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Abstract

Cette these est dédiée a I’étude de la fonction a trois points dans la théorie de jauge
super-symétrique (SYM) N=4, dans la limite du grand nombre de couleurs, a l’aide de
Iintégrabilité. La théorie de jauge N=4 SYM est invariante conforme au niveau quan-
tique est on pense qu’elle est résoluble exactement. Par la correspondance AdS/CFT,
elle est duale & la théorie des cordes de type IIB dans l’espace courbe Adss x S°. Les
fonctions a trois points sont des quantités qui contiennent de I'information essentielle

sur la dynamique de la théorie.

Nous passons en revue les méthodes déja existantes et outils de I'intégrabilité qui sont
nécessaires pour le calcul de la fonction a trois points. Nous présentons le calcul de la
fonction & trois points dans le secteur su(3), de rang supérieur & un, nous avons utilisé
une représentation sous forme de déterminant, qui nous permets de prendre la limite
semi-classique. En exploitant la relation entre des chaines de spin a langue portée et
la chaine de Heisenberg inhomogene, nous avons développé une nouvelle pur calculer la
fonction a trois points dans le secteur su(2) a l'ordre d’une boucle qui nous permets
d’obtenir le résultat dans une forme tres compacte. Dans la limite de Frolov-Tseytlin ce

résultat est en accord avec celui qu’on obtient au couplage fort.

Nous avons exploré des nouvelles formulations de la fonction a trois points. En nous
inspirant de la formulation de la théorie des champs des cordes dans la jauge du cone de
lumiere nous avons construit un vertex de spin, qui est la version de couplage faible du
vertex des cordes, pour tous les secteurs a 'ordre des arbres. Cette approche peut étre
reliée au programme des facteurs de forme pour les théories de champs bi-dimensionnelles
intégrables, dont nous rappelons ici les bases. Nous étudions la dépendance dans la taille
du systeme pour une classe spéciale de fonction a trois points qui correspond aux facteurs

de forme diagonaux.



Abstract

This thesis is devoted to the study of three-point functions of N' = 4 Super-Yang-Mills
(SYM) theory in the planar limit by using integrability. N' =4 SYM theory is conformal
invariant at quantum level and is believed to be completely solvable. By the AdS/CFT
correspondence, it is dual to the type IIB superstring theory on the curved background
AdSs x S5. The three-point functions are important quantities which contain essential

dynamic information of the theory.

The necessary tools in integrability and the existing methods of computing three-point
functions are reviewed. We compute the three-point functions in the higher rank su(3)
sector and obtain a determinant representation for one special configuration, which al-
lows us to take the semi-classical limit. By exploring the relation between long-range
interacting spin chain and inhomogeneous XXX spin chain, we develop a new approach
to compute three-point functions in the su(2) sector at one-loop and obtain a compact

result. In the Frolov-Tseytlin limit, this result matches the result at strong coupling.

We also explore new formulations of the three-point functions. In one formulation in-
spired by the light-cone string field theory, we constructed the spin vertex, which is the
weak coupling counterpart of the string vertex for all sectors at tree level. Another for-
mulation which is related to the form factor boostrap program in integrable field theory
is reviewed. At weak coupling, we study the finite volume dependence of a special type

of three-point functions which are related to the diagonal form factors.
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Chapter 1

Introduction

1.1 Integrability in gauge-string duality

The relation between gauge theory and string theory is an old and new idea. Its origin
goes back to the 1970s when "tHooft [1] observed that U(N.) gauge theory in the large
N, limit exhibits a genus-like expansion, which resembles very much the expansion in
string theory. Although intuitively quite tempting, it turns out to be highly non-trivial
to formulate such duality exactly. The first exact formulation was given by the so-called
AdS/CFT correspondence proposed in 1998 by Maldacena [2], see also [3, 4]. Since then,
it has been one of the main topics in theoretical physics for the last two decades and
continue being one of the most important and active research area. The reason is that the
two sides of the duality are related to two ‘holy grail’ in modern theoretical physics. On
the gauge theory side it is the understanding of quantum field theory at strong coupling
when the perturbation theory fails. On the string theory side is the quantization of
strings on a curved background, which is related to the quantum theory of gravity. Since
this duality is of strong/weak type, namely the strongly interacting regime on one side
is dual to the weakly interacting regime on the other, the hope is to apply the ideas and

technique on one side to tackle the problem of the other side.

On the other hand, the fact that the AdS/CFT duality is of strong/weak type makes it
notoriously hard to prove. Around 2002, two breakthough were made which improved
the situation largely. The first one was made by Berenstein, Maldacena and Nastase
[5] who proposed to study a special limit of the duality. On the string theory side,
this corresponds to taking the Penrose limit of the worldsheet theory. The quantization
of superstring theory can be performed readily in the resultant pp-wave background.
On the gauge theory side, it amounts to study operators with large R-charges. This

shifts the attention from computing symmetry protected quantities which do not receive

1



Contents 2

quantum corrections to the study of non-protected and more interesting quantities. At
the same time, Minahan and Zarembo [6] found that the one-loop dilatation operator
in the scalar sector of the planar N’ =4 SYM theory is equivalent to an integrable spin
chain. This discovery creates the possibility of applying powerful integrability methods
such as Bethe ansatz to study the spectrum of the quantum field theory. The integrability
method is particularly powerful for the heavy operators when direct diagonalization of
mixing matrix becomes impossible. The discovery of Minhan and Zarembo was quickly
generalized to larger sectors and higher loops. It is also shown that its AdS dual, the
Type-IIB superstring theory in AdSs x S® is also integrable [7]. After a decade of intense
investigation, it is now commonly accepted that the planar NV = 4 SYM theory is
integrable. We will give a brief review of the ideas and history of the solution of spectral

problem in section 1.2.

Integrability essentially implies the theory is completely solvable. In our context, ‘solving’
the theory does not necessary mean that we can write any quantity of the theory in
terms of elementary functions, not even special functions. It means that we can write
down a set of compact algebraic or functional equations, the solution of which gives the
quantity at any coupling. Integrability usually occurs for models in 1 or 2 dimensions,
such as 1 dimensional quantum spin chains and 2 dimensional quantum field theories.
The secret behind the integrability of N’ =4 SYM, which is a 4-dimensional interacting
quantum field theory lies in its huge amount of symmetry. Apart from the usual Lorentz
invariance, this theory is also conformal invariant even at the quantum level due to
the vanishing of its beta function. The theory also enjoys maximal supersymmetry in
4 dimensions, which uplifts the conformal symmetry into superconformal symmetry.
In this sense, it is the simplest possible non-trivial 4d QFT which serve as an excellent
playground for theoretical studies. Impressive progress in recent years have strengthened
the hope to solve this theory completely and compute all the interesting quantities in a
non-perturbative way. Like the solution of harnomic oscillators and 2d Ising model it is
expected the solution of N/ = 4 SYM theory will lead to new insights and understandings
about QFT in 4d and the AdS/CFT in an exact manner.

It is also worth mentioning that the benefit is mutual. The study of N' =4 SYM raises
many intriguing questions for integrability itself. In the AdS/CFT context, usually we
compute quantities on both the gauge theory side and the string theory side. The gauge
theory side involves technique from quantum integrable system which are usually dis-
crete. On the other hand, the computation done in the string theory side is mostly based
on the technique of integrable field theory and depend heavily on classical integrability.
Amazingly, these two seemingly very different methods gives the result of the same ob-
ject at the weak and strong coupling limit. This reveals a deep relation between different

integrable systems. In addition, many integrable system manifest themselves in certain
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limit of AV = 4 SYM theory, such as the Heisenberg spin chain, the Hubbard model, the
non-linear sigma models, just to name a few. The N' = 4 SYM theory seems to be a
theory which encompass many known integrable systems and probably some unknown

ones. Many of the hidden integrable structures are still await to be disclosed.

1.2 The spectral problem

In this section we offer a brief review of the developments in spectral problem of planar
N = 4 SYM theory for the last decade. Apart from the original research papers, many
useful reviews exists in the literature. The collection of review articles [8] is the most
comprehensive one, for a shorter version, one can read Serban [9]. Beisert’s Ph.D thesis
[10] contains many early developments which are still valuable and important. For the
string theory side, we refer to the review by Arutyunov and Frolov [11]. In order to
simplify the narration, we divide the development of spectral problem into two stages '

1. The asymptotic Bethe ansatz (ABA), 2. The finite volume corrections.

1.2.1 The asymptotic Bethe ansatz

After the work of Minahan and Zarembo who realized that the one-loop dilatation
operator in the SO(6) sector can be mapped to the SO(6) integrable spin chain, the
mapping was soon generalized to the whole sectors [12, 13] and higher loops in some
sectors. Beisert, Kristjansen and Staudacher conjectured that the dilatation operator is
integrable for all loops [14]. The interaction range of the dilatation operator grows order
by order in perturbation theory and its explicit form soon becomes too complicated to
compute or even write down. In addition, at higher loops the dilatation operator changes
the length of the spin chain, which is a novel feature of spin chains in AdS/CFT. Trying
to establish integrability for all loops by determining dilatation operator seems to be
extremely hard. On the other hand, integrability basically allows one to write down a
set of algebraic equations, called the Bethe equations. The solution of Bethe equations
give the spectrum of the spin chain. Therefore, as long as the spectrum is concerned, it
is most relevant to find the Bethe equations. If there’s alternative way to determine the

correct set of Bethe equations, it is not compulsory to find the dilatation operator itself.

The all-loop Bethe ansatz equation. In this direction, Staudacher [15] emphasis

the relation between the asymptotic Bethe ansatz and the scattering matrix (S-matrix) of

1. Of course such a division is very rough and reveals my personal point of view. I apologize if I
overlooked the contributions of some colleagues, which are mainly due to the limited volume of the
thesis and my ignorance.
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the magnons. The S-matrix bootstrap method is a well established subject in integrable
theories starting from the work by Zamolodchikov [16], it is powerful enough to determine

the S-matrix non-perturbatively up to some scalar factor.

In the meantime, Kazakov, Minahan, Marshakov and Zarembo [17] studied the contin-
uum limit of the Bethe ansatz equations and write it in the language of algebraic curves.
The similar algebraic curve structure appeared at strong coupling for the finite gap so-
lution of su(2) principle chiral field theory. Written in the same language, it becomes
possible to compare directly the predictions of sigma models and spin chains. The results

was soon extended to other sectors [18, 19] and finally to the full psu(2,2|4) sector [20].

Bases on the work of KMMZ, the all-loop Bethe equation was first conjectured by
Beisert, Dippel and Staudacher [21] and Beisert and Staudacher [22]. In the seminal
paper [23], Beisert managed to derive the all-loop Bethe ansatz equation by assuming
the excitations of the spin chain is subjected to the centrally extended su(2|2) x su(2|2)

symmetry, which shows the power of the symmetry.

The determination of dressing phase. It was found by Arutyunov, Frolov, Stau-
dacher that the BDS proposal is not the complete answer [24], the scalar factor alluded
before plays an important role. This factor is called the dressing phase. The dressing
phase was first determined at strong coupling at the leading order by the same authors
[24]. The complete one-loop answer was derived by Hernandez and Lopez [25]. Notably,
by using the method from quantum group, Janik [26] found an equation that should
be satisfied by the dressing phase, which is equivalent to the crossing equations in the
2d relativistic quantum field theories. A solution of the crossing equation was found by
Beisert, Hernandez and Lopez, which was confirmed at weak coupling by Beisert, Eden,
Staudacher in [27] and at strong coupling by Dorey, Hofman and Maldacena [28]. Later,
Volin found the minimal solution to the crossing equation and found that it indeed
reproduces the BHL/BES dressing phase. The dressing phase was confirmed by many
non-trivial checks, among which the most impressive is the interpolation of cusp anoma-
lous dimension from weak coupling to strong coupling [29, 30]. The BDS all-loop Bethe
ansatz equation, together with the dressing phase provide us the so-called asymptotic

Bethe ansatz.

The finite volume corrections. Although impressive and powerful, the asymptotic
Bethe ansatz has its limits. It inherently depends on the picture of particle scattering
and hence is subjected to the limit where the length of the spin chain is very large.
Since the so-called wrapping corrections have to be taken into account, the ABA fails

to provide the correct result. It is thus an important question to find methods to take
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into account the finite size corrections. Fortunately, this problem has been studied in

the theory of integrable models before, which offers valuable guiding principles.

One method which is able to take into account the first few wrapping corrections was
proposed by Liischer [31]. This method was generalized to AdS/CFT by Janik and
Lukowski [32]. The simplest operator in computing finite size corrections is the Konishi
operator, whose anomalous dimension is determined by Liischer’s method up to five
loops [33, 34]. The comparison to traditional Feynmann diagram computations confirms

the correctness of the result.

Another commonly used method is the Thermodynamic Bethe Ansatz (TBA) initiated
by Al. Zamolodchikov [35]. This method proves to be more powerful in AdS/CFT. It
is first suggested by Ambjorn, Janik and Kristjansen [36] that TBA could be used to
compute the finite volume corrections in AdS/CFT. The systematic implementation was
done by several groups [37-40]. This method allows to reproduce the 4 [39] and 5 [41, 42]
loop anomalous dimensions for the Konishi operator which was obtained by Liischer’s

method before.

In principle, all the finite volume dependence of anomalous dimension is encoded in the
set of TBA equations. However, the TBA is a set of coupled integral equations which
is highly involved to solve even numerically. The equation cannot be solved in general
and only for several cases one is able to find a solution. It takes serious effort to reduce
the TBA into a compact and elegant form. In [39], it was already realized that the
TBA equations are equivalent to a set of non-linear functional equations called the Y-
system, together with the analytic constraints from original TBA [43]. Later, Gromov,
Kazakov, Leurent and Volin explored the relation between Y-system and the bilinear
Hirota equations [44], which are themselves integrable. This enables them to reduce
the infinite set of equations into a finite set of non-linear integral equations (FiNLIE).
The most advanced and elegant rewritting is the recently proposed Quantum Sepectral
Curve (QSC)[45, 46], or the Pu system, which reduced the infinite set of TBA equations
to a Riemann-Hilbert problem of eight () functions. The QSC method can be seen as
an elegant generalization of the classical spectral curve in the sense that the latter is a
WKB like approximation of the former. The QSC is not only elegant but is also powerful
enough to obtain all the aforementioned results with much less effort. It depends on ones
perspective to call QSC a final solution of the spectral problem in AdS5;/CFTy, but it
is fair to say that the spectral problem is well understood and we have readily available

numerical results.
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1.3 The three-point function

In this section, we review the recent developments in three-point functions of the same
theory. There are several reasons for the interest in three-point functions. N'=4 SYM
is a conformal field theory. It is widely known that a CEFT is specified by the set of
conformal data, which includes the spectrum of the operators and the operator product
expansion (OPE) coefficients of the operators. The spectrum contains kinematic data of
of the theory while the OPE coefficients contains the dynamic data of the theory. In order
to solve the N/ = 4 SYM theory, it is crucial to determine the OPE coefficients, which are
encoded in the three-point functions. In order to understand the ‘interactions’ between
the operators or the strings, it is indispensable to study the three-point functions. The
aim of this thesis is to compute three-point functions in A/ =4 SYM from integrability,
so the review will put more emphasis at weak coupling side and especially from the point

of view of integrability.

Compared to the spectral problem, the three-point function or the OPE coefficient prob-
lem is much less understood. However, substantial progress has been made in recently

years.

Weak coupling At weak coupling, based on the earlier works of [47] and [48], Ec-
sobedo, Gromov, Sever and Vieira (EGSV), proposed a systematic method to compute
the three-point functions at tree level by using Bethe ansatz [49]. The method involves
a cutting and pasting procedure and is thus termed ‘tailoring’. The authors computed
a special configuration in the su(2) sector. Foda realized that the EGSV result can ac-
tually be simplified largely and written in terms of a determinant [50]. Foda’s method
applies the map between Heisenberg spin chain and the 6-vertex model and involves a
ingenuous use of the inhomogeneities, which was termed ‘freezing’. The tailoring and
freezing method were extended to the higher rank su(3) sector which involves three
complex scalars [51]. The tailoring method was later generalized to both non-compact

s[(2) sector [52] and the supersymmetric su(1]1) sector [53].

The one loop computation of three-point functions were first investigated by [47] and
[54] who used Feynamann diagrams to compute the quantum corrections for operators
in the s0(6) sector. The crucial observation was that the quantum corrections manifest
themselves as operator insertions at the splitting points (see Chapter 7 for more detail).
Gromov and Vieira computed the three-point functions in su(2) sector at one-loop,
taking into account both the operator insertions of three-point functions and one-loop
corrections of the operators by diagonalizing the two-loop dilatation operator. In [55], we

computed the same three-point function by a different method which uses the relation
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between long-range interacting spin chains and inhomogeneous XXX s, spin chains. This
method leads to a much more compact result and enable us to take the semi-classical
limit. The one-loop result of su(1]1) sector was obtained by Caetano and Fleury [53]
who computed both the operator insertions by Feynamann diagrams and the three-
point function by diagonalizing the higher loop dilatation operators. The one-loop result
for sl(2) sector was conjectured by Vieira and Wang [52], which passed through many

non-trivial checks.

Strong coupling. At strong coupling, the string theory description and classical in-
tegrability plays an important role. It proves to be useful to characterize the operators
or string states into three rough classes, namely the heavy, medium and light operators.
From string theory side, the heavy states are classical string solutions with large quan-
tum number; light operators are typically protected and are supergravity modes; the

medium states corresponds to short massive string solutions.

The three-point functions with two heavy and one light operator (HHL) were investi-
gated in several papers [56-58]. The idea is to describe the heavy operators by classical
string solutions and the light operator by a vertex operator. By integrating the vertex
operator over the world-sheet of the classical string solution, one obtain the correspond-
ing three-point function. Recently, [59] pointed out that the original recipes of [56] was
not adequate and suggested that one should also integrate over the moduli space of
the classical solution. The three-point functions with three heavy operators (HHH) were
investigated in the series paper by Janik, Suréwka and Wereszczynski [60, 61], and
Kazama, Komatsu [62-64] by using the algebraic curve and Pohlmeyer reduction tech-
nique, which was close to method of computing scattering amplitudes at strong coupling.
The complete results were obtained for large spin GKP string [62, 63] in sl(2) sector and
the s0(4) sector [64]. The case with three operators were computed in the papers [65]
and [66].

Semi-classical limit. One of the most interesting regimes of the three-point functions
is the semi-classical limit. This is the same limit which allows algebraic curve description
on both sides of the duality in the spectral problem. It is the comparison of the algebraic
curves that leads to the proposal of all-loop Bethe equations. For the same reason, it
is tempting to see whether the three-point functions in the same limit exhibit a similar

feature and can be written in terms of algebraic curves.

One way is to use the coherent state approximation. In this approximation, one can

describe the spin chain dynamics by the Landau-Ginzburg non-linear sigma model. The
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works in this direction includes [67-69]. The coherent state approximation method is

valid for the HHL case and is not yet applied to the HHH case.

For the latter case, the idea is to first obtain a compact exact result and then take the
semi-classical limit. The first work was done in [70] where the authors studied the semi-
classical three-point function with two BPS operators and one non-BPS operator using
the saddle-point method in the su(2) sector. This configuration was later generalized to
three non-BPS operators by Kostov [71, 72] where the semi-classical limit is given in an
elegant form written in terms of pseudomomenta of three operators. The semi-classical
limit at one-loop was obtained in [55] and compared to the strong coupling limit. In the

Frolov-Tesytlin limit it gives a match.

New formulations. The results obtained in various sectors and limits shows some
hint of a unifying picture and the attempt of setting up a unifying framework that is
applicable to all sectors and all loops have started. The three-point function problem in
AdS/CFT context is intimately related to the problem of computing matrix elements, or
correlation functions in the integrable systems where many well-established tools exists.
One important and powerful method for computing correlation functions in integrable
field theories is the form factor bootstrap program. The idea is to write down a very
general set of axioms for the form factors of the theory. The solution of these set of equa-
tions determines the form factor non-perturbatively. Once these form factors are known,
one can put them together to compute correlation functions. The new formulations of
three-point functions in AdS/CFT are all related to the form factor approach in one

way or another.

The first direct generalization of the form factor method to AdS/CFT context was
proposed by Klose and McLoughlin in [73, 74] who wrote down a set of axioms for the
world-sheet form factors. There are certain new features of the axioms in this context.
The 2d integrable field theories are usually relativistic and Lorentz invariance was crucial
there. However, superstring theory in the light-cone gauge is not Lorentz invariant.

Therefore the generalization is not trivial.

Another method, inspired from the light-cone string field theory and the form factor
bootstrap program was advocated in [75]. The idea is first take the decompactification
limit of the two out of the three operators and define the three-point function in this limit
as a generalized form factor. Then one can formulate a set of axioms for the generalized
form factor. In principle, the solution of these axioms will give the result for three-point
functions non-perturbatively. They also proposed the way of taking into account the

finite size corrections up to wrapping order following the work of [76, 77]. In general,
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solving form factor bootstrap axioms are highly demanding. It is simpler to work on

some special cases, for example the diagonal form factors and check the proposal.

At weak coupling, the idea of string field theory leads to the proposal of the spin vertex
formalism. In [78], we constructed the spin vertex, which is the weak coupling counterpart
of the spin vertex for all sectors at tree level. In the BMN limit, the spin vertex coincide

with the string vertex at the leading order of large curvature expansion.

Very recently, a new breakthrough was made by Basso, Komatsu and Vieira who pro-
posed a powerful all-loop formalism for the three-point function [79]. The method was
inspired from the OPE method of Wilson loops and uses the symmetry of the three-point
function. In the decompactification limit, one can cut the three-point functions into two
‘hexagons’. Each hexagon can be computed non-perturbatively using the form factor
bootstrap method and the symmetry of the theory. By subsequently gluing together the

two hexagons, one obtain the result of three-point function non-perturbatively.

1.4 Structure of the thesis

The structure of the thesis is given in Fig.(1.4.1).
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Chapter 2
N=4 SYM Theory

Chapter 3
Integrability

Part IV

Chapter 6
Long-Range Spin Chain

Chapter 7
Higher Loops

FIGURE 1.4.1: Structure of this thesis.

Apart from the introduction and conclusion, the main body of the dissertation can be

divided into four groups, each group contains two chapters.

The first two chapters, namely chapter 2 and 3 contains introduction to the planar N' = 4
SYM theory and the fundamentals of integrability. The results of these two chapters are
needed for all the later chapters.

Chapter 4 and 5 deal with tailoring and freezing method. In chapter 2, we review the
results in the su(2) sector and in chapter 3 we generalize the results to the higher rank

su(3) sector.

Chapter 6 and 7 contains the discussions on higher loop three-point functions. In section
6, we introduce the long-range interacting BDS spin chain and discuss the diagonalization

of this spin chain by exploring its relation with the inhomogeneous XXX /5 spin chain. In
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section 7, we compute explicitly the scheme independent structure constant at one-loop

and consider its semi-classical limit.

The last two chapters of the main body are related to the new formulations of three-point
functions. In section 8, we present the spin vertex formalism and show that the BMN
limit of the spin vertex reproduces the string vertex in the same limit at the leading order
of large curvature expansion. In section 9, we study the finite volume dependence of a
special kind of HHL correction function at weak coupling, which confirms a conjecture

that is suppose to work at all loop.

Finally in chapter 10, we conclude this dissertation and provide an outlook for the future

directions.
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Chapter 2

N =4 Super-Yang-Mills Theory

In this chapter, we present the fundamentals of the N' = 4 SYM theory, including its

action, symmetries, closed sectors and observables, especially the correlation functions.

2.1 The action

The N' = 4 SYM theory is a 4d quantum field theory. Its action can be most eas-
ily obtained from a dimensional reduction of the AN/ = 1 gauge theory action in 9+1

dimensions
w0, (1 mn | 1 M
S=[d"z ZTrFMNF + §Tr1p1“ Dy (2.1.1)
where Dj is the 10d covariant derivative
DM*: 8M*—igYM[AM,*] (2.1.2)

Here Ay, (M =0,---,10) is the 10d vector and ¢4 (A =1,---,16) is the 10d Majarana-

Weyl spinor with 16 components. Upon dimensional reduction, different components of

these fields becomes the various field in the 4d theory. More explicitly, we have

— The first 4 components of Ayr, (M = 0,1,2,3) become the 4d vector A4, (© =0,1,2,3),

— The rest 6 components of Ay; (M =4,---,9) become 6 scalar fields ®; (i =1,---,6),

— The 10d fermionic fields 14 become 4 copies of two-component Weyl spinors in 4d
Ve, Yaa, a=1,2,3,4, a,& =1,2.

12
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The resultant 4d action reads

1 1 . 2 S
S = /d4a; <4FWF‘“’ + iDMIJiD“CIﬂ — gYTM[CI%, ;][D°, ¢] (2.1.3)

- { , i - -
+ﬂwwm%—?ﬁﬂﬁ%@wu—§Mﬁ%wmw®

Here the matrices o* and o' are the chiral projections of the gamma matrices in four

and six dimensions, respectively. Note that all the fields are N. x N, matrices
A= AT @ =0T V=0T (2.1.4)

where T are the generators of the gauge group U(N.) normalized to be Tr (T%T?) =
%5“17. The theory has two parameters, the gauge coupling constant gyy and the rank of

the gauge group N.. In the planar limit, we have perturbative expansion in terms of the

A
1672

'tHooft coupling constant \ = g%MNC. Later we also use the coupling constant g? =

below.

2.2 Symmetries

It is shown in [80-82] that the S function of N' =4 SYM theory is zero at all orders.
Therefore the theory is conformal invariant even after quantization. The conformal group
in 4d is SO(2,4) ~ SU(2,2). This group contains the usual Poincaré group with genera-
tors L3, Eg and translation P, together with special conformal transformation K, and
the dilatation operator D. The SO(6) symmetry from rotating the rest 6 components in
10d spacetime now becomes the R-symmetry of the internal space time SO(6) ~ SUR(4).
The bosonic part of the symmetry group is thus SU(2,2) x SU(4). This should be aug-
mented by the fermionic part of the symmetry group, which contains super translations
Q%, Qsq and super special conformal transformation S, S4®. The total symmetry group
is PSU(2,2|4). This is the N' = 4 superconformal group. The generators can be orga-

nized into the following form

( L,L,P,K,D Q8 > (2.2.5)

Q.S R
where the generators in the diagonal elements are bosonic and the anti-diagonal ones
are fermionic. It is useful to introduce the spinorial notation, which translates a vector
into bi-spinor, as the following

D,; = Duggﬁ.’ P = pigeb, (2.2.6)
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In terms of the spinorial representations, the commutation relations of the psu(2,2/4)

algebra reads

(S8, P g) = 09Q 4., (K Qs4] = 6252 (2.2.7)
[5%, P 5] = 65, [K°P, Q4] = 695
{8y, 5%} = ¢ KPe, {Q%, Qaa} = 65 Pss
and
[K°8, Pgs] =065 L9 + 60 13 + 65 60D, (2.2.8)

o a o (6% 1 a So
{SWQ%}:% /3‘“55324'551;5517,

. _ _. . 1 .
aa a4 Tl a pb a S&

2.3 The subsectors

Since N' = 4 SYM theory has many fundamental fields, it is usually easier to restrict
oneself in some smaller sectors when studying various quantities such as correlation
functions. There are sectors of the theory which are closed in perturbation theory [10].
We list them below

— SU(2) sector: This sector contains two complex scalar fields, it is considered to be the

simplest subsector. The states are of the type
\ZXZX---ZZ) (2.3.9)

— SL(2) sector: This sector contains one complex scalar field and the covariant deriva-

tives, it is the simplest non-compact sector. The states are of the type
PMzz7 ... 7). (2.3.10)

— SU(1]1) sector: This sector contains one complex scalar field and one fermionic field,

it is the simplest sector that contains fermions. The states are of the type
|\ ZVZV - Z7), (eg. W = 131). (2.3.11)

— SU(3|2) sector: This sector contains three complex scalars fields and two fermionic

fields. This is the smallest sector that allows length changing processes. The states are



Contents 15

of the type
|20\ Uo7 - - XY Z 7). (2.3.12)

The length changing process corresponds to |--- XY Z.--) — |--- W Wy-.-). This
transformation conserves the PSU(2,2|4) charges but reduces the length of the spin
chain by 1.

— PSU(1,1]2) sector: This sector contains two scalar fields, a fermionic field and its

conjugate and the covariant derivative. The states are of the type

DM Z9\V, ... XZ27). (2.3.13)

There is another sector, which is close only at one-loop level but appears frequently.
This is the scalar sector, or the SO(6) sector which contains all the 6 scalar fields of the

theory. It is conventional to take the following combinations

1 1

X = (& +i®y), X =——(B —idby), 2.3.14
\/5( 1+1i®2) 2( 1—i®2) ( )
1 1

Y = (g +i®y), V= —(B3—idy),
ﬁ( 3 4) 2( 3 4)
1 _ 1

Z = —(®5 + i Dg), Z = — (05 — i Dg).

V2

Any of the three scalars which do not involve the complex scalar field and its conjugate

at the same time form an SU(3) sector, such as {X,Y, Z}.

2.4 Observables

First of all, planar N' = 4 SYM is not really a physical theory in the sense that it can
be tested against experiments. What we call observables are the physically interesting
quantities, such as scattering amplitudes, Wilson loops and correlation functions. There
are also many exciting developments in scattering amplitudes and Wilson loops in N' = 4
SYM theory using integrability in recent years. For these developments we refer to [83—
86] and [87, 88] and references therein. In this dissertation, we focus on the correlation

functions of local operators.

The gauge invariant local operators are the traces of sequences of fundamental fields of
the type Tr (x x x1)Tr (x * *2) - - - Tr (x x x,,). In the planar limit, we only focus on the
single trace operators since the multi-trace operators are suppressed. The most important
correlation functions are the first few point correlation functions, namely the two, three
and four-point functions. Conformal symmetry puts a strict constraint on the form of

these correlation functions (see for example [89]).
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Let us define the correlation functions of n local single trace operators
Gn(x1, -+ ,xn) = (O1(x1) -+ - Op(x4)). (2.4.15)

For non-extremal correlation functions, the 1/N. dependence of the n-point functions
are given by

1

Gt am) =2 (2.4.16)

Two-point function. The form of two-point functions in a CFT is completely fixed

by conformal symmetry and is given by

_ Sii
Ga(z1,®2) = (Oi(x1)0j(x2)) = N m (2.4.17)
where z;; = z; — x; and A; is the conformal dimension or scaling dimension of the

operator ;. Therefore, knowing the scaling dimensions amounts to knowing the two-

point functions in a CFT. Here N is a normalization of the operator.

Three-point function For scalar operators, namely the operators with zero Lorentz
spin, the three-point functions are fixed by the conformal symmetry up to a constant,
called the structure constant. The value of the structure constant depends on the nor-
malization of the three states. Let us take the normalization of (2.4.17) and take into

account the large N, counting, we have

1 VNINoN3Cha3
Gs(x1, 22, 23) = (O1(21)O2(22)O3(23)) = ﬁc |x12|A1+A2_A3’xlg‘Al"'A?’_A?|x23|A2+A3_A1.

(2.4.18)

Here (193 is the structure constant, which will be the main focus of most part of the
dissertation. Let us notice that if we multiply the operator by a phase factor, this will
not change the normalization of the operators, but it will leads to a phase factor for the
structure constant. Therefore the structure constant is not un-ambiguously defined, but

the absolute value |C1a3] is defined without ambiguity.

For the operators with non-zero Lorentz spins, which corresponds to local operators
that involve fermionic fields and covariant derivatives, the structure of the three-point
functions is more complicated. If one of the operators is with non-zero Lorentz spin
while the other two are still scalar, the space-time dependence is still fixed by conformal
symmetry, but it takes a slightly different from from (2.4.18). If two or more operators
have non-zero Lorentz spin, the conformal symmetry no longer fix the spacetime depen-

dence of the three-point function. Instead, it fixes the spacetime dependence up to some
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building blocks called tensor structures. Schematically,
<(9‘1g1 (551)052 (z2)O Z Clos Tr(x1, z2, 23) (2.4.19)

where T;(x1,z2,x3) are the tensor structures and Cfyg is a set of structure constants.
The number of the tensor structures n, grows with the Lorentz spins of the operators .S;,
(i = 1,2,3). The classification and explicit forms of the tensor structures can be found

in the literature, see for example [90] and references therein.

Four-point functions. Contrary to the two- and three-point functions, the four-point
function is not fixed by conformal symmetry. The four point function of four scalar pri-
mary operators O; with scaling dimensions 4; is fixed to the following form by conformal

symmetry

G4(.T1, 9,3, x4) = <01 (:El)OQ ($2)03($3)04($4)> (2.4.20)

1 1
1 '757%4 5A12 Lil 5A34 g(u ’U)
N2 1‘14 l‘%g (xm)%(AH‘A?)( z3, )%(A3+A4)

where A;; = A; — Aj and G(u,v) is a function of the conformal invariant cross ratios

2 .2 2 .2

_ T12T34 _ T14%23 (2.4.21)

a2, ozl o
13T24 13T24

In general, the function G(u,v) can be expanded in a basis of functions called the confor-
mal blocks. In order to see this, we first perform the operator product expansion (OPE)
of two of the operators inside the four-point functions. For example, take the OPE of
O1(x1) and Oz(z2)

O (.7)1 02 .1‘2 20120‘ $12, ) 1“'(”00[,(11...&[(332). (2.4.22)

Here the sum is over all primary operators O,. For scalar operators, these are all sym-
metric traceless tensors of an arbitrary spin [. The differential operator D is fixed by
conformal symmetry and the scaling dimensions A1, As. Ciaa is a numerical factor which
characterizes the OPE and is called the OPFE coefficient. The OPE coefficient C1o4 is
contained in the three-point function (O;(x1)O2(22)Oq(x3)). We can perform the OPE

for the rest two operators and plug in the four-point function, which leads to

Ga(x1, 02,73, 74) = Z Chran Cyun Wo (1, 22, 3, 4) (2.4.23)
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where Wy (21, 29, x3,x4) is called the conformal partial wave and can be written as

Wa = ﬁ(l‘lg, 8$2)a1---al ﬁ($34, 8;34)171“'1)1 <Oa1~~~al (a:g)(’)bl...bl (.%'4)) (2.4.24)
AT A Ga(u,0)
i i/ ()RR a3 (de A

This defines the so-called conformal block G, (u,v) which is also fixed by conformal

symmetry. Comparing to (2.4.20), we have
G(u,v) = Z C12a C340 Ga(u,v). (2.4.25)

Note that in (2.4.25), the left-hand side contains all information about the four-point
function while the right-hand side depends only on the structure constants and the
scaling dimensions of the operators, the rest is fixed by conformal symmetry. A similar
procedure can be applied for higher point functions by using OPE. This is called the
conformal bootstrap. The scaling dimensions and the OPE coefficients are called the
conformal data, which specifies a CFT. The scaling dimensions and OPE coefficients
are contained in the two- and three-point functions respectively, which explains their

fundamental importance.

When we expand four-point function in terms of conformal blocks, we can also perform
the OPE of Oa(x2)O3(x3) and O;(x1)O4(x4) which results in a different expansion.
These two expansions should give the same four-point function, as is shown in Fig.(2.4.1).

This requirement is the so-called crossing symmetry and imposes non-trivial constraints

Ol 04
(91 04
Cl4a
Z C1120[ 034a p— Z Oa
« Oa a
C23a
OQ OS
@ Os

(A) (B)

FIGURE 2.4.1: OPE expansions in different channels.

on the conformal data. The implication of crossing symmetries on conformal field theories

in higher dimensions is now under intense exploration starting from the seminal works

91, 92].



Chapter 3

Fundamentals of Integrability

In this chapter, we introduce the fundamental ideas and technique of quantum integra-
bility, which include coordinate and algebraic Bethe ansatz, the scalar products between
Bethe states and the semi-classical limit of the scalar products. They will play an es-
sential role in the following chapters in computing correlation functions in N'=4 SYM
theory. We mainly focus on the Bethe ansatz for SU(2) XXX/ spin chain. Other inte-
grability techniques such as the nested Bethe ansatz and the solution of inverse scattering

problem will be introduced later when needed.

A spin chain of length L is an one dimensional lattice model with L sites. Each site is
associated with a “spin” which has different polarizations. Let us consider the simplest
case where the spin has two polarizations, that is to say at each site we have two possible

states | 1) and |]), as is shown in Fig.(3.0.1). The spins at different sites can interact with

Fi1GURE 3.0.1: A periodic spin chain. Each site can have two possible spins.

each other. In this chapter, we consider the nearest neighboring interaction described by

the following hamiltonian

L
H=g*Y (1-45Ser1),  Se= 0% (3.0.1)
k=1

19
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where ¢ = ﬁ and &) are Pauli matrices

01:< 0 1), 02:<0 _i>, 03:<1 0 > (3.0.2)
-1 0 t 0 0 -1

We impose the periodic boundary condition S;; = S;. This Hamiltonian is SU(2)
invariant
L
[H,8]=0, §=)S5. (3.0.3)
k=1
Our aim of the first two sections is to solve the model (3.0.1) by two different but
intimately related methods under the name of coordinate and algebraic Bethe ansatz.
Solving the model means two things in this chapter: find the spectrum and construct

the corresponding eigenstates.

3.1 Coordinate Bethe Ansatz

The idea of H. Bethe in the seminal paper [93] is to propose an ansatz for the eigenstate
of the Hamiltonian (3.0.1). It is easy to see that the state with all spin up | 1) is an
eigenstate with vanishing eigenvalue. This state is called pseudovacuum and is denoted
by |©2). One can create excitations called magnons on top of the pseudovacuum by
flipping spins. The spins can be flipped by the local spin operators JZF (k=1,---,L)

where

oI = 1), ot =11, a,;t:%@img). (3.1.4)

Since the Hamiltonian commute with S* it can be diagonalized on the subspaces with
given number of magnons. Let us analyze the case with one, two and three magnons and

then we will see the pattern of the general N-magnon case.

One magnon states. Since the Hamiltonian is translational invariant, one can imag-
ine that the magnon propagates freely with momentum p on the spin chain. The wave

function is described by a plane wave. Hence we can propose the following eigenstate

L
p) =) €m0, | (3.1.5)
n=1
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This is indeed an eigenstate of the Hamiltonian, with the eigenvalue

e(p) = 2¢*sin® g (3.1.6)

Two magnon states. For the two magnon states, let us imagine two magnons moving
along the spin chain with momenta p; and ps. Now the situation is more interesting
because the two magnons can interact with each other. One can propose the following

ansatz

Ip1,p2) = Z (ePrm2tipan 4 Gy g2t 6o o |Q)) (3.1.7)
1<ni1<no<L

where S2; = S(p2,p1) describes the scattering between the magnons and is called the
scattering matrix. Acting the Hamiltonian on the proposed ansatz (3.1.7) and requiring

the state to be an eigenstate, we fix the form of the scattering matrix to be

1 Pa 1 Py ;
5cot 5 — 5cot F +1
S(pa,pp) = 2—2—2 "2 3.1.8
(Pa; o) FcotBr — Lot B — g ( )
The corresponding eigenvalue is given by
E(p1,p2) = €(p1) + €(p2), (3.1.9)

which is the sum of the energy of the individual magnons.

Three magnon states. For three magnons, there are more possibilities for interac-
tions between the magnons. The key assumption of Bethe is that the three magnon
or more scattering matrix are in fact factorized into the two magnon scattering ma-
trices (3.1.8). This implies that the underlying dynamics is actually very simple. The
N-body interactions can always be reduced to the two-body interactions, which is the
simplest possible interaction apart from free theory. This is the key property underlying

integrability. With this assumption, the three magnon state is given by

|p1, P2, P3) = Z Y(n1,ng,n3)0,, 0,0, 1K) (3.1.10)
1<ni<na2<n3z<L

where now the wave function takes the following form

__ _ipini+ipanz+tipsn ipani+ipin2+ipsn. ipani+ipsna+ipin.
w(nl,/rLQ,n?))—epl 1T1P2n2+1P3 3+52136p2 1T1P1N2T1P3 3+52316p21 P3N2T1P1 3+_,,

(3.1.11)
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There are 3! = 6 terms in total, corresponding to all possible permutations of {p1, p2, p3}.

