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Summary

Form factors are matrix elements of local operators between scattering states, and
are interesting off-shell objects in any QFT. The main objective of this thesis is to
compute form factors perturbatively in the world-sheet theory describing strings in
AdSsxS°, in the Landau-Lifshitz model and in a number of its generalizations.

The S-matrix bootstrap allows to determine completely the scattering processes of
an integrable two-dimensional QFT. The world-sheet theory for type IIB superstrings
in AdSs xS’ is believed to be integrable and the S-matrix has been computed, though
we do not have a complete bootstrap program for the form factors yet. This would
amount to solving the relevant set of form factor axioms. These are consistency con-
ditions which, for a massive integrable relativistic theory, can be derived from the
validity of the LSZ formalism and the hypothesis of “maximal analyticity”, and allow
in principle to write any form factor explicitly from the knowledge of the S-matrix.
Analogous axioms for the world-sheet have been proposed, however finding a gen-
eral solution for said axioms is still an open problem.

Perturbative form factor calculations have been already carried out for the su(2)
sector of the world-sheet string. One of the goals of this thesis is to extend this com-
putation of the tree-level three-particle form factor to the full theory. We also discuss a
particular configuration, the so-called diagonal form factors, which are related to the
structure constants of “Heavy-Heavy-Light" three-point functions in the string field
theory.

We also study the Landau-Lifshitz model, a non-relativistic theory that can be
obtained as a thermodynamic limit of the Heisenberg XXX; , spin chain, which is
related to the dilatation operator in ' = 4 SYM. The LL model also emerges as a
double limit of the AdS5 xS° string, and it has proved a useful tool in the context of the
AdS/CFT correspondence to better understand the matching between the energies of
on-shell string states and the anomalous dimensions of SYM operators. To study the
higher-order contributions, we will work with a generalized LL model which includes
all the terms allowed by symmetry at that order with generic constants. These can be
fixed to match the “gauge”- or “string”-LL model, since it has been proved that the
two models match only up to O(A?).

The Landau-Lifshitz action has also been used to explain how the world-sheet



Vi

form factors could be matched to spin-chain matrix elements and consequently to
structure constants of tree-level gauge theory three-point functions. Moreover, the
structure of the LL model allows the perturbative computation of the S-matrix and
the form factors to all loops. The final goal of this thesis is to compute all-loop form
factors in the generalized LL model derived from the world-sheet string, and compare
the leading- and first-order results to the known form factors in the corresponding

spin chain.
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Chapter 1

Introduction

1.1 The AdS/CFT correspondence

The idea of a correspondence between a gauge theory of particle interactions and a
theory describing vibrating strings has its roots in the attempt to give an adequate
description of strongly correlated quantum field theories (QFT), such as quantum
chromodynamics (QCD), which describes quarks and gluons. In particular, the goal
was to gain novel insights into the strong regime of QCD through the study of a dual
theory at weak coupling.

After much progress on the string theory side, the turning point was Maldacena’s
seminal paper [2] in 1997, where he proposed a relationship (duality) between su-
perstrings on anti-de Sitter (AdS) backgrounds and (super)conformal field theories
(CFT), which is now known as the AdS/CFT correspondence or more generally as
gauge/gravity duality. In particular, he noticed that the type IIB string on the ten-di-
mensional curved background AdSs xS° was related to N = 4 supersymmetric Yang—
Mills theory (SYM) with gauge group SU(N). The assumption is that the two theories
are equivalent in the sense that we can build a precise dictionary between the objects
on the string side and those on the gauge side, and computations of corresponding
physical quantities yield identical results. The starting point for the comparison is the
following conjectured relation between the parameters of the two theories

R4

7 =8&mN, Amtgs = 2, (1.1.1)

where gy is the SYM coupling constant, N the degree of the gauge group, gs the

string coupling constant, (27ta’)~! the string tension, and R the radius of the AdSs
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and S° spaces.

A key characteristic of the gauge/string duality is that it relates strongly coupled
sectors on one side to weakly coupled sectors in the corresponding theory. Thus it
provides a method to study perturbatively the strongly interacting regime of gauge
theories, and it also allows to explore quantum gravity through gauge theory com-
putations. On the other hand, the strong-weak relations make testing the AdS/CFT
correspondence a challenging task. Crucial steps in this direction were made in 2002
by Berenstein, Maldacena and Nastase [3] and by Minahan and Zarembo [4].

At first the analysis was focused on the low-energy limit of specific string so-
lutions and protected SYM operators, i.e. those not receiving quantum corrections,
the goal being to compare the energy of the strings with the conformal dimensions
of the operators (the eigenvalues of the dilatation operator). The idea of BMN was
to consider instead a particular limit! of the AdSsxS® string, which corresponds to
unprotected operators with large R-charge. Minahan and Zarembo noticed that the
terms in the A-expansion of the dilatation operator D are equal to the Hamiltonian of
some integrable spin chain [4], which is a one-dimensional lattice model with a spin
representation in every site. This means that we can find the loop corrections to the
classical dimension by solving the corresponding spin chain. The computations are
greatly simplified since we can utilize the useful tools of integrability built over the
years, starting from Bethe’s 1931 ansatz method [5] to solve the spectral problem, i.e.

to find eigenvalues and eigenvectors of the spin-chain Hamiltonian.

1.2 Integrability in AdS/CFT

The integrable structure in N = 4 super Yang-Mills, and in the corresponding string
theory, is of the type usually associated with two-dimensional systems, such as the
Heisenberg XXX /, ferromagnet. This is the first example of a non-trivial four-dimen-
sional integrable theory, and it has led to a great improvement in our understanding
of both string theory and SYM, see [6] for a detailed review. In principle, integrability
allows to obtain any quantity of the theory exactly (non perturbatively), though in

IBMN studied strings on the plane-wave background, which can be obtained as a Penrose limit of
AdSs xS°. However, in order to obtain the complete algebraic structure (two centrally extended su(2(2))
we actually need to start from the string on AdSsxS°.
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practice we expect to be able to write down the equations but not always to be able to
solve them.

To see how integrability emerges in the AdS/CFT correspondence, we need to re-
call that in conformal theories, the structure of the two-point functions is completely
determined by their conformal dimensions, i.e. the eigenvalues of the dilatation op-
erator D. For small values of the 't Hooft coupling A = ¢%,,N, the N = 4 super-Yang-

Mills (SYM) dilatation generator can be computed perturbatively as

e )\ r
D= —— | D»,. 1.2.1
) (62) Do (12.1)

If we restrict ourselves for simplicity to single trace operators composed of just two
types of complex scalars, that is an su(2) sub-sector of the full theory, the one-loop

part can be mapped to the Heisenberg XXX /, spin-chain Hamiltonian [4]

L

H=2) (1-Py), (12.2)
/=1

where Py ¢, is the permutation operator acting on sites ¢ and ¢ 4 1. The eigenvalues
and eigenvectors of the spin-chain Hamiltonian (1.2.2) can be found by using integra-
bility techniques such as the coordinate Bethe ansatz [5] or the algebraic Bethe ansatz
(reviewed in [7]), where we can write explicitly the conserved charges to show the in-
tegrability of the model. Higher orders in A in the expansion of the dilatation operator

(1.2.1) correspond to Hamiltonian of spin-chains with longer range interactions.

1.3 Form Factors

Integrability in a two-dimensional quantum field theory greatly constrains the pos-
sible outcomes of a scattering process. We have that there is no particle production,
the set of the momenta of the final state is identical to the one for the initial state,
and the scattering between n particles factorizes into a product of 2 — 2 scattering
processes. The S-matrix is the quantity describing the scattering, and thus in an in-
tegrable QFT in two dimensions the two-particles S-matrix completely determine the

on-shell properties of the theory. The S-matrix can be derived from the symmetries of
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the theory, with the assumptions of unitarity and analyticity, thanks to the bootstrap
program [8], see also [9].

The S-matrix can also be used to calculate off-shell quantities, such as the form
factors, which are matrix elements of local operators between scattering states. Ex-
plicitly we can define the form factor of the operator at the origin O(X¥ = 0) in terms

of the particles’ momenta p; as

Em (Phor- s Dh1PL ooy ) = i (Pos - - P1| O(0) PPy - (13)

According to the bootstrap approach, in principle we should be able to derive the
form factors for an integrable two-dimensional QFT from the knowledge of the S-
matrix and the symmetries of the theory, solving the so-called form factor axioms
[10]. The axioms are a set of consistency conditions, which have been written for
a relativistic theory in [11] and for the world-sheet string in [12, 13], though their
general solutions are not known.

The diagonal form factors are a special class of form factors in which the two
asymptotic states are taken to be identical, i.e. n = m and |p},...,p)) = |P1,---, Pn)
in (1.3.1). These are particularly interesting in the context of the AdS/CFT correspon-
dence as they are related to the structure constants of “Heavy-Heavy-Light" three-
point functions [14, 15]. It was proposed in [14] that the dependence of structure
constants on the length, L, of the heavy operators is given by finite volume diagonal
form factors in integrable theories. This was confirmed at one-loop in [16] and, based
on the Hexagon approach [17], at higher loops in [18, 19]. More generally, diagonal
form factors are related to the study of non-integrable deformations of integrable the-
ories [20] and can be used to determine the corrections to the vacuum energy, mass

matrix and S-matrix.

1.4 The Landau-Lifshitz model

In [12, 13], when studying world-sheet form factors in the context of the AdS/CFT
correspondence, the Landau-Lifshitz action was used to explain how they could be
matched to spin-chain matrix elements and consequently to structure constants of

tree-level gauge theory three-point functions. The Landau-Lifshitz (LL) model [21]
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is a non-relativistic c-model on the unit sphere, which was originally introduced to
describe the distribution of magnetic moments in a ferromagnet. The equations of

motion includes the Heisenberg ferromagnet equation as a special case

@—ﬁx ’
ot

Q
SU

(1.4.1)

QU
N

X

where 7i(x,t) is a three-dimensional vector living on the unit sphere, 7 - # = 1. In
large part because it was found to be integrable [22], this model has subsequently
been the focus of a great deal of interest in a number of different contexts. It has
played a significant role in the study of the AdS/CFT correspondence where it acted
as a partial bridge between the spin-chain and string descriptions of gauge invariant
operators.

In the thermodynamic limit the low-energy excitations about the ferromagnetic
vacuum are described by an effective two-dimensional LL action [23, 24] and the same
LL action can be found as the so-called “fast-string" limit of the bosonic string action
on RxS? [24, 25, 26]. This proved a useful tool in developing the understanding of
the match between the energies of on-shell string states and anomalous dimensions
at this order. Generalizations of the LL action describing larger sectors of the gauge
theory were studied in [27, 28, 29, 30] and a psu(2,2|4) LL model arising from the
thermodynamic limit of the complete one-loop N = 4 SYM dilatation generator was
constructed in [31].

Extending the analysis beyond the leading order in A results in a generalized LL
action with higher-derivative terms. The effective LL action to O(A?) was found in
[25], however beyond O(A?) the two LL actions following from the spin-chain and
string theory disagree. The “gauge"-LL action to order A*> was found in [32] by in-
cluding all six-derivative terms allowed by symmetries and fixing the coefficients by
matching with the energies of known solutions and was shown to disagree with the
“string"-LL action following from the fast-string limit (see also [33, 34, 35]).

The LL model and its generalizations can of course be considered as two-dimen-
sional integrable quantum field theories in their own right and their quantization
studied. The quantization of the anisotropic LL model was studied by means of the

quantum inverse scattering method and involves a number of subtleties [36]. An
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alternative approach is to formally introduce a small parameter and perform a per-
turbative calculation [34, 32, 35]. This can be efficiently carried out by using the Feyn-
man diagrammatic expansion, with the small parameter acting as a loop counting
parameter, and then attempting to resum all the resulting diagrams. The quantum S-
matrix for the LL model was computed in this fashion in [37] and generalized in [38]
to include higher-order A corrections. In an integrable theory it is expected that the
three-particle S-matrix factorizes into the product of two-particle S-matrices, however
due to the subtleties of the LL model this is non-trivial and has only been explicitly

demonstrated at one-loop [39], see also [40].

1.5 Plan of the thesis

We begin in Chapter 2 by reviewing the world-sheet string theory on AdSsxS® in the
uniform light-cone gauge. We will discuss its large tension limit and its quantiza-
tion in the decompactification limit. The world-sheet symmetries in the Hopf algebra
interpretation will also be examined.

We then turn to ' = 4 SYM in Chapter 3, presenting the dilatation operator with
the goal of highlighting how integrability emerges in the AdS/CFT correspondence.
Motivated by the connection to the spin-chains, we will review the Bethe ansatz for
the XXX/, Heisenberg spin chain and explain how it can be interpreted algebraically.

In Chapter 4 we introduce the form factors for a generic two-dimensional theory
and analyze in detail their properties in the world-sheet string case. We will then
present some perturbative results, including the complete tree-level three-particle
form factor for the world-sheet string.

Finally in Chapter 5 we introduce the Landau-Lifshitz action and study its prop-
erties. We will show how it is feasible to compute perturbatively form factors to all

loops and compare our results with the spin-chain form factors calculated in [16].



Chapter 2

Superstring theory on AdSs X S°

String theory is the extension to one-dimensional objects (strings) of the relativistic
description of the point-like particles, see [41] for an introduction to the subject. More
specifically, we are interested in strings on the curved AdSs;xS’ background in the
uniform light-cone gauge, which we will introduce in this chapter following [42]. We
will also discuss the algebra psu(2|2), i.e. the algebraic structure of the resulting string

theory, and the action of the symmetries on the fields.

2.1 The AdSsxS® superstring

2.1.1 The bosonic string

We will start from the usual action for a particle in a generic N-dimensional space

with metric G4p
1/2
A= —m/ds = —m/dT (GAB aTXA(T)aTXB(T)> , (2.1.1)

where A, B = 1,..,, N and 9 is the (partial) derivative with respect to . The world-
line of the particle is replaced by the world-sheet, i.e. the two-dimensional surface
in space-time swept by the string, parametrized by (T, c) or equivalently (¢?,¢!). If
we define the world-sheet space ¢ in the interval —L/2 < ¢ < L/2, where L is the
length of the string, then the time-evolution of the end-points of the string will be
described by X“(t,—L/2) and X#(t,L/2). The strings satisfying X“(t,—L/2) =
XA(t,L/2) are called closed, while the ones with distinct end-points are called open.
In the following, we will consider closed strings, for which the coordinate ¢ is periodic

with period L and the world-sheet is a cylinder.
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Introducing the world-sheet metric 7;;(, o) with Lorentzian signature (—, +), the
action for the classical string can be written as a c-model [43]

L/2 3
A= o1 / dadrﬁyl]GAgaiXAanB , (2.1.2)
drta’ J_1)2

where vy and 7'/ are respectively the determinant and the inverse of 7ij(T,0), and 9o
(91) is the partial derivative w.r.t. T (0). Moreover, &’ is the string (Regge) slope, re-
lated to the string tension T through T~! = 2714, and the dependence of the field X%
on the world-sheet coordinates is understood. The action (2.1.2) is called the Polyakov
action and describes only commuting particles, i.e. bosons. Its generalization to in-
clude fermions will be discussed in Section 2.1.3.

Let us consider now the symmetries of the Polyakov action (2.1.2). We have the
usual Poincaré invariance and two additional local symmetries, namely the reparam-
eterization invariance for the two worldsheet coordinates T, ¢ and the so-called (two-

dimensional) Weyl invariance, which is a local rescaling of the world-sheet metric
XA, 0) = XM t,0), 7ij(t,0) = X (1,0), (21.3)

where yx is an arbitrary (scalar) function of the world-sheet coordinates.

These gauge symmetries can be used to simplify the action, removing the unphys-
ical degrees of freedom of the theory. For example, we could fix the auxiliary metric
7ij to the flat space metric' 77;;. However, with this choice we lose information, namely

the equations of motion for the energy-momentum tensor?

-2 3A _
e

T; (2.1.4)
As a consequence we have to impose the equations (2.1.4) as additional conditions,
which are called Virasoro constraints. Let us note that since the energy-momentum
tensor is symmetric Ty; = Tyg and traceless —Tpo + 111 = 0, we have only two inde-
pendent equations. For example, in flat space they are

1. . Lo
TOOZE(X2+X2):OI Tn=X-X=0, (2.1.5)

1There are three degrees of freedom in the metric +y;; and we can fix two from the reparameterization
symmetry and one from the Weyl symmetry.
2In string theory there is usually an additional factor of —27 in the definition for convenience.
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where the dot and prime stand for the derivative w.r.t. T and ¢ respectively. This
analysis highlights the basic features of the gauge fixing of (2.1.2), as we will see more

precisely in the following for a particularly convenient choice: the light-cone gauge.

2.1.2 The uniform light-cone gauge

We will now introduce the uniform light-cone gauge for the bosonic string action
(2.1.2) with the AdS5xS® metric, following [42]. Let us single out two coordinates,
e.g. a time-like coordinate t and an angle ¢, and assume that the theory is invariant
under shifts in these two coordinates, which is true when the action depends on ¢ and
¢ only through their derivatives. In AdS;xS® we can choose t = X?, the global time
coordinate on AdSs, and ¢ = X°, the angle® parametrizing the equator of S°. The
other 8 coordinates x¥, with y = 1,...,8, are called “transverse”, where we renamed
them x* = (y*,z%) with y* = X* and z* = X**5, & = 1,...,4. We can write the
AdS5 xS® metric as
a2
Rz
= —Gudt? + G..dz* + Gpgdd® + Gyydy® (2.1.6)

GapdXAdXP = —Gyudt® + Gppdd® + Gy dx''dx"

where R is the radius of the anti-de Sitter space, which is equal to the radius of the
sphere, and the metric depends only on the transverse coordinates. Explicitly, we

have
1+22/4\ 1
Gtt = 1 90 /a s GZZ = 1 -2 /A ’
1—22/4 1—22/4
1—y2/4\° 1 \2
= —5 =(—] - 1.7
Gy <1_|_y2/4> ’ Gyy (1 +y2/4> (2.1.7)
This choice of variables is referred to as a global coordinatization of AdSsxS°.

We will consider the action (2.1.2)

R2 L/2

- — ij yvAn vB
A= [ |, dodTy/ =G 252X 0K, (2.1.8)

3The choice of the angle is not unique, and in some cases it is more convenient to choose ¢ on AdSs.
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where now Gyp is the AdSsxS° metric (2.1.6). We introduce canonical momenta,

conjugate to the coordinates X%, as

oA
PA= %A = —g7% X Gas, (2.1.9)

with ¢ being the effective dimensionless string tension defined as

RZ
=—. 2.1.1

8 27mta! ( 0)

Then we rewrite the action (2.1.8) as
R G N 2111

= odt X"+ G+ 5w , 1.
~L/2 (pA 7001 2000 2) ( )
with

C1=paX?, Co=G"%papp+X1XBGyp, (2.1.12)

and we need to solve the Virasoro constraints C; = 0 and C, = 0 in the chosen gauge.
Itis also convenient to introduce the light-cone coordinates x™, x~ as the following

linear combinations of t and ¢
xT=¢—t, xT=0-a)t+ag, (2.1.13)
and the corresponding light-cone momenta
p— =Py + pt, p+=(1—a)py—ap, (21.14)

where the number a parametrizes the possible gauge choices in which p_ is equal to

the sum py + p;. In these coordinates the Virasoro constraints (2.1.12) become

Ci = pai™ +p_tT 4 puit,
Co=G p2+2G pyp_ +GHp2 (2.1.15)

+ %G (#)? +2¢°G, T+ PG () + My,
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with

G~ =a’Gyy +(a—1)°G,', G =aG,y +(a—1)G,', G =G,y + G,
G_— =(a—1)*Gypyp — a°Gy, G- =—(a—1)Gpp —aGy, Gy =Gyp — Gy,

and the dependence on the transverse coordinates x/ collected in

Hye = G"pupy + ' Gyy . (2.1.16)

We now fix the uniform light-cone gauge by imposing the conditions*

2
=14+ Tnam(r, p,=1. (2.1.17)

where m is an integer which counts the number of times the string winds around the
circle parametrized by ¢, since we have ¢(L/2) — ¢(—L/2) = 27t m. Finally, we can

solve the Virasoro constraints for ¥~ and p_ to obtain the gauge fixed action®
L/2
A= / do*dr p;,x” - ’H) , H=—p_ (2" pu), (2.1.18)

where H is the Hamiltonian density of the gauge-fixed model.
From the invariance of the action under translations in ¢ and ¢, it follows the

existence of two conserved quantities

L/2 L/2
E = —/ d , = / d , 2.1.19
L o pt J i 0Py ( )

which are respectively the target space-time energy and the total angular momentum

of the string in the direction ¢. From the relations (2.1.14) we also have
L/2 L/2
P,:—/ dop_-=]—-E, P+:/ dopr =(1—a)J+aE. (2.1.20)
—-L/2

The name of the uniform light-cone gauge comes from the fact that p, is independent

of ¢ and thus the light-cone momentum P, is uniformly distributed along the string.

4Thisis a generalization of the usual light-cone gauge, which corresponds toa = 1/2.
5Where we also dropped the T-derivative of the zero mode of x~, which is a total derivative.
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Moreover, the condition (2.1.17) implies that the length of the string is L = P, and de-
pends on the choice of the gauge a. In other words the light-cone string is defined on
a cylinder of circumference P, and the Hamiltonian depends on P, only through the
integration bounds. To summarize, the relations between these conserved quantities

are

L/2
H:/ dcH=-P. —=E—J, L=P,=(1—a)+aE. (2.1.21)
—L/2

In the AdS/CFT correspondence we are interested in calculating the space-time en-
ergy E from the Hamiltonian H, thus the usefulness of the uniform light-cone gauge
is apparent from the first relation in (2.1.21).

Let us note that while we can find the derivative of x~ from the Virasoro constraint
Cyin (2.1.15)

-

2
X = —puXt — Tna mp_, (2.1.22)
x~ cannot be written as a local function of the transverse fields. If we integrate (2.1.22)

over o, we have instead the “level-matching” condition

L/2 27 L/2
Ax~ = / dox¥™ =="—amH —/ dop, X =2mm, (2.1.23)
—L/2 L —L/2

which implies that the total world-sheet momentum pys is conserved, where py; is

the charge associated to o-translations

L/2
Pws = — ﬁ L do p, . (2.1.24)

For the strings with zero winding number the total world-sheet momentum vanishes
in all physical configurations

pws =0 for m=0. (2.1.25)

2.1.3 The action for the AdSsx S° string

The generalization of the Polyakov action (2.1.2) to include fermions is called super-
symmetric string theory, or superstring for short, and it proved challenging, espe-

cially in the case of curved backgrounds. A formulation which also preserves the
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target space-time supersymmetry has been proposed by Green and Schwarz [44] and
extended to curved backgrounds in [45] (for type II strings), though the construction
relies on the supergravity fields of the specific background, which in general are dif-
ficult to compute. It is important to mention that we have an additional symmetry in
the fermionic sector called x-symmetry, which plays a crucial role in gauge fixing the
fermionic fields (spinors), since only a quarter of the fermionic degrees of freedom

are physical®.

The coset action

A simpler way of building the action for some special backgrounds, including the
AdS5xS°, has been presented in [46], using the fact that the symmetries of those
super-spaces allow a super-coset description of the string model. In particular, we

can write AdSs; and S° respectively as the cosets

50(4,2)

AdSs = 5601/ ~50(5)°

(2.1.26)

The full symmetry supergroup of the AdSs xS string is PSU (2, 2|4) and its subgroup
corresponding to the bosonic symmetries is SU(2,2) x SU(4), locally isomorphic to
SO(4,2) x SO(6). Moreover SO(4,1) x SO(5) is precisely the subgroup of the Lorentz
transformations. Thus the type IIB Green-Schwarz superstring action on AdSsxS®
can be built as a non-linear sigma-model on the supercoset

PSU(2,2/4)
SO(4,1) x SO(5) "

(2.1.27)

The resulting action, which is invariant under PSU(2,2|4) by construction, includes
a kinetic term and a Wess—Zumino term [47] which guarantees the invariance under
k-symmetry transformations.

The result can be written in terms of a one-form A on su(2,2(4)

A= —a'da, aeSU>224) (2.1.28)

6More precisely, we have that the equations of motion halve the fermionic degrees of freedom, and
then the kappa-symmetry again reduces them by half.
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or more precisely its components A" along the graded Z, decomposition of su(2,2[4),
as [42]
_ _8 [ (2) 4(2) i (A1) AB3)
=% st (AP AP) +xel (4 A7) (2.1.29)

Light-cone gauge

We will briefly discuss here the uniform light-cone gauge (2.1.17) in the full AdS;xS°
superstring, while we refer to [42] for a detailed analysis.Though the formalism is
more involved, the procedure is still the one described in Section 2.1.2. Now we have
to take into account fermions and, consequently, the xk-symmetry.

To find the light-cone-gauge-fixed superstring action on AdSsxS® we apply to
(2.1.29) the constraints (2.1.17)

+

27
X" =1+ —amo, pr=1.

L

The result is a two-dimensional model defined on a cylinder with complicated non-
linear interactions, though the structure of the action is still similar to the bosonic
action (2.1.18), with a Lagrangian depending on the dimensionless string tension g
and given by a sum of a kinetic part and a Hamiltonian density as explained in [42].

We will see this explicitly in the so-called decompactification limit.

Decompactification limit

As in the bosonic case, we have that the dependence on the light-cone momentum
P, is only through the integration bounds, L = P, while £ is independent of P..
This allows us to consider the infinite length limit, i.e. P, — oo, with fixed string
tension, which is called decompactification limit, since it results in a theory defined on
a plane. The decompactified world-sheet string can be quantized canonically, while
the original model on the cylinder can be reconstructed later by adding finite-volume
corrections in P,. Let us note that we need large E and | with a finite difference
between the two, as we can see from (2.1.21), since we need both P, — oo and finite

H, to have string states with finite world-sheet energy.
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The large tension expansion

An interesting limit of the AdSsxS® string was proposed by Berenstein, Maldacena
and Nastase (BMN) in [3]. In the context of the AdS/CFT correspondence, this cor-
responds to unprotected operators with large R-charge. At first glance this seems
equivalent to a string theory on a plane-wave background [48], which can be ob-
tained as a Penrose limit of AdSsxS® [49]. However, in order to obtain the complete
algebraic structure (two centrally extended su(2|2)) we actually need to start from the
action for the AdSs; xS° string and take the large-tension expansion [50]. This simpli-
fies considerably the theory, allowing for a straightforward (canonical) quantization
in the light-cone gauge, as we will see in the following.

We start by rescaling the spatial world-sheet coordinate ¢ — g ¢ and the result
is that the dimensionless string coupling g appears only as an overall factor in the

action’. Then we rescale the bosonic and fermionic® fields

1 1
., X —x. (2.1.30)
N 3

1
at — —xt, Pu —

V£

and expand the action (2.1.18) in the decompactification limit in powers of 1/g to
obtain

Agr = / dtdo (ﬁz + ;54 + ;256 + - ) , (2.1.31)

where £,, contains n powers of the physical fields. The quadratic term is
Ly = Lyin — Ho = pHXy - %str (Z+XX> — Hs. (2.1.32)
with £, = diag(+ys, 75)” and the Hamiltonian density

1 1 1
Hy = Epz + Ex2 + 5962 + fermions. (2.1.33)

"This is true for the fact that, before rescaling, ¢ appeared only together with a o-derivative, see [42].

8x is a Majorana-Weyl SO(8) spinor of positive chirality, describing the eight fermionic degrees of
freedom in the gauge fixed theory.

