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Abstract

In the following dissertation, we explore the applicability of Yangian symme-
try to various integrable models, in particular, in relation with S-matrices.
One of the main themes in this dissertation is that, after a careful study of
the mathematics of the symmetry algebras one finds that in an integrable
model, one can directly reconstruct S-matrices just from the algebra. It has
been known for a long time that S-matrices in integrable models are fixed
by symmetry. However, Lie algebra symmetry, the Yang-Baxter equation,
crossing and unitarity, which are what constrains the S-matrix in integrable
models, are often taken to be separate, independent properties of the S-
matrix. Here, we construct scattering matrices purely from the Yangian,
showing that the Yangian is the right algebraic object to unify all required
symmetries of many integrable models. In particular, we reconstruct the
S-matrix of the principal chiral field, and, up to a CDD factor, of other
integrable field theories with su(n) symmetry. Furthermore, we study the
AdS/CFT correspondence, which is also believed to be integrable in the
planar limit. We reconstruct the S-matrices at weak and at strong coupling

from the Yangian or its classical limit.

This version of the thesis includes minor corrections following the viva on
17 September 2010.
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1 Introduction

In this thesis we will investigate the applicability of Yangian symmetry
to integrable models. In physics, obtaining exact analytic expressions for
physical quantities is usually at best difficult, and in most cases impossible.
Instead, one is restricted to the use of perturbative techniques or to numeri-
cal investigations. Indeed, besides improvement of algorithms, numerics has
greatly benefited from the advancement of computer technology in the last
decades. To obtain a result to the desired accuracy, one often just requires
the use of a faster computer. However, for certain questions, it is just not
sufficient to simply get better numerics. Consider, for instance, QCD. QCD
is a quantum field theory developed to explain phenomena of the theory of
strong interactions. It is asymptotically free [1, 2, 3, 4], which implies that
perturbation theory at high energies is effective in the investigation of the
physics. However, the number of Feynman diagrams increases significantly
with the order of perturbation theory, and there is no hope for a general
all loop answer. At low energies, much less is understood, as the theory
is strongly coupled and confining. Indeed, quarks and gluons never appear
as individual particles in nature, but only as colour singlets. As perturba-
tion in the coupling does not work in this regime, one usually restricts the
investigation to lattice discretisation. After decades of improved methods
and dramatically advanced computer technology, still no exact masses of
all the mesons and baryons have been derived!, and confinement is yet to
be understood better. On the perturbative side, computer power seems to
have been used at its maximum, and the derivation of three loop Feynman
diagrams was already quite involved [6, 7].

Besides trying to improve numerics to get more precise quantitative results,
a way to understand better a complicated physical system such as QCD
is to simplify a model. One can switch off certain degrees of freedom, or

integrate them out. Indeed, perturbation theory itself works in this way,

1 . . .
For a review including more recent successes we refer to [5].



as one throws away terms which are suppressed by some power in a small
quantity. Then, the quantitative result obtained should be close to the real
physical result. Occasionally, one might simplify the theory under investi-
gation too much to obtain correct numbers, but the simplified theory is still
good enough to share qualitative features with the original theory. This
is for instance the case in lattice simulations of QCD. These might lead
to the correct formation of mesons and baryons, but their masses are not
necessarily correct. In QCD, one can think of some other simplifications.
One might want to study the system without fundamental fermions, i.e. the
pure SU(3) Yang-Mills theory. Another possibility is to generalise QCD by
considering any SU(N) as the gauge group. In particular, it was shown in
[8] that the theory simplifies dramatically in the large N limit, if one also
sends the coupling constant gy s to zero, but keeps the 't Hooft coupling
A= g% uN fixed. Indeed, in this limit, only planar Feynman diagrams sur-
vive. The remaining theory is still a complicated field theory which depends
on the coupling constant A. One can then study additional non-planar cor-
rections, i.e. perturbations in % It was noticed in [8] that the perturbation
1

theory in 5 is similar to the topological expansion of string theory.

String theory was originally developed in the 1960s as a theory of the
strong interactions (see the reviews [9, 10, 11]). The original idea was that
as between two oppositely charged quarks a flux tube is formed, and the
potential grows linearly with the separation distance, the dynamics can be
described by a string. However, the quantisation of such a model leads to
the appearance of a spin two particle in the spectrum, which is not observed
in this regime. Furthermore, consistency required the theory to be defined
in 26 space-time dimensions, and the spectrum contained tachyons. With
the subsequent discovery of QCD in the 1970s, string theory became less
popular, despite the interesting claim that the spin-two particle should ac-
tually be related to the graviton. Hence, string theory was conjectured to
be a theory of quantum gravity. String theory became popular again with
the discovery that the supersymmetric extension of strings can be anomaly
free if it is defined in 10 dimensions [12]. It was hence considered a more
serious candidate for a theory of quantum gravity. Indeed, having 10 in-
stead of 4 dimensions was now considered as a virtue rather than a flaw,

as one was trying to use 6 of the 10 dimensions as internal dimensions in a



Kaluza-Klein compactification of the full theory, leading to the gauge the-
ories of nature. Hence, string theory was considered to be able to describe
both gauge theories and quantum gravity, and is considered as a candidate

for the theory of everything.

To date, it is still not quite clear how exactly one should obtain the stan-
dard model from string theory. For the purpose of scientific interest of this
thesis, it does not matter whether or not string theory will ultimately turn
out to be the theory of everything or not. What is important is that in
the decades of development of string theory, lots of interesting and useful
mathematical structures have been found. In this sense, string theory has
a similar status as quantum field theory. Quantum field theory provides a
useful framework which can be applied to many problems in physics, espe-
cially in particle physics and in condensed matter theory. Likewise, string
theory can be applied to different problems, or it can be seen as the fun-
damental, unified theory of all particles and forces. The most prominent of
the new applications of string theory is via a new connection between gauge
and string theory, in the line of thought of [8] discussed above. Such a pre-
cise connection was found in the late 1990s in [13, 14, 15], and claims the
exact duality of string theory on Anti de Sitter spaces in d + 1 dimensions,
with conformal field theories in d dimensions. As string theory is consistent
only in 10 dimensions, the d + 1 dimensional Anti-de Sitter space has to be

accompanied by a 9 — d dimensional internal manifold?.

In this thesis we will be only concerned with the best understood example
of the AdS/CFT correspondence, which is between A/ = 4 Super Yang-Mills
theory in four dimensions with SU(NN) gauge group, and string theory on
an AdSs x S° space. Shortly after the discovery of the AdS/CFT corre-
spondence [13], only comparatively simpler physical quantities such as BPS
operators and supergravity states could be compared [14, 15]. The reason
is that the correspondence is in fact a strong-weak duality. This means
weakly coupled gauge theory is related to strongly coupled string theory,
and vice versa. As we argued above, we can often understand physical sys-

tems well if we have a small parameter in the theory, which we can use for

2There is an analogous correspondence for M-theory in eleven dimensions, which we will
not discuss in this thesis.
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perturbation theory. Now the problem is that if physical quantities in the
gauge theory are perturbatively calculated in a series in one parameter, the
corresponding dual string theory quantity will have the inverse parameter
as the natural expansion parameter. This makes a perturbative comparison
of physical quantities hard to achieve. Indeed, the quantities compared in

[14, 15] are independent of the coupling.

Furthermore, when the AdS/CFT correspondence was formulated, not
even an action describing the motion of strings on AdSs x S° was known.
In general, it is a hard task to explicitly describe the motion of strings on
curved space-times. The action was later fixed in [16]. A main advancement
in non-trivial tests of the AdS/CFT correspondence was proposed in [17],
where it was shown that if one takes operators in the gauge theory which
are composed of many scalar operators and only a few other operators, and
introduces a new coupling constant which is composed of the gauge coupling
and the number of operators, one can keep this new coupling finite and com-
pare the resulting operator to a dual string state, which is now spinning fast
around a big circle in the five sphere of the AdS5 x S° space. This limit is
not quite the planar 't Hooft limit discussed before, and restricts the the-
ory to operators with large R-charge, i.e. a large amount of one particular
scalar operator in the gauge theory. In the dual string theory, this amounts
to taking a plane wave limit. Such limit was also found in [18], and it was
shown that string theory is exactly solvable in that limit [19, 20]. Related
limits of fast spinning strings were found in [21, 22], see also the reviews
[23, 24].

The next crucial development towards a precise understanding of the
AdS/CFT correspondence was the observation in [25] that in certain sec-
tors at one loop in the 't Hooft coupling A of N' = 4 Super Yang-Mills theory,
the dilatation generator, which describes the behaviour of the theory under
scaling transformations, behaves like an integrable spin chain Hamiltonian.
Subsequently, this observation was generalised to the whole one loop N' = 4
Super Yang-Mills theory [26], and integrability was conjectured to survive
for the whole AdS/CFT correspondence [27] in the 't Hooft limit. Indeed,
on the dual string side, a Lax connection was found [28], indicating the clas-

sical integrability of the string sigma model. This generalises earlier work
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about the classical integrability of the bosonic part of the sigma model [29].
Consequently, non-local conserved charges were found on the dual gauge

side, and shown to form a Yangian algebra [30, 31].

Before continuing the discussion of the AdS/CFT correspondence, we
should clarify what we actually mean by an integrable system. If we have
a mechanical system with a finite number of degrees of freedom, there is a
mathematically well defined notion of integrablility (see e.g. [32]). Namely,
a system is called integrable, if it possesses as many independent conserved
charges as it has degrees of freedom. Then, the theorem of Liouville-Arnold
implies that the phase space factorises into (projective) tori. In suitable co-
ordinates on these tori, the motion of the system is just linear. Integrability
in the AdS/CFT correspondence arises on both sides of the correspondence
in a completely different fashion. On the gauge side, we are dealing with the
dilatation operator, which acts as an integrable Hamiltonian on a spin chain
of arbitrary length. On the string side, we are dealing with an (at least clas-
sically) integrable sigma model. In both cases, we have an arbitrary number
of degrees of freedom. Furthermore, we are dealing with quantum systems.

Hence, we should discuss the meaning of integrability in those cases.

The way integrability is manifest in most known integrable systems with
infinitely many degrees of freedom is in terms of the appearance of a cer-
tain quantum group, which acts as their algebra of symmetries. Quantum
groups are Hopf algebras, which are extensions of ordinary algebras com-
bined with a so-called coalgebra structure. This coalgebra structure consists
mainly of a coproduct, which defines the action of the symmetry generators
on tensor products. Indeed, ordinary Lie algebras act on tensor products,
or multi-particle states, just as the sum on the individual states. This im-
plies that the quantum numbers on multi-particle states should simply add
up. For many integrable systems, new kinds of non-local charges appear.
Non-locality is realised by the fact that the symmetry generators act non-
trivially on a multi-particle state, i.e. not simply as the sum of the actions
on each individual particle. In field theories, Lie algebra generators are usu-
ally realised as integrals over local conserved currents. In the case of the two
dimensional non-linear sigma models, classical non-local conserved charges

were constructed as double integrals over the product of two currents at

12



different points in space [33]. For the O(n) sigma model, these charges were
argued to survive quantisation [34]. These non-local charges are the first in
a series of infinitely many non-local conserved charges. In [34], it was also
argued that this implies the factorisation of the scattering matrix into two-
particle S-matrices, and the order of the two particle scattering processes
does not matter. Furthermore, there can be no particle production or an-
nihilation. This implies that the so-called Yang-Baxter equation holds. As
one has a relativistic theory, one can derive a crossing equation for the two
particle S-matrix, and the S-matrix should also be unitary and have the
right analytic properties. Having established these properties imply that
the two particle S-matrix is completely fixed up to a simple CDD factor?,
which satisfies the homogeneous crossing and unitarity equations. This im-
plies that the CDD factor is a trigonometric function, and it can be fixed
if one knows about the particle content of the theory, and hence about the
pole structure of the S-matrix. This line of thought was proposed in the
1970s, see e.g. [36, 37]. The two particle S-matrix allows one to reconstruct
all S-matrices by the property of factorisability. Often in the literature, the
higher conserved charges implying factorisability of the S-matrix are local
charges [38, 39, 40], which can be used to disentangle a multi-particle scat-
tering process. Indeed, it seems for most known cases of integrable models,
local and non-local conserved charges coexist. Furthermore, their origin can
often be traced back to a quantum groups. The arguments in [34] for the

factorisation are however given by using non-local charges.