The Sy is a shorthand notation for the three particle scattering matrix
Sabe = S(Pa> P, Pe),  a,b,c=1,2,3. (3.1.12)

By the factorized scattering assumption, these scattering matrices are the product of
the two particle scattering matrices S(pg,pp). The rules are the following. We take
S(p1,p2,p3) = 1 and each time we permute two momenta, we generate a scattering

matrix. So for example

Sa13 = S(p2,p1),  S231 = S(p2,p1)S(p3,p1). (3.1.13)

One can again check that the states generated in this way is an eigenstate, with the

energy

E(p1,p2,p3) = Y e(pr)- (3.1.14)

3
k=1

The general case. It is not hard to generalize our considerations to the general N-

magnon case. With the factorized scattering assumption, we have the following ansatz

prpn) = Y d(nyn)og, 0, [9) (3.1.15)

1<n1<--<nny<L

where the wave function is given by the following

N
w(nlf" ,TLN) :ZSO_Heip”jnj_ (3116)
o j=1
Here the summation runs over all permutations of {1,2,--- , N}, denoted by 0. The N

magnon scattering matrices S, is again products of the two magnon scattering matrices

with the rules
Sio.n =1, S..ap.. = S(Pp,Pa)S- ba-..- (3.1.17)

In general the wave function is the sum of V! terms, which becomes quite complicated
when the number of magnons N grows. However, the rules to construct the wave function
is indeed simple and intuitively clear. The eigenvalue of the state is always the sum of

the individual magnons

N
E=> elpr) (3.1.18)

k=1
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Since we are considering a periodic chain, the momenta have to be quantized. The
quantization condition can be obtained by requiring the wave function to be periodic,

which reads

eI Stpsor) =1, k=1,---,N. (3.1.19)
J#k

Intuitively, these set of equations can be understood as the following. We pick a magnon
of momenta pg and move it along the spin chain until it comes back. During its journey,
it will interact with all the other magnons and pick up the scattering phases S(p;, pr).
Also when it goes along the spin chain, it picks up a phase shift eP*L. Since our wave
function is periodic, the two factors should cancel each other so that the wave function is
unchanged. This is depicted in Fig.(3.1.2) The equations (3.1.19) are the famous Bethe

/——>
Pk

-~

FIGURE 3.1.2: The intuitive understanding of Bethe ansatz equation.

ansatz equations (BEA). It is convenient to introduce another set of variables called
rapidities which are defined as
1 Pk : U + 1/2
L P i, _ Uk TS 3.1.20
uk = 5 cot 7, e I ( )
In terms of rapidities, the Bethe ansatz equations take a simple form of a set of algebraic

equations

19\ L N I
<w> e A I (3.1.21)
up —1/2 o Uk —uj — 1
/ iy i

ik

The energy of the N-magnon state is written as

N
1
E=2¢Y . (3.1.22)
; ui +1/4
To summarize, the Heisenberg spin chain are solved by the Bethe ansatz (3.1.15) with the
corresponding eigenvalues given in (3.1.22). In order to find the values of the momenta
or rapidities, we need to solve the BAE (3.1.21). Originally, the problem of solving the

model is equivalent to diagonalizing an 2¥ x 2L matrix, when the length of the spin
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chain gets larger, the diagonalization soon becomes impossible. Using Bethe ansatz, the
problem is reduced to solving an N coupled algebraic equations which can be done
readily for relatively large number of magnons and lengths. The main idea of the ansatz
is the factorized scattering assumption. The success of Bethe’s ansatz validates this
assumption. However, although one can check explicitly that Bethe ansatz works for
a few magnon states, it is not obvious how to prove that it is true in general. In the
next section, we use another method which will enable us to prove rigorously that Bethe

ansatz works for the N-magnon case.

3.2 Algebraic Bethe ansatz

In this section, we use another method called algebraic Bethe Ansatz (ABA) or the
quantum inverse scattering method (QISM) to solve the Heisenberg spin chain. In order
to apply the algebraic Bethe ansatz, it is useful to rewrite the Hamiltonian in a different

way

L
H = 2¢? Z (Tri+1 — Pris1) (3.2.23)
k=1

where I, ;.41 is the identity and Py, ;41 is the permutation operator acting on site k and
kE+1

Prryila)y @ |b)ry1 = D)k ® |a) ki1 (3.2.24)

The permutation operator is related to the local spin operators as

3
Prgt1 = % <Ik @ g1 + Z op ® 0;?+1> (3.2.25)
a=1
where I}, and o are identity and Pauli sigma matrices at site k. The idea of the algebraic
Bethe ansatz is to construct a generating object called the monodromy matriz. The
elements of the monodromy matrix satisfy a quadratic algebra, which is the origin for the
name algebraic Bethe ansatz. The eigenvectors can be constructed by the elements of the
monodromy matrix, the conserved charges (including the Hamiltonian) can be generated
by the trace of the monodromy matrix. Before we define the monodromy matrix and
write down the quadratic algebra, we need to introduce some new objects. The central
object of the algebraic Bethe ansatz is the R-matrix, which plays the role of “structure
constants” for the quadratic algebra. The structure constants which determines the Lie
algebra satisfy some consistency relations, namely the Jacobi identities. Similarly, the R-

matrix has to satisfy the consistency condition called the Yang-Bazter equations (YBE).
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The R-matrix is an operator Rg;(u) acting on the tensor product of two spaces V, ® V;
and depends on a variable called the spectral parameter u. The Yang-Baxter equation is

given by
Rap(u) Rac(u + v) Rpe(v) = Rpe(v) Rae(u + v) Ryp(u) (3.2.26)

It is helpful to represent the YBE by diagrams in Fig.(3.2.3). For a specific integrable

u 0 -V u 0 -V

a b C a b ¢

FIGURE 3.2.3: Diagrammatic representation of Yang-Baxter equation. Each black dot
represent an R-matrix and Yang-Baxter equation states that we can move the black
line from the left to the right.

model, the R-matrix is given. In our case, the R-matrix of the SU(2) invariant Heisenberg

XXX1/2 spin chain is given by
Rab(u) =uly + i Pap. (3.2.27)

It is straightforward to check that the R-matrix satisfies the YBE (3.2.3).

Now come back to our spin chain, for each site on the spin chain, we associate it with an
operator called the Laxz matriz Lg,(u) which acts on the tensor product of two spaces
Vo, ® h, and depends on the spectral parameter u. The space V, is called the auxiliary
space and h,, is called the quantum space. In our case they are both the two dimensional

complex space C2. The Lax operator must satisfy the following important identity
Rap(u — v) Lapn (w) Ly (v) = Ly, (v) Lan (w) Rap(u — v) (3.2.28)

where Rg(u) is the R-matrix defined in (3.2.27). One notice that the equation (3.2.28)
takes a similar form as the YBE (3.2.3). This in fact offers us a way to construct the

Lax matrix, we can simply define the Lax matrix as

Lan(t) = Ran(tt — 5 = (= ) Tun + i Pan. (3.2.29)
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The Lax matrix (3.2.29) can be written in terms of local spin operators

3
Lan(u) =ul, ® I, +iY _ Si®@ol, S5 =

a=1

o (3.2.30)

N —

Alternatively this can be written as a 2 x 2 matrix in the auxiliary space

u+iS3 S,
Lan(u) = < S u_is )a (3.2.31)

where the elements of the matrix are operators acting on the local quantum space hy,.

More explicitly, we have

(3.2.32)

Lm(u>mn:<<u+z‘/2>mn i1 )

0 (U_Z/2)|T>n7

(@=i/)4a 0 ) |

Lan(u n =
k) < i thn (u+i/2)[1)n

If we regard the R-matrix as the structure constant, then the relation (3.2.28) is a
quadratic algebra for the Lax operator. However, this is only defined for one site on the
spin chain. In order to obtain an object which act on the whole spin chain, we take the

product of the Lax matrix and define the aforementioned monodromy matrix

To(u) = [] Lan(u) (3.2.33)

where we take the same auxiliary space and the same spectral parameter for each Lax
matrix. From the relation (3.2.28), one can deduce that the monodromy matrix also

satisfies a similar relation called the RTT relation given by
Rop(u — 0)To(u)Tp(v) = Typ(v)Ta(u) Rap(u — v). (3.2.34)

This relation can be proved by successive use of (3.2.28), as is depicted in Fig.(3.2.4).

The monodromy matrix can also be written as a 2 X 2 matrix in the auxiliary space
A(u) B(u
Ty (u) = ( () () ) (3.2.35)
a

where the elements are operators acting on the whole quantum space of the spin chain
h1®ho®---® hr. In general these operators are very complicated functions of the local
spin operators S5 and the spectral parameter u, but their explicit form is not important

in most cases. What’s crucial is the algebra between A, B, C, D operators. This is in fact
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u u

1 2 3 4 L 1 L3 L2 L1 L

FIGURE 3.2.4: The proof of RTT relation. Each time one move an vertical line from
the left to the right due to the RLL relation at each site.

the element form of the RTT relation. Let us write the RTT relation in a more explicit
way in the auxiliary space V, ® V. We take the basis |11), | 1)), |[{1), |{J) to span this

space where the identity and permutation operator can be represented as 4 x 4 matrices

1 0 0O 1 0 0O
01 00 0010
I = , P = (3.2.36)
0 01 0 01 00
0 0 0 1 00 0 1
ab ab
so the R-matrix takes the form
u—v+1 0 0 0
0 uU—v 7 0
Rap(u —v) = (3.2.37)
0 ) u—v 0
0 0 0 uU—v+1

ab

The monodromy matrices can also be written as 4 x 4 matrices in the auxiliary space

A(w) 0 Bu) 0
Ty B 0 A(uw) 0 B(u)
To(u) =Ta(u) @ T cw 0 D 0 (3.2.38)
0 C(u) 0 D(u) o
A(w) B(v) 0 0
| €0 D@00
Tb(v) =1 ®Tb( ) - 0 0 A(’U) B(U)
0 0 C(v) D(v) o

Plugging the explicit form (3.2.37) and (3.2.38) into the RTT relation and perform

the matrix product, we obtain a matrix identity which contain 16 relations in terms of
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elements. The algebra is summarized as
A(w)B(u) = f(u —v)B(u)A(v) + g(v — u)B(v) A(u) (3.2.39)
B(v)A(u) = f(u—v)A(u)B(v) + g(v — u) A(v) B(u)
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)
Cv)A(u) = f(v —u)A(u)C(v) + g(u —v)A(v)C(u)
A@)C(u) = f(v —u)C(u)A(v) + g(u —v)C(v) A(u)
C(0)D(u) = f(u—v)D(u)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 (), B(w)] = g(u — v)[A@)D(w) — A@)D(v)] = glu —v)[D(w)A(v) — D(v) A(u)]
(3.2.40)
[D(v), A(u)] = 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)] = [C(u), C()] = [D(u), D(v)] = 0 (3.2.41)
where
flu)=1+ % g(u) = % (3.2.42)

Now let us construct the eigenvector of the Hamiltonian. An integrable system contains

infinitely many commuting conserved charges !. The Hamiltonian is one of the conserved

charges. The eigenstats that we are going to construct diagonalize all the conserved

charges simultaneously. To this end, we first introduce the transfer matriz, which is the

trace of the monodromy matrix in the auxiliary space
T(u) =trg T,(u) = A(u) + D(u).
The transfer matrices commute with each other due to the RTT relation

[T (u), T(v)] = 0.

1. For spin chain, the number of conserved charges equals the length of the spin chain.

(3.2.43)

(3.2.44)
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By construction, 7 (u) is a polynomial of spectral parameter u of order L

L—1
T(u)=2u"+> Q. (3.2.45)
=0
Due to the commutativity of the transfer matrix, the coefficients Q; commute with
each other. If one can show that the Hamiltonian is one of the coefficients, then these
coefficients Q; are identified with the conserved charges of the spin chain. This is indeed

the case. Using the fact

d
- -1 e
duT (u)T (u) i I log 7 (u)

L
=—i) Prit1, (3.2.46)
u=i/2 k=1

the Hamiltonian can be expressed in terms of the transfer matrix as
o d 2
H = —2ig Tu log 7 (u) + 2¢g°L. (3.2.47)
U

This implies we can construct the eigenstates of the transfer matrix, which will automat-
ically diagonalize the Hamiltonian and the other conserved charges. The construction

again starts with the pseudovacuum |2) defined in section 3.1. From (3.2.32),

TLw]Q) ( A(u; B(u) ) ) - ( a(ug\m d(u*;'m ) (3.2.48)

where
a(u) = (u+i/2)t,  du) = (u—i/2)". (3.2.49)

The relation (3.2.48) shows that the pseudovacuum diagonalizes the diagonal operators
A(u) and D(u) and is annihilated by the operator C'(u). What about the action of B(u)
operator on the pseudovacuum ? The action of each B-operator on the pseudovacuum
creates one magnon. Let us denote the action of various B-operators on the pseudovac-

uum by

|u) = B(uq) - -- B(un)|9). (3.2.50)
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This state is called a Bethe state. Now we act the transfer matrix on the state (3.2.50).
Using the algebra in (3.2.39), one can show that

(3.2.51)

. N
D)) =d(v) [ “;f’;k“ym S NR)Blu) - Blug) - Blux) B@)|9)
k=1 k=1

where a hat on the B operator means the operator is missing and M} and IV;' are

ia(ug) Up — Uj — 1
M (v) = — 11 o _Ju‘ (3.2.52)
J#k !
zd(uk) U — U+ 1
Nk(v):u —UH u —ju- ’
B g TR

From the relation (3.2.51), we see that the first terms on both lines are the Bethe state
|u) multiplied with some factor. These terms take the form of eigenstates and are called
wanted terms. The rest terms are a sum of states which replaces one of the spectral
parameters ug by the spectral parameter v and are called unwanted terms. Since the
transfer matrix is the sum A(u) + D(u), we can hope that the unwanted terms from
the action of A and D operators cancel each other so that |u) is the eigenstate of the
transfer matrix. This is true if Mg(v) + Ng(v) =0, (k = 1,---, N). Written explicitly,

these conditions read

a<wf>:HM k=1,

-, -, N. 3.2.53
d(ug) i Wk~ U = ( )

which is nothing but the Bethe ansatz equation (3.1.19) and we see that the spectral
parameters plays the role of rapidities. If the rapidities satisfy the BAE, the state |u) is
called the on-shell Bethe state, otherwise it is called off-shell Bethe state. We have thus
proved that the on-shell Bethe state diagonalizes the transfer matrix 7 (u)

T (u)|u) = tu(u)|u) (3.2.54)

for any u with the eigenvalue

N U— U — ¢ N U —ug+1
tu(w) = a(w) [| Tkuk +d(u) [] T’“uk (3.2.55)
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The eigenvalue of the Hamiltonian is given by

N
d 1
Ey = —2ig? — logtu(u) +20°L=g") (3.2.56)
u

du u=i/2 —up +1/47
which agrees with (3.1.22).

Before ending the section, we remark that although the construction of Bethe states in
CBA and ABA seems quite different, the resultant Bethe states are in fact proportional

to each other

apa T dd(uy) uj —uk 1, cBA
AP =TT 7 11 Ju) BA, (3.2.57)
i Uk +1i/ e WUk

3.3 Scalar products between Bethe states

For an integrable system, after obtaining the spectrum and eigenstates of the Hamilto-
nian, the most important question is to construct manageable expressions for physical
observables such as form factors and correlation functions. This problem turns out to
be more challenging than the spectral problem. The problem of computing three-point
functions in the planar N' = 4 SYM theory is intimately related to the computation
of form factors and correlation functions? of quantum spin chain. In order to compute
the these quantities, the most important ingredient is the scalar product between Bethe

states, which we will discuss in this section.

3.3.1 Inhomogeneous XXX, spin chain

Before doing that, let us introduce the inhomogeneous Heisenberg XXX, /; spin chain.
We will encounter this important model again in the following chapters, with slightly
different normalizations and emphasis on different aspects of the model. It is most easily
defined in the framework of algebraic Bethe ansatz. The monodromy matrix for the

inhomogeneous spin chain is a generalization of (3.2.33)

L
To(u; 0) = [ Lan(u — 65). (3.3.58)
n=1
The parameters @ = {60,---,601} are called inhomogeneities or impurities. Taking all

inhomogeneities to zero, we recover the monodromy matrix for homogeneous Heisenberg

spin chain (3.2.33). The RT'T relation for the inhomogeneous monodromy matrix is

2. We call both quantities matrix elements in below
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the same as the homogeneous case and the algebra between A, B, C, D operators are

unchanged. The Bethe states are generated in the same way
|u;0) = B(u1;0)--- B(un; 0)|$). (3.3.59)

In the inhomogeneous case, the pseudovacuum also diagonalize A and D operators, but

with different eigenvalues

A(u;0)|Q2) = a(u;0)Q),  D(u;0)[Q) = d(u; 0)|9). (3.3.60)
where
L L
a(u;0) = [[(w—6n+i/2), d(u;60) =] (u—6n+i/2). (3.3.61)
n=1 n=1

The corresponding BAE reads

N .
M:HM, k=1,---,N. (3.3.62)
j;ékuk_uj_l

In what follows, we will not write the inhomogeneities explicitly for simplicity.

3.3.2 Definition of scalar products

The dual Bethe state is defined as
N
=@ ] Cw), (@ =1k (3.3.63)
n=1

We want to remark here that the dual Bethe state is not exactly the adjoint conjugation

of the Bethe state |u), the later is in fact
o fu) — ()Y (QIC(u]) - Cluy) = (-1 (| (3.3.64)
where we have used the property
B (u) = —C(u*). (3.3.65)

Here u* denotes the complex conjugate of u. If the rapidities u is complex invariant
as a set, which is true for most of the cases that we are interested in, then the dual
Bethe state coincides with the adjoint conjugation of the Bethe state up to the phase

(—1)V. One can define two kinds of overlaps between Bethe states. The scalar product is
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defined as the overlap between a Bethe state and a conjugated Bethe state and the inner
product is defined as the overlap of a Bethe state and a dual Bethe state. We denote the
scalar product and the inner product of Bethe states |[u) and |v) by (v|u) and (v,u),

respectively. From (3.3.64), we see that the two kinds of overlaps are related by
(viu) = (=D (v*, u). (3.3.66)

In most cases that we are interested in, the set of rapidities is invariant under com-
plex conjugation so the difference between scalar product and inner product is simply a
phase factor. In addition, we are only interested in the absolute value of the structure
constant so the phase factor is irrelevant. Therefore we will not make the careful dis-
tinction between the scalar product and inner product in this dissertation and use them

interchangeably.

The scalar product between two Bethe states is defined as

N N
Sn(viu) = (viu) = (Q [] C(vn) [] Blun)[€). (3.3.67)
n=1 n=1

In order to have non-vanishing results, the number of B operators should equal to the
number of C operators. The scalar product can be computed in principle by using the
algebra (3.2.39). One can start with one of the C' operators and commute it through
the B operators until it hits the pseudovacuum |2) which gives zero. The commutators
of C and B operators will generate A and D operators, one can further commute these
operators to the right most until they hit the pseudovacuum and give the eigenvalues.
Then one can start with another C operator and repeat the process. This procedure is
straightforward but becomes very complicated as the number of magnons grows. The
computation of the scalar product turns out to be a highly non-trivial problem. For
generic values of the rapidities u and v, there exists an explicit expression for the scalar
product which is written as a sum of 2V terms. Although explicit, this expression is too
complicated to be useful in practice. The much more interesting case is when one set
of the rapidities, say u satisfy the BAE, namely |u) is on-shell, then the scalar product
can be written in terms of a determinant. This result is called the Slavnov theorem and
it simplifies tremendously many computations of matrix elements of Heisenberg spin

chain.

3.3.3 Slavnov determinant and Gaudin norm

In what follows, we will present the Slavnov determinant formula. The proof is rather

technical and will not be presented here. There exist several different proofs of the
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theorem and we refer the interested readers to [94-96]. The Slavnov theorem states
that, if |u) is on-shell, the scalar product of |u) with an off-shell state (v| takes the

following form 3

N
(viu) = [ ] alvy)d(uj) Luy (3.3.68)
j=1
ol
1 det ik Ttu(vk)
S = —x 20w (3.3.69)
[Tj=1alv;)  detje 55,
Here ty(vg) is the eigenvalue of the transfer matrix
Qu(u - Z) Qu(u + Z)
tu(v) =alu) ———— + d(u) ————— 3.3.70
= w1 G (3:3:70)
where we have defined the so-called Baxter polynomial
N
Qu(u) = H(u — uy). (3.3.71)
k=1

In (3.3.69), the determinant in the denominator is singular when uj = v;. One can write

another expression for the scalar product without this problem. Following [72], we have

_ dety, Q(uj, vg)

Suy = (3.3.72)
where the kernel Q(u,v) is defined as in [72]
Q(u,v) = t(u —v) — 2Pty — u) t(u) = 11 . (3.3.73)
’ ’ u o u+i
The quantity py(v) is called pseudo-momentum, which is defined as
e2iPu — MM (3.3.74)
a(u) Qu(u — i)
In terms of the pseudo-momentum, the BAE takes a very simple form
e¥ipalur) — _1 p=1,... N. (3.3.75)

Gaudin norm When two sets of rapidities coincide u = v, the scalar product com-
putes the square of the norm of the on-shell Bethe state |u). This quantity is given by
the Gaudin formula which was first conjectured by Gaudin [97] and later proved by

3. Our conventions and notations follow [72].
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Korepin [98]. The Gaudin formula can be obtained from the Slavnov determinant by

taking carefully the limit v — u, which leads to

N detjk W(I)k
(ufu) = a(uj)d(uj)dt‘—f1 (3.3.76)
j=1 e Jk w;—uk+1
where
d(ug) Qu(uy + 73))
d.=1lo =1, k=1,--- N. 3.3.77
= tos (G BT (3370
More explicitly, we can calculate that
. L N
0 2i 1 1
— Q= —————— +1id; -_— —_ 3.3.78
Ou; F (uj—uk)2+1 10k <mZ:1 (uk—ﬁm)2+i =) (uk—ul)2+1> ( )

Using the Cauchy determinant formula, the denominator can be written as
1 Q)N
det —— = H (3.3.79)
gk uj; —up +1 uj—uk—i—z

which is simply a product.

3.3.4 DWPF, pDWPF and the «/-functional

We introduce another important special kind of scalar product which can be written in

terms of determinants.

DWPF. The following scalar product is called the domain wall partition function
(DWPF)

1(u8) = (1¥ |B(ur) - Blur)| 7). (3.3.80)

It evaluates the partition function of the six vertex model with domain wall boundary
conditions on a L x L square lattice. Note that in order to have non-zero result, the
number of magnons should equal the length of the spin chain. The determinant repre-
sentation of this quantity was first obtained by Izergin [99, 100] and is called the Izergin

determinant which reads

Zr(ulf) = H Qg (ug) (3.3.81)
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where

_ detjk t(uj — 0 —1i/2) 1 1

,o Hu) =~ -

U u+i

qu@

)

(3.3.82)

, 1
detjp, w;—0x+i/2

Note that for DWPF, the determinant representation does not require that the rapidities

u = {uy, - ,ur} are on-shell.

pDWPF. If in (3.3.80) the number of mangons N < L, in order to have non-zero
result we can complement it by the action of S~. This defines the partial domain wall

partition function (pDWPF)
Zy(|0) = (" (ST NB(ur) -+ Buy)| 7). (3.3.83)

Using the relation

lim B(u)

u—oo g ul—1

=9 (3.3.84)

we can obtain the pPDWPF from DWPF as

. Zr(uUwl|0
Z1(ul6) = lim ( LL_(lu W'LL). (3.3.85)
W—>00 zwl ZwaN

The «/-functional. It was found by Kostov and Matsuo [72, 101] that DWPF and
pDWPF have a different determinant representation by using a quantity called the o7~
functional. It turns out the «/-functional is of fundamental importance, especially in the
semi-classical limit as we will discuss below. For any set of points u = {uy,--+ ,uy} in

the complex plane and for any complex function f(u), the «7-function is define by

oE Ai [T (1 fwpesoo) a, (3.3.86)

ueu

where Ay is the Vandermonde determinant

Ay = det (u;?—l) = I - w. (3.3.87)
gk 1<j<k<N

The o/ -functional can be represented by a ratio of determinants

det (uf 1)

(3.3.88)
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The Izergin-Gaudin determinant can be written in terms of the o7-functional as

+ u
Zuo = (1) g [gzguﬂ (3.3.89)

We will discuss the properties of .o7-functional and its semi-classical limit in section 3.4.2

3.4 Semi-classical limit of scalar product

In the following chapters, the study of semi-classical limit of the structure constant will
be one of the most important subject. In order to take the semi-classical limit of the
structure constant, we need to learn how to take the semi-classical limit of the scalar
product. This problem was first investigated in [70] for a special case and later studied
in the papers [72, 101, 102] more generally. We will review the semi-classical limit of the

scalar product in this section.

The semi-classical limit, or the Sutherland limit is the limit when the number of rapidities
and the length of the spin chain are both very large N, L — oo with their ratio kept fixed
a = N/L < 1. This limit has been studied in condensed matter physics by Sutherland
[103] and Dhar and Shastry [104]. In the semi-classical limit, the Bethe roots typically
arrange themselves on umbrella-shaped arcs which become cuts. Two examples are given

in (3.4.5) The size of the arc is of the scale L. In this limit, the rapidities scales as uy ~ L

301

20}

: 10f

geecee

-40 -20 [ 20 40

o)

-10f

-20f

-30t

FIGURE 3.4.5: The cuts of Bethe roots. On the left is the one-cut solution for N =
20, L = 300 with mode number ny = —1; on the right is the one-cut solution for N = 25,
L = 400 with mode number ng = 1.

and the energy scales £ ~ 1/L. By AdS/CFT correspondence, Bethe states in this regime
are dual to classical string solutions with large quantum numbers. The spectral problem
in this limit was described by the finite-gap solution in [17-19, 105]. Here we study the

behavior of scalar products in this limit.
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The idea of [72] is to write the Slavnov determinant in an operator factorized form in
terms «7-functionals. By taking the semi-classical limit of the &/-functional, we obtain

the semi-classical limit of the Slavnov determinant.

3.4.1 Operator factorization formula

ad/ou

Let us introduce the shift operator e where a is a constant. It acts on a function

f(u) of variable u as
eaa/ach(U) — f(u + a)’ eaa/aul =1. (3.4.90)

This relation can be proved easily by expanding the shift operator on the L.h.s.

ad/ou -1 = ﬁﬂ 4.91
e —i—nZ::l 1 Jun (3.4.91)

and compare with the Taylor expansion of the r.h.s. at u = a. Using the shift operator,

the kernel of the Slavnov determinant {2(u,v) can be written as

Qu,v) = (1 - eQip“(”)eia/av) (e_ia/au - 1) # (3.4.92)
’ u—v+i
The Slavnov determinant can be written as a result of acting N pairs of difference
operators on the Cauchy determinant
iPu 10/ 0 —10/0 1
ey (1 — 2P0 T o (€777 — 1) detjk —ypy

B2 3.4.93
b detjk ( )

1
U j —vi+1

Notice that the operators belonging to the same block commute while the ones belonging
to two different blocks do not. The Cauchy determinant can be computed readily
1 [j<n(uy —u) Il cn(on —vj)  AuA

det - =
gk uj — v+ T (1 — v +4) Iy v

(3.4.94)

We can move the shift operators from left to right across the Cauchy determinant using

the following identities

pmiojou L _ Ej(u)iefia/auj ueu, (3.4.95)

61'8/81} 1 :E_(U) 1 61’8/81}’ VEV
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where EZ is defined as

Qulu +1)
Ey(u) = ———. 3.4.96
= Qu) (3499
The Slavnov determinant can be written in the following factorized form
1 . ) 1 )
— (—1\ul_—_ _ 2ipu(v) p— i89/0v o e —id/0u
Fuw = (D5 U|€V| (1 2P () B (y)e ) Avo 5 u|€|u (1 EF (w)e ) Au.

(3.4.97)

where |u| denotes the cardinality of the set of rapidities u. Each part of the factorized

form can be written in terms the o/-functional (3.3.86).

3.4.2 Semi-classical limit of the .&/-functional

From (3.4.97) the Slavnov determinant can be written in terms of the </-functionals. In
order to take the semi-classical limit of the Slavnov determinant, it is enough to take
the semi-classical limit of the .&7-functional, which was done in [72]. Before taking the
semi-classical limit, we list below the important properties of the .o7-functional without

proof. For more detail, the reader is referred to the original paper [72].

Expansion. The functions &/;f[f] are completely symmetric polynomials of the N

variables f(uy), -+, f(un). They have the following expansion
/ 1 . /
Q{i — E _ 1\ | | / | | +i0/0u
" [f] a "Uu = ( 1) ( e /f(u )> Au e /6 Au. (3498)

The last factor can be written alternatively as

1 +i9/0u’ Ul — ’U/l +1
u u/eu’ u’eu',u”eu”

One important observation by the authors in [70] is that when f(u) is a constant &, the

functional takes a very simple form which does not depend on u at all

FEK] = (1 - r)Y =exp <—Ni f:) . (3.4.100)
n=1

This observation is crucial in order to find the semi-classical limit of the .&/-functional.
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Linear term in f as a contour integral The linear term in f in the expansion of

A E[f] can be written as a contour integral

N .
A [f) =1—Zf(uj)l_[uj%w+0[f2] (3.4.101)
=1 kit uj U
—1x § N () B () + O[]

The integration contour encircles all points of the set u and leaves the other possible

singularities of f(u) outside.

The functional identity The two functionals &/ and &/~ are related by the follow-

ing functional identity

N_ ]

AEN)f] = (—1)N
w1/ f1=(-1) I, £

(3.4.102)

In the semi-classical limit, the Bethe roots condense into cuts, it is useful to define the

resolvent function

AR
Gul(u) =) _ . (3.4.103)

We now start to take the semi-classical limit of the o/-functional. We assume in the
derivation that the Bethe roots accumulate along a contour Cy for simplicity but our
discussion is valid for the case of multiple cuts. The strategy is to study the asymptotic
behavior of 7-functional in the limit when f is very small and very large. Then use the

special value when f is constant (3.4.100) to fix the whole functional.

When the functional argument f is very small, according to (3.4.101) we have

log ZE[f] = + 7{ 42 gt ) | olf4, (3.4.104)

Au 2

where the contour A, encircles the cut Cy counterclockwise and the function qi(u) is

given by

qF (u) = —ilog[f(u)] £ Gu(u). (3.4.105)
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When f is very large, we can apply the functional identity (3.4.102) to write the func-
tional in terms .« [1/f]. Using also the relation

N

tog [ (=D [ 7w)| = § 55 Gulw) (gl ()] + i) (3.4.106)

j=1

we find the large f asymptotic

d 1 )
log ZF[f] :f ?“ (j:[qi(u) +in)? T e—“ﬂ“)) +O0[f72). (3.4.107)
Au ™ 2
Assume that
du o+
+ _ hadall == iq~ (u)
log /[ f] 7{% F (e ) . (3.4.108)

We need to find the meromorphic functions F¥(w) with the following asymptotic

+w + O(w? 1
FE(w :{ w+ 0w, Wl <L, (3.4.109)

Flog(—w)?? F1/w+ O(1/w?), |w|>1.

It turns out that the functions F*(w) can be fixed completely by comparing the ansatz
(3.4.108) and the special case where f is a constant (3.4.100). Let us assume that near
the vicinity of w = 0, F¥(w) can be Taylor expanded

o
Fw)=> Ffw. (3.4.110)
n=1
For f(u) = K, we have ¢*(u) = —ilog k& Gyu(u). The contour integral can be performed

by expanding the contour to infinity
ZFifd eing® ZFi% lj:zﬁ—l— )" =FY FfnNs". (34.111)
2 n P35 2 Iy . 4.

Comparing this expansion with (3.4.100), we can fix all the coefficients Fi¥ as

1
FF =+ (3.4.112)

and find that the function F*(w) are in fact dilogarithm functions

FE(w) iz 5 = *£Lis(w). (3.4.113)
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Finally we obtain the semi-classical limit of the «o/-functional in a very compact form

d .
log u[f] ~ + f{ iy ( f(u)eilGuW)) (3.4.114)

Au 2T
If the Bethe roots condense into more than one cut CJ,--- ,C?, then the contour A is

the union of the disjoint contours AL, --- , A7 where A% encircles C¥ counterclockwise.

3.4.3 Semi-classical limit of the Slavnov determinant

We obtained the semi-classical limit in the last subsection, now we can apply the re-
sult to obtain the semi-classical limit of the Slavnov determinat (3.4.97). The Slavnov

determinant can be written in the following way

N (v Uy [V]a)

T =T G

, (3.4.115)
where the operators U(v) and V' (u) satisfy the following algebra

U)V (w) = V()T (v) <1 - (u_v1)2+1> (3.4.116)

and act on the vector as
U(v)a) = 2P0 E=(v)|u), (v|V(u) = EF (v]. (3.4.117)

Notice that in the semi-classical limit, the rapidities v and v scales as u ~ v ~ L — 00
in (3.4.116) so U(v) and V(u) commute and we have a complete factorization into two
a/-functionals. In the semi-classical limit, the various functions can be written in terms

of the resolvents (3.4.103)

_ Lo () Qulu +1)
Pu(u) = 5 log <a(u> Oulu = Z.)> (3.4.118)
L
= % > (log(u — 0, —i/2) — log(u — 0y, +/2))
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where we have used the fact that the rapidities scale like u; ~ L in the semi-classical

limit. Similarly, we have
log B (u) = £iGy(u). (3.4.119)
Therefore, in the semi-classical limit, we have

T = (APl [0 g [d) . (gaan)

Using the semi-classical limit of «7-functional (3.4.114), we find finally the semi-classical

limit of the Slavnov determinant

log Suv =iTN —I—j{

;l—uLiz (eiGu(u)-i—in(u)—iG’g(u)) _ 7{ durs ( e—iGu(u)-HG’v(u)) '
A, 2m

Au 2
(3.4.121)

This the main result for this section. If we take the limit v = u, we obtain the semi-
classical limit of the Gaudin norm
: AU 2ipy ()
log Fau = TN + ¢ ““Liy (e P ) . (3.4.122)
’ Au 2T
The semi-classical limit of Slavnov determinant (3.4.120) and Gaudin norm (3.4.122)

are all the ingredient that we need to obtain the semi-classical limit of the structure

constant in the determinant representation.



Chapter 4

The su(2) Sector

Starting from this chapter, we will compute three-point functions in the planar N' = 4
SYM theory. In order to compute three-point functions, we need to start with three local
operators. The choice of the operators is infinite since we have infinitely many gauge
invariant local operators. The strategy to simplify the problem is to restrict ourselves in
certain sector of the theory and compute three-point functions within the sector. The
simplest sector is the SU(2) sector which contains two complex scalar fields. In this
chapter we will consider the three-point functions in the SU(2) sector. It is the best
understood sector for the moment and it provides us with intuitions and techniques that

are also useful in other sectors.

We start by explaining how the computation of three-point functions can be recast in the
language of the spin chain in section 4.1. Then we review the so called tailoring method
[49], which works for the generic configurations but the results are usual very complicated
in section4.2. In section4.3, we introduce the freezing method [50] which enables us to
find the determinant representation for a special configuration. In section 4.4, we take the

semi-classical limit of the structure constant by using the determinant representation.

4.1 Set-up of the problem

The three operators under consideration are in the su(2) sector and are composed of the

following complex scalar fields

O :{Z, X}, 0y:{Z,X}, O5:{Z X} (4.1.1)

44
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The complex scalar fields are defined in (2.3.14). The operators take the form of traces

of strings of these fields, for example
Or=Tw(ZXZZZXZ---)+---. (4.1.2)

It is clear that such operators can be mapped to states of the XXX/, spin chain by
mapping Z, Z to spin up and X, X to spin down. In what follows, the scalar fields Z, Z

are regarded as ‘vacuum’ and X, X are regarded as ‘excitations’. For example,
T (ZXZZZXZ) +— [T L1111 1). (4.1.3)

In the SU(2) sector, the three operators are scalar operators, i.e. with zero Lorentz spin.
In a conformal field theory, we are mainly interested in operators with definite scaling

dimension, whose two-point function is fixed by conformal symmetry up to normalization

(0i(2)0;(y)) = Ni— 55 (4.1.4)

The scaling dimension depends on the coupling constant g = )4/—75 and can be expanded

Ai(g*) = Li + (g% (4.1.5)

where L; is the length of the operator and ~;(g?) is the anomalous dimension. Consider
three such operators with definite scaling dimension, the three-point function is again
fixed by conformal symmetry up to a constant called the structure constant

1 VNINRN3 C
(O1(21)O2(22)O3(23)) = N 2Aé 22A2§x222133 (4.1.6)

cTip "Tog 13

where

Aij (AZ + Aj — Ak), (4.1.7)

1
2
x? = (2 — ;)% i,j,k=1,2,3.

and A; (1 = 1,2,3) are the scaling dimensions of the three operators. The structure
constant depends on the coupling constant g and has the following expansion in pertur-

bation theory

Cras(g?) = Cl9h + g?Cloh + - (4.1.8)



Contents 46

In this chapter, we will compute the structure constant at tree level, namely Cfg%. The
computation of one-loop structure constant will be discussed in Chapter 7. At tree level,
the scaling dimension equals the length of the operator and hence operators with the
same length have the same scaling dimension. This huge degeneracy can be lifted at
one-loop. Following [49], we will consider the operators with definite one-loop anomalous
dimension. This implies the operators diagonalize the one-loop dilatation operator in the
su(2) sector, which is nothing but the su(2) invariant Heisenberg XXX, 5 spin chain.
In Chapter 3, we learned how to construct the eigenstates of the Heisenberg spin chain
using coordinate and algebraic Bethe ansatz. By the mapping from operators to spin

chain states, the three operators correspond to three on-shell Bethe states.

Now we discuss how to compute the three-point function in principle. At tree-level, the
computation amounts to planar Wick contractions between the operators, which sounds
simple. However, the on-shell Bethe states are highly non-trivial linear combinations
of the basis states and the number of terms grows exponentially with the number of
magnons. Therefore, although the Wick contractions for each term are simple, there are
many terms to sum up and it is not clear a priori that the sum will give rise to a simple
result. The computation at tree level is a combinatorics problem and the scalar product

of Bethe states turns out to be a powerful tool.

4.2 Tailoring three-point function

The planar Wick contractions of scalar fields can be mimicked by the scalar products of
the spin chain states. For our configuration (4.1.1), the structure of Wick contraction is
given as in Fig.(4.2.1). As we consider only the planar Wick contractions, each spin chain
can be split into two parts which contract with two other spin chains. It is thus natural to
‘cut’ the closed spin chain into two open subchains, called left and right subchains. The
method contains mainly three steps, namely cutting, flipping and sewing, the meaning

of which will be made more precise in what follows.

Consider a spin chain of length L, we take the first L; sites as the left subchain and the
rest L, = L — L; sites as the right subchain. A generic state of the original spin chain can
be written as entangled states of the two subchains. When the state under consideration
is a Bethe state, the states of the subchains also take the form of Bethe states. This can
be seen most easily by the so-called generalized two-component model [106, 107] within
the framework of algebraic Bethe ansatz. The monodromy matrix of the original spin

chain can be written as the product of the monodromy matrices of the two subchains

Ta(w) = (Lra(w) - Liya(0) (Lrpra(w) - Lo, () = TH) Th(w). (4.2.9)
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FIGURE 4.2.1: Wick contraction of the EGSV configuration. The black lines represent
Wick contraction of scalar fields Z, Z and the red lines represent the Wick contraction
of X, X.

In terms of components, we have the following relation between the operators A, B, C, D

of the original spin chain and the subchains

Aw) = A(w) A () + Bw)Cr(u) (12.10)
B(u) = Ay(u)By(u) + Bi(w) Dy ()
Clw) = Cu(u) A, () + Dy(w)C, (1)
D(u) = Cj(u)By(u) + Di(u)Dy(u)

The Bethe state can be written as

N N
w) = [ [ Bui)|€) = [ ] (Ai(ws)Br(wi) + Bi(us) Dy (ui)) [€4) © [€2). (4.2.11)

i=1 i=1
where |Q)) = | 7)), |Q,) = | 1F7) are the pseudovacua of left and right subchains,
respectively. The operators with the index ‘I’ acts only on the left subchain and the
ones with index ‘r’ act only on the right subchain. After expand the product in (4.2.11),
we can use the algebra of the components of the monodromy matrices to move all the
Ay, Dy and A, D, operators to the rightmost and act on the pseudovacua, keeping in
mind that operators with different indices commute. In this way, we are are left with

only B; and B, operators acting on the pseudovacua, which are (off-shell) Bethe states.
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It is straightforward to see that we have the following result

)= > Hywlu) @) (4.2.12)

uUu”’=u

where the sum is over all the possible partitions of rapidities u/,u” such that u’ U
u” = u and W' Nu” = . For example, for a two magnon state {uj,us}, there are 4
possible partitions {uy, uo}UD, {us }U{us}, {uz}U{u1} and DU {uy, us}. The coeflicients
Hy u measure the ‘entanglement’ between the two substates |u’) and |u”) and takes

the following form

Hu’,u”: H f(u]',ﬂk)dr(u]‘)al(ﬂk) (4.2.13)
where
Flaw) = 0 ) = (i), di(u) = (u—i/2)". (4.2.14)

u—v

As we mentioned before, we want to use scalar products between Bethe states to take
into account the Wick contractions. To this end, we need a ket state and a bra state.
After we cut each spin chain state, we obtain two ket states. We need to map one of the
ket states into a bra state, such an operation is called flipping. It is worth mentioning that
the flipping operation is not the same as taking the conjugate of the state. A conjugation
of the state corresponds to change the order of fundamental fields inside the single trace
spin chain as well as taking the charge conjugation. However, the flipped state represent
the same operator, but in the dual space. In algebraic Bethe ansatz, the flipped state is
closely related to the conjugated state. Let us use F to denote the flipping operation,

we have
Flu) = (=1)N (u*| (4.2.15)

where {u*} = {u}, - ,u}} means taking the complex conjugate of all the rapidities.
The final result does not depend on which substate we flip, so as a convention we choose
always to flip the right substate. After cutting and flipping, we have the same number
of ket states and bra states and thus can take the scalar product, which is called sewing.
In order to obtain a result which does not depend on the normalization of the three
operators, we need to divide the result by the product of the norms of the three Bethe

states.