9The matrix 75 is the product of the four gamma matrices satisfying the Clifford algebra

{7, 7P} = v*9P + Py = L.
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Thus at leading order we have a Lorentz-invariant free theory of 8 bosons and 8
fermions with the same unit mass.

The quartic corrections include terms with time derivatives, though we would like
to avoid the complications in the quantization, which would ensue from the correc-
tions to the quadratic kinetic Lagrangian Ly;,. This problem can be solved by a field
redefinition, e.g.

1
x—=x+—>p xx), (2.1.34)
7 (P, x, X)

where ®(p, x, x) is a function containing terms of cubic order and higher. The trans-
formation (2.1.34) for an appropriate value of ® can remove the unwanted quartic
terms in the kinetic Lagrangian, leaving only terms of order six and higher. We can
thus write the quartic Lagrangian simply as £4 = —%H4, leaving the canonical Poisson
structure of the quadratic Lagrangian unchanged at quartic order.

Note that another consequence of the field redefinition (2.1.34) is that we can write

X~ up to sextic order as

. .
X = % (p"fcy — %str (Zexx') +9of(p, X,X)> , (2.1.35)

where f is at least quartic in the fields x;, p, and x. This implies that the last term
in (2.1.35) drops out when integrating over ¢ and we have the same “level-matching”

condition we would have in flat space (2.1.23)

A L/zd L P 1 L/zd wo . ’1
X _/_L/z ox —pr:g—_g/_L/z 0’<px#—2str( +XX)> (36)

Let us also mention that we can see we are considering states of small world-sheet
momentum pys ~ 1/g from the fact that p defined above is the momentum with the
non-rescaled fields, which is kept constant in this limit.

A transformation similar to (2.1.34) on the fields x;, and p, allows to remove also
the terms of order six containing time derivatives to write L = —H and keep the

quantization unchanged. This procedure can be repeated at every order to get

1 1
Lop=La=Ham o=, (2.1.37)
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where H,, does not contain neither terms with time derivatives nor terms without any

derivative.

The psu(2|2) algebra

The symmetry algebra of the AdSs xS® string psu(2,2|4) breaks down in this limit to
(two copies of) a centrally extended psu(2(2), i.e. psu(2|2). The psu(2|2) superalgebra
is composed of the two copies of su(2) L,’ and R,?, the fermionic generators Q,”,

their conjugates Q}* and the central elements H, C and C*. The generators satisfy
N t N N
(L) =L, YL=0, (R) =Rg*, YRS=0, (Q) =qf.
a o

Denoting any generator with a lower (upper) index from the first su(2) as J, (J%), and

similarly for the second su(2), the algebra is given by!°

L0 = —sate, Ly = a5

1 1
[IR,X’%,HV} =0Ja—500, [lRaﬁ,]W] =313 + 551, (2.1.38)
and

{Q.%, Q") = epe™C,  {QI%,Q}F} = e%eyCh,

1
{Q.%QIF} = 67RP + 6F1L," + SOI5H . (2.1.39)
Alternatively we can write the algebra in Chevalley-Serre form
[H;, Ej] = a;E;, [Hi F| = —a;F;, [E; F]=6;H;, (2.1.40)

with Cartan matrix

a=1| -1 0 1 (2.1.41)

107t will be convenient to take 4 = 1,2 and « = 3, 4 to avoid confusion, and also denote them collec-
tivelyas A =1,...,4.



18 Chapter 2. Superstring theory on AdS; x S°

by making the identifications for the bosonic generators

Ei=1L,', F=0L*, H =1!-1L,>

Es=Rs*, F=R,>, H;=R3>-—R,* (2.1.42)

and for the fermionic generators

1
E2=Q, B=QF, Hy=L2+R+-H. (2.1.43)
2 2

The world-sheet action

The gauge-fixed action (2.1.37) depends only on the bosonic and fermionic physical
fields

Yaa‘ s ZD(& s YM'I ’ Tutj{ s (2144)

which transform as bi-spinors under the bosonic su(2) @ su(2) symmetries and satisfy
the reality conditions

Y=Y, Zl=Zu. (2.1.45)

It will be also convenient to define O, ; to indicate a generic field, where the index
A =1,...,4includes both a and &, e.g. O;; = Y;i, O3 = Y13, and so on.
Alternatively, these fields can be packaged into the SU(2,2|4) supermatrices X
and ), which allows to write the action in a more compact way. To quadratic order in
the fields, the Lagrangian is given by
Lyx— 1

1.. 1. 1 1
str| XX — oxXX 2 o = b 2.1.46
Ly = str| ;XX — 2 XX = XX = 5%k — 5Xxk’ — 5xx| ( )
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where the conjugation is Xt = KgXKg, and the matrices ¥, Kg and K are defined e.g.

in [51]. We also mention the quartic Lagrangian

1 L
L4 = —gstrZSXXstrXX

1 o1 P S
+ GSUXAXK + gSUXXXX + ggstr X XIIXG X7+ 2SEAX

1 1 .
- gstrZ@XXstrXX + 1Str[X, X][x, X] +strXxXx

i . o o
+ gstr[X, X] X%, %] — gstr[X, X] [x, %7 - (2.1.47)

The relations between the two sets of fields are

0 0 +z¥ 4iz3| o 0 0 0
0 0 +iz¥% —z8 | o 0 0 0
—zZ8 73 0 0 0 0 0 0
. —iz% 473 0 0 0 0 0 0 ,
0 0 0 0 0 0 +iy12 —yl
0 0 0 0 0 0 —Y2 —iyA
0 0 0 0 |[—iv?l 4y 0
0 0 0 0 | +Y2 4iy2 0 0
and
0 0 0 0 0 0 +Y¥2 4iy3
0 0 0 0 0 0  4iY2 —y4
0 0 0 0 | +iv® —y13 0 0
o 0 0 0 0 | -2 —yd o 0
ree 0 0 44 B o 0 0 0
0 0 +iv? —¥B | 0 0 0 0
—iy# 4yst g 0 0 0 0 0
+Y2 4iy*2 0 0 0 0 0 0

2.1.4 Quantization in light-cone gauge

We will now quantize the light-cone AdSs xS string in this limit, i.e. the Lagrangian

L, defined in (2.1.32) or (2.1.46) with the added quartic interaction terms —£L4 in
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(2.1.47). We can rewrite L, in terms of the fields (2.1.44) as

Lo = PuY™ 4 P Z%% 4 iYL Y it yok 3y, (2.1.48)
with
Hy = iPmP” + Yo Y + YY" + EPMP‘”‘ + Zaa Z" + ZL 7" (2.1.49)
YL YO DY — DY e 4 Dy, — Dty
Indices are raised and lowered using the e-tensor, e.g.
Yor = €€y Y, Yaa = eqpe Y. (2.1.50)

From (2.1.48) we have the canonical equal-time commutation relations

[Y*(0,7), Py(0',T)] =i630)6(c — '), {¥"(0,7), ¥p,(c',7)} =6303 (0 — o),
[Z2%(0,T), Pgg(o”,T)] = iégég S(oc—0o), {Y"(r,1), Y;b(a’,r) = 0§01 (0 — ')
The equations of motion of the free part of (2.1.48) are solved by the following

mode expansion

= dp 1 _ip-% ip-2
Y (X) = 27]?[\/2»8 (ﬂau( ye '? +a2a(p)e+p > ’
- dp 1 . -
Zu(®) = [ 5= (aa(p)e ¥+ alu(p)e 7)),
- dp 1 E: E
Yarl®) = [ 57z (ba(p) ulp)e P+ b () o(p) 7).
0 dp 1 —ifE | pt wE
Ya(®) = [ 55 (malp)ulp) e PX - bla(p)olp)e 77 (2.151)
where the energy is e, = \/1+ p?,and - ¥ = €, 7 + po. The fermion wave functions

u, = u(p) and v, = v(p) satisfy

e, +1
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so that we can define the rapidity 0 as p = sinh 6 and write

u(p) = coshg, v(p) =sinh - . (2.1.53)

The canonical commutation relations for the creation/annihilation operators are given

by
@ (p),aly(p)| =288l 6(p —p),  {6™(p),bly(p)} = 278388 8(p — 1)

@ (p), aby(p)] =27 esako(p —p),  {6(p), Y (P} = 278304 3 (p — 1)

The quadratic Hamiltonian is then written in the standard harmonic oscillator

form

H, = / dp Y w, uZA(p)aAA(p), (2.1.54)
AA

and to build a generic N-particle state, we need to act with creation operators on the

vacuum, e.g. in the bosonic case

¥) =ay; (p1)ay; (p2) -~ a , (pn)|0), (2.1.55)

bNbN
with p1 > p2 > -+ > pn—1 > pn. The energy of this state is

H|Y)=E¥), E=) w,,.
i

This state is also an eigenvector of the world-sheet momentum operator which takes

the following form
_ 1 laa I ~t Ixa ~T \lai
P=pus=—y / dor (Pag '™ + Poy 7% + 1,9 4 Y5, Y'™)

= 1/ dp Z paZA(p)aAA(p). (2.1.56)
g AA

As explained above, physical states have to satisfy the level-matching condition which

implies that the total world-sheet momentum vanishes

Pl¥)=0 =) pi=0.
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Time-evolution of the creation and annihilation operators is determined in the usual
way from the Hamiltonian H = H, + Hs + ... as

9 1 . vb CIY: . b
a—ra (p,t)=1i {H,a (p,r)} , arb (p1)=1 {H,b (p,T)} , (2.1.57)

and analogous expressions for the other indices.
Because of the complexity of the interactions, it is more convenient to formulate
the problem in terms of scattering, i.e. to consider asymptotically free states instead

of describing the interaction at any time 7, as we will see in the following sections.

2.1.5 The world-sheet S-matrix

The symmetry of the quantized string we are considering is psu(2|2)? x R® and so
each particle, also called a magnon, is characterized by a psu(2]2)? index, (A, A)
where A,A = 1,...,4, see e.g. [42, 6]. It useful to replace the momenta, p, of the

massive excitations with two variables, x*, such that

+ ; 1 1 2i
L=, and x4 - = (2.1.58)
x x x g
where g is the dimensionless string coupling defined earlier'!, ¢> = A/47%. The
dispersion relation is given by

2 _ 2. 2P _ié[,_i_ T
Ef =1+4g¢"sin 5, or E—2 X o= X +x+ . (2.1.59)

It is also useful to define a parameter u,

! ! ! } . (2.1.60)

+ —
u=s|x"+——+x +_—
2 xt X~
The scattering of two Y-excitations with parameters xli and x5 is described by the

S-matrix (see App. A for an introduction)

£y kN g
S = o(xk, by WA Zuln ) /g (2.1.61)
.

u(xi) —ulxy) —i/g’

HThe fundamental representation, and tensor products thereof, also depend on the central charge
parameter (, see e.g. [52].
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where U(xli,xf) is the so-called dressing phase, first determined by [53], and the

remaining term is the BDS S-matrix [54].
We introduce the uniformizing parameters (rapidities), starting from the disper-

sion relation (2.1.59) and using the Jacobi elliptic functions [55], as
p=2am (zk), sing =sn(z,k), E=dn(zk), (2.1.62)

where k = —4¢? < 0. These expressions are naturally defined on the torus with real
period 2w; = 4K(k) and imaginary period 2w, = 4iK(1 — k) — 4K(k) with K(k) the
elliptic integral of the first kind. The dispersion relation is invariant under shifts of z,
the analogous of the relativistic rapidity parameter, by 2w; and 2w,. The real z-axis
can be taken to be the physical region as for these values the energy is positive and

the momentum real. The x* parameters are given by

1 k)
xt = 2 (Eﬁgi k; + 1> (1+dn(z,k)), (2.1.63)

such that for real values of z we have |x*| > 1 and Im(x*) > 0 while Im(x~) < 0.

2.2 World-sheet symmetries

2.21 Zamolodchikov-Faddeev algebra

The world-sheet string described in the previous sections is believed to be integrable,
as we will discuss in Chapter 3. In describing integrable scattering it is useful to
formally introduce generalized creation and annihilation operators, such that multi-
particle external states are formed by their action on the vacuum [8, 56]. These can
be thought of as the fully interacting generalizations of free plane-wave oscillators.
For the world-sheet theory these operators were studied in [57]. Each oscillator can
be thought of as an element of the vector space corresponding to the multiplet of
physical excitations. For the world-sheet theory such excitations transform under the
symmetries preserved by the vacuum, namely the two copies of psu(2|2) and hence
they carry two indices. The oscillators for a particle with world-sheet momentum p

can be written as

Z',(p), Z(p). 2.2.1)
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More accurately we should think of these oscillators as being labeled by the general-

ized rapidity z living on the rapidity torus
p(z) = am(z), €(z) =dn(z). (2.2.2)

though we will occasionally leave this dependence implicit.

The invariant vacuum is defined by
7 (2)|Q) =0, VAA,z, (2.2.3)

and we define multi-particle “in-basis" and “out-basis" by

’21’22’ T ,Zn>E;TI)41,...,AnAn - ZZIAI (Zl) U ZZHAW (Zn) |Q> /
t
2z z = 2 ) 2 () |Q), (224)

for p(z1) > p(z2) > --- > p(zn), assuming that the particles have the same mass.
These states lie in the same Hilbert space and, as they form complete bases, they can
be expressed in terms of one another through the S-matrix. For two-particle states,

this is given by

in CC,DD t
l21,22) () 1 = SSG08 (21, 22) |21, 22) S (2.2.5)

which in terms of the ZF operators corresponds to

7}, ;(21)Zy(220) = S 08 (21, 22) ZE e (22) Z (1) - (2.2.6)

2.2.2 Charges and currents

Let us consider the charges Q4% and the currents J45, A = (a,a), of psu(2,2/4), re-

lated as usual by [58, 51]
QP = /da 4B, with JuP = efcan QP (2.2.7)

with e4p = ([A] — [B])/2, where the grading is defined as [a] = [4] = 0 and [a] =

[¢] = 1. Since in the light-cone gauge we singled out two coordinates, x™ = 7 and
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Ao NP T
— o0 o

FIGURE 2.1: Contour for non-local charges.

x~, the generators Q4 ® are naturally characterized according to their dependence on
the light-cone coordinates. When the symmetry generator is independent of x~, it
is called “kinematical” and it has the property of not receiving quantum corrections,
while those dependent on x™ are called “dynamical”. This is because only its deriva-

tive ¥~ (2.1.35) is defined in terms of local fields

) .
o= < P, — %str (Zixx) +. ) ) (2.2.8)

which means that x~ introduces a form of non-locality in the “dynamical” charges.
More specifically, to determine x~ from (2.1.35) (up to a zero mode) we need to specify

a contour C

X~ = / doit™, (2.2.9)
C

which, in the decompactification limit, we will take to start at negative spatial infinity
(see Fig. 2.1). The functions Q4% = Q48(X, P, x;g) are, however, local in the physi-
cal fields and their derivatives and can be expanded in the string tension ¢ with the
leading term being quadratic in the fields.

Moreover, the conservation laws in the Hamiltonian formalism read

dQ.®  0Qu®
dr ot

¥ []H, QAB} , (2.2.10)

which means that the charges independent of x* = T commute with the classical
light-cone Hamiltonian. The algebra of such symmetry generators is (two copies of)
the centrally-extended Lie superalgebra psu(22), see (2.1.38) and (2.1.39), and thus

we have

Qf=RS, Q'=L", Qf'=0Q)}, Qf=qlf. (2.2.11)
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From the form of the dynamical supercharges in (2.2.7) and the level-matching

condition (2.1.36) we can write the central charges, related to x~, as!?

C— %g (P —1)e* ), ¢t = —Lo(e® — 1) (-) (2.2.12)

where the most convenient choice in this case is x~(—o0) = 0. We can also define

U = ¢/2 and rewrite the central charges as
C= %g (U2-1), C'=-Llow2-1). (2.2.13)

2.2.3 Hopf Algebra interpretation

We now want to review the action of the symmetries on fields and the algebraic struc-
ture in the two-dimensional world-sheet theory. Essentially we will recap the Hopf al-
gebra description of the psu(2|2) theory [55, 59, 60, 57], however we will more closely
follow the framework discussed in [61, 62, 63] which was previously discussed in the
context of the light-cone gauge fixed theory in [51]. While the world-sheet theory is
different than usual relativistic integrable quantum field theories in that non-localities
already appear in the definition of the global charges, nonetheless much of the same

algebraic structure appears.

Coproduct for psu(2|2)

The global psu(2|2) charges, which we will write collectively as

Q; = {Q.%,H,C,C'},

acting on the Hilbert space of the theory are simply given as equal time integrals of
the currents. Because of the non-locality of the currents there is a non-trivial braiding

with fields

Ji(o,€)®Pa(00,0) = Y;[@A](ao,e)HT(U,O) , for o> o0y, (2.2.14)

12p = Pws is the world-sheet momentum.
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with Y; [D4] = Y;iCDB and an implicit time ordering with fields at later times to the

left, i.e.
lim []If(O',G)CDA(O'(),O) = Y;[CDA]((T(),G)]I]A(O',O)} , for o>o0p.
€—0

For the world-sheet theory the non-local part of J; is the integration path used to
define x~, and the explicit form of the braiding can be found from the expressions for

the currents, e.g. (2.2.7),
eief-ffoodal’é_ﬂf(a)@(ao) _ [eieffiodv’f‘q)(o_o)e—ieffiodcr - eief_[foodtr’)?‘ﬂi(o_),

where ¢ > 0. One choice of the contours defining x™ is given by the wavy line in
Figure 2.2, which represents graphically the equation (2.2.14) and it is meant to reach
+oo to the right and left respectively, though the contours can be freely deformed in

the absence of poles.

U

FIGURE 2.2: Braiding of currents with local fields in the world-sheet

(i.e. o-7 plane, see Fig. 2.1), where we assume the lines on the left to

continue to ¢ = —oco and likewise those on the right to co. The red

vertex corresponds to the world-sheet position of the local field and
the black vertex to the position of the local part of the current.

The action on the fields, Q;[®(cp)], is given by a separate integration contour
v (0p) starting and ending at ¢ = —oo which surrounds the point 0y, represented by
the solid line in Figure 2.3. This is to be distinguished from the equal time contour

used to define global charges acting on asymptotic states and so we use the " notation.

Correspondingly the action of the charges on products of fields, represented dia-
grammatically in Fig. 2.4, can be calculated from the braiding of the current with the

fields. It is explicitly given by

Q[ @4, (1) P, (02)] = Qi@ , (01)] @, (02) + Y [@ 1, (01)] Q)P 4, (02)] -
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FIGURE 2.3: Integration contour (solid line) defining the action of a
charge on a field, assuming that the lines on the left continue to o =
—oo, while the wavy line is once again the integration contour defining

X .

I

FIGURE 2.4: Action of a charge on products of fields, derived from the
braiding of the current with the fields.

If we think of the fields at a specific world-sheet point ®4, (07) as defining a vector
space V; we can think of products of fields at different points, e.g. ®,(01)P4,(02) as
defining tensor products, Vi ® V,. As the world-sheet theory involves both bosonic

and fermionic fields we will use a graded tensor product 3
(a®b)(cd) = (=1 (ac @ bd) .

where |a| = 0 if the element of the algebra is even and |a| = 1 if it is odd. The action
of charges on products of fields yields an operator A(Q;) acting on V; ® V5 which in

turn defines the coproduct

—~> S~

AMQ)=0Q;e1+Y0Q;.

From the form of the currents in the world-sheet theory we have the following expres-

sions for the coproduct and the braiding operator Yé which has the non-zero elements

13 At different points we use the letters 4, b, ¢, . .. to denote both elements of an algebra A and psu(2|2)
indices. From the context the meaning should be clear.
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{Ygg, Yg, Y%, Yg} given by:

AQuB) = QP01 +YRBE@QpC,  YDB = sD4B eicasP

AC)=Co1+YERC, YE =T,

(2.2.15)
ACH=C"o1+Y5 ®C, Y& =P,
AA)=He1+YHeH, YE=1,

where e = ([A] — [B])/2. We also have the coproduct for the braiding operator

®Y"/

N\o

Af 3
A =Y

—~ R

or explicitly

= YR @YRE =662 vV @ 6P 6¢ e,

t

)

AYE) = YeoYe=e"®e",
) = Y eiS=cTge™,
)

= YigYH-1®1.
These follow from the simple contour argument in Fig. 2.5 and are equivalent to

A(eimll’) — eim]P ®eim]l’ , me 7

FIGURE 2.5: Braiding Coproduct: analyticity allows to freely deform
the contour around the fields.

We will be interested in studying the algebra A generated by Q; and Y; or equiv:
alently the algebra generated by the global charges Q; and the global braiding Yl,
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defined by the contour from ¢ = —oo to co, which has the same coproduct. The alge-
bra A implicitly comes with the multiplication map m : A ® A — A and the identity

operator id defined such that the coproduct satisfies coassociativity
(A®id)A = (id® A)A. (2.2.16)

We define the action of products of algebra elements so that the coproduct is an alge-

bra homomorphism i.e. foralla, b € A
A(ab) = A(a)A(b) .
In addition to the coproduct we can equip this algebra with a counit and antipode.

The counit as vacuum expectation
The action of the counit can be thought of as the vacuum expectation of the various

global operators and so we have

e(m)=1, e@l)y=0, e¥) =4l (2.2.17)

I
J

Equivalently we can define the counit as the action of the operators on the identity

ie.forae A
e(a)=4(1), (2.2.18)

which gives the same result. We can define the action of the generators so that the
counit is also an algebra homomorphism: e(ab) = e(a)e(b) for every a,b € A. This

definition of the counit is consistent with the property,
(e®id)A = (id®e)A. (2.2.19)

The antipode as Euclidean Rotation

In [63] the antipode for the current Hopf algebra was interpreted as the action of a

rotation in the ¢ — T plane by an angle 7t or —7r on elements of the algebra, i.e. for an
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element a of A they defined an antipode s as
s(a) = Rx(a) . (2.2.20)

Even for the case of the non-Lorentz invariant world-sheet theory we can repeat this
identification by defining the rotation to act on the symmetry charges by a combina-
tion of time-reversal transformation followed by a parity transformation plus a rever-
sal of the integration path defining the charge.

We first consider the action of the antipode on the symmetry charges by writing
the action of the product of a time-reversal transformation followed by a parity trans-

formation acting on the local part of the currents Q4
PT(Q4%(0)) = Q4P (—0), (2.2.21)

which can be seen explicitly at the level of the quadratic currents, see App. B. For the
bosonic charges B = {lRaﬁ, L.}, H} this simply implies s(B) = —IB. For the fermionic
currents, and for the central charges C, C', the issue is complicated slightly due to the
presence of the zero-mode of the light-cone coordinate x~. The contour defining x~

is deformed, resulting in an additional factor:
s(QpP) = —e esPQ B 5(C) = —ePC, s(Ch) =—¢TCt. (2.2.22)

For the global (or for that matter the usual) braiding operators Yé either rotation sim-
ply acts as PT or equivalently reverses the orientation of the contour defining x~.

Hence the action of antipode gives the inverse acting on the braiding operator

Yys(Y]) = 6. (2.2.23)

Noting that the factors such as e~F that appear in the antipodal action on the
global charges are related to the global braiding operator, we can write the action on

the global charges as

5(Qp) = —s(Y))Q; . (2.2.24)
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This is exactly the same formula as in [63]. Due to the time-reversal in the definition

the action on products of elements of the algebra is
s(ab) = (=1)[Wlls(b)s(a), (2.2.25)

where we have included the grading factor to account for the odd elements of the
algebra and thus we note that the antipode is an antthomomorphism. We also have
the trivial action of the antipode on the identity element, i.e. s(1) = 1. Indeed for
any operator which commutes with the world-sheet momentum, which includes all
of the braiding operators and all the global charges, we do have s?(a) = a. It is

straightforward to check that the world-sheet antipode satisfies
m(s ®id)A = m(id ® s)A = le. (2.2.26)

We also note that due to the time reversal in the definition of the antipode we have

that
A(s(Y]) = s(Yh) @ s(YE). (2.2.27)

In fact, this relation is trivial, since the matrix structure of the braiding factors is es-
sentially trivial. However, writing it in this way makes it straightforward to show the

identity
As = (s @5s)AP (2.2.28)

where A%’ = PA with P(a ® b) = (—1)l4l(b @ a) is the skew comultiplication. We

can use A°P to define the skew antipode s’ as
m(s’' ®id)A%® = m(id @ s') AP = 1e. (2.2.29)

Following [63], we can think of this from the world-sheet perspective as a rotation in
the opposite direction to s, i.e. ' = R_;. The identity (2.2.29) is consistent for the

world-sheet theory as

~—

§'(Qp) = —Qs'(YD) and s'(YS)Y] = YKs/(Y]) = 4] (2.2.30)

—;
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This definition gives the natural relation ss’ = s's = 1.

2.2.4 Adjoint actions

Essentially everything above is well known for the world-sheet theory. As we are
interested in studying form factors and their generalizations, we wish to understand
the action of the symmetries on the fields of the theory as well as on asymptotic states.
This requires the generalization of the commutator of global charges to the adjoint
action of a quantum group [62, 63]. Given an element of the algebra a € A, we can

define further elements of algebra a;,a’ € A from the coproduct
Aa)=Y a@d, (2.2.31)
i

where the index i runs over the number of terms that appear in the coproduct of a.
We can now define a graded adjoint and skew-adjoint action'* on fields in the world-

sheet theory

ad,(®) = Y (-1 g @ s(al), (2.2.32)
i
adP (@) = Y (—1)El(®HD ol o ' (ay) . (2.2.33)

i

In the current basis the adjoint action of any of the global charges is

adg,(®) = Q@ — (—1)/I*l adyg(qb)Qf (2.2.34)
add (@) = (-1)/®es'(Qp) + Q;@s'(Y}) . (2.2.35)
Thus we can see that the adjoint action for a global charge corresponds to Q;[®],
i.e. the rh.s of (2.2.34) is precisely the action of the charge on a field defined by the

contour starting and ending at negative spatial infinity which can be read off from the

diagram in Fig. 2.3,

Q;[®] = adg, (P) . (2.2.36)

4These are in fact left-adjoint actions, we could additionally define right adjoint actions but these will
not be needed.
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Alternatively, ad’® gives the action defined using a contour starting and ending at

positive spatial infinity.