As the conserved charges imply the factorisation of the S-matrix, this
factorisation and the absence of particle production is in turn often taken
as a definition of quantum integrability. In this thesis we will give a reason
why this makes sense. We will show that the scattering matrices for at
least some integrable models also follow directly from the underlying infi-
nite dimensional quantum group symmetry. If one takes for instance the
two dimensional principal chiral field with su(n) x su(n) symmetry, similar
arguments as for the O(n) sigma models imply the factorisability of the S-
matrix. The two particle S-matrix has been derived and used to construct

so-called Bethe equations [41, 42, 43], which are periodicity conditions on

3Castillejo-Dalitz-Dyson (CDD) factors appeared first in the study of Low’s scattering
equation [35].
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the wave function. It is well known that the principal chiral field also has
conserved non-local charges, similar in nature to the charges of the O(n)
model [34]. These charges are related to the Yangian [44]. The matrix part
of the scattering matrix is proportional to two copies of the standard Yang
R-matrix, which is simply of the form R oc Id+ %P. Here, P is the permuta-
tion operator, and u = u; — us is the difference of rapidities of the scattered
particles. This matrix is well known to be invariant under the Yangian.
However, it is not clear at all that the complicated scalar factor of the S-
matrix should come directly from the Yangian. Furthermore, even though
the conserved charges have, in many cases, been rigorously constructed in
the classical theories, their survival in the quantum theory is usually not
easy to see. We refer the reader to the discussion in [45, 46] about conserved

charges of the principal chiral field.

Let us have a look at the mathematical side of Yangians. They are infinite
dimensional symmetry algebras extending traditional Lie algebras. Indeed,
they can be considered as deformations of the algebra g[u] of polynomials in
u with values in a simple Lie algebra g. The original definition of Yangians
was given in [47], where the algebraic structure behind rational solutions to
the Yang-Baxter equation was investigated. It is named after C.N. Yang,
who found the first rational R-matrix with su(n) invariance as given above.
If one thinks of scattering problems, the parameter u will be related to the
rapidity of the particles. An important property of Yangians is that they al-
low for a so-called quantum double construction [48]. On the classical level,
this “doubles” the polynomial algebra g[u] to the loop algebra glu,u1].
The importance of this construction lies in the fact that these quantum
doubles have a universal R-matrix, which is an R-matrix defined in terms
of the abstract generators of the Yangian Double. It satisfies an abstract
Yang-Baxter equation, and is inverted by the action of the antipode map.
Upon specifying a representation, this universal R-matrix should automati-
cally lead to crossing invariant solutions of the Yang-Baxter equation. One
problem is that the representation theory, especially for Yangians of alge-
bras other than sl(n), is not well understood. Furthermore, the universal
R-matrix is defined as an infinite product, as there are infinitely many gen-
erators of the Yangian. There are ordering issues, and, to our knowledge,

such an explicit evaluation of the whole R-matrix has not been done so far
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for algebras of rank greater than one. Another problem of the construction
of [48] is that the resulting S-matrices on representations are not unitary.
Consequently, the interest in universal R-matrices in the physics literature

has been somewhat limited.

Another way to construct the Yangian is via monodromy matrices. These
are the same monodromy matrices underlying the algebraic Bethe ansatz,
or quantum inverse scattering method (see e.g. [49, 50]), which is a method
to find the spectrum of integrable models. Indeed, consider e.g. integrable
models with su(n) invariance. The monodromy matrices are usually thought
of as n X n matrices, where each entry of the matrix corresponds to an ab-
stract generator. For a realisation on a spin chain, the abstract part becomes
a big matrix acting on the Hilbert space of the spin chain. Additionally, the
monodromy matrix depends on a spectral parameter, and the expansion
in this parameter around infinity leads, at lowest order, to the usual Lie
algebra generators, whereas the higher orders correspond to the non-local
charges discussed before. Furthermore, the trace of the monodromy ma-
trix also contains the local conserved charges, if one expands about certain
special poles. The commutation relations of the Yangian are defined via
the famous RTT relations. These impose relations for the entries of the
monodromy matrix, which are essentially the Yangian generators. RTT re-
lations are derived from the Yang-Baxter equation, as for lattice models the
monodromy matrix can be constructed as a product of R-matrices. Indeed,
the RTT relations were known before the formal, mathematical definition

of the Yangian given in [47].

Yangians also play an important role in integrable spin chain models.
Indeed, the simple Heisenberg XXX spin chain with nearest-neighbour in-
teraction and su(n) symmetry is invariant under Yangian charges, at least in
the infinite length limit, when boundary terms can be neglected. The spec-
trum can be computed with the algebraic Bethe ansatz (see [50]), where the
fundamental object is the su(n) monodromy matrix, which, as we argued
before, is the defining object of the Yangian. Furthermore, one can also
obtain Bethe equations by considering excitations over a ferromagnetic vac-
uum, and the resulting S-matrix is invariant under the Yangian of su(n —1).

Its scalar factor in this case is trivial. Interestingly, if one scatters spinons
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defined over the antiferromagnetic vacuum, one gets an S-matrix invariant
under the Yangian of su(n), which now has a crossing invariant dressing fac-
tor resembling the structure as found in other relativistic integrable models

with su(n) symmetry (see also [50]).

Indeed, the Yangian seems to be the central algebraic object underlying a
range of integrable models*. In particular, the Heisenberg XXX spin chain,
which appears in one-loop N' = 4 Super Yang-Mills theory, is invariant
under a Yangian, and the charges on the string side of the AdS/CFT cor-
respondence are also related to a Yangian. Hence, it is natural to expect
that the Yangian plays an important role in the AdS/CFT correspondence
itself. Indeed, also at higher loops in the gauge theory, Yangian charges
have been found in [52, 53], even though just in restricted subsectors. A full
proof of quantum integrability is currently beyond reach. Indeed, quantum
integrability is hard to show even in standard relativistic integrable sys-
tems. However, in many classically integrable models, one could proceed by
assuming that the conserved charges survive quantisation. Provided that
quantum conserved charges exist, one can conjecture the factorisation of the
S-matrix, and derive the two particle S-matrix. The same procedure was
proposed for the AdS/CFT correspondence [54], and all-loop Bethe equa-
tions, conjectured to describe the spectrum of long operators, were written
down in [55] without a proof of quantum integrability. These Bethe equa-
tions were later derived from the asymptotic S-matrix, which was obtained
purely from the Lie algebra symmetry [56]. This S-matrix scatters magnons
on the spin chain underlying N' = 4 Super Yang-Mills theory , or world sheet
excitations in the light-cone gauged fixed string theory [57]. Interestingly,
the underlying Lie algebra of the S-matrix is the centrally extended psu(2|2)
algebra, and the central charges already encode the momentum dependence
of the underlying particles. psu(2|2) is the only simple Lie superalgebra
which allows for more than one non-trivial central charge, and the existence
of those charges modifies the behaviours of tensor products of representa-
tions. In particular, the tensor product of two fundamental representations

is generically irreducible, which explains why the S-matrix is fixed without

4Furthermore, many integrable models without Yangian symmetry have q-deformed sym-
metry. Indeed, trigonometric S-matrices are related to quantum affine algebras, which
in some sense can be considered as deformations of the Yangian. g-deformed quantum
groups appeared at the same time as Yangians [47, 51]
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referring to a higher symmetry such as the Yangian. However, the S-matrix
was later shown to be still invariant under a Yangian based on centrally

extended psu(2|2) symmetry [58].

An important piece of the S-matrix and the Bethe equations which is not
fixed by Lie algebra symmetries is the scalar prefactor. As string theory
in the light cone gauge is not relativistically invariant, the S-matrix is not
of difference form. This is in contrast to standard S-matrices related to
the Yangian and caused by the fact that the underlying Lie algebra is cen-
trally extended. However, crossing seems an intrinsic algebraic feature of
quantum groups. Indeed, in [59], this fact was used, without knowing the
underlying Hopf algebra, to derive a crossing equation for the AdS/CFT
S-matrix. Furthermore, on the classical string theory side, the Bethe ansatz
was conjectured to contain a complicated dressing phase [60], based on ear-
lier investigations of finite gap solutions in [61]. The one-loop corrections
to this phase were subsequently investigated in [62, 63] and analytically
continued to weak coupling, where the phase is trivial at the leading few
orders in perturbation theory. Finally, the all loop result of the phase was
conjectured in a strong coupling asymptotic expansion in [64], and its weak
coupling continuation in [65]. Later, the crossing equation was solved ex-

plicitly and shown to reproduce the conjectured phases [66].

Having included the correct dressing phase, the asymptotic Bethe equa-
tions seem to correctly describe the whole spectrum of long operators in
the gauge theory, or fast spinning strings in AdSs x S° . This has been
confirmed in many tests based on semi-classical, fast spinning strings of
the type introduced in [21, 67]. However, the asymptotic Bethe equations
seem to break down when the interaction range of the Hamiltonian becomes
longer than the spin chain the Hamiltonian is acting on, as was confirmed
in [68]. Luscher corrections can be used to obtain the first corrections to
the anomalous dimension of short operators, such as the Konishi operator
[69]. These corrections were first introduced on the strong coupling side
[70], where finite-size corrections to certain string excitations dual to the
magnons on the gauge side were obtained. These excitations on the string
side are called giant magnons, and were initially introduced in [71]. In

general, the order from which finite size corrections should play a role is
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not as clear as from the weak coupling side. Indeed, in [72], the strong
coupling expansion of the Bethe equation for the Konishi operator was in-
vestigated, and the first terms agree with the physical expectations. Higher
terms violate the analytic structure and depend logarithmically on the cou-
pling constant. Interestingly, the Luscher corrections still depend on the
asymptotic S-matrix, which now has to depend on different representations,
namely on those describing bound state particles in the mirror theory. The
mirror theory is related to the original theory by Wick rotation. The reason
for the appearance of the mirror theory is as follows. To define an S-matrix,
one needs to define scattering states. This requires one to separate in and
out state, so one should define the theory on an infinite line. If the theory
is defined on a cylinder of finite length, one can Wick rotate, and consider
the theory with finite periodic time, or, analogously, finite temperature,
and take instead the Wick rotated time coordinate, which is now spatial,
to infinity. Hence, one can define a scattering theory for the Wick rotated
theory. This trick was introduced in [73] to derive spectral equation for the
original theory. These equations are called Thermodynamic Bethe ansatz
equations, or TBA equations. The main problem for the applicability of
this trick to the AdS/CFT correspondence is that string theory in the light
cone gauge is not Lorentz invariant, hence the Wick rotated mirror theory
looks quite different from the original theory. Nevertheless, the mirror the-
ory was investigated in [74]. Later, another important ingredient towards
the TBA equations, the string hypothesis, was written down in [75]. Ul-
timately, TBA equations and their associated Y-systems were conjectured
in [76, 77, 78, 79]. In principle, TBA equations only describe the ground
state energy, but analytic continuation often leads to excited state TBA
equations [80], which are supposed to describe the whole spectrum of any

operator.

In the present state, the TBA equations are fairly difficult to evaluate
for specific states, even just numerically. Indeed, a goal would be to find
an integral equation, similar to the Destri-deVega equation describing the
spectrum of sine-Gordon theory [81], or the integral equation describing the
spectrum of the SU(2) x SU(2) principal chiral field [82]. What we should
note is that the bound state S-matrices underlying the TBA equations are

still invariant under the same Yangian of the centrally extended psu(2|2)
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symmetry [83]. Only the representation is different to the fundamental
S-matrix, as we are now dealing with bound states in the mirror theory.
Hence, even if the definition of Yangian charges on field theories on a finite
cylinder is not well-defined, the Yangian is still present in the corresponding

mirror theory on the infinite line.