To summarize, the three operators O1, O, O3 of length L, Lo, L3 are represented by

three on-shell Bethe states |u), |v), |[w) with number of magnons N, No, N3. The result
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for the structure constant is given by

Ciss =v/LiLaLs > > > (4.2.16)

vUu”/=uv'uv’=v wuw’"’=w
!/

(V') (v |w') (w* o)

V (ufu) (v]v)(wlw)

X Hu/ 7u// HV',V" HW’,W”

The following comments are in order. The tailoring method, compared to the brute
force computation is already a big progress both conceptually and computationally.
This procedure is rather general and can be generalized to other sectors. However, once
we cut the on-shell Bethe states, the resulting substates are no longer on-shell on the
subchains. This means all the scalar products in the numerator in (4.2.16) are of the type
off-shell/off-shell and we cannot apply the Slavnov determinant formula. The result for
each scalar product is not simple. What’s more, after computing the scalar products and
multiply them, we need to take the sum over partitions of the rapidities, which involves
2N1+N2+Ns terms. As the number of magnons increases, this sum becomes complicated
quickly. The two difficulties of the tailoring method, namely a compact formula for the
off-shell/off-shell scalar product and performing the sum over partitions of rapidities

remains or get even worse for other sectors.

In some special cases, the general formula (4.2.16) can be largely simplified and gives
rise to a compact result. This is the case for the configuration (4.1.1) and we will discuss

it in the next section.

4.3 The determinant representation

In this section, we show that the configuration in (4.1.1) can be recast in terms a de-
terminant. First of all, let us notice that in Fig. (4.2.1) there are two pieces of Wick
contractions which are trivial. The contractions between Oy and O3 are are all of the
type (ZZ) and the contractions between O3 and O; are all of the type (X X). The only
non-trivial piece is the contractions between O and O, where we can have both kinds
of contractions. We emphasis that the trivial contractions originate from our choice of

fields for the three operators and in general we do not have this simplification.

It is convenient for us to generalize the problem slightly by introducing the inhomoge-
neous Heisenberg spin chain. In the case of three-point function, the inhomogeneities of
the three spin chains are not independent because the inhomogeneities associated with
the subchains whose fundamental fields are contracted should match. The independent

inhomogeneities associated with the contractions between the i-th left subchain and the
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j-th right subchain are denoted by 8. The cardinality of the set () is L;;. In this

notation
0 =912 ugtd 92 =9 ye3) 9B = B Y2, (4.3.17)

The three-point function is given by the product of two factors

— The probability to find the component Tr (Z%23 X113) in the state |w),

— The remaining contractions can be recast as the scalar product of an on-shell state of

rapidity u and an off-shell state of rapidities v, in the spin chain of length L.

It turns out both factors can be written as determinants, the derivation of which we will
present below. It is very helpful to perform the derivation in the language of 6-vertex
model. The mapping between the Heisenberg spin chain and the 6-vertex model is well-
known in condensed matter physics. The 6-vertex model is a 2d lattice model with 6

possible configurations of arrows at each point, as depicted in Fig.(4.3.2). There are three

z z z
4

u u U ————
A
z z z
A

u u U ———p—
A
a b c

FIGURE 4.3.2: The three types of vertices of 6-vertex model.

types of vertices called type a, b and c¢, respectively. The vertices with all the arrows
flipped simultaneously are of the same type. The three types of vertices are associated

with the following weights

a(u—z):uu%zzﬂ, blu—z) =1, c(u—z):uiz, z=0+1i/2. (4.3.18)

The important condition about the six vertex model vertices is that the number of arrows
flowing in and out the vertices are always equal. In what follows we shall use another
representation of the 6 vertices. Let us denote the right arrow and down arrow by a think
line and the rest two kinds of arrow with a thin line, which are given in Fig.(4.3.3). We
associate each thin line with index “1” and each thick line with index “2”. The three

types of weights corresponds to the three kinds of non-zero elements of the Lax operator
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2 2 2
2 2 1 1 2 m——r—1
2 2 1
1 1 1
u 1 1 2 2 1 —— 2
1 1 2
V4
a b c

FI1GURE 4.3.3: Another representation of the 6 vertex model. The down arrows and
right arrows are represented by a thick line and the left arrows and up arrows are
represented by a thin line.

of the Heisenberg spin chain !

a(u— z) 0 0 0
0 b(u — — 0
Lan(u - Z) = Lon + ! Pan = (u Z) C(u Z)
-z 0 clu—2z) blu—=z) 0
0 0 0 a(u — z)

(4.3.19)

An interesting and important observation is that the type b vertices do not depend on
the value of rapidities and if we choose the rapidity u such that « = z — i, then the three

weights become simply
a(—i) =0, b(—=i)=1, c(—i)=-1. (4.3.20)

In terms of the 6-vertex model language, a Bethe state can be represented by the follow-

ing diagram Fig.(4.3.4) Each horizontal line corresponds to a B-operator which creates

0+i/2

111111111111

| J
J

s
—_ == =
NN NN

121221211111

FIGURE 4.3.4: Representation of a coefficient of Bethe state in the 6-vertex model.

Each horizontal line corresponds to a B-operator, the action of which creates an index
A

1. We choose a slightly different normalization for the Lax operator from the one in Chapter 2.
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an excitation with index ‘2’. For any term of the Bethe state, the flow of thick lines
always comes in from the right side and go out from the bottom. The number of indices
of each type are conserved. We can take the overlap of a Bethe state and a dual Bethe
state by identifying the indices. Therefore a term in the scalar product between Bethe

states looks like the diagram in Fig.(4.3.5). In the diagram for a scalar product, the flow

6+i/2
111111111111
1 2
1 J 2
uil _Jf 2
1 1=
2 [ i 1
2 — 1
v
2 ( 1
2 1
{ [

111111111111

FIGURE 4.3.5: Graphic representation of a term in the scalar product between Bethe
states, the indices and the inhomogeneities are identified.

of thick lines comes in from the upper right side and go out from the left bottom side.

The flow of indices is again conserved.

Let us now compute the structure constant. We first write the structure constant in the

following form

0 _ [ LiLaLs

Cla3 = WW,V,W), (4.3.21)

where N is the norm of the Bethe state corresponding to O;, i = 1,2,3 which can be
computed easily by the Gaudin norm formula. The non-trivial part (u,v,w) is called
the cubic vertex. It can be evaluated using the fact that it gives partition function of the
6-vertex model on a lattice by gluing three rectangular lattices with dimension L; x Ny,
Ly x Ny and L3 x N3 as shown in Fig.(4.3.6). The indices 1 and 2 are identified with Z
and X or their complex conjugates, depending on the operator under consideration. First
we notice that in the part of lattice that has vertical lines labeled by 0(23), represented
by the shaded area of Fig.(4.3.6), there is only one 6-vertex configuration, and therefore
its contribution to the cubic vertex factorizes out. The factor is a pure phase if the sets
v and 023 are symmetric under complex conjugation. We will assume that this is the

case will ignore the phase factor. Therefore we can delete this part of the lattice.

Next, we observe that the sub-lattice associated with the operator O3 factorizes because
all lines that connect it with the rest of the lattice are of type 2. These operations are

schematically represented in Fig.(4.3.7). The problem boils down to the calculation of
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6+ /2

11111111 1111

e e
NN NN NN NN
c

N
—
N
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—_
N
N
N
N
N

A

12211 11111/ Tz 222
‘ ‘ ‘ K

<
[CECECECENY

e e
2
SRR RN

[ 111111111
1111111111111
804+ 12

0@+ /2

F1GURE 4.3.6: The cubic vertex in terms of the 6-vertex model configurations. The

shaded area factorizes and can be cut out. Furthermore, the right piece is connected

to the rest only with type-2 contractions and factorizes out. The lattice split into two
pieces which can be evaluated separately.

L, L, L,
u ‘x u u
v | m\" W v W v W
Ly, E;NL” Ly, Ly L, Ly

FIGURE 4.3.7: Schematic representation of the lattice obtained by gluing the rectan-

gular lattices corresponding to the states (u|, |v), |w), with subsequence removal of the

redundant piece and separating the two non-interacting sub-lattices. After the removal

of the redundant pieces, the states |v) and |w) are no more Bethe eigenstates, because
the chains are shortened (L; — L1 and L3 — Log).

two independent 6-vertex partition functions, which gives two non-trivial factors in the

structure constant. These two factors will be computed by the freezing procedure.

The freezing procedure for the first factor works as the follows. One starts from a rect-
angular lattice corresponding to the scalar product (v|u). Both sets of rapidities have
cardinality Nj. The first Na rapidities coincide with the rapidities v characterizing O,,
the rest N3 = N; — Ny rapidities v will be denoted by On,+1 = 21,541, -+, ON, = ZL,-

Symbolically we denote v = v U 2.

If we adjust the rapidity of the last magnon to the value of the last inhomogeneity,

Zr, = 0, —i/2, then according to (4.3.20) the vertex at the lower right corner is
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necessary of the type c. Then the only possibilities for the rest of the vertices on the last
row and the last column is that they are of type b. This is what we called “freezing”.
Hence the last row and the last column form a hooked index line carrying index 2, as is

shown in the left figure of Fig.(4.3.8). This procedure is repeated N3 times, the rapidities

6W-+i/2
11111111 1111
(—HHHH )
1 J 2
1 2
14‘/PJ~ I { 2
1 2 u 11111111
1 2
2
1 2 . i
1 — 2 7=0 019 .
1) ] 5 7Z=0"-i/2 {4 2
2
2 1 ) .
2 1
2 1
V{2 1 w 5 1
2 1 5 1
2 1 [
2 1 11111111
~ 2 1 y
7=009.i/2 {2 1 0@+ /2
2 1
11111111 1111
N—
0\12\+[ /2 6:]&\+7- /2

FIGURE 4.3.8: The freezing procedure for the two factors in C’fgé.

of the lowest N3 rows are fixed to Z = o13) — i/2. The result is that the rightmost N3
indices below the lowest horizontal u-line are fixed to have value 2. After removing the
frozen part of the lattice, shaded in blue in the figure, we obtain the first factor in the
cubic vertex equals the scalar product (v U z|u). The contribution of the frozen part of
the lattice is the product of all type ¢ vertices on the diagonal, which equals (—1)L13, a
factor that we will ignore. In terms of the algebraic Bethe ansatz, the freezing procedure

B(ZL + )“’B(Zl )|Q> — ( 1) 13‘ 12\1/ 13> (43 )
12 1 . . .22

In a similar way, we compute the second factor. The freezing procedure is shown in
the right of Fig.(4.3.8). We start with a scalar product (w,z) for a chain of length
Ls = N3 + Los. We freeze the rapidities of the bra state to z. The frozen area gives
a contribution which is a pure phase if both sets of w and 8(23) are symmetric under
complex conjugation. We will assume that this is the case and will ignore this factor.
The rest of the lattice gives the second expression for the cubic vertex. We thus found

that

(u,v,w) = (VUZ,u)g0)(W,Z)g)- (4.3.23)
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The cubic vertex factorizes into the product of two scalar products of Bethe states.
What’s more, both scalar products can be evaluated by the Slavnov determinant formula

since |u) and (w| are on-shell. Now the structure constant reads

CO L LyLy— YU Wen (W, 2o (4.3.24)

\/(u|u>9<1> (V[v)ge) (Wlw)ge)
We need only compute five determinants and there is no sum over partitions of rapidities
anymore. The result can be computed with arbitrary value of inhomogeneities. Then we
can take the homogeneous limit, putting all the inhomogeneities to zero we obtain the
result for the structure constant. The determinant representation for the three-point
function is much simpler compared to the result from tailoring method. The formula

also facilitates the study of semi-classical limit and the one-loop structure constant.

4.4 Semi-classical limit

We obtained a compact expression (4.3.24) in the last section. In this section we study
the semi-classical limit of the structure constant. This same limit for the scalar product
was reviewed in section 4.4. The result (4.3.24) contains five scalar products of the type

studied in section 4.4 and it is straightforward to take the semi-classical limit of it.

Let us recall the form of structure constant in the determinant representation (4.3.24).
We neglect the trivial factor /L1LoLg and take the semi-classical limit of the rest part.
The dependence on a(u) and d(u) from the numerator and the denominator cancel each
other and we replace the scalar product by the Slavnov determinant.
: du . iGatiGy+iGa—iG dur . iGutiGy+iG
log -Suvuz =im N1 + —Liy (e uTthrv Ttz 9) — —Liy (e uTthy Z)
’ Ay 2w Au 27
(4.4.25)

2

=it N —f—j{ —Liy (elG“—HG" lGe<12>)
Aqu m

:Z7TN—|—% 7L12 (ezGu-HG’V—HGz 1G9)
Aqu

where in the second line we have used the Bethe ansatz equation in the semi-classical

limit

2o (u) — Gg(u) =0, u € Cy. (4.4.26)
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Here 2%, (u) = Gy(u+i0) + Gy(u —40) is the principal part of the resolvent. The other

factor in the numerator reads
. AU . (G —iG, o
log Favg = imNs + ¢ o~ Lia (e w em)) , (4.4.27)
Let us introduce the three pseudo-momenta
1 1 1
Pu = Gu — 5G9<1)7 pv =Gy — §G9<2>7 Pw = Gw — §G9<3>- (4.4.28)

The semi-classical limit of the structure constant reads

d ; d ;
log C10), ~ %4 duy (ez(pu+pv+§ce(3>)> +72 %Liz (ez(pw+§ce(2>—§ae<1>)>
uUv w

(4.4.29)

The tree-level structure constant is obtained by sending all inhomogeneities to zero

d o d o
log C\9) ~ 73 %LiQ <ewu+wv+zL3/2“) + J(é %Lig (ell’w“(Lz—Ll)/ZU) (4.4.30)
ulv W

1 du , 1 du , 1 du ,
J—— —Li 2ipu) _ = —1i 2ipv) _ — 14 2ipw .

zﬁu otz () 2%% o2 () zf;w o iz (€7)
In Chapter 7, we will see that the semi-classical limit of the same structure constant at
one-loop takes the same form as (4.4.29), but with the inhomogeneities fixed to some

specific value called the BDS values. We will perform the comparison with the strong

coupling computation then.



Chapter 5

Towards All Sectors

In the last chapter, we computed three-point functions of planar N' =4 SYM theory in
the su(2) sector at tree level. Our ultimate goal is to compute all OPE coefficients to
all orders. Therefore the natural next steps are investigating other sectors and higher

loops. In this chapter, we will discuss the results in su(3) sector at tree level.

The computation of three-point functions at tree level for other sectors are also of com-
binatorics nature, but usually more complicated than the simplest su(2) sector. The dif-
ficulties are due to several different reasons in different sectors. For the compact higher
rank sectors like su(3) sector, there are more possibilities for the choice of fundamental
fields for the three operators and we need to compute more kinds of three-point func-
tions. The operators are mapped to eigenvectors of higher rank spin chain Hamiltonian
which can be constructed by the nested Bethe ansatz. However, the nested Bethe ansatz
is more complicated than su(2) case and the computation of scalar product between
the Bethe states are also much harder. At present, there is no Slavnov determinant like
formula for the su(3) scalar products of on-shell/off-shell type in general. Only in some
very special cases which we will discuss below the result can be written as two factorized
su(2) Slavnov determinant. Apart from the su(2) and su(3) spin chains, little is known

about the scalar product of Bethe states for higher rank spin chains.

In the non-compact sectors like sl(2) sector and supersymmetric sectors like su(1]1)
sector, there is another complication. For these cases, the operators are no longer scalar
operators but carry non-zero Lorentz spins. As we discussed in Chapter 2, the conformal
symmetry fixes the form of the three-point functions of spinning operators up to a set
of conformally covariant building blocks called tensor structures. Therefore we need to
compute a set of structure constants, each one corresponds to one tensor structure.

At present, there is no systematic way to determine all the structure constants. The

o7
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commonly used trick is to consider certain special configurations where there is only one

tensor structure [52, 53] or all the tensor structures coincide [108].

The structure of this chapter is as the follows. We will start by introducing the nested co-
ordinate and algebraic Bethe ansatz for the su(3) spin chain in section 5.1. In section 5.2,
we classify the su(3) three-point functions and give prescriptions for the tailoring method.
Section 5.3 is devoted to the special case where freezing method applies. In section 5.4
we take the semi-classical limit of the structure constant obtained in the determinant

representation.

5.1 The nested Bethe ansatz

In this section, we introduce the nested Bethe ansatz for the su(3) spin chain. Most
results discussed below can be generalized readily to the su(N) spin chain for N > 3.

We will discuss both the nested coordinate Bethe ansatz and the algebraic Bethe ansatz.

5.1.1 Nested coordinate Bethe ansatz

The Hamiltonian of the su(3) invariant Heisenberg spin chain takes the same form as

the su(2) case

L
Has) =29° Y (Tkpr1 — Prgs) (5.1.1)

k=1
where I and P are identity and permutation operators, respectively. At each site, the
‘spin’ has three different polarizations and the Hilbert space is C3. We denote the three
polarization states by |1), |2) and [3). A generic state is a linear combination of the basis
states |s1, s, -+ ,sr) where s =1,2,3 (k=1,---,L). We can view the state |1) as the
‘vacuum’ and the rest two polarizations as ‘excitations’. It proves to be useful to think
of the excitations in a nested fashion. For example, the state |1,2,2,3,2,3,1) can be
generated by two steps. First, on top of the vacuum state |1) one creates only the states

|2). Then on top of the excited states |2), one creates only the excitations |3)
11,1,1,1,1,1,1) — [1,2,2,2,2,2,1) — [1,2,2,3,2,3,1) (5.1.2)

Note that in this process, the excitations are generated level by level. The point of doing
so is that at each level, we have only the vacuum and one kind of excitation. This is
similar to the situation of su(2) case and we can recycle the Bethe ansatz technique

from the su(2) spin chain. Before going to the construction of the Bethe state for su(3)
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spin chain, we first discuss the coordinate Bethe ansatz for the inhomogeneous su(2)
spin chain. This is necessary because the ‘vacuum’ at each level is the ‘excitation’ of the
previous level and comes with the corresponding rapdities uy, which makes the vacuum
inhomogeneous. The inhomogeneities are the rapidities of the previous level. Therefore,
at each level except the first, we are in the same situation as the inhomogeneous su(2)
spin chain. We have already encountered this model in the framework of algebraic Bethe
ansatz. For the coordinate Bethe ansatz, the recipe to take into account the inhomo-

geneities is simply replacing the phase factor e’”” by

. n n—1 .
ippn (U +1/2 u—6+i/2) 1 1
© = <uk—i/2 - 1_11 u—0;,—1/2 ) uw—0,—1i/2 (5.1.3)

1=

The wave function 9 (n1,--- ,ny) corresponding to the ket state o, --- o, [Q) can be

constructed straightforwardly. The first few terms read

n

1-1[ (u1 — Oy, +i/2)%#m ﬁ (ug — O +/2)%#m |
ul—ek—i/Q U2—0k—i/2

¢(n17"' 7nN‘0): <

k=1 k=1
ni . ) n9g . )
(u2 — 0 + 2/2) k#ny (u1 — 0, + 2/2) k#ny
S .
cstonm (1 2 e 200 ) (] et il )y
k=1 k=1
The Bethe equations are the same as derived before from ABA

L we — 0, + up —ba +1i/2 Up —uj+ 1
=] 2. k=1,---,N. (5.1.4)
S ug = 0 — /2 i Uk Uy =

With these preparations, we are now ready to construct the Bethe states for the su(3)

spin chain. The Bethe state is a linear combination of the basis states
= 3 Cspeesplstc,s0), sk=1,2,3. (5.1.5)
S1,*,SL

We need an algorithm to construct the coefficients 1, ... 5, . From the nested point of
view, we regard |1) as the vacuum, |2) as the first level excitation and |3) as the second

level excitation. We can use two sets of integers to label the basis as

Hnit, -, nint {n2, - n2m)). (5.1.6)
The first set of integers {ny1,--- ,n1 N} labels the positions of the first level excitations
on the original spin chain. The second set of integers {ng1,--- ,n2 a} label the positions

of the second level excitations on the reduced spin chain formed by the first excitations.
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It is obvious that M < N. Our example in (5.1.2) can be labeled by
11,2,2,3,2,3,1) = [{2,3,4,5,6}, {3, 5}). (5.1.7)

We denote the first and second level excitations by u; and us respectively. For a given
set of {n1,1,---,n1 N}, the set of rapidities can have different permutations, denoted by
o. Each permutation gives rise to an reduced su(2) spin chain with the inhomogeneities
{ui,61, -+ ,u1,05 }. The wave function can be constructed level by level. For the first

level, by the recipe of the su(2) coordinate Bethe ansatz

Uy, +1/2\"
¥(n1;ny) Zsl H<1/> Y2 (n3|o) (5.1.8)

Ul g, — i/2

where Sp(0) has the usual property

Sl( )j)kv) _’U,J—Uk+2
Sl('”)kmjv"') UJ—’LLk—Z

Si(1,---,N) =1, (5.1.9)
Apart from the factor in red color the wave function (5.1.8) is exactly the coordinate
Bethe ansatz for the su(2) spin chain. The extra factor can again be constructed by the

coordinate Bethe ansatz of the inhomogeneous spin chain

M n2 j

8 (@
L . 2 a#n}
o (ma|o) = 252 T (U2 = ta +/2) 775 (5.1.10)

i=1 \a=1 U27j—U17a—Z/2

where 7 denotes the set of permutations of the second set of rapidities us. Combining
(5.1.8) and (5.1.10) we have a well defined procedure to construct the wave function
¥(n1;ny). Multiply this wave function with the corresponding ket state |nj,ng) and
sum over all possible sets of ni; and ny we obtain the corresponding Bethe state with

M — N excitations of type |2) and M excitations of type |3)

Zth ny;no) 0y, ). (5.1.11)

np

The periodicity of the wave function leads to the Bethe equations. Now that we have

two sets of rapidities, we also have two sets of Bethe equations

. L N . M .
<U1j+l/2> HU1’j_UIk+zHU1’j_ugk_l/2 (
e = : ’ : 5.1.12)

Uuy,; — i/2 kit Uy, — Uk — 1 el Ul — U2k + i/Q

N ) M )
H uy; — Uz +1/2 B H Ugj — Uk + 1

uLj —ugk = /2

Ugi — Uof —
1 2,5 2,k
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We recognize that the second set of Bethe equations are nothing but the Bethe equation
of the su(2) inhomogeneous chain. The corresponding eigenvalue of the Bethe state is

given by

N

g{: k%_1/4 (5.1.13)
which involves only the rapidities u;. The procedure we described above can be gen-
eralized to the more general su(N) and su(M|N) spin chain. The only complication is
that there are more levels of nesting and different levels might contain different kind of
rank 1 spin chains for the su(M|N) case. For a useful introduction, we refer to [109].
From the explicit construction of the Bethe states, we see that the nested Bethe states
are considerably more complicated compared to the su(2) Bethe state. As a result, the

scalar products between the Bethe states are also much more involved.

5.1.2 Nested algebraic Bethe ansatz

In this subsection, we describe the construction of algebraic Bethe ansatz for the su(3)
spin chain. Again, the discussions below can be generalized to the su(N) and su(M|N)
case. The nested Bethe ansatz for the su(/N) spin chain was developed in [110]. For
a more transparent explanation, we refer to [111] and [112]. The starting point of the
algebraic Bethe ansatz is the su(3) invariant R-matrix. It is an operator acting on the

tensor product of two spaces C? ® (C% given by
1
Rap(u) = Igp + EPab (5.1.14)

where I, and P, are identity and permutation operators respectively. The permutation

operator can be written in terms of the basis matrices E¥Y as
Py, =EY @E' ij=1,223 (5.1.15)

where a sum over repeated indices is understood. The basis matrix E¥ is the matrix
with the element at position (i,7) being 1 and the rest elements being zero, namely
(Eij)ag = 0;a0j3. Using the properties of the permutation operator, one can check that
the R-matrix (5.1.14) satisfies the Yang-Baxter equation

Rap(u — v)Rae(u) Rpe(v) = Rpe(v) Rae(u) Rap(u — v) (5.1.16)
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The monodromy matrix is defined as

L
To(u) = [ Ran(u — 6,) (5.1.17)
n=1
where @ = {01,--- ,01} are the inhomogeneities. The auxiliary space is chosen to be C?

and the corresponding monodromy matrix is 3 x 3 given by

tn(u) tlz(u) t13(u)
T () = | tar(u) tas(u) tos(u) |- (5.1.18)
tar(u) taa(u) t3z(u)

The nested picture is still valid in ABA, in a slightly different way. The index ‘(1)’ on
the monodromy matrix indicates that it is the monodromy matrix of the first level. The

monodromy matrix satisfies the RTT relation
R (u— )TV ()T (v) = T ()T () RS) (u — v). (5.1.19)

In terms of elements, (5.1.19) leads to the quadratic algebra between the elements of

monodromy matrix.

The next step is to construct the Bethe states using the elements of the monodromy
matrix. We need to start with the pseudovacuum state |Q2). In the su(2) case, it is the
state which is annihilated by the C' operator and is the eigenstate of the diagonal A and
D operators. These conditions are easily generalized to the su(3) and the pseudovacuum

state is defined as

which states that the pseudovacuum is the eigenstate of all diagonal elements and is
annihilated by all the lower triangular elements. For the su(3) spin chain, we can choose
the pseudovacuum to be the state |Q) = |17), which means at every site we have state |1).
In order to make the nested structure manifest, we introduce the following decomposition

of the monodromy matrix

BY = (ta(w) tis(u) ) c§”=(t”(“)>, (5.1.21)

AD = 1y, (), D<1>=(t22<“) tﬂ?’(“)).

t32 (u) t33 (u)

Here the index ‘a’ is an abstract index indicating the auxiliary space and is not the

index that labels the elements. Later we shall see that the 2 x 2 matrix D,(u) can be
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regarded as the monodromy matrix of the reduced su(2) spin chain at the second level.

The second level R-matrix R (u) is the R-matrix for the su(2) spin chain

flw) 0 0 0
RO =104 tp@ | 0L gl 0 (5.1.22)
u 0 g(u) 1 0
0 0 0 flu
where
fa)=1+1, glw=". (5129

The operators Bc(ll)(u) are the creation operators of the first level. ¢12(u) and t13(u)
create excitations |2) and |3) from the vacuum state |1), respectively. The M are
the corresponding annihilation operators. The creation operator of the second level is
to3(u), which creates the second level excitation |3) from the second level vacuum |[2).
The algebra between of the elements of the monodromy matrix can be given in terms of

the decomposed operators. We list some of the relevant relations below

B (w)BY (v) = By(v)V B, (u) VRS (u — v) (5.1.24)
AW (w)BW (v) = f(u—v)BW (0) A (1) — g(u—v) B (u) AV (v) (5.1.25)

R® (u — v)DM () DIV (v) = DY (0) DY () RD) (s — w) (5.1.27)

where be) (u) = R((j))/f(u). From (5.1.27) it is obvious that Dg,(u) satisfies the RTT
relation of the su(2) spin chain, so it can be seen as the monodromy matrix of an su(2)

spin chain, which is the reduced spin chain in the nested CBA.

The transfer matrix is defined by
T () = trg TW (u) = t11(u) + tao(u) + tsz(u) = A (u) 4 try DY (u). (5.1.28)

The eigenstates of the transfer matrix can be constructed by acting the creation op-
erators on the pseudovacuum. In the su(3) case, we have two choices of the creation

operators. Let us denote Bi(u) = ti2(u) and Ba(u) = ti3(u). An eigenstate can be
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written as the following linear combination
) = Y iy Biy(wn) -+ Biy (un)[Q), ik = 1,2. (5.1.29)
o in

The question is to determine the appropriate coefficients v, ... ;5. Recall that in the

su(2) spin chain, for a spin chain of length N, the Bethe state takes the following form

Wy = 3 U5 aylst oo sw) (5.1.30)
s SN

where the coefficient 1/}2‘(2)5]\, can be constructed by Bethe ansatz. The crucial idea
here is to identify the indices of the creation operators {i1,--- ,ix} with an su(2) spin
chain state |i1,--- ,iy) and the coefficients v, ... ;, in (5.1.29) with the one wi‘j(z)sN in
(5.1.30). Let us denote the creation operator of the second level as B?) = to3(u), we

have

B®(vy) - BP(up)[ 1Y) = D iy inlin, e yin), M <N (5.1.31)
7 IN

In the nested Bethe ansatz, the ket state |i1,--- ,ix) in fact corresponds to the choice of
first level creation operators. For example, the state |1]1) corresponds to the first level
ket state By (u1)B2(ug)B1(us)|2). Multiplying the first level state with the corresponding
coefficient 1;, ... ;,, and sum over all possible terms, we obtain the Bethe state. To sum

up, The su(3) off-shell Bethe state can be written as
) = Bi, (u1) - - Biy (un)|) @ B® (v1) --- BP (o) 1Y), (5.1.32)

In order to see how this formula works and its exact meaning, we give a simple example.

Consider the Bethe state
|U) = Bi, (u1) By, (u2)|2) @ B (v)| 11) (5.1.33)
We first evaluate the second level, which gives

BA@)[11) = c1] 41) + ca| 1) (5.1.34)

where ¢; and co can be determined easily. Each ket state specifies a choice of first level

creation operators and the weight for this term is given by the corresponding coefficient.
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By this rule the real meaning of (5.1.33) is that

W) = Bi, (u1) Biy (u2)|2) ® BP (0)] 11) (5.1.35)
:Cle(ul)Bl(UQ)‘fD + CQBl('U,l)BQ(UQ)’Q>.

In order for Bethe states to be on-shell, the rapidities need to satisfy the Bethe ansatz
equations. In the framework of ABA, they can be worked out by using the commuta-
tion relations between the elements of monodromy matrix (5.1.24),(5.1.25),(5.1.26) and
requiring that the ‘unwanted terms’ vanish, as in the case of the su(2) algebraic Bethe
ansatz. The derivation can be found for example in [110] and [112]. We present the

equations following the convention of [112]

a1(u1;) _ Ty U1y — Uikt
— = L —— H flug g —u1y), (5.1.36)

az(u1,;) jpj W T ULk T ¢

M
ag(ug,j) _ T L2d = +i

as(uz) o U2~ Uzk — H L f(uzg —uig)

where f(u) is defined in (5.1.23).

5.2 Three-Point functions in the su(3) sector

In this section, we consider three-point functions in the su(3) sector. We start by classify-
ing all possible configurations of three-point functions when at least one of the operators
is in the su(3) sector and with definite R-charges. Then we give the prescription for the
computation using tailoring method for all the configurations. The freezing method does
not work for the general three-point functions in su(3), but only for one configuration.
We will then focus on this case and compute the three-point function using freezing
method. In the special limit when the second set of rapidities go to infinity, the scalar
product of su(3) Bethe states can be written as product of determinants. Applying the

result in the su(2) case, it is straightforward to take the semi-classical limit.

5.2.1 Classification of su(3) three-point functions

In the su(2) sector, there is only one non-trivial configuration of three-point functions. In
the presence of one or more operators from an su(3) sector, the structure of the three-
point functions becomes richer and we need to classify the set of possible non-trivial
configurations of structure constants. An example of a set of planar contractions is given

in Fig.(5.2.1). The contractions (X X), (YY) and (ZZ) are represented respectively by
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solid lines, red wavy lines and dashed lines. Let us introduce some conventions. There are

FIGURE 5.2.1: Planar contractions contributing to the tree-level 3-point function. The
contractions (X X), (YY) and (ZZ) are represented respectively by black solid lines,
blue solid lines and dashedlines.

several possible choices of an su(3) sector, which correspond to a choice of three distinct
complex scalar fields X, Y, Z, X, Y, Z, with pairs of mutually conjugated fields, like
Z and Z, excluded. When only two types of non-conjugate scalar fields are chosen,
the composite operator belongs to an su(2) sector. If O1, Oy and O3 belong to su(a),
su(f) and su(y) sectors respectively, then the corresponding three-point function of type

{a, 8,7} (e, B,y = 2,3). By permutation invariance, the order of «, /3,7 is irrelevant.

We represent the different classes of correlation functions schematically by specifying the
different types of Wick contractions between pairs of operators. For example, the corre-
lation functions corresponding to Fig.(5.2.1) belong to the class {2,3,3} in Fig.(5.2.2).
We call the operator at the bottom Op, the one at right O3 and the one at left Os.
Exchanging a scalar field and its complex conjugate in all the operators does not change
the value of the structure constant. This enables us to choose (O such that it contains
only the scalar fields X,Y and Z. Since we are interested in the large N, limit, only
planar contractions are retained. We start by classifying the type-{3, 3,3} structure con-
stants. In this case, there are two non-trivial inequivalent configurations, as is shown in
Fig.(5.2.3). Deleting one line, that is, one type of Wick contractions, from each of these
two configurations, one obtains type-{2, 3,3} structure constants. There are three such
configurations, as shown in Fig.(5.2.2) and Fig.(5.2.4). Deleting one line from the config-
urations in Fig.(5.2.4), one obtains a type-{2,2, 3} or a type-{2,2,2} 3-point functions.
The latter is a pure su(2) three-point function of the type studied before. There is one
configuration of type-{2, 2,3}, as in Fig.(5.2.5). To summarize, there are six non-trivial
types of three-point functions with at least one su(3) operator. We want to mention
here that the operators under consideration are all with definite R-charge and no global

rotation in the s0(6) internal space is considered.
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Txrx O YXVYZ
FIGURE 5.2.2: Schematic represen- FIGURE 5.2.3: The two type-{3, 3, 3}
tation of the type-{2,3,3} correla- structure constants.

tion function from Fig. 5.2.1.

XZ7ZX Y XZ

FIGURE 5.2.4: The remaining two type-{2, 3, 3} FIGURE 5.2.5: The type-{2,2,3}
structure constants. structure constant.

5.2.2 Tailoring the tree-level three-point function

The framework of tailoring method is general enough to be applied to all the cases
classified above. As in the su(2) case, we construct the structure constant in three steps.
1. We split the algebraic Bethe Ansatz representation of each spin chain into two: a
left sub-chain and a right sub-chain. 2. We flip each left sub-chain from an ket state to
an bra state. 3. We take the scalar products of the left sub-chain state of O; with the
right sub-chain state of O; 11 mod 3 (i = 1,2,3). Finally, we normalize the three external
states. In the first and second step, we will generate non-trivial factors which can be
worked out explicitly. We present the result in the following. We give our setup data in

the table below.

Operators | Length | Rapidities No. of Rapidities Partitions of Rapidities
04 Ly up, us # =Ny, # us=M; ujuuf =up, vbuuf =u
(@) Lo Vi, Vo # vi=No, # vo=M> viUv] =vy, vViUV] = vy
O3 Ls W1, Wo # w1=N3, # wo=M3 | wiUw/ =wi, whUWwW] =wy
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The lengths of the left subchains are
1
Lig = §(L1 + L3 — La) (5.2.37)

1
L = §(L1 + Ly — L3),

1
Log = §(L2 + Lg — Ll) .

The structure constant reads

0 L1LoLs u 7V pTwWw * * *
il = \/WHZ HY HY HY (u™ V) (v*|w) (w™[u),  (5.2.38)

I7Vl7wl
where N are the square of norms of the Bethe states ':
N = (uju) Ny = (v]v), N3 = (w|w) . (5.2.39)
The Hp factors are given by

F = S1(uf,uo) S1(uj, ur)Sy (ur, uy)Ss (uz, u3) (5.2.40)
¥ = S1(v],vo) S1(vy,v1) S5 (vi,v]) S5 (va,vy)
HY = S1(wy,wo) S1(wh, w1) S5 (w1, wi) S35 (wa, wh) .

with ug = {0L1+1}, vo = {0521} and wy = {0%3F1}. In the previous formula we used

the following notations: we denote the scattering factors as

%
Uai — Upj + 50

S (Ui, up ;) = . o=1,2, (5.2.41)

%
Uai — Ubj — 20

and, given a function F'(z,y) and two sets of variables u, v, we define

F(u,v) = H F(uj,v;), F~(u,v)= H F(u;,v;) . (5.2.42)
u; €U, V;EV i>]
u;€u, vj €ev
The proportionality factor between ABA and CBA Bethe state: |u)a, = cu|0)cor is
given by

cy = iNTM H H u“uﬂ_—w (5.2.43)

i — U
a=1,2 j<k a,) a,k

While the formula (5.2.38) can be explicitly used for a small numbers of magnons, it is

not adapted for taking the classical limit where the number of magnons is large. The

1. In this section all scalar products and norms are understood in the Coordinate Bethe Ansatz
normalization.
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main obstruction for taking the classical limit of (5.2.38) is that the scalar products
involved are between off-shell states, and there is no closed form expression such as a

determinant for this scalar product.

5.3 Determinant representation

In this sections, we restrict our attention to a particular situation where the three-point
function can be written in terms of a scalar products of an off-shell state and an on-shell

state. The configuration we shall focus on is the one in Fig.(5.2.2) and Fig.(5.2.1).

5.3.1 The su(3) cubic vertex in terms of scalar products

We consider that the three operators, O1, O2, O3, are described by three sets of rapidities
u = {uj,us},v = {vy,ve} and w = {wy,wa} with cardinalities respectively N +
My, Ny + My and N3 + Ms. In the configuration we are considering, wo = (), since O3 is
an su(2) operator. We have two types of contributions to the correlation function:

— the contribution of the (ZZ) contractions between the operators Oy and O3, through
the factor (z1, wi), with z; = 013 — i/2 and z; = N3,

— the remaining contractions, which can be recast as the inner product (vUz, u) between
an on-shell vector of a spin chain with length L; and rapidities u = {uj,u2} and an
off-shell state with the same length and rapidities (v = {v1, va})U(z = {21, 22}), with
71 =03 —i/2 and 7o = 0(13) — .

Below we evaluate, using the freezing argument, the {2, 3,3} type structure constant,

<11, v, W1>Su(3)

Cg% N V(u, u)su®) (v, v)sul) (wy, wy) (5.3.44)
We will show that the corresponding cubic vertex is given by
(u, v, )™ = (v Uz, w) (Wi, 21) s (5.3.45)
where
z = {21,722} = {819 — /2,019 —i}. (5.3.46)

Here (-,-) denotes, as before, the su(2) inner product, and (-,-)*"(3) denotes the su(3)

inner product.
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5.3.1.1 The su(3) Bethe states in terms of the 15-vertex-model

In order to generalize the freezing procedure to su(3), let us first show how to represent
the components of the su(3) Bethe vectors in terms of configurations of a 15-vertex
model shown in Fig.(5.3.6). The vertices are similar to those from Fig.(4.3.2), with the
difference that the indices carried by the lines can be now 1,2 or 3. We represent them
graphically by thin, red and black lines, respectively. The weights are identical to those
from the 6-vertex model corresponding to the su(2) spin chain (4.3.20), depending on

whether the indices carried by the lines are equal or different. The Bethe vector |u) is

2 2 1 2 1
2—Jr—2 1——1 2+2 2—Jr1 1Jf—2
2 2 1 1 2
3 3 1 3 1

)

3—Jr—3 1——1 3+3 3_jr1 1 !—5

3 3 1 1

1 3 2 _i _:j)
1+1 2 ) 3—|—3 2 3 3 2

1 o T

————
a b c

FIGURE 5.3.6: Graphical representation of the 15 non-zero elements
of the su(3) L -matrix, Eq. 3.2.27. The rapidities v and z = 0 + /2
are associated with the horizontal and the vertical lines, respectively.

given by the expansion

3
W)= > e (W) |1, 8L) (5.3.47)

S1,-e0y8, =1

where 1), s, (u) is a sum over all the possible 15-vertex configurations on a rectangular
lattice with L1+ Ny vertical lines and N1+ Mj horizontal lines, with the free spin indices
equal to si,...,sr. An example for such a vertex configuration is given in Fig.(5.3.7).
The first L1 vertical lines carry rapidities 9%1) +i/2,... ,95-}1) +1i/2 and spin indices 1 on
the top, which correspond to the vacuum |[Q2) = |1©) = [11...1). The right N7 vertical
lines carry rapidities w1 +%...u1 N, + ¢ and have index 2 on the top. At the bottom,
the first L1 indices are free, and the last N7 ones are fixed to 1. The lower N7 horizontal
line correspond to the first-level magnons and carry rapidities w1 1, ..., u1,n,. The higher
M; horizontal lines represent the second-level magnons with rapidities ua 1, ..., u2 a,-
Due to the particular spin and rapidity choices, the shaded regions are frozen to the

particular configuration shown in the Figure. This diagram is equivalent to (a special
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case of 2) the one used by Reshetikhin in [113]. The structure constant factorizes as in

1), - .

0V+i/2 u,+i
111111111111 2222
2 3
u2+'£/2§ ;
{1 1
1 e 1
u )
| [ i
131231311111 1111

FIGURE 5.3.7: A configuration contributing to the coefficient
¥131231311111 (1) of a SU(3) Bethe vector (5.3.47) with L = 12,
N =4and M = 3.

0Mi/2 uti

—_——

111111111111 2222

2 3
2 3 112+2‘/2
2 3
1 J 1
)
1 .
1 J (——1
1 J 1
1111 N
| 1111
1 8 1 }Vl
1— 1
1 L ] —t— 1 }0(13)_2./2
1 — 1
3 2} vati/2
3 2}0 i/2
2222 111111111111
N N N~
viti 9U344/2 012)4i/2 013)4i/2

FIGURE 5.3.8: The inner product (¥,u) and the freezing to (v U813 — /2 u).

the su(2) case. The two factors can be cast in the form of scalar products of an on-shell

and an off-shell Bethe states by applying the freezing procedure.

