp-wave background

In the case of bosonic string the dynamical constrains are absent, since the only
generator which gets corrected is the Hamiltonian. The kinematical constraints then
reduce to requiring worldsheet continuity at interacting point, which can be realized by

imposing a delta functional A <X1 (0) — Xa(0) — X3 (0)) in the functional integral over all

possible configurations of three strings. The integral can be computed straightforwardly,
leading to the following form of the bosonic string vertex!

00 3
1 , A
|v>:exp(—§ 3 §:§:a;?”N:fnas>”)|o>>. (2.11)

m,n=—oo r,s=1 i=1

Here |0)) denotes the vacuum of three-string Hilbert space [0)) = |0); ® |0)2 ® |0)3. The
indices 7 and s denote the label of the strings, ¢ denotes the polarization of the excitation
and m, n are the mode numbers of the excitations. The quantities N, are called Neumann
coefficients and characterize the interactions between excitations of different strings.

For superstrings, in addition to worldsheet continuity, one also needs to require that
supersymmetry is respected by the string vertex. This can be achieved by acting a new
operator P on the exponential part (2.11). This operator can be written as a quadratic
polynomial of creation operators alr)t (bosonic as well as fermionic, but since we consider
the bosonic sector, we will drop the fermionic part) and is called the prefactor. The string
vertex for superstring thus takes the following form

|H3) = P|V). (2.12)

However, it turns out that supersymmetry is not restrictive enough to fix the prefactor
uniquely and there have been several proposals in the literature originating from different
motivations. We will use the prefactor proposal by Dobashi and Yoneya [118]. The

1. Note that we use different notations from the ones in [74]. Our creation operator a't" is denoted
by aln) in [74] and our Neumann coefficient N7*, is denoted by N”% in [74].

n n
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reason is that their proposal has the virtue to work for both extremal and non-extremal ?
correlation functions [74]. Interestingly, the prefactor of Dobashi and Yoneya is a half
sum of the two prefactors P; and P, proposed in [73, 115, 116, 117] and [119] respectively

1 1
P, = 57)1 + 57)2, (2'13)

more explicitly

3 8 oo (r) ' '
P-Y (D e S ). e

i=1 m=0

Where wgn) = n2 + Mza%r) and O_/(r) = O_//p?;). After one ﬁXGS the StI‘iIlg Vertex, the matrix

elements of Hz can be computed straightforwardly. According to [118], the holographic
relation between matrix element of the Hs and OPE coefficients in BMN limit is given by

Vhidads G(A1, Ay, Ag)

O p—
123 N M(AQ + A3 — Al)

(1[(2(3[ Hs). (2.15)

Here (93 is the structure constant of the three-point correlation function

0123
\3U12 ‘A1+A2*A3 ‘x13|A1+A3*A2 |$23 ’A2+A3*A1

(O1(21)O2(22) O3 (23)) = (2.16)

where zj; = 2} — 2/, A; is the conformal dimension of the operator O; and the function
G(Al, A27 Ag) reads

Jng) (Az+da=Aa)/2 r <A2 + Az — Ay n 1> (2.17)

G(AMAQaA?)) - (f Jl 2

where the function f is defined in [74]. Finally, we want to emphasis that the holo-
graphic relation between the matrix elements of Hs and the OPE coefficient in N' = 4
is not completely understood. The holographic relation (2.15) works well at the leading
order [74, 120]. However, at higher loop order, the large p expansion of the function
G(Aq, Ay, A3) give rises to non-perturbative terms such as log u, the interpretation of
which is still unclear.

2.2 The spin vertex in the BMN limit

In this section we will consider some aspects of the non-extremal three-point functions
in the BMN limit of the scalar sector of N' = 4 SYM theory. The scalar sector means
that we will consider the gauge invariant operators constructed as a product of only the
scalar fields ¢;, i = 1,...,6, forming the fundamental representation of the so(6) group.
Namely we will construct the object, which maps any three operators of the considered
sector into a corresponding three-point correlator, in a way similar to the string vertex.
In this sense we will call this object spin vertex. We examine the BMN limit of the spin
vertex and show that it reproduces the string vertex of SF'T (constructed in [118, 74]) at
the leading order of A" expansion. The presented material is based on [121].

2. According to the terminology of [74] the extremal and non-extremal correlation functions correspond
to the impurity preserving and impurity non-preserving processes respectively.
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2.2.1 The spin vertex

We will consider the following configuration:
O,:{Z,¢"}, Oy:{Z,¢"}y, Os:{Z,¢'}, i=1,23,4, (2.18)

where

L 5, .6 > 1 5 .6
=—(¢°+10°), Z=— —10°). 2.19
\/§(¢ ¢°) \/§(¢ ¢’) (2.19)
The corresponding diagram is represented on the Fig. (2.2). The field Z is a vacuum
for the first operator, and Z for the second and the third operators. The excitations are
presented by four transverse fields ¢;, 1 =1, ..., 4.

O3

Oy

Figure 2.2 — The configuration for three-point functions. The black lines corre-
spond to the contractions of Z and Z and the red dashed lines correspond to the
contractions of excitations ¢°, i = 1,2, 3, 4.

In order to compute the three-point functions?

VLiLyLy C123

<01 (xl)OQ(xQ)O?’(:B‘g)) - N ’1.12’A1+A2*A3|x13‘A1+A3*A2‘:L-ZS‘A2+A3*A1 ’ (220)
at tree level we introduce the following generating fields:
Ly
R=T]](2z+ Z xkqbk) (2.21)
k=1
Lo
k=1
Ls
k=1

3. Here we separated the symmetry factor /L1 Lo L3 (see e.g. [5]) from the structure constant in order
to accommodate our notations with notations of [4]
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Then any three operators can be obtained in the following way
01 - \I’l(aw)Fl‘ 02 - \Pg(ay)FQ yi:07 03 — \IIS<8z)F3’zi:07 (222)
where U(0,), ¥2(8,) and U3(0,) are three differential operators of the following form

xt=0"

L
. , )
V(9;) = Zci H(azlf)nka W=7 =01 (2.23)
nl k=1 Oz
Here n = {ny,--- ,n.} and I is a collective index indicating the polarizations of the

excitations, and the set of the coefficients ¢/ define the corresponding eigenstate of the
dilatation operator. In order to compute the correlator between given operators Oy, O,
O3, we should compute the correlator of the generating functions Fi, F5, F3, act on the
result with the differential operators Wy, Wy, W3, and then put all the variables z%, yi 21
to zero:

c123 = V1(02)W2(0y) V3(0: ) (F1(2) F2(Y) F5(2))] 4y Lio (2.24)
= U1 (0:)V2(0y)V5(0:)Vs(, y, z)|w7;7yi7zi:0 ;
where
L2 L3 Las
Va(ah, gt 2) = [J0+ it o) J1O + 2t o) [] b (2:25)
k=1 k=1 k=1

which we will call the spin vertex. Note that the commutation relations of 0/dz and z
are the same as commutation relations of bosonic creation and annihilation operators.
Therefore, we can map the auxiliary variables and the corresponding derivatives into
creation and annihilation operators

x% — a,il)iT, y,i — oz,(f)“, Zi, - oc,(jm (2.26)
0 ; 9, i 0 i
T O‘I(cl) , i O‘l(f) , T O‘IE:S) ,
Oz, oy;, 0z,

and the spin vertex can be written as
V3)p = V3 (a,(cl)“, a,(f)“, &,(Cgm) 10) 5. (2.27)

The new Fock vacuum is defined to be the state that is annihilated by all the bosonic
annihilation operators

a0y = 0. (2.28)
The corresponding states can be written as
(=0 (af), @21= 01w (o), @GI= 01w (o), (229)
and the structure constant is given by
ciz3 = (1](2[(3|V3) s, (2.30)

where both the spin vertex and the states are now constructed by bosonic oscillators. The
formulation we described up to now is applicable to any three states in our set-up. In the
next section, we will take the BMN limit of (2.27) and show that it reproduces the string
vertex of SFT constructed in [118, 74].
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2.2.2 The BMN limit of the spin vertex

In this section we will take the BMN limit of the spin vertex constructed in the
previous section. As it has been already discussed before the BMN limit of the N = 4
SYM reduces to two approximations. The first says that the number of excitations should
be much smaller then the length of the operator. The second - that the momenta of the
excitations are small and scales like ~ 1/L, where L is the length of the spin chain, which
is taken to be very large. The length of each spin chain is equal to the sum of the number
of the vacuum fields Z or Z and the number of excitations. We denote the number of the
vacuum fields by J; and the number of excitations by NV; so that the length of the i-th
spin chain L; is given by L; = J; + N;. In the BMN limit we have J; > N;, and hence
L; ~ J;. Due to the charge conservation, we have J; = Jy 4+ J3, thus we introduce the
following notations: J; = J, Jo = rJ, J3 = (1 — r)J, where 0 < r < 1. The number of
contractions between different operators are approximately given by

1
ng ~ JQ = TJ, L13 ~ J3 = (1 — T)J, L23 =M = §(N2 + N3 — Nl) (231)

In what follows, we use M to denote the number of contractions between the two ‘out-
going’ operators. By BMN assumption, M < J. The three-point functions for M = 0
are called impurity preserving, or extremal, while for M # 0 they are called impurity non-
preserving or non-extremal. For the extremal correlator, when diagonalizing anomalous
dimension matrix one have to deal with the mixing between single trace and double trace
operators [122]. On the contrary, for the non-extremal cases, the contribution from double
trace operators are 1/N-suppressed and can be neglected in the planar limit, which makes
the computation much simpler from gauge theory aspect. On the other hand, the earlier
proposals for string field theory and duality relations work only for the extremal cases. A
string field theory applicable to both extremal and non-extremal cases is the holographic
string field theory proposed by Dobashi and Yoneya [118; 74]. In this thesis we consider
only the non-extremal cases, so we always assume M # 0.

By (2.26), we map x};, yi and z,i to creation operators. In order to obtain creation op-
erators in the momentum space, we perform the mode expansion of the bosonic oscillator

Ly/2
ol Z et r=1,2,3 (2.32)

nf—L,«/Q

Let us investigate the part of spin vertex corresponding to the contractions between
operators 1 and 2.

Lio Jo 27rzn<2)k

2)t % )
Ve =0+ 0l o) mexp | 5 f > de m T alyadl | (233)

k=1 nD (2 k=0

'L”L

_ 12 l)zT (2)it
= €xXp E N(l) <2 (1) (2>
eINC) K

'L"L
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In the first line, the summation over k gives

J2 1)

?/r)

(2) 1) (

271'271 k 27'rzn k . 1
GRS IL R g —mirn® sin 7T7’le
l

(1)
k=0 7T( n;

(CONINE)
— J\/;(—l)nll +ni2 7r7,rn Nl(l) (2)

(2.34)

Therefore our Neumann coefficient from spin vertex is related to the Neumann coefficient
in SFT [123, 124] by a simple phase factor 4

M) 4 (@

;(21)”(2) — (_1)m e mrn N1(1) (2> (235>

Similarly, for the contractions between operators 1 and 3, we have

L 7rzn<1) 7rin<.3>
T (1)it @it \/ﬁ > Z i k2 kit (3)if

_ ~ 7
Viz = H(l + L3—k+1) = exp 3 a n® L@

k=1 2D @ k=0
(2.36)
1 3
=exp | — Z NJ(_Bl)n(g) (()12;r a' (2:)]L )
NONONE
where our Neumann coefficient is related to the SF'T Neumann coefficient by
1
e = (=D e i, Nl(l) R (2.37)
For the contractions between operators 2 and 3, we have
'i' M 27Tzkn( ) 27Tik’)’l(.2) ( ) ( ) 1‘
% — L 3)
Hak Lg k+1 = H e s 2 a W b® (2.38)
o1 SVl =) W@
Since M < J; and n,gQ) < Ja, nZ@ < J3, the phase factor in (2.38) becomes trivial
27T'Lkn(3) 27rzkn(2)
RE 2 1 (2.39)
and Va3 simplifies to
M
(3) J o\ ()i H(3)i
Vas = Z <2) T<3§>Z = ( ) - Z % a' (22>Z a! (P::»)Z
JV/ri=7) ) e ™ dmploq)| RO
(2.40)
where our Neumann coefficient is given by
2 = (—1)m N (2.41)
n{#n® n{Hn®- :

4. The explicit form of Neumann coefficient at the leading order of large p1 expansion can be found in
appendix A
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Let us consider the following vertex

) 1(3)2
Vas = exp Z N2 @)@ a' (2) a ((32 ) (2.42)
W@ (3 "

1’7,

which can be expanded as

M
o
’ 1 23 H2)i 1(3)i
‘/23 - Z M - Z "z@)”z('?)) angz) angs) . (243)
M=0 (2) (3)

'L’z

For a given configuration, the number M is fixed and the action of states will automatically
pick out the term in V53 with the corresponding M. Hence we can replace Va3 by

J o\M
Vog — (—) M- Vas. (2.44)
drplaq)|
Recalling that at the leading order
1 1
§(A2+A3—A1) = §(L2+L3—L1) :M, (245)
and
JoJs J 1
= +0(—), 2.46
=7 Az oy | <u2) (248)

we find that the factors in front of Va3 at the leading order coincides with the expression
(2.17) obtained in [74]

-M —(A2+A3—-Ay)/
dmplaq)] i 2

From our derivation, it is clear that the function G(A1, Ay, Ag) is intimately related to
the interaction between the two outgoing states. Therefore it is crucial for the matching
between SF'T calculation and the non-extremal three-point functions.

We can define our spin vertex operator as

Vann = G(A1, Ay, Asg)ViaVigVas. (2.48)

This is very close to the 3-point vertex from string theory including the correct G-factor,
except that our Neumann coefficients seem to be different from those of SFT by some
phase factors. We will show that these phase factors are trivial provided the physical
states satisfy the level matching conditions. When acting physical states on the spin
vertex, we obtain the product of Neumann coefficients of the following type

(—1)fetbasti HN1<21> @ Hng) ® HN<2> @) (2.49)

Lz Lot L
= phase - (—1)"2Flestls HN (1, HNm @ HN<2> @-
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From (2.35),(2.37) and (2.41), the phase factor is

phase = [ [(—1)» 4+, mv«p“)H(_DqE“ mrqf“H(_M” (2.50)

12 13 23
(1), (1) (2),,.(2) _ o (1), (1)
:(—1)Zipi +q; (_1)Zipi e 2milp 4 ) — 1,

where we have used the level matching conditions
sz +q" Zp(z) = 0. (2.51)

This means that if we consider the physical states, we can replace our Neumann coefficients
N,";fn by the Neumann coefficients of SF'T N;fn, since the phase factor just cancels. To
sum up, from the spin vertex in the BMN limit, we obtain at the leading order the

following cubic vertex

3
1
[Vann) = G(A, Ag, Ag) exp _EZ aTNTS o) |0). (2.52)

mnn

rs=1

res
Notice that in the exponent we impose the condition r # s, while in SF'T the Neumann
coefficients N’ | which corresponds to interactions between the excitations of the same
string, are non-zero. However these Neumann coefficients will appear only at higher orders
in the large p expansion. It is an interesting question whether we can obtain this kind
of Neumann coefficients from weak coupling at higher loops, which we leave for future

investigation. Therefore at the leading order, we have
[Venn) = G(Ar, Az, Ag)[V). (2.53)

To complete our derivation, we also need to show that the eigenstates at weak coupling
in the BMN limit can be presented in the same form as the ones in SFT. In the BMN limit,
the scattering phases are zero which means there is no interaction between excitations.
Therefore, the wave functions of the spin chain states are simply given by plane waves.
In terms of bosonic oscillators, a BMN state at the leading order can be represented by

L
<O|\I/ (O‘;c) — L <O|O./;€1 . QZN 6—%(n1k1+‘..+n1\/k1\]) (254)
\/L_N 1 N
ki#£--#kn=1

where L is the length of the spin chain, of is the bosonic oscillator introduced in (2.26)
and creates an excitation at position k£ with polarization z. Here nq,--- , ny are the mode
numbers of the excitations. By performing the same Fourrier transform as in (2.32), we
have simply

<O’\Il (Oéi:) <0|Cl o lN = <n17"' JnN|7 (255)

nN

which takes the form of a standard string theory state.

There is another difference between the spin vertex and string vertex. In SF'T, one
has to take into account the non-trivial prefactor while we do not have similar prefactor
in the spin vertex formalism. However, as argued by Dobashi and Yoneya [74], at the
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leading order, the action of prefactor on the states gives rise to a simple factor, which
cancels neatly the holographic factor 1/u(Ay + As — Ay). Let us briefly review how this
works. The prefactor for scalar excitations at the leading order reads

P :u(aéz)“aéw + a(()B)iTa(()g)i — a(()lma(()l)i) (2.56)

o
—i—g D (@@aD" + aPal) — al)Tal) + [m — —m])
=1

3 D+ oM — a4 > i)
m=1
The operators in the first two lines take the form of counting operators af a,,. On the
other hand, the operators in the third line af a_,, changes the sign of mode numbers.
But due to the symmetry of the Neumann coefficients with respect to exchange of the
lower indexes: N”5 = Ny . its action reduces to the counting operator as well. Hence
once acted on the physical states, the prefactor (2.57) just counts twice the difference
between the excitation numbers of the incoming state 1 and out-going states 2 and 3, and
its action reduces just to multiplication of the factor u(Ny + N3 — Ny) = 2uM. At the

leading order it can be written as

QMM:/L(AQ—i‘Ag—Al). (257)
Therefore, we have
1 1
1|(2|(3|H3) = 1213 Pr|V) = (1|(2|(3|]V) (2.58
AT A T Ay I = s (IIEPIY) = (1REY) (258)

Finally, gathering all the pieces, we get

\/J1J2J3 \/J1<]2J3

Craa =YD ) a1 3vr) = Y Gy, s, ) 12131V = (2.5
Vidods  G(Ar, Ag, Aj) G(A1, Ay, Ag) Vi JaJs

(11C2[(B|PulV) = | Hs)

1](2](3
N p(Ag+ Az —Ay) 1(Ag + Az — Ay) el N
where the first line is from the spin vertexr while the last line is exactly the holographic

relation (2.15) proposal by Dobashi and Yoneya. Therefore we have shown that gauge
theory computation exactly reproduces SFT result at tree level.