Finally, we note that on the AV = 4 Super Yang-Mills theory side, the S-
matrix we are considering is not directly related to the gluon amplitudes in
four space-time dimensions. What we scatter here are magnons on the spin
chain. In this sense, the S-matrix we are investigating has the sole purpose
to find the right spectrum of the single-trace local operators. Excitingly,
it was found that the tree level space-time gluon scattering amplitudes in
N = 4 Super Yang-Mills theory are also invariant under a Yangian [84]. A
further investigation of the Yangian might shed light to the behaviour of the
amplitudes at higher loops as well. We refer the reader to [85, 86, 87, 88]
for more information on Yangians in scattering amplitudes, and [89, 90] for

general references on scattering amplitudes.

Outline

We have seen that Yangians appear in many integrable systems, such as
the XXX Heisenberg spin chain, relativistic integrable field theories and the
AdS/CFT correspondence in the large N limit. Hence, it is well worth to
gain a better understanding of Yangians. In this thesis we will introduce
mathematical features of Yangians in chapter 2. Besides recalling some def-
initions and features from the literature, we also include some new results
concerning a modification of the universal R-matrix of Yangians, such that
its representation satisfies the physically important property of unitarity
and crossing. Furthermore, we obtain R-matrices for all superalgebras of
type sl(n|m), generalising previous work on R-matrices based on simple Lie
algebras. These results are based on recent work with Adam Rej [91]. Chap-
ter 2 also focuses particularly on the centrally extended psu(2|2) algebra,
which is the symmetry algebra appearing in the light cone string theory.
It has some mathematically distinct features, making it special amongst all
simple superalgebras. We also include some results found in collaboration

with Alessandro Torrielli [92] concerning the Yangian in Drinfeld’s second
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realisation, which is suitable for the construction of the universal R-matrix
as well as for the study of the representation theory. As many physical
results discussed in the later chapters can be derived directly from the Yan-

gian, chapter 2 plays a major role in this thesis.

Chapter 3 reviews some well known integrable systems, such as the prin-
cipal chiral field, or su(n) symmetric Heisenberg spin chains. We do not
include new physical results, but propose a new powerful derivation of the
scattering matrix of the principal chiral field and other relativistic integrable
field theories. Namely, we argue that one does not need to separate ordinary
Lie algebra symmetry from the additional requirements of the Yang-Baxter
equation and crossing and unitarity. Instead, the Yangian provides a uni-
fied algebraic framework, which directly leads to the full scattering matrix,
up to a possible CDD factor. Consequently, we derive the S-matrix of the
principal chiral field directly from the universal R-matrix of the underlying

Yangian.

In chapter 4, we review some features of the AdS/CFT correspondence,

focusing on its integrability properties.

Chapter 5 deals particularly with the S-matrix arising in the light-cone
gauge of string theory, or in the scattering problem of magnons of the spin
chain on the Yang-Mills side of the AdS/CFT correspondence. We include a
derivation of the S-matrix at strong coupling purely from classical Yangian
symmetries, as found in the publication [93] in collaboration with Niklas
Beisert. Furthermore, we derive the weak coupling S-matrix also from the
Yangian. These results have been published in [94]. As we have established
the mathematical machinery of universal R-matrices in chapter 2, we can
obtain this S-matrix in a straightforward fashion. Finally, we speculate

about the form of the all-loop universal R-matrix.
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2 Yangians of Lie Superalgebras

In this chapter we will assemble some features of Yangians and their classical
limits. Yangians are quantum groups which enlarge Lie algebras to infinite
dimensional symmetry algebras. They play a prominent role in many inte-
grable models. In particular, they are often related to the infinitely many
conserved charges of an integrable model. One way to define them is through
the monodromy matrices and the RTT relations. This was the way Yangians
historically appeared in the investigation of the quantum inverse scattering
problem, see the reviews [49, 50]. The mathematics of the Yangian in this
realisation is reviewed in [95]. From the perspective of S-matrices, Yangians
are closely related to rational solutions of the Yang-Baxter equation. They
are mathematically defined as deformations of the algebra of polynomials
with values in a Lie algebra. So before discussing Yangians in section 2.2,
we will start by describing these polynomial algebras and their related loop
and Kac-Moody algebras in section 2.1. In particular, we will show how
to construct the loop algebra as a classical double of the polynomial alge-
bra. This double automatically contains a classical r-matrix, which satisfies
the classical Yang-Baxter equation. In section 2.2 we will then construct a
Yangian double, which contains a quantum R-matrix satisfying the quan-
tum Yang-Baxter equation. Furthermore, the Yangian R-matrix satisfies
the crossing equation, and can be chosen such that it leads to unitary R-
matrices on representations. In particular, we directly recover the integrable
and crossing-invariant su(n) S-matrices. This is a new result and can be
found in the preprint [91], written in collaboration with Adam Rej. Fur-
thermore, the analysis done in this thesis is valid for Yangians based on Lie
superalgebras, whereas previous investigations were only true for simple Lie

algebras.

The focus in this thesis lies on Lie algebras of type sl(n|m) and their Yan-

gians, as the physical applications we are dealing with in the later chapters
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have this symmetry. We will also discuss the peculiarities of the special
series sl(n|n) and the algebra psl((2|2). They have the unique property that
they allow for a non-trivial central extension. These central charges will be
of greatest importance for the physics in relation with the S-matrix of the
AdS/CFT correspondence, as discussed in chapter 5. In particular, psl(2|2)
allows for three independent central charges. This distinguishes it from all
other simple Lie superalgebras. We contribute some new results towards
the Yangian of ps((2]2) in Drinfeld’s second realisation, which is important
for the construction of the universal R-matrix and the study of the rep-
resentation theory (see e.g. the recent studies of long representations of
psu(2)2) x u(1)3 [96]). These results were mainly published in our paper [92]
with Alessandro Torrielli, but we have changed the conventions and also

included some new results.

2.1 Lie Algebras and Lie Bialgebras

We start by recalling important definitions for Lie algebras and Lie super-
algebras in section 2.1.1, and for loop algebras in section 2.1.2. General
references for this part are [97, 98, 99]. In section 2.1.3, we define Lie bial-
gebras, and focus on the example of loop algebras, which can be constructed
as a classical double from the polynomial algebra. One can find more back-
ground information on Lie bialgebras as well as classical r-matrices in the
textbook [100].

2.1.1 Lie Superalgebras

A Lie superalgebra g is a vector space equipped with a Lie superbracket or

supercommutator. Let us denote a basis by

3% a=1,...,dim(g), (2.1.1)

then we denote the supercommutator by

303" = F, (2.12)

where %, are the structure constants of g. We denote by
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~a 0 , a bosonic
la| = |3 = { (2.1.3)

1 , a fermionic

the degree of the generator J*. Then the supercommutator is just

[39, 3% = 393° — (—1)llPlgbye. (2.1.4)

An important concept is that of a non-degenerate invariant supersymmetric
bilinear form. We will always assume its existence for the Lie superalgebras
we are dealing with in this thesis, or the existence of an extension of the

algebra which has such form. We will denote this form by

K = (3“,3”) . (2.1.5)

For simple Lie algebras this form is just the usual Killing form (up to an

overall factor), and in general on representations one has, up to rescaling,

k% = str(3%3°), (2.1.6)
where str denotes the supertrace over the representation space. This follows
as we also have to assign a degree to the vectors we are representing. Let
e.g. the representation space be n + m dimensional, such that the first n
elements are bosonic, and the last m are fermionic. Then the generators of

the Lie superalgebra can be schematically written in block form

A B
(). o

such that A is an n X n matrix acting only on the n bosons, and D is an
m X m matrix acting only on the fermions. As these two blocks to not change
the statistics of bosons or fermions they are acting on, they are themselves
of bosonic nature, i.e. they constitute the degree 0 generators of g. C' and
D swap bosons and fermions, and are henceforth the fermionic, or degree 1

generators of g. The supertrace in this block form is given by

A B
str (C D) = tr(A) — tr(D). (2.1.8)
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As the Killing form, i.e. the supertrace over the adjoint representation,
vanishes in the case of psu(n|n), which is of importance for the physics
dealt with in this thesis, we will define the invariant form as the supertrace
over the fundamental representation. A further property is that the form

acts on the bosonic and fermionic blocks separately, i.e.

k% =0 (2.1.9)

if |a] = 0 and |b| = 1, or the other way round. Supersymmetry means that

the form satisfies

b — (—1)lallbl o — (_qylal b (2.1.10)

where the last equation holds because of the equation above. Invariance is

the property that
(3% 1% 37) = (% 3".3°) (2.1.11)

Chevalley-Serre basis

The Chevalley-Serre basis allows for a unified description of simple Lie su-
peralgebras by encoding their commutation relations with their Cartan ma-
trix A, or with their corresponding Dynkin diagram. It is also useful for
applications in physics, as it directly involves the important Cartan subal-
gebra, the maximal subalgebra of commuting generators.

Let A be the r x r Cartan matrix, $;, (‘E;“ and €, be the Cartan generator
and positive and negative simple root generators, respectively. Then these

generators satisfy

1 A.@t

[5731'7 ej ] - Az] ej

[9i, €] = —A;;€;
(€], €7} = 0;9. (2.1.12)

These 3r generators form, in general, not a linear basis of the Lie superalge-
bra. When commuting positive simple root generators with each other one

will get, in general, new positive root generators. For simple Lie superalge-
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bras, one does only get a finite number of additional positive root generators,
and a corresponding number of negative roots. Note that for bosonic sim-
ple Lie algebras, simplicity of the algebra requires the Cartan matrix to be
non-degenerate. We will see that this condition of non-degeneracy is not
necessary in the case of Lie superalgebras. In particular, the important se-
ries of psl(n|n) has a degenerate Cartan-matrix. How to precisely construct

the additional generators is encoded in the Serre relations

(e e, [ [ef, e =0, (2.1.13)

where one applies the commutator |A;;|+ 1 times. In the case of simple Lie
algebras, these Serre relations together with the Chevalley-Serre relations
completely determine the Lie algebra structure. Hence, all information is
encoded in the Cartan matrix. For superalgebras, however, one usually
needs some additional Serre relations. We will later spell them out in the
case of gl(n|m).

Let us note that the Cartan Matrix can usually be derived from the inner
product in the root space. This is also related to the invariant form k.
Indeed, if a;, ¢ = 1,...7 are the simple roots corresponding to the root
generators (’Ej, and the root product is denoted by (a;, @;), then the Cartan

matrix can be written as follows:

~ (Ozi,Oéj) .
Ai‘ =2 5 f 7y Gg
! (0, i) (e 20

Y ()

Here, o is chosen such that (o, }) is minimal. Note that for simple Lie
algebras (a;, ;) # 0, so one can always normalise the diagonal elements to
2. In this thesis, we will usually work with the symmetric Cartan matrix,

which is simply given by

Aij = (ozi,aj) . (2115)

It can be obtained from flij by multiplication with a diagonal matrix.

The whole Cartan-Weyl basis, which is a particularly nice form of a linear

basis of a Lie superalgebra, is parametrised by a set of all roots f;. To
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each such root belongs a root generator (‘c‘;i if B; is positive, and a second
generator @EZ_ if it is negative. Furthermore, there are Cartan generators
3, which together form a vector space dual to the root space, i.e. one
has $3(v) = v(H8) = (B,7v) The number of linearly independent Cartan
generators is by definition the rank r of the Lie superalgebra, and, upon

rescaling, one can obtain the Chevalley-Serre generators ;.

2.1.2 Loop Algebras

Let g be a Lie superalgebra with a linear basis J% as before.
The algebra glu] is defined as the algebra of polynomials in u with values

in g, i.e. the elements are linear combinations of the monomials

Jo=u"3g, a=1,...,dim(g), n=0,...,00, (2.1.16)
such that the generators of zeroth degree form the basis of the Lie superal-
gebra g, i.e. Jg = J%.

Likewise, we define the loop algebra g[u,u!] to be the algebra of all
Laurent Series in u with values in g, i.e. it is generated by

Jo=u"3g, a=1,...,dim(g), n=—00,...,00. (2.1.17)

n

In this thesis, we will always work with completed algebras allowing for
linear combinations of infinitely many generators.
In terms of the structure constants of the underlying Lie algebra (2.1.2)

the commutation relations of the loop and polynomial algebras read

(30,30} = 13 m (2.1.18)

From this relation it is clear that g[u] is a subalgebra of g[u,u™1]. Likewise,
one can define a closed subalgebra glu~!]u~! which consists of generators
of purely negative degree.