5.3.1.2 The su(3) freezing procedure

Consider the scalar product of two su(3) states of the first chain, (v, u)=({v1, va}, {u1, u2}),

as represented in Fig.(5.3.8). Our purpose is to freeze the rightmost N3 indices to the

2. In [113], there are had two momentum-carrying nodes, while our spin chain has only one
momentum-carrying node.
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value 3, as imposed by the planarity of the contractions in the three point function.
This can be done by setting the last N3 rapidities of first level magnons at their freezing

values,
Dingar =000 —if2, L VN, = 95\}33) — /2. (5.3.48)

This will insure that the corresponding frozen region contains only red and black lines
propagating from the top to the bottom of the diagram. The number of black or red
lines is not fixed by the freezing, only their sum is fixed. In order to force all the lines
in the frozen region to be black, we have to apply once again the freezing procedure to

the magnons of second level, by fixing
Dot = 00 —i, .. T =0y i (5.3.49)
The remaining magnons are set to the corresponding values in the state |v),
V11 = V11, --vh U2 My = U2 M,- (5.3.50)
This gives us the first factor of the expression (5.3.45) for the cubic vertex. The second

factor, (z1, wi), is the same as in the su(2) case.

5.3.2 The su(3) structure constant in terms of &/* functionals

A generic Bethe state |u) in an su(3) sector is characterized by the rapidities u = {uy, ua}
and the inhomogeneity parameters 0 associated with the momentum-carrying node (1),

where

u; = {uLj, .. .,ULN}, ug = {Ule, . ,uzM}, 0= {91, .. .,GL}. (5.3.51)

The rapidities satisfy the nested Bethe wave functions for the su(3) R-matrix given by
(3.2.27):

L 1- N . M 1.
ULj — 0[ + 5@ i H ’U/]_,]' — Ul,n “+1 H U/Lj — UQ’m — 57, (5 3 52)
_p _ L. T . _ o 1, o
=1 ul:j el 2Z n=1 ulv] ul,TL ¢ m=1 ul,j U2,m + 2Z
M . N 1-
1— _ H Ugj — U2m +1 Huz’j_uLn_il

m=1 u27] U27m ? n=1 u27] ul:n + 21’
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For given distribution of the roots u; and us, the pseudomomenta p (z) are defined

modulo 27 by

++ - —— O+ ———
eipil _ up QO z’p?1 _ Qul u ip§1 _ uz

C Qu Q7¢49_7 T Qu, Qu,’ B Qus

(5.3.53)

see e.g. [114]. Here
QF(w)=Qu=i/2), Q*F =Qu=xi), QM (u)=Qu+in/2). (5.3.54)

In terms of the three pseudomomenta, the Bethe equations (3.1.19) read

ePa@)=a() = 1 if z e uy;
ip2(2)—ipd(2) _ 1 . (5.3.55)
€ =—1 if z—1i/2 €.

It is convenient to introduce the functions Pl(z) and P.(z), associated with the two
nodes of the Dynkin graph of su(3), and related to the quasimomenta pi,(z), i = 1,2, 3,
by

Py(2) = pu(2) = pal2),  Pi(2) = pi(z +i/2) = pa(z +/2). (5.3.56)

In terms of these functions, which we will also call pseudomomenta, the Bethe equations

take the more standard form
i) = 1 if zeu, (a=1,2). (5.3.57)

The functions P; and P can be expressed in terms of the su(3) Cartan matrix

My, = ( _21 _21 ) (5.3.58)

as

—\ Ya,1
oiPs — (Qe> I1 QMarlleMarl g — 1 9. (5.3.59)

+
QG b=1,2

Let us stress that the values of the local conserved charges are determined only by
the level-1 roots u;. The duality transformations change the level-2 roots us, but leave

invariant the level-1 roots uj, which carry the physical information [114].

The norm of an on-shell Bethe state The squared norm of an on-shell Bethe state

has been computed for the case of su(3) by Reshetikhin?® [113] and is expressed as the

3. A conjecture for su(N) is proposed in [49].
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determinant of the matrix of the derivatives of the two quasi-momenta: *

(u,u) = cy det [a Pupr)] (5.3.60)

Ua,j

where the determinant is with respect to the double indices A = {a, j} and B = {b, k}.
The normalizationn factor ¢y is given by (5.2.43). The matrix of the derivatives of the

two quasimomenta is explicitly

b . 0Py (2)
Oug; Pu(ub k) =tap(taj — up k) + tap(—taj + up k) + 0440 kg, (5.3.61)
Z=Uq,;
where
1 1
top(U) = — — ————. 5.3.62
ab( ) u u+ %Mab ( )

Instead of taking the derivatives, we will compute the norm as the limit of the deter-
minant depending on two sets of rapidities, u and v, which has the limit (5.3.61) when

v — u. We define the (N + M) x (N + M) square matrix Qq;(u;, vy), with
Qb (1, 0) = tap(u — v) — P8Oty (—u+v). (5.3.63)
The expression for the norm, which we are going to evaluate in the classical limit, is

(u,u) =cy lim det [Qup(uaj, vor)] - (5.3.64)

Va,j Ua,j

5.3.3 The inner product (u,v) in the limit uy, — oo

Unlike the su(2) case, the inner product of an on-shell Bethe state with an of-shell
Bethe state is not generically a determinant. Determinant representations exist in some
particular cases [112, 115]. We will use the determinant expression obtained by Wheeler
[112], when the rapidities of the second type of magnons of the Bethe eigenstate are sent
to infinity. We assume that M is odd; then one can send to infinity the us roots one by
one. As a result the second level Bethe equations become trivial and the first level Bethe

equations take the same form as for su(2). The inner product (u, V)Zu(g) factorizes into

4. Here it is assumed that the set of the Bethe roots is symmetric under complex conjugation.
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two su(2) inner products [112]

li su(3) —det Ne—1 . A\ k—1 Q;1 (’U2,j) 3.
uzlg100<v, u) j(l?; ((vgd) (va; + 1) 0, (02) (5.3.65)
_ N o (k)
x det | t(u1,j — vig) — Qp (Vik)Qg (Vi k) ———— t(—u1,; +v1 k)
LY QU1 (ULk)
1 .
X A[Vl]A[Vg]A{ul] X g(uld — U1,k + 7’)
= <ul, V1>s0u(2) <OO, V2>i}i(2).
Using (3.4.114), we write (5.3.65) in the form
li = Qo A5 Qy QY 5.3.66
uzlinoo<v’u>‘9 — uUvy Q7;- \'p) [QVI V1] : ( e )
Combining (5.3.65) in (5.3.45), we get
— ot 0= + ot Q;<12> 0= OF 5.3.67
<ll, v, W> - W1 [Q0(13)Q9(13)] ujUvy [ —+ ] A% [Qvl Qvl]' ( = )
9(12)

5.4 The semi-classical limit of the su(3) three-point func-

tion

5.4.0.1 The semi-classical limit

The semi-classical limit for su(3) Bethe states is defined similarly as for the su(2) Bethe
states. It is attained for long spin chains (L > 1) with macroscopically many excitations
N,M ~ L, and in the low energy regime (E ~ 1/L) [17, 20, 116]. In the semi-classical
limit the roots are organized in several macroscopic strings, which condense into cuts
in the complex rapidity plane. The three quasimomenta pi,p2,p3 become the three
branches of the same meromorphic function. The three sheets of the corresponding
Riemann surface are joined among themselves along the cuts defined by the long Bethe

strings. In the semi-classical limit, the Bethe state is characterised by the resolvents

Gu,(2) = 0,1og Qu(z), Gu,(z) = 0;logQu,(2), (5.4.68)

as well as the resolvent for the inhomogeneities

Go(u) = 8y log Qo (u). (5.4.69)
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The two resolvents, Gy, and Gy,, can be expressed in terms of the three quasimomenta
p}l, pfl and pf’l, which become the three branches of a single meromorphic function on the

tri-foliated Riemann surface,

Pt =Gu, —Gg (mod 2r), (5.4.70)
p2 =Gy, — Gp, (mod 27), (5.4.71)
pd = -Gy, (mod 2m). (5.4.72)
or
Pl =2Gy, — Gy, — Go (mod 27), (5.4.73)
P2 =2Gy, — Gy, (mod 2r). (5.4.74)

Let Cf‘j be the cuts joining the i-th and the j-th sheets. Then the Bethe equations (5.3.55)

.

become boundary conditions on these cuts, depending on the mode numbers nf;

27771?2 :pl — pZ, S C?Q (5475)
21n53 =Py — Py z € C3s (5.4.76)

where p denotes the half-sum of the values of the function p on both sides of the cut.

5.4.0.2 Stacks

In addition, there is the possibility of configurations called stacks (bound states of ra-
pidities associated with different nodes [117]), which represent pairs of roots belonging
to the nodes 1 and 2 and at distance O(1) from each other [19, 20, 114]. We can have
macroscopic strings of stacks, which in the classical limit become two cuts that merge
into one cut. Since the roots that form the string of stacks belong to two different nodes,
they correspond to a cut type 1-2 and a cut type 2-3, where we understand that the
cut of type i-j joins the i-th and the j-th sheets of the Riemann surface. The result of
merging of the two cuts is a cut of the type 1-3. Therefore, in order to have a description
of the generic Bethe state in the semi-classical limit, we must assume also the existence
of cuts of type 1-3. The boundary condition on these cuts is obtained by taking the limit
of (5.4.75) and has the form

2mnfy = p, — P, 2 € Chy (5.4.77)

The bosonic duality transformations [114] in the classical limit corresponds simply to

the exchange of the Riemann sheets 2 and 3.
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5.4.0.3 The semi-classical norm

The determinant (5.3.64) can be computed in the classical limit under the assumption
that there are only 1-2 and 2-3 type cuts, which are separated at macroscopic distance
~ L. With this assumption, the off diagonal elements of Q(u,v) ~ (u—v)~2 ~ 1/L?, and
the only matrix elements of order one are those in a strip of width ~ 1/ VL along the
diagonal. As a consequence, the non-diagonal blocks do not contribute in the classical
limit and the determinant is simply the product of the determinants of the diagonal
blocks,

<1l, u)su(?)) ~ det [Qu(ul’j, uLk)] det [QQQ (’LLQJ‘, u2,k)] (5.4.78)

_ <u1, u1>su(2) <u2’ u2>su(2)'

Let us evaluate the norm assuming that there there are no cuts relating the first and
the third sheet of the Riemann surface. We can use the expression for the classical limit

of the norm in the su(2) sector:

(V)0 = log o[22 (5.4.79)
Qo
_ ?{ B2 1 11(2) @O0 4 O(log L),
CuUCy 2T
with
Gu(z) = 0,logQu(z), Ga(z) = 0.logQe(2). (5.4.80)

The norm of the classical Bethe state is then®

dZ . . . dz . .
1 — e I 2iGu, (2)—iGu, (2)—iGg(2) % el 2iGu, (2)—iGu; (2) )
og{ulw) fiul o 2 (6 1 ’ ) * Cuy on 2 (e i 1 )

(5.4.82)

5. Tt is likely that in the most general case, when some of the roots can form bound states (“stacks”),
this logarithm of the norm is given by

d . ip% (2)—ipd (=
log<u|u> = Z%c ﬁLlQ (6 Pu(2)=ipu( >> (5481)
a<fp ap

where C;; (1,7 = 1,2, 3) denote the contour (or contours) surrounding the cuts between the i-th and the
j-th sheets.
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5.4.1 Semi-classical limit of the structure constant

Substituting (5.4.79) in (5.3.67) we find for the structure constant in the classical limit

log C{3} = jq{ &, <eiGu1(2>+in1 <z>—z‘6‘$2><z>) (5.4.83)
ujUvy 27r
dz . (G, (2)—iGy, (2) dz . (G (2)=iG 3 (2)
- ICE R ES = IC
v2 w1
1 1 1
—5 log(ulu) — 5 log(v|v) — 3 log(w|w). (5.4.84)

The last line is evaluated in the classical limit according to (5.4.82).



Chapter 6

Long-range Interacting Spin
Chain

In this chapter and Chapter7, we consider three-point functions at higher loops in
perturbation theory. The main discussions are at one loop but some results can be
generalized to higher loops. There are two new features at higher loops. Firstly, the
dilatation operator is mapped to a long-range interacting spin chain instead of the nearest
neighboring Heisenberg spin chain. One has to construct the eigenstates of the long range
spin chain and compute their scalar products. Secondly, we need to take into account
quantum corrections, which, at one-loop level, manifest themselves as operator insertions
at the splitting points. These insertions have to be computed by Feynman diagrams for
the moment and is only known for some sectors at one-loop. Even the loop insertions
are known, it is non-trivial to take them into account in the spin chain language and

obtain manageable results for three-point functions.

The current chapter is devoted to long-range interacting spin chain. In the su(2) sector,
the dilatation operator up to three-loop (before the dressing phase needs to be taken
into account) is described by the so-called BDS spin chain [21]. This spin chain is long-
range interacting and is integrable in a perturbative sense, the meaning of which will be
made more precise in section 2. Although some special types of long-range interacting
spin chains such as the Haldane-Shastry chain and Inozemtsev chain have been studied
in the context of condensed matter physics, the BDS spin chain is of novel type and
new methods are needed to construct its eigenstates. This problem is solved by the
important observation [118, 119] that the BDS spin chain has the same spectrum as an
inhomogeneous XXX /5 spin chain with the inhomogeneities fixed to a set of specific
values. This implies the two models are related by an unitary transformation. Once this

unitary transformation is worked out, we can construct the eigenstates of BDS spin

79
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chain by first constructing the eigenstates of the inhomogeneous XXX, /5 spin chain and
then apply the unitary transformation. We will present the explicit form of this unitary

transformation and describe in detail how to construct the eigenstates of BDS spin chain.

This chapter is structured as the follows. In section 1, we will discuss the inhomogeneous
XXX1/2 spin with an emphasis on its conserved charges. In section 2, we introduce the
long-range interacting spin chain, in particular, the BDS spin chain. In section 3, we

work out the unitary transformation and relate the two models.

6.1 Inhomogeneous XXX, Spin Chain

We have encountered the inhomogeneous XXX, 5 spin chain several times before. In
this section, our focus will be on the conserve charges and its relation to the long range
interacting spin chain. To this end, we choose a slightly different normalization

i

I Pap. 6.1.1
wri T uri @ (6.1.1)

Rab(u) =

The corresponding monodromy matrix is defined by

L .
Ty (u; 0) = HRak(u—Hk—%), (6.1.2)
k=1

The normalization does not change the RTT relation. The only difference is that the

eigenvalues of the A and D operator on the pseudovacuum, which reads
—p — L
a(w) =1,  dw) =] (u=0i—3) (6.1.3)

The on-shell states are eigenstates of the transfer matrix 7 (u) with the eigenvalue now

given by

~ Qulu—1) | d(u) Qulu+1)
= Qul(w) + o) Qu(w) (6.1.4)

tu(u)

6.1.1 Conserved charges

We define the r-th integrals of motion or conserved charges of the inhomogeneous spin

chain conventionally as the logarithmic derivatives of the transfer matrix 7 (u) around
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the point u = i/2:

L4 rw| (6.1.5)

i(r — 1) dur—1 . i/

Qf =

Any combination of the above integrals of motion is an integral of motion. The definition

given above is convenient if the values of the inhomogeneities are small, 6 ~ g, where

VA

g is a perturbation parameter and will be identified with g = 2.

Homogenous chains For the homogeneous case (i.e. 8y = 0), the first conserved

quantity is the shift operator:

, L
1
Uy = 76(5) =Tr, H Puk =Pr1,Pror-1...P12. (6.1.6)
k=1

The homogeneous shift Uy translates the chain by one lattice spacing, that is we have
UoPri+1Up ' = Pro1p. (6.1.7)

Periodicity of the chain means that U} = 1. The first few homogeneous Hamiltonians

take the form

L
gR _ ZHk’ (6.1.8)
k=1
;L
§R = 5 Z[H]k—lv
k=1
1L
iR = 3 Z ([[H]]k_l + [H]g Hp—1 — [H]g—1 — Hk)v
k=1

where “SR” denotes “short-range” and we have introduced the compact recursive nota-

tion
Hy = Ik kr1 — Prr1, [H]x = [Hg, Hry1], [H]x = [[H]x, Hr2]. (6.1.9)

For completeness we note that in terms of the R-matrix the nearest-neighbor Hamilto-

nian is given by

dR (u)
. y—1 k,k+1
Hy, = _ZRk,kH(U)T ) (6.1.10)
and the homogeneous transfer matrix can be expressed in the convenient form
; L
To(u+ 3) = Upexp [iZuHQER]. (6.1.11)

r=2
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Inhomogenous chains In the inhomogeneous case the conserved quantities do not
take the simple form (6.1.8). It is useful for later purposes to write them as an expansion
in the value of the inhomogeneities. The momentum is no longer a conserved quantity,
since the inhomogeneous chain is not translationally invariant. However, the periodicity

condition U% = 1 still holds. The conserved quantity which replaces the shift Ug is the

operator
L
Up = Tro [ ] Rae(—0%) (6.1.12)
k=1
whose expansion in 6 exponentiates to !
. 1
Uy = Upexp [— i ;@ka -5 §9k10k[H]k1 + 0(02)] . (6.1.13)
Note that for 8y = —u the inhomogeneous shift Uy gives back the homogeneous transfer

matrix 7To(u+1i/2) (6.1.11). The expansion of the inhomogeneous Hamiltonian takes the

form

L
W=3 [Hk B+ 62 (e[l — (Hiy — Hy) + 64801 [H] 1 | + O(6°).
k=1

(6.1.14)
The M-magnon eigenvalues E, of the conserved quantities Q, are the sum over one-

magnon eigenvalues

M
Ef = g (u;) + O(0"), (6.1.15)
j=1

where g,(u) takes the standard form of the XXX one-magnon eigenvalues

i 1 1
o= (e (G110

Here uyq,...,ups are solutions of the BAEs and depend on the values of the inhomo-

geneities 6.

6.1.2 Corner Transfer Matrix

An interesting quantity with regard to the construction of integrals of motion is Baxter’s

corner transfer matrix (CTM) [120]. After a brief review of some aspects of the CTM

1. We assume periodic boundary conditions, k + L = k.
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for homogeneous spin chains, we define an inhomogeneous CTM that will be useful in

the subsequent sections.

Homogeneous chains. Let us briefly review the definition of a homogeneous CTM
and its relation to the so-called nearest-neighbor boost operator [120-122]. In the fol-
lowing we will assume to work on infinite chains (L — oo) or in the bulk of a periodic

chain. ? First we introduce a half-row matrix G4 ranging from site A(< L) to site L:

Ga(u) =Rp 1 p(w)Rr oz 1(u).. . Ras1are(w)Raar(u). (6.1.17)

Here we have defined the symbol R(u) as the R-matrix times the permutation operator: 3

Rir1(w) = Prpy1 Re i1 (w). (6.1.18)

Then we define the CTM as a stack of half-row matrices of different lengths according
to Fig.(6.1.1)
A(u) = Gi(u) ... Gr—2(u)Gr-1(u). (6.1.19)

Note that the triangular definition of the CTM originates in the context of vertex models.
In fact, this matrix can be defined for every quadrant of a square lattice of R-matrices
(vertices). In the bulk the half-row matrix G4 has (up to the shift) the same structure as
the parity inverted row-to-row transfer matrix 7 —!(—u + %) and consequently a similar

expansion 4

L
Ga(u) =1+iu ) Hy + Ow?). (6.1.20)
k=A
This form makes it clear that the CTM expands as

A(u) =1+ wB[Q3R] + O(u)?, (6.1.21)

where B[Q3R] denotes the so-called boost operator of the nearest-neighbor Hamiltonian
gR = > ;. Hj. For a generic local operator £ with local density Ly, the boost is defined

as

BIL] =) " kLy. (6.1.22)
k

It is well-known that the boost of the nearest-neighbor Hamiltonian allows to obtain

higher integrable Hamiltonians of a short-range spin chain model based on a rational

2. Note that typically some spins on the edge of the CTM are fixed.

3. Usually the CTM is defined in terms of ordinary R-matrices or vertex weights and the ingoing site
k is identified with the outgoing site k+ 1 when mapping the vertex model to a spin chain. Here it seems
convenient to circumvent the vertex model interpretation to avoid confusion.

4. Note that R™*(u) = R(—u).



Contents 84

— A
N
- AN
AAAN

—_

FIGURE 6.1.1: Corner transfer matrix (CTM) acting on a spin chain. We assume an
infinite lattice on the right hand side. The small discs denote R-matrices defined in
(6.1.18).

(or trigonometric) R-matrix [123]:
Q= —%[B[ 5, QM. (6.1.23)

In fact, on infinite chains the homogeneous CTM can be expressed as the exponential

of the nearest-neighbor boost operator as shown in [120, 121] for the XYZ model:

A(u) = exp (iuB] §R]) (6.1.24)
Since the row-to-row transfer matrix 7 (u) is the generating function of the local integrals
of motion, (6.1.23) is equivalent to the differential equation [121, 124]

Lt by = dBIQE T D) T() =, (6.1.25)

where we have fixed the initial value of the transfer matrix to be the homogeneous shift
operator. This implies that a finite boost transformation corresponds to a shift of the

rapidity parameter of the row-to-row transfer matrix:
AN (W) T (0)A(u) = T (u +v). (6.1.26)

In particular, one can understand the row-to-row transfer matrix as being generated by
the CTM through a transformation of the shift operator Uy = T (i/2):

T (u+ %) = A (u)UgA(u). (6.1.27)

Inhomogeneous chains. Now we would like to extend the above considerations to in-

homogeneous spin chains. We define the inhomogeneous CTM as a stack of homogeneous
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half-row matrices with different rapidity shifts: °
A@(u) :Gl(u—91)G2(U—92)...GL<U,—0L). (6.1.28)

Expanding this inhomogeneous CTM evaluated at v = 0 in terms of the inhomogeneities
0 we find

Ap(0) = exp [i'S" viHy % S ulHli + O8] (6.1.29)
k k

where the coefficients v and py are given by

k k
ve=—Y 0s,  pr=—Owp— Y 02 (6.1.30)
=1 r=1

In analogy to (6.1.27) we may interpret the inhomogeneous shift operator as being

generated by the operator Ay on infinite chains:
Uy = A, (0) Ug Ay (0). (6.1.31)

While we have no proof for this transformation property in general, we have verified it
up to order g2. Similarly one can check that the inhomogeneous bulk Hamiltonian is
generated according to Qf = Agl(O)QSRAg(O), at least up to order g2. In section 6.3 we
will rediscover the inhomogeneous CTM in the context of a map between inhomogeneous

and long-range spin chains.

6.2 Long-range interacting spin chain

Long-range interaction for a spin chain means the interactions are not restricted to the
nearest neighboring, but can involve more sites or spins far away. It is a general feature
of N =4 SYM that at higher loops, the spin chain Hamiltonian which corresponds to
the dilatation operators will become long-range interacting [10]. The interacting range

grows with the order of perturbation.

Several different methods were employed to describe and solve long-range spin chains,
at least partially. Historically, one of the first methods to completely solve a long-range
system is based on so-called Dunkl operators [126], and it was used successfully for the
Haldane-Shastry model, and for some aspects of the infinite length Inozemtsev model
[127, 128]. The drawback of this method is that an explicit representation of the Dunkl

operators is known only for a restricted class of models. Another restriction is that, with

5. In [125] it was speculated on the connection of the long-range deformations discussed in the sub-
sequent sections to an inhomogeneous version of the CTM. We have not found any discussion of the
inhomogeneous CTM defined in 6.1.28 in the literature.
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the exception of the Haldane-Shastry model, the Dunkl operators cannot be rendered
periodic on a finite lattice. The price to pay for rendering the lattice finite is to introduce
a defect [129]. The advantage is that explicit exact expressions for the monodromy matrix
can be obtained, and the scalar products are relatively straightforward to compute [128].
Another method to deform the XXX, spin chain uses so-called boost and bilocal
charges and was proposed in [118, 130]. This method works again fairly well for long

spin chains, but does not include wrapping interactions.

As alluded before here we use yet another method, which is to map the inhomogeneous
XXX model to a long-range model. The authors of [21] noticed that the BAE of the
long-range spin chain they have proposed, can be obtained from those of an inhomo-
geneous spin chain by a judicious choice the inhomogeneities. This equivalence ceases
to hold when wrapping interactions, i.e. interactions of range equal or greater than the
length of the spin chain, are taken into account. However, the Hamiltonian of the inho-
mogeneous spin chain is not a homogeneous long-range spin chain, because it depends on
inhomogeneities, which are site-dependent. The observation of BDS was taken further
in [130], where it was noticed that if the two spin chains have the same spectrum, they
should be related by a unitary transformation, which was computed up to two-impurity
order (or two-loop order in N = 4 SYM terms). This unitary operator was not explic-
itly used before to construct the eigenfunctions of the long-range spin chain. Instead,
the wave functions of long-range spin chains were constructed via another relation to

inhomogeneous spin chains [131, 132] or by the relation to Dunkl operators [128, 129].

6.2.1 The BDS spin chain

By deforming the homogeneous short-range XXX model, one can obtain long-range
spin chain models. One possibility is to define these models exactly, for any value of
the deformation parameter and for any length of the chain. This is the case for the

Inozemtsev model [133] whose Hamiltonian takes the form

L
Hy = [ [ Proin/u(k —1) Pa. (6.2.32)

k=1
k£l

Here Pp iz, is the Weierstrass function with periods L and im/k. At & — oo this model
gives back the short-range Heisenberg model. Another limiting case of this model is the
k — 0 limit, which yields the Haldane-Shastry model [134, 135], and which was widely
studied in connection with exclusion statistics. Another possibility to define long-range
deformations is to define the model through a series expansion in the deformation pa-

rameter. This was done for example for the dilatation operator of N' = 4 SYM theory
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[14], which corresponds to an (asymptotically) integrable spin chain Hamiltonian. In-
tegrability can then be defined perturbatively; for example if the deformed conserved

charges are given by an expansion in the deformation parameter g of the form ¢

Qr(g) =Y _ Qg™ (6.2.33)

k>0

then the terms in the expansion can be computed order by order and to test integrability

to order £, one checks that

[Qr(9), Qs(9)] = O(g*“ D) . (6.2.34)

We then say that the model is integrable up to f-loop order. An important example of a
long-range spin chain that we will use in this work is the BDS chain [21]. It was defined
in the perturbative sense as a long-range spin chain whose first three orders coincide
with the dilatation operator of N = 4 supersymmetric Yang-Mills theory in the su(2)

sector:

D(g)=L+2> gD (6.2.35)
k>1

The first three non-trivial orders of the dilatation operator were computed by Beisert,

Kristjansen and Staudacher [14] and they are given by

L
DI =3 "(1=Ppps1) , (6.2.36)
k=1
L
Dl = Z(4Pk,k:+1 —Prry2—3),
k=1
L
DB =" (—14P) g1 + 4Pk g + 10 — PrppsPrit pso + PropsoPratiss) -
k=1

In the initial BDS paper [21], the model was defined beyond three-loop order by the
BAE:

. L M . .
AR T I y 7l R Ut 1 (6.2.37)
x(uj_%) k=1 uj—uk—i’ x(u—%)’
k#j

6. Here we suppose that only even powers of g appear in the small g expansion, as it is the case for
the ' =4 SYM dilatation operator in the su(2) sector.
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with the rapidity map x(u) and its inverse given by the Zhukovsky relation

() = g (1 /11— 492) . u(z) =z + 7 (6.2.38)

In [136] it was shown that the Hamiltonian (6.2.35) and the Bethe ansatz (6.2.37) can be
obtained by reducing the one-dimensional half-filled Hubbard model to the spin sector. In
principle, the higher order terms in (6.2.35) can be computed from perturbation theory
of the Hubbard model, and at increasing perturbative order they involve interactions
connecting more and more spins. The difference between the Hubbard model prediction
and the Bethe ansatz equations appears at order ¢?* when wrapping interactions start

to contribute.

Notably, the above Bethe equations for the BDS model equal the inhomogeneous Bethe

equations up to wrapping, if the inhomogeneities are fixed to [21]7

ok
6BDS — 92¢sin % (6.2.39)

In consequence, the spectra of the two models are the same up to wrapping order and
their Hamiltonians can be related by a similarity transformation [119]. In the subsequent
sections we will pursue the investigation of this relation between the two spin chain

models.

6.2.2 Boost Operators

In this section we review a general method for the construction of long-range spin chains
using a deformation equation that preserves integrability [118, 130]. We then discuss the

BDS spin chain in this context.

The starting point for these long-range deformations is a given short-range system with

mutually commuting Hamiltonians Q5®, » = 2,3,..., (e.g. generated through (6.1.23))

r

that act locally and homogeneously on a spin chain. The long-range charges Q,(g) are

then defined by the deformation equation

d

@Qr(g) = i[X(9), Qr(9)], Q.(0) = QY = Q°F, (6.2.40)

7. For odd values of the length L one should add a twist to the inhomogeneities that we neglect here
for simplicity [136].
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This deformation equation is algebra-preserving. Let us for the moment consider a non-

trivial algebra between the operator Q,(g)

[Qr(9), Qs(9)] = frat Qe(g)- (6.2.41)

By Jacobi identity we have

1Q(9),Qu(0)] = i1X(9), [Q:(9), Qu(0)] (6:2.42

Substituting (6.2.41) into (6.2.42), we find that
d
— frst =0, 6.2.43
ag'rt ( )

which means the structure constant and hence the algebra is preserved at any point of
the moduli space. In particular, for conserved charges f,.s; = 0. Therefore Q,.(¢) commute

with each other at any value of g.

The differential equation (6.2.40) can be solved perturbatively. First we integrate the

equation

Qo(9) = Qu(0) + / "4 iX(e), Q)] (6.2.44)

0

Expand both Q(g) and X(g) perturbatively in g

QY+ QM +4' QP +4° QY - (6.2.45)
X(g) =XO 4 @2 XD 4 A X@ 4 6xG) 4 ...

o
S
—~
S
SN—
I

Matching the powers of g on both sides,

QY =[x, Q) (6.2.46)
@ _ e o071 4 Erg(D) o0)

Qr Q[X 7Q'I‘ ]+2[X 7Q7‘ ]7

qu?’) — ...

This shows that the higher orders of charges are determined by lower order charges in

an iterative way. The equation defines an integrable system recursively.

The generators of long-range deformations X(g) are constrained by the requirement

that the Q,(g) are local and homogeneous operators. In [118, 130] two main classes of
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generators X were identified and their physical interpretation was studied: ®

Boost charges: X = B[Q,] = [1|Q/] (rapidity map) (6.2.47)
Bilocal charges: X = [Qr|Qs] (dressing phase) (6.2.48)

Here the bilocal composition of two local operators £1 and Lo is defined as

[L1]L2] = Z L Loy (6.2.49)
k<t

Furthermore one may deform the charges by local operators X = £ which amounts to a
similarity transformation. Deformations with local conserved charges X = Q,- are trivial.
The basis of local charges can be transformed without spoiling integrability. Typically
the initial basis of short-range Hamiltonians is chosen in such a way that the charge

Q- (0) acts on at most  neighboring spin chain sites at the same time.

Let us note that the boost operator (6.1.22) transforms under translations as
Uo B[L] Uyt = BIL] + L, (6.2.50)

and is therefore not well-defined globally, since it is not compatible with the periodic-
ity condition UOL = 1. However, if £ is a conserved charge, the above boost recursions
(6.1.23),(6.2.40) are well-defined locally, since the defining relations yield a local homo-
geneous operator. The fact that the boost is not well-defined globally insures that the
deformation (6.2.40) is not just a similarity transformation and that the spectrum of
the deformed model is different from the spectrum of the undeformed model. Similar

arguments apply to deformations with bilocal charges.

The BDS spin chain introduced in the previous sections is obtained from a specific
combination of the above boost deformations and basis transformations. Therefore we
will here focus on boost deformations (6.2.47) of the XXX chain and leave the study of
bilocal deformations in this context for future work. In order to obtain the full integrable
model describing the asymptotic su(2) sector of N' = 4 SYM theory (including the
dressing phase contributions), also the bilocal charges (6.2.48) have to be switched on.
The BDS and the full N' = 4 SYM theory chain in the su(2) sector correspond to a
specific choice of parameters in the large class of different long-range models that can

be generated by the above method.

It is important to note that generically the interaction range of the solutions Q,(g) to

(6.2.40) increases with each order of the coupling parameter g. This implies that for a

8. Note that more types of generators can be specified depending on the deformed short-range model
(see for instance the discussions of open boundary conditions [137] or the XXZ model [138]).



Contents 91

given spin chain, the range of the charge Q,(g) exceeds the length of the chain from a
given perturbative order in g. It is not known how to define the action of the charges
beyond this so-called wrapping order. Hence, the validity of the considered long-range

model is limited to the asymptotic regime of long states.

Generic boost deformations induced by the deformation equation ?

ngT@ =S 7 [BIQk(9)], Qr(9)) (6.2.51)
k=3

result in models that are diagonalized by the asymptotic BAE

fut3)) _pu—ueti w_ fluts)
( u % ) _Huj—uk—i’ e = f(u—%) (6.2.52)

=1

i#k

Here the rapidity map f(u) is related to 7 by

df (u) _ = Tk 1
dg k;z:g (k—1) fk=2° (6.2.53)

When expressed as functions of the rapidity u, the charge eigenvalues for the pure boost
deformations take the ordinary short-range form (6.1.16) and the deformation enters
only via the Bethe equations. Note that the equation (6.2.51) for the charges Q,(g) is
non-linear. Let us now compare the Bethe Ansatz equations for the deformed spin chain
(6.2.52) with those for the inhomogeneous spin chain. We notice that they look similar,

up to terms of order 6% at least, if we write

00 L

dln f(u) 1 o . k

T = Z E oy with o = E 01'? (6254)
k=0 i=1

and we relate 7 to the symmetric sums oy as prescribed by the relations (6.2.53) and
(6.2.54). Since the functional form of their conserved charges can also be chosen to be
identical, we conclude that the spectra of the inhomogeneous model and the correspond-
ing deformed model are the same. Because the spectrum depends only on the value of
the symmetric sums, any permutation of the values of the impurities gives a model with
the same spectrum (but not the same Hamiltonian). One may therefore suspect that the
two types of models are mutually related by a unitary transformation [119]. In the next
sections, this transformation is defined, and determined explicitly for the first two orders

in perturbation. The values of the symmetric sums oy, in (6.2.54) can be translated into

9. For a more detailed discussion of the relation between these deformations and the Bethe ansatz
see [118, 130]. For comparison to the notation used in [119] we note that 7, = II;/dg, where IIj is a
one-form defined in that paper.
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values of the coupling constants 75, for the long-range deformations. These coupling con-
stants define a whole family of long-range integrable models, since the values of the first
L symmetric sums can be tuned independently. Among these models we are particularly

interested in the BDS model.

The BDS spin chain. Let us consider the recursive definition of the BDS chain in
some more detail. In this case the rapidity map and its inverse are given by fBPS(u) =

x(u), see (6.2.38). We may use this explicit form to evaluate (6.2.53) according to

de(w)  du() /du(a:) 2 i e (6.2.55)

dg ~ dg dr 22 —g2 (k —1)ak—2"

k=3

such that writing the left hand side as a series we find the BDS expressions
o =0, g =4kl (6.2.56)

Note that the pure boost deformations (6.2.51) merely deform the map between the
momentum p and the rapidity u« while the functional form (6.1.16) of the charge eigen-
values ¢, (u, g%) = ¢>%(u) remains unchanged. These boost deformed charges have the
same eigenvalues as those of the inhomogeneous models ' with the values of the sym-

metric sums given by

2k)!
oud =0,  opPS = Lg* Ek!))“‘ . (6.2.57)

In particular this is true for the model with the inhomogeneities given in formula (6.2.39).

6.3 Map from Long-Range to Inhomogeneous Models

In this section we elaborate on the relation between long-range and inhomogeneous spin
chains. After studying the unitary transformation S that relates the charge operators
of the two models at leading orders, we argue that the operator S originates from a
combination of boost operators and an inhomogeneous version of Baxter’s corner transfer
matrix discussed above. Finally we comment on the morphism defined by the S-operator

and the scalar products between BDS Bethe states.

10. Let us emphasize that two inhomogeneous models obtained from one another by permutation of
inhomogeneities have the same spectrum but different conserved charges, so they can be considered as
being different.
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6.3.1 S-Operator

As we have shown in the previous section, the BDS spin chain is related to the inho-
mogeneous spin chain by a unitary transformation. In particular, the conserved charges
of the two models, QY (inhomogeneous) and Q,(g) (long range) are related by the same

similarity transformation

Qr(g) =5QIs™ (6.3.58)

The Lh.s. of (6.3.58) can be obtained from the recursive procedure (6.2.46) to all orders.
On the other hand, Q% is defined by the expansion of inhomogeneous transfer matrix
(6.1.5) and can also be worked out to all orders. Therefore, we can use (6.3.58) as an
all-loop definition of the S-operator. By proposing a proper ansatz for S and comparing

both sides of (6.3.58), we can work out S order by order.

Definition of the S-operator. The similarity transformation S is the same for any

conserved charges. Computationally, it is simplest to consider the shift operator
U(g) =SUpS™ L. (6.3.59)

Since both shift operators U(g) and Uy are defined to all orders, this yields an all-order
definition of the S-operator in the parameter g. On the one hand, the inhomogeneous

shift operator is defined by equation (6.1.12) from which we can read off its expansion

(0~ g):

L L L
. 1 1
Uy = Uy [1 —1 ];_1 0.H; — 5 ; ;_1 0.0, H.H; — 5 kg_l 01 _10y, [H]k_1:| + O(g?’). (6.3.60)

For the boost induced long-range models on the other hand, we may apply the deforma-

tion equation (6.2.51) to the shift operator in analogy to deforming the local charges:
d ,
—Ulg) =iy _mIBlQu(9)]. Ulg)], U(0) = Uo. (6.3.61)

Here 7y is defined by the rapidity map f(u) (6.2.53).

Let us assume that the expansion of 11 starts at g2k*1 and that 7o = 0.!! Then we

can use the shift property (6.2.50) of the boost charges ([B[L],Ug] = —UpL) to write

11. The former assumption is motivated by the interaction range of the local charges being constrained
by the gauge theory. The latter assumption corresponds to a parity conserving model. Both assumptions
are satisfied for the BDS chain.
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down the first two non-trivial orders of U(g?):

U(g) = Uy [1—2‘7'3Q§R+732<[B[ SR, ER]—%( gR)2>—i(?5+7'32) ER] +0(g%). (6.3.62)

Here we have defined 12 .
0

Thus, both shift operators Uy and U(g) are defined to all orders in g and (6.3.59)
furnishes an all-order definition of the operator S. In the following we will elaborate

more on the generic structure of the S-operator.

Let us now explicitly derive the perturbative expression for the unitary transformation

that relates the two models up to order g?. We make the same ansatz as in [119], namely

S = expiz [Vka + %pk[H]kA + (’)(93)}, (6.3.64)
k

where v, and p; are unknown functions of inhomogeneities 6y to be determined. Here we
assume that 0, ~ g, v, ~ g and p;, ~ ¢g2. We can now compare the two shift operators
(6.3.60) and (6.3.62) and derive the constraints following from (6.3.59).

First order. We apply the ansatz (6.3.64) for the S-operator to the inhomogeneous

shift and evaluate the expression at order g:

L
SUS™! = Uy [1 — iy Hp(vk — vho1 +0k) + (v — vo)Hi | + O(g?). (6.3.65)
k=1

Here we have used that HyUy = UgHpg4q. Since the long-range shift operator has no

contribution at order g', (6.3.59) yields the constraints
Vp — Vg1 + 0 =0, v — vy = 0. (6.3.66)
These equations are solved by the explicit expression

k
ve=1— Y 0ba, (6.3.67)
x=1

and the periodicity condition for the first-order parameters yields

VL =ve = Y 0.=0. (6.3.68)

12. For instance we have 7_'213,&31 = 2¢°F.
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The latter condition guarantees that the operator S is periodic, i.e. it represents a well-

defined transformation on a periodic spin chain at the considered order.

Second order. Proceeding to terms at order g2 in (6.3.59) we assume that the above
constraints (6.3.66) hold. Also at this order we require S to be periodic which amounts
to pr+r = pr. We may again evaluate the right hand side of (6.3.59) and after some

manipulations we arrive at

N |

L
SUpS™t = [ + ) (k= pre1 + V1 (6 — Or—1)) [Hloo1 | + O(g%).  (6.3.69)
k=1

We may now compare this expression to the long-range shift operator (6.3.62) which

gives the constraint equation for the second order parameters pg:
Pk — Pk—1 = T3 — Vk_l(ek — ek—l)‘ (6370)

This equation is solved by (here we assume for simplicity vy = 0)

k k
pr=po+Tsk = > vz 1(0z — 0p1) = po + Tsk — Opri — Y _ 62, (6.3.71)

x=1 =1

and periodicity for the second order parameter yields

L
Pk+L = Pk = 2932: =09 = T3L. (6372)
=1

General structure Assembling the results, we obtain the S-operator

L
S =expi |:7'3[), Q5™ + Z veHy + Pk[H] )] +O(g?), (6.3.73)
k=1

Notably the S-operator can be split into two contributions
S=SpxS,!, Sgp=expi®, S, =-expiO. (6.3.74)

Here the boost and inhomogeneous generator are given by

L
©=7BQSY +0(gY),  ©=> (uH+ Pk[H] 1) +0(g%). (6.3.75)
k=1
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and we have defined the inhomogeneous parameter p; to separate the boost and inho-
mogeneous piece: .

pr=po— O — > 02, (6.3.76)

z=1
This splitting into a boost and an inhomogeneous piece is natural knowing that the boost
deformations generate the long-range model from the short-range (here Heisenberg)
model (6.2.2). In particular this implies two important features for the inhomogeneous
part S;l of the S-operator:
— In the bulk, Sgl sets all inhomogeneities to zero and hence represents the generator
of the inhomogeneous rapidity shift as indicated in (6.1.2).
— At the boundary, Se_l completes Sg to a periodic operator S.
Remarkably, the expression for S, Lin (6.3.74) agrees with the expansion of the inhomo-
geneous corner transfer matrix Ay (6.1.29). That is to say that the parameters v, and jy
are the same functions of  as defined in (6.1.30) (for vy = 0 and py = 0). We have thus
found that the expansion of Se_l is identical with the expansion of the inhomogeneous
CTM at first orders:
S, = Ap(0) + O(6?). (6.3.77)

Assuming that the map between Sy and Ay holds at higher orders, it seems natural to
use the CTM to define the operator Sy. In fact, the inhomogeneous CTM is defined to
all orders in 6 according to (6.1.28) in terms of R-matrices. Together with the boost
deformations discussed in the previous sections this could furnish an explicit definition
of the complete S-operator. Note that at higher orders it remains to be shown that an
operator Sy defined in this way has the desired property to combine with the boost part

into the transformation translating between long-range and inhomogeneous spin chains.