2.3 The spin vertex for the full theory

In this section we will generalize the notion of the spin vertex to the full theory of N' =
4 SYM. For this purpose we will be extensively using the so-called oscillator representation
of the symmetry algebra psu(2,2]|4). The procedure to build such a representation for
non-compact supergroups is well explained in [125]. In the oscillator representation the
generators of the algebra are formed as bilinears of bosonic and fermionic oscillators.
We will construct the full spin vertex at tree level in oscillator representation and show
that it satisfies a monodromy relation with appropriately constructed monodromy matrix.
A very similar to the full vertex object was constructed in [98], but the authors didn’t
realize its Yangian invariance. Finally we will show the relation between the spin vertex
(2.25) introduced in the previous chapter and the full spin vertex built in the oscillator
representation. The content of this section is based on [99].
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2.3.1 Oscillator representation and the free N' =4 SYM

In this section we will introduce the oscillator representation of the free N' = 4 SYM
[126, 24] by and large following [98]. Let us first discuss the oscillator representation of
the compact version of psu(2,2[4), psu(4[4). Tt uses four copies of bosonic oscillators,
a;, 1 =1,...,4 and four copies of fermionic oscillators, ¢, k=1,...,4,

lai,all =65, {er et =0u., i kl=1..4. (2.60)
We organize the oscillators in a eight-dimensional vector
op="(a c) (2.61)
such that the generators of u(4|4) can be written as

EAB = oMy with EBT = pBA (2.62)

compact compact compact

It is straightforward to check that they satisfy the commutation relations of the wu(4[4)
algebra,

[EAB, ECD] — 5BCEAD . (_1)(|AH—|B|)(|CH—‘DD5ADECB ’ (263)
with [-,:] meaning commutator or anti-commutator, depending on the grading of the
generators (|A| = 0,1 for bosonic and fermionic indices respectively). The non-compact

form u(2,2|4) can be obtained after a particle-hole transformation for two of the bosonic
oscillators:

bi = a;f+2 y b;r = —a;12 1= 1,2 . (264)

The commutation relations (2.63) are preserved by the particle-hole transformation, but
the Hermitian conjugate of the generators are now

EAB — oy Ay ~v = diag(1s, —1s, 1) . (2.65)

Sometimes, for the sake of symmetry, it is convenient to perform also a particle-hole
transformation of the fermionic oscillators

di=cl,y, d=c i=12. (2.66)

Unlike the bosonic particle-hole transformation, the fermionic one is unitary and therefore
it does not change the real form of the algebra. We will use alternatively the two notations.
The Lie-algebra generators are expressed in terms of these oscillators as

AP = b (267)
with
v="_a —bz Ci d;r ), U= Yy = ( aZ b, cj d; ). (2.68)

The projective condition of psu(2,2[4) is obtained by imposing the central charge of the
algebra, > , E44 = 1), to be zero,

STEM =N Ny = Ny + Ney + Neppy = 1) = > (N, = Ny, + N, = Ng,) =0,
A

i=1,2 i=1,2

(2.69)
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where N,, Ny, N., Ny are the number of the respective types of bosons and fermions in
the two types of representations.

Let us now concentrate on the conformal subalgebra in four dimensions so(2,4) ~
su(2,2). It consists of the Lorentz transformation M, (u,v =0, ...,3), translations P,
special conformal transformations K, and dilatation D. Once the following identification
is implied

Mys= 5(Pa= K, My = 5(Pat K,), Mg =D, (2.70)

the commutation relations can be written in the form

[Mpg, Mgs| = i(norMps — nprMos — nosMpr + npsMgr) (2.71)

where, according to the notations from [98], P,Q,R,S = 0,1,2,3,5,6 with time-like
directions 0,6 and space-like directions 1,2, 3, 5.
The conformal subgroup has a natural grading with respect to the maximal compact

subalgebra u(1) ® su(2) ® su(2). The grading is given by the value of the u(1) generator
E

[E,LF] = +L*, [E,L° =0,
L% L* =+L*,  [L*,L7]el’,
where
E = My = 3(Py + Ko) (2.72)

Thus, in order to build a unitary representation of the conformal subgroup we need to find
the state annihilated by all the generators L~ and then to act on it with the generators
Lt

We can express the generators Mg in terms of the oscillators in the following way

Map = ¢sMapps, (2.73)
& =(ar a —bi —bE ) &Z = Py = ( aJ{ &; by by ), (2.74)
with

The generators M4p form the four dimensional representation of so(2,4) algebra and can
be expressed in terms of the Dirac v matrices:

l

M* = —2 [y 4], MM = =Ly,
o 4 o1 2 (2.76)
MHP® = —4F M>® = —~°.
27 ) 27
Due to the properties
VY Mag = M, [MABa MCD} = [Mag, Mcp| ), (2.77)
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the generators My p are Hermitian and satisfy the commutation relations (2.71), and thus
form the unitary representation of the conformal subgroup so(2,4). From the identifica-
tion (2.73) we can get (we will be using these extensively in the following)

E=1+3(N,+N,) = L(a'a+bb"), (2.78)
LZ = —cfréubT , L, =boua, (2.79
where 0, = (—1,7), and ¢, = (—1,—¢) and summation over indices of the bosonic

operators is understood.

We will denote the unitary representation which is built by acting with L™’s on the
vacuum |0) such that L~|0) = 0 as H;.

On the other hand, when computing the correlation functions, we are interested in the
primary operators, those, which are annihilated by the special conformal transformations
K,,. Then all the descendants are generated by acting on the primaries with momentum
generators P,. We will denote the representation obtained after such manipulations by
Hy. In [98] the authors noticed that in order to go from the representation H; to the
representation H, one needs to perform the following transformation

™ ™
U= exXp —§M05 = exXp _Z(PO — Ko) y (280)

such that
|state)y, = Ulstate)y, Jo=UJ U, (2.81)
for states |state) and generators J. In particular

U'K,U=L,, U'PU=L}, U'DU=iE. (2.82)

At tree level we can get the expression for the U operator in terms of the oscillators. From
(2.82) we have that

Py—Ky=U(Py— Ko)U ' = (L — Ly), (2.83)

S0
U = exp —%(aTbT + ab). (2.84)

For the later convenience we introduce the fermionic copy of U, which we denote as Up:

Up = exp —%(Jd* ted), UL=Uq. (2.85)

2.3.2 Correlation functions and the two-vertex

In this section we will show how to compute the correlation functions of gauge invariant
operators at tree level in terms of oscillator representation introduced above. For an
operator of length L we will need the Fock vacuum |0):

10) = [0); ® ... ® |0). (2.86)

Accordingly the action of the generators of the superconformal algebra on the state in the

Fock space will be defined as
L

EAP =3 "B, (2.87)

s=1
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where for each site s of the state we introduced a copy of the algebra generators E45.
We will be interested in the states satisfying the condition:

L,|0) =0, (2.88)
then the state U|OQ) will correspond to the primary operator O(0), since
K, U|0) = 0. (2.89)

Translating the operators to a different space-time point can be done with the help of
the momentum operator,

O(z) = T O(0)e (2.90)
with corresponding Fock space representative
T U|0) . (2.91)

This mapping was used by the authors of [98] to write the two point function in terms of
the Fock space representation

(O2(y)O1(2)) = (Oo|UT "I |01) = (Op|U%e™ " 0|O) (2.92)

where we used (2.82) and that U = UT. The authors of [98] also verified that if O is any
elementary field, for example Z, the tree-level representation of the operators in the Fock
space gives the desired result of the Wick contraction

(zlz) _ 1
(r—y)? (z—y)

(Z(x)Z(y)) = (2% 00| Z) = (2.93)

5 -
In order to get the second equality one has to use the following identity
U, = expt(a'd’ 4 ba) = exp(a'd' tant) exp(—(a'a + bb') Incost) exp(abtant) ,  (2.94)

which can be proved by taking derivative of both sides of the equation and taking into
account that Uy = 1. Then after substituting U, instead of U? one can get that

1 1 1
I = :
t—>1—r£rl/2 cos?t 1 —2(z0 —y0) tant + (z — y)2 tan®t  (z — y)?

(Z(x)Z(y)) = (2.95)

(See [98] for more details). A similar representation can be used for the special case of
the extremal three point function®, when the length of the first chain is equal to the sum
of the lengths of the second and the third, L; = Lo + Lg,

<@2(y)@3(2)01($)>ext = <(7)2| & <@3|U2U3 eiplze_iPBZG_iPwUl’01>ext s (296)

where the index on the operators shows now the space on which they act. At tree level
for the extremal correlator Uy = UsUs and P, = Py + Ps.

5. This example is only illustrative since we are not computing an extremal correlation function even
at tree level, because of the mixing of single-trace and double-trace states [122].
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Here we would like to draw attention of the reader to the fact that the recipe for com-
puting the correlators presented above has some drawback. Namely, the recipe assumes
the following identification

O(z) +— (O|Ute . (2.97)

However, if we write the expression for O(z) explicitly in terms of the oscillators we
will see that this is not the case, since the conjugated elementary fields are described
with different sets of oscillators (the expressions of the elementary fields in terms of the
oscillators is presented in the App. B) and thus the scalar product (2.92) doesn’t really
correspond to Wick contraction. In order to avoid this problem, we would like to introduce
the object which would mimic the operation of Wick contraction. This object will be the
spin vertex. First we will introduce elementary two-vertex |Vis) which we will define as
an object translating each elementary field |€) into its what we call "flipped” version |£).
That is, it will translate scalars to its conjugated, like Z — Z, fermions to antifermions
Via = Yia, and Fop — P_’a/g. Thus the elementary two-vertex can be defined as a state
living in the product of two Fock spaces (1) and (2) and having the following form:

Ui IVaz) = [SE)S)HSNS) T Wi H D) W) H E) F )+ ES) D) +

(2.98)
where |S) stands for the scalar and (1), (2) denotes the corresponding Fock space. So we
have

(Vio]€)@ = Mg (2.99)

In case of the state |O) with the length L, we would like that the vertex also inverse the
order of the elementary fields:

(Vio|Up2ELEr1..£)D = W(ELEL 1. &, (2.100)

or

WO = (Visl oy |OYD , o =Ug~ (2.101)

Now using vertex we can rewrite the expression (2.92) for the two-point function as the
following

(O2(y)O1(2)) = (Vi Up2)|Oo) | UZ ) 0 |0y

= (Vi U U% O 10,)@ @ |0)0

(1/12|UT2 'L @) 10,)® @10,V (2.102)
= (Vo M0 0,)P @ |0,)

=

v, |€z[L 1>x+L<2 Yl ‘O > (2) Q ’01>

where in order to simplify the notations we introduced the operator U = UUr and another
vertex |Vig) = U%1)|V12>. In the following we will be using |V2) as well as |Vj2). In order
to get the last equality of (2.102) we used the property

(Vao| U (L) + L) = Wil (L) + L) =0, (2.103)

which will be proved later in the section 2.3.3.
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In App. C we show that the two-vertex given by the expression (2.104) satisfies the
expansion (2.98) and gives right propagators for all the elementary fields.

Vi) = Upy [Via)

L
) exp <Z Z ( ZST fi Z(}S)sz(iﬁ d(l (2)T ,}S)ngf) )Wz) ® [0)®

s=1i=1,2

(a0t — o2+ al2d2 — 1) )10)® & o)

Mh

—ew (-

s=1i=1,2

(2.104)

where the index s is related to the number of the corresponding Fock space (site number),
|0) = U?|0) and

0@ @ [0y = (yo> .®\o>g2>)®(\o>§1>®...®\o>g>). (2.105)

Here the Fock vacua \O)EZ) are written in the reversed order intentionally in order to
show our convention of numbering the sites of the state (2), which is |Oy) = |EL...&1).
This convention ensures that the property (2.100) holds. Finally, it is worth mentioning

-0~

|O1) |O2) Vi2)

Figure 2.3 — The two point correlation function and |V;2)

that the expansion of the vertex (2.104) apart from the "right” terms, corresponding to
the expansion (2.98), gives rise to some other terms. But these terms do not satisfy the
condition of the zero central charge and as a consequence cancel when the vertex is applied
to the states.

2.3.3 The properties of the vertex

Here we will consider some properties of the vertex, which significantly simplify the
manipulations with it and which we use in the following. First we notice that the two-
vertex translates the oscillators from the one space to another in the following way:

(0" + 02D)IVie) = (05" = aP)IViz) = (ag] + 020 Vi) = (07 — a) )| Vi) = 0

(e + d2WVae) = (@ + c2DViz) = (@7 = e2)Vaz) = (] = d2)|Via) = 0.

(2.106)

It is interesting that the operator U operator has the similar behavior (see the App. D).
Now let us look at the effect of the vertex on the generators of the psu(2,2[4) algebra.

44



In general, the vertex transforms generators acting in one of the Fock spaces, Gy, into
operators acting in the other space, G (3), by

Guy|[Viz) = =G| Via)
GuyHw|Via) = (=1)/ M Hip)G ) [Vaa) (2.107)

with |G| denoting the grading of the operator G, i.e. the number of fermions it contains
modulo 2. The transformation above is an anti-morphism, because it changes the order of
the operators. Let us consider the generators of the psu(2,2|4) algebra (or rather u(2,2|4),
since we prefer not to factor out the central element and the super identity) Eé? which
obey the commutation relations (2.63). According to (2.107), they are transformed by
the vertex into another set of generators, Eéf, also obeying the commutation relations°
of psu(2,2|4), and a priori different from Eéf)g . We deduce that the vertex obeys the local
symmetry condition

(E;}g) + E;‘}&) Vi) =0, s=1,...L. (2.108)

The explicit form of E4Z can be determined using (2.106) and (2.107). On the other
hand, by inspection one can show that

BAB = UX(BAB 4 (—1)1Bl§4B)U—2 (2.109)

for all the generators, even and odd, with |B| = 0,1 for bosonic and fermionic indices
respectively. We therefore conclude that the symmetry of the vertex |Vis), at tree level,
can be expressed as

(BLG + BAS + (—D)PIsAP) Vi) =0, s=1,...L. (2.110)

The term (—1)/PI§48 is proportional to the identity in the oscillator space and it can be

: : : AA AA | (=) :
incorporated into a shift of the Cartan generators, £** — E** + *—— which does not

affect the u(2,2[4) commutation relations. We therefore conclude that the vertex possess
local u(2,2[4) symmetry.
2.3.4 Three-point functions and the spin vertex

In this section we will generalize the notion of the vertex to the three-point functions.
The generalization to the case of extremal correlator straightforwardly follows from the
expression (2.96) in the same way as in the case with the two-point functions:

_ _ i + T + + P — —
(O2(y)O3(2)O1())ext = exa(Vaas| Ul}, e P00 1610,) @ |05) ®101) (2,111
= ext <V123‘ ei[La)m+La>y+L&)Z]’@2> X |@3> ® ’Ol> ;

where the extremal vertex |Via3)ex is built from two pieces connecting each the operators
02 and 03 with 01,

Vig3)ext = [Vi2) @ [Vi3) - (2.112)
6. We have introduced the minus sign in the first line of (2.107) to get the right commutation relations
for EAB |
(2)
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In this case, at tree level there are Wick contractions only between the operators 1 and 2
and 1 and 3 and there are no contractions between the operators 2 and 3. At this point
we are starting to see that in the vertex formulation the operators can be treated more
democratically,

N +
(Oa(y)O3(2) 01 (2))ext = ext(Vias| €O @ 0T10,) @ |05) @ 0)) . (2.113)

This helps to define the slightly more complicated case of a non-extremal three-point
function, where the operators Oy and O3 are also connected by Wick contractions. At
tree level, we can split any of the operators O; into pieces O;; which are contracted to
pieces O;; of operator O;. At the level of the states we have

|O1) = [O13) @ |O12) , (2.114)
|02) = |O21) @ |Os3) ,
’O3> = |O32> &® |O31> .

The non-extremal three point function, at tree level, can be then written in the same way
as non-extremal

(02(y) O5(2) 01 (x)) = (Vazs| H* V07| 0,) @ |05) © O0), (2115)
but with the different vertex |Vio3) built out as
[Vigs) = Viz) ® Vis) ® [Vig) = Ufg)[Viz) @ Uiz Vi) © Ulyg)|Vaz) - (2.116)

Numbering of the sites for the states in (2.114) subjects to the same convention as for

01) |03) 0) Vi23)

3
Figure 2.4 — The three point correlation function and |V;23)

the case of the two-point correlators. Which means that if one uses the vertex |V;;), then
the state belonging to the ¢-th operator is numbered in the natural order while the state
belonging to the j-th state is numbered oppositely. Thus according to (2.116)

‘012> = |51'“8L12>7 ’013> = |51”'5L13>7
|0a1) = [EL15--€1),  |Oaz) = [Epyy---E1), (2.117)
|031> - |5L13-~-gl>7 |032> - |81~-5L23>-

7. The writing below does not imply that the state associated to the operator ¢ is a product, just that
it belongs to the tensor product of the Fock spaces denoted by ij and ik.
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2.3.5 Tree level correlation function in the so(6) sector

In the scalar sector so(6) the operators are built only from the fermionic oscillators
and one can divide the vertex in bosonic and fermionic parts. The bosonic part would
give the right space-time dependence and the fermionic part, which we will denote by
(v12] will play the role of the vertex reduced to the scalar sector:

, @) (1)
<02(x)01(y)> _ <V12’ eZ[Lzrl)l’-i-LzE)y] |02>(2) ® |Ol>(1) _ <U12|02> Y |Ol> (2118)
(x —y)*™
The same is valid for the three point function at tree level,
(Os(22)O3(23)O1(21)) =
i[LT .z T o
= (Vigs| Ufg) Ulig) Uy € Ehyrtbemtle =l 0,) @ |05) ® |0))
(0123 02) ® [O03) @ |O4) (2.119)

I R e e o e

where A;; = A; + A; — Ay with {4, j,k} = {1,2,3}. So, the structure constant would be
given as

Clas = (v123]|02) ® |O3) ® |Oy) , (2.120)

where we suppose that the states |O;) are normalized, N; = (0;|O;) = 1. If this is not
the case, one has to divide out /N7 NoNs.

2.3.6 Tree level correlation function in the su(2) sector

In this section we will concentrate on the su(2) sector of N' = 4 SYM. This sector
is investigated in the literature quite extensively and will show how to get the results
obtained previously in [5] using spin vertex approach and consider some other cases. For
this purpose we will have to translate the spin vertex formalism to the language of the
spin chains and algebraic Bethe-ansatz.