We also introduce an invariant form on the loop algebra: We extend the
bilinear invariant form (2.1.5) of the Lie superalgebra g to loop algebras

g[u, u~!] by putting

(35.30,) = Res(str(3330)) = K60, 1. (2.1.19)
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It is straightforward to see that this product is again invariant. Furthermore,
if one considers the generators of glu,u~!] as functions of u with values in
g, this inner product can be seen as taking the residue over u. This also

means that this product splits g[u,u™!] in such a way that

(alul, glu]) = 0,
(g[uil]ufl,g[ufl]ufl) — 07
(glul, glu"Ju™") #0. (2.1.20)

This way of splitting the loop algebra will be important for the construction

of the classical r-matrix.

Note that if we want to describe the loop algebra by roots, we can take the
set of roots (; of the underlying Lie superalgebra, and add one imaginary
root . If, as before, one introduces a Chevalley-Serre basis for the Lie
superalgebra, i.e. generators $);, (’Ej and €, then the generators (’EZk and
QE;,C correspond to the roots «; + ké and —a; + kd, respectively. Likewise,
one can add ké to the Cartan generators $);, denoting them by $; . We
will refer to all §); ;, as Cartan generators, as they commute with each other.
However, as they are now related to the imaginary root vector d, $; are

sometimes called imaginary roots in the literature.

Finally, we would like to mention that loop algebras have a central ex-
tension and an external derivation, leading to the definition of affine Kac-
Moody algebras. We will not deal with these extensions in this thesis.
However, it is interesting to note that the mathematics leading to this cen-
tral extension, as well as the structure of the derivation, is quite similar
to the central extension of the simple Lie superalgebras psl(n|n) to sl(n|n),

which we will discuss in section 2.3.3.

2.1.3 Lie Bialgebras

A Lie bialgebra g is a Lie superalgebra with an additional structure ¢ :
g — g A g called the cobracket, which has to satisfy the so-called cocycle

condition

5([3%,3%}) = [63°, 3%} + [3%, 63°} (2.1.21)
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and is skew-symmetric as well as linear. Here, by [63%, 3%} we mean the
adjoint action of J° on 632, i.e. [53“,317} = [53“,31’ RI1+1® 317}. The
cocycle condition just means that the cobracket acts as a derivation on
the Lie bracket. Furthermore, the skew-symmetric, or anti-supersymmetric

tensor product is defined as
AP =303 — (-1t @ 3o, (2.1.22)

i.e. in case both generators are fermionic, the tensor product is in fact sym-

metric.

The cobracket will become the coproduct upon quantisation, i.e. the
structure equipping Hopf algebras with an action on tensor products of
representations. Furthermore, the cobracket is the dual to the normal Lie
bracket on the dual Lie algebra. That is, if, as before, f®. are the structure
constants of the Lie algebra, and the cobracket has structure constants 7.,

i.e.

5(3°) = 13 © 3", (2.1.23)

then the dual Lie superalgebra g* with generators J, has commutations

relations

[Gavgb} = ’YabC3C7 (2124)

The dual basis is fixed by the usual requirement (Ja,fjb) = 62. Then this
means that the structure constants of the commutator of the dual g* are
the same as the structure constants of the cobracket of g. Likewise, g* can

also be promoted to a Lie bialgebra with the cobracket

5(30) = _fabcﬁa ® Jb- (2.1.25)

As we assume the existence of an non-degenerate form % we just have

Jo = Kapd’, (2.1.26)

bc:(sc

with kK c.

28



Quasitriangular Lie bialgebras

In this thesis we are only interested in a particular subclass of bialgebras,
namely those where the cobracket is generated by an r-matrix. These Lie
bialgebras are called coboundary.

A classical r-matrix r is an element in g ® g such that

5(3%) = [3%, 7). (2.1.27)

For generic r the above equation defines a cobracket precisely if r15+791 and
[r12,713] + [r12,723] + [r13, 723] are invariant under the adjoint action of g.
Here, we introduced the notation r; which means that the first tensor factor
in r lives in the k’th tensor product under consideration, and the second in
the I’th. That is, if r = ), a; ® b;, for some elements a;, b; of the Lie algebra,
then rgy = ), b; ® a;. If one is working on higher tensor products one should
think of the missing coefficients as identities, i.e. r12 =), a; ® b; ® 1 if we
consider triple tensor products.

Now in what follows we want to consider r-matrices which satisfy the

classical Yang-Baxter equation

[r12,713] + [r12, r23] + [r13,723] = 0. (2.1.28)

If the classical Yang-Baxter equation holds we call the Lie bialgebra quasi-
triangular.
Before proceeding, let us look at the example of the polynomial algebra

g[u]. Then one can see that

t
)
Ul — U2

r= (2.1.29)

with t = ke J°®J? being the quadratic Casimir acting on the tensor product,
g

is a classical r-matrix. To show this we note that

[ti, t13 + tos] = [t12, kb (J* @ 1@ ' + 1@ J* @ I)] = Kap[t12, T @ I* = 0.
(2.1.30)

Likewise, [tgg, t19 + t13] =0.
But then
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12 13 |+ 13 t23
ul—u27u1—U3 ul—u37u2—U3

1 1 1 1
= [t12,t23] +
U2 — U3y U1 — U3 Up — U3 U3 — U2

t t
= 2 2 (2.1.31)
Uy — U2 U2 — U3

so the classical Yang-Baxter equation holds. Note that the polynomial al-
gebra acts on different tensor factors with a different spectral parameter u;.
Furthermore, the classical r-matrix (2.1.29) does not really live in g[u]®g|u].
It is henceforth more natural to consider it as an r-matrix of the loop alge-
bra glu,u™1]. We will investigate this in the next section. Here, we would
like to mention that (2.1.29) still defines a consistent cobracket on glu| via
(2.1.27), which is given by

k—1
~ ~ 1 ne A~
0@ = [irt =3 > FuIE AT (2.1.32)
=0

Mathematically, one is interested in classifying the solutions to the classical

t
Uy —u2

lution of the classical Yang-Baxter equation in the case where r is a rational

Yang-Baxter equation. Indeed, the r-matrix is in fact the simplest so-

function of two spectral parameters u; and us. Other cases involve spectral
parameters which are periodic or elliptic functions of the spectral param-
eter. If the underlying Lie algebra is simple, the solution to the classical

Yang-Baxter equation have been classified in [101].

2.1.4 The Classical Double

Given a Lie bialgebra g with structure constants ., ~4° as before, the
classical double is a construction to automatically obtain a quasitriangular
Lie bialgebra. Indeed, if J is a basis of g, and J, is its dual basis in g*,
then the double of g is the vector space D(g) = g + g* with the classical

r-matrix

(2.1.33)

R}

Q
o2y
(3R]
S

2.

ﬁ
I
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By plugging this formula into (2.1.27) one can see that this r-matrix equips
the double with a cobracket such that, if we restrict to the subspace g C
g + g%, we recover the initial bialgebra structure defined by the structure
constants f%., v,,°. Likewise, g* is embedded into D(g) provided that one
swaps the tensor factors of the cobracket. Furthermore, the Yang-Baxter
equation automatically holds for r-matrices of the form (2.1.33). As the
r-matrix is embedded into D(g) ® D(g) as

regeg, (2.1.34)

we can also consider r as the trivial operator mapping g to g. Let us see how
this construction works for the case where g equals the polynomial algebra
g[u]. We have established the invariant product in the loop algebra 2.1.19,
and can clearly see that generators with negative degree are paired with
non-negative degree generators. Indeed, the dual generator for J%,n > 0 is
Ja,—n—1 = mabfjbfnfl, so the loop algebra glu, ufl] can be seen as a double
of the polynomial algebra g[u]. Furthermore, the classical r-matrix is given

by

oo dim(g)

r==> Y 3 ®Jan-1. (2.1.35)

n=0 a=1

Taking into account that J% = u"J%, we get

t
up —ug’

r=>Y w3 @uy" J. = (2.1.36)
n=0

Hence we have derived the classical r-matrix for the polynomial and loop

algebras introduced before. As it appeared via the construction of the dou-

ble, it automatically satisfies the classical Yang-Baxter equation, confirming

the explicit calculation (2.1.31).

An often overlooked fact in the literature is the fact that there is an
ambiguity how to construct the loop algebra as a double from the polynomial
algebra. Indeed, one could equally well define the double of g[u~1]u~!, which

would yield the classical r-matrix

31



oo dim(g

(o)
r=>_ 3, Q3 (2.1.37)

n=0 a=1
On evaluation representations, (2.1.37) would be completely equivalent to
(2.1.35). Indeed, both choices differ just by the invariant element

oo dim(g

)
YooY e (2.1.38)

n=—oo0 a=1
The classical double construction is well-known to lead to a quasi-triangular
Lie bialgebra. However, in physics one would like to have a unitary r-matrix,

which, at the classical level means that

r(up —ug) = —r(uz — uy). (2.1.39)

This is realised on representations for both choices (2.1.35) and (2.1.37),
as the invariant element evaluates to 0. Abstractly, one can construct a

triangular Lie bialgebra, i.e. one where the classical r-matrix satisfies

ro1 = —T12, (2.1.40)

by choosing the antisymmetric combination

1 R R
r=; Z Il AT (2.1.41)

Triangularity automatically guarantees unitarity on representations, even
though, as we have seen, in this case it does not matter. However, we will
see later that for the Yangian the unsymmetrised versions of the quantum

Yangian do not automatically lead to unitary R-matrices.

2.2 Yangians

The Yangian )(g) based on a Lie superalgebra g is a deformation of the
polynomial algebra g[u], or, more precisely, a deformation of the universal
enveloping algebra of g[u]. It is a Quantum Group, by which we mean a
quasitriangular Hopf Algebra. Hopf Algebras are appearing naturally in

many areas of physics, in particular, in integrable systems. They equip a
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symmetry algebra with additional structures such as the coproduct, which
defines the action of the symmetry generators on multiparticle states. Fur-
thermore, they usually posses an antipode, which is often associated with
antiparticle representations. As the coproduct and antipode are rather triv-
ial for ordinary Lie superalgebras, Hopf algebras are not widely studied for
systems with only Lie algebra symmetry. The situation changes for most
integrable models in two dimensions, which often have a more complicated
symmetry structure than just Lie algebras and are indeed often Quantum
Groups. Quasitriangularity means that the Hopf algebra is equipped with a
universal R-matrix R. Such an R-matrix can often be used to define an inte-
grable model by means of the RT'T formalism, where both R and T here are
representations of the same universal R-matrix R. Furthermore, the RTT
relations can also be used to define the Yangian (see the review [95] on Yan-
gians in this realisation). Indeed, there are several equivalent ways to define
the Yangian, and it depends on the problem one is studying which approach
is the best. Universal R-matrices also give rise to S-matrices. Quasitrian-
gularity is basically the property which guarantees that the Yang-Baxter
equation as well as a crossing equation hold. Even though it was known
before that S-matrices are somehow related to the universal R-matrix, a
direct derivation of scattering matrices just from the universal R-matrix is,
to our knowledge, a new application of universal R-matrices, and published

in the paper [91] and in this thesis for the first time.

We begin by giving the definition of Hopf algebras and Quantum Groups
in section 2.2.1. For further references we refer the reader to the textbooks
[100, 102]. Then we define the Yangian in the first realisation in section 2.2.2
following [47], and in section 2.2.3 we define the Yangian in Drinfeld’s second
realisation, following [103]. The references mentioned deal with Yangians of
ordinary Lie algebras, whereas generalisations of the Yangian to superalge-
bras have been studied e.g. in [104, 105]. The second realisation is suitable
for the construction of the Yangian double, which is a quantisation of the
classical double of the polynomial algebra, as encountered in section 2.1.4.
The Yangian double for simple Lie algebras has been worked out in [48] and
was generalised to superalgebras in [106]. We will develop our own approach
to the Yangian double of superalgebras, as published in [91]. Only in this

approach does the universal R-matrix lead to unitary, crossing invariant
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S-matrices on representations. This is of crucial importance for physical
applications, and indeed, the resulting R-matrices for su(n) algebras will be
shown to describe the scattering in su(n) integrable field theories in section
3.1. Furthermore, the results of [106] are not valid for sl(n|n), and we are
not sure about the conventions used in this paper. Hence, we present the

results independently of [106].