6.4 Morphism Property and Scalar Products

In the previous chapter we have shown how to obtain the integrals of motion for the
long-range (LR) model by transforming the inhomogeneous integrals of motion with the
unitary operator S. The same unitary transformation can be applied to the monodromy
matrix as well,

T"R(u) = ST(u;0)S™, (6.4.78)

where the values of 6 are chosen as explained in (6.2.54). It is straightforward to show
that the monodromy matrix of the long-range model T"®(u) obeys the Yang-Baxter
equation, and that its matrix elements obey the same algebra as the inhomogeneous (or

homogeneous) ones. The unitary transformation is therefore a morphism of the Yangian
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algebra,
TR (w) TR (v) = STy (u; 0) Ty(v;0) S~ (6.4.79)

for any spaces a and b. It is important to note that this morphism works for periodic
chains of arbitrary length, up to wrapping order g2~. This is in contradistinction to the
morphism considered in [128, 129], based on the Dunkl operators, where a defect was
added at the point where the chain closes. Of course, the difference between the two
is small for large chains. Let us explore the consequences of this morphism. First, the

Bethe vectors for the long-range model, on-shell or of-shell, can be written simply as
\u)LR =S \u; 9) s LR(u\ = <u; 9‘ S_1 . (6.4.80)

This means that the scalar products, including the norms, are the same for the long-range

model and the corresponding inhomogeneous model,
LrR(V|u)Lr = (v;0|u;0) . (6.4.81)

The evaluation of the scalar products in the long-range model, up to wrapping order, is
then straightforward. Let us emphasize that we do not need to know the explicit form
of the operator S in order to compute the scalar products of the long-range spin chain.
The above formulas are readily adapted for going to the semiclassical limit where L and

N are large.

The dressing phase and the inhomogeneities. The inhomogeneities can also be
used to emulate the effect of the dressing phase, provided that we allow their value to
depend on the value of the rapidities. This amounts to allowing the symmetric sums
to be symmetric functions of the rapidities u (o = ox(u)) so that we have for the

eigenstates of the model with the dressing phase, for example with the BES phase [139],
|u)prs = S(u)|u; 0(u)). (6.4.82)

Since the operator S(u) depends now on the state on which it acts, we cannot compute
the scalar products in the same straightforward manner, but at least we can compute

the norms of the Bethe ansatz vectors,
BES (u[w)pEs = (u; 8(u)|u; 6(u)) = lim (v;6(v)[u; 0(u)) (6.4.83)

The above scalar product can be computed as a usual scalar product in the inhomoge-

neous model, in particular the last expression, before taking the limit, is a usual scalar
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product with the one of vectors on-shell and the other off-shell, which can be computed
using (3.3.69).



Chapter 7

Higher Loops

In this chapter, we compute the three-point function in the su(2) sector at one-loop. We
have shown how to construct the eigenstates of the BDS spin chain in Chapter 6. In this
chapter we will combine this result with the other new features at one loop and write

down the three-point in a compact form.

The chapter is structured as the follows. First we will define the scheme independent
structure constant at one loop and the one-loop operator insertion in section 1. In section
2, we will introduce the permutation-derivative relation (PD relation) which will play
an important role in the computation of three-point functions. In section 3 we compute
the three-point function in detail and write the final result in a compact form in terms
of the «7-functionals. Finally in section 4, we take the semi-classical limit of our result
and compare with the result at strong coupling obtained by Kazama and Komatsu [64].

We find an agreement in the Frolov-Tseytlin limit.

7.1 The one-loop operator insertion

In the computation of correlation functions at higher loops there will be divergences and
one needs to regularize the result. Let us consider three scalar operators O, Oy and Os.
The two-point functions at one-loop reads

2

(O0i(21)0;(x2)) = QLAO (1 + 2¢%a; — 7; log (?22)) . i=1,2,3. (7.1.1)
Tip "

99
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where Ap; and 7; are tree level scaling dimensions and the one-loop anomalous dimen-
sions, respectively. Here ¢ is the regulator and a; is a scheme dependent constant. It is
easy to see that by shifting ¢ — e®¢, the constant a; is shifted by a; — a; + av;/g>.

The one-loop three-point function takes the following form

VNINoN (0)

(O1(21)O2(22)O3(%3)) = —x; A5 Ao C123% (7.1.2)
L1z T13 Lag
2 .2 2 .2 2 .2
g L12 773 72 T12 To3 73 L13 T3
1 2(c a1 +ag+az)— =log| =2 — =log| —=—=| ——=1o
< +g°(c123 + a1 2 3) B) g 95%3 -2 B g 1:%3 22 9 g 55%2 2
where C’g% is the tree-level structure constant which we computed in the previous chap-

ters and
1 .
AO,ij = 5 (AO,i + AO,j - AO,k) , 4,g,k=1,2,3. (713)

In the second line, 92(0123 + a1 + a2 + a3) is scheme dependent. We choose to include
the scheme dependence in the constants a; (i = 1,2,3). The well-defined quantity at
one-loop is the regularization scheme independent structure constant. This quantity can
be extracted by dividing the three-point function by the proper combinations of two-
point functions, which cancels the scheme dependent constants a;. To be more specific,

we define

3 P R
(Oi(2i)Oi(x;))(Oi(2:)Oi(xr)) ., .
N(x1,x0,23) = — , 1 k. 7.1.4

(21,22, 23) 11:11 ©(2,) 01 (1)) #J# (7.1.4)

Up to one loop,

1/V2/V3
Ao,12 Aop,13_Ao,23
Tig 213 Ta3

2 .2 2 .2 2 .2
Y1 L12 T3 Y2 Tig Tag 73 L13 Tag
1+ ¢%(ay +as +as) — —lo — —=lo — —Zlog | —=—=2
( g(a ? 2 2 g<$§352> 2 g<$%352> 2 g<x%252 >>

The scheme independent structure constant is defined to be

N(%’l,.’L’Q,.’IJg) = (715)

(O1(21)Oa(72)O3(x3))
N(z1,x9,x3)

—C\% + g*C5) + O(g%).

0123(92) (7.1.6)

When we compute the three-point functions at one-loop, the quantum corrections have
to be taken into account by computing Feynamnn diagrams, see [47, 54, 140]. For a three-
point function, there are two different types of Feynmann diagrams. The first kind in-
volves only two operators and is called the two-body process, which is given in Fig.(7.1.1).

This kind of Feynmann diagrams also appears in the calculation of higher loop two-point
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functions and contribute to the correction of scaling dimensions. Another type of cor-

F1cUre 7.1.1: Examples of the two-body process. This kind of processes involves only
two operators. In our example, it involves only O; and Os. This kind of diagram also
appears in the loop calculation of two-point functions.

rection involves three operators at the same time, which is depicted in Fig.(7.1.2). In

FIGURE 7.1.2: Examples of the three-body process. This kind of process is new in the
three-point function case since it involves three operators at the same time.

the computation of the structure constant, these two kinds of processes contribute in

different ways. The two-body process, which is depicted in Fig(7.1.3), cancels the same

FIGURE 7.1.3: The two-body process of the scheme independent structure constant.
The contribution of the three-point function cancels the contribution of the two-point
functions and we can neglect this kinds of diagrams.

contributions from the two point functions and can be neglected. The other process
which gives non-trivial contribution is depicted in Fig.(7.1.4). It is obvious that the

non-trivial contribution can only occur at the points where the spin chain splits. There
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FIGURE 7.1.4: The three-body process of the scheme independent structure constant
which gives non-trivial contribution.

are 6 such points, called the splitting points. The explicit computation of the Feynmann
diagrams corresponding to the above process has been carried out in the compact s0(6)
sector [47, 54] and the supersymmetric su(1]1) sector [140]. We focus on the s0(6) sector

in what follows.

Given three operators in the s0(6) sector

1 i i
O, = NCLlﬂ(gbl...Qng), (7.1.7)
1 : :
O = NCLzT‘r(¢]1"'¢]L2)>
_ 1 K k
1= g (o).

(1)

The one-loop structure constant C'1§3 reads

1) _ ta tat1 Jb Jbt1 ke key1
0123 - Z Hjb+1 ke I+ Z ch+1 ia [+ Z Hia+1 Jb I (7’1'8)
a,b,c a,b,c a,b,c

Where H is the s0(6) spin chain Hamiltonian density
HY) = 26] 0] — 2046] — 6763y = 2P — 21 - K. (7.1.9)

Here P and K are the permutation and trace operator, respectively. Each summation in
(7.1.8) has two terms, which corresponds to the two splitting points. For example the
two terms of the first summation correspondstoa = 1,b = Lo,c=1and a = L1o—1,b =
Lio,c = L3 — 1, where

1
Lij=5(Li+Lj—Ly), 4,j.k=123. (7.1.10)

These insertions are depicted in Fig.(7.1.5). Apart from the insertions at the splitting
points, the other parts are still given by free Wick contractions, which is the meaning

of the identity in (7.1.8).

Let us summarize what we have discussed so far. The quantum corrections manifest
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FI1GURE 7.1.5: The one-loop insertions for operator O; at the two splitting points.

themselves in the scheme independent structure constant as operator insertions at the
6 splitting points. The operators insertions for the so(6) takes the form of Hamiltonian
density of the s0(6) spin chain. In the following sections, we will take the insertions into
account and compute the scheme independent structure constant at one loop for the

three operators with definition two-loop anomalous dimensions.

7.2 The permutation-derivative relation

In this section, we explain how to convert the action of any permutation operators
on Bethe states into derivatives with respect to impurities. We shall call this kind of
relations permutation-derivative relations or PD relations for short. We derive the PD

relations both in the bulk and at the boundary.

7.2.1 PD Relations in the bulk

We choose the normalization of the R-matrix to be
Rop(t) = Lon + ~Pup, n=1,...,L (7.2.11)
u
and define the monodromy matrix as usual

L
To(u,0) = [] Ran(u — 60 —i/2). (7.2.12)
n=1

In the homogeneous limit it becomes

To(u) = [ Ran(u—i/2). (7.2.13)
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The authors in [132] found the following relation

[Pr 1, Ta(w)] = i(Ok — Opt1)Talu, O)lg—g » Ok = - (7.2.14)

where in the r.h.s. one first takes the derivatives with respect to the impurities and
then sends all impurities to zero. For simplicity, we will denote the r.h.s. of (7.2.14)
by i(Ox — Ok+1)Tu(u) and adopt the same convention for all PD relations. For later

convenience, we introduce the following notations
Dk = Z(ak - 6k+1), DL = Z(aL - 81) . (7.2.15)

We will generalize (7.2.14) to the case when several permutations act on the monodromy
matrix. To this end, we first notice that if the action of permutation and derivatives do

not overlap, they will act independently. This means, for example
0j[Prk+1,Ta(uw)] = 0;Dy Ty(u), ifj#kk+1. (7.2.16)

The case where permutations and derivatives overlap needs to be considered more care-

fully. From the definition of monodromy matrix, one can derive the following relations

O [Prt, Tu(u)] = —(3f — 94y Ta(u) (10— iop D Tu(w)  (7.2.17)

Oks1[Prgr1, Ta(u)] = (O — Ok 1)Ta(u) P ki1 +

+1

(1an+1 _ Zan—f—l) (u)

m an m'n' m+n+1 m—+n+1
o, 6k+1[Pk,k+17Ta(u)] = m( 0y akJrl )T (u)

for any m,n € N. Relations (7.2.17) can also be written as

(GO — 30 T Ty (u) (7.2.18)

1
Prer10k1Ta(u) = 0pTa(w)Prpr1 + k1

+ 1
Prr10;Ta(u) = Oy Ta(u)Pris1 + n+1

mln!
(m+n+1)!

(z@nJrl — z@,?ill) o(u)

P o101 0 1 Tou) = (0T — ATy (u) + 0 01 T ()Pt -

By the help of (7.2.18), we can derive the general PD relation. To see how this works,

let us consider the following example

[Prk—1Pr k1, Ta(u)] = [Prr—1, Ta(W)]Pr k1 + Prg—1[Prp+1, Ta(u)] (7.2.19)
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=Dy 1T, (u)Pp 11 + iPk 10k — Opy1)Tu(u)
= Dj 1 To(u)Ph a1 + (ak L — O Tu(u) + ik _1To(w)Pr 1
— 10410 ()P 1 — ° O 1 (Op—1 — O) T (u)

1
= i(Dz_l + 2Dk,1Dk)Ta(u) + DkflTa(u)Pk’k+1 + (Dk,1 + Dk)Ta(U)Pk,k—l .
Similarly, we can derive

Prkr1Prp—1,T0(u)] = (7.2.20)
1

= 5 (i + 2Dk 1 Dp)Tu(w) + DiTa(w)Pr -1 + (D1 + Di) T ()P -

It is straightforward to generalize this calculation to [P, T,(u)] where P is a product of

Pj k+1. In order to apply PD relation on a Bethe state instead of monodromy matrix,

one also need to show the PD relation has morphism property. This means, given two

functions of the monodromy matrix X(u) and Y(u), we have
1
Prk—1Pr 1, XY] = 5(Di + 2Dy 1Dg)(XY) + Di(XY)Pp -1 + (D1 + D) (XY )Py gy 1 -

One can show this is true by explicit calculation. Using PD relation and morphism

property we can derive the following relations, which will be useful in later discussion

kalHk’u> = [Pk,kfla [Pk,kJrl; B(u)]HQ) (7221)
= [Prx—1Prrs1, B()]|Q) — [Prpt1, B(0)]|Q2) — [Prr—1, B(u)]|2)

= 2Dy + 204 ) ) + Dy u)
where we use the shorthand notation B(u) = B(uy)--- B(uy). Similarly, we have
HyHy_1|u) = 2(D? + 2D D1 )|u) + Dy|u) . (7.2.22)
Taking the sum and difference of (7.2.21) and (7.2.22), we obtain

[Hy,—1, Hy[u) = [H]y—1|u) = (3(D}_; — D3) + Dg—1 — Di) [u) (7.2.23)
{Hi_1,Hg}u) = (5(D7_; + D2) + Dg—1 + Dy + 2D D1 |u) . (7.2.24)

Higher order PD relations can be determined along the same lines.
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7.2.2 PD Relations at the Boundary

The PD relations at the boundary are more subtle. In this section, we will derive the
boundary PD relations for one and two overlapping permutations, at least one of them

involving the bond 1L. The key observation is that Dy should satisfy the following trivial

constraint
L
> Dp=0. (7.2.25)
k=1
At first order, we have
L—1 L—1
Dpju) ==Y Dilu) = Hyu) = Eglu) — Hy|u), (7.2.26)
k=1 k=1

where Eo is the energy of the state. We find the boundary PD relation at first order,

Hz|lu) = —Dr|u) + Eg|u) . (7.2.27)
We consider now the square,
D7 = (Dy +---Dp_1)? (7.2.28)
such that
1

5 (D7 = DY[w) =3(DF +2D1Ds)[u) + -+ 5(DF_; + 2D 2Dpa)[u)  (7.2:29)

+ non-connected terms
where “non-connected terms” are the terms 2D;Dy|u) with |j — k| > 2. Using (7.2.22),

1
5(Di 4+ 2Dg_1D)|u) = HpHg_1|u) — Dg|u) (7.2.30)
we have

1
i(D% — D%)\u> = (Hng + -+ HL_lHL_Q)]u> — (DQ + .- DL_l)\u) (7231)

+ non-connected terms ,



Contents 107

which is the same as

L-1

(;(D% _ D)+ (D, — D1)> u) = 3 HeHy ) + 2D fu) (7.2.32)
k=2

+ non-connected terms .

Similarly, using (7.2.21) we have

L-1

<;(D% D2 )+ (D — DL_1)> u) = 3 By Hyfu) + 2D fu) (7.2.33)
k=2

-+ non-connected terms .
Taking the difference of (7.2.32) and (7.2.33),
L2 2 L2 2
5(DL = D7)+ (Dr = D1) | [w) = { 5(DL = D7_1) + (D = Dr-1) | |u) (7.2.34)
L1
= — > [Hy1, HyJju) = (2iQs + [Hp 1, Hy] + [Hy, Hi])[u) = (2iQs + [H] 1 + [H]1)[u) .
k=2
where Q3 is the third conserved charge. Taking the sum of (7.2.32) and (7.2.33),
1 1
(500 = D%+ 01~ D)) fu) + (503~ DF )+ D1 = Do) ) - (7.235)
L-1 L—1 2
= Z{Hk,l, Hy }u) + 4Dy |u) + cross terms = (Z Hk) |u) 4+ 2Dy |u) ,

k=2 k=1

where we have used the fact that

L-1 L-1 L-1
> Hilu)=2> Hu)=-2> Dylu) =2D|u) . (7.2.36)
k=1 k=1 k=1
Now we plug L;l H; = Qo — Hy, into (7.2.35),
k=1
1 1
(2(D2L — D%) + (D — Dy))|u) + (Q(D% —-D? )+ (Dg - DL—I)) lu) = (7.2.37)

=(Qz — Hp)?*|u) + 2Dy |u) = (E3 + 2E; — 2EoHy ) [u) — [Qa, Hy]|u)
=(E3 + 2By — 2E,Hy,)[u) — [H] 1 [u) + [H]|u)
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where we have used (7.2.27). Taking the sum of (7.2.34) and (7.2.37), we find that

ufu) = (503~ DB+ (D = D)) ) + Baftufu) — Cl) . (7239
) = (0%~ D2) + (D1 = Do) ) )~ Baftzfu) + C(wlu) - 2Esfu).
where C(u) is a function of rapidities defined by
Cu) = %[E%(u) 4 2B, (u) + 2iEs(u)] . (7.2.39)

In the derivation above, we used the fact that the second and third conserved charges

are

L L
Q2 = ;Hk, Q3 = ;;[H]k (7.2.40)

and Q,|u) = E;|u) when |u) is on-shell.

Using the PD relation and the S-operator, we can derive the theta-morphism proposed

by Gromov and Vieira [132], this is given in Appendix A.

7.3 Calculation of Three-Point Function

In this section, we perform the detail calculation of the three-point function. The set-up

is the same as the one (4.1.1) considered in Chapter 4.

The S-operator for O; is denoted by S;. We decompose the S; operator into bulk and

boundary parts, as the following

Si =8SijSik e, 1#Jk (7.3.41)
We take S; for an example,
L 1
S1 =exp (— Z i Hy + ipk [H]kzl) (7.3.42)
k=1
Lio—1 1 L1 1
= exp (— kzl ippHy + 2Pk[H]k—l) x exp | — k ;Hwka + 5 or[Hlio1 | x e+ O(g)
= =Lz

where

1

. ) 1
€1 = exp (_ZNL12HL12 - z:U’LlHLl - ipr[H}Lm - ile [H]L1> (7343)
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by our choice of the parameters, puy,, = pr,, = 0 and pr,, = pr, = 2g%, we have
€1 = exp (_QZ[H]LU - QQ[H]M) =1- 9251 (7.3.44)

Similar decompositions can be made for So and Ss.

In what follows, we adopt the formalism in [132] for the three-point function.
C123 = norms X simple x involved (7.3.45)

where

norms = /L LyL3/+/(1]1)(2]2)(3|3) (7.3.46)
simple = (| --- [1--- 1|1 — ¢°Hp,, — ¢°Hp,|3) = (vac|l — ¢°I¥)|3)
S~
Lig Lag
involved = (1|1 — ¢*Hy,, — ¢°Hp,|ir---ip,) -+ 1)
L3
(i1 ip,l - 11— g*He,, — ¢°Hiy[2) = (1](1 = g*TM)015(1 — 1) |2)
L
23

For later convenience, let us introduce the following notations

H(l) = HL1 + HL127 51 = [H]L1 + [H]le (7347)
1® =H;, + Hp,,, 62 =[H]L, + [HL,
1®) =Hy, + Hp,,, 65 =[HlL, + [Hlz,

and differential operators

1 1 1 1
DYy = (@ + 2Py + (D2 4+ 2D ) — Z(DM? +2D{V) — (D2 + 2D )

2 1 2 12 2 9 Li2+1 Li2+1
2) 1 . (2)2 2 L (2)2 2 1. (2)2 2 L (2)2 2
D = S +2D()) + SO +2D)) — 5 (O +2D) - Z(OF,, + 2D )
3) 1 (3)2 3 1 (3)2 3 1 (3)2 3y 1,(3)2 3
Dy = S (OF) +2D() + S (DF + 2D ) — (D +20{) - (7, +2DF) L))
7.3.1 Calculation of “simple”
Let us start with simple.
simple = (vac|l — ¢?I®S3|w; 0 (7.3.48)

= (vac|Sz|w; 0®)) — g2 (vac|I®)|w)

= (vaclw; 0®)) — g?(vac|I®|w) — g% (vac|ds|w)
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Using the PD relation at the splitting points, we have
5ilw) = DWW |w) + Eq(w)Hy, [u) + C(w)|w) (7.3.49)
Taking the Hermitian conjugate, we obtain
(ws] = DY ((wl) + Bo(w)(w[Hy, + C*(w)(w| (7.3.50)
Projecting (7.3.49) on the vacuum, we obtain
(vac|ds|w) = D?((vac]w; 0)) + Eo(w)(vac|Hr,|w) + C(w)(vac|w) (7.3.51)

Let us now compute the first term. It is useful to split the differential operator into two

parts, namely the quadratic part and the linear part,

D}y = Djj) + D) (7.3.52)
where
1
D, = §(D(L£2 2?4+ P2 - P2 ) (7.3.53)
3 3 3
D(Bl) o D(L3) D( ) + D(L1)3 D%1)3+1

We can first calculate the linear derivatives

3 3 3
<Vac]Dj(9l)|w; 03 = (vac| — Dg ) _ D(LI)SH\W; 00) (7.3.54)
A(3) a3 (3 (3
+ (vac| — (z@§ ) _ Z621)3> — (2821)3Jrl — 2823))]w; 9(3)>
Li3—1 Ls—1
= (vac|H; + Hp,,+1|W) + (vac| Z Hy + Z Hy|w)
k=L13+1

= Ey(w)({vac|w) — (vac[I®|w)

As we can see, it produces a term which cancels exactly the insertion. This is also the

case for the computation of involved.

The quadratic part can also be simplified. Notice that the scalar product (vac|w; 9(3)>
does not depend on the impurities 823 any derivative with respect to these impurities

vanish, which leads to

1

Dy (vac|w; 03)) = —§(a§3)2 + 07 — o7 — oV — 200" (vaclw; 6®))  (7.3.55)

= 0P o) (vac|w; 0¥)
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where in the second line we used the fact that (vac|w;#®)) is totally symmetric with

respect to 8113). Gathering the pieces together, we obtain

simple = (vac|w; 0®)) — 92353)85’) (vaclw; 0©)) (7.3.56)
1

2E§(W))(VaC|W> — g*Ea(w)(vac|Hy r |w)

+ g°(iBs(w)
The scalar product can be written as an @/-functional,

<VELC|W>9(13) = »Q%BB(SN,) (7357)

w,

where we have defined a shorthand notation for the /-functional defined in (3.3.86)

Q, (u
o0 = Ao [Qigu; . (7.3.58)
6
We have the final result for simple
1
simple ~ %V]EB(SW — g <3£3)8§3) - iEg(w)(?%S) + 2E%(w)) Dy 9(13) (7.3.59)

where in the first term we fix the impurities to their BDS value while in the second
term we take the homogeneous limit after taking the derivatives. We have neglected the
pure imaginary term, which does not contribute to the absolute value of the structure

constant.

7.3.2 Calculation of “involved”

Now we compute the piece involved.

involved = (u; 8151 (1 — g?IM)015(1 — ?1?) S5 |v; 6?)) (7.3.60)
= (101 [012|v; 6?) — ¢*((uIMO12|v) + (u|0121?)|v))
— g*((u[d]Or2|v) + (u|01285|v))

We again use the PD relations at the boundary.

(u[8]012|v) = D ((u; 0 )O1a|v) + B(w) (ulHL, O1afv) + C* () (u|Oralv)  (7.3.61)
(u]O128|v) = (012D} (|v:0P)) + E(v) (u|O12Hp, [v) + C(v)(u|Orz|v)

As a next step, we simplify the sum of the two differential terms, i.e.

DR (0 0D Oralv) + (u|012D} ([v: 0P)) (7.3.62)



Contents 112

We consider linear and quadratic derivatives in the operator Dp separately

DYy = DY) + DY) (7.3.63)
where
DY) =Dy, — Dy +Dpyy — Drppia (7.3.64)
y 1
Dgzl = 5([)%1 B D% + D%u - D%12+1)

Here we omit the upper indices for simplicity. We have

(Dry = D1+ Dy, = Drjyga)lvs 9(2)> (7.3.65)
=(H + HL12+1)|V> + (—(i01 — iale) - (iaLm-H - Z'aLz)”V; 9(2)>
Li2—1 La—1
=(H +Hppy) V) + | D He+ > Hi | |v)
k=1 k=L1i2+1

=(Hy + Hp p41)|v) + (Ba(v) = I)|v)

Now that

O= > lir-ving tee Dineeing Lo L (7.3.66)

i1, 0L, =T
12

We have immediately OlgH Lis+1 = 0, hence we have
012D | v; 02 = O12H1 |v) + Ea(v)O12|v) — O121P|v) (7.3.67)
Similarly, we can show that
DL, ((u; 0012 = B (u)(u|O19 — (0]l 015 + (u[H; 012 (7.3.68)
Therefore we have

(u|O12Dg;(|v; 0P)) + DL, ((1; 6V])O12|v) (7.3.69)
=(E(u) + E(v)) (u[O12|v) — ((u[IVO15]v) + (] 0117 [v)) + 2(u|O12H; |v)
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where the colored terms will cancel with contributions from the other terms. Now we

compute the quadratic derivatives

(|012D g (|v;0P)) + D ((1;00)Or2|v) (7.3.70)
=Dp, ((;00[012|v;0))) — Dy, (u;00]012Dp, |v; 9@ )
+D1(u;0[015D1 [v; 63)) = Dy, (1060 [012D 1, [v;0%) + Dy 1 (000 [019D L 11 |v; 6P))

The four crossing terms are calculated as the following:

— First term

— Dy, (u;0M[01,Dy, |v; 02) (7.3.71)
= —Dr, (u;0W[012D, |v; 6%

= (u|(~Hp, + B2(u))O12(~Hp, + Ea(v))|v)

= Eg(u)Ez(v)(u|O12|v) — Eg(u)(u|O12Hy, |v) — Eo(v)(u[Hz, O1a|v)

— Second term
D1<u; 0(1)|012D1‘V; 0(2)> = —(u\H1@12H1]u> = —2<u\012H1|v> (7.3.72)

This term will cancel the blue color term in (7.3.69).

— Third term
~Dy,, (w; 01 (012D, [v;0P)) = (u[H,,019H | v) = 0 (7.3.73)

This is due to the special configuration of 012. If i1, =T, we have HL12012 = 0; if
i1, =1, we have OlgHLu = 0. Therefore we always have HLIQOHHL12 = 0.

— Last term
Drist1 <u; 0(1)’012DL12+1’V; 0(2)> = _<u|HL12+1012HL12+1> =0 (7374)

This is simply because HL12+1012 = OlgHL12+1 =0.
Now we combine the results of the linear contribution (7.3.69) and the quadratic con-

tribution (7.3.70),

D ((w;00))O1a|v) + (u|012Dp(|v; ) (7.3.75)
=Dpq((u; 01 [012]v; 0)) + (Ez (1) + E2(v)) (u|O12]v) — ((u[IV O] v) + (1|01517)|v))
+E5(u)Eg(v)(u|O12|v) + Ex(u)(u|O19Hy, |v) + Eo(v)(u[Hz, O12]v)
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Assembling the pieces, we obtain

involved = (u;0V|O15|v; 0?)) — ¢*Dp, ((u; 01 |019v; 62))) (7.3.76)
2 A~
+ T (Ba(u) = E2(v))*(u]Or2lv)

+ ¢ (Ba(v) — Ex(u))(u[H, O1p — O12Hy, |v)
— i(E3(u) — E3(v))(u|Oxz|v)

Using the fact
(u[Hz, 015 — O1oHp,|v) = DL, — (Ba(v) — Bo(w)[(w; 0|0 |v;6%),  (7.3.77)

we can combine the second line and the third line in (7.3.76),

922(]32(11) — E2(v))*(u|O12]v) + ¢*(Ba(v) — Ea(u))(ufHy 1, O12 — O12Hy 1,|v)

(7.3.78)

—?(Ba(v) — Ba(w)) | DY) — 2 (Ea(v) — Ba(w))| (u; 01| Olv; 0

L12_§

This term is purely imaginary (see [132] Appendix E.1). We also notice that the last
line in (7.3.76) is also purely imaginary. Hence these terms do not contribute to |Ca3].
The scalar product in involved can also be written in terms of an «/-functional, which

is quite similar to the one of simple

(w; 0W|01|v; 0?) = 7BDS | (7.3.79)

uuv,0

Then the involved is simply

involved ~ ,QfBDSH(u) — g2afl)aél)szf Uv,0(12) (7.3.80)

uuv, ul

Combining the result from simple and involved, we can write down the final result for

|C123(9°)]
Ch23(g%)| = C153° + gPcra3 + O(g") (7.3.81)

Note that the first term contains higher order terms in ¢? and one should expand it for

the first order. The explicit form for first term is

%BDS‘ bQ{BDS
(CBDS| — w,6009 " uuv,0012) (7.3.82)

123 -
Vs 00 s 08 ) (vs 0D [vs 0D ) (w; 8w 00 )
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The second term reads

(01057 — iBa(w)Of” + 3EB(W) ) 4y g9 Ty g0

V(ufu)(viv)(wlw)
s Ty 001005 A, g2

ul

V (ufu)(vv)(wlw)

2

gz =—g (7.3.83)

From (7.3.83) it is easy to see that the term g?cio3 is 1/L? suppressed compared to
Cﬁgs, hence it is negligible in the semi-classical limit N, L — oo. It is interesting to
notice that this term mainly comes from the contribution from the splitting points, it is
reasonable to suspect that the same thing happens for the higher loop corrections. Then

the only piece that matters is the term C%]gs, whose classical limit is known.

7.4 Three-Point Functions in the Semi-Classical Limit

In this section we take the semi-classical limit of the one-loop structure constant (7.3.81).

The semi-classical limit of tree level structure constant was obtained in Chapter 4.

7.4.1 Scalar Products and Norms in the Semi-Classical Limit

Let us recall that an N-magnon Bethe state with magnon rapidities u = {ug,...,un} is
characterized by its quasi-momentum p(u), which is defined modulo 7 by (4.4.28). The

pseudomomentum of an on-shell Bethe state satisfies N conditions

ep(w) =-1, j=1,2,,....,N

U=uj;

, (7.4.84)

Y

which are equivalent to the Bethe equations for the roots u. In the semi-classical limit

the pseudomomentum is given by
1
p(u) ~ Gy(u) — §G9(u) + 7n, (7.4.85)
with Gy and Gg being the resolvents for the magnon rapidities and the inhomogeneities,

Gu(u) = 0log Qu(u), Go(u) = 0log Qg (u). (7.4.86)

The resolvent corresponding to the distribution of the rapidities (6.2.39) is

Go(u) = S (7.4.87)
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Let us recall the semi-classical limit of the .o/-functional from Chapter 3,

d ) )
log 5y = + fé %Lig (eFCuFiCew) 1 O(1), L —o00,N/L~1,  (7.4.88)

where the contour C surrounds the rapidities u and leaves outside 6. As a consequence,
the scalar product <u(1); 0]u(2); 0) is expressed through the sum of the two pseudomo-

menta:

log (uV; 8lu?; @) = f d—uLiQ(eip(l)(“)Hp(Q)(“)), (7.4.89)
cuc@ 2m

where the contour C(®) surrounds the set of rapidities u(® and leaves outside the set of
the inhomogeneities 6. In the classical limit the derivative of the pseudomomentum p@)
is defined on a four-sheeted Riemann surface and the discrete set of points u(® condense

in a set of cuts on the main sheet. Similarly for the set 8(@).

The norm of a Bethe eigenstate in the semi-classical limit reads:

log (u; 0|u; 0) = % ;i—uLig (ezip(“)), (7.4.90)

c &T
where the contour of integration surrounds the rapidities u and leaves outside 6.

The determination of the contour is a subtle issue because of the logarithmic branch cuts
starting at the points where the argument of the dilogarithm equals 1. The contour must

avoid these cuts and its choice depends on the analytic properties of the pseudomomenta.

7.4.2 Omne-Loop Three-Point Function in the Classical Limit

By the computation of the previous subsection, the structure constant up to two-loop

corrections is given by

D, @, u®)y = Fizs — (1 4 g2A) eF123(0) 4 (g4, (7.4.91)

F123(0) = log D@ u) ga2) T 108 ) gas). (7.4.92)

where in order to compare with the strong coupling result, we have changed the notation
slightly, representing u, v and w by u®, u® and u®, respectively. The differential
operator A is defined as (0E, = e - E7(~2))

. y 1
A= <a§3)a§3) — e +iEY) ~ 2E§3>2> (7.4.93)

+ <a§1)a§1> — 6B\ + 6By — ;(sEg) .
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Thus the one-loop result for the structure constant is expressed in terms of the tree-level
quasiclassical expression with the inhomogeneities entering as free parameters (7.4.89).

Using the quasiclassical formula (7.4.88), one obtains in the semi-classical limit

Fi3(0) ~ f s (P i @i w)
cOuc® 2

n j{ s (P i @ig® W) (7.4.94)
C
Here p(® are the three quasimomenta and ¢(*) are their singular parts:
P9 =G +d9 W =-1Gu  (a=1,2,3). (7.4.95)
For the complete phase in (7.4.91) we obtain
Fiaz = Fi23(0) + g% 6Fia3 + O(g"), (7.4.96)

where the inhomogeneities in the first term on the r.h.s. are fixed to their BDS values,

and the second term

§F1o3 = e 12O A F123(6) (7.4.97)
6=0

will be computed below. The first term Fy23(8) is an infinite series in g2 from which only
the O(g°) and the O(g?) terms should be retained. In order to evaluate § Fj23 one should
compute the derivatives in 6 o of the phase F123(0). The computation of the derivatives

in 6 2 is done using the representation (7.4.88) of the </-functional:

0 du 1 ) )
1 _ et 1 _ iGu—iGe 4.
5108 g = =i 5% = log (1 = 10 ie). (7.4.98
o d du 1 1
log 74 — 7.4.99
90, 00, 570~ 271 ut 1 — eiGu—iGo ( )

Below we will neglect the term with the second derivative, which is of order 1/L compared

to the other terms. Then we have
1 1
6Fiy = By — JEY? iEy) By — J(By) — )

(£ —EP) f e
cuc@ 2T

_E(3) f du/u2 10g (1 _ eip(S)J,-iq(l)_iq(Q))
2 o) 2mi
2
- 7{ du/UQ log <1 _ 6ip(3)+iq(1)_iq(2)>
o3 2mi

- % du/u? o (1 _eip(1)+ip(2)*iq(3)> : (7.4.100)
cuc®) 2w © | N
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The complete result for log C123 is obtained by subtracting from Fjag 4+ 0 F1o3 the loga-
rithms of the norms of the three states, given by the contour integrals (7.4.90).

As we mentioned earlier, the choice of the integration contours is a non-trivial problem.
The heuristic derivations of the quasiclassical limit in [141, 142] require that the contour
of integration C(® encircles the cuts u(® and leaves outside the the #-cut. However this
prescription does not determine the contours completely because it says nothing about
the logarithmic singularities of the integrand at the points where the argument of the
dilogarithm takes value 1. A necessary condition on the integration contours is that they
should not cross any of the cuts produced by these singularities. In the contour integral
along C(® U C® the positions of the singularities depend on the analytic properties of
both p(@ and p®. Let us denote by C(@°) the contour which encircles the cuts u(® and
u® | leaves outside the #-cut and does not cross any of the logarithmic cuts ending at

the other singularities of the integrand.

cl@) e _ clable)

“b|c), one can consider a family of

In order to determine the contour of integration C!
solutions characterised by their global filling fractions a(® = N(@) / L@ solve for the
singular points in the limit o < 1 (a = 1,2,3) and place the contours C (able) g0 that
they return to the same sheet. When o(?) increases, the contour deforms in a continuous

way.

The above rule works only if the logarithmic singularities at the points where the ar-
gument of the dilogarithm equals 1 are macroscopically far from the cuts formed by
condensation of Bethe roots. If a singular point gets close or crosses such a cut, the
integration contour should be closed on the second sheet, possibly through infinity, as

in the example considered in [142].

7.4.3 Comparison with the String Theory Results

The semiclassical limit of the one-loop result in the SYM theory is expected to match
the strong coupling result in the Frolov—Tseytlin [143] limit, where the gauge coupling
g is large, but the typical length L is even larger, so that the effectve coupling ¢’ = g/L

is small. This is however not obvious because of the order-of-limits problem [144, 145].

The hope that such a comparison is meaningful is based on the observation that the
first two orders of the expansion in g2 = g?/L? of the anomalous dimension of a heavy
operator in the weakly coupled gauge theory, and of the energy of the corresponding

classical string state, coincide. Since the computation of the correlation function requires
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the knowledge of the wave functions one order beyond, it is reasonable to expect that

for the three-point functions the match is to the linear order in ¢’2.

A string theory computation of the three-point function at strong coupling was carried
out by Kazama and Komatsu [64]. They expressed the three-point function in terms of
the pseudo-momenta p™V, p@ p®3) obtained from the monodromy matrix for a solution
of the s0(4) sigma model at strong coupling. They obtained for the logarithm of the
structure constant an expression in terms of contour integrals, very similar to (7.4.94).
The arguments of the dilogarithm functions are p(® + p® — p© for a,b,c € {1,2,3},
as well as p() 4+ p®@ + p() and the expression is symmetric in the permutations of the

three operators.

Here we will compare the Frolov—Tseytlin limit of the strong-coupling answer of [64]
with the semi-classical limit of our solution (7.4.100) to the linear order in ¢g'?, assuming

that the integration contours coincide, which is very likely to be the case.

Let L be the length scale such that L(“)/L ~ 1 for a = 1,2,3. The operators 0@
correspond to solutions of the Bethe equations consisting of a few macroscopic Bethe
strings. Since the typical distance between the roots forming such a string is ~ 1, the
spectral parameter scales as u ~ L, which implies for the conserved charges E, ~ L'~"

(r=1,2, ...). As a consequence, the correction Fja3 to the phase (7.4.96) scales as'

9% 6Fia3 ~ g (7.4.101)

On the other hand, the one-loop correction in Fj23(8) due to the inhomogeneities, which
comes from replacing L/u — Gg = L/u+ 2Lg*/u3 + ..., scales as L x Lg?/L? = Lg".
Therefore the correction 925F123 /F123 ~ 1/L can be neglected in the Frolov-Tseytlin

limit and our one-loop result reads simply
u® u® u®)y ~ exp F123(0). (7.4.102)

In the Frolov—Tseytlin limit the result of Kazama and Komatsu for Fja3 (section 7.5 of

[64]) consists of four terms,

Fi3s =~ 7{ Lig (¢ +ip®—in™y | f{ Lig (¢ —in®)y (7.4.103)

n j[ Liy (6¢p<2)+¢p<3>_¢p<1)) n j{ Liy (6¢p<2)+ip<s>+ip<1))' (7.4.104)

1. The fact that §Fi23 does not contain a factor of L in the Frolov-Tseytlin limit is not trivial in
our computation, because Hamiltonian insertions scale as Lg’? and §S also contains terms that scale as
Lg"?. These two contributions nicely cancel each other leaving us with a net result scaling as g’2. We
suspect that similar cancellations will happen also at higher loop orders.
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Comparing this with (7.4.94), we see that the first two terms resemble the two terms of
(7.4.94), while the last two terms do not have counterparts in the weak coupling result.
The correspondence with the gauge theory requires that the last two terms vanish. It is
found by Kazama and Komatsu [146] that one can deform the contour in such a way

that the last two terms vanish.

We will compare the first two terms (7.4.103) with the one-loop result (7.4.94). We
will give an interpretation of the exponent in (7.4.102) in terms of the complex curves
of the three heavy fields. Obviously the asymmetric form of the tree-level expression
(7.4.94) is a consequence of the specific choice of the su(2) sectors for the three operators
(01,05 € su(2)r and Oz € su(2)r). Since the left and the right su(2) sectors do not
talk to each other perturbatively, the dependence on the third operator factors out. This
factorisation is accidental and is a consequence of the choice of the three su(2) sectors
and the weak coupling limit. At strong coupling, there is no reason to expect that the

three-point function factorises.