As it has been mentioned before, due to the large degeneracy of trace states at tree
level, one prefers to use a pre-diagonalization and use as basis of states the eigenstates of
the one-loop dilatation operator, which is conveniently given by (nested) algebraic Bethe
ansatz. Suppose that we have built the one-loop Lax matrix

L,(u) =u—i/2—i(—1)AEBEBA (2.121)

where the generators in the auxiliary space Eg'f belong to the defining (4|4 dimensional)
representation of psu(2,2]|4) and E/F are the generators in the actual physical represen-
tation, e.g. the oscillators representation. Using the property (2.110) of the vertex it is
straightforward to show that

LY (u)|Vig) = —LP(—u)|V1a) . (2.122)

The change of sign in the Lax matrix can be absorbed in the normalization, and we will
tacitly assume in the following that we have done so. Let us now consider the monodromy
matrices of the two chains

TOwW) = LPw). .. LYW, TOwW) =LP W) ... L (). (2.123)
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Now we act with 7™ on the spin vertex and then repeatedly apply the relation (2.122).
The result is

L) L )W) = LY (~u) ... L (—u) [ Via) - (2.124)

The right hand side is not exactly the monodromy matrix for the second chain 7 (u),
because the Lax matrices are in reverse order. This mismatch can be cured by taking an
operation which reverses the order of the operators, like the (super) transposition ® in
the auxiliary space. In so(4) ~ su(2); ® su(2)r® sector one can correlate the change of
the signs of the supertraceless generators £ with the transposition

E% = _gE™®is71 (2.125)

where ! denotes the (super) transposition in the quantum space and o = 0! = —09 109 g =

UZ. As one can check on (2.121), in any of the su(2) sectors we have
L(u) = L' (u) = —oL"(—u)o ™' = —ooL"(—u)oy ", (2.126)

where 0¢p = i099. The last equality sign comes from the invariance of the Lax matrix
[Ls(u), E§® + E%] = 0. Substituting one of the last two equalities above into the r.h.s. of
in (2.124) we obtain ?

TO W) Vig) = 0 T (u)o [ Vig) = aoT@ (u)og ' [ Via) - (2.127)

or in matrix form

(éiiﬁi ggzg jlfvn>:(ggg§gji ggggggj )(2>|v12>=(_D<u) _B(u) )‘M.

We will exemplify now the consequence of these relation in a given su(2) sub-sector. The
eigenvectors of the dilatation operator can be constructed by the action of the B operators
on the vacuum state | Z) followed by an arbitrary so(6) rotation R in the quantum space,

|0) =R B(uy) ... Bluy)|Z") . (2.129)

Since we are working with operators which do not have components outside the so(6)
sector, we are going to use a version of the vertex (vyp| truncated to so(6). By equation
(2.128) we obtain the rule which transfers the Bethe operators from one space to the other
through the vertex,

(012][R B(wy) . .. B(up)]Y = (vi9|[B(uns) . .. B(uy) R71P
= (vpa][o Clung) ... C(ur)o R . (2.130)

8. In conventional sense the so(4) sector doesn’t exist, because the action of the one-loop dilatation
operator is not closed on it. What we mean by so(4) sector is the case when any elementary fields of the
operators involved can be presented in the form a1Z + a2 Z + a3 X + a4 X, but at the same time each of
the operators corresponds to the su(2) spin chain, su(2); or su(2)g. As an example one can consider
the configuration described in [5]

9. We neglect again an overall normalization.
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This relation is fundamental in exploiting the vertex, and it prescribes in particular how
to characterize the flipped states

(0] = <v12|0><1> = (2.131)

= (v1a| [B(uar) ... B(u) RN 290 = @(ZL| [B(uyy) ... Buy) R @
= (02| [0 Clung) .. .Clur) o R7YP |29V = O (7L [Cupy) ... Cluy) o R

Using B(u)! = —C(u*) and considering distributions of rapidities which are self-conjugate,
{u} = {u*} we conclude that, up to an overall sign,

0) = RC(w)...Cup) | Z%) = Ro Blwy) ... Bluar) | Z5) . (2.132)

Now we would like to consider some concrete configurations of the three-point correlators
from what we call so(4) sector with two su(2) orbits corresponding to (Z, X) (su(2)g)
and (Z, X) (su(2);) rotations. As it has been mentioned above, although each of the
operators we are going to consider will belong to the su(2) sector (either right or left),
the spin vertex needed for the computation of the correlators should be composed of all
the elementary fields appearing in the operators. Thus from the spin vertex point of view
the sector of interest is the so(4) sector. According to our conventions

2)=10), 12) =cdiddi|o)y, |X)=cdij0), |X)=—cldlo). (2.133)

Thus the L sector is generated by ci,dy and the R sector by c,dy.  Obviously, the
generators in the two sectors commute, and the operators X, X, Z, Z can be seen as basis
vectors in the bi-fundamental representation of su(2)r ® su(2)g,

Z) =@ Me=I1), 12 =10 D=4, (2.134)
X)=IMceohr=I1), [X)=—re|[hHr=-[I1.
Then the full vertex will take the form

1) = 12)® 8 2)0 + [X)D 91 )D + |2 @120 +1X) 2 )0
_ ’012>su(2)L ® |1)12>5u(2)R , ( . )

where

1)@ = 1D @ [ 1)k = DR DLk - (2.136)

We can have two different cases (see [127] for more details):
i) The I — I — I case, when all the three operators are in the same sector, say R. In
this case, the three operators can be chosen as

|01) = RiBg(w1) ... Br(ua, ) |25 | (2.137)
|0y) = Roo Br(v1) ... Br(va,) | 252,
‘Og) == RgUBR(wl) Ce BR(U)M3) |ZL3> .

The convention is such that Ry = R, = R3 = 1 reduces to the extremal case. Exploring
this case goes beyond the scope of this thesis. An interested reader is encouraged to look
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at [104], where the authors applied the separation of variables technique for computing
the I — I — I correlators.

i1) The I — I — I1 case, when two operators, say O; and O,, are in the sector R(L)
and Oj is in another sector L(R). In this case we choose

|(91> :RlBR(u1)~--BR(uM1) |ZL1> s (2138)
|O2) = Ry 0 Br(v1) ... Brlowm,) |Z272) |
|03> = Rg BL(’LUl) N BL(U}M3> |ZL3> .

Again, our choice is such that Ry = Ry = R3 = 1 is the case originally considered in [5].
In this case the left and right sector decouple

CHY = W (vigg| Br(w)|Z2%) @ o) Br(v)|2") ® Bg(u)|Z™) (2.139)
= W (v13] 0(32) BL(w) |Z") @ 021y BR(v)|Z") ®@ Bg(u)|Z™) .
= SIMPLE x INVOLVED (2.140)

The SIMPLE part is given by the contribution of the L sector (as before we don’t pay
attention to the signs):

SIMPLE = *“@% (0153 0391 Br(w) | 1) @ o@n)r | 172) @ | 111)
= (I [o@r Bo(w) [ 152) = (L0 [(1592 | Br(w) | 15), (2.141)

while INVOLVED is given by the contribution of the R sector

INVOLVED = ““®%(v155] 03oyr | 149) @ anyr Br(v) | 142) @ Bgr(u) | 1)
= @ (u,| gonr (17| Br(v) | 172) @ (172 |Bg(u) | t71) =
= @R (i,| (172 | Br(v) | 172) @ (1712 [Bg(u) [ 171), (2.142)

where (vip] = @ | @ W@ |+ @ |®@ B} |. This gives the known result of [5]
combined with the freezing trick from [75] (see [76] for comparison). The case when the
global rotations Ry, Rq, R are arbitrary is considered in [127].

2.3.7 Monodromy condition on the spin vertex

In this section we are going to show that the local symmetry condition (2.110) of the
spin vertex can be reformulated as an extended symmetry. This is the same Yangian
symmetry, satisfied by the tree-level amplitudes in N =4 SYM [128].

The spin vertex is an invariant of the Yangian. We are going first to show this on the
two-vertex, and then extend it to the three-vertex which is needed for the computation of
the three point function. There are two types of monodromy matrices which are interest-
ing for us. The first is the monodromy matrix where the auxiliary space is in the defining,
4|4 dimensional, representation. This monodromy matrix is useful to build the Yangian
generators and the for the nested Bethe ansatz procedure. The second type of monodromy
matrix, useful for getting the local conserved quantities, contains the same physical repre-
sentation in the auxiliary and quantum spaces. Here we construct the monodromy matrix
with the auxiliary space in the defining representation. For the monodromy matrix with
the auxiliary space in the physical representation, the construction of the so(6) sector is
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Figure 2.5 — The basic monodromy relation
of the spin vertex.

relatively straightforward, however the construction in the si(2) sector is more subtle and
we are not doing it here.

Let us take the psu(2,2]|4) R-matrix living in the tensor product of the defining and
the physical representations

R()l(u) =Uu— iHOl s H01 = (—1)|A|E643E13A s (2143)

where E{'P are 4|4 x 4|4 super matrices, the generators in the quantum space are in the
oscillator representation EP4 = 4¢P and the summation over the repeated indexes is
implied. When ElBA are also in the defining representation, Ily; is a super-permutation.
In the representation we are considering

M2, = (—1)AHICI pAB pBApCD phC _ (_1)A+IBI (A IB)(BIHD) pAD pBARDE (9 144)

= (=)EMPEPAEPP — 1)+ EPP = N (BPP —1) + BPP = Iy .

Here we have used the (anti)commutation relations [¢*4,¢P]. = §4P and that in the
physical representation the central charge should be zero (¢ = EBB = ¢ByB = 0)1°
and in the auxiliary representation EPP = 1. The R-matrix above satisfies the unitarity
condition

Ro1(u)Ro1(—i —u) = —u(i +u) . (2.145)
For a representation with arbitrary central charge ¢, the unitarity condition would be
Ro1(u)Ror(i(c — 1) —u) = —u(i(l —¢) +u) —c. (2.146)
We are now going to build the monodromy condition for the two-site vertex |Via),
Ro1(u) Roa(u)|Vi2) = —Ro1(u) Ro1 (—i — w)|[Vi2) = u(u +i)|Vi2) - (2.147)

Here we have used that the R matrix is related to the Lax matrix defined in (2.121) by
R(()Ql) (u) = L®(u +1i/2), and then used the property (2.122) of the vertex

Rog(u)ng) = —R()l(—i — U)|V12> (2148)

The property (2.147) can be nicely presented by drawing some kind of diagrams with the
R-matrix corresponding to the crossing of the solid lines, and the vertex presented by the
dashed line (see Fig. 2.5). By means of this diagrams it is easy to realize that (2.147) can
be lifted to the two-vertex with an arbitrary number of sites:

02 (W) Vo) = Ry (u) ... RY) (u) Ry (u) ... RS (u) [Vio) = (u(u+0)F Vi), (2.149)

51



(12) ‘:‘ Pl Ty 18 ‘:‘ G Ty
Ly () aHHHHHH—HHHHHHH? FEEECETEE FEETETT
12 .. L L e 21

12« L L - 21

Figure 2.6 — The two chain monodromy matrix
t(12)(4) and its action on the vertex |Vio)

T123(u)

Figure 2.7 — The three-point spin vertex and monodromy condition.

as depicted in Fig. 2.6. Finally the relation (2.147) can be generalized for the three-vertex
(Fig. 2.7) with the monodromy matrix 7js3.

Tias(u) =t ()t ()t B ()t B2 (u)t ) (u)t 2V (u) | (2.150)
T123<U)|V123> == (u(u + 2))%72-‘%3 |V123>. (2151)

The subsectors:

The psu(2,2|4) R matrix can be readily reduced to different subsectors, just by restricting
the sum in the definition of the central charge (2.69) to the corresponding subsector. As
a result, the central charge can take non-zero value ¢ = EPB.
— In the su(1|1), su(2]3) and su(2) sector, where the fields belong to the fundamental
representation, ¢ = 1, so that the unitarity condition is slightly modified,

g, =1,  Ro(u)Roi(—u) = —(u®>+1). (2.152)
The monodromy condition will be
ROl(U)ROQ(U - Z)’V12> = —R01(U)R01(—U)‘V12> = <U2 + 1)’]}12) . (2153)

— In the sl(2) sector, ¢ = 0, so the unitarity and monodromy conditions are the same
as for psu(2,2|4).

10. The condition ¢ = 0 should be understood as a constraint imposed on the states, which projects on
the irreducible representation we are interested in. This constraint can be implemented in the definition
of the spin vertex, but then the vertex will lose its nice exponential form.
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— In the so(6) sector we have ¢ = 2, so that
I, = Mo + 2, Roi1(w)Ror (i —u) = u(i —u) — 2. (2.154)
The monodromy condition is then

R()l(U)Rog(u — 22)|V12> = —R()l(U)ROl(i — u)|V12> = (u(u — Z) + 2)|V12> . (2155)

2.3.8 The relation between the full vertex |V»3) and the poly-
nomial vertex (2.25)
In this section we will relate the full vertex |Via3) with the polynomial vertex (2.25).

First of all we have to reduce the full vertex |Via3) to the scalar sector, which means that
we will consider its shorter form |vi93) with elementary one-site two-vertex given by !

|0ij) = |X> '@ 1X)V +1X)0 2 X)9 + Y)Y e V)P + 7)Y e |v)O)

(2.156)
+|2)P®|2)V +12)D & |2)D + ..

where the three dots as usual stand for the terms which don’t satisfy the condition that
the central charge should be zero. These terms cancel when computing the correlators
and we drop it in the following. Recalling that X = \%(9251 +ige), Y = \%@3 + i¢y),

= %(% + i¢s), we rewrite the vertex as follows

lvy) =12V ®12)P +12)0 @ |2) “+Z|¢>1 )@ |¢i)). (2.157)

=1

Then we the full three-vertex will take the form

L2
. - 2
|D123) :H <|Z>(Lll)k+1 ®|2) + |Z>L1 k1 @ 12) + Z |6i) L1 1 @ |6)s )) ®
k=1
(2.158)
L3
(1 1
H <|Z> |Z>L3 k+1+|Z> )®|Z>L3 k+1+Z|¢z ( )®|¢Z>L3 k+1) ®
k=1 =1
S — > &) 3)
H <‘Z>L2—k+1 & |Z> + |Z>L2 k1 @ ‘Z +Z 9 10— kr1 @ i)k ) )
k=1

where we changed a bit the convention of numbering the sites in the vertex (that’s why
the vertex is marked with tilde) in order to adjust the convention of the section 2.2.1. 2

11. According to our convention the indexes (3, j), related to the states connected by the vertex, should
be ordered oppositely, e.g. |Z)¥) @ |Z)®) however in this case we deal just with the scalar fields, which
can be permuted without picking any additional signs, which we cared about when described the most
general case.

12. Here the vertex contracts for example the site number i of one operator with the site number
L — i+ 1 of another unlike the original formulation (2.104), where the vertex contracts those sites of the
operators which has the same numbers. This convention has been used in the previous sections in order
to ensure the writing of some of the vertex properties in the nice way. The price which we paid is the
weird way of numbering the sites in the operators like in (2.117).
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Further we will rewrite the generating fields (2.22) in the oscillator representation, we will

get

|F1) =

|Fp) =

| F3) =

4 4
|1Z1) +Zﬂfi\¢§>> ®.® (\ZLJ +Z$21!¢21>> :
i=1

=1
4 4
2 +Zyi\¢i>) —_ (wz» +zy221¢;>) |
i=1 =1
4
=1

4
1Z1) + Zzﬂqﬁ’l) ®
-1

(2.159)

Then the polynomial vertex Via3(x,y, z) can be obtained by the following expression

Vigs(x, Yy, 2) = (V12| F1)| F2) | F3).
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Chapter 3

HHL correlators and diagonal form
factors

This section is devoted to considering some specific types of the three-point functions
in N =4 SYM, namely, heavy-heavy-light (HHL) correlators (the case when the length
of one of the operators is significantly smaller then the length of the two others). It turns
out that the computation of such correlators can be related to the computation of the
form factors in the 2D quantum integrable field theory in the finite volume. At strong
coupling this idea gets the confirmation from the observation that the corresponding HHL
correlator at semi-classical approximation can be computed as an integral of the vertex
operator (defined by the light operator) over the classical states corresponding to the
heavy operators. From the weak coupling point of view this relation originates from the
connection between the gauge invariant operators and the integrable spin chains. Due to
this relation it appears that the computation of the correlator can be formulated as the
computation of the spin chain form factor between the two spin chain states corresponding
to the two of the operators with the spin chain operator defined by the third operator [129].
The most convenient probably is the case when the two operators are conjugated to each
other. In [6] the authors considered such a correlator at strong coupling and noticed on
the example of some concrete computations that the dependence of the correlator on the
length of the heavy operator L is defined by the volume dependence of the diagonal form
factor in 2D integrable models formulated in [7] at any coupling. From this observation
the authors conjectured that the L-dependence of the HHL correlator should be defined
by the volume dependence of the diagonal form factor established in [7] at any coupling.
In the first part of this chapter we will prove the conjecture of [6] at weak coupling on
the example of the HHL correlators with heavy states being from the su(2) sector. In
the second part by exploiting the recently proposed hexagon approach we will extend our
prove to finite coupling in the asymptotic regime. The material is based on the results of
the papers [130, 131]
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3.1 HHL correlator at weak coupling

3.1.1 Form factors in integrable models
Form factors in infinite volume

Here we will review some background related to the form factors in integrable models
necessary for the following. We consider a 1 4+ 1 dimensional integrable quantum field
theory defined by its S-matrix. For simplicity we restrict ourselves to diagonally scattering
theories with a self-conjugated particle, the generalization to any diagonally scattering
theory is straightforward.

The infinite volume states can be characterized by the set of particles momenta. The
particles are labeled by their rapidities u with the corresponding values of the momenta
p(u) and the energy e(u).

In the remote past we have an in state which is defined by the corresponding order
of the rapidities: the fastest one is the leftmost while the slowest is the rightmost. The
particles in an out state are ordered oppositely:

Upy ooy U )P Up > >u
Uy ..., UN) = .
| > {’ 1 ’ N> 1 N (31)
u < - <upny

The infinite volume states that differ only in the order of rapidities are related by the two
particle S-matrix:

|’U,17 s Uiy Uy 1y -y UN> = S(U“ ui+1) ]ul, ceey Ui 1y Ugy --ey UN> (32)
The energy of a multiparticle state is the sum of the one particle energies

E(uy,...,uy) = Zs(ui). (3.3)

i=1

In infinite volume we normalize the in states as
B, e uy)™ = (2m) Y Svar S(uy — b)) 0 (uy — uly), (3.4)

and the norm of a general state can be determined from (3.4) by (3.2).
Let us consider the matrix elements of a local operator O(t,z) between asymptotic
states. The space-time dependence can be factored out

Ml | O, t) |ug, ...,uN)in — tAE—izAP out (U, ..., uy] O0,0) |uy, ...,uN>in,

where

e(ug), (3.5)



and we define the form factor of operator O as
F§) n (e g, coyun) = " (o ] O(0,0) Ju, ooy un)™ (3.6)

The form factors are a prior: defined for ordered set of incoming and outgoing rapidities
but can be analytically continued by (3.2). A form factor is a meromorphic function in
all variables and each pole has a physical origin [132].