2.2.1 Quantum Groups

Let us first describe the mathematical notion of what we mean by a Quan-
tum Group. We mean a quasi-triangular Hopf-Algebra which possesses a
universal R-matrix, which satisfy some conditions which imply the Yang-
Baxter as well as the crossing equations. Let us start by describing a Hopf
Algebra. It is, first of all, an associative algebra, i.e. a vector space which
posses a multiplication, and also an identity element. In this thesis, we are
mainly considering complex algebras, but we can also choose to work over

the real numbers. It is useful to write the multiplication as a map

prARA— A, (2.2.1)

where 2l is the Hopf algebra we are considering. Note that generically the
multiplication map is just defined on the direct product of two copies of the
algebra, but we extend it linearly to the tensor product. Then we can write

the law of associativity as the following commuting diagram:

A AR A 21y @A

u®idl JM
AA —2— A

Furthermore, we also define the identity of the algebra as a map
n:C—2 (2.2.2)
such that the following two diagrams commute:

A C 2, 9@

.| |

2 2
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CoUu 4 aeu

~| &

D/ QLI
Defining an associative multiplication and the identity in such way might
look more complicated than necessary, but the advantage is that it allows
one to straightforwardly define the remaining properties of the Hopf algebra.
In particular, a Hopf algebra is also a coalgebra, that is a vector space which

posses a comultiplication map

A:A—->ARAU (2.2.3)
which is defined by the commuting diagram

A ARA <122 9o

A®idT TA

AoA 2 o

We see that this diagram is identical to the defining diagram of the multipli-
cation map u, up to the fact that all arrows are reversed. This explains the
origin of the name coproduct. Likewise, the coalgebra possesses a counit,

i.e. a reversed identity, or unit map

e:A—C, (2.2.4)
which is defined via the following commuting diagram:

AR C 2 9 @9

=] [a

A 4y

CoA <29 9o

~| |a

A 4y

Of course, a Hopf algebra is not merely an algebra and a coalgebra at the
same time, but all defined structures should be compatible in a certain way.

In particular, we demand that the coproduct and the counit are algebra
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homomorphisms, i.e. equations like

A(XY) = A(X)A(D) (2.2.5)

hold for all X,%) € 2.

Furthermore, a Hopf algebra posses an antipode map

S -, (2.2.6)

which is an antihomomorphism with respect to the algebra structure, i.e.

S(x) = (-1)XPIs(Y)5(x). (2.2.7)

The importance of a coproduct A is the fact that it is usually used to define

tensor products of representations of 2, i.e. if
T2 A — End(VLg), (2.2.8)

are two representations of 2 on two vector spaces Vi 2, then 2 acts on the
tensor product V; ® V5 as
m ®7T2A(x>, (2.2.9)

for all X € 2. If one is interested in defining tensor products of more than
two representation spaces, one can apply the coproduct several times. Coas-
sociativity guarantees that the order in which the coproducts are applied
does not matter.

Let us look at one of the simplest examples of a Hopf algebra, the universal
enveloping algebra of a Lie superalgebra g. The supercommutator of g is

this language is simply realised in the usual way,

X9} = u(X,9) — (-, ), (2.2.10)

for all X,9) € g as embedded into the enveloping algebra. Likewise, the

coproduct is realised by

AX=X®Id+1d® X, (2.2.11)

where we have to observe that the tensor product is graded. This means

that when multiplying two elements A1 ® By and Ay ® By in the tensor
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product, we have to observe the rule
(A1 ® B1)(Ay ® By) = (—1)IP1ll42l 4, 4, @ B, Bs. (2.2.12)

Likewise, as the coproduct enables us to act on tensor products v; ® vo,
where vy, v9 are vectors of some unspecified representation space, then we

have to observe that

(XRTA+1d® X)(v1 @ va) = (Xv1) @ vg + (— 1)Ky @ (wy). (2.2.13)

An equivalent way to realise the presence of fermions, which is sometimes
more advantageous for implementation on a computer, is to work with the
usual tensor product, i.e. (A; ® By)(A2® Bg) = A1 Ay ® B1Bs, and instead

introducing the Fermi operator

FXF = (-1)¥x, (2.2.14)

i.e. it commutes with all bosonic generators, and one picks up a minus sign

when commuting it with a fermion. Then the coproduct is realised as

AX=x®@Ild+ F¥ @ x. (2.2.15)

The general rule is that the Fermi operator appears on the left-hand side of
a fermionic factor in a tensor product.

The coproduct defines, as mentioned before, the action of the Hopf al-
gebra on tensor products of representations. The simple coproduct for the
universal enveloping algebra represents the intuition that a Lie algebra gen-
erator acts on a tensor product like a sum over the actions on each factor in
the tensor product. When we have a superalgebra, the grading of the tensor
product, or equivalently, the Fermi generator, guarantees that we pick up a
minus sign whenever we pull one fermion over another fermion.

We finally mention that the antipode for the enveloping algebra is simply
given by

SX = —X, (2.2.16)

if we work with the graded tensor product. This is related to the fact that
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the antipode is often used to define antiparticles representation. Let the
original representation 7 defining the action of the generators on a vector
space V correspond to the particle representation. Then the antiparticle
representation correspond to the dual, or contragredient representation 7,
which is defined by taking a minus sign and supertranspose of the origi-
nal representation w. The generalisation for Hopf algebras is to define an
antiparticle representation by taking the supertranspose of the antipode,

i.e.

7(X) = m(S(X))". (2.2.17)

We will see later that Yangians, which also contain a copy of the universal
enveloping algebra of the underlying Lie algebra, have a more complicated

coproduct, which is why we introduced these structures.

Quasitriangular Hopf Algebras

Let us now come to the important concept of a quasi-triangular Hopf alge-
bra. This is a Hopf algebra 2, with a universal R-matrix R which satisfies

the axioms

(A®Id)(R) = Ri3Ras
(Id® A)(R) = RisR12, (2.2.18)

as well as the property of almost cocommutativity

AP(X)R = RA(X). (2.2.19)

Here, A°P denotes the opposite coproduct

AP = PA. (2.2.20)

‘P is the permutation operator, flipping the two factors of the tensor product.
Hence, almost cocommutativity is behind the idea that the R-matrix can

be used to define an S-matrix on representations,

S=PR, (2.2.21)
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which maps the tensor product V3 ® V5 of two representation spaces of
the Hopf algebra 2 to Vo ® Vi. Indeed, if the Hopf algebra has a generic,
complicated coproduct, it is by no means clear that V3 ® V5 and Vo ® V)
are isomorphic as Hopf algebra modules. which mathematically is just an

intertwiner of two representation spaces.

From the quasi-triangularity properties it follows that R satisfies the

Yang-Baxter equation
Ra3Ri3R12 = Ri12R13Ra3 (2.2.22)

as well as the crossing equation

(S®Id)(R) =R (2.2.23)

Indeed, the Yang-Baxter equation follows from permuting the first two ten-

sor factors in the first equation of (2.2.18),

RasRiz = (A? @ 1d)(R)
= Ri(A®Id)(R)R; = Ri12R13Ra3R L, - (2.2.24)

Taking R1_21 to the other side, we get

Let us also show how the crossing equation follows. The antipode of a Hopf

Algebra satisfies the equation

(S @ IDA(X) = n(e(X)), X € 2, (2.2.26)

with € being the counit and 7 the unit map, i.e. it maps the complex number
1 to the identity element in the Hopf algebra, which we will often just call

1 as well. The counit satisfies

(e®I)AX = X, (2.2.27)

so we have
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(e®1d®Id)(A®Id)(R) =R

= (6 ®RId® Id)ngRgg
— ((e®1d®1d)Ri3)R. (2.2.28)
Hence,
(e@1d ®1d)Ry3 = 1d ® Id, (2.2.29)

and as the second tensor factor plays no role, we have

(e®Id)R = Id. (2.2.30)

Now we write the R-matrix as some sum over unspecified elements of the
algebra, R = > 11 ® ro. Then

(S @Id)A(r)) @re=(n@Id)(e(r1) @ry) =n(l) @ Id =Id ® Id
= (WS®Id) ®Id)R13R23 = (p@1d)(S(r1) ® Id @ r9)(Id ® r} @ 75)
= (S(r) @r)(r] ®ry) = (S®Id)(R)R. (2.2.31)

(S®Id)(R)=RL (2.2.32)

2.2.2 Yangians in Drinfeld’s first Realisation
Consider a Lie superalgebra g with basis J*. We introduce an additional

set of generators :T\“, which have the following commutation relations:

[3%,3°) = 03¢, (2.2.33)

3,3 = £e3 (2.2.34)
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~

39 [3°, 30} + 3%, 34, 393 + [3¢, [3%, 3%}

2 e
= " et p fa 3. (2.2.35)

The resulting algebra is infinite dimensional, as the commutator of 3“ with
‘ij\b will, in general, not be a linear combination of the generators J* or ?ja.
Indeed, the relation (2.2.35) tells one about the behaviour of the commu-
tators of higher order, and is henceforth referred to as a Serre relation for
the Yangian. This is in analogy to the case of simple Lie algebra, whose full
linear basis could be constructed from a minimal set of Chevalley-Serre gen-
erators by observing compatibility with the Serre relations. Note also that
to raise or lower indices, we use the bilinear form x introduced in (2.1.5),

which needs to be non-degenerate for these purposes.

In the important case if the Yangian is of type gl(n|m) there exists an

evaluation representation such that

~

3 = u3”. (2.2.36)

Even though this looks like the loop algebra, or polynomial algebra, we note
that the coproduct is different. It is given by

AQY) = J"@1+103 +hJ 0L =3"01+ 1®3“+h§f§c3”®30,
(2.2.37)

where t is the quadratic Casimir of the underlying Lie algebra g, defined on
the tensor product g®g. Hence, we see that the universal enveloping algebra
of g is embedded into the Yangian as a Hopf subalgebra. Furthermore, we
recover the polynomial algebra g[u] in the limit & — 0. In this sense, Y(g)
is considered as a deformation of the universal enveloping algebra of the
polynomial algebra g[u], and % is the corresponding deformation parameter.
Even though A does not necessarily correspond to the Planck constant,
such deformation is often referred to as a quantisation, or a deformation
quantisation. If A # 0, then we can actually scale % away, i.e. without loss

of generality set to A = 1.
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The Antipode for the Yangian

The action of the antipode for the Yangian is most easily calculated using
Drinfeld’s first realisation, as we have a general formula for the coproduct

in this case, valid for any generator 3. We apply the formula

0 = (@) = pu(S @ Id)AG?)
~ ~ 1
= uSEHIR1I+103%— h§f§c3b ® 39

~ 2 1 4nbn
= 8@ +3" = fr3Y (2.2.38)
and get
2 2 L o ~bn
S@") = 3" + hy f3"3°, (2.2.39)

Note that if the underlying Lie superalgebra is simple, the above formula

for the antipode can be simplified to
~a <a 1 ~a
S =-3 +h1c‘5 , (2.2.40)

where c is the eigenvalue of the quadratic Casimir on the adjoint represen-

tation. This eigenvalue in turn is proportional to the dual Coxeter number.

2.2.3 Yangians in Drinfeld’s second Realisation

Yangians are particularly interesting as they lead to rational solutions of the
Yang-Baxter equation. As in the classical case of Lie bialgebras, where we
could construct a classical r-matrix based on the double of the polynomial
algebra g[u], which turned out to be the loop algebra glu, u '], we will now
show that there is a universal R-matrix associated to the double of V(g). As
Y(g) is a quantisation of g[u], the double will be a quantisation of g[u, u™!].

To write down a universal R-matrix we first need an appropriate linear
basis, such that for each generator in the Yangian we know its dual gen-
erator. Then, similarly to the case of the classical double, the universal

R-matrix will be the canonical element

R=> X®X", (2.2.41)
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where the sum is taken over the whole Yangian with unspecified basis X,

and its corresponding dual basis X*.