Below we are going to show that the arguments of the dilogarithm function in (7.4.94)
are the g/L — 0 limit of symmetric combinations of the three quasimomenta, e.g.
p3) 4+ ¢ — 4@ is obtained as a limit of p® + p() — p@). For that we assume that
the three operators are on-shell Bethe states from the so(4) sector. This makes sense
at strong coupling when the s0(4) sector is closed.? Then the linear combination of the
three quasimomenta is a meromorphic function with a four-sheeted Riemann surface as

the one depicted in Fig.(7.4.6).

The natural parametrization of the momenta in the strong coupling limit is by the
Zhukovsky variable z defined in (6.2.38). The a-th quasimomentum is determined by

the set of N@rapidities x(®) = {.%ga), .. ,xg\‘;za) }, which are related to the rapidities ul@

by the Zhukovsky map (6.2.38). Instead of (7.4.95), we have

A2

p(z) = G(z) — Y (7.4.105)

2. The so0(4) sectors at weak and at strong coupling have different nature and the comparison should
be taken with caution, see the discussion in [147]. In the XXX spin chain (with or without inhomo-
geneities) the length of the chain L = Aly—q is expressed in terms of the two conserved R-charges. At
perturbative level the length of an operator is conserved, since the dimension A of the states that contain
n pairs XX and have the same R-charges is separated by a gap 2n from the states belonging to the
su(2) sector and are unreachable perturbatively. On the contrary, in the sigma model there is no such
gap and to the states of given charge one can add X and X as constituent fields, since this combination
has zero total charge. The length of a state is not a conserved charge and it is not defined at strong
coupling. The so(4) sector is therefore not stable for finite g, but in the limit g — oo it becomes stable
again, as the so(4) sigma model is classically stable.
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FIGURE 7.4.6: The Riemann surface for the three quasimomenta in the wu-
parametrization. For simplicity we assumed one-cut solutions. The left (sheets 1,4) and
the right (sheets 2,3) sectors are connected by Zhukowsky cuts. In the limit g — 0 the
Zhukovsky cuts shrink to points and the so(4) Riemann surface decomposes into two
disconnected two-sheet Riemann surfaces describing the su(2) g and the su(2), sectors.

where A = L + ¢ is the conformal dimension and the resolvent

x 1
Ga)=> —1—  af=—rs, (7.4.106)
— T 71— g%/

is related to the resolvent in the u-plane by
G(u) = G(z) + G(g*/x) — G(0). (7.4.107)

The left and the right su(2) sectors in so(4) are related by the inversion symmetry

x ¢ g%/z, which exchanges right and left pseudomomenta, pg and py, [148, 149]:
pr(x) = —pr(¢?/z) — 20m, m € Z. (7.4.108)

This allows to go from the four-sheeted Riemann surface in the u-parametrization to a

two-sheet Riemann surface in the z-parametrization. We will use the convention

pr(u) = p(z) . po(z) =p(z) : (7.4.109)
lz|>g lz[<g

With this convention the left and right pseudomomenta are assembled into a single pseu-
domomenta p(x) without inversion symmetry, defined on the whole z-plane [148]. The
pseudomomenta p(x) is thus an analytic function defined on a hyper-elliptic Riemann
surface, with poles at x = 0,2 = co and at the fixed points of the inversion symmetry

x = +g. The behavior of the pseudomomenta near these poles is [148] 3

3. In our convention the pseudomomentum has negative sign compared to [148].
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(Nf%L)/a: (z — 00);
p(z) = —%A/@ —g%/x) (z — *g9); (7.4.110)
2rm + 3L /g (x — 0).

For the problem we are interested in, p(!) and p(?) belong to the su(2) g sector, while p(®)
belongs to the su(2), sector. Therefore the linear combinations of the type pW4p@ _pB)

should be understood as

pD 4 p® —p® 5 W) 4+ pP(2) + p® (g2 /2): (7.4.111)
P& +p —p® = pO () —p (g /2) +p? (¢ /). (7.4.112)

In the limit g2 — 0, as it is clear from the asymptotics (7.4.110) of the pseudomomenta
at the origin, we obtain exactly the combination that appeared in the arguments of the
dilogarithm in (7.4.94)! Since the quasimomentum appears only in the exponent, the

term 27m can be neglected.

Now let us see if the the r.h.s. of (7.4.111) and the arguments of the dilogarithm in
(7.4.94) match at linear order in ¢g’> = ¢g?/L? This will be the case if the function
p(g?/x) + g(x) vanishes up to g"*. We have from (7.4.105)

N /
) B z; A2 L)2
plg’/z) +alz) = ;92/x—$j+x—g2/x r—g*/x
E 2E
S (x§—$;’>+o<96>. (7.4113)

Therefore, if the second two terms in (7.4.103) can be ignored, the Frolov—Tseytlin limit
the strong coupling result from the string theory side matches, up to the subtleties
related to the choice of the contour, with the one-loop level result from the SYM side at
one loop order in g?/L2. In any case, if the results match at tree level, they will match
also at one loop. Note that if the Hamiltonian insertions at two loops are located only at
the splitting points, there will be disagreement at two-loop order in the Frolov—Tseytlin

limit.

We also see that the factorisation of the structure constant into two pieces, the first
depending on u® and u® and the second depending on u®, takes place only in the
weak coupling limit and it is a consequence of the fact that at ¢ — 0 the spectral curve

for the so0(4) sector splits into two components connected by a vanishing cycle (the
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Zhukowsky circle || = g). Returning to the u-parametrization, the three operators are
defined on the Riemann surface for the so(4) sector sketched in (7.4.6). The Riemann

surface splits into two disjoined hyperelliptic surfaces in the limit ¢ — 0, when the two

Zhukovsky cuts disappear.



Chapter 8

Spin Vertex Formalism

In this chapter, we introduce a new formulation for computing the three-point functions
in ' =4 SYM theory. The main idea is to construct an entangled state called the spin
verter and the three-point function is given by projecting the three states on the spin
vertex. Conceptually this is similar to the light-cone string field theory, which was used
to compute the three-point functions of BMN strings. In fact, as we shall show below
that in certain sectors in the BMN limit, the spin vertex coincide with the spin vertex
at the leading order. We hope this formulation can be generalized to higher loops but
for present such a generalization seems to be plagued with several technical difficulties.

We therefore focus on the tree level formulation.

This chapter is structured as the follows. In section 1, we introduce the spin vertex in the
50(4) sector. We will discuss in detail the construction and properties of the spin vertex
in this sector and show how to use it to compute the three-point functions. In order to
generalize the construction to all sectors, we introduce the oscillator representation of
the psu(2,2|4) algebra at tree level in section 2. Then we construct the spin vertex in all
sectors and discuss its properties in section 3. In order to make contact with the strong
coupling computation, we take the BMN limit of the spin vertex in the scalar s0(6)
sector in section 4 and show that it reproduces the bosonic part of the string vertex in

light-cone string field theory at the leading order.

124
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8.1 Spin Vertex in the so(4) sector

In this section, we restrict ourselves to the so(4) = su(2)r, x su(2)r sector. This sector
contains four scalar fields {Z, Z, X, X} and was the main focus in the proceeding chap-
ters. Following [150], we introduce the double-spin notation for the four scalar fields. It
will be clear in section 3 that the origin of the double spin notation is that one use two
fermionic oscillators to represent a scalar field. The double-spin notation for the fields

reads

Z= ML ®[1)r, X=Mrelhr (8.1.1)
Z =)L el)r, X = DL |Dr

The doublet ([1)r, [4)r) and ([1)r, {)r) form the fundamental representations of su(2)y,
and su(2)g, respectively. In this language, the left and right sector factorizes and the
local operators can be excited on either sector. The operators Tr X 7 - - - ZX with definite

one-loop anomalous dimension can now be represented as

Or = [1%)1 ® B(u1) -~ B(un)|1") - (8.1.2)
The operators Tr ZX --- X Z can be represented by

Or = B(uy) -+~ B(uy) |1 @ [15)&. (8.1.3)
In the computation of correlation functions, we can compute the left sector and the right

sector separately.

8.1.1 Construction of the spin vertex

At tree-level, the computation of correlation functions is reduced to Wick contractions.
In order to mimic the Wick contraction, let us first focus on the left sector and define

the object

(vig| = €ap1{al ® 2(b] = 1{ T @2( L] —1(L| @ 2( 1| (8.1.4)

where a,b = 0,1 and (0] = (1|, (1| = (}|. We have the convention that (a|b) = 5. Then
(v12| defines a scalar product in the space C3 ® C3 with the following property

(vi2| 1 @ [1)2 = 1, (v12]1)1 ® |12 = —1, (8.1.5)
(vi2| 1 ® [ T)2 = 0, (vig] )1 ®@ [1)2 = 0.
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We can define the same object in the right sector. Combining both sectors we can define

(viz| = L{v12] ® r{v12] (8.1.6)
= 1(Z] @ 2{Z| +1(Z] @ 2(Z] + 1(X] @ o(X| + 1{X| ® 2(X].

The scalar product defined by (vi3| can be used to mimic Wick contraction. We have
(via|®)1 @ |P)g = 1, ®=X,72,7,X. (8.1.7)

and the other projections gives zero.

We can depict the object (vi2| as an arc with one end on space 1 and the other end on

space 2, as is shown in Fig.(8.1.1) By taking the tensor products of L copies of (v12|’s as

/_\ 9
7‘[1 HZ

(v12] (V12

FiGURE 8.1.1: Construction of the two-point spin vertex by taking tensor products of
<’U12‘.

is shown in Fig.(8.1.1), we define the two-point spin vertex. The two-point spin vertex is
an entangled state in the Hilbert space H1 ® Ho where H;, (i = 1,2) is the Hilbert space
of the i-th spin chain. Similarly, by taking the tensor product of three pieces of two-point
spin vertices as is shown in Fig.(8.1.2), we construct the three-point spin vertex. This is

an entangled state in the Hilbert space Hi ® Ho ® Hs.

|Via3)

F1GURE 8.1.2: Construction of the three-point spin vertex by taking tensor products
of two-point spin vertices.



Contents 127

8.1.2 Properties of spin vertex

We now discuss the two main properties of the spin vertex, which we shall call the

reflection property and the monodromy relation.

Reflection property Let us first consider the one site spin vertex (via|. It is easy to

show that it has the following properties under the action of su(2) generators
(v12](SV + 8y = 0, a==+,2 (8.1.8)

where Sl(li) is the generator for the i-th spin chain. Since the symmetric generators for
the spin chain is the sum of generators for each site, it is trivial to generalize (8.1.8) to

the two-point vertex of length L
(Vig| (S + 8Py =0,  a=4+= (8.1.9)

This relation implies that the action of the generators on one of the spin chains can
be ‘reflected’ to the action of other generators on the other spin chain. Using (8.1.9)
we can find the reflection property of the two-point spin vertex for the generators of
the elements of monodromy matrices. Recall that the Lax matrix at position-n can be

written in terms of the symmetric generators as

+isth st
LO@) = “ 7" - . 8.1.10
(u) is® u—ist (8.1.10)

Acting on the two-point spin vertex, we have

1380 55W u—iS®  —is?
Vil LW () = (ol | 70 = (v z
(V1| (u) = { 12( iSSrl) u—isgl) Vol —iSf) u—i—ngz)

(8.1.11)
which can be written compactly as
t
Vil L) (w) = (Violos (LEw)) o2, or (Via LB (w) = —(Vial L (—w)  (8.1.12)

where “t” denotes the transposition in the auxiliary space and the multiplication of
Pauli o5 matrices is also in the auxiliary space. Using the first relation of (8.1.12), it

then follows

(Via| TV (u) = (Viz|oo <T¢§2)(u)>t0’2- (8.1.13)
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Notice that the order of the product of the Lax matrices is reversed in the other spin

chain. In terms of components, we have the following relations

(Via| AW () = (Vio| DB (w),  (Via| BV (u) = —(Vi2| B (u), (8.1.14)
(Via| DW (u) = (V12| AP (u), (Vio| CW) () = —(Vi2|CP (u).

The reflection properties (8.1.14) will be useful in the computation of three-point func-

tions.

The monodromy relation The monodromy condition is the result of reflection prop-

erty and the ‘unitary relation’ of the Lax operator, which simply states that
Lan(u+1/2)Lan(—u+1/2) = (u+ i Pgp)(—u + i Pgy) = —(u? + 1). (8.1.15)

If we act two Lax operators on the two-point spin vertex and use the second equation
of (8.1.12)

(Vi| L) (u = i/2) L) (w+1/2) = —(Via LG} (—u + i/2) L) (w+i/2)  (8.1.16)

= —(u® +1)(Viz|
here n’ and n denote the position on the first and second spin chain which are connected
by the arc in Fig.(8.1.1). The relation shows that the two-point spin vertex is the eigen-

state of the operator L((lln), (u— z/2)L((3l)(u + i/2). Taking into account all the arcs that

form the two-point spin vertex, we obtain
(Via|T{) (w = /2T (w+i/2) = (=1)" f (u) (Viz] (8.1.17)

where the two monodromy matrix are defined as usual

L
TM () = [T LD (u - 0, +1i/2), (8.1.18)

n=1
1
T3 (w) = [T LW (uw - 0n +i/2)
n=L

and the function f(u) is given by

Flu) =[] ((w=0)*+ ). (8.1.19)
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Note that the impurities on the two ends of the same arc should be identified. For later

convenience, we introduce the notation
Tio(uw) = (=DX fw) 7 MD (u —i/2) M (u +i/2), (8.1.20)

so that (Vig|Mi2(u) = (Via|. Graphically this can be represented by Fig.(8.1.3) The mon-

b 5ab

Mys(u)  aHHHHHH—HHHH? LOLELLEE TEEEETT
12 - L L e 201

12 L L 21

FIGURE 8.1.3: Graphical representation of the monodromy relation for two-point spin
vertex.

odromy relation can be generalized to three-point spin vertex. We define the following

monodromy like quantity for the three-point spin vertex

Ti23(u) = f123(“)71 t1_2(U)t;r:&(u)ts_l(U)tga(u)t;s(u)t;(u) (8.1.21)

where ti(u) =t;j(ut %) and

Li2
t1a(u H Ll ), tis(u H LW (-6, (8.1.22)
k= L12+1
L3
ta1(u H Lt ), tsa(u H L) (-0,
k= L13+1
Lo3
ta3(u H L ), tai(u H L (- 02).
k=L23+1
and
1 Lo L3
fras(u) = (~1)z i thath) H 240 T (=629 + 1) T ((w = 09)% + 1),
n=1 n=1
(8.1.23)
By similar analysis to the two-point spin vertex, we obtain
(Vigs|Th23(u) = (Via3] (8.1.24)

There are at least two reasons that the monodromy relation is interesting.
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Firstly, in the semi-classical limit, when the shift of +i/2 in (8.1.21) is not important,

T123(u) is approximately the product of the three monodromy matrices of the spin chains,
Tlgg(u) X Tl(u)TQ(u)Tg(u) (8125)

In fact at the strong coupling side, the relation £ (u)Q2(u)Q3(u) = 1 plays an essential
role in computing the three-point function. What we obtained in (8.1.21) is the weak
coupling counterpart of the monodromy relation at strong coupling. In fact, in the co-
herent state approximation, the spin chain can be described by the Landau-Ginzburg
sigma model, then it is possible to use the same technique from strong coupling and
obtain the semi-classical limit of the three-point function without computing any scalar
products [151] ! This explains the fundamental importance of monodromy relation at

least in the semi-classical limit.

For a spin chain, the states |¥) which satisfie T'(u)|¥) o |¥) where T'(u) is the mon-
odromy matrix are called Yangian invariants since they are annihilated by all the Yan-
gian generators. The Yangian invariant is studied in different contexts including the
recent works of scattering amplitudes [152-155]. It is interesting to see whether there

are common integrable structures for both on-shell and off-shell quantities.

8.1.3 Three-point functions and spin vertex

In this section, we explain how to use the spin vertex to compute the three-point func-
tions. All the three operators under consideration are in su(2) sector. Let us characterize
the types of three-point functions. Using the double spin notation, each operator can
be excited either in the left sector or in the right sector, but not both. Therefore, the
possible types of three-point functions are LLL, LLR, LRR and RRR. It is obvious that
there are only two independent types, namely the LLL and LLR because the rest two
types are obtained by just renaming left and right.

We will show that the most general quantity we are going to compute is the following
LLL type

(1) (2) (3)
Chs = (Vigg|e® 5= |ug) @ €29 [ug) @ €% 5= |ug) (8.1.26)

where |u;), (i = 1,2,3) are on-shell Bethe states constructed from the algebraic Bethe

ansatz

\ui) :B(ull)B(u%Nz)\Q> (8.1.27)

)
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The most general external state in the su(2) sector is the on-shell Bethe state rotated
by some global rotation R. Any global rotation can be written in the following ‘normal

ordered’ form
R = e*5-e¥ v 5+ (8.1.28)

where x,y, z are three parameters. Acting such an rotation on the on-shell state, and
using the fact that the on-shell Bethe state is the highest weight state Sy|u) = 0, we
can eliminate the last term. The action of S, on the Bethe state gives the eigenvalue
which is a constant number for a given state, so the action of the second term amounts
to multiplication of some numerical factor. The only non-trivial piece is the first term.
We thus have

Rlu) o 5= |u). (8.1.29)

For the LLR case, the structure constant is given by the product of result from two

sectors. In each sector, the result is given as special cases of (8.1.26).

Let us first explain how to compute two-point functions using the spin vertex. Using the

reflection properties (8.1.14) we have

(Vialw)[v) =(Vaale™S" BO(uy) - BO(upg )| 14 @ 5% B (vy) - - BO(vag,)] 12)
(8.1.30)
=(Via| TL> ® 6(z/fvc)S(_Q)]_g@)(ul) . 3(2)(UM1)B(2)(2,1) .. -B(l)(vM2)| TL>
@)
:<¢L |€(yfx)5_ B(Q)(m) .. B(2)(UM1)B(2)(U1) . -~B(1)(UM2)\ TL>-

The matrix element which takes the form of the last line of (8.1.30) is nothing but the
pDWPF defined in (3.3.85).

In a similar way, we compute the three-point functions. We first cut the spin chain state
into two subchains, as described in Chapter 4. Then the computation is reduced to the
the cases in (8.1.30) for three pairs of subchains. The final result of (8.1.26) is given in
[150]

L _ Lia—|uf|—|u}| Laz—|uf|—|uf| Lz1—|uf|—|u]]| T
Clas = E 291 2392 213 C(uy, uy) (8.1.31)

’ " __
u; Uuy=uy
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The factor C(u}, u}) is independent of global rotation and is given by

(8.1.32)

"
ko Uk

3
Clul, uf) = (—1)Mil+upl+ug] H H,
k=1
7, <u,1, U u/2|0(12)) Z, (ug U ug|9(23)) Z, (ug U ull‘g(iil)) ‘

where the Hyy v was the factor originates from cutting the Bethe states and is given in
(4.2.13). Comparing to the result from tailoring (4.2.17), we find that the main advantage
of (8.1.31) is that each term in the sum are the product of three determinants, instead

of three off-shell/off-shell scalar products.

8.2 Oscillator representation of N =4 SYM theory

In what follows, we will generalize the spin vertex formalism to all sectors in N' = 4
SYM theory. To this end, we introduce the oscillator representation of the psu(2,2[4)
algebra in this section. We will give the explicit construction of the spin vertex in terms

of the oscillators and discuss the main properties of the spin vertex in the next section.

8.2.1 Oscillator representation for psu(2,2|4)

Let us first discuss the oscillator representation of the compact version of psu(2,2[4),
namely psu(4|4). It uses four copies of bosonic oscillators a;,b;, (i = 1,2) and four
copies of fermionic oscillators ¢;, (i = 1,2, 3, 4) satisfying the standard commutation and

anti-commutation relations
[ai, a;] = 5ij7 [bi, b;] = (51']', {Ck,czr} = (SM, i,j = 1, 2, k,l = 1, ce ,4. (8.2.33)
we organize the oscillators in an eight-dimensional vector

¢ = ( a; b ¢ > (8.2.34)
such that the generators of the su(4|4) can be written as

Eom =0 T¢%,  BAST =BEA (8.2.35)

com com com
It is straightforward to check that the generators satisfy the gl(4]|4) super algebra

[EAB ECD) = §BC gAD _ (—1)(AHIBN(ICIHID) 5AD OB (8.2.36)
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where |A| denote the grading of the index. |A| = 0,1 for bosonic and fermionic indices,
respectively. The non-compact form su(2,2[4) can be achieved by performing a particle-
hole transformation on one set of the bosonic oscillators, say bi,bg. The particle-hole

transformation is defined by
b— —bl, bl b (8.2.37)
The generators for the non-compact form are given by

EAB = EAB (h — —bT, b1 — b). (8.2.38)

com

This transformation preserves the commutation relation (8.2.36) but changes the conju-

gation properties, which now become
EABT = yEBAS . 4 = diag(1a, — 12, 14). (8.2.39)

For the sake of symmetry, sometimes it is also convenient to perform a fermionic particle-

hole transformation

di=cl oy  dl=cu, Q=12 (8.2.40)

In contrary to the bosonic case, the particle-hole transformation for the fermionic oscil-
lators does not change the real form of the algebra. We can arrange the oscillators after

the particle-hole transformation as the following
¢ = (ai, =b,ci,d), =Ty = (al,b;, e, dy). (8.2.41)
The generators can be written as
EAB = AyB. (8.2.42)

In order to obtain the representation of psu(2,2|4), we need to impose the projective
condition that the identity generator, which is one of the central charges of the algebra,
is zero. This is equivalent to
8 2
S EM =" (Ny — Ny, + Ney = Ng,) =0 (8.2.43)
A=1

=1

where Ny, Ny, N., Ng are the number of respective types of oscillators.
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8.2.2 Oscillator representation and conformal symmetry

Let us now concentrate on the conformal algebra so(4,2) ~ su(2,2). In the above os-
cillator representation, there is a natural grading with respect to the maximal compact
subalgebra u(1) ® su(2) ® su(2). We denote the u(1) generator by E, the grading is given
by the value of £

[E, L] = £L3, [E,L° = 0. (8.2.44)
In terms of oscillators, they can be written explicitly as

1 1
E=1+(No+Np) =1+ 5(aTa +0'b), (8.2.45)

Lt = —alG,bl, L, =aoyb

with o, = (—1,5) and 6, = (-1, —&) and the summation over bosonic indices is under-

stood.

We would like to identify the above generators with the standard presentation of the
conformal group, which is the group of rotation in the 6d spacetime with the signature
nap = (—,+,+,+,+, —). Following the convention of [156], the 6d indices are A, B =
0,1,2,3,4,5 with the first four being the indices for the 4d Minkowski spacetime u,v =

0,1,2,3. The commutation relations are

[Mpg, Mrs] = i(ngrMps — nprMqgs — ngsMpr + npsMgr). (8.2.46)

The identification of the translations P,, special conformal transformations K, and the

dilatation D is made as
P, :MH6+MH57 K’u :M#G—M#& D = —Msxg. (8247)
On the other hand, the u(1) generator in the oscillator representation F is given by
1
E = My = §(P0 + Kp). (8.2.48)

The authors of [156] suggests that the oscillator representation and the standard rep-
resentation can be related by a rotation of an imaginary angle —im/2 in the 05-plane.
Since the rotation in 05-plane is generated by Mys, the rotation can be realized as

U =exp gMog) = exp Z(PO — Kp). (8.2.49)
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The generators from the two representations are related by
U'K,U=L,, U'P,U=L!, U 'DU=iE. (8.2.50)

Note that the generator L — Ly = U~1(Py — Ko)U, which helps to make contact
between the rotated and non-rotated representations. The operator U? acts like a PT

transformation which changes sign both for the 0 and 5 direction
U DU?=-D, U?EU?*=-F. (8.2.51)

The relations in (8.2.51) plays an essential role in obtaining the correct form of the
two-point functions in CFT, as is shown in [156]. The derivation is purely algebraic and

holds at all loops. We refer to Appendix C for more details.

At tree level, the rotation U can be written in terms of oscillators

2
U =exp —% Z(agbj + a;b;), Ul =u. (8.2.52)
1=1

By explicit calculation, we find that

VLU = L, ULEU?=LF, (8.2.53)
UlP U2 = —K,, UP,U?=K,,, m=1,23.

These relations can be obtained from the action of U on the oscillators
U?aU2=0bl, U%iU2=-b, UHU =4, UAH'U?=-a. (8.2.54)

We can also see that the operator U? sends the bosonic Fock vacuuum |0) g (a, b|0) g = 0)

to the dual vacuum |0) defined as
10)p = U2|0>B, aT,bT|(_))B =0. (8.2.55)
We note that from (8.2.54), we have

U4z U* = —x, T = aj, bi,aT bl (8.2.56)

1771
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8.2.3 Oscillator representation and R-symmetry

Now we consider the R-symmetry in a similar way. The R-symmetry algebra is s0(6) ~

su(4). The generators can be given in terms of fermionic oscillators as
fo _ Lg o
Ry = c o — Zéklc c. (8.2.57)

In analogy to the bosonic case, we can introduce a fermionic rotation defined as
o2
Up =exp— S (eld! +di), UL =UR" (8.2.58)

i=1

The action of this rotation on the fermionic oscillators reads

Uk U2 =d!, UkdUZ2=d;, Uk U= —cl, U2dUZ%2=—¢;, (8.2.59)

7

which implies that
Upa U§4 = —uz, T =, cg,di,d;r. (8.2.60)

The U% operator also sends the fermionic Fock vacuum |0)z into its dual Fock vacuum
0)r

0)p = UR|0)p, ¢, dl|0)r = 0. (8.2.61)
Finally, we can combine the rotations from both sectors and define the rotation for the
whole sector U = UUp.

8.2.4 States and correlation functions

In this subsection, we explain how to use oscillators to represent the gauge invariant
operators and compute their correlation functions. The operators considered in this
dissertation are gauge invariant single trace operators which are made of fundamental

fields of the theory, or the string bits in view of gauge-string correspondence,
O~Tr(XXZZY ;- )(x). (8.2.62)

When the gauge coupling is zero, these string bits are independent and each of them is in
a state corresponding to the psu(2,2|4) representation described above. Gauge invariant
operators can then be represented by elements in the tensor product of the individual

string bits. In the spin chain language, string bits are the sites of the spin chain and we
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will introduce a copy of oscillators at each site
s = <a —bl’s,ci,s,d;s) . s=1,---,L. (8.2.63)

In the non-interacting theory, the oscillator representation of the super-conformal algebra

generators are
L
EABZZE?B, U=U;® - -®Uj. (8.2.64)
s=1

At higher loops, the radiative corrections will introduce interactions between the string
bits. The space of conformal primary operators O(x) situated at z = 0 is selected by

the highest weight condition
K, 0(0) = 0. (8.2.65)
On the other hand, we have the Fock vacuum |0) = |0); ® - -- ® |0), such that
L,0)=0 = K,U|0)=0. (8.2.66)

Similarly, we can relate the space of primary operators with the space of Fock states |O)

annihilated by L, operator
L,10)=0 = K,U|O). (8.2.67)

Translating the operator to other spacetime points can be done with the help of mo-

mentum operator
O(z) = P20 (0)e 17, (8.2.68)
with the corresponding Fock space representative
T 0). (8.2.69)

Similar relations can be established for the operators and bra states. To sum up, we

have the following operator state correspondence

o) <« 2U|o), (8.2.70)
Ol(z) < (O|UTe 2,
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The operator state correspondence can be used to compute the two-point functions,
(OL()O1(2)) = (0o UTP @D |0y) = (0o U2 9|0, (8.2.71)

The authors in [156] check explicitly that the result reproduces correctly the Wick con-
tractions of different kinds of fields.

8.3 Spin vertex for all sectors

In this section, we will construct the spin vertex for all sectors at tree level, which is
a generalization of the spin vertex introduced in section 8.1. Before doing so, we first
explain one subtlety when we consider all sectors. In the scalar sector, the operators
under considerations are all scalar operators and their three-point functions are fixed up
to one structure constant. When we consider all sectors, we need to take into account the
operators with non-zero Lorentz spins such as operators involving fermions and covariant
derivatives. As we discussed in Chapter 2, the three-point functions for operators with
non-zero Loretnz spins are only fixed up to tensor structures, each one comes with its
own structure constant. In the general case, it is not yet clear how to compute all these
structure constants. It is easier to compute the three-point functions instead of structure
constants in the generic case. In what follows, we will construct the spin vertex which will
be used to compute two- and three-point functions. If we restrict ourselves to the scalar
sector and factor out the trivial spacetime dependence, we will recover the formulation

we have in section 8.1.

8.3.1 General discussion

We first introduce the two-point spin vertex. Let us first write the two-point correlation
function (8.2.71) in a slightly different way, considering now both operators are repre-
sented by ket states. In order to do this, we need a mapping from a bra state (O] to the
ket state |O), which will be done via a specially prepared state (V5 which lives in the

tensor product of two chains,

12)(0] = (Vio|U; M 0) @), (8.3.72)
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The factor Uy 2 Was added for later convenience. In this language, the two-point func-

tion is given written as

+ (y—a _
(OL)O(x)) = (Via[URF 02|01y ¢ [0,)@ (8.3.73)
— + —z —
(Vigle P00y @ [0,)@

:<V12|eiL(+1>x+"L?'2)yy(’)§1)> ® [05)@

where U? = UQUI?77 Uf2 = UQUEQ and we have defined
(Viz| = (Vi2|U} (8.3.74)
We will show later that (Vi2| can be chosen such that

(Via|UTN (L) + L) = Vial(L) + L) = 0. (8.3.75)

The state (Vi2|, or its conjugate |V12) should play the role of vacuum state, in the sense
that it carries the same quantum numbers as the vacuum. But it is clear that it can not
be the tensor product of two Fock vacua. At tree level, (V5| should provide the correct

Wick contractions between the elementary fields in O and (’);

In a similar way, we can define the three-point spin vertex (Vigs| and (Vj23| such that

the three-point function is given by
i( LT a4+ L7 Tz
(01(2)O02(y)O3(2)) = (V12sle (Foym vty )|01> ® |02) ® |O3). (8.3.76)

As before, at tree level, the three-point spin vertex can be built from the two-point

vertices

[Vi23) = [Vi2) ® |[Vi3) @ [Va3) (8.3.77)
= U%m) Vi2) ® U%13) [Vis) ® U?zs) [Vas).
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8.3.2 [Explicit construction by oscillators

The construction of the two-point spin vertex is given by
Vi2) = Ui|Viz) (8.3.78)

2
Utesp |30 (12 212+ 12— 212)] 0 0 0
=1

=exp |—

Mh

14

2
> ()t = o+ alel + el ) )] 0} @ |0)
1:=1

)
I

Mm

S

where |0) = U?|0). In order to mimic the planar Wick contraction we revert the order

of the tensor product in the second spin chain

0D @ |0)@ = (!0>§1) R ® |0>(Ll)> ® (|0>(L2> R ® \o>§2>) . (8.3.79)

The three-point spin vertex can be constructed by combining (8.3.77) and (8.3.78). The

two-point spin vertex (8.3.78) can be expanded as the following

Vis) = Y |Nay Ny, Ney Na)V @ [Na, Ny, Ne, Na) @, (8.3.80)
Ng,Np,N¢,Ng
with
|Na,Nb,Nc,Nd>:Wﬁ an kb ek ) |0) (8.3.81)
AR
|Nay Ny, N, Na) = ﬁH )Nk (b)) o (] )Ner (df )Nk 0)

where N,! = N, IN,,! and Np! = Ny, !N, !. One can easily project the vertex (8.3.80) on
the states satisfying zero charge condition N, — Ny + N, — Ny = 0.

8.3.3 Properties of the spin vertex

We now study the properties of the spin vertex. The most important properties are again

the reflection property and the monodromy relation.
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Reflection property From the explicit construction, one can see the reflection prop-

erties for the oscillators easily

(ad" + bii’>|v12> = )" — o) Vi) =0, (8.3.82)
(af') + b2 Va2) = () — o) vaz) =0,
(et + dt >* )| Viz) = (di) — 2N vis) = 0,
(d“”+c<2>>\v12> (Dt — )| vig) =0

Using these relations, we can deduce the reflection properties for the generators of the

algebra, which leads to
(E;“B(l) + EAB@) | (—1)\3\5AB> Vie) =0, s=1,---,L. (8.3.83)
where
B — U2(EAB 4 (—1)IBlsAByU—2. (8.3.84)
The reflection property can be written in |Vi2) simply as
(EAB(l) +EABO 4 (—1)|B|5AB) Vi) =0, s=1,--- L. (8.3.85)

Using the reflection properties of the symmetric generators, we can derive the reflection
properties of the Lax matrix and monodromy matrix as before. The definition of the
Lax matrix depends on the representations of auxiliary space and quantum space. Here
we choose both spaces in the fundamental representation and the one-loop Lax matrix
is given by

Lan(u) = u — % —i(—1)Al EAB gBA (8.3.86)

where a and n denotes the auxiliary space and the quantum space, respectively. Then it

is straightforward to show that

D(w)|[Vig) = =L@ (—u)|[Via). (8.3.87)
The reflection properties of the elements of monodromy relation follows from (8.3.87).
The monodromy relation The other important property, namely the monodromy

relation can also be generalized to all sectors. Here we construct the monodromy matrix

with the auxiliary space in the fundamental representation. For the monodromy matrix
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with the auxiliary space in the physical representation, the construction for the com-
pact s50(6) sector is relatively straightforward, but the construction for the non-compact

sectors like s[(2) sector is more subtle and will not be discussed here.

In the representations chosen by us, the R-matrix for the psu(2,2[4) reads
Roi(u) = u—illy;,  Ig = (=1)AIESB EAB (8.3.88)

where Ilg; is the super-permutation. For the definition in (8.3.88), the super permutation

satisfies
3, = —Iy;. (8.3.89)

The derivation of the above relation uses the fact that in the physical representation
c = E{ = 494 = 0 and in the auxiliary representation Ef = 1. Using (8.3.89), we

can show that the R-matrix satisfies the following unitary representation
Ro1(u)Ro1(—u — i) = —u(u +1). (8.3.90)

In general, the form of unitary condition depends on the central charge ¢ = E’f‘A of the

physical representation. For generic ¢, the unitary condition reads
Ro1(u)Ro1(i(c — 1) —u) = —u(i(c — 1) +u) —c. (8.3.91)

Combing the reflection property (8.3.87) and unitary condition (8.3.90), we arrive at the

following relation
Ro1(u)Roz(u)V1i2) = —Ro1(u)Ro1(—i — u)|Vi2) = u(u + 1) [Vi2). (8.3.92)

By taking products of the above relation, we obtain the monodromy relation for the

two-point spin vertex
Tio(u)|Via) = Riy (u) - G () By (u) -+ B (w)Vaz) = (uluu )" Vz). (8.3.98)
as well as for the three-point spin vertex with Tj93(u) defined by
Tio3(u) = t1a(u)tiz(w)tsr (u)tse(u)tas(u)tar (u) (8.3.94)

where t;;(u) are defined as products of the corresponding R-matrices with the proper

shifts.
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The subsectors The psu(2,2|4) R-matrix can be readily reduced to different subsec-
tors, just by restricting the sum in the definition of the central charge (8.2.43) to the
corresponding subsector. As a result, the central charge can take non-zero value ¢ = E‘f‘A.
— In the su(1|1), su(2|3) and su(2) sector, where the fields belong to the fundamental

representation, ¢ = 1, so the unitary condition is modified
M3, =1,  Ro(u)Roi(—u) = —(u* +1) (8.3.95)
and the corresponding monodromy relation reads
Ro1(u)Roz2(u — ) |Vi2) = —Ro1(u) Roa(—u)[Vi2) = (u® + 1)[V12). (8.3.96)

— In the sl(2) sector, ¢ = 0, so the unitary condition and monodromy condition are the
same as for psu(2,2[4).

— In the s0(6) sector, we have ¢ = 2, so that
M3, = oy +2, Rop(u)Ro1(i —u) = u(i —u) — 2. (8.3.97)
The monodromy condition is then

R01 (u)Rgg(u - 22‘>‘V12> = —R01 (’U,)R()l(i - u)‘Vn) = (u(u — Z) + 2)’V12>. (8.3.98)

8.4 From spin vertex to string vertex

In this section, we take the BMN limit of the spin vertex and compare to the string

vertex in the light-cone string field theory.

8.4.1 A brief review of light-cone string field theory

We review briefly the light-cone string field theory for strings on the pp-wave background
[157-161] and refer the interested readers to [162, 163] and references therein for more

detail.

The fundamental object in SFT is the string field operator ® which creates and destroys
strings. The Hilbert space on which the string field operator acts is a direct sum of

n-string Hilbert spaces:

H=|vac) DH1 O Ha D ..., Hp=H1®..®H (8.4.99)

n



Contents 144

where H; is the Hilbert space of a single string. The string interactions are described by
the matrix elements of the Hamiltonian which has the following expansion in coupling

constant gg
H = Hy + g,Hs + g*Hy + ..., (8.4.100)

where Hs is the free part of the Hamiltonian and Hj describes interactions involving
k strings. In this paper, we focus on the cubic interactions which are described by the

following matrix elements
M2 = (2|(3[Hs|1) = (1[(2|(3[Hs), (8.4.101)

where (1|, (2|, (3| are three string states. In the second equality the matrix element is

written in a more customary way by introducing the so-called cubic string vertex |Hs).

The principle to construct the string vertex is simple. For bosonic strings, the string ver-
tex | H3) is constructed by requiring worldsheet continuity at interacting point, which can
be realized by imposing a delta functional A <X 1(0) — Xo(o) — 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 !

[e.9]

3 8
V) = exp (— % Y>> a;’;)“N,’;fnagSﬁT> 10)). (8.4.102)

m,n=—oo r,s=1 i=1

Here |0) denotes the vacuum of three-string Hilbert space |[0) = [0); ® |0)2 ® |0)s.
The indices r and s denote the number of strings, i 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 (8.4.102). This operator can be written as
polynomials of the creation operators a(mT)i and is called the prefactor. The string vertex

for superstring thus takes the following form
|Hs) =P|V). (8.4.103)

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

1. Note that we use different notations from the ones in [164]. Our creation operator al?™ is denoted
by o in [164] and our Neumann coefficient N3, is denoted by N5, in [164].
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motivations. Here we will use the prefactor proposal by Dobashi and Yoneya [165]. The
reason is that their proposal has the virtue that works for both extremal and non-
extremal ? correlation functions [164]. Interestingly, the prefactor of Dobashi and Yoneya

is the half sum of two prefactors P; and P, proposed in [157-160] and [166] respectively
1 1
Pr, = 5771 + 57’2, (8.4.104)

more explicitly

8 oo r
-y ( oDt (i | Z Z o Z_mT ﬂ) (8.4.105)
r=1 \ ¢=5 m=0 i=1 m= O
where w(") = | /n2 + ,u%z%r) and o,y = o/p?;)-

After one fixes the string vertex, the matrix elements of Hs can be computed straight-
forwardly. According to [165], the holographic relation between matrix element of the

Hj3 and OPE coefficients in BMN limit is given by

VJidads G(Ar, Ag, A3)

Clioq =
123 N ,LL(AQ + Az — Aq

))\123- (8.4.106)

Here Cia3 is the structure constant of the three-point correlation function 3

Cias
<Ol (331)02(332)03(333» = ’1'12 ’A1+A2*A3 |x13|A1+A3*A2 |$23|A2+A3*A1

(8.4.107)

I

where zf!. = xt “ , AA; is the conformal dimension of the operator O; and the function

ij
G(A1, Ay, Ag) reads

—(A2+A3—A1)/2 _

G(A17A27A3> = < v]l 9

(8.4.108)

Finally, we want to emphasis that the holographic relation between the matrix elements
of Hs and the OPE coefficient in N' = 4 is not completely understood. The holographic
relation (8.4.106) works well at the leading order [164, 167]. However, at higher loop
order, the large p expansion of the function G(A1, Ay, Ag) give rises to non-perturbative

terms such as log u, the interpretation of which is still unclear.

2. The extremal and non-extremal correlation functions corresponds to the impurity preserving and
impurity non-preserving processes in [164] respectively.

3. Note that here the definition for C123 is slightly different from the one we used before. We change
the normalization here because (8.4.107) is more commonly used in the BMN limit.
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8.4.2 Polynomial Representation of Spin Vertex

We consider the s0(6) sector of N' = 4 SYM. The spin vertex for the s0(6) sector is
constructed by fermionic oscillators. On the other hand, the cubic string vertex in SF'T
is constructed in terms of bosonic oscillators. In order to derive SE'T from spin vertex,
we introduce a polynomial representation for the spin vertex in the s0(6) sector. From
the polynomial representation, it is then straightforward to construct the spin vertex

using bosonic oscillators and make contact with SFT.

In what follows, as a convention, we choose operator O; to be the “incoming” state and

05, O3 to be “outgoing” states, as is depicted in Fig.8.4.4. The BMN vacuum for the

Oy

FIGURE 8.4.4: The configuration for three-point functions. The black lines correspond
to the contractions of Z and Z and the red dashed lines correspond to the contractions
of excitations ¢, i = 1,2, 3, 4.

incoming and outgoing states at each site are a scalar field Z and Z respectively. The
“vacuum” can have different excitations, namely scalars excitations, vector excitations
and fermionic excitations. As mentioned before, we consider here only scalar excitations.