Suppose that the theory possesses crossing symmetry, i.e. a transformation which
maps an outgoing particle with rapidity u to an incoming anti-particle with rapidity .
The crossing symmetry implies the crossing equation for the form factors which, in case
of a single self-conjugated particle, reads

F]\(?LN (U, ooy tyf|ug, oy uy) = FJ\(?[_LNH (u’l, oy Wy |Tary ugy e uN) (3.7)
k—1

N
+ Z (W |ug) H S (w,we) Fyp_y oy (W4, ooty Jun, oo Gy oo )
k=1 I=1

where the terms on the second line of (3.7) describe disconnected processes that occur if
one of the incoming and one of the outgoing particles have the same rapidity. The hat
U, denotes that uy is missing from the list of rapidities. By using the crossing relation all
form factors can be expressed in terms of elementary form factors

FQ (uy, ...,un) = (0]O(0,0)|uy, ..., uy). (3.8)

These elementary form factors satisfy several functional relations, called the form factor
axioms, which form the basis of the form factor bootstrap program [132]. Here they are.
1. Permutation

F](\? (ul, ey Uiy Uit 15 -e ey UN) == S(UZ’,UZ‘+1)F](\? (ul, coey Uiy Ut 1y -eey UN) (39)
2. Periodicity
FQ (g, oo Uiy Uiy 1, ooy Uy + 270) = FS (Uny Uny ooy Uiy Wit ooy Un—1) (3.10)

3. Kinematical singularities

N
— iReSy—w N o (u+ im0/ uy, ..y uy) = <1 - H S(u,ui)> FQ (uy, ..., un) (3.11)
i=1
3. Dynamical singularities
— iReSy—wFy o (u+10/2,0 —i0/2,u1, ...;uy) = TEY .y (w, u, oy un) (3.12)

where u is so-called fusion angle, § = 7 — § and I" defined from

il?

u—10

S(u ~ i) ~

(3.13)
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Diagonal form factors
The diagonal form factor of the local operator O, defined as
My, un]O00,0)|ug, -+ un )™, (3.14)

is singular due to the disconnected terms in the crossing relation (3.7). To avoid the
singularities we regularize it by slightly shifting the outgoing rapidities. After crossing we
get

ng(ﬂl‘f‘el,"' JUN + en,un, - ug) = (0|O|uy + €, un + €, ug, - 7uN>in

(3.15)

The diagonal limit, ¢; — 0, of (3.15) is not well-defined. It was first noticed in [133] that
the singular parts vanish in the limit when all ¢, — 0, but the result depends on the
direction of the limit. Its general structure can be written as

O (= _
FQN(ul—i_ela"'7UN+ENJUN7"'7UI> (316)
N 1 N N N
:HE— E E E a’iliz---iN(ula"' 7uN)€i1€i2”'€iN+"'
i=1 ' i1=lido=1 in=1

where a;,4, iy 1S a completely symmetric tensor of rank N. The three dots denote the
terms which vanish in the ¢; — 0 limit.

There are two generally used regularization scheme in the literature. The first is the
so-called symmetric evaluation when we set all €; to be the same

FOP (ug, -+ uy) :li_I%FQ(;)V(ﬂl—I—e,'-- JUN + € UN, - U ) . (3.17)

The second scheme is called connected, in which the diagonal form factors are defined as
the e-independent term of (3.16):

o

FN’C(Ul,"' ,UN):N!alg...N . (318)
Both the symmetric and the connected diagonal form factors are symmetric in the rapidity
variables uq,--- ,uy and not independent: each can be expressed with use of the other
[7].

Diagonal form factors in finite volume

Here we will summarize the results about the volume dependence of the diagonal form
factors following [7, 134].

In finite volume L, the rapidities are quantized and a generic multiparticle state can be
labeled by the Bethe quantum numbers |[{Iy,---,Ix})r. Apart form the infinite volume
case the states in finite volume should be symmetric in all the particles. We adapt
our notation to the conventions used in [7, 134] and order the quantum numbers in a
monotonly decreasing sequence, I; > --- > Iy'. The quantized rapidities with the
quantum numbers {1y, - -+ , Iy} are solutions of the corresponding Bethe Ansatz equations:

O;({ur, - ,un}) =2rl;, j=1,-- N, (3.19)

1. Apart from the free boson case all known S-matrix obey the property S(u,u) = —1 which is an
effective Pauli exclusion. In this cases we have I; > --- > Iy.
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where we defined
(Dj({ulv T uN}) = p(u])L - ZZ IOg S(uka uj)' (320)
oy
The finite volume states are orthogonal to each other

c{J Iy S INY) L X ONM Ory gy Ory oy (3.21)

and their normalization is a question of the convention.

One can change from the quantum number representation of states to the rapidity
representation. This change of variables involves the Jacobian, which is the density of
N-particle states, defined as

‘QN(ulﬁl" 7UN)L = detj(N)(ulv 7UN)L (322)
0b,(ur, - ,u
Jk(flv)(ul,...,UN)L: k( 18u N) . kil=1,---,N.
l

where we explicitly indicated the volume dependence of these quantities. Then the relation
between the states in quantum number and rapidity representation reads as

I, In})L = = lug, -+ un) (3.23)

\/QN(Uh L uN)L Hz'<j S (s, uy)

where the rapidities {u;} are the solutions of the Bethe Ansatz equations (3.20) corre-
sponding to the quantum numbers {I,---,Iy}. This identification holds up to expo-
nential corrections. The product of S-matrices in the denominator ensures that the finite
volume state is indeed symmetric under the exchange of particles.

Defining the system in finite volume regularizes all the divergences appearing in the
diagonal limit of form factors (3.16), thus the normalized finite volume diagonal matrix
element

L<{Ilv"' JIN}|O<070)’{IM 7IN}>L
L<{[17"' 7IN}|{[17"' 7IN}>L

is finite, well defined and does not depend on the normalization of the states. Further we
represent the connection between finite and infinite volume form factors. This problem,
challenging in the general case [135, 9], becomes considerably simpler if we neglect the
exponentially small wrapping corrections.

Up to wrapping, the finite volume N-particle diagonal form factor (3.24) can be ex-
pressed as a sum over the bipartite partitions of the full set {1,2,---, N}, involving the
infinite volume form factors and some kind of densities of states. As the diagonal form
factors in infinite volume depend on the regularization scheme, this series is also scheme
dependent. In case of the connected evaluation the relation reads [136, 7]

{1y INHOWO, 0L -+ InY)n 1
L<{[17"' 7]N}‘{]1="' 7IN}>L pN({lﬂ"' 7N})

(3.24)

Z FC {urtrea) pv (@)

O{g{l,,N}

(3.25)
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where @ denotes the complement of « in the full set. The functions appearing on the
right hand side are the connected diagonal form factors

fo(ula.“ aul) :F}O7C(u17"' ,Ul) (326)

The functions py are defined as the diagonal minor determinants of the N-particle Jaco-
bian (3.22),

pn(a) = det jkl (u1,~~ JUN)L aC{l,---,N} (3.27)

klea

They can also be referred to as partial Gaudin norms. As special cases we have

pn({L,---  N}) = on(us, - un)r 5 pn(0) =1, (3.28)

We want to emphasize that the function py(«) depend on all the N rapidities. The set
of rapidities {w;} in the right hand side of (3.25) is the solution of the Bethe Ansatz
equations (3.20) corresponding to the quantum numbers {Iy,--- , Ix}. Thus, the explicit
volume dependence is encoded only into the factors py, the connected form factors f©
depend on the volume only implicitly via the Bethe Ansatz equations.

As the connected and symmetric diagonal form factors are not independent, we can
express the finite volume matrix element in the symmetric regularization scheme. In this
case the series take the form [134]

L<{Ila"' 7IN}|O(O>0)|{117"' aIN}>L _ 1
c{L, s In T, In e pv({L,---,N})

> iy (wdeea) prog (@)
aC{1,...,n}
(3.29)
Here again, the rapidities {u;} are the solutions of the Bethe Ansatz equations (3.20)
with the quantum numbers {I,- -, Ix}. The pj| functions appearing in the sum are the
|a|-particle densities of state (3.28,3.22) evaluated at the rapidities {u;}ico. Note that,
contrary to the connected expansion, they depend only on the rapidities labeled by the
set a. The explicit volume dependence is still carried only by the p functions.

Form factor of densities of conserved charges

An important special case of local operators is the density of a conserved quantity,

Q- /0 C Jatydn (3.30)

where () acts diagonally and additively on the multiparticle states. Its density therefore
satisfies
ol SO0 Do o)y 1y o, (331)
L<{IIJ"' 7IN}|{117 ]N} ] .

where {u;} are the solutions of the Bethe Ansatz equations (3.20) corresponding to the
quantum numbers {I,--- , Iy}, and g(u) is the one-particle eigenvalue of the operator Q.

A compact expression (presented in [135, 136]) for the connected diagonal form factors
of these densities can be cast into the form

Jic
FQN(ul T ,UN) = Z p/(ua(l))gp(uo(lb uo(Z))Qp(ua(Q); u0(3)) T Qp(ua(Nflb uO’(N))q(uU(N))
gESN

(3.32)
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Figure 3.1 - HHL correlator at gauge theory side
where the summation runs over all the permutation of the set {1,--- , N}. Here, p’ denotes
the derivative of the momentum w.r.t the rapidity,
) = p(u) (3.39)
P = 5 : .

For massive relativistic models we have p(u) = msinhu and e(u) = mcoshwu, so that
P (u) = e(u) and (3.32) reduces to the expression presented in [135, 136]. However, in the
case of the Heisenberg XXX, /5 spin chain an extra sign appears: p'(u) = —¢(u).

3.1.2 Heavy-Heavy-Light correlator at weak and strong cou-
pling

In this section we will introduce the notion of the heavy-heavy-light operator (HHL)
and review the main results relevant to the subject. As it has been mentioned above
the HHL correlator is the correlator which has the length of one of the operators (light)
significantly smaller then the other two. Let’s consider the correlator (O (z)O2(y)O4(2))
with the lengthes L, L1, Ly such that L, < Ly, Ly. From the Fig. 3.1 it is clear that the
heavy operators (Oy, Oy) in this case should be approximately the same. Further we will
take O; = O, = O (symmetric case), where by bar we denoted complex conjugation.

The attention to the HHL correlators was drawn by the papers [83, 84], where the
author considered it at the strong coupling limit. From string theory side the heavy
operators correspond to the same propagating string, whereas the third operator can be
presented as a particle-like disturbance of this string corresponding to some supergravity
mode (Fig. 3.2). In this case the HHL correlator in semi-classical approximation can be
presented as the integral of the vertex operator corresponding to the light operator over
the classical string solution corresponding to the heavy operator:

CHHL = /d2O'V(9a<XH<O',T)), (334)

where by Xy we denoted the sets of the target space coordinates corresponding to the
classical string solution.

After this prescription was proposed the computation of the HHL correlators at weak
coupling appeared [85], where the exact match with the strong coupling computation was
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Figure 3.2 — HHL correlator at string theory side

established. However several years later some new insights related to HHL correlators
were published. In [6] the authors showed that when considering more involved cases of
the correlators the prescription given in [83] is not exact. The source of the problem is
that the prescription assumes that the string solution over which one has to perform the
integration should correspond to the two-point correlator of the heavy operators (OO),
but there is always at least one-parameter family of solutions for the given two-point
functions. The authors of [6] claimed that the right prescription implies the integration
over the whole family of solutions corresponding to the two-point function:

Cupr = /dp1--~dep/d20Voa(XH(U; T, D1, ---PN,)), (3.35)

Vmod

where NN, stands for the number of parameters and V.4 for the volume of the moduli
space. They considered several examples and showed that, although for some cases the
integration over the whole family of solutions is trivial, in general case it changes the
result and should be taken into account. On the other hand, the results obtained on the
basis of the new prescription allowed the authors to conjecture that the L-dependence
(dependence on the length of the heavy operator) of the HHL correlator coincides with
the volume dependence of the diagonal form factor and as a consequence is given by the
expression (3.25), that is:

1
pn(u)

C'HHL =

> 2@ pw (@) (3.36)

aUa=u

This conjecture was claimed to be valid at any order in the coupling constant and the
first goal of this chapter is to show that it works at weak coupling.

Apart from the two-dimensional integrable field theories in N'= 4 SYM it is not very
clear what physical meaning we can give to the coefficients f. Therefore what we are
going to prove is that the expression of the HHL correlator is given by (3.36) with some
coefficients F, which don’t depend on the length of the heavy operator L.
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As a set up we consider the scalar sector of N' = 4 SYM with the heavy operators
belonging to the su(2) sector. Thus we have

O1=0=Tr{Z X}, 0,=0=T{Z X}, (3.37)

where by {...} we mean the set of the elementary fields an operator is made of. Since
we concentrate on the tree level approximation the light operator should be compose as
follows:

O =Tr{Z.X,7Z,X}. (3.38)

As it has been already mentioned in the introduction, when computing the three-point
correlator at tree level one takes the operators being the eigenstates of one-loop dilatation
operator. Thus the heavy operators will be taken as eigenstates of the X X X/, spin chain
and will be constructed by the algebraic Bethe anstaz technique. On the other hand we
will avoid taking the light operator to be an eigenstate, since in this case we will need
more involved technique of the nested algebraic Bethe ansatz. Instead of this we will prove
the statement (3.36) for any operator of the form Tr{Z, X, Z, X}. Since any eigenstate
is given by a linear combination of these operators?, the statement will obviously hold
for the eigenstates as well, but just with accordingly changed coefficients f given by the
appropriate linear combinations.
We will imply the following normalization convention:

NHCHHL

T o — y[PRujy — zPAup — oA

(01(2)O1(y)Oa(2)) (3.39)

where Ny is the norm of the heavy operator squared.

3.1.3 From field theory correlation functions to spin chain form
factors

In order to efficiently use the technique of the algebraic Bethe-ansatz, we will translate
the computation of the correlation function (O (2)O3(y)O4(2)) to the computation of the
spin chain form factors.

Let’s imagine that we have the Bethe-state of the XXX spin chain and defined by the
set of the rapidities u = uq, ..., uy:

|U1,...,UN>. (340)

Then the diagonal spin chain form factor of some local spin operator o; is given by the
expression

Uy ooy UN ), (3.41)

(uy, ..., un|oy,

where the local spin chain operator is given by the tensor product of the algebra generators:

o, = B¢t B (3.42)

Y

2. Generally speaking, since the sector composed of the fields Z, Z, X, X is not closed even at one
loop, we need to consider the whole scalar sector so(6). This means that the fields Y, Y will also appear
in the eigenstates. However the heavy states belong to the su(2) sectors Z, X and Z, X. It means that
at tree level the terms comprising the fields Y, Y will not contribute in the structure constant and can be
neglected
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(E")i; = 676; (3.43)

(2] ’
and the lower indexes n stand for the site number on which the local operator acts.?
Now we consider the HHL correlator (O;(x)O2(y)O,(2)) described above. According
to the usual prescription we have the following identification:

7.7 =1, X, X-—>]. (3.44)
Let’s look at the diagram 3.3, corresponding to an example of such a correlator. One can

1 &

zZ Z Z X Z X X
] 1
1 1
1 1
1 [ 71
1 1
1 [ | X 2
1 [ _
1 ' z 3
1 1 X4
1 1
1 1
1 11

zZ Z Z X Z X X

-
~

Figure 3.3

see that the light gauge operator can be considered here as an operator which acts on
the two last sites of the lower heavy operator and turns them into the two last sites of
the higher operator. Indeed, the second and the third sites of the light operator can be
considered as an operator acting on the L — 1’th site of the heavy operator and translating
Z into X, that is spin 1 into spin |. In its turn the first and the forth operators can be
considered as an operator acting on the L site and translating X into Z, or in other words
spin | into spin 1. It means that from the point of view of the spin chains the correlator
presented on the Fig. 3.3 can be written as

(M2 o bt [BELER] Tite oo tooade), (3.45)

where the spin operator E2! | E}? plays the role of the light operator (see the Fig. 3.4).
From the discussion above it is clear that any correlator we are considering can be pre-
sented in the form (3.41), and the corresponding spin operator can be established straight-
forwardly.

Let’s consider some examples. The simplest one corresponds to the case when the
length of the light operator L, is equal to 2. Then the length of the spin chain operator
ls is equal to 1 (we will refer to such operators as to length-1 operators). Since the heavy
operators are conjugated to each other, we should consider just the the light operator
with zero R charge. It means that for the case with L, = 2 we have just two operators
to consider: TrZZ, TrXX. They translate to the spin chain operators EX and E22. In
addition due to relation E?> = I, — E!! the spin chain correlators of these operators are
related to each other as follows

(uE7 Ju) = (ulu) — (u[E,|u) (3.46)

3. It should be understood that due to the periodicity of the X X X/ spin chain the translation of
the local operators on any number of the sites doesn’t change the result.
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Figure 3.4 — An example of the mapping between field operators to spin chain
operators. The operator in the field theory O = trZXZX is mapped to the spin
chain operator 0= E21 E12

In the case of L, = 2l = 4 we have more possibilities (length-2 operators). In general
we have sixteen operator E¥Y @ E "1, however just six correspond to the operators with
zero R charge:

Ell @ En+1: Ell ® En+17 E22 ® En+17 E22 & En+1> E12 ® En+17 E21 & En+1 (347)

Due to the same relation E?? = T, — EX the correlators corresponding to the second,
third and fourth operators can be expressed through the matrix elements (u|E!!'|u) and
(u|E}! ® EML,|u). Finally the fifth and sixth operators are related to each other by
transposition, which means that their correlators are related by complex conjugation.
Thus there are just three independent quantities among the diagonal form factors of
length-1 and length-2 operators:

For = (uloi(n)u), F = (uloj(n)lu), F= = (u|oj(n)|u), (3.48)

where o1(n) = El!, oj(n) = E;! @ E} |, 03(n) = E? @ E2. ;.
The computation of the quantity (3.41) can be performed by means of the solution to
QISP reviewed in the section 1.3.5. From (1.55) we get for length-1 operator *

(u[T(0, +i/2)[u)

(B u) = ~—— 0.5/ (3.49)
where t,(u) is given by (1.38). At u = 6,, +i/2, we have
talf +/2) = Qo(6, + 1) 22 00) (3.50)

Q& ()’

4. We will keep the inhomogeneities § being arbitrary values through the whole derivation, and put
them to zero only when computing concrete examples. The reason is that we will need them to have
non-zero values when considering HHL correlator at one loop in the section 3.1.7
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where we used the generally accepted convention

Qu(0) = Qu(0 +1i/2), Qu(0) = Qu(f —i/2). (3.51)
The generalization of (3.49) to a string of [; 4+ 1 operators is straightforward

(H Qo (0 +k;‘|‘an2k +k> u|HTr(ﬁf Onsk +1/2)[1) (3.52)

(u[Ewbo .. Eos e

3.1.4 Computation of a spin chain form factor. Simple example

Before proving the statement (3.36) for the most general case we will consider one
simple example, namely the computation of the matrix element F° = (u|o}(n)|w). From
the expression (3.52) it is clear that

F% ox FAY = (u|A(0, +1/2)A(0ni1 +1/2)|u). (3.53)

In order to compute F44 we first act with A(6,1; +i/2) on the state |u), (1.35) gives

Qu(em—l - 2/2)

A(Ona+i/2)|u) = a(bni1+i/2) Qu(Oni1 +1/2)

W)+ My (Bsr+i/2) {0, ea+i/21\ fun}).