The first realisation of the Yangian, as given in the previous section, is not
suitable for the construction of the universal R-matrix. This is due to the
fact that only finitely many generators J* and 3% are realised explicitly in
this basis. The infinitely many other generators are in principle constructed
by observing the Serre relations, but such construction is not possible in
an explicit form. This was one of the main reasons why a new realisation
of the Yangian was given in [103]. This realisation defines the Yangian in
a Chevalley-Serre type basis, and is called Drinfeld’s second realisation of
the Yangian. This realisation is isomorphic to the realisation given in the

previous section.

. Jr —
One introduces generators $); p, Gm, 61 s

i = 1,...,rank(g) such that
again the degree zero generators are identified with the generator of the
underlying Lie superalgebra. With the help of the symmetric Cartan matrix
A, the Yangian is defined as follows

[9im, 9jn] =0, [9i0, €] = Aij €5,

[9i0, €] = =4 € [ej_m7€j_,n}:5i7j'6j,n+m7
[Dimr1, €] = [Dim, €] = Az‘j{ﬁi,ma@}fn},
[9im+1, €] = [9im, € ,00] = iAij{ﬁi7ma€;n}7

1
(€t ) = (€1 €} = AL

_ _ . 1 .
[t €t = [€ims €} = _§Aij{€im’ €l
Sym{k}[ej:/ﬂ’ [@:k2, t [ ) kn } }} = 07

Sym{k}[Qf;kl, I:injkg’ .. [ngknij’ ;l} .. }} =0,
i #j, nij =1+ Al (2.2.42)

Here, the superanticommutator is defined as {4, B] := AB + (—1)41BIBA.
Again, as in the case of the Chevalley-Serre basis of Lie superalgebras, one
needs to add extra Serre relations if we have a proper Lie superalgebra, i.e.

with non-zero fermionic part.
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The advantage of this presentation of the Yangian is that, unlike in the
case of the first realisation, we have explicit relations for the generators of
arbitrary degree n, J%,n > 0. As mentioned before, the generators of degree
0 are identified with the generators of the underlying Lie superalgebra g.
The generators of degree 1 are in principal associated with the generators
‘:j“ of the Yangian in the first realisation, but not in a direct way. In fact,
one derives that to match the defining relations in the first realisation one

needs the following isomorphism:

Hio = i, Qf;-fo:@fj, € =€,

Dig =9 —vi, Qf;fl =& —w;, ¢ ,=¢ —z, (2.2.43)
where
1 _ o 1,
vio= 5D (00 B){€5, €f] — o7,
B
B
1 o 1 _
n o= _12{[@ €5} €4 — 119 €} (2.2.44)
B

The sums over § goes over all positive roots.

Note that even though the second realisation explicitly contains generator
of arbitrary degree, we have not established a full linear basis of the Yan-
gian yet. First of all, we need to add root generators corresponding to the
non-simple roots of the underlying Lie superalgebra. This can be done in a
similar fashion as for the underlying Lie algebra, but is still quite non-trivial.
We give an explicit realisation in the case Y(sl(n|m)). Furthermore, the Yan-
gian contains arbitrary powers of the generators, i.e. elements of the form
(€4 L )™ (€ ) (H10)™ - (960,)™ (€5 o )P - (€5, 5, )P Allsuch
elements form a linear basis provided one avoids double counting. This is
guaranteed if one orders the roots, and then sticks to the block form above,
which reads schematically FHF, i.e. one starts with the ordered positive

roots, then the Cartan generators and then the ordered negative roots.
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2.2.4 The Yangian Double

We will now define the double DY(g) of the Yangian )(g), which natu-
rally contains a universal R-matrix. We have established the Yangian in
Drinfeld’s second realisation, which contains already generators of arbitrary
positive degree. We will first construct a linear basis of the whole Yan-
gian, and then appropriate dual generators. However, unlike in the classical
limit, it turns out that the explicit description of the dual generators is more

involved here.

First, we note that the generators in the second realisation, $);,, (’Ezn,
¢, form only a Chevalley-Serre type basis of the Yangian. To get a linear
basis, as in the case of the underlying Lie superalgebra, we have to construct
a corresponding Cartan-Weyl basis. Indeed, such generators are simply of
the form (’EE”, (’EE’R, where (’EEO, (‘3570 correspond to the generators of g,
i.e. [ is a positive root vector. Unlike for g, for the Yangian one cannot
construct them explicitly. However, we know that there should be genera-
tors of exactly this form as the Yangian is a deformation of the enveloping
algebra of g[u], hence there should be a one-to-one correspondence between
the appropriate generators. The obstruction can be seen from the defining
relations (2.2.42). Unlike for g[u], commutators of generators of degree n
and m are not of homogeneous degree n+m, but contain generators of lower
order. Mathematically speaking, the degree n does not provide a grading
on the Yangian, but only a filtration. If one has a root vector 8+ nd, where
0 is the imaginary root vector, then there is not a unique way to construct

the corresponding root generator.

Furthermore, as we know that the classical double of g[u] is the loop alge-
bra g[u, u~!], the double Yangian D)Y(g) should now also contain generators
of the form §;,, ¢ e

ins €, n <0, as well as corresponding Cartan-Weyl

generators. Now we have two choices: we could simply proceed by setting
e.g. @Xn to be dual to €, _,_1,Just asin the case of the polynomial algebra.
Then one could derive the algebra and coalgebra relations from the require-
ment that dual product imposes a non-degenerate invariant form which also
respects the algebra and coalgebra relations. However, it turns out that then
the generators of negative degree would not have a nice behaviour, at least

for those generators associated with the Cartan subalgebra. Instead, one
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would like them to be as closely related to the generators of the loop algebra.
In particular, on representations, one would like to have a simple evaluation
type representation. So we will follow the approach of [48] to construct the
quantum double. Here the generators of negative degree behave similarly
to the generators of positive degree, but the dual product on the Cartan

subalgebra is non-trivial.

The inner product is given by

(Q—:ka Gj_,l> = (=) (C”:;p (’fjk) = —0;j0k,—1-1

A\ (kK
(.‘7_)17]6,.6]",1,1) = _Aij <21]> <l) for k > l, (2245)

with all other products vanishing. Here, we will not list the coproduct and
the product relations for the dual generators, as we will not use them. They

have the same structure as in [48].

To construct the universal R-matrix, one needs to construct a dual basis
with respect to the inner product. To do this, it is useful to introduce

generating functions for the generators as follows

EF(N) =D g (@) == Y et
k=0 k=-—1

€ (N =) e AR (@) == ) e (2.2.46)
k=0 k=—1

AN =14 Hipd ™ 67 () =1 ) HipA Tt (2.247)
k=0 k=-—1

The parameter X is the formal parameter of the generating functions. It
should be noted that on evaluation representations with spectral parameter
u the generating function will depend on the difference u — A, so effectively

A may be interpreted as the spectral parameter.

The dual of the function J(A1) = >, Jk)\l_k_l is defined as the function
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I (A2) = =202, 3*k)\2_k_1 such that

1

()37 (A2)) = 3 (2.2.48)

This is equivalent to introducing the generator J; dual to J; in the sense of

(36, 3%21) = =0k (2.2.49)

According to this definition the root generators are already written in terms
of a dual basis. What remains to be found is the dual basis for the Cartan
generators. Note that here the superscripts + indicate the expansion of
fJ?:()\) at A = 0 and A = oo respectively. On evaluation representations one
finds that $; () and $; ()\) represent formally the same function. Their
scalar product is given by [48]

A1 — A2+ AQij

Ay
Moo= g

(57 (), 57 (1)) = (2.2.50)

It turns out to be useful to consider the formal logarithms log(£:(\)) due
to the following property

AL — Ao + 22
(108(57 (A1), log($17 (A2)) ) = log === (2.2.51)
AL — Ao — =7
Therefore,
d 1 1
log(5F () Tog(5; (1)) = - .
(dh g M=o+ G A=A - A8
(2.2.52)
If one introduces the shift operator
Tf(A2) = f(Aa+1), (2.2.53)
then the above formula may be written as
L og(57 (M), log($- (Aa)) | = (T—A5#/2 — pAw/2)_ 9k (99 5y
dM ! ’ J AL — Ao

This is a matrix equation and to complete the task of the diagonalisation
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one needs to invert the operator
Dy = T4/ — 7Ais/2 (2.2.55)

Note that on evaluation representations T effectively shifts the spectral pa-
rameter uo due to the aforementioned fact that the Drinfeld currents depend
on the difference A — u. For the sake of the following discussion it is useful
to introduce the g-deformed symmetric Cartan matrix, i.e. we replace each

number x by its g-number

qx _ q—x
Hence, the g-deformed Cartan matrix takes the following form
q(amaj) — q—(ai,a]‘)
Aq)ij = [(0i, )]g = — (2.2.57)

q9—q

The D;; operator is then related to the g-deformed Cartan matrix through

Di; = —(T"% - T71/2)A(T1/2)ij . (2.2.58)

2.2.5 The Universal R-Matrix

In the previous section we have established the Yangian double DY (sl(n|m))
by generalising the analysis of [48] for the case of simple Lie algebras. The
universal R-matrix can now be easily stated with the help of the diago-
nalised form (2.2.54) since it is simply the canonical element of the Yangian
double, i.e. the sum over all elements of the Yangian Y(sl(n|m)) tensor its
appropriate dual. One should stress that the Yangian consists not only of
the Chevalley-Serre generators (2.1.12) and their commutators, but also of
all powers of the corresponding generators. Schematically, the dual product

decomposes as follows

(BYHE=, (B4 (H)'(B7)") = (B, (E)") (H, H") (B, (E7)),
(2.2.59)
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just as in the case for simple Lie algebras [48]. Hence, the universal R-matrix

has the quasi-triangular structure
R=R,RygR_. (2.2.60)

The positive and negative root parts are given in terms of ordered products

.
Ry = [ exo(-(-DFFYef 0 €5 000
B,k>0
<
Ro = [ e(-Frles 50 €1 1)) (2.2.61)
B,k>0

Here, F is the usual Fermi-number generator. The product is only taken
over positive roots § € sl(n|m). The symbol § denotes the imaginary root.
An important feature of (2.2.61) is that the product in Ry is taken in
a specified order, whereas for R_ the reverse ordering is applied. Such
ordering can be defined inductively. Let two roots 1, v3 be already ordered

¢l = eh.

as 71 < 73. Then we say 71 < 72 < 73 if we can write [¢1 N

7o
This procedure for the root ordering was introduced for Yangians based on
simple Lie algebras in [48]. We also refer to [91] for the explicit ordering of

roots of sl(n|m).

The Cartan part of the universal R-matrix is the significantly more com-

plicated

O (f} ({5 1ontor o)

t=0 t

® (Di—jl 1og(55j—(xz))(t+l)>> .
(2.2.62)
The superscripts ¢ and —(¢t + 1) denote the respective coefficients of the
expansion of the generating functions in A; > 1, A2 < 1. Tensoring them
together is thus equivalent to taking the residue at \; = A9. In the case
of integer-valued Cartan matrices we find that the inverse of the g-Cartan
matrix is also g-integer valued up to an overall constant g-number [[],.
The concrete definition of the inverse D;l on the set of functions of the
spectral parameter determines the scalar part of the R-matrix. According
to (2.2.58), the operator D may be expressed solely through the translation
operator T', for which the action on functions of spectral parameter is well-

defined. Clearly, one may define Digl by expanding it in a power series
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around either 7' = 0 or T' = oo. It turns out, however, that both expansions
do not result in the same scalar part Ry. We would like to argue that the
guiding principle should be unitarity. Indeed, the Yangian Double is not

triangular, i.e. the equation
Ri2Ro =1d (2.2.63)

does not hold. Only a balanced expansion in power series in 7" and 7!
will lead to unitary dressing factors. It follows immediately from (2.2.57)
that A(g~!) = A(q) so that the operator D;; defined in (2.2.58) satisfies
D;j(q) = —Dij(g71). The same must hold for its inverse D;jl(q) thus one
may write

D3 (@) = % (P5Ma) - DG ™) - (2:2.64)
We propose to expand the first term at ¢ = 0 and the second one at ¢ = oo
and setting ¢ — T'V/2 in the expansions. Subsequently, the principal branch
of the square root should be applied. We conjecture that the resulting
R-matrix contains a unitary dressing factor satisfying the corresponding
crossing equation. Moreover, in all cases studied in what follows the dressing
factor found in this way is a meromorphic function up to a square root of
a CDD factor. This suggest that this may be a general feature of this
procedure. Please note also that analytic properties of a given solution to
crossing and unitarity equations are dictated by the concrete physical model

and cannot be determined with help of the universal R-matrix.