Example

Let us explicitly give an example of the adjoint action on world-sheet fields. If we
take ® to be one of the fundamental world-sheet fields in an su(2|2) sector, i.e. 4 =

(Y,i,Y,i), then for the psu(2|2) charges we have
adg,5(Pc) = QuBdc — (—1)[AF B gleasP peieasP , B (2.2.37)
while for the central charges
adc(®¢) = COc — ePDce™™C,  adet(Pc) = CT e — e PdeTCh, (2.2.38)
and adp (®c) = [H, Oc]. For the braiding operators we have

adyep (P) = eleasP @eieasl 5C50 adyn (P) =@,

. , o (2.2.39)
adYE(CI)) = ePPe T, ad,c+ () = e~ P el
ct
Properties
The graded adjoint action satisfies the properties
ady, (adﬂzq)) = adga, (CI)) ’
ady” (adP @) = adg,, (), (2.2.40)

as well as

ad, (®1®,) = Z(—l)[q)l””i]adai(@1)ada1(d>2),
adP (@10;) = Y (1)l @llladP (@) )adiF (@) - (2.2.41)

i
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2.2.5 A linear basis and a dual algebra

In [63] the generators Q; and Y; were called the current basis. We will consider in-
stead the so-called linear basis, labeling the generators of the su(2|2) algebra com-
bined with group element operator U = e'P/2 by {Q;} = {R,P, L%, Q. Q!f, H,U}.
We do not include separately the central extensions C and C' as they are related to
the the operator U as in (2.2.13), a relation which can be viewed as following from
the demand of cocommutativity of the Hopf algebra [60]. We take the graded sym-
metric products of generators with weight one as a basis for the universal enveloping

algebra adjoined with central elements, A = U(psu(2|2)),

€a = {(Ql)tl (Q2)"...(Qus)"™ (QlG)tlé} (2.2.42)

sym

where a = {t1,t,...} is a multi-index and t; > 0 fori = 1,...,15 while t14 can be
either positive or negative. We can now write the Hopf algebra of charges in terms of

structure constants,

b
ealp = Mypec, Alea) = uep, e,

sea) =shey,  €(ea) =€a. (2.2.43)

It is also useful to define constants €2 such that e?¢, = 1. The relation to the current
basis global charges where a; = {t;..; = 0,t; = 1} is obviously Q; = e, and similarly
for H. On the other hand, the braiding operators are given by Y} = ‘ui}”ea, where for

example,
Y3¢ = 040¢ € (2.2.44)

where al[f;‘ 7B — {0,...,[A] — [B]}. The central charges C and C' can of course still
be expressed as linear combinations of elements of the new basis
i
C = Eg(e{tizo,tl(,ﬁ} - ]le{tizo,tw:z}) ’

i
¢ = Eg(e{ti=0rfle=*2}_ﬂe{t,:o,tm:fz})- (2.2.45)
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The dual algebra

Having defined the structure constants for the universal enveloping it is interesting
to use them to define the dual algebra for U(psu(2|2)). Generically, given a linear
basis e, satisfying (2.2.43) for the algebra A, we can give the following definition of

the dual algebra A* in terms of the dual basis ¢ 1°

m (e @e®) = e® = ue, A" () = (1)l e @ P,

s (e?) = (sTHaeb,  e*(e?) = €. (2.2.46)

We furthermore use the constants €, to define the unit operator in the dual algebra
14 = €€ In the case of Lie algebras which are cocommutative the dual algebras are
simply commutative. In the more interesting case of Yangian symmetries the dual
algebra can be used to construct the quantum double and the universal R-matrix'®.
It would of course be interesting to study the dual of the algebra of Yangian symme-
tries found in the world-sheet theory, however we will restrict ourselves to the global
world-sheet symmetries in this thesis. Here the dual algebra is nonetheless somewhat
non-trivial due to the coproduct.

We can be slightly more explicit regarding the dual algebra. We will use the basis
defined by ¢ = (e.)*. To find the commutators of the dual generators we must first
determine their product which is given by coproduct coefficients, ng. For example,

the coproduct coefficients involving IL,” and IL.? appear in
AL LAY =L QLA+ 1@ {L LY + {L' LAY @ 1+ LA @ 1L, (2.2.47)
hence
(L") (L) = ({ILLLA ) = (ILA)* (L) (2.2.48)

and so [(IL,%)*, (L4)*] = 0. Similarly [(R.f)*, (R,%)*] = 0 and H* is a central ele-
ment. Note that this is quite different from the case of the Yangian dual where the

elements (IL,%)*, (R,?)*, ... would have non-trivial commutators and would act as

I5We use the definition of the dual algebra as in [64, 65, 62], with the graded version as in [66] which
differs by a permutation from that in [63].

16We will introduce the idea of integrability and the (algebraic) Bethe ansatz in the next chapter, more
specifically for the R-matrix see Section 3.2.3.
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generators for the full algebra. In the present case, however, as

AMQAB) =Qi @1+ UM-Bl g Q,8, (2.2.49)

we do have the non-trivial commutator

[(UAEE*, (QaP)] = { (2.2.50)

while for the group-like element we have

{ (U")* , n=m
(U™ (U™)* = (2.2.51)
0 , nFEmM.

From the definition of the unit in the dual algebra we see explicitly that

Ig = (1)*+ ) (U")*. (2.2.52)
n#0

The definition in (2.2.46) gives the coproduct for the dual algebra in terms of the

multiplication coefficients mS, . Some explicit examples for psu(2|2) are

A*(ILs")%)

A*((R4F)")

A ((Q")7)

A*((QF"))

1* @ (L")* + (L") @ 1* — (Le)* @ (L)* + (L") @ (L)
—(Qu) @ (Qf)" = (QF*) @ (Qu")" + ...

I* ® (ReP)* + (R)* @ 17 — (Re")* @ (RyP)* + (RyF)* @ (Ry7)*
—(Q)* @ (QIF)" — (QFF)* @ (Qu")* + ...

1* @ (Qu")* + (Qe)* @ 1" + 3(IL")* @ (Qaf)* — 3(Quf)* ® (L)
—3(Ra")* ® (Qy")* 4+ 3(Q,")* ® (Ry?)* + ...

1" ® Q)" + (Qf*)* ® 1" — 3(IL,°)* ® (Q1*)* + 3(Q!*)" ® (IL,)*
+(RY)* @ (QI)* = Q)" ® (Ry*)* + ... .

For the Hamiltonian we have

A(H) = 1" H + H @ 1" + (Qu")" ® (@) + (Qi*)" ® (Qa")" +... (22.53)
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while the duals of the braiding elements satisfy
AU =1"U 4+ U@ 1"+ (U ) @ (U*)* + (U*)* @ (U H* +.... (2254)

It is also interesting to consider higher powers of the braiding element as these are
related to the duals of the central elements C and C" in the original algebra. In partic-

ular the coupling ¢ appears in the coproduct, e.g.

AT ((U?)) =
1* ® (UZ)* + (UZ)* Q1* — igeaﬁeab(Qaa)* ® (Q‘Bb)* . igeﬂéﬁeab(Qﬁb)* Q (Qaa)* )
The antipode and counit can be explicitly found in a similar way from the standard
definitions above.
The quantum double

Following Drinfeld [64] one can identify the quantum double D(.A) as a Hopf algebra
containing as subalgebras both A and .A*. This was generalized to Z,-graded Hopf
algebras in [66]. The Hopf algebra structure on D(.A) can be found starting with the

definition of a formal product of basis elements of A and A*:
P(ep ®e?) = epe? (2.2.55)

which defines an isomorphism between D(.A) and A ® A* considered as graded vec-
tor spaces. One can subsequently define a graded Hopf algebra structure on D(.A) by
making use of this inherited structure [66]. For example given the natural coproduct

on the tensor spaces A : A* ® A — A* ® A® A* ® A defined by
A=(I®P®I)o(A*®A) (2.2.56)
and A% : A® A* -+ A® A* ® A® A* defined by

A% (I®@P®I)o(A®A"). (2.2.57)
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we can define A : D(A) — D(A) @ D(A)
A=Weyp)oAPoyp !, (2.2.58)

Furthermore we can define multiplication for D(A) (see again [64] or [66] for the
superalgebra version). A key step is defining the vector space isomorphism M : A* ®

A— A A
M=(I®I®Str)oA®PoPo(Strol®I)o(s*@IQI®I)oA (2.2.59)

where Str(e? ® ¢,) = (—1)lPIStr(e, ® e?) = 67. In terms of original Hopf algebra

structure constants this is given by
M(e* @ ep) = M ey @€, (2.2.60)
with
My = (=) yef ey ma (s~ (2.2.61)
Multiplication in the double, 17 : D(A) ® D(A) — D(A), is given by
m=1po(mom )o(IeMaI)o(p ey, (2.2.62)
and an antipode for D(.A) can be defined as

5=poMoP(s®@s*) oy L. (2.2.63)

Finally we need to understand how to reorder elements of the double so that the

elements e,¢? do indeed form a basis. To this end we define
eep =P oM(e? Rep) (2.2.64)
such that

ey, = M ene (2.2.65)
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from which one can compute commutation relations for the generators of the original
algebra from those of its dual .

A standard application, indeed one of the main motivations, of the quantum dou-
ble is the construction of the universal R-matrix. Given a Hopf algebra A and its dual

A* we can formally write the R-matrix as
R=) e®e (2.2.66)
a

where the sum goes over all basis elements. This is defined so that, due to the relation
(2.2.65), it automatically satisfies the condition of quasi-triangularity for a Z,-graded

Hopf algebra
RA(ea) = A°P(ea)R (2.2.67)

and hence R satisfies the graded Yang-Baxter equation. In terms of the linear basis

coefficients this condition corresponds to
(—1)I ybespd ofe, = (—1)Plel+1Hlel 1ybyd o ef (2.2.68)

Focusing on the psui(2]2) case, if [a] = 0 and ub° = 5%6¢ + 5S6P then

[ea, €] = (m2, — mb2.)ec . (2.2.69)
Hence
L, (L) | = bt — o5y’

T 1
L Q)] = 88(Qu")" - 5oh(Qu)"

L @] = 8@ + sty (22.70)

and similarly for the commutators of the cocommutative elements R,” with the dual
generators while the generator H remains central in the double, i.e. [H,e4] = 0. This

is the standard structure for the quantum double of a Lie algebra. Alternatively if

ube = 5b5s + 6560, (2.2.71)
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then
Ve, — (—1)lldleed = (md — (—1) R md U™)ef (2.2.72)

where ¢4’ = (U %¢4)*. For example we consider the (anti)commutators involving the

generator Q,” so that U* = U and we find

UL Q- QLY = 4 (1+U)(@QYs!
(URH)'Q ~Q (RSP = L(1+U)@QF)s
(U'H)*Q," — Q. (H)* = %(II—HU)( fayx, (2.2.73)

In the limit where U — 1 we can see that these become the usual relations between
the generators of a cocommutative Lie algebra and its dual. Several (anti)commutators
which would be vanishing in the cocommutative case are non-trivial in the world-

sheet theory, for example

(U7'Q") Q4" + Q6" (Qs")" = (1 —U)3es

(U)"Q." + Q. (U = izgeaﬁe”b(ﬂ—w)@ﬁb)*. (2.2.74)

However, itis straightforward to see that the generator U remains central with respect
to the dual generators.

Given a specific theory there is of course the question of how to embed the known
symmetries into the quantum double. Here we have essentially taken the double of
the entire algebra. Alternatively one may, for example, take the positive Borel sub-
algebra and attempt to identify the negative Borel sub-algebra with the dual algebra.
While this is important in attempting to find the universal R-matrix for the world
sheet theory we will not discuss such issues here.

It is very important to note that we have not considered the double of the world-
sheet Yangian algebra. In particular if we take the generators above as level-zero
generators, Q(I), and include level-one generators, Q{, with a non-trivial coproduct

JoJo

coefficients iy ™", this implies an entirely different dual algebra. In particular now the

product (Q})* (Q{))* contains the dual of the level-one generator (Q1)*.
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Action on fields

We now want to define the action of the algebra and the dual algebra on the fields
in the theory, as in [63]. We can rewrite the definition of the adjoint action given in

(2.2.32) in terms of the linear basis

ad, (@) = (—1)1I pbesd eyeq ,

adP(®) = ()P (s ecoeg 2275

From these definitions and the usual consistency conditions for a Hopf algebra, given

in App. D, we have

ee® = (—1)l® ybead, (@)e,

Ps(e,) = (—1)R® ybes(e,)ad,, (D). (2.2.76)

This gives rise to an alternative definition of the quantum double in terms of the
braiding of fields. Given fields transforming in some representation of the algebra A4

and A their braiding is
CDAl ((71)@/\2(0'2) = RPAlpAZqDAz(UZ)q)Al ((71) , for o1 >0y (2.2.77)

We assume the existence of some highest weight states which cannot be found
by acting on other fields by adjoint action of the algebra. To be precise we need a
definition of raising and lowering operators in the algebra, but for the moment we
will take a highest weight field, ®, to be annihilated by the dual generators in the

sense that they provide a one-dimensional representation defined by
e (®(0)) =eP(0) . (2.2.78)
Descendant fields are then found by repeated adjoint or skew-adjoint action,

q>a1132/-~~/a11 = adeal © ad ... adean (q>)

Ea2

P
ai,az,...,an

ade? oad;? o...adl (). (2.2.79)

L’al

Due to the property of the adjoint and skew-adjoint actions, (2.2.40), the tower of
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descendants form a representation of .4 which we collectively denote ®, or .

That is to say, given specific fields in these vector spaces @, and ®)" we have

adea(q))\) = PA(ea)Kq)v
adP (@) = pX(ea)s BF, (2.2.80)

knowing their behaviour under rotations, R;[®(0)] = €2[®(0)]ea. These definitions
can also be used to derive the commutators of generators of the original algebra with

those of its dual,

utemd efe. = uPmdecet, (2.2.81)

and if ub° = 6°6S + 5S6P then
) = (md, — m2)ec . (2.2.82)

[ea, €

In particular we can define the highest weight operators as those which are invari-

ant under rotations
D, (0) = €, (0) . (2.2.83)

For the string world sheet we will be interested in operators formed from local prod-
ucts of fundamental world-sheet fields and these operators will transform trivially
under such rotations. However, descendants created by acting with supercharges

will be non-local and so will no longer be invariant.
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2.2.6 Asymptotic symmetries

The asymptotic states provide a representation of the world-sheet symmetries. Given

symmetry generators e, forming an algebra A, here taken to be the psu(2|2) corre-

sponding to the undotted indices, we define their action on the invariant vacuum?”

ea|Q) =€),  (Qlea = (Qle, . (2.2.84)

The ZF operators are further characterized by their intertwining relations with the

elements of A which act via the adjoint action

ad,, (Z', ;(2)) = p*(ea) AZ} 4(2), (2.2.85)
and the action of the dual algebra which is defined as

- (2] 4(2) = pF(e)3Z] 4(2) - (2.2.86)

Alternatively we can specify the action of the algebra on the one-particle states, for

instance

eale) 41 = ade, (Z1,4(2))1Q) = p(ea)ll2) g (2287)

For psu(22) this one particle representation was studied in [50, 52] and can be given

as (here we simply suppress the dotted index)

Lo"|z)c = ‘5b‘z —3001z)e,  RaPlz)e =
L.z R.P|z —5ﬁz léﬁz ,
a'|z)y = oF|2)y = 8y]2)a |2}y (22,88
Qaa|z>b = a(55|2>a ’ Qaa|Z>ﬁ = b€ub€aﬁ|2>b,
Qi*[z)p = cewe’|z)p 5¢1z)p = doglz)a,

7Tt is also conventional to take the vacuum to be annihilated by elements of the dual algebra

A1) =€), (Qlet = (Qe?.
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where the parameters a, b, ¢, d satisfy the constraint ad — bc = 1 and the central charges

are given by
H—I|Z>A = H|Z>A ’ C|Z>A = C’Z>A ’ C+‘Z>A = E|Z>A ’ (2289)

with H = ad + bc and C = ab, C = cd. We will consider unitary representations
for which we have d* = a and ¢* = b. Importantly the constraint, or shortening
condition, implies that the multiplet is on-shell. For a unitary representation, and

with the usual string choice for the phase, we have in terms of the particle momentum

p

C=ig———, H2:1+4gzsing. (2.2.90)

The action on multi-particle states can now be straightforwardly described by re-

peated use of the coproduct (2.2.15), or in terms of the coefficients (2.2.43),

€alzt, .- Zn) Ay, = 07 () 35 |20, 20) By, (2.2.91)
with

Bi..By _ . bici,b b,_1b B B B
P (ea) A A4, = M UG - pery 7 (eby) A 07 (b)) 1 07 (80, ) 7 - (2:2.92)

In particular, for the psu(2|2) charges

nooil . )
Qallz1, o zn)a,n, =Y € ’ZleABp]PZ’(QAB)i’i!ZM~-,Zn>A1,...,B,-,...,An (2.2.93)

i=1

and similarly for the central charges

n
Hiz,...,2n) 4,4, = ZHi’Zl/H~/Zn>A1,...,An
i=1
n iy,
Clzi, .- zn)ay,a, = Y, €= VCilz1,... zn) Ay, 4, (22.94)

i=1

using p%(H) = H; and p%(C) = C;. In Section 4.2.3 we will discuss the symmetries

for the form factors, off-shell objects which we will introduce in Chapter 4.
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Chapter 3

Integrability in the AdS/CFT

correspondence

In the context of the AdS/CFT correspondence, it emerged a type of integrability
which is usually associated with two-dimensional systems. More specifically, when
studying the conformal dimensions of some operators in N' = 4 supersymmetric
Yang-Mills (SYM), it has been found that the loop corrections can be found by solving
a specific spin chain, i.e. a one-dimensional lattice model in which every site carries a
(finite) representation of the corresponding (sub)group, as we will see in more detail
in the following. In this chapter we will briefly review N = 45SYM, to explain the

connection to spin chains and thus integrability.

3.1 N = 4 supersymmetric Yang-Mills theory

3.1.1 The N =4 SYM action

N = 4 supersymmetric Yang-Mills is a conformal gauge theory in four dimensions
(one in time and three in space) with the maximal amount of supersymmetry allowed
(four). Its action can be derived by dimensional reduction of the N' = 1 SYM action

in ten dimensions

A= —zi d*x Tr [1 Fu " + ! D,¢'D'¢" — Lot ¢le", /)
SYMm 4 2 4

1. i
5 X' Dux =5 X0l xl |, (B
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where the field strength F,, and the covariant derivative D, are defined from the

gauge boson A, (x) as
F‘u]/ — aVAV - avA],{ - iI:AI’L’ Av] y DMZ — ayZ - iI:A?’L’ Z] ’ (3.1.2)

with Z(x) any of the covariant fields. The other fields in (3.1.1) are six massless real
scalars ¢! (I = 1,...,6) and a 16-component ten-dimensional Majorana-Weyl spinor x,
while (T, ') are the Dirac matrices in 10 dimensions. In particular, x is equivalent
to eight four-dimensional Weyl spinors (fermions), four chiral ¢,” and four anti-chiral
P, witha, & =1,2anda =1,...,4 . In order to have SU(N) as the gauge group,
we choose all the fields in its adjoint representation. In (3.1.1) the gauge indices are
understood and taking the trace of covariant combinations guarantees the invariance
of the action under U(N).

The conformal symmetry is an extension of the Poincaré symmetry: not only is the
theory invariant under Lorentz transformations and space-time translations, but also
under special conformal transformations and dilatations. Being conformal implies
that the theory has no inherent mass scale and this remains true at the quantum level,
thanks to the supersymmetryz. From the Lagrangian, it can be seen that there is an
additional symmetry which accounts for the invariance under SO(6) rotation of the
scalars ¢': it is called R-symmetry.

Conformal symmetry (and thus Poincaré symmetry), supersymmetry and R-sym-
metry are all subgroups of the N' = 4 superconformal group PSU(2,2|4), which is
the full symmetry group of the theory. In particular, the bosonic part is SU(2,2) x
SU(4) ~ SO(2,4) x SO(6), where the first factor is the conformal group and the

second the R-symmetry.

3.1.2 N =4 SYM symmetries

Let us analyze in more detail the algebraic structure of N' = 4 super Yang-Mills.
There are the 15 generators of the conformal algebra SU(2,2): the four-vector P,
generate the space-time translations, the anti-symmetric tensor M, the SO(1,3) ~

SU(2) x SU(2) Lorentz transformations, the four-vector K, the special conformal

1See below for the conventions for the indices.
2For N = 4 super Yang-Mills the f function is zero at every order in perturbation theory, see [67].
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transformations and the scalar D the dilatations. Their commutation relations are

as follows

[M;u/r PA] = _i(ﬂw\Pv - 77/\va) [M;u/r KA] = _i(ﬂw\KV - 77/\va)
[Py, KV] = Zi(MW — WVVD) . (3.1.3)

There are also 16 generators of supersymmetry transformations Q, , and Q4, called
supercharges. They are fermionic, i.e. &, & = 1,2 are the spinor indices of the Lorentz
algebra, one for each SU(2), while a superscript (subscript) a labels the fundamen-
tal (anti-fundamental) representation of the R-symmetry algebra su(4) ~ so(6). The

anti-commutation relations are

{Qua Q) = 228 "Py, {Qua, Qup} =0 {Q%, QL) =0. (3.1.4)

The supersymmetry transformations commute with the translations, [P, Qxa] = 0,

[Py, Q%] = 0, and we have

[M", Qua] = io}gefTQqa,  [MM, Qf] = inlfyef 708, (3.15)
where (ijg = UDE’;‘TE};&B-

In order to complete the superconformal algebra we need
D,Qul = 20w, D0 =204, 3.16)

which means that Q, , and Qg have dimension one half; and
K, Qua] = 018, [KM, Q1] = olie*Pss, (3.1.7)

where 5§ and S jq are new supercharges, bringing the total supersymmetry generators
to 32. Thus we see that combining supersymmetry and (special) conformal transfor-

mations introduces the superconformal charges S? and Sy, of dimension —1/2 with
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anticommutators similar to Q,, and Qﬁ

S5, San] = Ofaéabe [S7,82] =0 [Sia, Sip] =0
Ky, 3] =0 [Ky Saa) =0

i . i.
[D/ SZ] = Esg [D/ Sa’cu] = Esaa . (318)
Finally we have
. b 1
{Qua/Sp} = —ieapea Rip+ 0500" Myw — S€apda” D
{QF Sput = +igapo!! "y Riy + 0750"y Myy — S2430"sD, (3.1.9)

where Rjj are the R-symmetry generators, which commute with all the others, while
{Qua, S p pt =0 = {Qs, Sz} We will be interested in the so-called 't Hooft limit, i.e.
gym — 0, N — oo, while A = g2, N is kept fixed. This limit greatly simplifies the
perturbative computation since only planar Feynman diagrams survive the limit, the
others being suppressed by powers of 1/N.

Equivalently, we can write the representations of the (complexified) Lorentz group
in terms of those of the tensor product SU(2)¢c x SU(2)c, as we have seen in Sec-
tion 2.1.3. Thus e.g. the generators of the translations and conformal transformations
are Py, = Pyol, and K* = Kj,(c#)" respectively, and their commutator is

[K*, Pgy] = 0§L%5 + 65L%; + 6503D. (3.1.10)

3.1.3 Primary operators and scaling dimensions

In conformal theories there is a special class of operators called chiral primaries that
have protected dimensions. To understand the meaning of this statement, let us first
consider the action of the dilatation generator D on a local operator O(x), O(x) —
A=PO(x)AID,

[D,O(x)] =i <—A +x aax> O(x), (3.1.11)
where A is called the dimension of O(x). In other terms, O(x) transforms as O(x) —

A% O(Ax) under the rescaling x — Ax. The action of D on the operator [K,,, O], with
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O(x) a generic (composite) local operator, is

D, [K,, O]] = [[D, K], O] + [K,, [D, O] (3.1.12)
= i[K,, O] —iA[K,, O], (3.1.13)

where in the first line we used the Jacobi identity. This means that [K,, O] has di-
mension A — 1. Similarly, for the supercharges S% and S;, we have that [S?, O] has
dimension A — 1/2. Thus K,,, S, and S, have the property of lowering the dimen-
sion when they act on O. The same is true for half of the L* Br when a < B, half of the
L* Py when & < B, and half of the R;;, when I < ], and they are all called lowering
operators. Vice versa, the other generators raise the dimension of an operator O and

oy and RU

are thus called raising operators: Py, Q% Q% and the other half of L* Py I P

(i.e. whena > B, & > B, and I > ] respectively).

Since local operators in (unitary) QFT must have positive dimension®, there ex-
ists a local operator O(x) such that [W, O] = 0 for any lowering operator W. Then
O(x) is called primary and its commutators with the raising operators of the algebra
are called its descendants. An example of a primary operator in SYM is the Konishi
operator O(x) = Tr[p!(x)¢p!(x)].

A primary operator O(x) and its descendants constitute an irreducible represen-
tation of PSU(2,2/4), of which O(x) is the highest weight. Moreover, the primary
operators, and thus the corresponding representations, can be characterized by six
charges: [A,jL, jr,11,72,73], which are respectively the conformal dimension, left and

right spin, and three charges labelling its SU (4)-representation.

3.1.4 Correlation functions

There is a special subset of primary operators, called BPS (after Bogomol'nyi, Prasad
and Sommerfield) operators, which also commute with some of the raising operators
Q% and Q*“. From the commutators (3.1.9) we see that this entails a relation between
spin, R-charge and scaling dimension which implies that the latter does not receive

quantum corrections, since spin and R-charge are protected quantities.

3More precisely: they must have non-negative dimension and the identity is the only operator of
zero dimension.
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The fact that BPS operators have protected scaling dimensions A is of particular
importance because knowing the dimension of conformal operators allows to com-
pletely determine their two-point functions. Moreover, conformal symmetry con-
strains the form of the correlation functions so that we can determine any of them
from two sets of quantities: the operators’ scaling dimensions A; and the so-called
structure constants Cjjx between any three operators {O;, O;, Ok}.

To be more specific, let us restrict ourselves for simplicity to the composite opera-

tors built from the six scalars ¢; as

OL(X) ="Tr [4)[14)[2 s (P[L] , l = {Il,. . .,IL}, (3114)

called single-trace operators of length L. It is clear that the (3.1.14) are primary op-
erators and have dimension A(®) = L. We note that if we allow composite operators
with any number of traces, the n-point functions between them will be suppressed
by powers of 1/N w.r.t. the ones between single-trace operators, so it make sense to
consider only the latter ones in the 't Hooft limit.

Conformal symmetry forces one-point functions to be constant and two-point
function to be of the form

_ M
(01(x) O (y)) = ——

1 I W ’ (3115)

where Mj; # 0 only when A; = Aj, and O is hermitian conjugate of O}, which for
real operators means simply that the order of the fields in the trace is reversed. The
dimensions of the operators involved determine also the three-point function, up to a
factor, C; JK/ called structure constant:

(01(x) O)(¥) O(2)) = e 6116

A ’x—y’AL“FAl*AKkV_Z‘AL+AK7AL|Z_x|AK+AL7Al

We also have that all the higher-point functions can be determined from the two- and

three-point ones thanks to the operator product expansion (OPE)

K
My Cry

O1(x) Oy(y) = T g + Zk: P y|A1+Al—A£P(x —y,0y)0k(y),  (3.1.17)
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where?* the sum runs over all primary operators and the differential operator F =
1+ o(x —y) is necessary to include their descendants.

In general, when quantizing a classical CFT, the classical dimension A(?) receives
radiative corrections, and, after renormalization®, we can write the two-point function

as (3.1.15) with the A; expanded in terms of the effective coupling g:

", VA (3.1.18)

Ap=Y ¢"A =-—.
- H;O 2

The quantity A — A% is called anomalous dimension, that is the quantum correction
to the classical dimension, and in the case of the BPS operators mentioned above it

vanishes, i.e. A = A,

3.1.5 Spin chains and N' =4 SYM

In Section 3.1.4 we saw why the conformal dimension of an operator is an especially
interesting quantity in any conformal theory. In NV = 4 SYM, an observation by Mina-
han and Zarembo [4] spurred a major breakthrough in the computation of anomalous
dimensions, namely the identification of the first order correction to A of a particu-

lar class of operators with the Hamiltonian of the Heisenberg spin chain.