(3.54)
We got two terms, one of them proportional to |u) and another proportional to |[{u, 6,1+
i/2} \ {ux}). Then we act with A(6, + i/2) on these two terms by means of the same
property (1.35). It is not hard to see that we get four terms of the form

ocuy, o {u, 0, +4/23 \ {ur}), o< [{u, Oy +7/2F \ {ur}),

. . 3.5
o [0+ 1/2, 01 +8/2)\ {ues ), 359
meaning that we need to compute four following scalar products

(ulu), (u[{w, 0, + /2 \{u}), (u{w,0ns1 +3/2}\ {ur}), (3.56)

(wl{w, 0 + /2,000 +1/23 \ {ug, w}).

3.1.5 Computation of a spin chain form factor. General case

The logic of the computation of spin chain form factors in the general case remains
the same as in the example considered in the previous section. The computation of the
diagonal form factor of the local operator

a101 asbs
Er @ . @B, (3.57)

between the Bethe-states |u) reduces to the computation of the quantity
(w|T" (0, +1/2).. T (0, g1 +1/2)|u). (3.58)

As it should be clear from the discussion of the previous section the expression (3.58) will
generate the terms of the form:

(ulu), (ul{u,0,, +i/2}\ {u,}),
(wl{w, O, + /2,00, + /23 \ Ly iy 1), oo (3.59)
({0, O, + /2, 00y + /2, 000, Oy, + /23 \ {1ty ooy g, 3
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The scalar products listed above have the same common property that the bra state is on-
shell Bethe-state. It means that they can be computed by means of the Slavnov formula
(1.49). Another important thing which should be noticed that for any of these scalar
products the ket states have very specific form. Their rapidities are not just some random
numbers, but part of the rapidities belong to the same set as the rapidities of the bra
state. Let us consider an example of such a scalar product in more details. In the Slavnov
determinant (1.49), the denominator is a simple Cauchy determinant and can be readily
computed. We therefore focus on the non-trivial numerator det;x Q(u;, vy). To start with
let us consider the scalar product (u|{u, 6,,60,:1} \ {v;,u;}). The determinant takes the
following form

idn o Qoo Qe idiN
det Q = d?” T o (be (3.60)
iont o Oy Qg oo 1NN

where we have defined i ¢, = Q(u;, uy) and Qi = Qg (w;, 0, +1/2). First we perform the
minor expansion of the determinant with respect to all the columns that does not have any
element of the form ¢,,,, that is with respect to the columns j and k in our case. After
performing this expansion we will get the sum of some minors with the corresponding
coefficients. Due to the structure of the determinant (3.60) it is not hard to see that one
can always expand the obtained minors to the diagonal minors of the Guadin norm (3.22):
¢i1i1 o

ce i
e (3.61)

¢%ﬂma

apart from those minors which contains the elements ¢;; and ¢j. Therefore, the following
expansion holds

({0, 0,2} \ {ugwd) = D (@) pi(@), (3.62)

alUa=A

where A = {uy, ..., Uj, ..., Uk, ..., un } °. Here & is the complement of « in A. For an explicit
and simple example, see Appendix E.

From the discussion above it is clear that any scalar product appearing when comput-
ing the spin chain form factors can be presented in the form of the expansion (3.62), just
with different set A and coefficients f©(@). Then when we sum over all scalar products
(3.59) appearing in the spin chain form factor after applying the solution to the QISP, we
will formally get

> 19a) pa(a). (3.63)
aUa=u
Now in order to prove the statement (3.36) at tree level for the considered types of the
HHL correlators we need to show that the coefficients f(a) do not depend on the heavy
operator length L.

5. Here j and k mean these two indices are absent.
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In the approach of algebraic Bethe-ansatz, the diagonal matrix elements are given in
terms of the following functions: the eigenvalue of the diagonal elements of the transfer
matrix, a(u) and d(u), the products of functions f(u — v) and g(u — v) (see the section
1.3.2), and the matrix elements in the Slavnov formula €2;; and ¢;;. Under the normal-
ization we described in the section 3.1.2, the functions a(u) and d(u) either cancel or
appear in the expression as the ratio a(u)/d(u) = €L, which can be replaced by products
of scattering matrices using the Bethe Ansatz equations. The products of f(u — v) and
g(u—wv) functions do not depend on L. The matrix element €2, defined in (1.51) also has
no dependence on L. Finally, ¢, with j # k reads

2

Dk = P(uj, ur) = ma

J7k, (3.64)

again, do not depend on L. The only dependence on L is hidden in the diagonal element
Onn- Recall that we have

L N
1
I Y 369
m=1 =1
l#n
In the homogeneous limit, where 6,,, =0 (m = 1,--- , L), the first term of (3.65) becomes

L/(u? + 1/4) which depends linearly on L. When we perform the minor expansion, we
carefully avoid expansion with this kind of terms and they only appear in the diagonal
minors py(«). Therefore, the dependence on the length L is completely contained in
pn(a). This finishes the proof of the conjecture (3.36), which we will call here finite
volume expansion due to the fact that this conjecture originates form the analogy with
the finite volume expansion of the diagonal form factors in the 2D quantum filed theories
described in the section 3.1.1. However, we want to emphasize that in our proof we didn’t
get any restriction to the coefficients f©(&), whereas in the original paper [137], where
the conjecture was formulated, the authors claimed that these coefficients should be given
by the form factors in the infinite volume. It is not clear to us what physical meaning
we could assign to these coefficient at weak coupling, but maybe it could be done from
the string theory side. In [138] the authors formulated the set of axioms, analogous to
those listed in the section 3.1.1, for the world-sheet form factors of the light-cone gauge
fixed string theory on AdSs x S°. Solving these axioms at finite coupling in case of the
diagonal form factors could provide us with data, which we would be able to compare
with the coefficient of finite volume expansion obtained at weak coupling.

Despite the fact that we wasn’t able to come up with the clear physical interpretation
of the coefficients f©(a), we noticed that they have some interesting structure analogously
to the infinite volume form factors in the 2D QFT’s. In the following few sections we will
compute some examples of the diagonal spin chain matrix elements and describe the
structure of the corresponding coefficients f©(a) explicitly.

3.1.6 The coefficients f°(a)

In this section we will perform the finite volume expansion for the diagonal matrix
elements of length-1 and length-2 operators. We will give a simple example of this pro-
cedure for the case of length-1 operator with 2 magnons in detail and then present the
results for more complicated correlators.
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An example: length-1 operator with -2 magnons

We consider the finite volume diagonal matrix element for the operator o;(n) = El!
with two magnons

<U17 u2|01(n)|u1, U2>
(Ul, u2‘u17 U2>

Fit(u, up) =

(3.66)

It has the following structure in finite volume

1

,02(161, Uz)

Fit(ur, ug) = (p2(ur, uz) + f7 (u2) palur) + £ (ur) pa(ug) + f (ur, u2)) .

(3.67)
We proceed as described in the previous sections. Using the solution to QISP, we have

1 <U,1,U2|A(9:)|U1,U2>

01 —
]:L (ula u2) - tu(e;i_) <U1, U2|U1, U,2> 9 (368)
where the denominator is the Gaudin norm (1.46),
2 1+ (u; — ug)?
- Vd(u,) | — L 20 :
<u17 u2|u17 u2> (jrll CL(UJ) (u])> (ul — U2)2 pQ(ul’ Ug), (3 69)
and 0 = 0,, +i/2. From (1.35) we obtain
<U,1, U2|A(0:{) |U1, UQ> = Mo(ei_) <u1, U2|U1, U2> (370)
+ Ml(e;f)(ul, U2|U2, ‘9:L_> + M2(9:)<U1, Ug’ul, 6:>
We introduce some notations in order to simplify the expressions. Let us define
N
a(v;)d(u;
6., — ILLate)dlw) -
det]k u-—vk—i-z
thus
(vlu) = Guv d%t Quj, vg). (3.72)
j

By performing the finite volume expansion for the three scalar products, we obtain

<u1> UQ‘A(Q;D‘UD u2> = = Cg{uhuz}v{ul,uz}MU( ) pQ(ub uQ) (373)
~ Gy fur 0y M2 (07) 2wz, 0,7) pa(ur)
- i(g{ul uz b {us, 9+}M1( Q1,07 ) pa(us)

- ¢12 (cg{ul uz },{uz, 0+}Q<u27 en )Ml(e ) + Cg{ul ua},{uq, 9+}Q(u17 en )M2(9+)>
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Plugging (3.73) into (3.68) and comparing to the expansion (3.67), we obtain the expres-
sion for the coefficients

o) = (g{ulﬂm} {uz,65} My

(0F)
22O (u ,9:{ 3.74
cg{ulﬂn} {u1,u2} MO(Q;') ( ' ) ( )
%” My (6F)
o {ULUZ} {u1,6 } 2\Yn
Hu Q(ug, 0,
f ( ) (g{m ua },{ui,u2} MO(QJ) ( ? )

bro .
Cg{ul b fun s} M0(9+) ((g{m,uz},{uz,@"‘}g(u% en ) (9 )

+<€{U1,U2},{U1,9?{}Q(u17 erJLr)M?(e:Lr))

[ (ur, ug) =

Substituting the explicit expressions in (3.74) and, at the end, taking the homogeneous
limit 6, — 0, we obtain very compact results

1
ui +1/4’

R G S 2
PP H1/4 T 2+ 1/4) 1+ (ug — wo)?

foH (ug) = k=12 (3.75)

Length-1 operator with N magnons

We can perform the same calculation as in the previous subsection and extract the
form factors with more magnons. The process becomes cumbersome for higher number of
particles. However, from the first few magnon cases, we are able to observe a nice pattern
for the coefficients f©. The N-magnon connected diagonal form factor for o;(n) is given
as

fol (ul, ey UN) =& 92512 ¢23-~¢N—1,N + permutations (376)

where ¢; is the energy of the magnon with rapidity u; and ¢j; can be seen as some
“propagator” defined as

1 2

—_ p=—— | £ k. 3.77
ui—i—l/él’ (b]k 1+(uj—uk)2 ’ j7é ( )

e = e(ug) =

The structure of f° is exactly the structure of the connected form factors of conserved
charge densities (3.32). This is not surprising, since 01(n) = (I+07) is indeed a length-1
conserved charge density of the Heisenberg spin chain. The nice feature is that once we
know the one particle eigenvalue g(u) of the charge, we can immediately write down the
expression for the corresponding infinite volume form factors. We remark here that our
result (3.76) is consistent with the determinant formula of [139].

Length-2 form factors of N magnons

The calculation of the diagonal matrix elements for the case of length-2 operators can
be performed by following the same logic, but the process is more involved. Nevertheless,
we again found some patterns for the various matrix elements. In summarizing, the infinite
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volume diagonal matrix element of a length-2 operator, f(uy,--- ,uy), is characterized
by two functions f°(u) and 1 (u,v). The result for N-magnon is given by

O u, ..., uy) = (51 12---ON_1.N 9+ permutations)

N-1
+ <Z &1 ¢12...¢§?¢+1...¢N_1’N 5§V + permutations) (378)
=1

We list the coefficients for o, since any diagonal form factor of a length-2 operator can
be expressed through the corresponding form factors of 03, 03 and oy, as it was discussed
in the section 3.1.3:

1

2 (u) = 2 Y (u,v) = —(u—v)(uw — 1/4)¢(u, v)
o} __u——i/2 % (u,v) = (u—v)(u—i v—1 u, v
P = -t Y3 (u,0) = (= )(u — §/2)(0 — §/2)9(u,v)
(3.79)

These data for the operators can be read off simply from the computation of 2 magnon
case. Once the functions in (3.79) are known, we can write down the diagonal form factor
of length-2 operators for any magnon number of the Bethe-state.

Examples of length-2 operators

Here we compute the matrix elements of the length-2 conserve charge density, which
is the permutation operator Py ;41, or equivalently the Hamiltonian density Hy i1 =
I k41 — Pr 1. We will see that the data for the permutation operator simplifies and the
final result takes exactly the form predicted in (3.32).

The permutation operator Py ;41 is a length-2 operator of the Heisenberg spin chain.
It has the following form

2
Pirsr = » EJEL. (3.80)

3,7=1

After expressing the Py ;41 in terms of the operators o0}, 03, it is not hard to get o; ® I,
I & 01

1

arir  Vwo=0 ffO)=1 (3.81)

P (u) = e(u) =

The coefficients f¥ (3.78) with the entires (3.81) has the structure as a conserved charge
should have (3.32), with the one particle eigenvalue of the corresponding charge being

—e(u).
3.1.7 Matrix elements at one loop

In this section we generalize the above considerations from tree level to one loop. We
will not give here a rigorous proof of the statement (3.36) at one loop. Our argumentation
will have a minor gap which we will discuss as well. However in the end of this section
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we will give a simple example on which we will demonstrate that the conjecture (3.36)
works at one loop. The examination of (3.36) at any loop order will be given in the next
sections, where we exploit the technique of the hexagon form factor [65].

We are still considering the set up from the section 3.1.2. It means that that the
heavy operators belong to the su(2) sectors Z, X and Z, X correspondingly and the third
belongs to the scalar sector so(6). However there are several new features appearing when
computing the three-point correlator at one loop.

First of all at one loop we need to consider the operators being the eigenstates of
two-loop dilatation operator. Therefore the dilatation operator in the su(2) sector is no
longer the Hamiltonian of the XX X/, spin chain, but becomes long-range interacting
spin chain (the BDS spin chain [37]). Therefore the two heavy operators correspond to the
eigenvectors of the BDS spin chain. The eigenstates of the BDS spin chain can be obtained
from the eigenstates of a special inhomogeneous X X X, spin chain by performing the
unitary transformation, namely |u)pps = S|u; 85P%). Where the inhomogeneities 6 was
put to some special value 85P5 given by

2rk
QEDSZQgSin%, k=1,---,L (3.82)
where g is the coupling constant. The unitary operator S has been worked out in [79] up
to g? order

L :

: i

S =expi E [l/ka + §pk[H]k_1} : (3.83)
k=1

where Hy, = Iy p41 — Pi g1 and [H], = [Hy, Hiiq]. The parameters v, and py, are related
to the inhomogeneities by

k k
Vk:—zej, Pk:292k_0kyk‘_29]2-, k:l)... 7L‘ (384)

Jj=1 Jj=1

Concerning the light operator, we still will not be considering it as an eigenstate of the
two-loop dilatation operator, but rather as an arbitrary term of an eigenstate as we did
for the tree level case. At two loops the scalar sector is not closed anymore. Apart from
the scalars another kind of fields, such as fermions and covariant derivatives of scalars,
will appear in the eigenstates (see e.g. [140]).

Finally the contributions of the one-loop Feynman diagrams should be taken into
account. In what follows for the sake of simplicity we will put some constrains on the
light operator. Namely, we will consider the terms which consist only of the scalar fields:
Z,7.X,X,Y,Y. However our argumentation can be easily generalized to the light oper-
ators containing the fermionic fields and derivatives.

The effects of one-loop Feynman diagrams

In the case when all the fields of which the operators are made appear to be scalars
the contribution from the one-loop Feynman diagrams can be computed by means of the
operator insertions at the splitting points [77, 78], as is shown in Fig. (3.5). The insertions
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Figure 3.5 — The quantum corrections are taken into account by operator insertions
at the splitting points. At one-loop in the s0(6) sector, the insertion takes the form
of one-loop Hamiltonian density.

take the form of the so(6) spin chain Hamiltonian density coming with the factor of —%:

2

2
Hiip1 = —%H?O(G) = _%(Kl,H-l + 21541 — 2P1i41) (3.85)

where I; 41, Pyy41 and K41 are the identity, permutation and trace operators, and §> =
2. They act on the so0(6) spin chain states as

L@ fﬂm) BBy, (3.86)
Pz,l+1|~--¢§¢g+1 >:| ¢J¢l+1 >

6
Kipst| @) =05 > b dfis.or)
k=1

As it can be seen from the Fig. (3.5) there are six insertions, two for each operator. We
divide them in two groups: insertions to the light operator and insertions to the heavy
operators. It is not hard to see that we can present the light operator with insertions
as some local spin operator acting on the heavy states. We will demonstrate it on a
simple example. Let us consider the light operator containing the fields Y, and Y, which
unlike to the tree level case we have to take into account at one loop. If an operator has
the terms comprising these fields the only way they can contribute is through the trace
operator from the insertions, since this is the only option to transform the fields Y, Y into
Z,7Z or X, X. It is clear that since the heavy operators still belong to su(2) sector they
have the same form of the su(2) spin chain states. Therefore according to the same logic
as described in the section 3.1.3 the light operator with insertions can be presented as
an appropriate local spin chain operator OA(Ji, 0?) acting on the heavy states (see the
Fig. 3.6). When we compute the insertions to the heavy operators the same logic works.
The only difference is that the length of the local operators increases when we take the
insertions into account (see the Fig. (3.7))

To summarize, the one-loop structure constants can be recast to the calculation of
matrix elements of the BDS spin chain gps(u|O(c*, 0%; g%)|u)sps.
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Figure 3.6 — An example of mapping the light operator to the spin chain operator
in the presence of one-loop insertion.

Figure 3.7 — The effect of operator insertions for the heavy operators.

m

They

increase the length of the spin operator by 1. The red cross denotes the splitting

point.

The effects of the operator S

After we take into account the effect of insertions and modify the states the HHL
three-point correlators can be written as follows

(1 672387 041 (0, o) Sui; 6°75),
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where the index [ + 1 stands for the length of the local operator after taking insertions
into account. The S operator takes an exponential form S = exp F, thus we have

~ A A A 1 ~ ~ 4
S$710u1(0%,0%)8 = O (07, 0%) = [, Ora (0%, 07) + S [F, [, Oy (0%, 0%)]] + O(g7).
(3.88)
The action of S operator on the spin chain operator can be divided into two types. The
first type is length preserving, it originates from the operators Hy, and [H]; that act within

the range of the spin chain operator O;; 1, which gives rise to an operator with the same
length, this is depicted in Fig. (3.8).

Ori1(0*,0%)

! tee?
¢ )

m m+1

R i 0 B 4
C )

O;+1(0i»02)

m e -e- m+1
Figure 3.8 — The length preserving action generated by [H]; on the spin chain

operator.

The other type of the action increases the length of the operator by 1 or 2, which
are generated from the operators Hy and [H]; acting at the boundary of the spin chain
operator (see Fig. (3.9),(3.10)).

[H]

111t
C )

Or1(0*,0%)

—e o4

m - m+1

1Pttty Y
C )

Of+3(”iv”z)

—e o di it ddiill oo

m m+1+2

Figure 3.9 — The length changing action generated by [H]; on the spin chain
operator. In this example it increases the length of the spin chain operator by 2.