The three operators are thus made of the following fields
O01:{2,¢"}, 02:{Z,¢"}, 03:{Z,¢'}, i=1,2,34 (8.4.109)
Following [164], we normalize the operators as

1
X 1=1,2,3 (8.4.110)

<@z($1)0¢($2)> = W

where at leading order we have A; = L;. The three-point function of three scalar oper-

ators is determined up to a constant called structure constant by conformal symmetry

VIL1LyL3 C123

N, ‘x12‘A1+A2—A3|;C13|A1+A3—A2’w23’A2+A3—A1 )

(8.4.111)

(O1(21)O2(22)Os(23)) =
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At the leading order, we have
ANi+A;j—Ap =L+ L;j — L =2L;;, 14,5,k=1,2,3 (8.4.112)

where L;; is the number of propagators between operators i and j. The structure constant
c123 is related to the one in (8.4.107) by Cjo3 = 7leNLQL30123 . The computation of cia3
can be formulated in the spin vertex formalism. In our case, we only need the scalar
sector of the spin vertex, which can be obtained by a truncation from the full spin
vertex. The scalar sector corresponds to the fermionic part of the spin vertex. Let us

recall the fermionic part of the two-point spin vertex at each site from

w2 = exp Y (dVTa® + Vel j0)D) @ [0) (8.4.113)
i=1,2

The vacuum |0) and dual vacuum |0) correspond to the scalar field Z and Z respectively

and satisfy
¢i|0) = di0) =0, 0y =dl0y =0, i=1,2 (8.4.114)

More explicitly, we can write |0) = c1 chdl dT|0> We want to expand (8.4.113) and write
the spin vertex in a more transparent way. The expansion leads to a sum of many terms,
among which we keep only the terms with N. = N4, where N, and N4 counts the number
of operators ¢;, c and d;, dl, respectively. The terms which satisfy this condition in the

expansion read
2

[12)scatar = [v12)Nve=ny = 0) @ [0) + > diTeVTj0) @ d ) [0) + [0) @ J0) (8.4.115)
ij=1

Let us define the following states corresponding to the scalar fields X,Y and their

hermitian conjugates X, Y

1X) = dicl|0) = daco|0), | X) = dich|0) = dyci|0) (8.4.116)
V) = dich|0) = e1da|0), V) = cldb|0) = dico|0).

Then we have

012)scatar =, (la) @ 1a) + @) ® |a)), (8.4.117)
a=X,Y,Z
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We can further define the states corresponding to the real scalar fields ¢;, © = 1,2,3,4

as the following

| X) = 7(\‘1’1>+Z\‘I’2>) |1 X) = 7(|‘1’1>—1|‘1’2>) (8.4.118)
Y) = 7(!<1>3>+Z|<1>4>) Y) = 7(!<I>3>—Z!<1>4>)
which gives
4
[V12)scalar = |Z) ® |Z) + | Z) ® |Z) + Z |ps) @ |®;) (8.4.119)
i=1

The spin vertex for three-point functions of our set-up is obtained by taking the appro-

priate tensor products of the vertex in (8.4.119), which reads

Li2
—\ (2 =\ (1 2 2

sy =1] (|Z>L1 1 ® 1200 +12)0 . @12)) ’+Z\<1> Vo) i ® @) ’) ®

k=1 =1

(8.4.120)

o 1) (1) 3)

11 <|Z> ®12)% 1+ 1200 e 12) HﬁZ@ Voo P k+1)®

k=1 =1

L2 \® 3)

Ti (|Z>L2 @100 122 0120 + 3 800, 010 )

k=1 =1

where the upper indices denote the spin chains and the lower indices denote the positions
on the corresponding spin chains. In order to obtain a polynomial representation, let us

define the following generating states for the three spin chains

Ly 4
) =] (\Z>k + Zn:?;\<1>i>k> (8.4.121)
kL:21 ) zzl | |
) =1]] <|Z>k + Zyﬂ‘b%)
kL:31 ) zzl | |
17) =] <\Z>k + ZZEI‘I’%)
k=1 =1

where we couple each excitation with an auxiliary variable. The three states can be

obtained in the following way

1) = W10 F) g 12) = Ta@)IF) g 13) = a(@a)|F)l oy (8.4.122)
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where W1 (0,), V2(0y) and ¥3(0,) are three differential operators of the following form

L
, . o
V(B,) =Y o [[@0),  dF=—r, m=0,1 (8.4.123)
nl k=1 Iy
Here n = {n1,---,nr} and I is a collective index indicating the polarizations of the

excitations. Each differential operator specifies one spin chain state. Integrability of the
spin chain usually provides systematic way to construct the differential operators. In
our case, for example, the differential operator can be constructed systematically by the

nested Bethe ansatz. According the the spin vertex formalism

cro =(1](2](3V3) (84.124)
= U1(0z) U2 (8y) U3(8:) (Fi1 | (Fo| (F3[V3))|
= U1 (0y)U2(8y) U3(0:)Va(x, y, 2)|

mivyiaziZO

xt Yyt 2'=0

where V3(z!,y’, 2') is the polynomial representation of the spin vertex which reads

Lio Li3 Log
Va(a? o, 2%) = [T (0 +whaty s [LO 4 2hzty o) [] e arn  (84.125)
k=1 k=1 k=1

In the polynomial representation, the spin vertex (8.4.125) is given by a polynomial in
terms auxiliary variables &, y*, z°. The states are given by three differential operators,
which can be constructed by Bethe ansatz. Note that the commutation relations of 9/dx
and x are the same as commutation relations of bosonic creation and annihilation oper-
ators. Therefore, we can map the auxiliary variables and the corresponding derivatives

into creation and annihilation operators

i — al(:m, Y — af)ﬁ, 2 — ocl(;’m (8.4.126)
0 i 0 i 0 i
- ool L Sa S sl
Oz}, oy, 0z,

and the spin vertex can be written as
Vabe = Vs (o, 0, af7") 0)5 (8.4.127)

here we use |V3)p to emphasis that this vertex is constructed by bosonic oscillators
instead of fermionic ones as in (8.4.120). The new Fock vacuum is defined to be the

state that is annihilated by all the bosonic annihilation operators

a0yp =0 (8.4.128)
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The corresponding states can be written as
(1] = (0|0 (a,g”’) L (2] = (0], (aﬁfﬁ) . (3] = (0|5 <a§f’>i) (8.4.129)
and the structure constant is given by
ci23 = (1/(2[(3|V3) B- (8.4.130)

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 (8.4.127) and show that it reproduces
the string vertex in SFT.

8.4.3 BMN Limit of the Spin Vertex

The BMN limit for N = 4 SYM mainly contains two approximations. The first is a dilute
gas approximation, which means the number of excitations is finite and are distributed
sparsely. The second approximation is 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.

We start by recalling the spin vertex in polynomial representation in (8.4.125)

Li2 L13 Los
Va(a',y',2) = [J0+ b, o) [T+ 20y ka2l) [] o rsazt  (84.131)
k=1 k=1 k=1

The length of each spin chain is equal to the sum of number of vacuum field Z or Z and
number of excitations. We denote the number of vacuum fields by J; and the number of
excitations by N; so that the length of the spin chain L; is given by L; = J; + N;. By
dilute gas assumption, we have J; > N; and hence L; ~ J;. Due to charge conservation,
we have J; = Jo + J3, hence we can write J; = J, Jo = rJ, J3 = (1 — r)J, where

0 < r < 1. The number of contractions between different operators are approximately
1
Lio~Jy=rJ, Liz~J3= (1 - T)J, Log =M = §(N2 + N3 — Nl) (84132)

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 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. On the contrary, for the non-extremal cases, the contribution from
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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 non-extremal cases as well as extremal
is the holographic string field theory proposed by Dobashi and Yoneya [164, 165]. Here

we consider only the non-extremal cases so we always assume M # 0.

By (8.4.126), we map w};, y/{C and z}'c to creation operators. In order to obtain creation
operators in the momentum space, we perform the mode expansion of the bosonic oscil-

lator

nk
a Z e T a fr=1,23 (8.4.133)

n—foo

Let us investigate the part of spin vertex corresponding to the contractions between

operators 1 and 2.

L12 271'177,(2) k 2Trin<.1)
_ (1) 2y . (Lat(2)if
Vio = [[(1+ g0 mexp Z Z e a4 e
k=1 D (@) k=0 o
Z 7 ’L
(8.4.134)
_ 12 (2)it
=exp Z N nWn a! (1) a n®
(D () K
In the first line, the summation over k gives
J2 2Trzn<2)k 27rin<.1>k ( )
_2ming (1) sinwrn, M, (@ (1)
Ze J2 7 ~ Je TN, o 1(2) _ J\/F(—l)ni +n;" g mirng N1(21) .
n:’'n;
k=0 m(n; n;/r) o
(8.4.135)

Therefore our Neumann coefficient from spin vertex is related to the Neumann coefficient
in SFT [168, 169] by a simple phase factor

W) (@

N = (=1 e~ N1 o (8.4.136)

The explicit form of Neumann coefficient at the leading order of large 1 expansion can

be found in Appendix D. Similarly, for the contractions between operators 1 and 3, we



Contents 152

have
Lis ( ) ( ) 1 r 27rzn(1)k 27rzn(3) ( ) ( )
= Lig3) ~ ~ it (3t
Vi3 = H(l T aL3*k+1) = exXp Z Ze 7 5 a n® ENE)
k=1 n(1) @ k=0 i
(8.4.137)
(1
= %P Z Nl n@® @ <)1ZT (()3>
n(D 5 .
where our Neumann coefficient is related to the SFT Neumann coefficient by
(1)
Ni?l)n(;) =(=D" e —mrm; Nl(l) n® (8.4.138)
For the contractions between operators 2 and 3, we have
M . M 27mkn(3) 27mkn(2>
‘/23 el H O[]({: )7'05([/22)Z k+1 e J3 - J2 a( ()2) (3(2;;1‘ (8 4 139)

k=1 k=1 \/ 1—7” (@ 3

'L’z

By dilute gas approximation N < J;, so that in the above product k < N < Js, J3.
Also we assume that the momentum of the excitations are small, meaning nZ@) < Jo

and ng?’) & J3. Therefore the phase factor in (8.4.139) is trivial

27rzkn<5> 27rzkn(2)
e I3 2 =1 (8.4.140)
and Va3 simplifies to
M
1(3)i I\ 23 H2)i 1(3)i
Vaz = 2 of (2) @ = ( ) Z N n®n® Y@ 40
Tr=1) ROINON Amply)| 2 3 "
(8.4.141)
where our Neumann coefficient is given by
A28 n{® 123 4
Let us consider the following vertex
Vs — N2 18 8.4.143
53 = exp Z RENO a' (2) a RONE (8.4.143)

MONE) i

’L”L
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which can be expanded as

M
o0

Vag = Z Z NZy o @ 2 ((‘2’ (8.4.144)

Mo' n® ’

n’L 71

For a given configuration, the number M is fixed and the action of states will automat-
ically pick out the term in Vb3 with the corresponding M. Hence we can replace Vas
by

J M -
Vég — <> M!. V23 (8.4.145)
A povy |

Recalling that at leading order
1 1
M = §(L2+L3—L1) = §(A2—|—A3—A1), (8.4.146)

we can write the factors in front of Vag in (8.4.145) as

—M 7(A2+A37A1)/2 _
<‘]> M! = (‘]> T <A2+A3A1 + 1) (8.4.147)
Amploy)| dmployy| 2

In SFT [164], the factor Jy/4mpu|a )| is the leading term of the large p expansion of the
following factor
JoJ3 J 1

= +O(— 8.4.148
/ Ji drplag] (u2) ( )

so that at the leading order, we have

J -M ToJa\ ~(A2+A3=01)/2 Ao+ Ax — A

<) M! ~ (f“) r <2+31 + 1> (8.4.149)
Trplag) 2

The right hand side is nothing but the function G(A1, Ag, A3) in (8.4.106) and (8.4.108).
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
Veun = G(A1, Ag, As)ViaVigVas. (8.4.150)

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 shall show that these phase factors are trivial if we consider the
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physical states that 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)L12+L23+L13H (1) (2) HN(Q) (3) HN(Q) (3) (84151)

L L L 12 13
= phase - (_1) 12+L23+L13 | INp pz) | | N (2> (3) | |Nr(2)r(3)'
12 ey h

From (8.4.136),(8.4.138) and (8.4.142), the phase factor is

(1), (2) (1) (1) (1) (2)
phase = [[(—=1) P e ™ [T(-1)% e T (-1 (8.4.152)

12 13 23
—(—n)Sen ) (LS o= SV Z g

where we have used the level matching conditions
@) 4 _
E pl ) 4+ q g D; =0. (8.4.153)

This means that if we consider the physical states, we can replace our Neumann coef-
ficients NV;*,, by the Neumann coefficients of SFT N,’;fn since the phase factors cancels
out. To sum up, from the spin vertex in the BMN limit, we obtain at the leading order

the following cubic vertex

3
1 . .
’VBMN> = G(Al,AQ,Ag) exp —5 E a%)”Ngfnaff)’T |0> (8.4.154)
r,s=1
r#s

Notice that in the exponent we impose the condition r # s, while in SF'T the Neumann
coeflicients N,’;fn, 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(A1, Ag, A)|V). (8.4.155)

To complete our derivation, we also need to show that the spin chain states in the BMN
limit also takes 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
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bosonic oscillators, a BMN state at the leading order can be represented by

L
1 . . i
(ni,---,ny| = VIN E (0] - '-aZ%e_QT(”mJ“"*"WN) (8.4.156)

1, e N=1

where L is the length of the spin chain, aé’@k is the bosonic oscillator introduced in
(8.4.126) and creates an excitation at position zj with polarization i from the dual
vacuum. Here n1,--- ,ny are the mode numbers of the excitations. Performing the mode
expansion in (8.4.133), we have simply

(n1,---,nn| = (Olay}, -+ alX (8.4.157)

ny
which takes exactly the same form as the states in SFT.

There is another difference between the spin vertex and string vertex. In SFT, 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 [164], at the
leading order, the action of prefactor on the states gives rise to a simple factor, which
cancels neatly the holographic factor 1/u(Ag + A — Ay). Let us briefly review how this

works. The prefactor for scalar excitations at the leading order reads

2 :‘u(a((f)“aém + a(()gma(()g)i - a(()l)“aél)i) (8.4.158)

(a@2i 4 (Bt _ (Wit (i 4 1y 5 _p))

N =
Nk

_l’_

3
Il

(a@a® 1 (@it @ qWitgME [y )

_l_
N =
NE

3
Il

The operators in the first two lines take the form of counting operators ainam, hence once
acted on physical states, they just count the number of difference of excitations between
the incoming state 1 and out-going states 2 and 3, which is Ny + N3 — N1 = 2M. The
contribution from the first two lines is simply M. In order to calculate the contribution
from the third line, we need to make use of the symmetry of the Neumann coefficients
N = Ny Ny, = NI5, - The operators in the third line )y, change the sign
of mode numbers. Consider first the contractions between operators 1 and 2. Changing
the sign of mode numbers of either operator gives the same result due to the symmetry
of the Neumann coefficient. It is the same for the contractions between operators 1 and
3. Therefore the contributions for the impurity preserving part cancel and we only need
to consider the contractions between impurity non-preserving part 2<+3. We recall the

the Neumann coefficient Nﬁf’n at the leading order does not depend on mode number at

all, hence the sign changing operators have the same effect as counting operators. The
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contribution is again pM. To sum up, the action of the prefactor on physical states gives
rise to a multiplication of the simple factor 2uM, which can be written in the following

way at the leading order

Therefore, we have
! (11(21(3|Hz) = ! A1RA(BIPAIV) = (112)(3]V)
(Ag + Az — Ay) YT (B + Ag — AY) "
(8.4.160)
Finally, gathering all the pieces, we have
 J1JoJ:
Crzg = 77 (11(21(3Viswiw) (8.4.161)
v J1JoJ:
= YT G(AL Mg, A) (11(23IV)

_ Vs G(A1, A2, Ag)
N /,[/(AQ + Az — Al)
A1, Ay, A
_ G(Aq, 2,_ 3) <1|<2|<3|\/J1J2J3|H3>
(A2 + Az — Ayg) N

(1[(2IB[PuV)

where the first line is from the spin vertex while the last line is exactly the holographic
relation (8.4.106) proposal by Dobashi and Yoneya. Therefore we have shown that gauge

theory computation reproduces exactly SF'T result at tree level.

We want to emphasis here that we not only obtain same results on both sides, but we
are able to identify the common structures. This shows further that the spin vertex is

indeed the weak coupling counterpart of the string vertex.



Chapter 9

Form Factor Methods

In this chapter, we discuss another direction towards an all-loop formulation of three-
point functions in A/ = 4 SYM theory. This direction is intimately related to the form

factor bootstrap program in 2d integrable quantum field theories.

We first review the form factor bootstrap program in 2d integrable QFT in section 1.
Then we discuss how to generalize and apply the bootstrap method to the context of
AdS/CFT in section 2. The form factor bootstrap method provides us the form factors
in infinite volume. However, the three-point functions are related to the form factors in
finite volume where finite volume corrections are important. In general, computing finite
volume corrections for form factors is a challenging problem. However, if one neglects
wrapping corrections, then there is a systematic way to obtain finite volume corrections
for the form factors, this is reviewed in section 3. It is conjectured by Bajnok, Janik
and Wereszczynski [59] that the heavy-heavy-light (HHL) three-point functions with
two heavy operators conjugated to each other are equivalent to diagonal form factors.
Based on previous works in 2d integrable QFT, they proposed the volume dependence
of the structure constant up to wrapping corrections and conjectured that it should hold
at all loops. They checked the structure at strong coupling for some cases, it remains to
be checked at weak coupling. We showed that their conjecture is indeed true at weak

coupling using spin chain technique. This is discussed in section 4.

9.1 The form factor bootstrap program

In this section, we give a brief review of the form factor bootstrap program in 2d inte-
grable QFT. For a detail review, we refer to [170]. Consider an integrable quantum field

theory in 1+1 dimensions, which is defined completely by its S-matrix. For simplicity,
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we restrict our discussions for the diagonally scattering theories with a self-conjugated

particle.

In infinite volume, the states can be characterized by the set of momenta of the particles.
In 2d, it is more convenient to parameterize the particles by rapidities u. The momentum
p(u) and energy e(u) of a particle are functions of the rapidity. In the remote past, we
can define the in state as the state with ordered rapidities: the fastest one is the leftmost
and the slowest one is the rightmost. Contrarily, we can define in the remote future the

out state with the reversed order

|u1,-~,uN>in Uy > -+ > UuUnN
lug, -+ un) = (9.1.1)

|u1,-~,uN>°ut u < - <un

The infinite volume states that differ only in the order of rapidities are related by the

two particle S-matrix
[ty U Wit - s uN) = S (Wi i) (UL, -+ Uit Uiy -+ UN) (9.1.2)

The energy of a multiparticle state is the sum of the one particle energies

N

E(u,...ouy) = Y _e(u). (9.1.3)
In infinite volume we normalize the in states as
-y, )™ = 2m) VN d(ur — uh) - S(un — uly), (9.1.4)

and the norm of a general state can be determined from (9.1.4) by (9.1.2). Let us
consider the matrix elements of a local operator O(t, z) between asymptotic states. The

space-time dependence can be easily factored out

out <u/1’ L. 7u/]\4‘ O(l‘,t) ‘uh . ’uN>in — eitAE—imAP out <’LL/1, . ’UM’ (/)(07 0) |U1, . 7uN>in’
where
M N
AE = e(uf) = e(up), (9.1.5)
j=1 k=1
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and we define the form factor of operator O as
FJ\(?[,N (ull’ U ’u/M’uh e ’uN) = o <u/17 T 7uif\/l‘ 0(070) ’ulv T 7uN>in (9'1'6)

The form factors are a priori defined for ordered set of incoming and outgoing rapidities
but can be analytically continued by (9.1.2). A form factor is a meromorphic function

in all variables and each pole has a physical origin [170].

Suppose that the theory possesses a crossing symmetry, i.e. a transformation which maps
an outgoing particle with rapidity « to an incoming anti-particle with rapidity «, under
which the physical quantities stay invariant. The crossing symmetry implies the crossing

equation for the form factors which, in case of a single, self-conjugated particle, reads as

FﬁN (u’l, s lug, ,uN) = FJ\(?Ifl,NH (u’l, by, ug, e ,uN) (9.1.7)
N k—1
+ Z<u/]\4’uk> H S(Ul,Uk) Fﬁfl,Nfl (u/17 T 7u/]\/[71’u17'” ,’&k,"‘ ,UN)
k=1 =1

where the terms on the second line of (9.1.7) describe disconnected processes that occur
if one of the incoming and outgoing particle has the same rapidity. The hat u; denotes
that wug 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|00, 0)|ug, ..., un). (9.1.8)

The elementary form factors are fundamental building blocks of general form factors and
correlation functions. The idea of bootstrap is that, instead of computing the elemen-
tary form factors directly from first principles, one proposes a set of functional equations
called bootstrap axioms that they should satisfy. By solving these equations with appro-
priate analyticity properties from other physical considerations, one obtains the form
factors. By construction, the result obtained in this way is non-perturbative since there

is no perturbation expansion involved at all. We list the axioms in the following

1. Exchange

F](\?(ulv"' y Uk Ug+15 " 7UN) :S(uk’_uk’-i-l)F](\?(ula"' s U415 Uks ** * ,UN)
(9.1.9)

2. Cyclic permutation

F,S)(ul + 2mi, ug, - uN) = Fﬁ?(uz, Cee L UN,UY) (9.1.10)
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3. Kinematical singularity

N
_iReSuzu’FJ(\?+2(u+i7T7u/7u1>"' 7UN) = <1 - HS(u_uk’)> F]if/)(ub 7UN)

k=1
(9.1.11)
4. Dynamic singularity
—i Resy—y Fiyo(u+ iﬁék/Z,u’ — iﬁgk/2,u1, C L uUN) = Ffj FS i (uyug, - uy)
(9.1.12)

whenever k is the bound state of the particles ¢ and j, corresponding to the bound

state pole of the S-matrix of the form

)
ij

Here I‘f”j is the on-shell three-particle coupling and uf] is the so-called fusion angle,

which satisfy the following relations

mi =m? + 'mj2 + 2m;m, cos ufj , (9.1.14)

2m :ufj + ), + Uy

and we use the notation that ﬂfj =7 — ufj

The above axioms 1-4 are supplemented by the maximal analyticity assumption which
assumes that the form factor as a meromorphic function only have singularities that
prescribed by the axioms. Namely, each singularity should has its physical origin. The
solution of these axioms with maximal analyticity assumption gives the form factors of
the theory non-perturbatively. Of course, these axioms allows many possible solutions,
it is commonly believed that the space of solution has the same dimension as the space
of local operators. In the form factor boostrap approach, it is non-trivial to relate the

solution of form factor axioms to the corresponding operator.

The advantage of form factor approach is clear. Once we know the S-matrix of the
theory, we can immediately write down the axioms. The solution of these axioms give
the non-perturbative form factor. On the other hand, it is usually a challenging question
to solve the form factor axioms. The solution of certain operators can be found in some
simple models [ref], but is becomes very hard for more complicated models like the one
in AdS/CFT.
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9.2 Form factor approach in AdS/CFT

In this section, we discuss the ideas to generalize the form factor bootstrap method to
the three-point function problem in the AdS/CFT context. The general idea is to relate
the three-point functions to some form factors and then write down a set of axioms
similar to the ones discussed in the last section. At present, there are several works in
this direction. The first method, which is in direct analogy of the form factor bootstrap
method discussed above was proposed by Klose and McLaughlin [74, 171]. They proposed
a set of axioms for the worldsheet form factors of the AdSs x S® superstring thoery. The
worldsheet theory in the light-cone gauge is not Lorentz invariant. Therefore, the form
factors depend on individual rapidities of the external states, instead of their differences
as is the case in relativistic quantum field theory. Solutions of these axioms give the
worldsheet form factors. However, no solution has been found for the worldsheet form

factor axioms up to now.

Another direction was pursued recently by Bajnok and Janik [75]. They consider three-
point functions in the decompactification limit such that two of the operators are taken
to be in the large volume limit where one can neglect the wrapping corrections. In
this limit, the three-point function can be regarded as a generalized form factor. In the
worldsheet formulation, the third operator is a non-local operator which ‘eats up’ part of
the spacetime. This is different from the usual form factors in 2d integrable QFT where
the operators are local. The authors of [75] proposed a set of axioms for the generalized
form factors. Due to the non-locality of the operator, the form factor axioms contains
additional phase factors. They checked some special cases of three-point functions both
at strong and weak coupling in the decompactification limit, and find that they indeed

satisfy the axioms. The solution of this set of axioms in general remains a hard problem.

In a related work, Bajnok, Janik and Wereszczyski [59] studied a special kind of HHL
three-point function where the two heavy operators are conjugate to each other. They
conjectured this kind of three-point function is related to the diagonal form factors in
the worldsheet theory. The diagonal form factors are usually easier to study then the
generic ones. Based on the work of [76, 77], the authors conjectured the structure of
finite volume correction of the three-point functions up to wrapping corrections. They
checked this conjecture at the strong coupling for some special case. The conjectured
structure is believed to hold at any coupling and should also be valid at weak coupling.
The description of the problem, however is different at weak coupling where one describe
the operators in terms of spin chain states. We will discuss the finite volume corrections

of the diagonal form factor in the next section and confirm their conjecture at tree level
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and one loop level in the su(2) sector using the spin chain technique introduced in section
4.

9.3 Finite volume corrections of diagonal form factor

In this section, we discuss the finite volume corrections of the diagonal form factor up

to wrapping. The diagonal form factor of a local operator O, defined as
OUt<U,1,-~ ,U,N|O(0,0)‘UN,”- ,U1>in, (9315)

is singular due to the disconnected terms in the crossing relation (9.1.7). To avoid the
singularities we regularize it by slightly shifting the outgoing rapidities. After crossing

we get

FQ(?V(al+€17"' yUN + EN,UN, - - - aul) = OUt<O‘O‘ﬂ1+€1a"' yUN + ENSUN, - - - 7u1>in
(9.3.16)

The diagonal limit, ¢; — 0, of (9.3.16) is not well-defined. It was first noticed in [172]
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

Fyy (i + €1, 0N + en, un, - un) (9.3.17)
N 1 N N N
:HZZZ Zailiz---i]\r(ula"' )UN)EileiQ‘.'EiN_‘_"‘

i=1 " i1=lis=1  iy=1

where a;,i,. i, is a completely symmetric tensor of rank /N. The ellipsis denote terms

which vanish in the ¢; — 0 limit.

There are two generally used regularization scheme in the literature. The first is the

so-called symmetric scheme, in which all ¢; are set to be the same
FS\}S (ug, - ,un) = hE(I)ng (U + € ,un + €, un, -+ ,uy). (9.3.18)
€

The second scheme is called connected, in which the diagonal form factors are defined

as the finite part of (9.3.17), i.e. the e-independent term,

FQ(?\}C (u1,---,un) = Nlag..y (9.3.19)
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Both the symmetric and the connected diagonal form factors are completely symmetric
in the rapidity variables ui,--- ,un. Of course these two quantities are not independent

and each can be expressed in terms of the other [77].

9.3.1 Diagonal form factors in finite volume

In this section we summarize the results about the volume dependence of the diago-
nal form factors in all polynomial orders in the inverse of the volume, neglecting the

exponentially small wrapping corrections, following [76, 77].

In finite volume L, the rapidities are quantized and a generic multiparticle state can
be labeled by the Bethe quantum numbers [{I1,--- ,Ix})r. In finite volume we cannot
order the particles by spatial separation in the remote past or future, as we did in the
infinite volume case (9.1.2). In finite volume the states are completely symmetric under
the exchange of particles and can be characterized by the set of quantum numbers. We
adapt our notation to the conventions used in [76, 77| and order the quantum numbers
in a monotonly decreasing sequence, Iy > --- > Iy I The quantized rapidities with
the quantum numbers {Ij,---,Ix} are solutions of the corresponding Bethe Ansatz

equations. We define

O ({ur, -+ un}) = pluj)L =iy log S(uj,up), (9.3.20)
s

and the quantization conditions are
<Pj({u1,--- ,UN}):27TIj, ]:1, ,N. (9321)
These finite volume states are orthogonal to each other

c{J, I, S INY) L < ONM Ory gy e 0Ty TN (9.3.22)

and their normalization is a question of convention.

One can change from the quantum number representation of states to the rapidity repre-
sentation which gives the direct connection between the finite and infinite volume states

[76]. This change of variables involves the Jacobian, which is the density of N-particle

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 I1 > --- > Iyn.
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states, defined as

on(ur, -+ un)r = det T™M (ug, - un)r (9.3.23)
0D S,
jkf:]lv)(’u&, ,UN)L: k‘(ulaUl UN) , k,l:]_’ ,N.

where we explicitly indicated the volume dependence of these quantities. The determi-
nant (9.3.23) is closely related to the Gaudin norm of Bethe states.? Then the relation

between the infinite and finite volume states reads

1
H{Ii, -, IN})L = lug, -+, un) (9.3.24)

\/QN(ul, csun)n [1og S, ug)

where the rapidities {u;} are the solutions of the Bethe Ansatz equations (9.3.20) corre-
sponding to the quantum numbers {I1, - -+ , Iy }. This identification holds up to wrapping
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 (9.3.17), thus the normalized finite volume diagonal matrix

element

L<{Il"" aIN}|O(OaO)|{Ib"' 7IN}>L
L<{Ila"' 7IN}|{ID"' 7IN}>L

(9.3.25)

is finite, completely well defined and does not depend on the normalization of states.
However, it is a challenging task to relate them to the infinite volume ones in the general
case [173, 174]. The problem become considerably simpler if we neglect the exponentially

small wrapping corrections.

Up to wrapping, the finite volume N-particle diagonal form factor (9.3.25) 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 as [77, 175]

c{l, - INHOWO,0) D, -+ InY)r 1
L<{Il7"'7IN}‘{Ilﬂ"'7IN}>L pN({17"'7N})

> O {urtrea) o ()
alC{1,...,N}
(9.3.26)

2. The Gaudin norm itself is not physical as it depends on the conventions. However, in any conven-
tion, it is proportional to the Jacobian (9.3.23).



Contents 165

where a denotes the complement of « in the full set. The functions appearing on the

right hand side are exactly the connected diagonal form factors
FOlur, - w) = Fa(un, -+ ) (9.3.27)

The functions py are defined as the diagonal minor determinants of the N-particle
Jacobian (9.3.23),

pN(a)zgee%j,gfl“(ul,-..,uN)L ., acC{l,--,N}L (9.3.28)

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

pn({1,---,N}) =on(u1,---,un)L ;  pn(0) =1. (9.3.29)

We want to emphasize that the function py(«) depend on all the N rapidities. The
set of rapidities {u;} in the right hand side of (9.3.26) is the solution of the Bethe
Ansatz equations (9.3.20) corresponding to the quantum numbers {I;,---,Iy}. 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 [76]

{1, INHOO,0){I1, -, INY)r 1 Z

S I b (L N Fla) ({ur}iea) oy (@)

(9.3.30)
Here again, the rapidities {u;} are the solutions of the Bethe Ansatz equations (9.3.20)

aC{l,...,n}

with the quantum numbers {Iy,---,Iy}. The p, functions in the sum are the |af-
particle densities of state (9.3.29,9.3.23) evaluated at the rapidities {u;}icq. Note that,
contrary to the connected expansion, they depend only on the rapidities labeled by the

set a. The explicit volume dependence is carried only by the p functions.

9.3.1.1 Form factor of densities of conserved charges

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

L
Qz/o J(z,t)dx (9.3.31)
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where @) acts diagonally and additively on the multiparticle states. Its density therefore

satisfies

c{11, -+ IN}JI(0,0) {11, - vIJLv}>L _1 S a(uy), (9.3.32)

L<{]iv"' ’]fV}|{]iv"' ’])V}> ji

J=1

where {u; } are the solutions of the Bethe Ansatz equations (9.3.20) corresponding to the

quantum numbers {I1,--- ,Ix}, and ¢(u) is the one-particle eigenvalue of the operator

0.

A compact expression for the connected diagonal form factors of these densities was
presented in [173, 175], however the mathematically rigorous proof was found recently

[176]. The connected form factors can be cast into the form

Fiur-un) = Y e(to1) (o), o) (Us(2) o)+ ©(Ua(N-1): Uo(x)) 2 (Uo(N))
ocESN

(9.3.33)

where the summation runs over all the permutation of the set {1,---, N}.

9.3.2 Conjecture for the symmetric structure constants

In [59], Bajnok, Janik and Wereszczynski considered the three-point function of operators
01, Oy and O3 with O3 = O and Oy is a light operator with zero R-charge. They
conjectured that in this case the large operators 7 and O can be regarded as external
states and O as an local operator so that the structure constant is given by the following

diagonal matrix element
Cuur = (u1,- - ,un|Olut, -+ ,un)r. (9.3.34)

The finite volume dependence of the structure constant (9.3.34) is given by

1
G = V)

Fyla)({uk trea) paj (@) (9.3.35)
aC{L, N}

In fact, this conjecture contains two parts. The first part is that the finite volume cor-
rections are encoded in the Jacobians pj,|(); the second part is that the coefficients in
front of the Jacobian Fg‘@|({uk}k€&) are the form factors of the same operator in the
infinite volume. At weak coupling, for the first few orders before the wrapping correc-
tions have to be taken into account, the formula (9.3.35) gives the exact result, as will

be shown below.
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9.4 Diagonal matrix element and three-point functions

In this section, we study the symmetric HHL three-point functions at weak coupling
with the heavy operators in the su(2) sector. We prove the first part of the conjecture
at tree level and one loop and give predictions for the infinite volume matrix elements

for certain operators in the XXX spin chain.

9.4.1 Set-up

We will consider the three-point functions that are related to matrix elements. We take
two “heavy” states, conjugate to each other, O; and Oj. In the su(2) sector. The two

operators are constructed from the following scalar fields
O1:{Z, X}, O1:{Z,X}. (9.4.36)

At tree-level, we consider operators with definite one-loop anomalous dimension [49].
Since we are considering diagonal matrix elements, the wave functions of the two opera-
tors are conjugate to each other. The third operator, denoted hereafter by O, are made

of complex scalar fields Z, X and their Hermitian conjugates, such as
TvtzZ, TrXX, TwXZZX, --- (9.4.37)

This kind of operators are in the s0(4) sector of N' = 4 SYM theory. In order to have non-
zero contribution, the R-charge of the operator should be zero. In addition, we require
O, have definite anomalous dimension. The three-point function is fixed by conformal

symmetry up to the structure constant C,,

L?L, NMVNLC,

Ne  |@12|P12|313]|A13|205] A28

(O1(21)Oq(22) O (23)) = (9.4.38)

where
1

and L is the length of O while L, is the length of the operator O,. The two-point

functions are normalized as

LN —
= oo (Oalm)Oafaz)

LaNa

(O1(z1)O1(22)) = Tr1aPAe (9.4.40)
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The structure constant C, can be expressed in terms of matrix elements of Heisenberg

spin chain
(u|Oq|u)
Coy=—F"7+1— 9.4.41
ST (A0
where |u) = |[{u1,---,un}) denotes an on-shell Bethe state and O, = O (0, 07) is

an operator made of local spin operators. In this way, the computation of three-point
function in planar N/ = 4 SYM theory is recast into the calculation of matrix elements

of Heisenberg spin chain.

9.4.2 From field theory correlation functions to spin chain matrix ele-

ments

In this section, we show how to map the field theoretic operators O, to spin chain

operators O,. Let us introduce the following notations

Z=¢", X=¢', Z=¢", X =o' (9.4.42)

The light operator is the linear combination of the single trace operators Tr ¢ ¢?2 ¢ - - - .
By planarity, only operators of the following form will contribute to the three-point

function
Troi o) gfly - B, ik, gk =0,1. (9.4.43)
where the indices 1,--- , 2l denotes the position on the third spin chain and 2] = L,, is
the length of the third operator. The zero R-charge condition is given by
l
Z(zn - ]n) =0. (9.4.44)
n=1

It is not hard to see that the operator (9.4.43) can be mapped to the following spin
operator [48]

‘ i1 7J 7j i1+1,51+1 i1+1,5+1
Troy - @) @y - oy — BT B (9.4.45)
where the indices n,--- ,n — [ + 1 denote the positions on the long spin chain and the

operators E?Lb are the basis 2 x 2 matrices (E%b)ij = 04i0p; in the local quantum space

H,, = C2. The operators E2° are related to the local spin operators as follows

Bl = (I+07), Blf=of, El=o,, EZ=

n

(I - o%). (9.4.46)

1
n

N =
N | —
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+

Here o,

, 07 are the usual Pauli matrices. By the mapping (9.4.45), we can translate the
field theory operators into the spin operators. As an example, we consider the Konishi

operator
Ok =ThXX +TtYY + TrZZ. (9.4.47)

Since the heavy operators are in the su(2) sector, the contraction with Y and Y are
zero and can be neglected. The Konishi operator can be mapped to the following spin

operator
Ox — O =Bl +EZ2 =1 (9.4.48)

Therefore we see that at tree level the structure constants, with the light operator being

the Konishi operator, is trivial

(u|Ox[u)

O = )

=1. (9.4.49)
In order to obtain non-trivial structure constant, the light operator must have at least
L, = 4. This corresponds to the insertion of two spin operators between the Bethe

states. An example for length-4 operator is given in Fig.(9.4.1).

zZ Z Z X Z X X Z Z Z Z X Z
1 LI
1 [
1 [
1 [ Vi
1 [
1 [ X
1 [ _
1 [ Z
1 [ X
1 [
1 [
1 [
zZ Z Z X Z X X Z
Z 7Z 7z X Z X X Z Z Z Z X Z
1 LI 1
1 [ 1
1 [ 1
1 [ 1
1 [ 1
1 [
21 @12
1 [ E¥ E
1 [ .
1 [ .
1 [ .
1 [ .
1 [ ;
Z Z Z X Z X X Z 7Z Z Z 7Z X

FIGURE 9.4.1: An example of the mapping between field operators to spin chain op-
erators. The operator in the field theory O = Tr ZXZX is mapped to the spin chain
operator O = E2'E}2 ;.

For simplicity, we focus on the length-4 field theory operators, which corresponds to

operators in the spin chain that act on two neighboring sites. These are the simplest
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non-trivial cases which can be studied thoroughly.

In order to have non-zero diagonal matrix element in (9.4.41), the spin chain operator
should not alter the total spin S* of the state it acts on. At [y = 1, there are two

independent operators, namely the identity and
o1(n) = EM, (9.4.50)

For [, = 2, there are 6 independent operators: the identity, o1(n), o1(n + 1) and the

other three operators
ob(n) = EUELL,, oj(n) = EREZL,, oi(n) = EZELZ,. (9.4.51)
For later convenience, we also introduce the following operator
o3(n) = E%QEia_l = (I—-EM)1- EiLIH) =I—o01(n)—oi(n+1)+o0(n). (9.4.52)

In what follows, we will study in detail the diagonal form factors of the spin operators

01 and of (i =1,2,3,4).

9.4.3 The Algebraic Bethe Ansatz approach

In this section, we review the algebraic Bethe Ansatz (ABA) approach to the correla-
tion functions in the XXX, 5 spin chain, see [96, 177, 178] and references therein. This
approach is based on two main elements: the Slavnov determinant formula which was
introduced in Chapter 3 and the solution of the Quantum Inverse Scattering Problem
(QISP), which will be introduced below. The Slavnov formula states that the scalar
product of any Bethe state with an on-shell one can be written in terms of a determi-
nant. The solution of the QISP enable us to express the local spin operators in terms
of the elements of the monodromy matrix, which are non-local operators acting on the

spin chain.

9.4.3.1 The solution of quantum inverse scattering problem

In the ABA approach, the idea to compute diagonal matrix element (u|O,|u) is to act
the spin chain operator O, on the bra state, so that the ket Bethe state |u) is left on-
shell. The operator O, is typically a multilocal operator in the sense that it acts on a
finite interval of the spin chain. In order to apply the Slavnov formula, the bra state also
needs to be a Bethe state, although we do not require it to be on-shell. The solution of

the quantum inverse scattering problem (QISP) relates the local spin operators to the
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matrix elements of the monodromy matrix. In addition, from the RTT relation, it is
clear that the action of A, B, C, D operators on a Bethe state always give a sum over
Bethe states. Therefore, using the solution of QISP we can translate any local operator
O,, into a sequence of ABA operators, and the state <u|@n can be written as a sum
of dual Bethe states. This enable us to apply the Slavnov formula discussed in the last
subsection. We present the main statement of the solution of QISP in this subsection

and refer to [177] for the proof and details.

Let E? (a,b = 1,2) be the operators defined in (9.4.46) which act on the local quantum

space H,, = C2. They can be represented by the elements of monodromy matrix as

n—1 n -1
E® = {H T (0 + i/2)} Tup(0r +1/2) {H T (0 + i/Q)} (9.4.53)
k=1 k=1
where
Tn(u) = A(u), Tlg(u) = B(u), T21 (u) = C’(u), ng(u) = D(u) (9.4.54)

Once inserted inside a correlator, the transfer matrices in (9.4.53) act on a Bethe state

and can be replaced by their eigenvalues

(u|Top(0n +i/2) )

E2|u) = 4.55
(g ) = T (9.455)
where ty,(u) is the eigenvalue of the transfer matrix. At u = 6,, +i/2, we have
~ (9,
ta(Bn +1/2) = Qo6 + z)Q u (0n) (9.4.56)

Qi ()

The generalization of (9.4.55) to a string of [ 4+ 1 operators is straightforward

l

& 011 a .
15,5 Qu Onst) ) u\HTnf;;v i +1/2) )

k1 (n+k+Z)Qu n+k

(u[Ep - B ) = (
(9.4.57)

We can now compute the r.h.s. of (9.4.57) by using the RT'T relation and the Slavnov

formula.