6

Let us consider only BMN operators with scalar insertions®, i.e. linear combina-

tions of Tr[¢y, - - - ¢y, ]. In this case, it can be shown from a one-loop Feynman diagram
computation that the first order correction to the classical dimension A1) can be writ-

ten as
A L
Y (K1 +2—Pyia) (3.1.19)

A — &
lom? =

where K;;; stands for K!'/*! = §;

i lméfl ji+1, and similarly Pj;,q is the shorthand of

le jl+1 _

i

ji+1 g
i 5iz+1'

Kjj4+1 and P41 can be interpreted as operators acting on the sites [ and [ + 1 of
a spin chain (nearest-neighbour interaction) and are called trace operator and per-

mutation operator respectively: K|a) |b) = (a-b) and P |a) |b) = |b) |a). With this

4The indices of the structure constants are raised and lowered with the matrix M: C K =

K
5For a more detailed and pedagogical analysis we refer to the lecture notes [68].
61t should be noted that at one loop there is no mixing with the other operators.
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interpretation, A(!) becomes the Hamiltonian of an s0(6) spin chain [4]” and its eigen-
values can be found using the Bethe ansatz. This analysis has been generalized to the
full psu(2,2[4) in [69].

If we limit ourselves instead to only an su(2) sub-sector, i.e. considering only

Y = M and Z = M, (3.1.20)
V2 V2

we have that K = 0 and A(Y) is now the Hamiltonian for the XXX Heisenberg model
(3.2.4). Let us note that at higher loops there are interaction terms between the scalars
¢1 and other fields of the theory, which means that one can consider the SO(6) sec-
tor only at one loop. However, there are some special sub-sectors of PSU(2,2|4) for
which there is no operator mixing at any loop [69], and these are called closed sectors.
An example is the SU(2) sub-sector seen above, or the non-compact SL(2) sector built
from only one complex scalar Z and its covariant derivatives.Another closed sector
is the SU(2|3) one, containing two fermions and three bosons, which exhibits an im-
portant feature at two loops, namely that the length of the single trace operators is
not preserved [70]. For example, in the action there is a term which translates into
the scattering of two fermions into three bosons, which means that the corresponding
Hilbert space contains operators of different lengths.

Thus the first loop correction to the conformal dimension of BMN operators can
be found solving a spin chain with nearest-neighbour interactions, and the spin rep-
resentation in each site depends on the chosen sector. Higher-loop corrections have
been studied in [71] and subsequent papers®. It has been found that the spin chains
contributing to higher loops have long range interactions, with the range increasing
by one for any additional loop order. Moreover, operators with different lengths mix
together if they have the same classical dimension, e.g. three scalar fields with two
fermions. Nevertheless, these spin chains are still considered integrable, and have

been proven so in many explicit cases, starting from [70].

7See also [29] for a detailed analysis.
8Gee the review [6] for further references.
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FIGURE 3.1: The XXX /; spin chain [72]

3.2 The Bethe ansatz for the XXX, spin chain

3.2.1 The Heisenberg XXX spin chain

Motivated by the previous analysis, we now discuss the spin chain and the solutions
to its spectral problem. The XXX Heisenberg model, represented in Fig. 3.1, is a
one-dimensional lattice in which every site carries a (finite) representation of SU(2)
labelled by its highest weight s. The associated symmetry algebra su(2) is generated
by the S (i = 1,2, 3) satisfying

[si, SJ} — jeliksk, 3.2.1)

with €//¥ completely antisymmetric and €'?® = 1. In the first non-trivial case s = 1/2,
where each spin can be either up (1) or down (), we can write Si, = ¢/, /2, with ¢

denoting the three Pauli matrices for the site n acting on the vector space V,, = CZ

al(o 1), 02(0 i), 03(1 0), (3.2.2)
1 0 i 0 0 -1

with commutators

] = 20" 0, (3:23)

where the Kronecker delta 4,,, means that operators at different sites commute.

The Hamiltonian of the XXXj /, spin chain with L sites is

H=Y (1 - a,ia;H) , (3.2.4)

n=1
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with the identification ¢’ ; = ¢}, defining periodic boundary conditions. Since inter-
actions occur only between two adjacent sites, models of this type are called nearest-
neighbour spin chains. More precisely, the interaction in the Hamiltonian (3.2.4)
amounts to the exchange of two nearby spins, that is we can rewrite it in terms of

the operators identity I and permutation IP as

L
H=3Y" (i1 —Punia), (3.2.5)
n=1

where the operators act on any two spins a,b respectively as I(a ® b) = a ® b and
Pla®b) =b®a.

If we define the total spin along the direction i as

. L 1 L
S=Y6 = > Yy, (3.2.6)
1 n=1

n—=

it is easy to see that the Hamiltonian commutes with any of them:
[H, st} -0  i=1,23; (3.2.7)

i.e. the three S' are the generators of a global su(2) symmetry algebra. Let us note
that this is a consequence of the fact that for each site the three terms in (3.2.4) have
the same coefficient regardless of the direction 7, hence the term “XXX”, while this is
not the case in a more general model’.

The commutator (3.2.7) implies that we can choose one special spin direction, con-

ventionally $%, and find spin-chain configurations (states) |¥) that satisfy both
H|¥) =Ey¢|¥) and S°[¥)=sy|¥), (3.2.8)

i.e. |¥) is an eigenstate of the Hamiltonian and the selected spin operator, as we will
see in the next section. Moreover, we can rearrange the other two S into the so-called

spin-lowering and raising operators respectively:

St =5'4is? and S~ =S'—is?, (3.2.9)

9We can define a general (anisotropic) nearest-neighbour spin chain introducing coefficients k' as
H=K-y,Y; K'S,S;, . 1; when k! = k? # K this is called a XXZ spin chain, if they are all different it is
denoted XYZ, and we recover our XXX model when k! = k? = k3.
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which satisfy
[st,57] =28° [$°,5%] = £5* [H,5*] =0. (3.2.10)

The name “lowering/raising operator” comes from the fact that we can generate
other eigenstates with the same energy but a different spin by acting one or more

times with ST or S~. Explicitly, for [¥+) = S* |[¥) we have from (3.2.10)
H[Y:) =STH|¥)+0=FEy|¥s) S ¥i) =STSP[P) £ ST |¥) = (sy £1) )

3.2.2 The coordinate Bethe ansatz

We will now discuss how to solve the spectral problem
H|Y) =Ey|¥Y), (3.2.11)

i.e. how to find the eigenstates |¥) of the Hamiltonian H, and their correspond-
ing eigenvalues Ey. The standard procedure to obtain them, i.e. diagonalizing the
Hamiltonian, becomes cumbersome for large L and does not help in the analysis of
the interesting limit L — oco. Bethe was able to find a more efficient method in 1931

0, as we will see

[5], by making an “educated guess” (ansatz) for the eigenfunctions!
in the following!!.

Let us first define the ground state (or vacuum) of the spin chain |0), that is the
eigenstate of the Hamiltonian with lowest energy (e.g. H|0) = 0), as the state in

which all spins are up'?:
STI0)=0 <+— 0)=|11---1). (3.2.12)

Then the excitations, called magnons, are obtained by acting with the lowering oper-
ator S~ on the vacuum |0). To simplify the notation, it is convenient to label the ex-

citations as |n) = |1 --- 10T - - - T) where the spin at the n-th site is flipped, |n, m) =

10Eigenfunctions and eigenstates are often used interchangeably, but while the latter is an abstract
object, the former depends on the chosen basis, say coordinates or momenta.

Hgee also the reviews [73] and lectures [74, 7, 75].

121t would be clearly equivalent to consider as the ground state the opposite state with all spins down
[+ -+ - 1), switching the role of ST and S~ in the following expressions.
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[T--- 14t L - T) where the spins at the n-th and m-th sites are flipped, and so
on.

We will briefly review Bethe’s original idea, now referred to as the coordinate
Bethe ansatz. We begin with the observation that the Hamiltonian does not change
the length L of the state nor the number M of excitations, it only changes the positions
of the spins. This fact constrains the eigenstates to be a linear combination of the states

with M magnons

¥m) = Y. Y(ny, ... ,nym)ny,...,nu) (3.2.13)

1<nm<---<npy<L

where the functions ¢(#n, ..., np) are the quantity we need to determine.

In the case of only one magnon we can write the eigenstate as
L .
¥1) = ) e |n) (3.2.14)
n=1
and the periodic boundary condition S, ; = S, on the Hamiltonian implies
ert =1. (3.2.15)

We can then interpret ¥ as a one-particle state with momentum p, quantized accord-

ing to (3.2.15), and energy

1 1
—9_ e 21
Ey1=2—2cos(p) 211/ (3.2.16)
where in the last expression we introduced the rapidity u, defined as
1 p ip_ uti/2
u 2cot<2> — e i/ (3.2.17)
Similarly, we can start from a generic two-particle state
¥2) = ). ¢(ng,m)|ny,n) (3.2.18)

1<ni<ny<L
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and make the following ansatz for the wave-function
Y, mp) = eV 4 S(py, py)e M, (3.2.19)

with the phase S(p1, p2) of the form

1214 el(pitp2) ur(pr) —ua(p2) +i
S(P1p2) = — o ) (1) —ta(p2) = (3.2.20)

One can verify that (3.2.18) with the ansatz (3.2.19) is an eigenstate with its eigenvalue
equal to the sum of the energies of the two particles and S(p1, p2) can be interpreted
as a scattering matrix (S-matrix) describing the interaction between the two particles
with momenta p; and p;. Imposing the periodic boundary conditions, we see that the

momenta are now quantized according to

In general we can write the (11, ..., 1)) as a sum over permutations {7}

M
p(n,...,nm) =Y A(T)exp (Z ipT(k)nk> , (3.2.22)

{1} k=1
where A(t) = sign(7)[ | (1 — 2e'Pr 1 ei(pk+pf)) , (3.2.23)
i<k

with the conditions
M

et =TT S(pj pi)- (3.2.24)
k=1, k#j

These are n independent equations for n variables pj,..., py, and are called Bethe
equations. The spectral problem then reduces to solving the Bethe equations, which
is easier than diagonalizing the Hamiltonian and also suitable to be applied to large
systems (large L).

The Bethe equations are often written in terms of the rapidities u;

. ; M _
(”f i Z‘/Z) H A (3.2.25)
k=
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and their solutions are called Bethe roots, with momenta and energies given by

_ u+i/2 1M 1
P=—ilo : , Egpy==-9y —— . 3.2.26
g(u—zm) M a1/ (5:226)

3.2.3 The algebraic Bethe ansatz

The original work by Bethe [5] provides a key example of what is now called quantum
integrability, as we will see in the following, though it is not apparent in the formalism
of the coordinate Bethe ansatz. Therefore, we will review a different approach to
solving integrable systems, such as the Heisenberg spin chain (3.2.4), called quantum
inverse scattering or algebraic Bethe ansatz (ABA), following [7].
We begin by introducing a new object called the Lax operator, which acts on V,, ®
V, where V,, = C? is the space on which our representation of S, (i.e. the Pauli
matrices) acts and V = C? is a new auxiliary (non-physical) space. The Lax operator
Ly, (u) is a linear operator that can be written as a 2 x 2 matrix on V, with the matrix
elements acting on V,,, in the following way
L) = [ Fisi S , (3.2.27)
iSF u—iSs
and u is a complex variable called the spectral parameter. We can also rewrite the Lax
operator in terms of the permutation operator IP and identity I used in (3.2.5), with

an obvious generalization to the auxiliary space since it is again C2, and obtain

Lya(u) = (u - ;) Lo+ iPya, (3.2.28)

where the index a corresponds to the auxiliary space V, and n to Vj,. Similarly, we
introduce another auxiliary space V' = C? and an operator R,, on V ® V’, called the
R-matrix, defined as

Rop(u) =ullyp +ilPyp. (3.2.29)

One can then prove the following RLL relation

Ra,b(u - U)Ln,u(u)Ln,b(U> = Ln,b(”)Ln,a (U)Ra,b(u - Z)) 7 (3‘2-30)
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where the products on both sides are defined on V,, @ V @ V'13,

It is also useful to define the “monodromy matrix”
Tra(u) = Lpa(u) -+ Lyg(u) (3.2.31)
for which the RLL relation (3.2.30) implies
Rop(u—0)Tra(u)Typ(v) = Trp(u)Tre(v)Ryp(u —0). (3.2.32)

The trace of the monodromy matrix over the auxiliary space is called the transfer
matrix T(u) = Tr,(Tr,) and one can prove that transfer matrices commutes for any
value of the spectral parameter [T (u), T(v)] = 0. Moreover T(i/2) is proportional to

the Hamiltonian (plus a constant term):

H=2L-2i ddulog T(u) , (3.2.33)

u=

Nl

which means [T(u), H)] = 0, that is the transfer matrix commute with the Hamil-
tonian for any u. Moreover, the monodromy matrix is a polynomial of order L,
Tr.(u) = YL, V,u" with Vi = 1, so T(u) is a polynomial of order L with a con-
stant coefficient, which means that [T'(u), T(v)] = 0 implies the existence of L — 1
commuting operators V;;, which include the Hamiltonian. We can then choose one
particular spin, e.g. S3, to obtain a family of L commuting operators, and in this sense
one can prove the (quantum) integrability of the Heisenberg spin chain.

To conclude we will mention how to obtain the spectrum of the theory in this
quantum inverse scattering method: the idea is to diagonalize the transfer matrix
T(u), instead of the Hamiltonian. To be more specific, if we write the monodromy

matrix as

Tra(u) = , (3.2.34)

with matrix elements being operators on the Hilbert space of the XXX/, spin chain

VI® @V, = C>?® - ®C? then the transfer matrix is T(u) = A(u) + D(u).

13The operators can be extended to act on the full V;, ® V ® V' if we simply assume that they act as
the identity on the third space, e.g. Ly,q ® I;.
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Considering again the vacuum |0) = |11 - - - 1), it follows from the definitions that

.\ L L
Aw )= (ut3) 0, D)= (s-3) 0,  Ccwlo=0,
(3.2.35)
and from equation (3.2.32) that [B(u), B(v)] = 0, [C(u), C(v)] = 0. Moreover, we will

define the states ¥ as
[¥m) = B(u1)B(uz) - - - B(um) |0) . (3.2.36)

Then it can be shown [76] that the ¥ ), are eigenstates of the transfer matrix

T(u) [¥ar) = ) [¥10) (3:2.37)
with eigenvalues
. L M . . L M .
1 U—up—1 1 U—Ug+1
t _ i - _ | I . 2.
(u) (u + 2> k|:|1 —. + <u 2> S r—. (3.2.38)

if and only if the parameters {u;} (Bethe roots) satisfy the Bethe equations (3.2.25)

. L .
(”f+”/2> S R (3.2:39)

uj—i/2 KA W k=1

Then B(u) and C(u) can be considered the creation and annihilation operators respec-

tively, with energy and momentum of the state [¥) given by (3.2.26)

. u+i/2 14 1
P=—ilo ), Eym=:) 5. 3.2.40
g(u—z/Z) M 2;u§+1/4 (3.240)
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Chapter 4

Form Factors

4.1 Definitions

The form factors are matrix elements of local operators between scattering states. We
will introduce them in a generic two-dimensional theory and then specialize to the
world-sheet string theory described in Section 2.1.3. The form factor axioms are a set
of consistency conditions which if solved would complete the bootstrap program for
the form factors in any integrable theory. The form factor axioms for this model have
been written in [12], however, finding a general solution for them remains an open
problem. In the following we will present instead some perturbative results, and, in

particular, we will write the complete three-particle form factor up to one loop.

4.1.1 Generalized form factors

Let us consider a 1+1-dimensional theory with coordinates x = (7, ) and particles’
two-momenta denoted by p; = (€j, p;), where j = 1,...,n if there are n particles. In
order to fully label a particle, we also need a flavour index i, which e.g. in the case of
the light-cone string of Sec. 2.1.3 will run over the transverse (bosonic and fermionic)

world-sheet fields. Thus we will denote a generic scattering state with n particles

P Pr)in i

.....

Given a local operator O(x), which can be any combination of the fields of the

theory and their derivatives located at the world-sheet point x = (7, ), we define its
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generalized form factor! as

T4 <p;n, o IPH Ox)|p, . "p”>z‘1,...,in — o (Pt tPn—P1——Pu) X

X Ff,."?’,’{,;“’iﬁ(;ﬂ%, copilpyope) . (A1)
In a relativistic theory, or in any theory in which crossing can be defined such as the
world-sheet string, the definition (4.1.1) is clearly equivalent to one where only matrix
elements between a particle state and the vacuum |Q)) are considered. Thus we can
also write

(QLOX) 1, -+ s Pu)iy, i = e {PrttP)XEO (b)), (4.1.2)

11,...,1

or in momentum space?

(QIO@ p1 - pa)y, iy = @026P(q=p1— ... —p)EO(pi),  (41.4)

wherei = {i1,...,i,} and p; = {p1,..., pn}. Moreover, we specify the ordering of the
momenta for the scattering states, following the conventions of [12, 13]. Assuming

(in) . .
iyeeesin as 1nc0m1ng

p1 > p2 > -+ > py, we define the “in”-scattering states |p1, ..., pu)

(out) ,, as outgoing

states |p1,...,pu);, ;. and the “out”-scattering states [p1,..., pn); . ;

states |py, ..., P1>in,...,z‘1'

The discussion above motivates the following definition. The form factors of an
operator O(x) are the auxiliary functions f(p;) equal to the matrix elements of the
operator at the origin, O = O(0), between the vacuum (as the “out”-state) and a
scattering state with the “in”-ordering of momenta

i) = QIO |pr, . p)™ (4.1.5)

L il/---rin

This definition can be extended to any other ordering by analytical continuation.

'We will follow the conventions of [12,13]. The term generalized is used to differentiate between this
generic form and the more convenient formulation that follows, where the out-state is the vacuum and
the momenta are ordered.

2The two expressions are of course related by a Fourier transformation, i.e.

O(q) = /dzx X0 (x) . (4.1.3)
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4.1.2 Diagonal form factors

In the study of form factors, it is particularly interesting to consider a different config-
uration in which the particles in the in-state and out-state are identical (in both flavour
and momenta). This property characterizes the so-called diagonal form factors, which
are related to the structure constants of the three-point functions of conformal opera-
tors (3.1.16), as we will see below.

We will begin with the following matrix elements of a local operator O(x), with
p1r>p2> - > Pn

(out) (P1,--, pnl O(X) |p1, - ,pn>l(lm) . (4.1.6)

11,ee0ln n

For simplicity of notation, we will restrict ourselves to the n = 1 case, i.e. the one-

particle diagonal form factor. We have
F5(p) = (plO(x) [p) = (pl ™ O0)e T e™ |p) = (p| O(0) [p) ,  (417)

that is FS depends only on the external state, not on the position of the insertion,
and this is clearly also true for any other diagonal form factor. One can ask how to
extend the definition of the (4.1.5), assuming that we can define crossing. If we cross

the outgoing particle and write e.g.

{(p[O0) [p) = (Q[O0) [P, p) ,

where 7 is the momentum of the ingoing anti-particle obtained by crossing the out-
going particle with momentum p, we are omitting a possible divergence coming from
the disconnected term proportional to (p|p)> One way of regularizing this expression
is shifting the outgoing momenta to p’ = p + ¢, then taking the limit p’ — p. This

means that we can define the one-particle diagonal form factor, similarly to (4.1.5), as

f5 (p) = lim (O] O(0) [p + ¢, p) - (418)

In the case of more than one particle the result can depend on the way in which

the limit is performed, as it was noted in [20]. To clarify this statement we will now

3When the fields representing the “in” and “out”-states are Wick-contracted among themselves.
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discuss briefly the two-particle case. Let p; and p; be the momenta of the two particles
and assume p; > py, so that the “in”- and “out”-scattering states are |p1, p2>(in) =
|p1, p2) and |p1, p2>(°ut) = |p2, p1) respectively. We will shift the momenta of the
particles in the “out” state to p} and p}, cross both particles, and take the limit p! — p;,

or equivalently €; = p} — p; — 0, as before. Thus we obtain the analogue of (4.1.8)

f5(p1, p2) = lim lim (Q O(0) [p, + €2, By + €1, p1, p2) (4.1.9)

e;—0e1—0

though here there is more than one way of taking the double limit. In order to be
consistent we need to make a choice on how to regularize the diagonal form factors.
In the literature, both the symmetric and the connected regularizations are commonly
used. In the symmetric regularization scheme, all the €; are taken equal, so that (4.1.9)

becomes simply

f5s(p1, p2) = lim (O] O(0) [p, +¢€ 7, +e p1,p2) - (4.1.10)

In the connected scheme, one takes instead the finite part of the rh.s. of (4.1.9), i.e
the terms which do not depend on €;.

Equivalently, we can also write the diagonal form factors in terms of the rapidi-
ties, as in [77, 16] for the spin-chain, see Sec. 3.2.2. In general the rapidities are the
uniformizing parameters of the dispersion relation of the theory. In a massive rela-
tivistic theory, the relation between momenta and rapidities is simply p = msinhu
and the crossing symmetry relates outgoing particles with rapidity u to incoming
anti-particles with rapidity # = u 4 i7t respectively. As before, we shift the rapidities
in the “out”-state by a small amount u; — u; + €;, and we need to take the limite; — 0

of
0|0uy +€1,..., 0y +€n,uq, ... u)". (4.1.11)

In general we can write

f@(ﬂl +€1,...,ﬁn+€n,u1,...,un) H Z Zall iy ul, o, u )611...6'1'”

i=1 61 il

+ terms vanishing ase; — 0, (4.1.12)
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where a;, _; is a completely symmetric tensor. Then, in the symmetric regularization
scheme, we define the diagonal form factor by taking all the €;’s to be the same, €; = €
foreachi =1,...,n, and then setting e — 0. Alternatively, if we choose the connected

scheme, we write the diagonal form factors as the finite part of (4.1.12)

fSelur, ... un) =nlagp . (4.1.13)

Let us note that the diagonal form factors calculated in the two regularization schemes

are not independent, and the relation between them has been discussed in [77].

Finite volume

Diagonal form factors are related to the structure constants of a special class of three-
point functions, called “Heavy-Heavy-Light" (HHL) [14, 15], where the “heavy” (i.e.
long) operators correspond to classical string solutions and the “light” one to a vertex
operator on the string world-sheet. It was proposed in [14] that the dependence of
structure constants on the length, L, of the heavy operators is given by finite volume
diagonal form factors in integrable theories, which was confirmed at one-loop in [16].

To introduce the idea, we will consider one-particle diagonal form factors in a
generic 1+1-dimensional theory on a finite volume L, e.g. —L/2 < ¢ < L/2 in our
notation?. In a finite volume there are no singularities in the definition of diagonal
form factors, though the result will of course depend on the choice of the normaliza-
tion. The momenta are quantized according to the Bethe equations (3.2.24)

The states can be labelled by the quantization number, |p1, p2, ...); = |m1, n2, ...),
and a convenient normalization is <ni‘n]-> = 4;j. In order to compare these with the

infinite volume states, let us consider (again in the one particle case)

Yl = [ i), (ol = [ 52 1p) o @114

4We assume L large enough so that we can ignore exponential corrections coming from the vacuum
polarization.
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which means |p), = 1p |p) with p; = L. Thus we have that the finite volume
1

one-particle diagonal form factor is

0, =1 (p|00)p), = pl (P O(0) |p) = pllf,?, (4.1.15)

i.e the volume dependence comes from the normalization factor only, as observed in

[77] for the general case.

4.1.3 Form factor axioms

A set of axioms for the form factors has been proposed in [10], extending to off-shell
quantities the analysis which allowed to formulate the S-matrix bootstrap. These ax-
ioms are (phenomenological) consistency properties derived from the symmetries of
the theory which in principle can be used to write down the exact form factors for
any integrable theory, starting from the knowledge of the S-matrix. Babujian, Fring,
Karowski and Zapletal [78] have been able to write the axioms for the form factor
bootstrap using only the validity of the LSZ formalism (Lehmann, Symanzik, Zim-
mermann) [79] and the hypothesis of “maximal analyticity”. In other words, the as-
sumption is that all singularities must be of physical origin, i.e. form factors (and
the S-matrix) are analytic functions everywhere except at the points corresponding to
physical intermediate states, hence the term “maximal analyticity”. We refer to [11]
for a review of the relativistic case, while in the following we will focus only on the
axioms for the world-sheet-model form factors presented in [12].

We will write the axioms for the world-sheet form factors in terms of the rapidities

z defined in (2.1.62) (see Sec. 2.1.5)

p=2amz, sing =sn(z,k), E=dn(zk). (4.1.16)

We assume the form factors f-o

by (z1,...,2n) to be meromorphic functions of the

torus parameters z, of each external particle, with @« = 1,...,n. The proposed form

factor axioms are

o Permutation: the form factors are symmetric under permutation of any two con-

secutive variables z;, z;,; together with the permutation of their corresponding
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spaces which is performed through the action of the two-particles S-matrix

fopoinCovzinnzn ) = fiig, (- --,Zzlzl+1,-~-)3;fz-l;l;1(zz,zl+1); (4.1.17)

FIGURE 4.1: Graphical representation of the permutation axiom.

e Periodicity: the form factors transform as follows under cyclic permutations

fivipin(Z1 +W2,22, .., 2Z0) = fiy, ivi (22, 20,21 — W2), (4.1.18)

where 2w, = 4iK(1 — k) — 4K (k) with K(k) the elliptic integral of the first kind,
see Sec. 2.1.5;

T =

FIGURE 4.2: Graphical representation of the periodicity axiom.

o Omne-particle poles: the form factors have poles in each subchannel corresponding
to one-particle intermediate states going on-shell, e.g. when p1» = p(z1) +p(22)

vanishes®

pReSO fir,in(21,22,23, . 20) = 2iCyp fir | (23, 2Zn)
12—

X [(5?/2 g gl (zn,22) ... Shis (z3, 22)} , (4.1.19)

5] n Jn—3Mn 213

5The bar over p in p is used to indicate that it is the momentum of the anti-particle.
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where C; ;, is the charge conjugation matrix;

i1ip

- - -

FIGURE 4.3: Graphical representation of the axiom regarding one-
particle poles.

e Bound state poles: the form factors have poles originating from the bound states
present in the world-sheet theory, and the residues of these poles are given by
form factors with such bound states as external particles. To clarify this state-
ment, let us consider for simplicity a rank one subsector of the full theory and
a two-particle bound state in this subsector. We assume there is a pole in the
(scalar) S-matrix at values z} and zj such that u(z}) — u(z}) = 2i/g, where u
is the rapidity parameter defined in (2.1.60), and we denote the residue of the
S-matrix at this pole as

Res Si2(z1,22) = R(pz) - (4.1.20)

212
Then the statement is that the corresponding form factor also has a pole at the

values zj and zj and the residue is

Res f(z1,22,23,...,2n) = \/2iR(12)f(212),23,- - -, Zn) , (4.1.21)

Y
Zl’ZZ

where z 1) is the rapidity parameter for the bound state®.

Res

FIGURE 4.4: Graphical representation of the axiom regarding bound-
state poles.

6We refer to [80] for a detailed discussion of bound states in this context.
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4.2 Perturbative calculations

In order to compute perturbatively form factors of a local operator O(x) we recall the

LSZ formula [79] for a generic theory S[®]

n n 2 42
Pp1,...,pn) = <\}§> lim ]‘[<pi ,ml) GO(q,p1,...,vn), (4.2.1)

2 .2
pi—m; =1 L

where

(2)? &2 (q + ; Pz‘) G (4,p1r---spn) =
[T dwdye Emse 0 0] T(0(y)@(x) - ()] 0), (422)
i=1

with T denoting the time-ordered product and the delta function fixing g to be equal
to — Y pi. We can then obtain the form factors perturbatively, order by order, by
adapting (4.2.1) to the case at hand and drawing the corresponding Feynman dia-
grams to simplify the calculations. The Feynman diagrams for the form factors are
similar to the S-matrix ones, except for the fact that the external momenta may not
be on-shell. We also need to consider the contractions with the operator O, which
translates in the Feynman formalism to taking into account all the possible locations

for the operator insertion, as we will see in the explicit computations below.