From our analysis we see that the action of the S operator on the spin chain operators,
in general, increases the length of the spin chain operator:

S Ol(ai, o%)S = Of(ai, %) + Of+1(ai, %) + O{+2(Ui, o*) + O(g*) (3.89)
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Figure 3.10 — The length changing action generated by two Hy’s on both ends of
the spin chain operator. IN this example it increases the length of the spin operator
by 2.

This implies that in order to compute the form factor of length [ operator for BDS spin
chain, we need to compute the form factors of length [ + 2, [ + 1 and [ operators in the
inhomogeneous X X X » spin chain.

Since the argumentation in the section (3.1.5) is given for the general inhomogeneous
spin chain, once we write the three-point function in terms of matrix elements of the
inhomogeneous X X X/, spin chain, we can perform the finite volume expansion and
organize the results in the form conjectured in [6]. The difference is that in the end we
do not put the 6’s to zero, but put them to the BDS values. It assumes the modification
of the Gaudin norm. The equations (1.48), and (1.47) are still valid, but the eigenvalues
a(u) and d(u) are corrected

a(u) = [J(u— 055 +i/2) = 2(u+i/2)" + O(g*"), (3.90)

= u. (3.91)

By replacing

uk+i/2 x(uk—i—z’/Z)
up — /2 x(ug —1/2)

in (1.48) and expanding the result up to O(g?) order, we obtain the Gaudin norm at
one-loop, pi1°°P. In fact, the replacement (3.92) gives the correct Gaudin norm up to the
wrapping corrections [76, 79].

From the discussion above it should be clear that the presence of the fermions and
derivatives in the light operator will not change the argumentation, since the heavy oper-
ators anyway have the form of the su(2) spin chain states, and therefore any kind of the

plug) = (3.92)
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light operator can be finally presented as some local su(2) spin chain operator acting on
the heavy states. Moreover, since the su(2) sector is closed ay any loop order we can hope
that the conjecture (3.36) really holds asymptotically at any loop order. We will see that
this is indeed the case in the following sections where we exploit the hexagon program
approach.

However, before going to the all loop consideration we will discuss a minor gap in our
one-loop argumentation. Namely, the conjecture (3.36) states that the coefficients f© do
not depend on the length of the heavy operators L. But if we look at the expression (3.88)
for the local operator after we take the action of the operator S into account, we will see
that the coefficient in front of the spin chain operators will depend on L through the
functions v, and py (3.84). This means that when we compute the matrix element (3.87)
it is not guaranteed that after performing the finite volume expansion the coefficients f©
will not depend on L.

Here we are not going to prove rigorously that when putting everything together the
explicit dependence of the coefficients f© on L will cancel. But we will give a simple
example of one-loop computation for which we show that this is true.

A simple example of the one-loop computation

As an example we will consider the HHL correlator with the light operator being a
simple half-BPS state O, = Tr(ZQ), where Z = Z+ Z+Y —Y. And the heavy operators
will be taken to be a one magnon state. Let us first consider the contribution from the
insertions.

As it has been mentioned above we have two kinds of insertions: to the light operator
and to the heavy operators. In our case they schematically presented on the Fig.(3.11),

T
1

I

Figure 3.11 — Insertions to the light (on the left) and to the heavy (on the right)
operators

Now we will translate the action of the insertions into diagonal matrix element of the
lengthened light operator. Let us first consider the left picture on the Fig. (3.11). Due to
the symmetry of the problem it is clear that the only terms of the light operator which
will contribute are Tr(ZZ) and —Tr(YY). The action of the insertions on the first can
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be divided in two parts: Hi2(Z1 ® Z3) and Hi2(Z, @ Z,), they give

1L H12(Z1 @ Zs) = —(Z1 @ Zo+ 21 @ Zo+ X1 @ X0+ X1 @ X0 + V1 @Yo + V1 @ V)
—2(Z,® Zy) +2(Z, @ 7).
2H1(Z1 @ Zs) > —(Z1 @ Zo+ 21 @ Zo+ X1 @ KXo+ X1 @ Xo + Y1 QY2+ Y ® Y0)
+2(Z2, ® Zy) — 2(Z1 @ Zs).

(3.93)

The expression above means that after taking into account the action of the insertions the
term Tr(ZZ) of the light operator transforms into two terms on the rhs of the expressions
(3.93). Analogous result we have for the term —Tr(YY'). The only difference is that the
action of the unity and permutation operators can be neglected since they preserve the
fields of the operator:

LHYN®Y) 5 2102+ 210 2+ X1 9 X0+ X1 @ X0+ Y1 @Y, + V1 @ Yo,
2H1(Z1 @ Zs) 5 21 Q2o+ 2102+ X190 X0+ X1 @ X+ Y10 Y24+ Y @Yo

(3.94)

It is not hard to see that when putting all the terms of the expression (3.93), (3.94)
together we will get zero. Thus the left diagram from (3.11) does not contribute to the
correlator.

Now we consider the contribution of the insertions to the heavy operators. It is slightly
more complicated. The hamiltonian density acts on the two site of the heavy operator,
which means that the action of the trace operator K can be neglected. In addition one
site of the light operator is contracted with heavy operator. This means that the terms
comprising Y or Y will not contribute as well. Let us consider one of the configurations
corresponding to the case depicted on the Fig. (3.12) So we have that the hamiltonian

1 2
— ——
z
Y4
1 2
— - o—
V4
Figure 3.12

density acts on the two sites of the heavy operator O, : (Z, X) and the result is contracted
with the two sites of the heavy operator O, : (Z, X)) with the second site being Z. It’s not

78



hard to see that the computation of this diagram can be computed as the matrix element
of the following spin chain operator:

L =B (Hiwn) = —¢" (L @ B, — B @ By — B @ Bily), (3.95)

There are three more diagrams corresponding to the right picture of the Fig.(3.11), one
of them, I5, coincide with I, and two others are equal to transposed of I;:

L=I1=-g(I, 9B}y — B @ By — B @ EfLy). (3.96)

Since the operator insertions have the order of O(g?) we can but the inhomogeneities 6y
to zero. Therefore the computation of the contribution from the insertions reduced to the
computation of the following spin chain matrix elements:

(WE" ), (wE" ©E ), (WE?©E ), (WE'@E%),  (397)

which we already learnt how to do. Putting all the contributions together we get that the
contribution from the insertions 05 takes the form

1 3242
Sy = g

" () (4w 4 1) (3.98)

The expression (3.98) should come with the factor of 2, since there are two terms Tr(ZZ2)
in the light operator Tr(Z?), but we normalize by 2(u|u).

Next we compute the contribution coming from the correction of the state. Thus we
have to calculate the expression

(u, 0BP5|S™LO,S|u, BP5). (3.99)

It is obvious that the terms comprising the field Y will not contribute here. It means
that the only term we need to consider is the term Tr(ZZ), which correspond to the local
operator E''. As it has been just mentioned this term comes with the facto of 2, but due
to the normalization this factor cancels. Thus the corrections to the states can be written

as follows ( HBDS]S BN 9BDS>
u, B l U,
5 = IO TN T (3.100)

where the index [ states for the site on with the local operator E}! acts. From (3.88) we
have

STIEUS = B! + [EY, F) + =[F, [F,EY™]] + O(¢%). (3.101)

N —

From the (3.83) we get

. ) 1
STIEMS = By + iy [E) Hi] + v (B H — §PZ—I[E1117 [Hy—o, Hy—1]]—
1

1 1
§Pl [Ezn, [Hlfla Hz]] - §Pl+1[Egn, [Hl, Hz+1]] - 5 <V172V171[H172, [Hlfh Ezn]]‘f‘

v Hoy, Hoy, B 4 v [Hy, [Hsy, B 4 v [Hes, [Hy B+
R (H (e, B + v e, [Hi B ).

(3.102)
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Thus as it was discussed above the we need to compute length-1,-2,-3 operators. Notably
all the length-3 operators have the coefficients in font of them proportional to g2, which
means, which means that when computing the length-3 operators, we can put all the ¢
to zero. Moreover, one can show that the matrix elements of only three of the length-3
operators involved are independent:

E11E12E21, E12E11E21, E12E21E11, E12E22E21 (3103)

The rest can be obtained from them by conjugation or their linear combinations with
already known length-1 and length-2 operators. For one magnon case we easily compute
the matrix element for the length-3 operators listed above. We get

(WEVEPEM u) 1 1
(ufu) pi(w) (w+if2)?
(WEPEYE2|w) 1 u—if2
ulu 1(u) (u+1/2)3"
(ufu) T () (u+i/2)%
<u|E12E22E21|u> o,
(ufu)

Then by substituting the expression for all the matrix elements in (3.102) we get

1 1 329%(12u% — 1)
g = ———(piV . 1
S pgl)(u) <p1 (u) + u?+1/4 + (4u® +1)3 ) (3.105)

As we can see from (3.105) the dependence on L contained in the functions v and p indeed
cancels. Finally the HHL correlator under consideration is givan by the expression

1 (1) 1 51292u2 )
—— 3.106
) (A + AU RSV (3-106)

oy + 0s =

which has the form of the expansion (3.36), and the explicit dependence on the length
of the heavy operator L comes only through pgl)(u). The expression for the coefficient
£ (u) at one loop takes the form

1 N 512g%u?
u?+1/4 (4w +1)%

7 (u) = (3.107)

3.2 HHL correlator at all loop

In this section we will consider the HHL correlator at any loop by exploiting the
approach of the hexagon form factor [65] in the asymptotic approximation. It means that
we will assume that the length of the light operator although is much smaller then the
length of the heavy operators, but still large enough, so we can neglect the wrapping
corrections. We will consider the configuration of the correlator with the light operator
being the half-BPS state Tr(Z%), where Z = Z + Z +Y — Y. The heavy states, as
in the previous sections, will be taken from the su(2) sector. For this configuration we
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Figure 3.13 — Cutting of the three-point correlator in two hexagons. The dashed
lines correspond to the cuts

will show that in the case when the heavy operators has one and two excitations the
statement (3.36) works up to the leading wrapping corrections.® The choice of the light
operator is quite specific, but, as it has been shown in [141], the proof given in [131] can
be generalized to the cases with the light operator having arbitrary excitations added
upon the BMN vacuum Tr(Z 2lo) "and even with the heavy states taken from other rank-1
sectors, such as sl(2) and su(1|1).

3.2.1 The hexagon program

In this section we will review the recently proposed all-loop technique of the computa-
tion of the non-extremal three-point functions in N = 4 SYM called the hezagon program
[65].

This technique is very similar to the one developed for computing the scattering am-
plitudes [64], where the computation of the null polygon Wilson loops is reduced to the
computation of some building blocks called pentagon transition. In its turn the com-
putation of the pentagon transitions is possible to perform exactly by exploiting the
integrability of the theory.

As it follows form the name of the method, the main building block for computing the
three-point functions appears to be a hexagon, or hexagon form factor. Indeed the main
idea of the hexagon program is to cut the three-point function pants in two hexagons (see
the Fig. 3.13). We cut an each cuff of the three-point function pants in two parts. In
this way we produce two hexagons. Thus each hexagon will have three physical edges
corresponding to each of the gauge invariant operators, and three edges appeared due to
the cutting. After the cutting we left some part of the excitations of the operators to be
on one hexagon and the rest on another. According to the prescription of the hexagon
program one has to perform a sum over all possible partitions of the excitations of each
operator between the two hexagons. The summing over all the partitions is performed in
the same way as it is described in [5], which implies that, as it is depicted on the Fig.

6. The proof for any number of excitations is given in [131]
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Figure 3.14 — The Sum over partitions of the excitations for the case of the two
magnons

3.18, each term should come with appropriate cutting factor

w,, (o, @) = H ip(uj)l H S(ug,uj), (3.108)
ujEQ u; €, i>g
where [;; = % is the length of the bridge connecting the i-th and j-th operators.
Here we would like to draw attention of the reader to the fact that here and till the end of
the section 3.2, we accommodate the convention for the S-matrix notation according to
the one used in [65], which means the following substitution with respect to the notation
of the previous sections: S(u,v) — 1/S(u,v).

When we cut the three-point function we forbid the mirror particles to travel between
the hexagons. In order to take the mirror channel into account we have to sew the pants
back. It is performed by summing over all possible states living on the edges formed due
to the cutting, which implies the integrating over the rapidities of the mirror excitations.
The mirror excitation start contribute at the order of O(g*i), so in the case when all the
lengthes are taken to be large they can be neglected.

The main advantage of the hexagon program is that the authors of [65] proposed an
all-loop expression for the hexagon. The ansatz, they gave, corresponds to the so-called
fundamental hexagon, the configuration when all the excitations are located on one of the
edges. However, as we will discuss below, it turned out that all other hexagons are related
to the fundamental one by the mirror transformation, which translates the particle from
one edge to another.

In order to fix the form of the fundamental hexagon the authors performed some
symmetry analysis. When computing three-point functions in N' = 4 SYM we first choose
the physical vacua of the states, and then form the operators by putting the excitations
on top of them. In the quality of vacuum one can choose the generic half-BPS state:

Oy(at) = Tr(ylen) ™ (o), (3.109)

where y* are six complex values such that (y*)? = 0 and summation over the repeated
index is implied. The symmetry of such a BMN vacuum is described by psu(2]|2)? algebra.
When having three different states of this kind, by use of the conformal and R-symmetry,

82



one can simultaneously reduce them to the following form
O =Te(Z +a?Z + a;(Y — Y))¥(0, a;,0,0). (3.110)

Then the residual symmetry left at our disposal will correspond to the algebra psu(2|2).7
Then by appealing to the idea of the vertex (see chapter 2) the authors of [65] define the
fundamental hexagon through the following quantity

HAAANAY () = (B ()™ (), (3.111)

Here (h| stands for the hexagon wvertex. The excitations form the representation of
psu(2]2)?, so A;,A; are the su(2[2), ® su(2]2)z bifundamental indexes of the i-th ex-
citation. Finally u; denotes as usual the rapidity of the corresponding excitation. The
authors of [65] proposes that the hexagon vertex should preserve the symmetry left after
reducing the states to the form (3.110). That is it should be annihilated by the generators
of the residual symmetry of psu(2|2) algebra. Elaborating on these ideas the authors eas-
ily fixed the expression of the fundamental hexagon for the cases of one and two magnons.
Then by generalizing the obtained results they suggested the following expression for the
fundamental hexagon

H = Hb™ . gmat (3.112)

where
den = Hh(ulau])
i<j (3.113)
H™ = (= 1) Oy - xS - ).

and the factor (—1)" accommodates for the grading. The dynamical part H¥ is simply a
product of the scalar function h(u,v) given by

C—ay1-1/a7ad 1
huyp) = L= T2 Lo oy 1 (3.114)

- .t + T
xy —xy 1 —1/x]x5 019

where the variables 27, are defined as =" = z(u+i/2) and 23 = z(v£1i/2). Here z(u) is
the Zhukowsky variable satisfying x + 1/2 = u/g and 015 = o(u,v) is the square root of
BES dressing phase[51]. Finally S form the matrix part H™* stands for Beisert’s S-matrix
[47, 142] with the scalar factor S%, set to 1.

Let us now discuss the mentioned above mirror transformation -, which relates the
fundamental hexagon to a generic one. When the excitations are distributed between
more then one edges, the mirror transformation allows to move the particles from one
edge to another as it is depicted on the Fig. (3.15). To be more precise, since we are
not considering here the contribution from mirror excitations we will be always moving
the particles with even numbers of the mirror transformations. So we will concentrate on
double-mirror transformation, or in other words crossing transformation 2.

In [65] the authors introduced two frames for describing the hexagon excitations: spin
chain frame and string frame. We will stick to the spin chain frame, since it is well

7. To be more precise the symmetry of the BMN vacuum includes also three central charges. Thus
the full symmetry is psu(2|2)? x R®. And when we reduce the three BMN vacua to the form (3.110), one
of the central charges is preserved, so the residual symmetry is psu(2]2) x R
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Figure 3.15 — Crossing transformation for the excitations of the two hexagons.
One magnon case

suited for comparison with result at weak coupling. However the string frame is more
convenient for describing effect of the crossing transformation, so we will start with it.
The rule relating the excitations connected by crossing transformation is very simple:

XAB(U) it —XBA(UQW). (3.115)

The dynamical part H®® also changes under the crossing. First of all the Zhukowsky
variable transform as follows:

R S AL S

e B/, 2t Ba/at

(3.116)
L S A O B
T ﬂ x, at 4& xt.
In addition the BES dressing phase o(u) satisfies the following relation
1—1/xzTy™) (1 —a /y*t
o(u®,v)o(u,v) = ( [rry A = a7 Jyt) (3.117)

(I—a/y=) (1 =1/ aty")

Finally the relation connecting the hexagon form factor at string and spin chain frames
read as

(B191) 102} [103) string = €~ 2 PUR=mH QA=+ RIvtm=0) o 2 B2 (a1 ) |ao) [103) spins (3.118)

where [1);) stands for the spin chain state located on the i-th physical edge of the hexagon,
[, m,n and P, ), R are numbers of the excitations and total momenta of these states
correspondingly, and the quantities F},, Fy, F, are given by the expressions

eipk/2ck etk /2Ck eiTk/QCk
F,=1] o F,=1] o F=]1] — (3.119)
k k k

Here py, qi, 71 are the momenta of the excitations of the corresponding spin chain state,

G = €y, ¢ = C.
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3.2.2 Set-up

In this section we will discuss the correlator we are going to consider from hexagon
approach point of view. As it should clear from the previous section this approach consider
the correlators, which operators are built by putting the excitations on top of the vacua
(3.110). By putting a; to 0, az to oo and finally a3 to 1, we get the following three vacua

Te(zh), Te(Z%2), Te(Z%). (3.120)

This is the configuration was used by the authors of [65] and we will be using it in
our computation. Therefore we consider two heavy operators belonging to the su(2)
sectors Z, X and Z, X correspondingly as before. The length of the heavy operators are
Ly = Ly = L. In quality of the light operator we will take the generalization of the one
considered in the section (3.1.7), namely a half-BPS state Tr(Z%).

In the HHL three-point function we have [y < L. As it has been mentioned above
we will consider the asymptotic L-dependence of the structure constant. It means that
we will neglect the wrapping corrections, two kinds of which we will distinguish. The
first type of the wrapping is the appearing from the corrections to the states, when we
normalize the three-point function by the norm of the heavy operators. It appears at
the order of O(g*") and we can neglect it, since the conjecture (3.36) is formulated to be
valid up to this kind of corrections. Another kind of wrapping, to which we will refer as
to bridge wrapping, appears from the mirror channel of the correlator itself, and should
be taken into account by correct sewing the hexagons together. As it has been already
mentioned, this wrapping appears at the order of O(g'4), and in case of small length of
one of the operators, which is our case, might contribute already at two loop order. We

O

L—1o Tt

O

Figure 3.16 — Two kinds of wrapping corrections of the structure constant. The
blue lines corresponds to the bridge wrappings and the gray lines corresponds to
the state wrappings.

postpone the computation of this corrections to future investigation, since it is still not
very clear how to sum all the bridge wrapping corrections (see [8, 143] for more details).
Thus in the following we assume 1 < [y < L, so that we can trust the result up to
relatively high orders without worrying about the wrapping. In this regime, we only need
to consider the physical excitations and we can study the asymptotic L-dependence. We
will see that the result confirms (3.36).