Generic Cartan matrices of superalgebras, in particular those correspond-
ing to the gl(n|n) algebra where the external u(1) automorphism is rescaled
and shifted by the identity, have non-integer elements and the aforemen-
tioned prescription needs to be applied. Integer-valued Cartan matrices

allow for further simplification since there exists a matrix C(q)
A(q)C(q) = [l]q1d, (2.2.65)

such that its elements are polynomials in ¢ and ¢~'. Here, [ is assumed to
take minimal value for which such C(q) exists. The inverse of (2.2.58) may

now be written as

1

-1 _ 1/2
Dt =c(rY )i i

(2.2.66)
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When expanded in the vicinity of T'= coT!, one finds

I exp (i (W)t ® (cij(TW) log(H; (A2 £ (k + 1/2>l))_t_1> :

1,5,k
(2.2.67)

For sl(n) algebras | = n and the above formulae reduce to the one proposed
in [48]. The scalar part leading to a unitary dressing factor may be formally
written as

Ry = % (2.2.68)

Ry

This formula, however, remains also valid for the supersymmetric counter-
part sl(n|m) with [ = n — m and n # m. Clearly, the case of n = m
is special and the definition of C(q) becomes redundant for non-canonical
choice of the extension parameters. Thus the matrix C(q) is convenient for
classification purposes only, but becomes ill-defined in the general case of

real-valued Cartan matrices.

2.3 sl(n|m) Lie Superalgebras and their Extensions

Of particular importance for the physics we are dealing with in this thesis are
Lie superalgebras of type sl(n|m) or gl(n|m), as well as their real forms. This
series includes the Lie algebras of type sl(n) in the special case sl(n|0). We
will define sl(n|m) for n # m in section 2.3.1, and treat the special case n =
m separately in section 2.3.2. Due to its importance for later applications in
physics, and as it has some remarkable mathematical features, we devote the
additional section 2.3.3 to the study of the centrally extended psl(2]2) x C?
algebra. We refer the reader to the references [98, 99| for the general theory
of Lie superalgebras, and [107] for background on the centrally extended
psl(2]2) x C? algebra.

2.3.1 sl(n|m)

Let us give the definition of Lie superalgebras of type gl(n|m) in terms of
their n + m dimensional fundamental representation. The representation

space is spanned by n bosons and m fermions
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%), a=1,...n,
%), a=1,...m. (2.3.1)

They can be written as n + m dimensional column vectors such that |¢®) is
the vector with a 1 in the a’th row and 0 otherwise, whereas |¢)“) has a 1
in the n + o’th row.

We will generally denote bosons by lower case Latin characters a, b, c, ...,
and fermionic indices by Greek characters «, f3,7,.... For some purposes
we will combine the bosonic and fermionic indices into upper case Latin
characters I, J,.... Using those indices, gl(n|m) is simply the Lie algebra
consisting of all (n +m) x (n + m) dimensional matrices, where a useful

base is given by the matrices

Er;y, I,J=1,....n+m, (2.3.2)

which have a 1 at the J’th row and the I'th column and 0 otherwise.
Furthermore, the generators Ery, [I,J < n as well as E;;, I,J > n
are bosonic, whereas Er;, I < n,J >n and Er;, J < n,I > n are
fermionic. We will use the notation |I.J| = 0,1 to characterise whether Ey;
is bosonic or fermionic. Hence, the commutation relations read

[Ery, Exr}y =0 Erp — (=)L B e, (2.3.3)

The non-degenerate bilinear form in this basis is simply given by
(E[J, EKL) = Str(E]JEKL) =05k Str(E[L) = 5JK5[L(—1)I. (2.3.4)

Then, the quadratic Casimir is given by

n+m n+m n n+m n+m
C= Z (_1)|J‘EIJEJI = Z ZEIJEJI - Z Z ErjEgg. (2.3.5)
1,J=1 I=1 J=1 I=1 J=n+1

On the tensor product, this Casimir

t= Z (*1)|J|E](]®EJ] (2.3.6)
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will reduce to the graded permutation operator P. It is often useful to write

the matrices of gl(n|m) in the following block form:

A% E%) (2.3.7)
Qaa 2045

Here, R%, forms a basis of gl(n), £*g forms a basis of gl(m), and Q%, and
&%, are fermionic generators forming n x m or m x n blocks, respectively.
The advantage of this notation is that we have clearly separated bosons and
fermions. Latin and Greek indices indicate the action on bosons or fermions
of the basis (2.3.1), and in matrix form, a generator X*, means that the
appropriate generator has a 1 in the z’th column and the gy’th row of the
appropriate bosonic or fermionic block. For instance, 9%, has a 1 in the
element where column a and row b intersect, and 0 otherwise. Hence, the

translation to the indices I, J used above is given by

a=1 for1<I<n

a+n=1 form <I<n+m. (2.3.8)

A basis for the n +m dimensional representation space (2.3.1) is then given
by vectors VI, I =1,...n+ m, with

Vi=g¢® I=aq,
Vi=y® T=a+n. (2.3.9)
The degree of an index is denoted by |I|, so the short-hand notation of

the degree of a generator E7;, which was denoted by |I.J|, translates to
(LT = [T+ [J].

In the a,« convention it is manifest that the fermionic generators Q%,,
6%, form fundamental and antifundamental representations of the bosonic

gl(n) and gl(m) subalgebras. This is realised by the natural commutation
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relations

€9, Q7%,] = 69%
(£, 6%] = —036%
[RY%, Q7] = —0:Q7%
R, 6] = 669, (2.3.10)

The standard gl(n) and gl(m) commutation relations are given by

[R%, RG] = ;R — IGR%
[£%8, £75] (%Sa(s — 0527 3. (2.3.11)

Of course, these are special cases of (2.3.3) with m = 0 or n = 0, respec-
tively. Another advantage of dividing the generators into blocks is that their
action on the fundamental representation (2.3.1) is realised in a canonical

fashion. The non-vanishing actions are given by

91%/6°) = 35]6°),
£5l07) = 53,
0%6°) = 5510°),
&75107) = 5316°). (2.3.12)

The quadratic Casimir in this realisation is given by
C=> RYRY — £7380, + Q%6 — &°.Q%. (2.3.13)

It is important to note that the algebras gl(n|m) are not simple. This can

be easily seen, as they have a central element

D ORG A+ L% =D Epr. (2.3.14)
a « I

In the case n # m, one can factor it out by removing all matrices with

non-vanishing supertrace
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R S
str ((Q L)) =tr(R) —tr(L) = 0. (2.3.15)

As all the diagonal elements R%,, £%, introduced earlier have supertrace 1

or —1, we change their fundamental representation towards

0 0 1 0
110
MR, = - — 2.3.16
a 0 ) - ( )
1
and likewise
0 0 1 0
Do 110 "
L8, = - = . 2.3.17
P | (23.17)
1

As before, £%, and R%, are written as m X m or n X n matrices, which
are understood to be embedded block-wise into the superalgebra, and no
summation convention was used. Using the basis vectors |¢®), [¢)®) as before,

we get

1
RG[0%) = d516%) — —dp1%),
S%szﬁWU—%%W%. (2.3.18)

Note that those shifts do not alter the sl(n) or sl(m) commutation relations
(2.3.11).

However, the action on the fermions is slightly modified, we now get
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1
(€95, 2] = 0J% — 050

o a a 1 o a
[£%6,6%] = —0.6% + 356,
1
[, Q7] = =057 + —55 Q.
1
R, 6%] = 56 — 56", (2.3.19)

This does not mean that the fermions form a different representation with
respect to the bosonic subalgebras than before. Indeed, as we have imposed
the constraint ) 0% = 0, > ,£% = 0, it is more natural to consider
n — 1 independent generators R%, —R*T1, 11, a=1,...n —1, and likewise
£%, —£a+1a+1, a =1,...m—1. These combinations are supertraceless even
in the original gl(n|m) basis, and we will later use them for the Chevalley-
Serre basis.

Demanding that the supertrace vanishes removes only one diagonal gen-
erator from gl(n|m), but now we have imposed two constraints reducing
gl(n) and gl(m) to sl(n) and sl(m), respectively. Hence sl(n|m) contains

one more u(1) generator €. Indeed, if we commute two fermions, we get

{Q%, 8"} = 6L£%5 + 05M°, + 655.¢€. (2.3.20)

Here, we have put

1

el = o)
) = 7). (2.3.21)

To go from gl(n|m) to sl(n|m) in the Er; basis we can simple set

1
Erg— Erg— o Eqr. 2.3.22
1J 1] = 01 ; 11 ( )

Note that this removes only exactly one u(1) generator. However, the sim-
ple bosonic sl(n) and sl(m) subalgebras are not manifestly realised, as the
bosonic blocks are not traceless. Only the supertrace over the whole space

vanishes. Also, this shift apparently does not work for n = m. Indeed, this
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1 n-1 n n+1 n+m-1

Figure 2.1: The distinguished Dynkin diagram of sl(n|m).

is not an artefact of the basis, but reminiscent of the fact that sl(n|n) is in-
deed mathematically different from the general series gl(n|m). We will treat
this case separately in the next subsection. For now, we would like to give
a choice of the Chevalley-Serre basis. We will work with the distinguished
Dynkin diagram of figure 2.1.

Then the corresponding symmetric Cartan matrix reads

2 —1 0
1 2 1 0
0 1 0
: ... —1 2 -1
A=fo9 .. 0 -1 0 1 0 .. : (2.3.23)
2 1 0
0 1 -2 1
0 : RPN |

0o ... 1 =2

This defines the commutation relation (2.1.12) of the generators 7, €} and
¢, where I = 1,...,n+m — 1. In this distinguished basis, the roots ¢r
and &, are fermionic, and all other generators are bosonic. To make contact
with our previously used bases we see that a choice for such Chevalley-Serre

basis is given by
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Hr=FErr—FEryi 41, 1<I<n
= Enpn+ Eniing,
Hr=—-Err+Erj1141, n<I<n+m
¢ = Errt1,
¢ =By, 1<I<n
¢, =—FEry1, n<I<n+m
(2.3.24)

Note that in this basis is left invariant by the shift 2.3.22. Put differently,
all Chevalley-Serre generators already have vanishing supertrace. Indeed,
building a complete linear basis by commuting the simple root generators,
one always gets the algebra sl(n|m), as the supercommutator of generators
with vanishing supertrace again has vanishing supertrace. In the case n #
m, the remaining generator Z = ), Ey; turning sl(n|m) into gl(n|m) is
hence just a trivial u(1) charge not connected in any sense to the other
sl(n|m) generators. This also means this u(1) charge has vanishing Killing
form with each of the other generators of sl(n|m). Indeed, the derived
algebra of sl(n|m) is again sl(n|m), i.e. [sl(n|m),sl(n|m)} = sl(n|m). Hence,
for each J! € sl(n|m), we can find some 32,32 € sl(n|m) such that [32, 33} =
J'. Then we have for the Killing form

(31,7) = (B*3°17) = (3% 19°,7}) =0. (2.3.25)

It follows that gl(n|m) is a trivial central extension of the simple Lie super-
algebra sl(n|m), just as in the case of the (non-super) Lie algebras gl(n),
which are trivial central extensions of sl(n). Again we emphasise that for
n = m the situation will be different, and we will investigate this case in

the next section.