4.2.1 Perturbative world-sheet form factors

It is a slightly non-trivial question how to unambiguously define the perturbative
world-sheet form factors. They will certainly depend on the gauge fixing choice,
specifically on the gauge parameter 4, a feature which is similarly seen in the compu-
tation of the world-sheet S-matrix. In the case of the S-matrix the gauge parameter can
be seen to explicitly cancel in the Bethe equations and thus it drops out of the compu-
tation of physical string energies. For form factors, being partially off-shell quantities,
there is the additional freedom to make field redefinitions which will modify the local

operator. For example, if we consider a field redefinition of the form

M () = B (o) + %P@BB(U))@AA(U) 423)
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where F is an arbitrary quadratic function of the fields, the definition of the asymp-
totic states and the S-matrix will remain unchanged. However, the transformation
(4.2.3) will change the form of higher-order terms in the action and in general any

off-shell quantities.

World-sheet propagators

We will now compute the world-sheet propagators which we will need in the fol-
lowing. As the simplest example of off-shell observables we consider the two-point
functions of world-sheet fields in momentum space’. At leading order we find for the

transverse AdS and sphere bosons®

<Z“‘5‘(P)Zﬁ’3(—P)>=%1€“ﬁe""ﬁ, (Y (p)Y? (—p)) = et (425)

P’ - p>—1

while for the fermions we can define

oy (p) = (;a:;(p))) , O(p) = (ia:;(p))) (4.2.6)
p p

and then write

i : iebett [ p  —1+e
(©7(P)OF (—P)) = 5 : (4:27)
p 1+e p
‘ ; e eith —1+e€
” b 1€ p
(O3 (P)OY (~P)) = 5 . (4.28)
p 1+e p

N

FIGURE 4.5: Feynman diagram for the one-loop propagator correction.

7 We define the Fourier transform with the conventions

q>AA(q) _ /dza. eiq'ﬂ'qDAA(o,) . (424)

8There is an additional factor of the coupling, 277/1/A, that we are omitting in these expressions.
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These propagators also provide a concrete example of the use of actions differing
by field redefinitions. We can consider the one-loop wavefunction renormalization
of fundamental fields computed from the action (2.1.47), and compare it with the
result found from the action (in the same gauge 2 = 1/2) used to compute the one-
loop S-matrix and two-loop dispersion relation in [81]. Calculating the simple one-
loop correction to the propagator, shown schematically in Fig. 4.5, we find that the
correction to the bosonic propagator get contributions from both scalars and fermions

running in the loop. From the scalars we find a contribution proportional to

2 2
/ (§l7rk)2k2kil (4.2.9)
where k; is the spatial component of the loop momentum. In principle this diver-
gent integral would lead to the renormalization of the wavefunction, however for
the action (2.1.47) there is an extra factor from fermions running in the loop such
that the total one-loop contribution is zero. This differs from the result of [81], where
they found a non-vanishing UV divergent tadpole integral contributing to the bosonic
propagators. Note that the correction to the fermionic propagators can be computed
in a similar way, however it vanishes for both actions. Thus we see that our choice of
the action (2.1.46) and (2.1.47) simplifies the computations at the price of limiting our-
selves to quartic terms, since the sextic ones are not currently explicitly known’. For
this reason the computation of the one-loop S-matrix for the action (2.1.46) would be
a challenging task. We now turn instead to the computation of tree-level world-sheet

form factors.

One-particle form factors

We will begin with defining the form factor coefficients fg‘é‘i (p1) of the one-particle

form factors as the matrix elements

(04 (q)|@ps(p1)) = (21)26P (g — p1) f1 (1), (4.2.10)

9The issue here is that to find this more convenient Lagrangian we need to perform a change of
variables in the Hamiltonian formalism, thus the relation between the two Lagrangians is not straight-
forward.
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where 044 indicates one of the fields of the theory depending on the choice of the
indices A,A = 1,...,4 as mentioned at the end of Section 2.1.3. We can straightfor-

wardly compute

. 1 . 1
58 = 9505 5 55 = 5% 5
o044 [u . 546% (u
w _ BB (p1) , k= BB (p1) ) (4.2.11)
ver \o(p) Ve \o(p)

where u(p1) and v(p;) are the fermionic wavefunctions, appearing in the asymptotic

expressions of the fermionic fields presented in Appendix C.

Three-particle ff: bosonic operators

Similarly to the one-particle case, we define for convenience the coefficients f, é“é“c ¢ DD

through

(Q)OA(q)| @y (p1) e (p2)Ppp (p3)) =

(271)25(2)(11—2:‘3:1 Pz’) AA .(p1 p2 P3)
VBerees phyy =1 TPHCEDD

(4.2.12)

where p;jx = pi + pj + P
We will start from the case in which the operator corresponds to one of the trans-
verse directions of the sphere. When the external on-shell particles also correspond

to excitations on the sphere the form factor can be easily calculated. It has the form
; Y sa 50 Y sa 5 Y sa s
vhecdd(P1 P2 P3) = ApGp0i€ciesy + Ay 0i5i€vaey + Az bgdencey;
with

A] = 2(pt+pip2+ pips — p2ps)
Ay = 2(p3+pap1+paps — pips)
AY = 2(p5+ pap2+pips — papi) - (4.2.13)
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If we allow AdS excitations in the external state, we have

fgg’aa’ﬁl;(pl/ P2, PS) B (Sb(s elxﬁe ﬁ

with BY = —2(p1 + p2)(p1 + p3) - (4.2.14)

We can also have that two of the external particles are fermionic, while any other

configuration of the external particles not mentioned is not allowed by the symme-

tries of the theory. For example we can have the external states corresponding to the

fields Yy, ¥cq and ¥ 5. In this case we have three possible su(2) structures 5Z€gp, 07 €4

and Jj€,, appearing in bb ci.dé

however only two are independent. To remove the

ambiguity we choose the coefficient of §j€;, to be vanishing, and we find

ffgwy 45(P1,P2,P3)
fbb e, M(pl/ P2, VS)
f55 reas(PL P2, P3)

(CY 6epa + Cy Sjenc)Sle
(C38te sy, + CidGesy) 0505

C3 30t epess (4.2.15)

with the following coefficients, written in terms of the rapidities z; for convenience,

— 27, -3 —2 2

C{ = cosh az= (sinh szzg’ + sinh 212& ~2sinh 1T ZZ i 23)
— —2 -3 2 2

CY = cosh 5 (sinh W + sinh % — 2sinh 2L + 22 + ZS)
- 2z, — 3 -2 2

Ci = cosh S (sinh szzg + sinh leﬁ +2sinh 2L + ZZ + ZS)
- -2 -3 2 2

CY = cosh S (sinh At Gk W +2sinh Zl+222+23>

Y Zy — 23
Cs = 4coshzpcoshz;cosh (4.2.16)

When the operator corresponds to one of the transverse directions of the AdS

space, i.e. 7% we have essentially the same results as in the Y% case. For external

on-shell particles corresponding to excitations of the AdS space, we have

fﬁﬁyyéé(Pl’ p2, P3) B

= Alzégéd-‘ewse,w; —+ A§5$5§6ﬁ5655 + A%(Sg&gelg,ﬁ:‘ﬁ',\-’

(4.2.17)
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with A? = —AY, AZ = —AJ, and A = —AJ. Allowing sphere excitations in the

external state, the only non-zero result is

f BB.aa, wi(P1 P2, p3) = Bz5g5g€ab€a5 (4.2.18)

with BZ = —BY. Finally including fermions in the external states gives

fﬁ7c5d<p1’p2’p3) = <C1Z5f‘,€/35+C225§‘eﬁ7)§g Ny
fﬁch‘dS(P1/P2/P3) = (C325§€5B+C45 675)55%1

fbb 7, 5P P2p3) = C525§5f§€cb€w (4.2.19)
with ClZ = —C}/, C2Z = —C%(, and Cf = —C%/.

Three-particle ff: fermionic operators

We will now consider the three-particle form factors in the case in which the operator

is a fermion. For ¥4/ \@ we have the following structure

fovecas(P1 P2 p3) = (Di”éz”}ecd + D§Y5?€bd) 55 €

fﬁB i s(p1p2ps) = (DYZ‘SE yo Dy ‘576135) S1€py

foton i1 P2 ps) = D3o0iensen (4.2.20)
fbﬁ ci,a6(PL P2, P3) = E{ 605€paes, + E§F5§5g€hc€w + E3 G403 epcey,

The coefficients for asymptotic states involving two Y bosons are

1
DIY = 2 (2/2(p = 3+ 413 + p1(6ps + €1 — €2) + p2(2ps + €1 — €2)) (1 + 40 — o)
e P2 (p} — p3 +4p3 + p1(6ps — €1+ €2) + pa(2pz — €1+ €2)) (=1 + 4o + qf))
1
Dy =3 ( #2(pl = p3 — 4p3 — p1(2p3 — €1+ €2) + pa(6p3 — €1+ €2)) (1 + 4o — )
— e 2} — P — 4ph — pr(2ps + €1 — €2) — pa(6ps + €1 — €2)) (—1+ 4o + )
where g, and g are respectively the space and time components of the off-shell mo-

mentum which is related to the on-shell momenta via momentum conservation. Sim-

ilarly to the case with bosonic operators, the coefficients for states with two Z bosons
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are related to those with two Y bosons as Df4 = —D}Y, D¥? = —D¥Y. DY can be

found considering the case of mixed external bosons
D3 = 4op3(e®? (1440 — qc) + e 2 (=14 o +47)) - (4.2.21)
For asymptotic states involving three fermions we have

1
Ef = gelatainl2 (90 (€75 = ) (pr+ p2)? + (115 = &) (p1 + pa)?
+(e25 — 1) (py + p3)?]
F (=14 qc) [ +62) (p1 + p2)* + (772 + €2) (p1 + p3)?

+ (€27 + ) (pa + Ps)zﬂ (4.2.22)

and Ef = Ef = —E{. Finally, we need to consider the cases in which the operator is

Y /1/2. We have

Frbeesd(P1o P2 P3) = (DYY‘Sd cd+DgY‘S?€Bc’) 95 €ne
Fobiod(PLP2P3) = <D¥Z5§€w + Dﬁ{zfsieﬁ(s) Sies;
fbb YT d&(pll p2/ PS) = D3 5b 5767(5€bd (4223)
Foneras(Propaps) = E{850lepsesq + E3 8507€pses + E3 05 00epyey,
with DYY = D‘YY DYY D;YY, DYZ D;FZ, D%(Z = D;FZ, Dg = —D‘3F for the external
states with one fermion and two bosons and Ef = —EY = —EY = E{ for three

external fermions.

4.2.2 The form factors in the near-flat limit

We will now turn to the so-called near-flat limit of the AdSs x S° string sigma-model,
or Maldacena—Swanson limit [82], where it is feasible to compute the form factors
at one loop, following [12]. It corresponds to focusing on the sector of world-sheet
excitations with light-cone momenta p+ = (E + p)/2, which scale as p+ ~ g¥1/2.
The near-flat string can be derived from the AdSs x S° string through an expansion

in the radius R >> 1 and a boost of the world-sheet coordinates with parameter A1/4
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[82]. In this limit we have

p-=e %, and py=¢€(1-— e " (4.2.24)
7 48 4

which corresponds to the correct limit of the exact dispersion relation, see [82, 83].
This model has the same number of degrees of freedom of the plane-wave string
discussed until now and presents simplified interactions since the couplings for the
right-movers are suppressed 94+ ~ A~'/4, while for left-movers 9_ ~ A!/4. The re-

sulting near-flat-space Lagrangian can be written as [84, 83]

lavp Ly Lozp gy 10
E—z(aY) 2Y +2(BZ) 7"+ lIJ 3 P

+y (Y =22 [0-Y)? + (0-2)%] +iy (Y2 = Z2)pd_¢
+i g (0-YiTy +9-ZiTy) + [YyTy — Z;Tj] ¢

— L 9T Ty — 9Ty yTiy] (42.25)

where v = 7/ V/A. The bosonic fields Y, Z are the same transverse excitations of
Section 2.1.3, while the SO(8) Majorana-Weyl spinor i describes the eight fermionic
degrees of freedom.

Because the interaction terms contain d_ derivatives but are free from d, deriva-
tives, it is convenient to quantize the model with the light-cone coordinate o+ consid-

ered as time. Thus the mode expansions of the fields are

/dp— 1 i/(p_)e—ipx+a}(p_)e+ip-xi| , (4226)
2p_
dp— 1 inx o
/ o= \/z;T_ p_)e X af(p_)etiP ] , (4.2.27)
P(x) = dzpﬂ \1/ [b(p )e X 4 b*(p,)e“l""} ) (4.2.28)

from which we have the tree-level wave-functions'® Zy = Z; = 1/(2p_) and Zy =

1/2. The free bosonic and fermionic propagators are respectively

i ip_
-1 and P21’ (4.2.29)

10There are no corrections at one-loop, but there are at higher-loop orders, see [83].
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(A) Tree level (B) One loop

FIGURE 4.6: Feynman diagrams for the near-flat-space three-particle
form factors.

and the free dispersion relation is

This also implies that the form factor axioms of Sec. 4.1.3 apply with all p’s replaced
by p_’s. Thus p; can be considered the energy of the particle and p_ its momentum,
which in the following we will relabel # for convenience.

Starting from the field Y = (Y; +iY2)/ V2, we have at tree level (see Fig. 4.6a)

—V2y ’7%3
V273 Py — 1

F%(yy (ﬁl/ 2, 773) = (4.2.31)

and at one loop (see fig. 4.6b)

V8i?
V2173 (P20 —

Foyy (T 12, 13) = 1 (155 (133B(1123) + 135B(112) + 1155B(1113))

+4 (15 — 15 — 2m13) mn2B(12)
+4 (3 — 15 — 2m2) ;ysB(ma) ], (4.2.32)

where we use again the bar to distinguish the anti-particles. If we consider the field

on AdS Z = (Z; +iZ>)/\/2, we have
Z  _pY
FZ,, =L, (4.2.33)

and an analogous calculation gives (tree-level)

V2 21112 — 13123
VIiRis  ply —1

F%zy (ﬁl/ 2, 773) = (4.2.34)
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and (one-loop)

V8in?
V213 (Pas —
(13123 — 27172) (133B(123) + 1133B(m13) + 75,B(n12)) | - (4.2.35)

F%zy(ﬁl’ n2,13) = 1) [—4111721713123 B (112)

The bubble integral B(p) is defined in general as

d’k 1
Bp) = / 2r2e —11id[(p—K2—1+id’ (4.2.36)
and can be explicitly calculated in this case to give
_ L omip 12 12 < mom >
B(ni,1m) = — 2\ Mo 2 (4.2.37)
Unoe) = 57 =z Aml Am+m) m =2 \Inl - |l

We can also consider a composite operator such as O»(x) = Y(x)Y(x)/2, where T

indicates the time-ordered product. The simplest case is

1 _i
7217%2 B(m2) , (4.2.38)

O, _
Fyy(PLPz)—zmﬂLW

where B(#1,12) is the bubble integral defined above. The first term is the tree level
contribution and the second the one-loop correction. The computation for the four-

particle form factor is more involved and we mention only the tree level result

g i iy | T F o | (4.2.39)
VITRss [ piys —1 Pios — 1

F%W (P1,P2,p3) =

4.2.3 Perturbative symmetries

While we can calculate the world-sheet form factors directly for any given operator
they are of course not all independent but in fact are related by the psu(2]2)? x R®
world-sheet symmetries.

For example let us focus on a single copy of psu(2|2) by fixing the dotted index of

our world-sheet fields and consider the computation of matrix elements of the adjoint
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action of the world-sheet supercharge Q4” on fundamental world-sheet fields

Q| adQAB(cbc) |®p,®p, ...) =

(1) AAB) () @CeienPQ 4B |, Dp, ...) . (4.2.40)

We can thus compute the adjoint action of the charges on fields by using their ac-
tion on asymptotic states. In order to compare with the perturbative results we must

expand the exact expression in large ¢ = v/A /27 and we find in particular
a=d=u(p), b=c=—v(p) (4.2.41)

which satisfy the relation ad — bc = 1 such that ad +bc = eand ab = cd = —p/2.
Moreover we expand the exponentials ¢'f by rescaling the world-sheet momenta p —
p/g. For the one-particle form factors these relations are essentially trivial and follow

from the free theory. Hence we find for example

C. v C
(Qfadgo (Y1) Yy (p)) = S e

(Ofadgys (Y?) [Yi(p1)) = ) e
(O adg (Y1) Yy (pr)) = “02P) g

i u v
(Q adgys (Y") [Yyi(p1)) = - ulp)op) e (4.2.42)
which can been seen to be consistent with the actions

adg o (Y) =—="eu, Y, adQ;rﬁ(Yd):— — YA

V2 V2
adeb(Y*Vi):\;E(SZ v, adgrs (Y1) = — \;Eeaceﬁwfi (4.2.43)

which follow from computing the (anti)commutators of the quadratic charges (B.6)
using the commutation relations for the free fields (C.2), (C.3) and simply ignoring
the non-local e*X /2 terms!!. Of course the charges will also contain quartic local
terms which will generate cubic corrections to the adjoint action on the fundamental

fields. These are not apparent for the one-particle form factors but will only occur

HThe relevant expressions are presented in App. B and App. C.
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for the three-particle case. As currently these quartic terms are not known we can
not compare the two calculations, though we can check that our results are compat-
ible with the known symmetries by examining the singularity structure of our form

factors. For example, if we consider the action
adgrs(Y") = —Tﬁ(sg(wl + 0P 4 ..) (4.2.44)

where OF! is some operator cubic in the world-sheet fields and their derivatives.
Hence a three-particle form factor such as (2| ad s (<l ’Ydi (P1)Yi(p2)Y5( p3)> will

have two contributions. However only the term

8 Q1Y Y ()Y (p2)Yop)) (4.245)
will have a propagator pole when we analytically continue p3 to the out state by
crossing and then take p3 — p; as the term arising from OFl is a contact term for three
external particles. We can compare the residue of this pole with the corresponding
terms arising from using the formula (4.2.40). To be explicit, for example choosing
a=c=e=1,d=2and B =y = 4, one can show that

_\1/ <y3i(p3)‘ Y4 (q) ’Yzi(Pl)Yli(P2)>

p3—=p
o(p1) <Y21(P3)‘Y11 ‘Y21 p1)Ysi(p >_U p3) < ‘Yll ‘Y31 p1 Y11(P2)>
-2 %) (o] )

where the last term originates from the additional disconnected piece one picks up
when using crossing on the p3 particle and then expanding to leading order the fac-
tors of exp(ilP/2). It is important to include the Jacobian factor of €1p, — €;p1 from
the different energy momentum delta-functions in the connected and disconnected
pieces and when evaluating the action of the charges on the outgoing states, e.g.
<Y3’i (p3) ‘ QI*, we must use the crossed, outgoing, asymptotic particle representation.

Given that we can single out the contribution from the action of the quadratic
symmetry generators on the fields, rather than using the symmetries to determine the

different form factors we can think of the three particle form factors as determining
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the unknown cubic terms in the world-sheet symmetry generators,

. ‘ 1 .
OPt = ad s (Y™) + ——YPL, 4.2.46
QZﬁ( ) \@ ( )

It would of course be interesting to compare this result with explicit expressions cal-

culated directly from the world-sheet action.
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Chapter 5

The Landau-Lifshitz model

The Landau-Lifshitz model was first proposed to describe time evolution of mag-
netism in solids [21], and it was later found to be integrable [22]. Its interest in the
context of AdS/CFT stems from the fact that it can be obtained as a thermodynamic
limit of the Heisenberg XXXj /, spin chain and also emerges as a double limit of the
AdS5xS° string, as we will see in detail in the following, discussing its natural exten-
sion to higher orders. We will also compute perturbatively diagonal form factors in
this model and make contact with the known spin-chain results [16]. Finally, we will

briefly discuss the Form Factor Perturbation Theory (FFPT) in this context.

5.1 The Landau-Lifshitz model and the AdS/CFT correspon-

dence

5.1.1 The LL action

The Landau-Lifshitz (LL) model is a non-relativistic c-model on the sphere S2:

A= /dr/ozndaﬁ — /dr/oznda {cf(ﬁ) - é @) , (5.1.1)

with 7 = 1 and the Wess—Zumino term C. (i) defined as

1 . .
Ce() = _;/0 dzsijknlazn@mk, (5.1.2)
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where 1’ (i = 1,2,3) are the components of #i. Equivalently we can express the Wess—

Zumino term locally for n3 # —1 as
nza»ﬂn — n18Tn2

Celii) = =5 5 (5.1.3)

with the condition n3 = /1 — n? — n3. The corresponding equations of motion are

the Landau-Lifshitz equations
1 2
Ot = 5 Eijic 0 Mk - (5.1.4)

5.1.2 Spin chains and the LL model

In the thermodynamic limit, the low-energy oscillations around the ferromagnetic
vacuum of the XXX; /, spin chain are described by an effective action which is pre-
cisely the Landau-Lifshitz action (5.1.1), as we will show in this section following [23]
and [24].

In order to describe the low energy limit of the spin chain, it is useful to intro-
duce coherent states, i.e. the eigenvectors of the annihilation operator of a quantum
harmonic oscillator. Let us consider a spin s representation of su(2), with its three
generators S = (S', 52, %) as discussed in Section 3.2.1. Let [¥) = |s, s) be the highest-

weight state of the representation: it satisfies
SY)=s[¥), S*|¥)=s(s+1)[¥). (5.1.5)
We can then define the coherent state [¥,,) from the unit vector 7 as
¥,) = P BS gy (5.1.6)

where 7 is a unit vector along the quantization axis and 6 is the co-latitude 7ig - 1 =

cos 0. This definition is motivated by the fact that the [¥,) in (5.1.6) have the charac-

(v

Let us also note that if 7 and 7’ differ only by a rotation around 7y then two coherent

teristic property

si)‘ifﬂ> —snl. (5.1.7)

states built from them, |'¥,) and |¥,,), will differ by a phase. Thus, for any choice
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of the quantization axis, the observable states will be in a one-to-one correspondence
with the elements of the coset SU(2)/U(1) ~ S2. In particular, we are interested
in the fundamental representation s = 1/2, with the generators given by the Pauli
matrices S' = ¢/ /2, and we will choose the third axis as the rotation axis (iiy = 2). The
idea is that we can rewrite the phase space path integral for the XXX; ,, Hamiltonian'

in this (overcomplete) basis of coherent states and obtain
L —
A - /dt Z |:C(ﬁ[) N atﬁ] - 3272(ﬁ1+1 - ﬁ])z (518)
=1 T

where dC = 7i - dii x dii, i.e. C is a monopole potential on S? and the corresponding
expression is called a Wess—Zumino term. We refer to [23] for a detailed derivation.
We now want to take the low-energy limit of the spin-chain action written as in
(5.1.8). Since at large L and for low energy excitations 7; varies slowly from site to
site, we can introduce the field #(7, ) such that# (7,27l /L) = (1), forl =1, ..., L.

The result is a rescaled Landau-Lifshitz action (5.1.1)

L L A
A== /dr/da l; {cf(ﬁ) ~ S Qe+ . (5.1.9)

where the dots represent the higher derivatives, suppressed by 1/L, and the Wess-
Zumino term has been defined above in (5.1.2) or (5.1.3). The rescaling also introduces
the coupling constant A = A/L?, that is the t'Hooft coupling A does not appear by it-
self in (5.1.9) as noted in [3]?. With A held fixed, the factor of L appearing in front
of the action plays the role of 7 and so the tree-level results correspond to L — oo.
Quantizing the theory and including loop effects corresponds to including finite L
corrections; however, as we have also dropped higher derivative terms in our expan-
sion, it is not possible to recover the complete finite-L result of the spin-chain via this
method.

This analysis was extended to larger sectors of the gauge theory [27, 28, 29, 30]

IThe path integral for a generic Hamiltonian A is defined as

Z:/[du]eiA[u], with A[U] :/dt(<u|i%|u>—<u|7-[|u>> .

2Usually the rescaled t'Hooft coupling is written as A = A/J?, where ] is the R-charge of the operator
of which one is computing the anomalous dimension, though for large | ~ L and a small number of
insertions (impurities) the difference is negligible.
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and a psu(2,2|4) LL model arising from the thermodynamic limit of the complete

one-loop N' = 4 SYM dilatation generator was constructed in [31].

5.1.3 The LL model as a limit of the light-cone string action

In this section we will see that there is also a limit of the light-cone AdS string (intro-
duced in Section 2.1.3) that reproduces the Landau-Lifshitz action (5.1.1). This is the
so-called “fast-string" limit of a bosonic string moving on R x S® [24, 25, 26], as we
will explain in the following.

We will start from the bosonic part of the near-plane-wave string action in light-

cone coordinates expanded to quartic order in the fields (2.1.46)

27
A= \/X/dr do L (5.1.10)
27 0
with
L= 1 (3;X)* — lxe_lp (9:2)* — Ly (3;Y)* + E (Y2 - Z%) (X2 + X2) +
2 2 4 ' 4 ! 4
_ — — 2
_ % ()P + "2 gx.ax)7 - 2 82” (@x))", (5.1.11)

where the 8 bosons are denoted collectively X = (Z,Y), Z" are the 4 AdS bosons
and Y" are the 4 bosons on the sphere (1 =0, ...,3). Note that the world-sheet is the
usual cylinder with coordinates T and ¢ (0 < ¢ < 27), with indices i,j = 0, 1, that is
we are not starting here from the action in the decompactification limit P, — oo of
Section 2.1.3, which we will use in Section 5.2.1 to quantize the LL model. In order
to obtain the Landau-Lifshitz action (5.1.1), we need to consider string solutions with
e.g. Z! = 0and Y2 = Y3 = 0, thatis on R x S?, and also choose the light-cone gauge
a = 1. Thus from the action (5.1.10) we can write

A= \2/3 /dr /OM do {avav VYV 4 2VVVV — % ((0v2@v) - v27*) }
where we collected Y? and Y? in a single complex boson V and the bar denotes com-
plex conjugation
YO 4iy! Y0 —iY!

V=" (5.1.12)

M, NG
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In order to select fast moving strings, we will introduce v as V = ve ™" and rescale

the world-sheet variables introducing a parameter x
T — KT, o — Ko (5.1.13)

Then we expand the Lagrangian for x — co keeping only the leading terms® to obtain

\/ 27t/ /K
/\K/d / do [ (%0 — vo*) — |3]* + 2|v)?|d|

1
— 5 @il (00— v0") + 026 +0%6*2) ] . (5.1.14)

A=

Finally, we can perform the following change of variables [12]

v = \/T)IT < 35@ \2> (5.1.15)

and expand for large v/Ax to find

1 2/ Vx 27ti
_ 1 dr/ da[i “p— ") — |9 + 2L |99 ¢ — ¢*
2/ ; (979 —99") —lgF" + Z=lol (979 = ¢¢7)

271 2

-

- m(fp*qﬁ + ¢¢")

(5.1.16)

In order to make contact with the LL action, we will rewrite (5.1.1), or equivalently
(5.1.8), to match (5.1.16). Remembering that the three n'in (5.1.1) are not independent,
since 7> = 1, we can then introduce a complex field ¢ = (n' + in?)/2, while n®> =

V1= (n1)2 — (n2)2 = /1 — 4]¢[?, and rewrite the action (5.1.8) as

27T
47r/d/ do

We notice that A appears paired with spatial derivatives so that, if we rescale the

* 2 2%\ 2
("0 = 99") | 316p+ A EEFPP)T (5117

1+ /1—4[p] 1—4lpl

spatial coordinate as ¢ — oV/A, the A coefficients will drop out. Finally we redefine

3That is the terms proportional to k!, as there are no terms proportional to x°
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@ — @+/L/2m to expand the rescaled (5.1.17) in large L and obtain

271 ‘. o
P lol (99 — 997

A=2/df/0”d0[l(¢¢—w)—q)

2T, .
— (99 +9) (5.1.18)

thus proving that (5.1.16) is a rescaled LL action. Moreover, we find that for x = AL
the action (5.1.16) derived from the light-cone string action coincides with the action
(5.1.8) obtained as the thermodynamic limit of the XXXj/, spin chain. This is true
because we are considering only the leading order of the interactions, while higher-

order corrections are different for the two actions, as we will see in Section 5.2.2.