Let us denote the two sets of rapidities of the excitations of the heavy operators O,
and Oy to be {u}ny = {un, -+ ,u1} and {v}y = {v1, -+ ,vn}, as is shown in Fig. 3.17. We
first compute the correlator (O;0,0,) and then take the diagonal limit v; — u;. Then
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(@)

Figure 3.17 — The rapidities for the two heavy operators. Notice that the for
01, the set rapidities is labeled by uy,uny_1,--- ,u; while for Oy is labeled by
V1,02, ,UN-

the structure constant will have the following sum-over-partition expression [65]

Cov =Y wola,a)w (B, B)H(e|B)H(B|a). (3.121)
ava={u}y

BUB={v} N

where the two splitting factors are

w_i(a,a) = H (e7itp(w) H S(uj,u;)) (3.122)

uU;EQ “sz;"
wi(B,8) = TT (™ ] Stwi,vy)-
UjEB v; €L

i>j

and | = L — Iy ~ L. Here H(a|B) and H(B|a@) are the hexagon form factors which can
be computed non-perturbatively by applying the prescription (3.112)-(3.114). Note that
we have applied Bethe Ansatz Equations (BAE) to rewrite the splitting factor in (3.122).
It turns out to be an important point which we will discuss in the next section. Then
both splitting factors w_; and w; depend on the large size scale [. This is the origin of the
explicit L-dependence of the structure constant. As we will see later, when we take the
diagonal limit {v}y — {u}x, a § uncertainty appears, so we will have to take derivatives
of the phase factors e?(*), which leads to the polynomial dependence of L. Another
source of the L-dependence is the phase factors itself, but, after taking the limit, it can

be eliminated by applying BAE.

3.2.3 One-magnon case

First let us consider the case when the heavy operators have just one excitation. The
structure constant in this case is given as follows

Co = H(u|v) 4 ™31 "2 H(v|u), (3.123)

where [;p = ftle=ls — [ ], =] |3 = Btlazle — ] and p = p(u), ¢ = p(v).
The first hexagon is given by the expression

H(ulv) = (b X (u))[X (v)), (3.124)
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Figure 3.18 — Crossing transformation for the excitations of the two hexagons.
One magnon case

with X = ®!! and X = —®22, which correspond to the notations of [65]. Now we have to
perform the crossing transformation in order to put the excitations on the same edge (see
the left hexagon on the Fig. 3.18). According to the prescription (3.115) in the string
frame we get

(X ()| X ()5t = (0] X1 (w) X (v7)) st (3.125)
From the connection between string and spin chain description (3.118), we get

(B1X ()X (v)st = €722 (H].X ()| X (v))sp,

O1X0(0) Xt = € DRI () 0N
which gives for the spin chain frame
(X (u)| X (0))sp = (B X1 (w) Xa(v™)) s, (3.127)

so in this case the factor relating two frames cancels resulting in the same expression.
performing analogous computation for the second hexagon® (right hexagon on the Fig.
3.18) we get

(X (0)) [ X ())sp = (0] X1(v) Xa(u™™)) . (3.128)

Thus one can see that for both hexagons the phase factor cancel in the spin chain frame?.

8. We draw attention of the reader to the fact that for the first hexagon we apply —4~ transformation
to the excitations of the second operator and move them to the edge corresponding to the first operator.
Whereas for the second hexagon we apply the same —4v transformation to the excitations of the first
operator moving them to the second edge

9. In fact it turns out that the phase factor cancels for arbitrary number of magnons. Indeed

<b|X1(ul)...XN(U,N)>|X1(U1)-~-X1(UN)>st =

— ¢~ INQiP/2,iQ/2 yip1 (N=1)+ipa(N =2)+...4ipn -1 giqr (N—1)+ig2(N=2)+...Hign -1 o (3.129)

(0] X1 (u1).. X v (un))| X1 (01).. X1 (0N)) sps

and

(01X 1 (1) X (un) X1 (07 7). Xon (03 7)) st =
e~ HPHQIN (iP/2,iQ/2 yip1 (2N —1)+ip2 (2N =2)+...4+ipn N iq1 (N —=1)+iga (N =2)+...+ign 1 o (3.130)

(01X (w1) . X (un) X v1 (07 7). Xon (03" )) s
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Now in order to compute the obtained fundamental hexagons we use the prescription
(3.113)

mw#wwﬁw>—m%mAmmw%w+%M%mQumm—Bmw»a%ﬁ (3.132)

where the coefficients A(u,v), B(u,v) are the elements of the Beisert’s S-matrix with the
scalar factor SY put to 1:

1
+ _ + _ - — =7 .t _ .t
Au,v) = 251 B(u,v):M<1—2 el T2 xl). (3.133)
Ty — ] Ty — ] l——=uz; —2;
21

Applying (3.132) to the first hexagon we get

.y (3.134)
—4y
M (g - B(u,v—%)),
and analogously for the second one
H(vlu) = (b](=97*(0))®3' (™)) = — < — h(v,u™ ") A(v,u™")+
(3.135)

h(v,u=*)

5 (A(v, u™ ") — B(v, u_47)>> ,

Then by using the property (3.117) of the dressing phase o(u,v) to transform under the
crossing transformation and noticing that

(x~ — y‘)(l - :Ely> = (zt — y+)<1 - x+1y+> =4 U, (3.136)

we get
1
) = : 1
h(u,v™"7) h(o ) (3.137)

On the other hand for the coefficients A(u,v) and B(u,v) we have simply

Alu,v™) = A(u,v), B(u,v™*) = B(u,v). (3.138)

By putting everything together we get the all loop result

eP(W)ls1 pip(v)laa

2h(u,v)

1
2h(v, u)

Cy = (“%”+BWWD+ (m%w+3@w0, (3.139)

S0
(0| X1 (ur)-. Xy (un)) | X1 (v1).- X1 (vn))sp =

i S o (3.131)
<f)|X1(ul)...XN(uN)XN+1(U1 ’Y)...XQN(’UN ’Y)>Sp.
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where by p(u) we as usual denotes the momenta Now, since we are interested in the
symmetric case, we need to take the diagonal limit v — w. At this point some interesting
issues appear. First of all we notice that the function —— has a simple pole when at

h(u,v)
u=uv:
L _uzv=mt 1 (3.140)
h(u,v) u—v  h(u,v)
where
~ 1—1/x7z5)? 1
h(u,v) = (1= 1/way) (3.141)

(= 1wy (1= xfag) o,

is nonzero for coinciding rapidities (h(u,u) # 0). Since the structure constant in the
symmetric case should be a well-defined quantity, this pole should be counterbalanced by
the zero in the numerator leading to the % uncertainty. Let us see how it works at tree

level, we have
i

Ctr — _ . eip(u)loeip(v)(L—lo)L‘ (3142)
U—v v—u
From this one can see that in order to get a zero in the numerator we have to take into
account the Bethe equations (1.34). The problem is that we can do it by two different
ways: applying the Bethe equations to the momentum of the first state p or to the
momentum of the second state q. As it is not hard to see, the results will be different. In
order to resolve this issue we will follow a simple strategy, namely by comparing with the
already known computation at tree level we choose the right choice. By comparing with
the tree level approximation of one-loop result (3.106) corresponding to the case [y = 1,
we get the prescription for our set-up: one should apply the Bethe equations to those
momenta, in front of which there is a small length [y in order to restore the dependence
on the large length L. Thus we will be using the expression (3.123) for the structure
constant, where we already took this prescription into account.

Now armed with this recipe we take the diagonal limit of the all loop result (3.139).
We introduce the following quantity

Qu,v) =

u—v-+1

I (A(u, v) + B(u, v)). (3.143)

Then the expression (3.139) can be rewritten as follows

Q. v) — eiler)-p)()
¢, = ) eu_v (v, w) (3.144)

Which gives for the symmetric structure constant denoted as Cppyy, (1)
Cri () o ilp! (w) Q2w u) + QL0 (u, u) — QO (u, ), (3.145)

where the sign o signals that the expression should be appropriately normalized. By
recalling that the expression for py((u)) (we always use the connected scheme, see the
section 3.1.1) is given by (1.47) up to the wrapping corrections, when assuming the sub-
stitution (3.92), we get

Crnr(u) o) (,01 (u) — lop' (w) + h(u, u) (O (u, u) — QO (u, u))) (3.146)
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Now we notice that —— ( o = b (u), where pux(u) is a measure introduced in [65], which
is contained in the norm of the operators:

Ny = H fx (i) pv (). (3.147)

We stick to the convention of normalization described in the section 3.1.2, thus we nor-
malize the structure constant dividing it by Ny, and we get exactly the result (3.106):

Co (1) = ﬁ (1) = I/ () + ot ) Q) o1, 1) — QO ) ) =

1 (1) 1 51292u2 ) 4
— O

where we put [y to 1. Thus we can see that at least for one magnon case the conjecture
(3.36) holds up to the leading wrapping corrections with the all-loop coefficient f(u) given
as follows

(3.148)

f(u) = —lop'(u) 4+ h(u, u) (5O (u, u) — QO (u, u)). (3.149)

3.2.4 Two-magnon case

In this section we will consider more complicated case with the heavy operators having
two excitations. For the structure constant from (3.123) we have

Cy = H(uy, us|vy, vg) + e~ MP00) ~lp(2) +lp ) +ip(v2) § 3y, 111 VH (vy, vy, 13)
+ e Plu) i) H (4 o) Y H (vg|ug) + e P2 H PO G (1) 1) YH (g |02 ) H (vy |uz)
+ e P +ilp(2) § () 410 H (g |vy ) H (v |uy)

+ e P HilP(v2) § (41 415) S (vg, vy ) H (ug |v2) H (v |uy ).

Let us consider the hexagon H(uq, ug|vq, v2). Its dynamical part is given as follows

(3.150)

U — v + 1 U9 — V2 +1 1 h(ul, UQ)h(’Ul, Uz)

uy—v1 Uz — Vs h(vy, ug)h(va, ug) h(va, ur)h(vr, us)

(3.151)

de“(ul,u2|v1,v2) =

As in the case with one magnon we can see that there is a pole appearing when taking

diagonal limit v; — wu;. Following the logic of the previous section we separate the

divergent part by introducing a function Q(u;, us, v1,ve) such that
Q(uy, ug, vy, v9)

(ur — v1)(ug — v2)’

and which therefore remains finite when taking the diagonal limit. Now we can rewrite

the structure constant in terms of Q(u,v) and Q(uy,us, v1,v2), we get

(3.152)

H(U17U2|01,U2) =

Q(U17 V2, U1, U’2)

(v1 — u1)(v2 — ug)
Q(ug, v2)Q(v1, ug)

(u1 — va)(v1 — ug)

Q(“’l? Uz, V1, UQ)
(ur — v1)(ug — v2)
+ efilp(uz)Jrilp(vg) Q<u17 Ul) (U27 Uz)

(Ul - Ul)(v2 - Uz)
e ) () G () ) Q(ug, v1)Q(va, uy)
’ (uz — v1)(v2 — up)

B 0 0
+ e—zlp(u1)+zlp(v1)5(u1’ UQ)S(UQ, Ul) (u<u27 223(1)(@17 Zl)) ’
2 — U2 1 — U1

C4 _ + e—ilp(u1)—ilp(uz)+ilp(vl)+ilp(v2)S(uQ’ ul)

—+ eizp “2 +le(vl)S(U2, U1>

(3.153)
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From (3.153) we can see that there are two types of the terms appear, which we denote
as T and T5:

Q(U17 UQ)Q(Ul, UQ)

(u1 — v2)(v1 — u2)
Q(UQ,Ul)Q(’Ug,Ul)

(ug —v1)(vg — uy)’

Tl — efip(uz)Jrilp(vl)S(,U% Ul)

+ e ip(ur)Filp(v2) S(u1, uz)

Q(ula Uz, U1, 02)

(u1 —v1)(uz — v2)
Q(ul,’Ul)Q(UQ,UQ)

(ur — v1)(v2 — ug)

+ elep(ul)Jrzlp(vl)S<u17 ’UQ)S('UQ, Ul) (u(u27 22;<U<U1a Zl)) .
2 — U2 1 — w1

Q(Ula V2, U1, u?)

2= (01 — ) (02 — o)

 eitpu)=ilp(ua Hlp () Filp(2) § 4y )

+ e—ilp(uz)-i—ilp(w)

(3.154)

The terms gathered in T} are finite when taking the diagonal limit and the terms in 75
have a double pole and serve as a source of the % uncertainty. We introduce the following
notations
T8 = lim Ty, T¢= lim Ts. (3.155)
Vi—U; Vi —U;
Then T¢ is simply given as follows
Q(U’h U2)2

(ur — ugp)?

Q(Ug, u1)2

T = e*ip(“2)+ilp(ul)s(u27 u) ot

+ efilp(u1)+ilp(u2)5<u17 u2>

(3.156)

On the other hand the expression for 75 is more complicated and can be written in the
following from

1o
T 20e2
+ e—ilp(ul)—ilp(u2)+ilp(u1+e)+ilp(uz+e)S(u2’ UI)Q(UI + €, us + €, uy, u2)

B 6—ilp(u2)+ilp(u2+E)Q(u1, u + €)Qug + €, un)

_ e—z'z;z(m)ﬂ'lzo(m+e)S(u17 u2)S(u2 + €, up + e)Q(uQ, Uy + G)Q(U1 + €, u1)> |E:0'

TQd (Q(ul, Ug, Uy + €, Uy + €)

(3.157)

Let us now analyze the L-dependence recalling that [ = L — 1. We start with the term
which appear with a factor of L?. It is the following
1

5( — L?p(u1)? — L?p/ (u)? — 2L2p'(u1)p’(u2)>5(u2, uy ) Q(uy, ug, up, uy)

1 1 (3.158)
+ §L2p/(u2)29(u1, Ul)Q(’UQ, ’UQ) + §L2p/(u1)2ﬂ(u2, ’LLQ)Q('LLl, ul).
Before going further we describe one of the properties of the hexagon, which we are
going to use in order to prove that the form of the L-dependence indeed satisfy (3.36).
Namely, it turns out that when two rapidities of the hexagon coincide the resulting
hexagon form factor is proportional to the hexagon form factor with less excitations.
We will refer to this relation as the factorization property:

H" (u, {ubnl{v}n, v) = —H™ ({u}a[{v}n). (3.159)
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Note that here the relation only concern the matrix part. The factorization property is
a reformulation of the decoupling condition in [65], reflecting the fact that a pair of a
particle and its anti-particle with zero energy and momentum decouples from the state
by forming a singlet state [47], which scatters trivially with the rest of the excitations.
Other useful relations we are also going to use simply express the property of the
hexagon to acquire a factor of the S-matrix when permuting the particles. The relations
again are written for the matrix part, which gives rise to appearing of the h(u,v)’s:

h
™ (x, 1, v, %) = S(u,u)%maﬁ(*, v, u, %), (3.160)
h
H™ (x|, u, v, %) = S(v,u)hgzz :3 H™ (x|, v, u, %).
Applying the factorization property to (3.158) we get that the L?-term is given as
follows 5
L7p (u1)p' (u2)

~ ) _ 3.161
h(uy, uy)h(ug, ug) ( |

By performing the same kind of manipulations with the L-term one can get that it
reads

1 (_ iLp/ (ur) SOV (un, up) _ iLp/ (ug) SOV (ug, ur)
;L(ul, Ul)iL(UQ, UQ) S(u17 u2) S(UQ’ U1> (3162)

L () () + T () f () ).

Therefore the L-dependence of the structure constant Cs exactly reproduce the one
predicted by (3.36). After putting everything together, one can get

1
Crrm, (1, ug) o< ﬁ(uh ul)ﬁ(uQ, ) (Pz(m,uz) + flur)pi(uz) + f(u2)p1(ur) (3.163)

+f(u1,uz)>,

where f(u) is defined in (3.149) and f(uq,us) doesn’t depend on L. We will not give the
exact expression for f(uq,us) here, since it is very huge.
Finally, normalizing the structure constant by the norm of the heavy operator squared
we get
1

p2(u1 u2) (:02(U1, U2) + f(ul)pl(UQ) + f(u2)p1(ul)

CHHL(Ub U2) =

+ f(ul,u2)>.

When we go to the arbitrary number of magnons, the main points stay the same. The
dynamical part of the hexagon, which easily can be computed at all loop as follows

(3.164)

HY ({u}al{v™"7}0) (3.165)
_ ﬁuk — v +1 1 Hi<j h(ui,uj)h(vi,'uj)
k=1 Uk — Uk h('Uk, uk) Hjik; h<vi7 u]) ’

HY ({0} {u}n)
_ ﬁ wg—vg—i 1 Ly hlui,ug)h(vi,v5)
Uk — Vg h(uk, Uk) Hj;ék h(um Uj) ’

k=1
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will be always the source of the simple poles at u; = v;, generating 8 uncertainty. Resolving
this uncertainty by taking the derivatives we will be always generating the L-dependence
coming from the cutting exponential factor e*?(*). Finally by using the factorization
property (3.159) one will be able to extract all the constituents of the proposal (3.36). '°

3.2.5 Coefficients f

Now let us discuss the coefficients f. We have already seen before that for one magnon
case we got match with one loop calculation (3.106). For arbitrary number of excitations
we can compare with the tree level result, since, if we put [y = 1, the configuration of the
correlator we consider here reduces to the case, when the light operator is being 2Tr(Z7),
corresponding to the situation discussed in (3.1.6) up to the factor of 2, which however
cancels under our normalization convention.

The comparison with the tree level gave the perfect match. We remind that in the
connected scheme (see the section (3.1.1)) the expression for the coefficients f€ is given
as follows

FOUuly) = 0’§0)gp§g)gpgg) ‘e 9053)_17]\, + permutations. (3.166)
where
1 2
(0) - - (0) = 3.167
o (u) U2+1/4’ 4 (’LL,U) (U—U)2+1 ( )

It is interesting that one loop computation indicates that the form still holds with the
following corrections

1 2,,2
o) = T ]
W2+ 1/4 " (12 + 1/4)3
2
(1) _
e (u,v) W oFT1 (3.168)
4g%(u? — v?)

T U+ U (=02 1)

which we checked analytically up to three magnons and numerically up to four. This
observation gives us a hope that the ansatz of this kind with appropriate corrections can
still hold at higher loops. However, in the case when [y = 1, in order to check if it is true,
even at two loop we already need to take into account the leading wrapping corrections,
which goes beyond the subject of this thesis.