9.4.4 Matrix elements of spin operators

In this section we study the diagonal matrix elements of spin operators of the Heisenberg
spin chain using the ABA and the solution of QISP discussed in section 9.4.3. We show

that, in general, the matrix elements can be written as linear combinations of a special
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kind of scalar product. In section 9.4.5, we show that these scalar products has the
structure conjectured in [59], namely it can be written as linear combinations of diagonal
minors of Gaudin norms (9.3.26). We call the procedure of expanding quantities in terms
of diagonal minors of Gaudin norms the finite volume expansion. After this expansion,
all the finite volume dependence of the quantity are captured. We will discuss the case

ls = 1,2 in detail and comment on the general [, > 2 case.

9.4.4.1 Form factors of length-2 operators

We have shown in section 9.4.2 that all the length-2 diagonal matrix elements can be

written as linear combinations of the following building blocks
Fo = (u|oi(n)|u), Fo = (ulob(n)|u), i=1,..,3 (9.4.58)

where the local operators o1(n) and ob(n) are given in (9.4.50) and (9.4.51). According

0 (9.4.57), these matrix elements are proportional to the following quantities

Fo o FA = (u]A(6, +i/2) u). (9.4.59)
FO% o FAY = (u|A(0), +i/2) A(Ops1 + 1/2) ), (9.4.60)
T o FBC = (u|B(0n +1/2)C(0n41 +1i/2)|u),
T3 oc FOB = (u|C(8,, +/2) B(0p11 +i/2) ),
FO o FPP = (u|D(0, +i/2)D(0ps1 +i/2)0).

In order to compute the building blocks (9.4.59) and (9.4.59), we act all the operators
on the ket state |u). The action of A and D on a Bethe state is

AW = a(0) 2 D) + ZM b\ uad) (0400

D)) = do >Q“Qf“ +ZN ), 0} {ua)

where My (v), Ng(v) are given by

_ia(uy) A —uj —1
My (v) = = 11 —, (9.4.62)
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These relations can be derived from the Yangian algebra. From (9.4.61) we see that the
action of the operators A and D on a Bethe state preserve the number of magnons. In
addition to the original Bethe state |u), there is a sum of Bethe states |{u,v} \ {ux})
where one of the rapidities uy is replaced by the spectral parameter v of the operator.
These are called the unwanted terms and are off-shell for generic v. On the other hand,
they are not too far from the on-shell Bethe state |u) since most of the rapidities remain

unchanged.
The action of the C' operator on the Bethe state is more involved
ZK b\ {un}) + 37 Koo [{w, 03\ g, un}) (9.4.63)
k>n

where

. N , :
K, — ia(v)d(up) H Uj —Up — 0 uj — U+ Z+ (9.4.64)
Up — U in Uj — Un uj — v

. N . .
ia(un)d(v) H Uj —Up +1 uj —v—1

U Un U Un uj — v
K, — d(ug)a(up)  ug — up +1 H uj—uk—i_uj—un+i+
(ugp, — v)(up, —v) Uk — up itk uj — up Uj — Up
d(up)a(ug)  ug — up — 1 H uj—uk—i-i_uj—un—i
(up, —v)(ug —v) Uk — up Pty uj — up Uj — Up

The coefficients K,, and K, can be expressed in terms of M,, and N,

K (0) =My (0)No(0) ;- 4 Mo (o) No (1) -, (9.4.65)
Ky (1) = My, (0)Np (0) ui;k“i + M, (v )Nk(v)%
if we define
_ ., Qu(v —1) — dlw Qu(v +1)
My = a(v) 22—~ RO No = d( )7@1(”) . (9.4.66)

From (9.4.63) it is clear that C' reduces the number of magnons by one. For diagonal
matrix elements, any C operator has to be accompanied by a B operator in order to pre-
serve S?, and obtain non-vanishing results. For length-2 operators the only possibilities
are B(u)C(v) and C(u)B(v). Both combinations preserve the number of magnons but
will lead to a sum of unwanted terms with one or two magnons replaced by the spectral

parameters of the operators.

In general, the action of [; ABA operators on a Bethe state generates unwanted terms



Contents 174

with at most [; rapidities replaced by the spectral parameters of the operators. In par-
ticular, it is clear now that all the building blocks (9.4.59) and (9.4.60) can be written

as the scalar products of the following three types

(ufu),  (ul{w, 071\ {we}),  (ul{w, 0,07 1\ {uy, ur})- (9.4.67)

where we have used the notation ;7 = 0,, 4+ i/2. The first scalar product is the Gaudin
norm. The rest two types of scalar products are the special kind of scalar products

alluded before. We will study their finite volume dependence in section 9.4.5.

9.4.4.2 Form factors of length [, operators

The discussion of the previous subsection can be generalized to the diagonal matrix
elements of the operators with [s > 2. As before, any such matrix element can be spanned

by some building blocks such as FA A, FBCA~A DD Of course, the number of the

building blocks grows with the length of the operator.

We act all the ABA operators on the ket state which give rise to the unwanted terms

{w, 08, 0 I\ Ly, iy, 1), M <1, (9.4.68)

The diagonal matrix element of any length-I; operator can be written as a linear com-

bination of the following scalar products

(u[{u, 07—;7 T 70:+M} \ {ug,, - 7uk]\/[}>7 M <. (9.4.69)

The number of terms and the complexity of the coefficients will grow quickly with the
increase of number of magnons and length of the operators, nevertheless the structure

is robust.

9.4.5 Finite volume expansion of the modified Gaudin norm

In this section, we analyze the structure of the scalar products in (9.4.69) and show that
any of them can be expanded in terms of diagonal minors of Gaudin norms. We call this

procedure the finite volume expansion.

The scalar products under consideration are of on-shell/off-shell type and can be com-
puted by the Slavnov determinant formula. In the Slavnov determinant (3.3.69), the
denominator is a simple Cauchy determinant and can be computed readily. We there-

fore focus on the non-trivial numerator det ;i Q(u;,vy). Let us first consider the scalar
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product for the length-2 operators, (u|{u,6p,8p4+1} \ {uj, ur}). The determinant takes

the following form

iprn o Sy Qi oo iIN
dero=| Y * oo (9.4.70)
idn1 o0 Qngoo Qg o 19NN

where we have defined i ¢j;, = Q(u;, ur) and Qi = Qg (w4, 6, +9/2). The procedure is
straightforward: perform Laplace expansion with respect to the column or row that does
not have any element of the form ¢y, repeatedly, until one can not do it further. Note
that after one Laplace expansion, we will obtain sub-determinants. We shall also perform
the same procedure for all the sub-determinants until it terminates. This procedure will
terminate when all the determinants in the expression take the form of diagonal minors
(9.3.28) of Gaudin norm (9.3.23)

Giviy

Dinin

pn({i,+ im}) = (=1)™ (9.4.71)

¢i7nim

Therefore, the scalar product allows the following expansion

<u’{uv Or, 9n+1} \ {uj7 uk}> = Z 'F(O_‘) pN(Oé), (9'4'72)

aCA

where A = {1, N T N N} 3 and the summation runs over all possible subsets a of
A. Here & is the complement of « in A. For an explicit and simple example, see Appendix
B.

Finally we need to justify why we call this procedure “finite volume expansion”. From
a simple analysis below, it is clear that all the explicit L dependence are contained in
the diagonal minors of the Gaudin norm. In the ABA approach, 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) (9.4.61,9.4.63), and the matrix elements in the Slavnov determinant formula
Qi and ¢j;. Under proper normalization, the functions a(u) and d(u) always appear in
the expression as the ratio a(u)/d(u) = ePL. In fact, this kind of phase factor is either
canceled by the same factors from the norm, or be replaced by products of scattering

matrices using the Bethe Ansatz equations and they do not appear in the final expression.

3. Here j and k mean these two indices are absent.
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The products of f(u—wv) and g(u—v) functions do not depend on L. The matrix element
i, defined in (3.3.73) also has no dependence on L. Finally, ¢, with j # k reads

2

Gjk = P(uj, up) = m,

J#Fk, (9.4.73)

again, do not depend on L. The only dependence on L is hidden in the diagonal element

dnn- Recall that we have

L
l;ﬁn

In the homogeneous limit, where 6,,, = 0 (m = 1,---,L), the first term of (9.4.74)
becomes L/(u? + 1/4) which depends linearly on L. When we perform the Laplace
expansion for the the scalar product, we carefully avoid expansion with this kind of
terms and they only appear in the diagonal minor py(«a). Therefore, the finite volume

corrections are all contained in py (). This is one part of the conjecture in [59] 4.

We have shown in section 9.4.4 that any diagonal matrix element can be written as a
linear combination of the special scalar product with coefficients that do not depend
explicitly on L. Thus, we can perform the the finite volume expansion of any diagonal
matrix element in the Heisenberg spin chain. As was shown in section 9.4.2, the diagonal
matrix elements correspond to three-point functions of HHL type. Therefore we have
shown that the structure of finite volume dependence of three-point functions conjec-
tured in [59] is also valid at weak coupling at the leading order in the su(2) sector. In

section 9.4.7, we will show that the structure also holds at one-loop level.

This is only half of the story. In the conjecture [59], each coefficient F(&) of p(«) is
identified with the form factor of the same operator in infinite volume. In order to check
this statement, it is desirable to have a formulation of the diagonal matrix elements of
the Heisenberg spin chain directly in infinite volume. However, we are not aware of such
a formulation, although it seems possible to do it in the framework of coordinate Bethe
Ansatz. In principle, the infinite volume form factors for our case can also be obtained
by first solving the Klose-McLoughlin axioms [73] and then take the weak coupling limit.
However, no solution has been found up to now. Because of these reasons, we are not
able to confirm that the coefficients we obtain from finite volume expansion are indeed

the infinite volume form factors.

It is still of interest to know the explicit form of coefficients from our finite volume

expansion. These will be our predictions for the diagonal form factors in the infinite

4. There the authors used an equivalent description of the diagonal matrix element in terms of the
symmetric expansion (9.3.30), instead the connected one (9.3.26) that we used here.
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volume theory. We perform the finite volume expansion for all the diagonal matrix
elements of length-1 and length-2 operators and extract the coefficients. The results

exhibit a nice structure and will be presented in section 9.4.6.

9.4.6 Infinite volume form factors

First, let us comment on the identity operator. As any multi-magnon diagonal matrix
element of the identity operator equals to 1, matching it with the series (9.3.26), one
can easily derive that all infinite volume connected form factors vanish except from the

vacuum expectation value,

=1  fu,.,uy)=0 , N>1. (9.4.75)

We should also discuss separately the simple case of the vacuum expectation values of
spin chain operators. In the series (9.3.26), the zero magnon diagonal matrix element
only contains the vacuum expectation value of the given operator in the infinite volume

theory. So that, for the length-1 and length-2 operators one can easily find
RO = RO =1, foE0) = fED) = f2(0) = 0. (9.4.76)

It holds also in the general case. Let us take the operators E?Lb , (a,b=1,2) as a basis on
the local quantum space, and linearly extend it to [ neighboring site. Then only one,
among this 4/ basis element, has non-vanishing vacuum expectation value, namely the

one containing E'! at each site.

In the rest of this section, we will perform the finite volume expansion for the diagonal
matrix elements of length-1 and length-2 operators. We will discuss a simple example,
namely the case of length-1 operator with 2 magnons in detail and present the results

for more complicated form factors.

9.4.6.1 An example: length-1 operator with -2 magnons

We consider the finite volume diagonal matrix element for the operator o1(n) = EL!

with two magnons

(Ul, U2|01 (n)|u1, U2>
<U17 U2|u1, u2)

Frt(u,ug) = (9.4.77)
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It has the following structure in finite volume

Frt(ur,ug) = (p2({1,2}) + £ (u2) p2({1}) + 7 (wa) p2({2}) + £ (u1, u2))

(9.4.78)

_
pQ({17 2})

where f°'(u) is to be identified with the connected diagonal form factor of o; in the

infinite volume theory (9.3.19).
We proceed as described in the previous sections. Using the solution of QISP, we have

1 (uy, ugl A(0)|ua, ug)

Fit (uq, = 9.4.79
L (U1 UQ) tu(ert) <U1,U2|U1,U2> ( )

where the denominator is the Gaudin norm,

2 1+ (ug —ug)?
1— U2
<U17U2|U13U2 ]J W[)Q({l,2}) (9480)
From (9.4.61),

(u1, ug | A7) |1, uz) = Mo (0,5 (u1, uglug, us) (9.4.81)

+M1(0:)<U1,U2|U270j{> +M2(9$)<U1,U2|U1,92>.

We introduce some notations in order to simplify the expressions. Let us define

N
2 a(vy)d(u;
Cgu,v = Hj_l ( J)l ( ])7 (9482)
so that
(Vlu) = Guv d%t Q(uj,vg). (9.4.83)
J

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

(ur, ug| A(O5) [u1, u2) = = Gluy s} fur,uayMo (0 ) p2({1,2}) (9.4.84)
~1C 0 o s 01y M2 (01) w2, 07) p2({1})
~1C 0 ) fun oy M1 (07w, 07) p2({2})
— 912 ( v o a0 (U2, O OMA(07) + Gy oy oy R0, 9:)M2(9:{)>
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Plugging (9.4.84) into (9.4.79) and compare to the expansion (9.4.78), we obtain the

expression for the various form factors in the infinite volume

Cg +v M 9—4—
0 {u1,u} {uz 07} Mi(677) +
o (u Quy, 0, 9.4.85
( 1) (g{u17u2} {u1’u2} Mo(g;ll,-) ( 1 ) ( )
€ +
R v viv AL
{u1,u2},{u1,uz} MO(GH )
o ¢1
7w, uz) = (g{m uz} {ur,u2} Mo ( 9+ (Cg{“lqu}»{u?ﬁ:{}Q(u% GTT)MI(HX)

+(g{u1,U2},{U1,0I}Q(u17 Hn )M2(9:))

Substituting the explicit expressions in (9.4.85) and, at the end, taking the homogeneous
limit 6, — 0, we obtain very compact results for the infinite volume connected form
factors,

1
01 = -
f(W)q@+yy

f01(u1 UQ): ]- + ]. 2
’ w+1/4  wd+1/4) 1+ (ug —ug)?

k=1,2 (9.4.86)

9.4.6.2 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 of the connected form factors. The N-magnon connected diagonal form factor

for 01(n) is given as
fo(ur, ..., un) = €1 @12 ¢23...¢N—1 N + permutations (9.4.87)

where ¢ is the energy of the magnon with rapidity u; and ¢;; can be seen as some

“propagator” defined as

1 2

— =7 | # k. 9.4.88

e = e(uk) =
The expression (9.4.87) can be represented by the diagrams in Fig.(9.4.2). Each node
is labeled by a number from 1 to N. The leftmost node is associated with the energy
of its label. The lines between two neighboring nodes are associated with a propagator.
Multiplying the factors we obtain the value of the diagram. Summing over all the per-
mutations of the labeling gives the result for infinite volume form factor f°'. The result

for an N magnon state is thus a sum over N! terms.
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¢31 P12 $24
o——=O
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FIGURE 9.4.2: Diagrammatic representation of one term in (9.4.87) with 4 magnons.

The structure of f°! is exactly the structure of the connected form factors of conserved
charge densities (9.3.33). This is not surprising, since o1(n) = 3(1 + ¢7) 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 (9.4.87) is consistent with the determinant formula of [96].

9.4.6.3 Length-2 form factors of N magnons

The calculation of infinite volume matrix elements can be performed following the same
line as in section 9.4.6.1. The process is more involved. Nevertheless, we again find some
patterns for the various matrix elements which we present below. The structure for
the length-2 operators can be encoded into diagrams similar to the one in Fig.(9.4.2).

However, in this case we have two types of them, as are shown in Fig.(9.4.3).

v b1z d:

£3 @—>—O0—0O0—@ €|
3 1 2 4
#31 Y$ 024
$31 P12 P €3 @ O O ® <,
e3 —O0—O0—@ f¢ 3 1 2 4
3 1 2 4

(A) (B)

FI1GURE 9.4.3: Different kinds of diagrams encoding length-2 form factors.

Each diagonal matrix element is given by two kinds of diagrams. The first kind is depicted
in the blue region. We label the nodes by number from 1 to N. The leftmost node is
associated with e(u;) while the rightmost node is associated with a function denoted by
fo(uk), and it depends on the operator. The other kind, depicted in the green region,
is more interesting. The leftmost and rightmost nodes are associated with €; and &},
where €' (u) = Z¢(u). In addition, for a given label of the nodes, one needs to sum
over the diagrams which replaces one of the propagators by a “directed propagator”,
wg =9 (ui, uj). The directed propagator is antisymmetric with respect to its arguments

1/12 = —1/12 and its explicit form depends on the operator under consideration.
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In sum, the infinite volume diagonal matrix element of a length-2 operator, f©(u1,--- ,uy),
is characterized by two functions §(u) and ¥ (u,v). The result for N-magnon is given
by

fo(ul, i UN) = (51 $12...ON—1,N f% + permutations)

N-1
+ (Z €1 ¢12...1/)3+1...¢N,1,N e+ permutations) (9.4.89)
i=1

We list the data for o} (9.4.50,9.4.51) is the following:

% (u) = 2 0w, 0) = —(u = ) (v — 1/4)6(u,0)

P =20 ) = (- )i/ + 20000

RORE vH(u,v) = (u =) — /20~ i/2)6(u0)

3 (u) = 0 0 (4, 0) = —(u — v)(uo — 1/4)d(u, v) (9.4.90)

Let us comment on this results (9.4.90). These data for the operators can be read off
simply from the computation of 2 magnon case. Therefore, one should simply compute
the 2-magnon matrix elements and perform the finite volume expansion to extract the
data. Once the functions in (9.4.90) are known, we can write down any diagonal form
factor of length-2 operators in the infinite volume. Any length-2 operator is a linear

combination of the identity operator, o; and oé,
3 .
O =bI+coor(n) +éoi(n+1)+ > coh(n) (9.4.91)
i=1
where b, ¢y and ¢; (i = 1,2, 3) are some numbers. Then the data of O is simply given by
fo(u) =co+Co+ Z (& foé (’LL), wo (u> U) = Z C; ¢O§ (U, ’U), (9492)
i=1 =1

and its vacuum expectation value is
FeO) =b+co+é+cr (9.4.93)
For example, the operator o3 is not independent
03(n) =T —o01(n) —o1(n+1) + 03(n).

Note that by translational invariance, o1(n) gives the same result as oj(n + 1) when

computing the form factors. It is easy to check that this resolution is consistent with
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(9.4.76,9.4.90). The diagonal matrix elements of the operators o3 and o3 are related by

complex conjugation which is also manifest in (9.4.90).

9.4.6.4 An examples of length-2 operator

As an example of the matrix elements of the length-2 we compute the permutation
operator Py 11, or equivalently the Hamiltonian density Hy x+1 = Ir x+1 — Pr 1. We
will see that the data for the permutation operator simplifies and the final result takes

exactly the form predicted in (9.3.33). This is a non-trivial check of our functions (9.4.90).

The permutation operator Py, 111 is a length-2 operator of the Heisenberg spin chain. It

can be written in terms of the operators o} with equal weights

4

2
Prrr= »_ EJEL =) ob. (9.4.94)
ij=1 i=1

According to (9.4.92), the data of permutation operator is given by

1

P (u) = e WP (u,v) = 0. (9.4.95)

The infinite volume form factor (9.4.89) with the entires (9.4.95) has the structure as a
conserved charge should have (9.3.33).

9.4.7 Matrix elements at one loop

In this section, we generalize the above considerations from tree level to one loop. We
will show that the matrix elements at one loop can be again written in terms of a
finite number of “building blocks”. These building blocks are matrix elements of the
inhomogeneous XXX /5 spin chain with the inhomogeneities fixed to their BDS values.
These building blocks can be again written in terms of the special scalar products of the
inhomogeneous spin chain and one can perform the finite volume expansion, as at the

tree level.

Let us recall from Chapter 6 and 7 that at one loop, we need to construct the eigenstates
for the BDS spin chain and take into account the one-loop operator insertions. In what
follows, we first discuss the effect of the operator insertions and show that the three-point
function under consideration can be reduced into the calculation of matrix elements of
the BDS spin chain. Then we consider the effect of the S operator on the spin operators
and reduce the matrix elements of BDS spin chain into the correlation functions of the

inhomogeneous XXX/, spin chain. As we discussed in the tree level case, the matrix
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elements of the inhomogeneous XXX /5 spin chain can be written in terms of the scalar

products (9.4.69), and we can perform the finite volume expansion.

9.4.7.1 The effects of one-loop operator insertions

For each spin chain state, there are two operator insertions at the two splitting points. We
first discuss the effects of insertions for the “light” operator O,. The one-loop insertion

takes the form of the Hamiltonian density
O = Ky + 2141 — 2P (9.4.96)

where I;;1, P41 and K; ;41 are the identity, permutation and trace operators. They

act on the s0(6) spin chain states as

T4 ..¢§¢{+1 Sy = !--'¢§¢{+1 -, (9.4.97)
Privil - @il ) = & dpr )

6
Kipi1| o djd ) :5ij2|"‘¢f¢ﬁ_1”'>~

k=1

At one loop level, the light operator should diagonalize the two-loop dilatation operator
and be of zero R-charge. The s0(6) sector is only closed at one-loop so in principle one
needs fields outside the s0(6) sector, like fermionic fields, to construct the eigenstates of
the two loop dilatation operator. However, when computing the three-point functions,
the fields apart from {X, Z, X, Z} will not contribute at one-loop order. Therefore the
terms, which have non-zero contributions for the three-point function, are still made of
scalar fields {X, Z, X, Z} with zero R-charge, which are the cases that we already dis-
cussed at tree level. Under the action of the operator insertion (9.4.97), the terms which
have non-zero contributions still have the same form, but with some different coeffi-
cients. To summarize, the one-loop structure constants can be recast to the calculation

of correlation functions of the BDS spin chain gpg(u|O(c*, 0%; g%)|u)pps.

Now we consider the operator insertions for the heavy states. The effect of these inser-

tions is increasing the length of the spin chain operator, as is shown in (9.4.4).

This can be seen easily by noticing that

2

Pres1= » EI®@E), (9.4.98)
ij=1
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FIGURE 9.4.4: The effect of operator insertions for the heavy operators. They increase
the length of the spin operator by 1. The red cross denotes the splitting point.

For example, we have the following
*ELHyx = (xEL ) — *ELELL 1 %) — *ELEL | %) (9.4.99)

where the star stands for some strings of operators.

9.4.8 The effects of the unitary S operator

In this subsection, we discuss the action of unitary operator S on the spin operators. We

are interested in the following quantity
(u; 0BP8|S710, 41 (6F, 0%)S|u; OBPS). (9.4.100)

The S operator takes an exponential form S = exp F, thus we have

~ ~ ~ A 1 -~ ~
ST 0141(0%,0%)S = 01 (0%, 0%) + [F, 01 (0%, 07)] + §[F2, O41(c%,0%)] + O(g?)

(9.4.101)

where we have truncated up to O(g?) order. 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 Ol+1,

which gives rise to an operator with the same length, this is depicted in Fig.(9.4.5).

The other type of the action increases the length of the operator by 1 or 2, which are
generated from the operators at the boundary of the spin chain operator. There are two
kinds of length changing processes at one loop. One process is generated by a single Hy
or [H]g, which is given in Fig.(9.4.6).
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FIGURE 9.4.5: The length preserving action generated by [H], on the spin chain vertex.
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FIGURE 9.4.6: The length changing action generated by [H]x on the spin chain vertex.
In this example, it increases the length of the spin chain operator by 2.

The other process is generated by two Hy’s, one example of which is given in Fig.(9.4.7).

tretet

Ol+1(0i702) )

m m+1

O;+3(”i7”z)

11T Y?
( )

m—1 m+1+1

FIGURE 9.4.7: The length changing action generated by two Hy’s on both ends of the
spin chain vertex. The length of the spin operator also increases by 2 in this example.
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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. Up to O(g?) order, the length

of the operator increases at most by 2.

~ A~

ST O0y(0%,0%)S = O)(0%,0%) + O} 1 (0%,0%) + O} 5(0%,07) + O(g®)  (9.4.102)

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 Heisenberg XXX /5 spin chain.

Once we write the three-point function in terms of matrix elements of the inhomogeneous
XXX1/2 spin chain, we can perform the finite volume expansion and organize the results
in the form conjectured in [59]. At one loop, the matrix element of Gaudin norm is
modified. The Gaudin norm formula (3.3.76) is still valid, but the eigenvalues a(u) and

d(u) are corrected

L
a(u) = [J(u—68"% +i/2) = 2(u +1i/2)" + O(g*"), (9.4.103)
k=1
L
d(u) = JJ(w— 08" +i/2) = w(u—i/2)" + O(g°"),
k=1

where z(u) is the Zhukowsky map (6.2.38). By replacing

up /2 R x(ug +1/2)

T (a—i/2) (9.4.104)

p(ug)

in (3.3.77) and expanding the result up to O(g?) order, we obtain the Gaudin norm at

1-loo
one-loop, prn

P In fact, the replacement (9.4.104) gives the correct Gaudin norm up to
wrapping orders[55, 132]. Our conclusion is that the structure conjectured in [59] is also

valid at one loop level with respect to the one-loop Gaudin norm.

Of course the coefficients or the infinite volume form factors at one-loop will be more
complicated. It is an interesting question to see how the infinite volume form factors are

deformed at one loop and whether it is possible to bootstrap to all loops.



Chapter 10

Conclusions and Outlook

In this thesis, we have studied the computation of three-point functions in N' = 4
SYM theory. The main idea is to use integrability of the theory to map operators with
definite anomalous dimensions to on-shell Bethe states of the spin chains. By performing
the cutting and gluing procedure, one can write the result in terms of scalar products
between Bethe states. In the generic case, the result is given by a sum over partitions
of the rapidities. However, for some special cases one can write the result in terms of
one determinant. This is achieved by mapping the three-point functions to the partition

functions of vertex models in some specific lattice.

The detail computations have been done mainly in the su(2) sector and a special case in
su(3) sector where a determinant representation for the final result exist. By applying
the mapping between long-range interacting spin chains and inhomogeneous spin chains,
we managed to obtain a compact result for one-loop three-point function in the su(2)
sector, which can be written in terms of determinants. The determinant representation
allows us to take the semi-classical limit of the result straightforwardly. The resultant
expression is written in an elegant way just in terms of the three quasi-momenta of the
corresponding Bethe states. Comparison with the computation from the strong coupling

in the Frolov-Tseytlin limit shows a perfect match up to one-loop level.

In quest of a formalism which works for more general sectors and higher loops, we
constructed the spin vertex at tree level, which is the weak coupling counterpart of the
string vertex in light-cone string field theory. We constructed explicitly the spin vertex for
all sectors and investigated the main properties of the spin vertex, namely the reflection
properties and the monodromy relations. In the semi-classical limit, the monodromy
relation plays an essential role in obtaining the final result without computing any scalar
products. Since the string/spin vertex description appears both at strong and weak

coupling, it is tempting to conjecture that it also exist at finite coupling. It is thus

187



Contents 188

interesting to see how does this formalism looks like at finite coupling and what should
be the main principles to determine the spin vertex at higher loops. It is expected that

as in the spectral problem, symmetry should play an essential role in this formalism.

Due to the intimate relation between three-point functions in A = 4 SYM theory and the
form factor bootstrap program, we also review some interesting proposals which try to
formulate the three-point function in a non-perturbative manner by relating the three-
point functions to form factor like objects and proposing boostrap axioms for these
objects. The solution of these axioms determines the form factors in infinite volume.
In order to take into account the finite volume dependence of the form factors, it is
convenient to classify the finite volume correction into two kinds. The first kind takes the
form of polynomials in 1/L and the second kind is the so-called the wrapping corrections.
It is relatively easy to take into account the first kind of the finite volume correction,
following the previous works in the form factors in 2d integrable QFT. However, it is
a challenging problem to take into account wrapping corrections for form factors. Even
after many years of hard work, there is no systematic way like TBA to take into account
all finite volume corrections for the form factors. The form factors usually are very
complicated, but it is expected to be simplified in the diagonal case where the incoming
and outgoing states are conjugated to each other. We investigated also in this thesis
the relation between diagonal form factors and symmetric HHL correlation functions in
N = 4 SYM from weak coupling where a spin chain description is available. By using
the Slavnov determinant formula and the solution of QISP, we explore the finite volume
dependence of the first kind for the diagonal matrix elements. Due to the absence of

wrapping corrections at tree level and one-loop, the result we obtained is in fact exact.

There are many open questions in computing three-point functions of N’ =4 SYM the-
ory. First of all, despite some proposals, the all loop formalism for three-point functions
is still lacking. However, the very recent result by Basso, Komatsu and Vieira seems
to improve this situation largely. These authors proposed a concrete framework for the
all-loop three-point functions and obtain the result in the form of sum over partitions of
rapidities. Their result is valid up to wrapping order. In a sense, this is similar to the BDS
equation and BES dressing phase in the spectral problem where one can compute the
quantity to all loops in the asymptotic regime. The next step, following the trajectory
of development of the spectral problem, is taking into account the wrapping corrections.
In the spectral problem, the methods for taking into account wrapping corrections such
as Liischer’s method and TBA already exist and is rather systematic which can serve
as guiding principle for the spectral problem in AdS/CFT. The generalization to the
AdS/CFT, although far from being trivial can be achieved. For the three-point func-

tions, however, the analogous method that takes into account the wrapping corrections
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for form factors does not exist. Therefore the situation is more difficult for the three-
point function case since the similar problem is not yet solved for the simpler models
such as 2D integrable QFT’s. Finite volume form factors are also related to the finite
temperature correlation functions in 2d QFT’s, which are very important observables
for experiments. In this sense, finding a systematic way to take into account wrapping
corrections for form factors both in 2d QFT and N/ = 4 SYM theory are of fundamental

importance.

In general, the three-point functions might be very complicated even at tree level. How-
ever, it is expected that in the semi-classical limit, the result will be much simplified
and can be written in a more elegant way. This is supported by the existing results
in the semi-classical limit both at weak and strong coupling, as we have shown in this
dissertation. Therefore, it will be very interesting to develop semi-classical methods for
the three-point functions, in the same way that the KMMZ algebraic curve description
for the spectral problem. The weak coupling result for the moment is heavily based on
the existence of determinant representation. This is not likely to be true for the general
case and we need new insights and methods to tackle the problem. In this direction,
we suspect that the monodromy relation will play an important role, based on the fact
that it provide essential information both at strong and weak coupling when computing

three-point functions.

Based on the great success of spectral problem, it will be interesting to build the relation
between the three-point functions and two-point functions. In particular, is it possible
to use the results from QSC as an input and compute the three-point functions non-
perturbatively ? In this direction, Sklyanin’s separation of variables (SoV) may prove to
be important. It is observed by the authors of QSC that the @-functions take the form
of wave functions for the states in the SoV representation. Very recently, we show that
at least at tree level, one can apply the SoV method to compute three-point functions.
The final result is written in terms of a matrix model like integral for the separated
variables. It is therefore an interesting question to see the relation between the QSC

@-functions and the @-functions which are Bethe states in the SoV representation.

Finally, even if very optimistically one managed to determine all the OPE coefficients
non-perturbatively, we need to understand its implication. Even for the spectral prob-
lem, we now have a very efficient method that allows us to determine the anomalous
dimensions to all orders. It is not completely clear why such a nice formulation exists
and can we obtain it from simpler methods 7 What does the all-loop result teach us
about the AdS/CFT correspondence, the strongly coupled gauge theory and the string
theory on curved background ? With these questions in mind, we still have a long and

exciting way to go.



Appendix A

Morphism and Theta-morphism

In this appendix we analyze the relation between the unitary S-transformation and the
“theta-morphism” introduced by Gromov and Vieira [132]. The idea of Gromov and
Vieira was to construct the states of the BDS long-range model by acting with a dif-
ferential operator, that they called theta-morphism, on the states of the inhomogeneous
model. We find that a purely differential operator cannot realize the morphism property,
see below. The failure to fulfill the morphism property results in the cross-terms of [132].

Instead, we introduce the morphism associated to the S-operator via
TBPS(u) = ST (u; 08P%) S~ = ZyT (u; 0)|g—o . (A.0.1)

We find that, up to terms of order O(g?), the action of % on (an arbitrary matrix

element of) the monodromy matrix 7" amounts to

DoTa(u; 0)|o=0 (A.0.2)
g2 L L Q2
=To—% Z DT, — ¢ Z Dy Tu(Pr et + 0k,.Qz) + g° 72 +1iQ3 + P12Qq, Ta]
k=1 k=1 9o
(A.0.3)

The operator % differs from the theta-morphism of Gromov and Vieira [132] given by

9 L
% S D%+ 0(y (A.0.4)
k=1

by the last two terms in the second line of equation (A.0.2). These two extra terms

account for the cross-terms in [132] and they insure that the morphism property is exact

Dy (Ta(u1;0)Ta(u2;0)) lo=0 = DoTa(u1;0)|o=0 ZoTu(u2;0)|o=0 - (A.0.5)
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On the Bethe vectors, the action of the operator Dy reduces to

2
lu)pps = S|u; 85P5) = Zplu; 0)|p—o = (DEV + % (Q3 +2iQ3 + 2P1LQ2)) |u; 0)]g—o -
(A.0.6)
To obtain this expression, we use that ), D = 0 and that the vacuum eigenvalues of

Q2 and Qg are zero. If the Bethe vectors are on-shell, the charges Qo and Qs become

numbers and we obtain

1 ‘
’u>BDS = [’DEV + 92 (2Eg + B9 4 tE3 — HlLQ2> ]|u; 9)’9:0

1 :
=[1+4° <2E§ +Eg + 1E3> Jlu)Eds - (A.0.7)

We thus see that our eigenvectors differ from those of Gromov and Vieira by a state-
dependent factor. The imaginary contribution does not affect the norms, while the real
part changes the normalization. The scalar products of two arbitrary Bethe states, on-
shell or off-shell, is:

BDS (u|V)BDS = Zo(u; 8|v; 0)|g—o = D (u; 8|v; 6 |g—g . (A.0.8)

Let us now sketch the derivation of the expression (A.0.2). First, we account for the shift

in the inhomogeneities by
L
To(u; 0°P%) = exp [ > 0759, | Tu(u;0)]9=0 - (A.0.9)
j=1

Then we apply the PD relations that have been derived in section 7.2. The case of

non-overlapping permutations is simple,
[Hy, [Hy, Tu]] = (Q2 01, — Di)(Q26p, —Di)Ta, [I—K[>1. (A.0.10)
For overlapping permutations in the bulk, & # L — 1, L, we obtain,

1

5 (Dz — Di_,'_l) T, + DkTaPk,k+1 — Dk+1TaPk+1,k+2 R (AOll)
1

[H]x, Tu]] = 3 (D +Dj 1) T + Dk TuPr i1 + D1 TuPrir e (A.0.12)

+2Dy Dy 1Ty + 2D T Pryi py2 + D1 TaPr gt
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where [H];, = [Hg,Hi41] and [H]y = {Hg,Hgy1}. When & = L — 1, L the action in
(A.0.11) has to be supplemented with boundary terms,

[H]z—1,Ta] = [[Hlz-1, Talbuk + [0bound — 2iQ3, T4] (A.0.13)

[H]z,Ta] = [[Hlz, Talbuik — [Obound, Tal 5 dbound = (;Q% +1iQ3 + P1LQ2> :

These expressions, together with the action of overlapping Dy and H; that are derived
in section 7.2, are all we need to obtain (A.0.2), provided that we choose vy = py = 0.

Let us notice that the expressions (A.0.11), (A.0.12),(A.0.13) obey the Leibniz rule,
[H]k, T1 T3] = T1[[H]k, T2] + [[H]x, T1]T> (A.0.14)

We can thus safely replace T, by any product of monodromy matrices in all the com-

mutators above. This feature is at the origin of the morphism property.



Appendix B

An example of finite Volume Expansion

In this appendix, we give an explicit example in order to illustrate how to perform the
finite volume expansion of the special scalar products defined in Section 9.4.5. The scalar
product under consideration is ({u1,ug, us, us}|{u1,0,us, us}), where {uy, ug, us,us} is

a set of Bethe roots. Consider the numerator of the Slavnov determinant formula (77?),

o1 Q2 P13 dua
¢21 oo Pz P

({uy,ug, us, ug}l{u1, 0, us, us}) x (B.0.1)
31 Q32 P33 P34
G411 Qu2 a3 Py
We first perform the Laplace expansion for the second column, which gives
21 P23 D2 b1 P13 P14
— Qo | d31 P33 P3a |+ Q22| P31 P33 P34 (B.0.2)
P41 P43 Pas Ga1 Pa3 Paa
$11 P13 P14 $11 P13 P14
— Q32| do1 P23 Poa |+ Qa2 | Po1 Pz Poa
Ga1 P43 Paa 31 ¢33 O34
The Laplace expansion gives rise to 4 terms, which we shall denote T;, ¢ =1,--- ,4. For

Ty, we do Laplace expansion by the first column

Ty = — Q2 {p21p4({3,4}) — ¢31(P23pa({4}) — P24043) + Pa1(Pp23P34 — P24p4({3}))}
(B.0.3)

= — Q221 pa({3,4}) + Quada1d23 pa({3}) + Q231023 pa({4}) — Q2(P31024P43 + Pa1P2434)
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The second term already takes the form of diagonal minor of the Gaudin norm
TQ = QQQ p4({1, 3,4}) (B04)
For the third term, we perform Laplace expansion with respect to the second column

Ty = —Q32023 pa({1,4}) + Q32da3P24 pa({1}) + Q32013021 p2({4}) — Q32(P13P24Pa1 + Pazdrad21)
(B.0.5)

For the last term, we perform Laplace expansion with respect to the last column

Ty = —Quodoa pa({1,3}) + Quodsadaz pa({1}) + Quad14021 pa({3}) — Qua(Prad23d31 + P3ad13P21)
(B.0.6)

Collecting terms from the above calculation, we obtain the finite volume expansion of

the scalar product

({u1, u2, ug, ug f|{u, 0, u3, us}) < (B.0.7)
Qo2 pa({1,3,4}) — Quad24 p4({1,3}) — Q32023 pa({1,4}) — Q221 pa({3,4})

+ (32043024 + Quag34023) pa({1}) + (Qu2d1ad21 + Qi2da1d241) pa({3})

+ (Q2¢31023 + Q32013021) pa({4}) — Q231024043 + Pa1P23h34)

— Q3o (P13024041 + Pazd14h21) — Q2(P14d23P31 + P34013¢21)

In fact, it is not hard to convince ourselves that the similar expansion can be performed
for general scalar products defined in section 9.4.5. For length-2 operators, we have the

following finite volume expansion

({0, g1} \ {uj ) = > Faple), A={1,2,....5,...k,...N}  (B.0.8)
aCA

In general, the terms of the expansion grows quickly with the number of excitations and

the expansion coefficients Fz might get quite involved. Therefore, in general we need a

code to compute the finite volume expansion.



Appendix C

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) _ o= 5(Li—Lg) — =5 (alb]+bias)

and a unitary su(4)-rotation

Up = e*%(313*R31+Rz4*R42) — e*%(c;rdz*dici) .

(C.0.1)

(C.0.2)

As it was suggested in [156], it is convenient to first to compute the action of a rotation

in an arbitrary angle it

Ui = UtT = Halb]+bia),
The action of U; on the oscillators a;, a;-r, b;, bl.L is

a;(t) = UtaiUtfl =q;cost — bj sint, b;(t) = UtbiU[1 = b;cost — a;r sint,
aT(t) = Uta;rUtfl = aZT cost + b;sint, bZT(t) = U,gb;rU[1 = b;r cost + a;sint.

i
From here one easily obtains the normal form of the operator Uy is [156]

Tyt 1 tpt —ala—b!
Ut = et(a b +ba) _ o etanta b (COSt) a;a—b;b etantba
COS

)

or, in terms of the Lie-algebra generators,

U, = et —Ly) — o

It _ -
— - € Lg tantcos(t) 2E’€L0 tant‘
cos“ i
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(C.0.4)

(C.0.5)

(C.0.6)
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Similarly one derives the normal form of the compact piece (C.0.2) by introducing the

rotation at angle t,

T U
UtF = et(CTdT-l—cd) — COS2t etantchT (COS t)—cici—did 6tantcd. (007)

In the normal form of the full operator, the cost factors nicely cancel,

U; = et (aT bt +ab+ctdf +cd)

tpt petdl) — fa+bTb+cletdf
_ etant(a bl4c'd )6 log cost(aTa+b"b+cTc+d detant(ab-ﬁ-cd). (C08)

From (C.0.8) one obtains the regularized expression for the conjugate vacuum |0) =

0)s ®[0)F,

10) = U2|0) ~cela’+eTdN/e| ) (C.0.9)
eaTbT/e

R c{cg d;d“()), e — 0. (C.0.10)
€




Appendix D

Neumann coefficients in large ;1 expansion

In this appendix, we list the leading order of Neumann coefficients in the large u expan-

sion. We take the same convention as in [164]. For (m,n) # (0,0)

N2 _ DT s (=1)m*t (D.0.1)
™ Ar oy | mn 47w|a(1)|\/m

N33 — 1 AL (=)™ gin(rmr) sin(mnr)
™ = Trplal =)’ il

N2 _ (—1)m T+l gin oy 31 _ (—=1)"sin(mnr) '
mn m/r(n—m/r) > " ay/T—r(n—-m/(1—-7))

For (m,n) = (0,0), we have
Nog =0, Nog=—vr, Nogg=-VI-r (D.0.2)

NE = - ! NZ= L NB- !
Arplav/r(1—7) Ampfayr drployy (1 —1)
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