5.1.4 The SU(3) LL model

We mentioned in the last section that we can take the “fast-string" limit of bosonic
strings on R x S3, and to reproduce (5.1.1) we limited ourselves to one complex boson
V = (Y0 +iY")/\/2. In this section we will see that, if we do not assume Y? = Y3 = 0,
we can obtain the limit of a more general LL model on S°.

Let us first write the SU(3) LL action in terms of a vector U as [28]
ST 1 2
L=—ilo. U — E\Dglli] (5.1.19)
where U; (i = 1, 2,3) are the three components of U and D, is defined as
Daui = aaui — z’Cgll,- with Cg = —i UZ-*BOLL- . (5.1.20)

If Uz = 0, the Lagrangian (5.1.19) reduces to the standard one (5.1.1) with the change

of variables

t t
n;=U"oU, U= . (5.1.21)
U,

Alternatively, one can define the matrix N,, = 3 U, U}, — ,5, with the following prop-
erties

TTN=0, N' =N, N>=N+2, (5.1.22)



5.1. The Landau-Lifshitz model and the AdS/CFT correspondence 91

and rewrite the Lagrangian (5.1.19) in a compact form:
i [l 1
- L / dz Tt (N [0:N, 9:N]) — — Tr (9, N9y N) . (5.1.23)
18 Jo 36

Now we can follow the same steps as in Section 5.1.3:

e We begin with the quartic near-plane-wave string action (5.1.10) in the gauge

a = 1with Z¥ = 0 and Y* rearranged into the two complex variables

YO 4 iY! W iy

Y

e We introduce v and was V = ve T, W = we 7, rescale the world-sheet vari-
ables

T — KT, o — VKo,

and expand the action around 1/« as in (5.1.14), keeping only the leading terms

to select fast moving strings;

o We write the following relations extending to SU(3) the reasoning of [12]

o=\ 1+ 3f(\<o|2 ).
we [ (145 7 (e 19P))

e Finally we expand the action, written in terms of ¢ and ¢, for large v Ax and

obtain

-

_ll)z

Ay o [T o160 0+ iy v -

2711

2 .k ¥ ik
+F(‘q” +[9P) (99" — 9¢" + pp* — pyp*)

27-[ PSR TR 2% % 2 2% * fiafy % *
= g O 9T 2667 00" + 2097 py)

2 ) ) /
_\/%(W*J”/J‘/’*)z_\/% (pg" +99*)?| . (5.1.24)
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To compare the SU(3) LL action (5.1.23) with (5.1.24), we parametrize N as

N =

8
nSXS/ X = {EllFll Hl/ EZ/ PZ/ HZ/ ElZ/ PlZ} (5125)

s=1
where [E;, F,] = H, for a = 1,2 (Chevalley-Serre basis) and Ej; = [Ey, Ep|, Fio =
[F1, F;]. The constraints (5.1.22) for N imply that not all the n,’s are independent. In
particular, the tracelessness is already satisfied by the choice (5.1.25), and the her-
miticity property becomes n, = nj, ns = ny, n3 = nj3, ng = ng, ng = —ny. Finally

using N2 = N+2, and choosing as independent variables n; = ¢ and n5 = ¥, we

obtain
—py* + 99" (1+VA) 99" —py* (1£V4)
ny = 7 neg — 7
’ 99" + U ° 99" + Py
1++VA
—opt— V2 A1 (o ) 5.1.26
nz = ey P (o™ +yy™) ( )

Let us mention also that the relation with the U;’s, except for an overall arbitrary

phase, is

= 1= (g9 +v97), =T, =1 (5.1.27)

Now we can write the matrix N in terms of ¢ and ¢, rescale the spatial coordinate

o — oV A, redefine the fields

L L
A AVE =T Rl AVE (5.1.28)

and finally expand the action for large L. Thus the SU(3) LL action (5.1.19) becomes

2= [9P?

A:E/dr/ofdg[l(?(l’ — 9¢" g — pyT) — |¢

271 . .
9P+ 19P) (99" — 9g" + hu — gy

2 . . . .
(9" +96) + (09" +§9°)* + (69" By" + 06" yip")

+2 (99" 90" + 99 pyp*))] - (5.1.29)

which agrees with (5.1.24) for L = v/Ax, i.e. « = A~! as in the SU(2) case.



5.2. The generalized LL model 93

5.2 The generalized LL model

5.2.1 Perturbative Quantization

We will now turn to the description and quantization of the natural extension to
higher orders of the standard LL action (5.1.1). In order to perform a perturbative
expansion, following [37] and [38, 39], we will use the more convenient form of the
action of Section 5.1.3. We will introduce the necessary ingredients to use the Feyn-
man formalism to compute the two-dimensional S-matrix and form factors, which we
will study in Section 5.3.

First we take the decompactification limit L — oo while keeping A fixed, since the
quantities we are interested in are defined on the two-dimensional plane rather than
on the cylinder. Then we rescale the spatial coordinate so that it has period L and also

the time coordinate to simplify our expressions:

Lo AT
X=on 8772 (5-2.1)

Secondly, as was done in the Hamiltonian perturbation expansion [34], and used in
computing the LL S-matrix [37, 38, 39], it is convenient to solve the constraint 7 -7 = 1

by introducing a complex field ¢ given by

nt +in? , 1
=—, =-(1-n 522
which is valid away from the point n® = —1. An advantage of this particular trans-

formation is that it generates an action with a canonical kinetic term:

. .
A= /dt/o dx [;((P*atqv— Po19*) — |9x9)* — V(o)

2
where V((p):42 9|

FINENS
o7 1PLIOxPL (5.2.3)

* 24ce. .
[(¢*0x9)* +c.c.] + 21— [9]?)

The only dependence of the action on L is now in the range of integration and we
can take the decompactification limit. As the potential is clearly quite non-linear in
@, we will consider quantizing this theory near the ¢ = 0, i.e. n*> = 1, vacuum by
expanding the action in small ¢. In the gauge theory this vacuum is given by the BPS

state Tr(ZL) while in the string theory this corresponds to expanding about the BMN
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vacuum [3].
Due to the non-relativistic form of the quadratic action the field ¢(¢,x) can be

expanded in negative energy modes only*
dp —iwpt+ipx
p(t,x) = / 7, e (5.2.4)
where the particle energy w, = p* and the conjugate field is given by
P (t,x) = /gz a;ei“’ﬂt_ipx . (5.2.5)

The operators a, and a;g are annihilation and creation operators for particles of mo-

mentum p and satisfy the usual commutation relations
[ap,a;,] =216(p—7p'), (5.2.6)

and the ground state is annihilated by the field operator ¢(t,x)|0) = 0. An essential
feature of this model, emphasized in [37], is that due to the non-relativistic form of

the kinetic term, the propagator has a single pole in w in momentum space

i

D = 2.7
and correspondingly in position space it is purely retarded
D(t,x) = 0(t)y/ = ex ix? (5.2.8)
/X)) = Zexpl ) - 2.

This results in a number of important simplifications in the perturbative calculation,
in particular the direction of the arrow on the propagator is essential as any diagram
with a closed loop containing propagators whose arrows point in the same direc-
tion vanishes. This implies the non-renormalization of the vacuum energy and one-
particle propagator and the very helpful fact that the two-body S-matrix is given by a
sum of bubble diagrams; we will see that a similar simplification occurs also for form

factors.

4Our normalization of the creation and annihilation operators is the same as [37, 39] and differs from

[38] by /271
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5.2.2 The action of the generalized LL model

We will now consider higher-loop terms in the dilatation operator expansion in A:
they correspond to spin-chain Hamiltonians with interactions at longer range and
can be related to a generalized LL action with higher-derivative terms (with increas-
ingly higher power of A). On the string theory side, we can repeat the process of
Section 5.1.3 while keeping higher-order terms and thus compare the two general-
ized LL actions. It has been shown that they agree up to O(A?) [25], but not at higher
orders [33, 32, 34, 35].

The most general form of the LL action (5.1.9) up to order O(A?), including all the
derivative terms allowed by the symmetries, is [32]

L 2 A A2
A== / dt /O de[Col) — Sbo(@cT)? — 55 (b1 (322 + ba(2,71)*)

AB

8
— =5 (0a(33)% + ba(2,70) (9370)° -+ bs (3 - 93 )? + b (2,71)°) ] . (5.2.9)

Let us note that the kinetic term C.(#) does not receive any corrections. The action
(5.2.9) works as an ansatz for the two specific LL actions we are interested in, which
can be then determined by fixing the coefficients by, . .., bs. This can be done by com-
puting the energies of specific solutions in terms of the b’s and comparing them with
known gauge theory and string theory results. As mentioned before, we find the

same result up to O(A?)

bo=1, b =1, bZ:Z. (5.2.10)

At the next order, the value of b3 is fixed to be 1 by demanding BMN-like scaling for
the magnon energy and we have agreement with the known gauge theory anomalous

dimensions to O(A%) only if
7
bi=—7, b=-2, b=7. (5.2.11)

However, the values that match with the string results are

7 25 13
4 4’ 5 ) ’ 6 16/ (5212)
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that is bs and bs, which appear at O(A3), are different for the two LL models derived
from the gauge theory and string theory respectively. In general, it is interesting to
check for which values of the b;’s the theory is integrable, and one way to do this is
to verify that we have factorized scattering as we will see in Section 5.2.4. At order
¢? we find that there are no constraints on b; and by, while at order ¢* the vanishing
of the generic 3 — 3 S-matrix requires cancellation between terms involving different
b;’s, which can be seen to be satisfied in both the gauge case (5.2.11) and the string
case (5.2.12).

We can rewrite the action (5.2.9) in a more convenient way for future calculations
as explained in the previous section. We rescale the world-sheet coordinates as in
(5.2.1), introduce the complex scalar field ¢, define the parameter ¢ = \/A/4m and

expand in powers of the field to find

i * *
A= [ @ {2(9"00 — 9219") — bolosgl — g1 |02l — 2% ol

_unartic — Veextic + -~ } (5.2.13)

where the terms in the potential are to leading order

bo, . .
Vauaric = ' (¢72(0x9)* + ¢7(9x9")%) + O()

b
Veextic = —ZOW*(GD*MD +93:¢*)* + O(A) (5.2.14)

and we give the higher order terms in App. F. The form of the potential is not identical
to that of [38], yet the difference is due to total derivative terms and, as we will check
below, gives rise to the same S-matrix. As at leading order, the spin-chain length
now only appears in the range of integration and so we can again take the decom-
pactification limit. However, the rescaling of the time coordinate does not remove
the dependence on A (now g), which now appears explicitly even at quadratic order.
This results in a modification of the dispersion relation in addition to the new, higher

derivative, interaction terms.
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5.2.3 Feynman rules

While the quadratic higher-order-in-g terms result in a corrected dispersion relation
w(p) = bop® + g°brp* + 28" bsp® (5.2.15)

the corresponding propagator still only has a single pole in w

i

blw,p) = w — bop? — g2b1p* — grbzp® +i0

(5.2.16)

and so remains purely retarded. This ensures that we have the same non-renormalization
theorems and simplifications in the diagrammatic expansion as in the leading-order
LL model. For example the quantum S-matrix is still simply given by a sum over
bubble diagrams, [38], but now with more complicated vertices, as we will see in the
following.

The quartic vertex is

k1 p1
>< : 2ibg (kiky + p1p2) — 2ig° [4(3191 + 2by) p1 pakika (5.2.17)

ks P2

+b1 (KK + pips — 2(p1 + pa) (k1 + k2) (kika + p1p2)) }
—2ig"| (2by + bs) (ki + k2) (p1 + p2) — 2bs(kikz + p1p2) Yk kapapa

+b3 (3(kikop1p2(2(kF + 15 + p1 + p3) + 6(k1 + ko) (p1 + p2)
—12(kika + p1p2)) + (K33 + pip3) (p1 + p2) (k1 + k2)
—(kik2 + p1p2) (pT + p3) (k] +K5) — (k3 + K3) (p1 + p2) papa
~(p3 + P (e + ka)kik) — 26633 — 2pipd) |

where there is understood to be an overall momentum conservation delta-function
imposing p1 + p2 = ki + k». Finally we will also make use of the sextic vertex to

calculate the three-particle S-matrix and form factors:

k1 P1
ko }{7}72 : ibg [3(k1k2 + kiks + kaks) + 3(p1p2 + p1ps + p2ps)
ks b3

—2(ki+ka +ks)(pr+p2+ p3)| + O (52.18)
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where we have only written the leading term in O(g?). The subleading terms can be

extracted straightforwardly from the sextic potential (F.1).

5.2.4 The Landau-Lifshitz S-matrix

The calculation of the quantum S-matrix from the quartic vertex was carried out for
the leading-order LL model in [37] and was done for the generalized LL model in [38].
Here we briefly recap this calculation as it both provides a check on the form of our

action and is closely related to that of form factors. The two-body S-matrix is defined

by
(k1k2| S [p1p2) = (kikz| Texp <—i/d2x H1> [p1p2) (5.2.19)

where H] is the interaction Hamiltonian, the asymptotic states are given simply by
lp1p2) = ‘1;1"‘;2 10) , (kika| = (0] ay, ax, (5.2.20)

and in the perturbative expansion we only keep amputated, connected terms. Due to
spatial- and time-translational invariance of the action the S-matrix elements (5.2.19)
naturally come with overall energy p? = w(p;), momentum p! = p;, and delta-

functions

(27m)26 @) (P + p — K —K) = T 6+ (p1, pa. k), (5.2.21)

where the Jacobian factor is J = (dw(p1)/dp1 — dw(p2)/9p2) " and
51 (p1 pa ki ko) = (271)% (8(p1 — k1)8(p2 — k) + 8(p1 — ka)8(p2 — k1)) -
We can also define the T-matrix by S(p1, p2) = 1+ T(p1, p2), where
(kiko| S [p1p2) = S(p1, p2)0+(p1, p2 k1, ka) (5.2.22)

to include the Jacobian factor.

The action (5.2.13) has an implicit small parameter, from the expansion in powers
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S O

FIGURE 5.1: One-loop bubble diagram contribution to two-body S-
matrix.

of the fields, with which we can organize a diagrammatic expansion. For the two-

body S-matrix the leading term is the tree-level quartic contribution, which gives,
2ipipa 2ig” (5bi +4bo)pips | 2igpips
pr—p2 bo  pr—p b5(p1 — p2)

x 100 (pt + prp2 + p3) + 8baba(pi + papa + p3)

— by (bs(p1 — p2)? + 2bs(p1 + p2)* + 7b3(3p7 — 2p1p2 +3p3)) | -

TO) (py, p2) = (5.2.23)

Using the appropriate string values for the coefficients we obtain the LL limit of the
known string and spin-chain S-matrices to this order in g [38].

As was shown in [37], due to the nature of the LL propagator only bubble dia-
grams contribute to the S-matrix calculation, and these can be calculated by simple
contour integration. These observations remain true in the generalized model [38].
Considering higher orders in g results in higher powers of momenta in both the prop-
agators and numerators. However there are no additional powers of the energy, w,
and so the contour argument goes through. We use the full vertex (5.2.17) and prop-
agator (5.2.16) before expanding in g to evaluate the diagram in Fig. 5.1. The result-
ing loop integral is naively UV divergent with power-like divergences: these can be
treated by use of dimensional regularization, which for practical purposes amounts
to essentially ignoring them [37]. To order ¢*, and using values for b;’s that reproduce
the tree-level BDS S-matrix we find, as in [38],

U 2pip

gauge = —m(l +4¢%p1p2 — 48 p1p2(p1 — p2)?) (5.2.24)

which as we will see later agrees with the one-loop BDS result to O(g*). The corre-

sponding result with the string theory coefficients is quite similar but differs at O(g*),

) = 2P (1 a2 2ty — pa)?) (5.2.25)
string (pl _pz)z 8 P1P2 S P1p2\p1 — P2 . Lo
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FIGURE 5.2: Higher loop bubble diagrams for the two-body S-matrix.

> X

FIGURE 5.3: Contact and dog-diagram contribution to three-body S-
matrix.

As in the leading-order calculation this can be extended to two- and higher-loop by
evaluating higher loop bubble diagrams Fig. 5.2. Each bubble can be essentially eval-
uated independently and so the result is a geometric series which can be easily re-
summed.

As the theory is known to be integrable we of course expect the generalized LL
model to exhibit factorized scattering. This implies that the three-body S-matrix is
only non-vanishing when the out-going momenta are a permutation of the incoming
momenta. For the LL model and its generalization, as there are sextic terms in the po-
tential, such a factorization is not immediately apparent and results from a non-trivial
cancellation between diagrams. Factorization of scattering at one-loop for the stan-
dard LL-model was shown in [39] and was further studied in [40]. To check tree-level
factorization for the generalized LL-model to O(g*) we computed the 3 — 3 scatter-
ing by evaluating the diagrams Fig. 5.3 and then checked numerically that for generic
external momenta the scattering vanished to order g*. The result is that there are no
constraints on b1 and b, (order gz), while the vanishing of the generic 3 — 3 S-matrix
requires cancellation between terms involving different b;’s (order g*). For example
fixing by through by as above, we find the condition 1 — 2bs — 32bg = 0, which is
naturally satisfied in both the gauge case (5.2.11) and the string case (5.2.11). When
the set of outgoing momenta is a permutation of the incoming momenta specific in-
ternal propagators in diagrams of the form Fig. 5.3 will go on-shell and so there are

additional non-vanishing contributions from delta-functions arising from using the
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principle value prescription

1 _ 1
5 = —i0(z) +BV. [E] . (5.2.26)

We now turn to the analogous computations for form factors.

5.3 Diagonal form factors in the Landau-Lifshitz model

We will focus on the diagonal form factors introduced in Section 4.1.2, which we want
to compute in the case of the Landau-Lifshitz model. In other words, we will consider

the form factors of the operator O in terms of the momenta p;

ES(p1,...,pn) ="p1+er,...,pn+ en]@(a)q,q)\pl, ), (5.3.1)

where we used the Fourier transform of the operator

g~ -
O(t,x) = / (277;])2 O(wg, g)e' 1™t (5.3.2)

Then, as mentioned in Sec. 4.1.2, in order to obtain the diagonal form factors, we will
need to take the limit of (5.3.1) following the symmetric or connected prescription.

The conservation of overall energy and momentum implies
N N
wyg=Y w(pi+e€)—w(p) and g=) ¢. (5.3.3)
i=1 i=1

Thus we have that 4 — 0 and w; — 0 in the diagonal limit, since the terms with ¢;
will disappear regardless of the choice of the prescription.

Let us also note that we can not write (5.3.1) in terms of the usual form factors
(4.1.5) since we do not have a way of defining crossing in the LL model. We will drop

the subscript D in the following when there is no ambiguity.

53.1 |¢@|*>-Operator

We will begin with the operator

D1 = ||, (5.3.4)
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D1

]{}2 D2

FIGURE 5.4: Tree-level contribution to the two-particle form factor.

which corresponds to an operator with one impurity in the spin-chain language (see
Sec. 5.3.4). It is apparent that the vacuum expectation, or zero-particle form factor, is
vanishing F®1(@®) = 0, and the one-particle form factors are essentially trivial: they

receive no loop corrections, and with our normalizations are given by
FP1(p) =1 (5.3.5)

which corresponds to a definition of the external states without normalization factors
involving the particle energy. Both of these facts follow from the vanishing of loop
diagrams with arrows forming a closed loop and are correspondingly true in both the
LL model and the generalization to higher order in g.

For the two-particle form factors F “’"2( p1, p2), however, we have non-trivial re-
sults. Starting with the tree level, we must evaluate the diagram in Fig. 5.4 which at

O(g°) gives

—2bo [(k1 — q)k2 + p1p2]
Wy, — Wy — bo(ky — q)% +i0

(5.3.6)

which is clearly singular in the diagonal limit. However after summing over the

diagrams with the insertion on the other legs the limit becomes regular and one finds

2 2
tp
EO% (p1, ps R i Ny 5.3.7

s (p1p2) 0(g) s, (71— pa)? ( )
This result is the same regardless of whether it is calculated using the symmetric or
the connected prescription up to the overall normalizations. In the connected pre-
scription one finds k. = 1 while in the symmetric prescription it is ks = 2. Given the

corrected propagator (5.2.16) and vertex (5.2.17) for the generalized LL-model we can
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extend this to higher orders in g%

2 2 2 2
(0)®, _ pi+pra 22(4by + 5b1) p1p2(pi — p1p2 + p3)
FS 7 - 2KSC - +
< (pup2) L= 8 bo(p1 — p2)?

4 2pap2 4, 4
+g b%(pl — P2)2 [(—101?1 — 8b1by + b0(21b3 + 2by + b5))(p1 + PZ)

+(5b7 + 4b1by + by (—63b3 + 2bs — 5bs)) (pip2 + p1p3)
+(—20b2 — 16b1b, + 8bo(14bs + bs)) p%pg]] (5.3.8)

where the values of the coefficients for the different prescriptions ;. are as above.
Using the specific choices for the coefficients b; we find that in the connected pre-

scription

(0)@, 2(p1+p3) 8¢ pipa(p — pip2 + p3)
F, ) = - - 539
(P p2) (p1 — p2)? (p1—p2)? (5:39)

to order O(g?) for both the string theory and BDS gauge theory cases while

4dp1p2 o (p1 —2pip2 +4pips — 2p1p5 + 13),

(0)P, _
Fe ( o (p1 — p2)?
(2p1 — 7pip2 +12p3p5 — 7p1p5 + 2p3) .

p1,p2) o

where the first line is the string case and the second the gauge case, reflecting the

three-loop difference at the level of the form factor.

One-loop result In order to compute the one-loop results we must consider the di-
agrams shown in Fig. 5.5. The procedure for evaluating these diagrams is essentially
identical to that used in the case of the S-matrix, reviewed in the previous section. We
regularize any power-like divergences by dimensional regularization and evaluate
the integrals by using the residue theorem. In simplifying our formulas we explic-
itly assume that p; > p>. The same assumption will be made in all loop-calculations
that we perform for form factors. The choice of the prescription for taking the di-
agonal limit superficially appears to make a more significant difference at loop level
as there are different contributions from individual diagrams. Using the symmetric
prescription we find that diagrams with the form factor inserted on external legs and

internal legs contribute equally at order O(g°), while at O(g?) the sum of the two
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e b

FIGURE 5.5: One-loop diagrams for the two-particle form factor.

contributions cancels part of the denominator, giving

(1)@, 4k cip1pa(p + p3) | 8isc&Pip1p2(pi + p3)
Fs. , = — + . 5.3.10
P pog (p1 = p2)? (P1—p2) o310

In the connected prescription the diagrams with the insertion on the external legs
do not contribute at all but the diagrams with the insertion on the internal legs con-
tributes the same as in the symmetric case. Hence we find that the connected scheme

gives half of symmetric result just as at tree-level.

All-loop result To extend these results to all-loop we need only to consider chains
of bubble diagrams, as noted above. There are again essentially two classes of dia-
grams: those with the insertion on the external leg and those with the insertion on an
internal loop leg. For each bubble we can perform the loop integration by evaluating
the residues. For the symmetric prescription we find equal contributions from the
insertions on the external legs and from the 7 internal insertions with the final result

that at n-loops we have,

(), _ "2 pips (p + p3)
ET pupa)| ) =401+ 1) T (5.3.11)

Alternatively, for the connected prescription we find for the contribution with the

insertion on the external legs

nyhpht 2+ 2
2(n—1) f;fZ_(’;;)Mp;). (53.12)

Taking the connected diagonal limit for the diagrams with internal insertions is slightly

complicated but it can be numerically checked that it gives

in+2pnpn(p2 + pZ)
4n (pll_zmim 2 (5.3.13)
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FIGURE 5.6: Diagrams for the three-particle form factor.

so that

()1 _ " 2pips (pt + p3)
Ef (Plzpz)‘o(go) =2+ 1) I BT, (53.14)

which is again simply half the symmetric prescription. In both cases we can sum up

the contributions from each loop order to give the all-loop quantum form factor:

2k o (P2 + p? 1
F(pup2)| =— S’C(p_l 7?) , 5. (5.3.15)
O(s") (P1=p2)* [1—ipip2/ (p1— p2)]

Three-particle form factor It is straightforward, if somewhat cumbersome, to ex-
tend to higher numbers of particles in the external states. In this case we must include
the contributions from the graphs in Fig. 5.6. From a perturbative perspective this is
of interest as it includes contributions from the sextic vertex. Furthermore in this case
the dependence on the prescription for taking the diagonal limit is more pronounced.

It is convenient to define the functions of external momenta

Pij = Pi —Pj, Xijk = PiPj — PjPk + PkPi (5.3.16)

such that for the connected prescription the result can be written as

F(pup2 pa)| p1(p5+ p3) + p3(pi + p3) + p3(pl + p3)

(8 Phpipis [
—2p1p2p3(pixizs + Pax2s1 + P3X3,1,2)] ,
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while the symmetric prescription gives

E (p1,p2, P3)‘O(g0) =
24

P [(P%p% + papt + pap3) (P14 p3 + p3 — pip2 — pap1 — pzps)} :

Further Quadratic Operators It is possible to consider other quadratic-in-field op-
erators by adding derivatives. One such operator which will be relevant to our later

considerations is
D, = 9" ¢ — 9¢* (5.3.17)

for which we can calculate F22 (@) = 0, F22(p;) = 2ip; and

diKcs +
E2(pup)|, = — sP1p? (p1 £ p2) . (53.18)

(8% (p1—p2)*1— ipip2/ (p1 — p2)]

One feature of this calculation is that as the insertion operator involves derivatives
when it is inserted inside a loop, as in Fig. 5.5, it gives rise to additional numerator
factors. In this case care must be taken in the labelling of the loop momenta passing
through the insertion. In particular we must sum over contributions corresponding
to inserting the operator on the top line with loop momentum ¢ and the bottom line
with momentum —/ + p; + p; as these are not equal.

There are of course many other possible operators one could consider. If there
were two derivatives such terms could act as possible higher order corrections to the

|@|? operator, for example

Ocorr = |9[* +&° [“1 (039") ¢ + a2p* (339 + a3(ax¢*)(8xq))} . (5.3.19)

Of course as the correction terms are related by total derivatives, for diagonal form
factors we would expect the three correction terms to give the same contributions and
so there is only one parameter at this order. As we will see, such corrections are likely

to play a role in understanding the relation to gauge theory structure constants.
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FIGURE 5.7: Two-particle tree-level form factor diagram.