10. The proof of (3.36) for the arbitrary number of magnons is given in [131]
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Chapter 4

Conclusion

In this thesis we considered some approaches to the three-point correlators in N' = 4
SYM theory. The body of the thesis consists of the two parts presented in the second
and third chapters correspondingly. In the second chapter we considered the approach
to computation of the three-point functions inspired from the string field theory (SFT).
On the analogy of the string vertex which describes the interaction between the strings in
SFT we constructed the object which we call spin vertex. First we constructed the spin
vertex at tree level of the scalar sector of N' =4 SYM. We examined the BMN limit of
the spin vertex and showed that it reproduces the string vertex of SF'T constructed in
[3, 4]. Then we generalized the spin vertex to full theory at tree level by exploiting the
oscillator representation of the symmetry algebra psu(2,2|4). The vertex was written in
the form of exponential of bilinears of the oscillators acting on the vacuum. Then the
scalar product of the spin vertex with the states corresponding to the operators gives
the expression of the three-point function. By reducing the vertex to the so(4) sector we
reproduced the tree level result obtained in [5]. Finally we showed that the spin vertex
satisfies the monodromy condition and as a consequence appears to be Yangian invariant.

In the third chapter we considered the approach to the HHL correlators based on
the relation of this kind of correlators with the diagonal form factors. According to
the conjecture of [6] in case when the heavy operators are conjugated to each other the
dependence of the structure constant on the length of the heavy operators L should
take the form proposed for the diagonal form factors in two-dimensional quantum field
theories (QFT) [7]. First we examined this conjecture at tree level on the example of
the three-point correlators with the heavy operators being from the su(2) sector and the
light operators belonging to the scalar sector so(6). We showed that for the considered
configuration the conjecture of [6] holds at tree level. We also presented the general
argumentation in favor of the validness of the conjecture at one loop supported by the
explicit computation.

According to the conjecture, the structure constant of HHL correlator takes the form
of the sum over all the partitions of the heavy operator rapidities:

LS @) o (), (4.1)

pN (’U,) aUa=u

C'HHL =

where the py(«) is a diagonal minor of a Guadin norm (see (3.61)) and the coefficients
f© are defined by the form of the light operator @ and don’t depend on L explicitly.
In case of the diagonal form factors in two-dimensional QFT’s these coefficients appear
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to be the diagonal form factors of the same local operator, but in infinite volume. The
infinite volume form factors are known to satisfy the property to be expressed in terms of
some simple building blocks for any number of magnons. In spite of it is not clear to us
what exact physical meaning is carried by the coefficients f© appearing in the structure
constant of the heavy-heavy-light correlators in N' = 4 SYM, we showed that they also
can be expressed by means of some simple functions (see e.g. (3.76)), which we checked
up to five magnon case.

In the second part of the third chapter we extended our consideration to all loop by
exploiting the hexagon program [65], the newly proposed all loop method for computing
non-extremal three-point correlators. We considered the same kind of correlator config-
uration as in the first part with the only difference that for the sake of simplicity we
restricted ourselves by taking the light operator being a half-BPS state. On the examples
with heavy operators having one and two excitations we demonstrated that the conjecture
still holds at the level of any loop up to the leading wrapping corrections.

As for the tree level computation we examined the behavior of the coefficients f©.
Interestingly that we found that at one loop the coefficients f© can still be expressed
by the same ansatz with the proper one loop modification of the building functions (see
(3.168)), which we checked up to four magnon case. This give us a hope that the same
kind of ansatz can hold at the level of any loop.

In the end we would like to say that in spite of the great progress recently made due
to the hexagon program proposal, there is still a lot to be done in the field of three-point
function computation. One of the unsolved questions is computation of the finite size
corrections. It happened that already at four loop level it is not clear how to compute the
wrapping corrections to some correlators due to the appearance of the double pole in the
integrand which is not clear how to deal with [8]. Another important issue is related to
efficiency of the hexagon program. Even in the asymptotic approximation the structure
constant is given as a sum over partitions of the operator excitations, which makes very
hard the computation of the three-point correlators of the operators with large number of
excitations. Finally even after the problem with double pole is resolved, the computation
of three-point correlators at finite coupling still will remain an outstanding problem even
for the operators with small number of excitations. At this point further study of the
HHL correlators might play an important role, since the computation of the wrapping
corrections to the diagonal form factors exist in the literature [9, 10], and one can try
to apply these results to N/ = 4 SYM. Another idea which should be kept in mind is
the application of the separation of variables (SoV) technique to three-point function
computation. However, as it has been mentioned in the introduction, at the moment all
the results made in this direction are restricted to the tree level approximation.
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Appendix A

Large p behavior of Neumann
coeflicients

In this appendix, we list the leading order of Neumann coefficients in the large u
expansion. We take the same convention as in [74]. For (m,n) # (0,0)

N22 — (_1>m+n N2 — (_1)m+1 (Al)
™ Ampla et ™ drplag]y/r(1 - )
N 1 no_ (—=1)™* L sin(rmr) sin(nr)
™= TrlaglA =) =l
(—=1)™ "+ sin rnr a1 (—1)" sin(7nr)

Non = i —mjr) " = m =t —m/ (= 1))
For (m,n) = (0,0), we have

Ngo =0, Nog=—vr, Neg=-V1i-r (A.2)
22 1 33 __ 1
’ 00 —

23 __

1
NB = , NZ-=
o0 drp|oqy|y/r(1 =) 0 drplagyr
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Appendix B

The elementary fields in oscillator
representation

=10y, Z = cldlchd}|o),

Y =ddi|o), Y =cldi|o),

X =ddi|o)y, X =—cldio),

Ty =bich|0), Uy = —alcldidl|o),
Uy = —bich|0), Ty = —alddidl|o),

Uy = blclchdl|0), Wi = ald}|0),
Wiy = blelebdi|oy, Wy = —aldl|0),

Fy; = —blblclcl|o),  Fy; = alald]d}|0),

FH = (6’“’6)1]]5” — (ea");;Fyy, 1,7 =1,2, pv=1,..,4,

1 1
ot = Z(O"LLUV — U”U“), ot = Z(&“a” - 5”0”), €12 = 1.
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Appendix C

Computing the propagators from the
spin vertex

Here we will justify the expression for the spin vertex (2.104) and explain why the
expressions (2.102), (2.115) give the correct expression for the two- and three-point func-
tions.

The propagators for the elementary fields have the following form:

1

S(y)S(x)) = . S=X,Y,Z,
Bw)S@) = =
_ ) 1 .
(Wjp(y) Via()) = Zéabo-%aaﬂﬂma a,b=1,..,4, i,7=12, (C.1)
1
(oo () Fiu (@) = (M0 0u0p + Mup00 06 — 10000 — 1p0,u05) (x —y)?

We have to show that the spin vertex formalism reproduce these propagators correctly,
by means of the equation

(Os(y)O1(2)) = Via| € F1 720 0,) @ |O,) . (C.2)

First we establish the rule how the vertex transform the fields form the space (2) to the
space (1). Using the representation of the elementary fields from the App. B we obtain
by direct computation

@ (S|URIVie) = 15)V, OHS|UE V) = [8)D, S=XY.Z
O (Wi |UR| Vi) = [Wia) V), P W0 |UR[Vi2) = [Wia) Y, (C.3)
B(F|UR Vi) = [E)Y, P(F|UE Vi) = |Fj) Y,

where

(BT a4 oD 20 _g() gt
U}27H/12> — pi=l2 Cgl)ngl)TCS)ngl)T‘O)u)|O>(2). (C4)

This leads to the following expansion for the vertex

Ui Vi) = [S)1S()+|5P)] S)>+|‘If§§)>I\I'Ei)>+!‘1f§§)>|\If§i)>+\ﬂ(f)>|E§-”>+!Fi§2)>\FSEH--)-,
C.5
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where we assume summation over repeating indexes and three dots mean other possible
states appearing in the vertex expansion, including those not satisfying the zero central
charge condition.

Now we are ready to compute the propagators using the (C.2). We start with the
scalars.

o x (LT o—LF o

(S(y)S(x)) = <v1 e EOTHES|5) 0 @ |S) 1) = (Viale FOTEDD|§) o) @ |S) ) =
(Vi U2y U2 e E0™E09|5) o) @ [S) 1y = (S[T2 > 10| 5) = (C.6)
1

(z—y)?¥

where in order to get the last line we used (2.93). For the fermions we’ll consider one of
the possible propagators, the rest can be computed absolutely analogously:

<O|U2€Z (LTz—Lty) |O> _

(T54(y) i) = —(Via|e FOTH DD 0)  pOT DT DTG0 0) ) =

i(LTz—L* —1 iLtx i i(LTz—L*
(Olbidacye, U™ == E 0] el chdb|0) = —(0[U%e ™ Valblet|0) = S04 (0|U%e™ =)o)

1 1
o
27 (& = y)?

(C.7)
where we used the explicit expression in terms of the oscillators for the L™ = —a] agb;
and the property of the o matrices

O'Z-(a'u)kl = _25i15jk- (08)

Finally we compute the propagator for the strength field:
(P () P () = (Vigle! e oY (we)] HaP1aDT Pt + ()b P P o)y
(a4 () T 0y =

— (0M€);; (GUPU)kl<0|U2 “Hvalafblbfe EOT|0) + (1 45 p,v 45 0) =

1 — v g K w 1
Z(U” €)ij(ec” )kl%iazj&ﬁwm + (e pvero)=
1 — v g w K K w 1
g(a“ €)ij(€d” ) (aljaki + Uljgki> 3,§8wm + (u <> p,v > 0).
(C.9)
Further we use the following identity:
oo+ (1 v) = =M€ + A (0" €) i (€57 ) 1, (C.10)
where €5 = —1. It gives
1 — v po Kw= = TK= —— 0w 1
g(O’ E)ij(EO' )kl( — N €k€ji + 47]7-9(0' G)lk(GO' )ji)a,ﬁwm -+ (/IJ — P,V = O') =
< B 0 Tr(o_p(T)Tr(a_yu) nTGTr( po TI{)TI,( v = 0‘”))8,{&,); + (,u &P, U O').
8 2 (x —y)?

(C.11)
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Next, noticing that Tr(c#*) = Tr(6*") = 0 and also using the relations

1
Tr(o" o) = -5 (nupnw — NP + ie‘“’""),

C.12)
1 (
Tr(a_,uua_po> _ _5 (n,upnz/a . T],uanup . ieuupa))
we get
- . . 1
<Fp0(y)Fuu(m)> — M <,,,/p7'7,’m-i . ,',}/mTITU + lepo’TH}) (nué’nuw o nuanO o Zeuu@w)aﬁaw 2+
8 (z —y)
1 . .
(M o pv e O') — g (namnupnuw . npunann,uw . npfenuanuw + npnn,uwnua + Zepa,unnl/w . Zepawinuw_
1
eI e + UTGGDUMEW@UJ) On (x —y)? + (& p,v & 0).
(C.13)

One can see that after taking into account symmetrization with respect to the permu-
tation (u <> p,v <> o) and also (k <> w), all the terms proportional to i cancel out.

Decomposition of the Levi-Civita tensor contraction gives (we use convention €’'?3 = 1)

7,’7_96,007'1{6#1/00.) — naynpwnn,u + nawnpynm/ + npuno',unnw o nawnpunn,u - na',u,,?pwnﬁu o np,unau,)?mu.
(C.14)

The terms proportional to ™ cancel out due to equation of motion ({)Qﬁ = 0. Taking

all this remarks into account we get final result:

po 1% 1 TR, P, VW pU, 0K, W PR O VW PR oUW, VO 1
(F7 (y) F* (2)) =§(n ey — T — Pt + Py )&&m.

(C.15)

The action of covariant derivatives in terms of oscillators is given by D;; = a}b}. Thus,
in case, when an elementary field belongs to the non-compact sector, the corresponding
propagator can be obtained by taking appropriate number of derivatives contracted with
right component of the sigma matrices, e.g.

(Z(y)Dy Z(2)) = Via|e FO™ Y| 2) ) @ | D3 Z) 1)

1 (L a+Lh )| 5 1 1 (C.16)
= —gaﬁ.aﬂ <V12|6 (1) (2) |Z>(2) &® |Z>(1) = —50';83;#@.
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Appendix D

The operator U

In this Appendix we collect some formulas about the action of the operator U = UUp
which represents a finite super-conformal transformation. The operator is a product of a
su(2, 2)-rotation in imaginary angle

U = e~ 5(P—Ko) _ ,~5(L{~Ly) _ ,—F(albl+biay) (D.1)

and a unitary su(4)-rotation

+
Ur e~ 4(Ri3—Rs1+Roa—Raz) _ e*%(cjdi*dici) _ (DQ)

As it was suggested in [98], it is convenient first to compute the action of a rotation in an
arbitrary angle it

U, =U = gtleibi+bia) (D.3)
The action of U; on the oscillators aj, ag, b;, bg is

a;(t) = Uia;U; ! = a;cost — bj» sint, bi(t) = Ub;U; ' = b;cost — al sint,

al(t) = Uyl U7 = al cost 4 bysint, bl (t) = UpblU! = bl cost + a; sint. (D.4)
From here one easily obtains the following property
U2aU2=bl, U%U2=—-b, UHU? =d", UU?=-a. (D.5)

Similarly one derives the analogous relations for compact piece Ug

Uk, Up? =d!, Uil U2=d;, U2d;U;*=—c!, Ud U;? = —c.

7

(D.6)
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Appendix E

Finite volume expansion

In this appendix we will demonstrate how to perform the finite volume expansion of
the scalar product discussed in the section 3.1.5 explicitly. Let us consider the following
scalar product

1 —d12 —P13 —Pua

€1 —aa —23 —ou

. ) E.1
1823 —¢32 — (33 —¢534 ( )
1 —Gu2 —Qu3 —Pu

By expanding the determinant with respect to the first column we get

<U1, Uz, U3, U4‘0 + Z/27 Uz, U3, u4> X

—Q —¢23 —(oy
1| —¢32 —P33 —P3
—Qu2 —Pu3 —Pu
—¢12 —P13 —Pua
—ifdo1 | —P32 —P33 —O3
—Qu2 —Puz —Pu (£.2)
—¢12 —P13 —Pu
+ il | —Pa2 —a3 —Pou
—Qu2 —Qu3 —Pu
—¢12 —P13 —Pua
— il | —Pa2 —Pa3 —Ou
—Q32 —@¢33 —P34

By recalling the definition of p given in (3.61) it is easy to see that the first term is simply
equal to

inlpg(UQ,U3,U4). (EB)

Now we perform one more expansion of each determinant of the second, third and fourth
terms with respect to those columns which do not contain the diagonal elements ¢;;. We
get

_ z’Qm( — P1ap2(us, us) + P32(—P13p1(Us) — P14043) — Pao(P13P34 + ¢14p1(U3))>, (E.4)

€31 (¢1392(U2, Ug) + Ga3(P1201(Us) + P14042) + Puz(Pr2P24 + ¢14P1(U2))>7 (E.5)
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- ZQ41< — Prap2 (U, ug) + Pou(—P12p1(us) — P13032) + P3a(P12P23 + P13p1 (W))) (E.6)

By putting everything together we get the finite volume expansion for the given scalar
product

(1, ug, us, ug) + /2, ug, uz, ug) o< i1 p3(uz, uz, ug) + Qa1 Prap2 (Uz, u3)

+ Q311302 (U2, ug) + i Qo1 P1202 (U3, Ug) + (1231 Pa3014 — 1Q41P34¢13) p1(u2)

+ (1291012014 + 141 P20P12) p1(usz) + (1221 P32P13 — 1231 Pa3P12) p1(Ua) (E.7)
+ 18201 G30014043 + 18221 042013034 + 18231 P23 14Pu2 + 18231 043012024

+ 182041 P24 P13032 — 1€241034P12P23.
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Mots clefs :

Résumé La correspondance AdS/CFT est
la premiére réalisation précise de la dualité
jauge/gravité. Jusqu’a maintenant la correspon-
dance AdS/CFT reste une conjecture. La dualité de
N =4 SYM et la théorie des cordes est un éxemple
le plus notable de correspondance AdS/CFT. Un
des obstacles principaux a l’explorer est le fait que
le régime de couplage faible pour la théorie de jauge
est le régime de couplage fort pour la théories des
cordes et vice versa. Par conséquent, aussi long-
temps que les méthodes perturbatives sont appli-
quées, on ne peut pas comparer les observables de
deux cotés de la correspondance directement en
dehors de quelques cas particuliers. A ce stade,
I'énorme symétrie de N' = 4 SYM joue un rodle
important en permettant le calcul exact des obser-
vables de la théorie au moins dans la limite pla-
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naire.

Cette thése est consacrée au calcul des fonctions
a trois, I'un des principaux observables de N' = 4
SYM, et est composée de deux parties. Dans la pre-
miére partie nous considérons l'approche générale
pour le calcul des fonctions & trois points sur la
base de soi-disant vertex de spin, qui est inspiré de
la théorie de champs des cordes. Dans la deuxiéme
partie, nous considérons un type spécifique de fonc-
tions & trois points appelés lourd-lourd-léger, qui
sont caractérisés par la propriété que la longueur
de I'un des opérateurs est beaucoup plus petite des
longueurs de deux autres. Il s’avére que ces fonc-
tions de corrélations peuvent étre identifiées & des
facteurs de forme diagonaux et ainsi on peux appli-
quer les résultats concernant les facteurs de forme.
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Keywords :

Abstract : AdS/CFT correspondence is the first
precise realization of the gauge/string duality. Up
to now AdS/CFT correspondence still remains a
conjecture. The duality of N/ =4 SYM and the ap-
propriate string counterpart, type IIB string theory
on the AdSs x S° manifold, is the most notable
example of the AdS/CFT correspondence. One of
the main obstructions to exploring it is the fact
that weak coupling regime for the gauge theory is
the strong coupling regime for the string theory
and vice versa. Therefore as long as perturbative
methods are applied, one can not compare the ob-
servables of dual counterparts directly apart from
some specific cases. At this point the huge symme-
try of N' = 4 SYM plays an important role allo-
wing exact computation of the theory observables

Some approaches to three-point correlators in AN/ = 4 super Yang-Mills
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at least in the planar limit.

This thesis is devoted to computation of three-
point functions, one of the main observables of
N =4 SYM, and consists of two parts. In the first
part we consider the general approach for compu-
ting three-point functions based on the so-called
spin vertex, which is inspired from the string field
theory. In the second part we consider a specific
kind of three-point functions called heavy-heavy-
light, which are characterized by the property that
the length of one of the operators is much smal-
ler the lengthes of other two. It happens that this
kind of correlators can be considered as diagonal
form factors which supposes that in this case one
can apply the results obtained in the form factor
theory. .
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