FIGURE 5.8: Three-particle tree-level form factor diagrams.

5.3.2 |p|*-Operator

We now turn to the |¢|* operator which will correspond to an operator with two im-
purities in the spin-chain language. The zero-particle form factor is again obviously
vanishing as is the one-particle diagonal form factor. The two particle diagonal form

factor at tree-level is simply

FO®s(py, =4 5.3.20
(p1p2)]|, @ ( )
corresponding to Fig. 5.7. The loop corrections in the LL-model are given by essen-
tially the same diagrams as in the S-matrix calculation, Fig. 5.2, with one of the in-
teraction vertices replaced by the operator insertion. These diagrams can again be

resummed to give

4
% (p,, = 5.3.21
(p1, p2) 06 [ ipipa/ (pr— pz)]z ( )

where the result does not depend on the prescription used in taking the diagonal

limit.

Three-particle form factor For the |p|* operator it is particularly straightforward to
extend to three-particles by evaluating the diagrams shown in Fig. 5.8. However now

the result does depend on the presciption used to define the diagonal limit in much
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the same fashion as the two-particle form factors of |¢|?

8Ks,c

23 (p1, p2, P3)‘ ol 8(Ks,c — 1) [P5ix231 + Pasx125 + Plaxsie]

(8% PhP3sPa
where &, is the prescription dependent constant we introduced above.
These results can be extended to the generalized LL-model by including the higher-

loop gauge theory corrections to the interaction vertex and propagator. One finds, at

tree-level in the two-dimensional theory, to O(g?) that

. 8(4172 + 5b1)K5,C

(80 bo phriph

™ (1, p2,pa), [P3P3ix123 + PiP3sXa12 + P3PTaX231]

The result at O(g*) can be computed similarly (p123 = p1 + p2 + p3)

2 — Ksc
FP (p1, pa, p3) ’O(g4) = oy (5b1) + 20b1 by — bo(35b3 + 6b4 + bs ) ) p1p2papizs
0

16%;
oY | (1003 + 8b1by — bo(2163 + 20 + bs))p] (93 — papa(p2 + pa) + 1)
0P12P23P31

— (502 + 4by by + bo(—63b3 + 2by — 5b5)) pS (P4 + p)

— %(8519% + 68b1by + by (49b3 — 30by + 1105)) pS(p3ps + P3p2)

+ (9567 + 76b1bs + bo(—77b3 — 26by + bs)) pip3p3

+ 4(5b3 + 4b1by — 2b(14bs + bs)) p3p3

_ %(1519% +12D1by + bo(—119b5 + 2by — 9b5)) p3 (pips + pip2)

+ %(—2517% — 20b1b; + bo(105b3 + 2b4 + 7bs)) p3 (P33 + pap3)

+ (3503 + 28b1by — by (16103 + 2b4 + 11b5)) p pip3

+ (— 1562 — 12b1b; + by (49b3 + 2b4 + 3b5) ) i p3p3

+ cylic permutations of particle indices} . (5.3.22)

Further Quartic Operators Just as for the quadratic operators we can consider ad-
ditional operators by distributing derivatives across the fields. There is now an even

greater number of possibilities, though we will consider here only the operator

-

Dy = 9[> (¢* ¢ — pg*) . (5.3.23)
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It can be seen immediately that at tree-level the two-particle diagonal form factor sim-
ply acquires an additional factor of i(p1 + p2). This is actually the case also at any loop
order since when inserted in a chain of bubbles (as in Fig. 5.2 but with the operator re-
placing an interaction vertex) the loop-momenta from the vertex contribution always

cancel and the additional momentum factor can be pulled out. Hence we have

4i(p1 + p2)
F®(py, = . 5.3.24
(p1,p2) 06~ 1= ipupas (p1 - p2)]2 ( )

5.3.3 The spin-chain S-matrix and its LL limit

The Landau-Lifshitz theory can be found by considering the low-energy limit of the
spin-chain which can be done either at the level of the action or at the level of com-
puted quantities. We have seen the former limit in Section 5.1.2, and we will discuss
here the latter for the S-matrix and form factors. This can then be repeated for the
higher-loop results where the spin-chain Hamiltonian is significantly more compli-
cated or even unknown.

Let us briefly recall the basic quantities describing the XXX/, spin-chain intro-
duced in Section 3.2.1. We saw in Sec. 3.1.5 that, in a su(2) sector of N' = 4 SYM,
the one-loop term in the expansion in § = v/A/47 of the dilatation operator is the

(rescaled) nearest-neighbour Hamiltonian (3.2.4)

167'[2 Z ( n+1> : (5.3.25)

Its eigenstates | ¥ p1) are characterized by their magnon-number M, i.e. the number of

excitation from the ground state [0) = |11 --- 1)

[¥m) = 2 Y(ny, ..., ny) 0y, ..., nu) (5.3.26)

1§1’l]<"'<ﬂM§L

where |n1,n2,...) = T4t -+ dn2 - -+ T) (spin flipped in the 11, 1y, . . ., npr positions).
The energies are given as a sum over single-magnon energies, e.g. in terms of the

rapidities uj

M 1 1 . /p
Eym = k;s(pk) =5 ; §+ g ) = oot (§> ) (5.3.27)
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where we have defined ¢(p) = Ey 1 (1(p)) for convenience. The spin-chain S-matrix
which appears in the multi-particle wavefunctions ¥ (n, ..., npr) as two-magnons are

exchanged is given by

ulpz) —ul(pr) +i (5.3.28)

PP = ) —ulpr)

2

To take the LL-limit we rescale the magnon energy, ¢ — x“¢, and consider the

small « limit. For the rapidity variable we have that at leading order

1 1

~ == 5.3.29
up) = == (5.3.29)
where the momentum is given by p = x+/¢ and hence the S-matrix is
1 -1 .
— +1
S(pr,p) = P2~ (P1)_*i (5.3.30)

This is the quantum S-matrix for the LL-model and written in this fashion there is no
small parameter. It can be perturbatively computed by resumming all loop orders in
the LL model. Note that though the momenta are not taken to be small it does not
reproduce the complete spin-chain S-matrix. To extract just the tree-level result we

reintroduce the small parameter by rescaling the momenta p; — yp; and then take

the small v limit so that
S(p1,p2) =14 Y 2T (p1, p2) (5.3.31)
i=0
with
(0) _ 2ip1p2
T (prp2) = ——, (5.3.32)
p1—p2

which is the same as the leading term in the tree-level T-matrix computed perturba-
tively (5.2.23).
The extension to higher-loops in ¢ = /A/47 can be described in terms of the

generalized u(p) functions

u(p) = %cotg\ /1 + 16¢2 sin? g : (5.3.33)
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The all-order magnon energy is given by

2¢2%(p) = /1 + 16¢2 sin? g —1 (5.3.34)

and the S-matrix is

u(p2) —u(p1) +i 2 (5.3.35)
)=

S(p1,p2) = Z‘cf(ul,uz)

where o (111, uy) gives the well-known dressing phase. As the dressing phase does not
contribute until O(g®) it can be ignored for our purposes.

To study the low-energy limit to three-loops we again rescale ¢ — x%¢ but addi-
tionally we define § = xg which is essentially the effective coupling that appears in
the BMN and other fast string expansions. We expand the magnon energy to O(g*)

so that

k%e = 4 sin’ g g— sin* 4P —i— 128g— sin g . (5.3.36)

In the limit of small « this implies
ne €
p=nve(1+95 25 (5.3.37)
ore = j? — §*p* + 2¢*p® where p = p/«x. Taking the same limit for u(p) we find
1
<ﬁ +23%p — 2g~4;53> (5.3.38)

so that

S(p1,p2) = A(pa) —i(p) — i

p2) —u(p1
1
14+ P2 (1 4 282p1py — 284 pipa(p2 — prp2 + PR))
- PL—P2 (5.3.39)
B iP1P2 2 oy
RrT— (1+28%p1p2 — 28*P1p2(p7 — prp2 + p3))

This is the quantum S-matrix for the generalized LL-model. As in the LL-model,

in order to define the perturbative two-dimensional expansion we again rescale the
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momenta p; — p;. However, in order to keep the correct scaling result we write®

& = g/ so that in the small 7 limit we have

" 1 n+1
T (p1, p2) =2 [(pfl_p;z)(l +28%ip2 28" pipa(p — pip2 +43)| (5.340)

This result can be compared with the perturbative results above, (5.2.23) and (5.2.24),

and it can be seen that they agree.

5.3.4 Form Factors from the XXX spin-chain

Infinite volume diagonal spin-chain form factors, f©(py,...,p,), have been calcu-
lated in [16] by extracting them from finite volume matrix elements. We will compare
the low-energy limit of these results with those calculated directly from the LL-model
and then consider the generalization to higher orders in g. Let us note that we will
find additional factors of the S-matrix when compared to f© as computed in [16]
because of different conventions in the definitions of the diagonal form factors. We
defined the F§ in Sec. 4.1.2 as expectation values between “in” and “out” states, while
they considered both states as “in” states. This difference in the ordering of the mo-
menta/rapidities will then amount to different factors of the S-matrix through the

relation

Om<k1,. . .,kM‘ = in<p1,. . -/PN’S(plr- . .,pN,'k1,. . .,kM) . (5341)

Operators with one impurity

The operators with one impurity, which correspond to the gauge theory operators
Tr(ZZ), Tr(ZX), Tr(XZ) and Tr(XX), are described by the spin-chain operators acting
on the n-th spin-chain site:

1 1
EU = ST +a), El=ct, B2 =0, , E2= S(1—0). (5.3.42)

5This careless use of notation gives sensible results as we naturally think of both small parameters
corresponding to the same large volume expansion, x ~ 7 ~ L1,
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For example, denoting 01(n) = EL! the vacuum, one-particle and two-particle diago-

nal form factors computed in [16] were

f(@)=1, f1p)=¢elp), f*(p1,p2) = (e(p1)+e(p2))g12 (5.3.43)

where ¢(p) is the magnon energy as above and

P = T —u) ) (5.3.44)

These can be compared to the previous perturbative results by using the map between
the spin-chain and the LL-model via the coherent state representation, whereby the

spin-chain operator 01 corresponds to the LL operator

(1+02) < 1|9, (5.3.45)

N[ —

01 =

We can see that compared to the LL operator considered in Sec. 5.3.1 there is an ad-
ditional identity operator. This contribution gives rise to the non-trivial vacuum ex-
pectation value but can be ignored for higher-particle form factors. To extract the
prediction for the LL-model we must also perform the low-energy rescaling described
abovei.e. ¢ — x%¢ with x — 0. However in this limit all the multi-particle form factors
(5.3.43) will vanish due to the normalization of the one-particle states which results in
the factors of the magnon energy. To get a well defined limit we rescale by a factor of
\/€(p;) for each external leg. This results in the one-particle form factor being equal
to 1 which corresponds to the normalization used in the perturbative calculation. For

the two-particle case we find after this rescaling

£ (p1, p2) < 1 1 ) 4 5.3.46
erer €(P1)+€(P2) 1+ (1/p1—1/p)* (5:340

where on the r.h.s. we understand the dispersion relation to be that of the LL-model
ie. ¢(p) = p*. As a rule of thumb we see that the LL limit of infinite volume spin-

chain quantities is taken by replacing u(p) — 1/p while keeping constant terms that
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occur with differences of u’s. For example in the quantities ¢;; we have

21242 2,2 171
pip; pip; ] , 5347)

3 LL _ 1
i = Py (pi — pj)? [ (pi —p))?

where the terms that arise in the small momentum expansion corresponds to world-
sheet loop effects in the LL-model. For the two-particle form factor it is apparent that
this result (5.3.46) still does not match the LL result (5.3.15). However this is again a

consequence of the definition of the states used in defining the form factor and in fact

1 2
e, oL (PLP2)f 7 (P p2) = E (p1, p2) (5.3.48)

with the S-matrix factor due to the different ordering of momenta in the in- and out-
states.
A formula for multi-particle form factors was also proposed in [16]. For the oper-

ator 01, we have

UL apn) = Y o) Po)e@)Pe@)e)  Potn—1)0(n) - (5.3.49)

oES,

where the sum is over the set of all permutations of the n-indices, S,. As in the two-
particle case in order to have a non-vanishing answer in the LL-limit we must rescale

by a factor of (e - - - &,) ! and thus taking the limit we find

X

2 2
fpuepn) o Po) " Po(n-1)
. — )y — 2., — 2
€1 €n o€S, (Pa(l) pa(Z)) (pa(nfl) pa(ﬂ))

1 1

1+ [Pm)lﬂa(z)/(r’m) - Po(z))]z 1+ [pv(nfl)pa(n)/<PU(n71) - Pa(n))}

5 -

To compare with the tree-level Landau-Lifshitz result for three particles computed in
Sec. 5.3.1 we expand in powers of the momenta and take the leading results. Up to an
overall sign agreement is found. At tree-level the S-matrix is simply 1, however we
would expect to see factors of the S-matrix by keeping higher orders in the momenta

corresponding to loop effects in the perturbative calculation.
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Higher-loop form factors As seen above, one can straightforwardly calculate higher-
loop form factors in the generalized Landau-Lifshitz model. An O(g?) prediction for
these form factors was given in [18] where they were related to the computation of
certain structure constants. The explicit perturbative computation involves several
contributions: corrections to the states due to the two-loop gauge theory corrections
to the dilatation generator and modifications due to operator insertions capturing the
effects of one-loop gauge theory Feynman diagrams [85, 86]. As a result, in the form

factor picture the operator itself must be viewed as acquiring O(g?) corrections
01(g) = 01 + %0} . (5.3.50)

Somewhat remarkably, the “sum over products" form of the tree-level result (5.3.49)

remains, with the corrections coming in the individual components. Specifically

f”l(g)(ul, s Uy) = 019012023+ + - Pn—1, + permutations (5.3.51)

where

1 8¢%u?
;= 5.3.52
T Er/a (B 1/4p (5:3.52
and
4¢%(u? —u?

2 § (7 —uj) (5.3.53)

i = (ui—u;)2+1 * (ul-2—|—1/4)(u]2+1/4)((ui —uj)2+1)

For the one-particle form factor, f°18)(u(p;)), at the leading order O(g°), we
rescaled by the energy of the external particle to find agreement with the perturbative
LL calculation. As the ¢;’s do not correspond to the g-corrected expression for the
particle energy which is instead given by

1 , 12u% -1

e(u) = 2riate nEESYZEE (5.3.54)
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we must add a correction to the operator. Computing the small momentum limit we

have

% &) (1) — 145822 (5.3.55)

2 2 2%

hence by considering the generalized LL operator ®1(g) = ¢*¢ + 53°¢¢* we have
that

%fm(g)(u) N p%(g)(p) . (5.3.56)

For the two-particle form factor, again dividing by factors of the particle energy and

expanding in powers of the momenta, we have

1 2(pi + p2)?

f1€2 (p1— p2)? (1+8°(3pi +4p1p2+3p3)) - (5.3.57)

This can be seen to not agree with (5.3.9) and also does not reproduce F®1(8) (py, p»)
when the coefficients by and b, appearing in the generalized LL action are set to their
string/BDS value. One can include further corrections to the operator, which as long
at they are at least quartic in the fields will not change the one-particle form factor

result,

2 ~x2

D1(g) = ¢ 9 +58°¢¢" + 118° (9™ ¢* + ¢* ™) + wag’ @™ P, (5.3.58)

however there do not appear to be values of a1 and ay that correctly reproduce the
limit of the two-particle form factor of 01(g) and it seems that a more general defor-

mation or extra contribution is required. 6

Operators with two impurities

We can additionally consider the spin-chain operators with two impurities

0 =EyE}Ly, 03 =E’E),, 03 =E'ER, (5.3.59)

®In [86] an operator correction reproducing the effect of the insertions to the heavy operator for the
one-particle form factor constructed, responsible for the “6y" correction, was given. It corresponds to
Q) = ¢ ¢ +28%¢¢* + g% (92 ¢* + ¢*¢*?). However this does not reproduce the full two-particle form

factor.
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where the operators now sit on two spin-chain lattice sites and the infinite volume
form factors were again extracted from spin-chain matrix elements in [16]. For each

operator, O € {0},03,03}, they can be written as a combination of two terms

FOlur,...,un) = fur,... uy)+ fS(uy, ... u) (5.3.60)

with each term given as a sum over permutations

fE(ur, . ug) =Y [80(1)%(1)0(2) - '%(n—l)a(n)fﬂ (5.3.61)

gES,

and

n—

1
fE(ur, o uy) = Y [ 180(1)(Pa(1)0(2)"'110((79(1'—1)0(1')"'(Pa(n—l)a(n)gir(n)} (5.3.62)

ceS, i=

where ¢ is the energy and ¢ its derivative with respect to the rapidity variable u, ¢;; is

asin (5.3.44) and

=2, Yy = = (=) (win; = 1/4)¢,

o3 _ wi—1/2 F — (r— u) (1 — i —i/2)i 5.3.63
= W= )= i/2) = i/2)gy, B3
03 ui+1i/2 03

Ti u—i/2’ ll]ij = (Ml—M])(ul+1/2)<u]+1/2)4;1]

Of course one can consider linear combinations of these operators and one such com-

bination in which we will be interested is
03 = EZEZ, =1 —o01(n) —o1(n+1) + 0}(n) (5.3.64)

and for which we have

4

ffz =0, l,l);)].% = —(ui — uj)(uiuj - 1/4)471']‘ . (5.3.65)

Taking the continuum limit by using the replacement rule (5.3.45) it is easy to see that
the operator 03 corresponds to the LL operator |¢|* up to derivative terms which we

neglect. Thus we can compare the form factors for this operator with those previously
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calculated perturbatively. The tree-level results can be found by simply making a

small momentum expansion. Explicitly, this gives

2

¢ — —2p%, and (.7?1—>7,
P Yy (pi —pj)

(5.3.66)

in addition to ¢ — p? and ¢;; — qblI;L. It is easy to see that the two-particle form factor,

once rescaled, has in the small momentum limit the trivial result

Lo ()]} _
ee,] (Pup2) = kK (m,pz)‘o(go) =4, (5.3.67)
while the three-particle case gives
R _pOlel
€l£2€3f 2(p1/ p2, p3) — —F, (pl, P2, pg)‘o(go) , (5368)

which means it agrees with the tree-level LL result up to a sign.

Furthermore the loop effects are reproduced by using our rule of thumb of replac-
ing u — p~! and keeping those constants that are added to differences of u’s. In
particular this does not retain the factor of 1/4 in the definition of 1/)2)]é . These factors

can be reproduced in the LL model by adding derivative terms to the operator.

5.4 Form Factor Perturbation Theory

One interesting application of diagonal form factors is to the study of perturbations
of integrable models. Form factor perturbation theory (FFPT) is such an approach to
studying non-integrable massive theories, introduced in [20] with a particular focus
on deformations of relativistic integrable models which themselves can be viewed as
deformations of conformal field theories. However, as the authors of [20] make clear,
their approach is quite general. Given an integrable model with action A they study

the theory with action
A= AN _Y o / x O;(x) (5.4.1)
i

where ®;(x) are the deforming operators. An assumption behind this approach is

that, at least for small values of g;, asymptotic particle states are a good basis for
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studying the deformed theory and that while the integrable model has a different
spectrum it acts as a useful starting point. We will be interested in calculating the

S-matrix of the deformed theory

S(pl,.. .,pn,‘kl,. . ,km) = OUt<k1,. . -/km|p1/- . .,pn>in . (542)

In order to preserve the normalization of the vacuum, in [20] the authors introduced

a counter-term corresponding to the vacuum energy so that
°ut(0]0)™ = °§(0[0)" =1, (5.4.3)

where, for example, |0)I is the “in"-vacuum state in the undeformed theory. They
further introduced counter-terms to preserve the one-particle normalization. Here
we define the operators o0 (0,0),i = 1,2, in terms of their form factors in the unper-

turbed, integrable theory,
Fo(l)(pl, e Pn) =641, and Fo(z)(pl, ey Pn) = 1p10n1 (5.4.4)
such that”
Ukl p)t = G (klp)g = 2m(p — k) . (5:4.5)

As described in [20], a perturbative expansion for the S-matrix can be found by ex-
panding (5.4.2) in terms of matrix elements of time-ordered products of the deforma-
tions and inserting sums over asymptotic states of the undeformed theory. In prin-
ciple this gives an expansion to all orders in the couplings g;, with higher orders
involving progressively more sums over intermediate states much as in covariant

perturbation theory. Here we will only consider the leading-order terms

U, klp, )™ Ok, kP, P (5.4.6)
27T 25 Zk _Zp] kl/ e km ‘[Zg]cb 2(55 vac}‘Pl; . an>%)n

7As we will be considering the Landau-Lifshitz model which is not Lorentz invariant we modify
several of the definitions of [20]; for example we don’t use the usual Lorentz invariant one-particle
normalizations.
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where the coefficients 67 and 6&,,c are determined by demanding that (5.4.3) and
(5.4.5) are satisfied.

5.4.1 Marginal Deformations

The use of integrable models in the study of the AdS/CFT correspondence has been
very fruitful but the vast majority of interesting theories are almost certainly non-
integrable. The corresponding world-sheet theories will likely involve multi-particle
production with a corresponding increase in analytical complexity of the world-sheet
S-matrix. Leigh-Strassler marginal deformations are one particularly simple class of
deformations of N' = 4 SYM that preserve N = 1 superconformal symmetry [87] and
which are parameterized by two complex parameters 1 and g = exp(27ip); thus, in-
cluding the gauge coupling, there is a three-dimensional space of finite theories. The
case with 1 = 0 is often called the B-deformed theory and, particularly for real B, it
has received a very significant amount of attention as the gravitational dual is known
[88] and the model is believed to be integrable — the string Lax pair was constructed
in [89], the all-loop asymptotic Bethe ansatz was proposed in [90] and Y-system in
[91]. The integrability of the -deformed theory can be understood as arising from a
Drinfeld-Reshetikhin twist of the undeformed theory combined with twisted bound-
ary conditions [92].

For complex B, the one-loop dilatation operator restricted to two holomorphic
scalar fields corresponds to the su(2), XXZ deformed spin chain and so is integrable
[93], however this does not extend beyond this subsector of fields [94]. For special
values of i # 0 and g € C the one-loop Hamiltonian is integrable [95] which can be
understood in terms of Hopf twists of the real-f case [96]. More generally for generic
values of g and & the theory is not believed to be integrable. For general g and & the
R-matrix constructed by applying the Hopf algebraic transformation will not satisfy
the Yang-Baxter equations and so the usual methods of integrable spin-chains will not
be applicable, such deformations may however be studied by use of FFPT. In some
sense the one-loop marginal deformations in the su(2) sector which we study below
are too simple to be of much interest, however they will allow us the check the general

formula against known results and so demonstrate its reliability to this order.
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5.4.2 Deformed Landau-Lifshitz

Here will consider the Landau-Lifshitz model following from the low-energy limit
of the general Leigh-Strassler deformed one-loop spin-chain given in [95]. The LL
model for complex-B but i = 0 was considered in [97]® where checks of the match
between the spin-chain and string descriptions were carried out. In keeping with our
previous considerations we will truncate to the case of two holomorphic scalars such

that the spin-chain Hamiltonian is given by

L 1+qq . 1+qq" £\ 2 o 2

—290; @0, 200 ® 0[+1] . (547

Using the parameterization g = exp(B; +iBr), 2hh*e 1 = A? and taking the Landau-
Lifshitz limit we find that in order to have a sensible behaviour the deformation pa-
rameters must be taken to be small with B = ﬁ RL ,Br = and A = L2 fixed. With

this scaling the resulting deformed Landau-Lifshitz action is
A ~ N
_ ALL _ 2 1)2 2)2 1,2 2.1
A=A 16”L/d7da[ﬁR<(n)+(n)>—|—2ﬁR<nn nn)
B (1= (7)) + A2 (1+ (1))
where A is the Landau-Lifshitz action (5.1.1). Setting A = 0 and using

(nt,n?, 1) = (sin26 cos 21, sin 20 sin 217, cos 26) (5.4.8)

one reproduces the result from [97]. Instead we rescale the coordinates as in (5.2.1) so
that the spatial coordinate has period L, use the complex field ¢ defined in (5.2.2) and

expand the action to quartic powers in the field

2
A = .ALL - /dxdt [A? + (,B% - Az)q)l - iﬁRq)Q

(A2 — B D5 + iﬁRqM} (5.4.9)

8In [97] the authors use the complex parameter B¢ = B4 + ik where B; = Br/27 and k; = B1/27.
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where the deformations are given by the operators considered previously

=g, ®2=(¢"¢—99"), P3=lo|*, Os=]9l*(¢*¢— ¢¢*). (5.410)

We will use the form factor perturbation procedure to describe the corrections to the

S-matrix due to these deformations.

Integrable deformations As the Hamiltonian (5.4.7) with A = 0is in fact integrable,
the full Bethe equations are known and we will be able to compare our results with

those previously calculated [97],

T4 tanh B o ’
%RL[“HZ/Z] ]M[ = 4 i (BeyD) (1+ it tank? (1/2) )
i —i/2] ‘.. . . tanh o
e =i/ =17k 1y — ij— Ztanh(ﬁﬁll/Z) (1 + 4l il; tanhz(ﬁ1/2)>
where
*I‘BRM uk + 1/2
H G2~ (5.4.11)
and
A 1
= 877_'2]§ 8]‘ with 8] = W +2(COShIBI — 1) . (5412)

These equations give the corrections to the one-particle states, the two-particle S-
matrix and the general n-particle S-matrix which can be found as a product of two-
particle S-matrices. The results calculated using form factor perturbation theory will
be expressed in terms of rapidities and momenta of the undeformed theory. These
can be related to the deformed rapidities using the relation

a+i/2 _ g u+i/2
. =e ;
i—1i/2 u—1i/2

(5.4.13)
or to leading order in Bg, i = u — (4% + 1/4)Br. Hence we find the correction to the
energy & = ¢ + J¢, with

2
Se(u) = ﬁRWuuzL + B (5.4.14)
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and to the S-matrix

2 .2
iy us — uy o (g —un) (1 —4uqup)
0S(u1,up) = 2iBr - mt 12 +ip7 i — 1 1) (5.4.15)

We can take the low-energy limit of these results to compare with those calculated in
the LL-model. The modification of the periodicity condition can be accounted for by
shifting the relation between the rapidity and particle momentum

i(p) :%cotp—zﬁR.

(5.4.16)

In order to take the low-energy LL limit, we assume the momentum and B to scale

as x for x — 0, so that we have

_ 1 1
i(p) = BT ii +O(B%) . (5.4.17)

The corresponding equation for the change in the energy is
be =2Brp+ B3 (5.4.18)

and for the change in the S-matrix

2i 2iB%(1
55(p1,p2) — ZIBR(p‘l_sz) 5 + ZIBI( +r)/p1p2) 2(5419)
(p1—p2) A—ipip2/pr—p2)”  (p1—p2) A —ipip2/p1 — p2)

Here we have introduced a parameter vy in the 2 deformations; in taking the LL-limit
previously, Sec. 5.3.4, we have kept sub-leading terms of the form 1/(u; — uy) but

dropped those of the form 1/ (u;u7) which corresponds to setting y = 0.

5.4.3 Deformed LL from Form Factor Perturbations

We can use our previous perturbative calculations of the LL form factors and the
general expression (5.4.6) to calculate the corrections to the S-matrix elements to linear

order in the deformations.

Vacuum Energy As none of the operators ®; have non-vanishing zero-particle form

factors the only correction to the vacuum energy comes from the coefficient of the
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identity operator, namely A2, Using the condition that the vacuum normalization
remains unchanged fixes the counterterm coefficient

AZ

08uac = - (5.4.20)

One-particle states More interestingly, the quadratic operators ®; and ®, give rise

to corrections to the one-particle state normalizations
6EW = (B2 — A?), 6@ = —2ipp. (5.4.21)
These deformations correspond to corrections to the dispersion relation
w(p) = p* +2Br p+ (B} — A?) (5.4.22)

and to calculate the one-particle energies one should multiply by the factor of A /87>
that arises from the rescaling of the time coordinate. If we consider the case A = 0 we

have

e(p) = Ip + ol (5.4.23)

which strictly speaking should only be trusted to O(Br) in our calculations, where
Bc = Br + iBr and this result can be seen to agree with that previously calculated in

the deformed Landau-Lifshitz model [97].

Two-particle states For the two-particle form factors for the operators ®3 and P4
we have the result
—i

65(prp2) = 2 =) (A% — BT)F®® +iBrF®] (5.4.24)

2i(p1 + p2)Br N 2i(B7 — A?)
(p1—p2) A —ipip2/pr— p2)*  (p1—p2) (1 —ip1ip2/p1 — p2)°

were we have taken into account the Jacobian, —i/2(p; — p»), relating the usual energy-
momentum J-function and the momentum J-functions in front of the S-matrix (in ad-
dition to the factor of —i from (5.4.6)). To compare with the Bethe Ansatz (5.4.19)

results we simply set A = 0 and the results can be seen to match. For the Br term this
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deformation essentially follows from the shift of the rapidities. The same deformed
S-matrix could be found by taking the fast-string limit of the string world-sheet the-
ory in the fr-deformed geometry. A perturbative calculation [98] of the world-sheet
S-matrix in the near-BMN limit of the deformed theory [99] has been previously car-
ried out and is consistent with the above result. For the f? term we see that we find
the v = 0 result. In order to reproduce the v = 1 result we would to have to add
appropriate derivative corrections to the deformation operator.

In principle there should be additional corrections to the S-matrix from ®; and ®,
which have non-vanishing two-particle diagonal form factors:

T

6S(p1, p2) = 3= pa)
B 2i
TP (= ippa/ (1~ p2))
x [(BT = A*)(PT + p3) — 2Br pipa(p1 + p2)] (5.4.25)

where it is important to note that we use the symmetric prescription to evaluate the
diagonal form factors. These corrections correspond to the changes in the S-matrix
as a result of changes in the dispersion relation. The relativistic analogue of this was

discussed in [20], where as the invariant
s = 2m?*(1 + cosh 0) (5.4.26)

is held constant under the deformation of a parameter, which we call §g, the resulting

change in the particle mass, dm, necessarily causes a shift of the rapidity

ém 0
60 = —27 coth 5 (5.4.27)

and so the change in the S-matrix has two components

~95(0) a5(6,9)
05(0) = =5 5700 + T 53 . (5.4.28)
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The generalized LL-model, being non-relativistic, does not satisfy the same relation

but we can define an analogous variation due to changes in the particle momenta

9S(p1, p2) 9S(p1, p2) 9S(p1, P2, 8i)
05(p1,p2) = —5—"0p1+ —5—0p2+ ) ——=—F ogi (5.4.29
(p1, p2) apr P1 ap2 p2 Zl: 3g; om0 i ( )
where in this case we are considering g; € {Br, B3, A?}. The variations w.r.t. the cou-
plings give the terms calculated previously (5.4.24) while the first two terms should
correspond to (5.4.25). This is clearest for the ﬁ%, A? deformations where if we de-
mand that total incoming momentum and energy are unchanged by the deformation,

i.e. de1 + dep = 0, we have that
20p1p1 +20papy = —2(B3 — A?), Sp1+pr=0. (5.4.30)

and solving for dp; and Jp, and substituting into the first two terms of (5.4.29) we
find the corresponding terms in (5.4.25). To reproduce the Sz terms we must modify

the variation conditions such that

20p1p1 + 20papr = —4(p1+ p2)Br — 2(B2 — A%), Op1+0pr = —2Br. (5.4.31)

Integrable form factors As the spin-chain form factors have been computed via the
algebraic Bethe ansatz, our results are in fact generalizable to that theory without the
need to take the LL low-energy limit. While the perturbative approach we have taken
can be used to find the deformed S-matrix for low numbers of external particles, such
integrable methods potentially give a method to completely determine the n-particle

S-matrix. To leading order in the deformations, we can write the Hamiltonian as

D __ XXX )\ D
HP = B4 2-0P, (5.4.32)
where
L 1
o=} [iﬁR (03(£) = 03(£)) + (A* = B7) (0%(5) - 01(6)) + EAZ] . (5.4.33)
=1

A proposal for the n-particle diagonal form factors (including n > 2) of this deforma-

tion can be given by simply taking linear combinations of the results found in [16],
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multiplying by the appropriate factor of the undeformed S-matrix, and including fac-

tors of particle energies to correct the state normalizations:

F@)= 1A%, FO(u) = L), (5434
1
and forn > 2
TT: S(u;, u;
FOD(ul,...,un) = l?(;])foD(ul,...,un), (5.4.35)
1... n

where the spin-chain form factors f O are given by (5.3.60) with

O = iR — ) + (A2 B (2 - 1)

— u 2 2
= —2/5Rm + (A" = B1) (5.4.36)
and
IPlgng = (u; —u;) [,BR(MZ' +up) — (A% = B3) (uju; — %)}cpij : (5.4.37)

These can now be used to compute the corrections to the spin-chain S-matrix. It can be
seen by comparison with (5.4.14) that the factor 0, which only contributes to the f¢
term in (5.3.60), gives the (negative of) the corrections to the magnon energies which
is consistent as it is the sole contribution to the n = 1 form factor in the absence of the
counterterms. Similarly by comparison with (5.4.15) we can see that the deformation
of the two-particle S-matrix is reproduced entirely by the fs part of the two-particle

form factor from (5.3.60). Thus we have
68 = —Z'S(ul,uz)lﬁlz , (5438)

with the additional terms appearing in FOP(uy,u,) being cancelled by the Jacobian
from the energy-momentum J-functions. Importantly here we are not taking the low-
energy LL-limit and the results are valid for arbitrary momenta in the infinite volume
limit and in particular we capture the factor of 1/4 in 1/J8D that is missed in the LL
limit. Additionally, there is a contribution from the fr part of the two-particle form

factor; as in the LL theory these should be related to the change in the S-matrix due
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to the change in the definition of the rapidity.
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Conclusions

The focus of this thesis has been on the computation of form factors in the world-
sheet theory describing strings in AdSs xS° and in the related generalized Landau-
Lifshitz model. We started with an introduction to the AdS/CFT correspondence. We
then presented in detail the world-sheet theory describing strings in AdSs xS in the
uniform light-cone gauge, discussing its quantization and symmetries in the large-
tension limit. We turned to the gauge side, introducing N = 4 super Yang-Mills and
explaining the connection with the spin chain and the emergence of integrability in
this context. The goal was to provide a concise and almost self-contained presentation
of the notions needed in the rest of the thesis, where we discussed the form factors
for the world-sheet string and the generalized Landau-Lifshitz model.

In Chapter 4, we defined the form factors, with particular attention to the case
of the world-sheet string. We mentioned the world-sheet form factors axioms [12],
which would allow to extend the S-matrix bootstrap approach to off-shell quantities if
a general solution is found. We then studied form factors perturbatively. We extended
the calculations done in the closed su(2) sector in [12, 13] to other fields of the theory,
obtaining the full tree-level three-particle form factor, which is one of the main results
of the thesis.

Chapter 5 was dedicated to the Landau-Lifshitz model, an integrable non-rela-
tivistic two-dimensional theory, which can be derived as a thermodynamic limit of
the Heisenberg XXX/, spin chain. Thus from the calculation of the conformal dimen-
sions in N' = 4 SYM, which can be obtained as the eigenvalues of the Hamiltonian of
a spin chain, we have a connection to a generalized LL model through the thermody-
namic limit. We also discussed how the LL model has been derived as a double limit
of the AdS5xS° string, which allowed to explore how to match string energies and
anomalous dimensions in a simpler setting. We then turned to the perturbative com-

putation of the two- and three-particle diagonal form factors for different operators in
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the generalized LL model. In particular, we were able to compute the form factors at
any loop, writing them as a series and resumming to obtain the all-loop result. More
specifically, the other main result of this work is the all-loop computation of the two-
particle diagonal form factor for the quadratic operator ¢2. To better understand the
answers, we compared the tree-level and one-loop part to the spin-chain calculations
done in [16] at leading order in A, reproducing part of the expected XXX /, spin chain
form factor, for small momenta. Finally, we mentioned how the form factors can be
used to study perturbations of integrable models, introducing FFPT [20].

While there are a number of different directions to pursue, for example other form
factors at higher-orders in A, different deformations, and deformations in larger sec-
tors of the theory, they all ultimately require the exact calculation of the form factors
for the AdS string world-sheet theory. Such quantities would provide an alternative
method for computing planar gauge-theory structure constants, or equivalently the
string vertex operator [100] which satisfies a similar set of axioms, and would also
provide a means for computing the world-sheet S-matrix for deformed theories to
all orders in A. One approach to the computation of form factors is the free field
representation developed by Lukyanov [101] (see also [102]) which has been success-
fully applied to a range of models, for example the SU(2) Thirring and sine-Gordon
models [101], the O(3) non-linear sigma-model [103], the SU(IN) Gross-Neveu models
[104] and, of particular relevance to the string world-sheet theory, the principal chiral
model with a product group structure [105].

A semi-classical approach to studying deformations of the AdSsxS° geometry,
being valid at large g, would be complementary to the methods considered here.
The classical world-sheet theory in deformed backgrounds, for example the marginal
deformations discussed above but also black-hole geometries, will no longer be in-
tegrable but in those cases where there is a parameter that can be taken small one
may attempt to use techniques based upon the inverse scattering transform or related
methods, previously used for nearly integrable systems [106], to construct classical
solutions and compute their charges. Given the relation between deformations and
FFPT such methods may also be useful for studying world-sheet form factors semi-

classically [14, 15].
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Appendix A

Introduction to the S-matrix

A.1 The definition

The S-matrix S is a unitary operator relating free (asymptotic) states called “in”-states
and “out”-states, as we will explain below. Let us consider first a generic theory with

creation/annihilation operators a!, a;, where i labels the flavor of the particles, and

+

f ., a, . and al

from them define the operators a ini outi’

a a as operators acting on the

out,i

same Hilbert space which satisfy

ll(p, T) = Uz-n(T) : ain(p/ T) : Uin(T) s
a(p, ) = Uout(T) - dout(p, T) 'Ugut('f) , (A1)

where the U are unitary operator, so that the “in” and “out” operators (separately)
satisfy the canonical commutation relations. The U are determined up to a constant
unitary transformation, which can be fixed (up to an overall phase) by imposing the

boundary conditions
Uip(—o0) =1, Uout(400) = 1. (A.2)
which imply
il oo =i, inil o =il o, il = alteo,  Boutilie = il yoo,

We call “in”-states and “out”-states respectively the states obtained by acting with

the “in” and “out” creation operators on the vacuum of the Hilbert space |0), i.e.
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Aiin/out |O> =0V,

Pree pa)™ =l (1) aby, (p2) - aly (pa) 10 (A3)
P1 pa) O = ab (1) Bl (P2) - alhs, (p) 10) (A4)

where p; and i; are respectively the momentum and flavor of the /-th particle.
The S-matrix is defined as a unitary operator which maps out-states to in-states

(or vice versa depending on conventions)

‘Pl/ p2,---, Pn>}ii2,m,in =85 |p1/ p2,---, pn>?11/1it2,mll‘n ’ (AS)

or in terms of the creation/annihilation operators
ain(p,T) =S aou(p, T) - ST, 510) = |0) . (A.6)

In terms of creation and annihilation operators 4, a® the free Hamiltonian H f takes

the form

Hy = / dp Z s(pi) a;r(p, T)a; (p,7), (A.7)

where the full Hamiltonian is H = H F+ V. The operators a, at (and H f) are inter-

acting Heisenberg fields obeying the equations of motion

aaT“i(PfT) =i[H, ai(p,7)] = —ie® a;(p,7) +i[V, ai(p, )], (A.8)

where V = V(a', a) is a function of af and a*.
From the definitions of the “in” and “out” creation/annihilation operators (A.1)

and the S-matrix (A.6), it follows

S =Uin(1) - Uput(1) - (A.9)
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Since we have the same time-evolution in the Heisenberg picture for “in” and “out”

operators by definition

J o + +
g”in,i(i’/ T) =i |:H2(ainl ain)rﬂin,i(Pr T)} ,

| Ha (@ Goun), b (P, )| (A10)

Q
]
c
o
.
=
~
F‘
~—
I
-
—

the time dependence in (A.6) and (A.9) factors out and the S-matrix is actually time-

independent, thus we can fix T to any convenient value in the definition of S.
S= Uin(+°°) = Uout(_oo) . (A-ll)

We can write Uj;, /0,,¢ explicitly using (A.1) derived w.r.t. T and the equations of mo-

tion above to find
Uman + iv(ag-nl ain) =0 ’ I[.joutujj;ut - Z‘Kl(agut/ aout) =0 (A12)
These equations for U, /,,; with boundary conditions (A.2) have the unique solution

Uin(t) =Texp <—i/_; dtv’' v <a;rn(r/),ain(“f’))> , (A.13)

“+o00

U (T) = Texp <—i dr’' v (agut(r'),aout(r’))) , (A.14)

T

where Texp is the time-ordered exponential. Then (A.11) becomes

Uin(t) =Texp <—i/_; d7' v <a;rn(r/),ain(“f’))> , (A.15)

—+o0
Ugut(T) = Texp <—i/ dt’' Vv (agut(r’),aout(r’))) : (A.16)
T
We can expand perturbatively the S-matrix (A.9) to obtain
1 oo
S=I+i T, T:—g/ dTV(t) + -, (A17)

where T is called T-matrix. For our world-sheet string, we have H F=H and V =

Hy.
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A.2 S-matrix bootstrap

In a two-dimensional (1+1) integrable QFT, the bootstrap program allows to deter-
mine the S-matrix exactly from scattering data, together with the symmetries of the
theory [8]. More precisely, the existence of local conserved charges implies that (i)
there is no particle production, (ii) the final (out) state has the same particles” mo-
menta than the initial one!, and (iii) the n — n S-matrix factorizes into a product of
2 — 2S-matrices. Asking that the S-matrix satisfies () and (ii) is enough to determine

the2 — 2 scattering amplitude, and then the n — 1 one can be found using (iii).

FIGURE A.1: Graphical representation of the Yang-Baxter equation.

Moreover, the two-particle S-matrix must satisfy the Yang-Baxter equation

S(p2,p3)S(p1, p3)S(p1,p2) = S(p1,p2)S(p1, p3)S(p2, p3)

represented in Fig. A.1, which acts as a consistency condition for the S-matrix. The
YBE is related to associativity of the symmetry algebra of the theory, and it can be used
as a starting point to find the S-matrix, together with additional conditions, though
depending on the theory there may be more convenient ways to complete the boot-
strap program, i.e. to conjecture the structure of the S-matrix. See e.g. [107] for a

review of the topic, or [9] for a pedagogical introduction.

IThough not necessarily in the same order.
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Appendix B

Global Symmetry Currents

While the complete expressions for the gauge fixed global currents are quite involved,
the explicit expressions at the quadratic level are relatively straightforward and can
be found in the literature [58, 42] (however we will here follow the notations and
conventions of [51]). We reproduce them here for completeness and consider their
transformation properties under parity and time-reversal.

The world-sheet fields Y ;, Z, B and Y4, Yas transform under the parity transfor-

mation, P : 0 — —0, as
P:{Y,Z,¥,Y} (o) = {Y,Z,i¥,iY}(—0), (B.1)

where in particular the fermionic fields acquire a factor of i [42]. Time-reversal 7 :

T — —7 is implemented by an anti-unitary operator, U, under which
UAY, Z,¥, YU = {Y,Z,¥,Y}-1). (B.2)

We will also define the operation R which acts on charges by reversing the contour
of integration defining the charge. This reversal can be taken in two different senses
(by a clockwise or counterclockwise rotation) and so we define R+, = R4,PT. As
the bosonic su(2) @ su(2) symmetry charges are purely local, their behaviour under
parity and time-reversal is straightforward and follows from the corresponding action

on the fundamental fields. That is from

]_ ) .
PbCYac . Pacybc) (\Ir;kry\.}fb’)/ _ ‘F*b’y‘Fa"'y> :|

L, = /
da 5

1 . .
R, = / do [ pﬁsz—szﬁv)+§(YZCY‘*C—Y*5CYM)}. (B.3)

NN\
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and making use of the antiunitarity of the time-reversal it is straightforward to see
that
Ripg:L,? - -L,Y, Rin:RP— —R,P. (B.4)

Correspondingly, for the Hamiltonian and the world-sheet momentum

1 o 11 1L 1
H — / do [EPMP g SR DY PPt S 2 2 4 7 2
i * Jrkan frai * * a0 Z * N7k 70 * * 0
+ E (11}@(1{1 an +‘Fm§c‘P[m) —f—‘{[a&‘y an + E (YocaY oa —|—Y,mYlm) +szdY Dtu:| ,
Pe— / do (P + Py 2% + %7, 97 + Y7, Y™) (B.5)

we naturally have Ry, : {H,P} — {—H, —P}.
The odd generators are defined by

QL = \2 / do eXc/? [PbCY;C- — iYPY 5 — YN + P PP + i Ze P — zm‘if*bﬂ ,
Q“hx _ ;l do g_iXE/Z P¥ Yucc' +iYF Yac’ Y Y*ac’ + PM“‘F*
b — \/E be b¢ b¢ bi

A z*““‘?bd} . (B.6)

Due to the non-locality described by the contour C defining X~ the transformation is

slightly more non-trivial:
1 (¢ .
PT:Xa(0) = ~Xg(~0) = / o' Py XM(0") + .. (B.7)

where XCT is defined by a contour C which starts at ¢ = oo rather than ¢ = —oo. If we

write this as [ = [.7+ J we see that

X (—0)=P—-X:-(—0) (B.8)

¢
i
so that PT : Q," — ¢ 2¥Q,?, and hence

i
Rin: Q. — —e2PQ,r. (B.9)
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Similarly for the central charges we use the expressions in the literature [58, 42]
8 [T o ixs t_ 8 [T - —iXo
C= > do X e'“c, C' = > do X e '“c (B.10)

to find PT : C — —5 [*_do X~ (—0)e"P+Xc(=9)) and again when we include the
reversal of integration orientation we find an additional sign. To summarize, we find

using the notation of (2.2.11)

Rin:{Qa"” H,C,C"} = {—e#PQ " —H,—eC,—¢"C"}, (B.11)
and we note the e P

I
@]a

are simply related to the inverse of the global braiding factors
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Appendix C

Asymptotic Fields

We collect here the explicit formulae for the free on-shell fields, which are needed to
define our asymptotic states. We will introduce the rapidity parameter 6 in terms of

which we can write the particle energy, momenta and fermionic wave functions
e =coshf, p=sinhf, u(p) =coshf, ov(p)=sinh§. (C.1)
For the bosonic fields with commutation relations
Yar(0), PP (o)) = i6(0 — )840}, [Zua(0), PPR(0")] = id(0 — o")oksk,  (C.2)

we have the mode expansions (see (C.3))

dp 1 ; ;
Yale) = [ Rh = laap)e ™ +alu(p)e],

Pua’(g) = _i/ ;if[\/g[aaa‘(p)e—ipa _ a+aﬁ(p)eipa] )

d 1 —i ipo
Zu(@) = [ o lawap)e )],

. . dp € . w . .
i - P ipoc _ tai ipo
Po) = =i [ fE e~ at e )],
Additionally due to the reality condition for the bosonic fields, i.e. Yai(0) = Y., (0)

and P,;(0) = P} (0), the oscillators satisfy (a,;)* = a'®. For the fermionic fields with

anti-commutators

{Y"(0), Yy (0")) = 80— )30}, {¥7"(0), ¥ys(e”)} = b — )0y} (C)
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we have the mode expansions

Yu = [ G wpbap)e oot (p)e ),

Yo = [ (e (e (p)e ),

Yu = [ SR )b (p)e ™ + o)l (p)e ),
v =[O o (p)e T u(ph (e ). (CH)

27 e
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Appendix D

Hopf Algebra Consistency

Conditions

We will present here the consistency conditions of the graded Hopf algebra, expressed

in terms of the coefficients mgy, ‘ugc, SE, €, defined by

b
ealp = Mypec, Alea) = pz'ep ey,

S(ea) = Sgeb ’ €<ea) = €a, (D.1)

and e?e, = 1. To be consistent with our grading we define e(e,) = 0 for [a] = 1. This
is in keeping with our physical interpretation of the co-unit as the vacuum expectation

value of the generators. We can express the consistency conditions as

b b b
mgbea = mlcaaea = 5l§ ’ Vacec = .u; €c = (Sa
c b _ b ¢ bc,,de __ ,,db_ec
MapMde = MaqMpe Ha Bo = Ha Hp -

b, ik _ b, ki _ b
MySyha = M;iSyHa = €a€

along with m$ e. = ea€p and

i .C a j C ab i a a kj
mipst = (=D)Plsskms, pst = (=1)FPlstspul,

(=)W gt = miy e

The skew-coproduct can be defined by

AP (ey) = (—1)[b} [e] ygcec ®ep, (D.2)
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and the skew-antipode, s’, can be then consistently defined if
P y

(—1) Pl pge(s")dmG, = (—1)PIpge(s ) g meg = eac®. (D.3)
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Appendix E

AdS strings/gauge theory duality

In this appendix we will introduce briefly the dictionary between the world-sheet
string in AdSs x S° and the corresponding sector of the SYM operators. The first quan-
tities to take into consideration are the string energy E = id; and angular momentum
] = —idy. The former corresponds to the conformal dimension A of the SYM operator,
while ] in the gauge theory is the U(1) R-charge rotating ¢5 into ¢ for example.

In order to understand the connection between these quantities, let us examine
the implications of the BMN limit in the dual theory. Remembering the definition

of the light-cone coordinates, we have the following relation between the conjugated

variables
2p" =idy+ = pi(dr +9y) = p(E—1]) (E.1)
. 1 . E+]
2p+ = lax— = Wl(at — 84,) = W, (EZ)
and we also define 2p~ = H, the new light-cone Hamiltonian. Then, in the limit

R — oo, the momentum p* vanishes unless | ~ R? but we see from (E.2) that we
need also E ~ J. Now we can translate the r.h.s. of (E.1) in the gauge theory language
to obtain the key relation

Bie oAy, (E.3)
Returning to the discussion of R — oo with | ~ R?, we need the AdS/CFT relation
R* = a’?g2 N to see that the corresponding limit in the gauge theory is N — co with
J ~ v/N and gyu fixed. Moreover, because of the condition E ~ ], the limit selects
operators with A ~ ], and these are the protected ones, e.g. Tr[Z/] or Tr[¢'Z/].

Let us consider now a small number of insertions of operators with A — ] = 1,
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the so-called “impurities”, which violate the protectedness of the BMIN operator. Al-
though the usual loop-counting parameter A is divergent, we can write the quantum
corrections as an expansion in g%,

Now we have the tools to identify string states and SYM operators: we need to
compare those that satisfy (E.3). Thus the operator dual to the ground state |0, p™)
(Eic = 0) is Tr Z/, which has the protected dimension A = ]. For the zero-mode

excitations we have the following relations with the chiral primaries :

E.=0 0,p™) «— TrZ/ A-]=0
Ee=u  afl10,p") +— Tr(¢'Z)) A-J=1

J . .
Ee=2u  of'af®0,p") «— Y Tr(¢p' Z7¢XZI77) A-]=2
j=0

The other zero-modes in each level correspond to the descendants of the chiral pri-
maries, e.g. at first level (Ej. = wu) to describe the rest of the 8 bosonic excitations
we have af 10, p™), which is dual to Tr (D, Z Z/~1), and similarly for the 8 fermionic
ones. For non-zero modes building the dictionary is not as straightforward: we see
from (E.3) that they cannot be dual to protected operators, “impurities” must be
added to have the right dimension A according to (E.3). To clarify this statement,

let us look at the first mode:

/ n? I =K
Elc = 2]/1 1+ W o, 0y, ‘O, p+> . (E4)

The dual operator is

y / 2
_ ; SN
Oi{~l§_0Tr(¢izl¢jzf Hemint/l Ap=]+2+ Y?g n* + O(gym)

and using the relations above it can be shown that they satisfy (E.3) at first order in

2
8ym:
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Appendix F

Higher-Order Potential Terms

We record here the quartic and sextic terms of the potential to O(g*) which are used
to compute the Feynman rules for the generalized LL model in Section 5.2.3.

Quartic terms up to order g*:

Vauaric - = %(fp*z(axfp)“rfpz(ax(p*)z) +gz[b1 (¢*(930")
+ 9 2(D20)* + 80, p0xg" (9" 0p + %p")) + 4(3by + 2b2) (9:) (39"
— &[5 (9"2(319)? + (319" 29? +18(3:9" 2 (30)* + 18(239")* (022
+6(gdxg* — ¢*dxp) (039705 — 929070")
+6039” 9070 0xp + 69703 90xg 039
+60:p0x” (60597039 — 039" drg — A390x9"))
+8by 09" 029" 002 + 2b5 (39" + D30"0x9)” | +O(3°).
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Sextic terms up to order g4:

Vise =~ (p'0p + 29"+ [br (Slo oo’
+9 392l 9*[0x9|* + 3|99 039 — 39 (3x9)?
+9939" (2|92 0x9* + 39 939" —3¢7(9:¢")?)
+8b2(9"2(3x9)* + ¢2(3x9")?)
+‘%[ bs (290:¢" 0z pg” — 30209" (9:0")” + 39 29
+¢?9:¢* 039" + ¢*°039% 9 + 369" (919" )? (939)?
+99" 939" 9*0:9 9 + 3697 (9x¢")039" 939 — 3¢™2339" (9x9p)°
+369"9(939")*(9x9)* +36(3x9*)*(9x)° + 99 039" 9* 039 0r g
—3039" 9% (0:9")*xp — 69" 039" pdx ¢ (3x9)* + 369" (339*)?Dx g
+72¢(0:9")?039" (9x9)* + 369" 0:9 19" (3:9)° + 9920 ppdxp* 059
+99"29} a3 019 — 6903 pp(3:9")?xp — 3¢ 20390, 9" (3x9)*
+39" 2039 90,9039 + 369*?0%¢9" (3x9) %9 +369(9:¢" ) 0x 9039
+369"20:9 9 9(339)” + 729" (0:9")?(9:9)*0%9 + ¢* (3397)? ¢
+108¢" 939 39" 0x 019 + 3999 I3 + 3039* 9 09" I3 9")
_b4( axqo*azgo (90 (axq’) +§0 (9xg™) )
+80:9"9x¢ (¢7(939")* + 9*%(39)” — 20(3x9*)* 039 — 29" 339" (9x9p)?
+490: 039" 9x + 49 919999 + 8(9:9")? (3x9)?))
—8bs5 (0:9" 919 + 939" 0x9) (9(0:9")*0x¢p + ¢ x¢p* (0x9)?
+(9*)?0x9339 + ¢*0x9 3 9")
—64b6(0:9")* (3:9)°| +0(8°)
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