Let us, for completeness, also spell out the Chevalley-Serre generators in
the basis £, R%,,Q%,, &%5. We put

58



e = R, — 9‘{“+1a+1, 1<a<n,
ﬁn - mnn +£11 +Q:,

Aatn = —L% + £ a1, a<m

¢ =R%41, 1<a<n,

Qf;'{ = 6",

QE;Zrn =L£%41, 1<a<m,

¢, = Rt 1<a<n,

¢, =0,

Covn=—"L%41, 1<a<m, (2.3.26)

2.3.2 sl(n|n)

Within the family of Lie superalgebras sl(n|m), the case n = m is special
in several aspects. The u(1) generator €, as introduced in (2.3.20), becomes
central, as can be seen directly from the representation (2.3.21). This means
that removing generators with non-vanishing supertrace from gl(n|m) is not
sufficient to obtain a simple Lie superalgebra. Put differently, sl(n|n) is the
only subseries of the special linear superalgebras sl(n|m) where the identity
generator is part of the algebra. To obtain a simple Lie superalgebra we

project the identity out and consider

psl(nn) =sl(n|n)/ < € > . (2.3.27)

Let us stress the important fact that the central charge we projected out is
a nontrivial central charge, i.e. sl(n|n) is a non-trivial central extension of
psl(n|n). This is different e.g. to the case of gl(n), which is a trivial central
extension of sl(n). Indeed, this means we cannot find a basis such that ¢
decouples from the other generators, i.e. does not appear on the right-hand
side of commutators of psl(n|n) generators. Furthermore, this also implies
that on representations, € cannot have arbitrary eigenvalues.

Note that for psl(n|n) there is no 2n-dimensional fundamental represen-
tation. This can be understood as follows: All 2n x 2n-dimensional super-
matrices, i.e. gl(n|n), have 2n Cartan generators, which correspond to the

2n diagonal matrix elements. Imposing the two conditions of factoring out

59



the identity as well as demanding vanishing supertrace leaves one with the
2x (n—1) Cartan generators of the two bosonic subalgebras sl(n). However,
when commuting a positive fermionic root generator with its dual negative
root, one will always end up with a generator which is not a direct sum of
the Cartan generators of the sl(n)’s. Hence, for psl(n|n), it is often useful to
work with projective representations, which are representations of sl(n|n),
where each matrix is just defined modulo the identity element.

We can write the partition of gl(n|n) into its simple part psl(n|n) and

two u(1) charges as

gl(n|n) = u(l) x psl(n|n) x u(l), (2.3.28)

where A x B indicates a non-direct product such that B is an ideal in
Ax B. The u(1) on the right-hand side corresponds to the central charge €,
which completes psl(n|n) to sl(n|n). Furthermore, the u(1) on the left-hand
corresponds to the generator which is removed by requiring the vanishing
of the supertrace. It acts as an external derivation on sl(n|n), and will be
denoted by $2,.The action on the remaining Chevalley-Serre generators is

given as follows:

920, 9;] = 0,

(920, €n] = &,

(920, 8n] = —Fns

(920, €] = [H20,85] =0, j#n. (2.3.29)

Due to this diagonal action it can henceforth be considered as an additional
Cartan generator. In the literature, this generator is sometimes called outer
automorphism, as each derivation of a Lie superalgebra also defines an au-
tomorphism via the adjoint action of its exponential. Note that as any
multiple of $9,, can be used to define an automorphism, we have a one di-
mensional vector space of external derivations, and a one-parameter family
of external automorphisms. This is in contrast with all other series of simple

Lie superalgebras, which have only a discrete set of external automorphisms.

Another curious point to note is that for the simple algebra psl(n|n) the

definition of its rank is somewhat ambiguous. Indeed, the Chevalley-Serre
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basis consists of 3 x (2n+ 1) — 1 generators, as (2.3.26) for generic sl(n|m),
but as mentioned, with € = 0. This constraint removes one Cartan gener-
ator, but one is still left with 2n + 1 positive and 2n + 1 negative simple
root generators. Furthermore, a consequence is that the Cartan matrix is
degenerate for psl(n|n), but also for the central extension sl(n|n). How-
ever, if one extends the algebra further to gl(n|n), one obtains an extended

Cartan-matrix

2 -1 0 0
-1 2 -1 0
0 -1 0
-1 2 -1 0
ottty _ | © 0 -1 0 1 0 1
1 -2 1 0 0

(2.3.30)

This matrix describes the action of a generalised Chevalley-Serre basis which
includes the generators of sl(n|n) and the additional Cartan generator $ay,,

defined via (2.3.29). It is non-degenerate.

As $9, does not appear on the right-hand side of any commutator of
generators of gl(n|n), one is free to rescale $a, by a constant u, without
changing the structure of the algebra. The only difference will be that the

commutators with &,, §,, which now read

[ﬁQnagn] = ,qun,

Furthermore, one can add a multiple of the identity to $9,, as this will not

change any commutators at all. The shifted and rescaled generator o, is
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then represented by

n 2n 2n
~r (s 3 A S
Hop, = 5 (I_l E[,[ — E[}]) + % 2. E[’[. (2.3.32)

I=n+1

The rescaling and the shift modify the Cartan matrix, which now reads

2 -1 0 0
-1 2 -1 0
0 1 0
1 2 -1 0
ity _ | O 0 -1 0 1 0 [
1 -2 1 0 0

(2.3.33)

2.3.3 psl(2]2) x C3

As we have seen in the last section, psl(n|n) is a special series of Lie superal-
gebras in the sense that it allows for a non-trivial central extension, and also
has a continuous one-parameter family of outer automorphism. The case
n = 2 is even more special, as it allows for in total three non-trivial central
charges, as well as three independent outer automorphisms forming an s[(2)
algebra. This feature crucially modifies the representation theory and allows
physical models with such symmetry to have special features. In particular,
we will see in chapter 5 that all three additional central charges are required
in the AdS/CFT correspondence, so that the central charge corresponding
to energy eigenvalues can have non-trivial values on representations.

In this chapter we only want to describe the mathematical features of
the centrally extended ps[(2|2) x C3. We start by describing the sl(2) outer
automorphism, which will, upon application on psl(2|2), automatically lead

to the central extension.
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Using the same conventions as in the previous two sections, psl(2|2) con-
sists of two s[(2)’s generated by %, and £, with all indices running from
1 to 2 now. The indices at the fermionic generators &%,,Q%, are arranged,
as before, in such a way that they transform in fundamental and antifun-
damental representation of the two bosonic subalgebras. As these are now
simply s[(2) algebras, the fundamental and antifundamental representation
are actually isomorphic. It is convenient to raise all indices of the fermions,
and combine the fermions corresponding to positive roots with the negative

roots into one doublet Q%¢ as follows:
QWP =gl QP =cPree. (2.3.34)

Hence, the new index ¢ = 1,2 appears in a similar fashion as the Latin and
Greek indices. These did correspond to representation indices of the sl(2)
algebras generated by ;% and £%3. Interestingly, one can define 3 external
generators B%, a,b = 1,2, with B!y + B2y = 0, which act on psl(2]2) as

follows:

[%ab’ﬂc&] — 52530511 . %5553052
[B%, 0] = [B%,£%] = 0. (2.3.35)

Here, we combined the supercharges Q%,, &%z into one doublet of generators
Indeed, one can convince oneself that the B%,’s generate an sl(2) algebra
[B%, B%] = 65B% — 05B%. (2.3.36)

The global transformations they generate are given by

Qaﬂl N aQa,Bl +an52
Q%2 5 QP 4 40?2, (2.3.37)

with four complex numbers a, b, ¢, d which, for compatibility with the com-

mutation relations, have to satisfy the condition

ad — bc = 1. (2.3.38)
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Then, all previous psl(2|2) relations are satisfied as before, apart from the

appearance of three additional charges &f, which are central with respect

to psl(2]2):

Q" a2 — ¢l
Q12,0222 = _¢? (2.3.39)

We can combine the full commutation relations for all fermionic generators

as

{Qaaa’ Qb’Bb} — Eabea’yﬁabgﬁ'y + eaceaﬁeahf}{bc + eabeaﬁeate:?. (2340)

If we denote the three independent central charges €, 3, &, such that

¢l = =¢ ¢h=9P, ¢ =-] (2.3.41)

we see that € appears precisely in the way as in (2.3.20). € is central as for all
gl(n|n), but the crucial difference in the case n = 2 is that it is accompanied
by 2 further central charges. Likewise, the generator B! is quite similar
to the generator )9, introduces for gl(n|n), but again accompanied by two
further external derivations. Note that if one would set 8 = & = 0, and
does not consider the action of By and B2, then one would indeed recover
the algebra gl(2|2). However, if one considers the fully centrally extended
algebra psl(2[2) x C3, then it is quite clear that the sl(2) automorphisms
B%, cannot act on the fundamental representation. This is because B%;, act

on the central charges as

[B%, €] = 65€% — 5€%, (2.3.42)

which can be derived from consistency with the commutation relations
(2.3.35). Note that the same consistency requires the eigenvalues of the

central charges to be related to the parameters of the s[(2) rotations as
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ad + bc

2
= ab

R = cd (2.3.43)

Furthermore, the fundamental representation of the fermionic generators

needs to be modified to

Q%|¢") = adply®), Q% |YF) = be*Pey|d’),
G0|@?) = ceeqsly?), &% |v0) = doale). (2.3.44)

As the automorphisms do not act on the bosonic part of the theory, their

action remains unchanged. For completeness we give their representation:

1 1
R|¢°) = G510%) — 50510%),  £%6[¢7) = 1Y) — S5 (2.3.45)

Note that for generic parameters a, b, ¢, d, the fundamental representation
does not allow for a triangular decomposition, which means that there is
no basis such that the positive (negative) roots can be represented in the
upper (lower) triangular block. The fundamental representation is also not

of highest weight type. Instead, it is a cyclical representation.
For some purposes, it is useful to consider the maximally extended algebra

s[(2) x psl(2]2) x C3, (2.3.46)

where indeed s[(2) acts as an outer automorphism on the ideal ps[(2|2) x C3.
The problem of considering this big algebra is that the s[(2) automorphism
cannot be represented on the four dimensional fundamental representation,
and it is hence of limited interest for the applications dealt with in this
thesis. The automorphisms are also not compatible with many other finite-
dimensional representations. However, the physics of the AdS/CFT corre-
spondence requires the existence of the central charges. This renders the
invariant form to be degenerate, for the same reason as sl(n|n) has a de-

generate form. For generic n we only have one central charge, and the
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degeneracy could be lifted by considering the extension by the sole external
derivation $)2,, giving the algebra gl(n|n). It is easy to see that extending
psl(2]2) x C? to sl(2) x psl(2|2) x C3 lifts this degeneracy, but also obstructs
the construction of representations. This is a certain dilemma, as e.g. the
construction of the R-matrix for the corresponding Yangian, as done in sec-
tion 2.2.3, requires the existence of a non-degenerate form, whereas physics
needs representations. We will overcome this dilemma, at least for the clas-

sical r-matrix, in section 5.1.3.

2.4 Yangian of sl(n|m)

As we have seen in section 2.2.2; the Yangian in Drinfeld’s first realisation
can be defined for any Lie superalgebra with non-degenerate invariant bi-
linear form. Hence, we can straightforwardly use the definitions (2.2.33)
for the case of the simple Lie superalgebras psl(n|m), but also their exten-
sion gl(n|m). This will be discussed in section 2.4.2. As we will see, this
is also true when n = m, as well as for the case of s[(2) x psl(2[2) x C3.
However, we recall that sl(n|n) and psl(2|2) x C3 do not posses a non-
degenerate form. Consequently, the s[(2) automorphisms are necessary to
define a consistent Yangian structure. This is potentially problematic, as
the automorphisms are, in most cases, incompatible with the psl(2]2) x C3
representations. If the automorphisms would appear in the coproduct of the
YV(psl(2]2) x C?) generators, it could indeed be problematic to define tensor
products of Y(psl(2|2) x C3). However, it turns out that the automorphisms
do not appear explicitly in the coproducts of Y (ps((2|2) x C3). Hence,
one can define tensor products of Y(psl(2|2) x C?), despite the fact that
the automorphisms cannot be represented on most representation spaces of
psl(2]2) x C3. Furthermore, it is consistent to define the Yangian of sl(n|n)
and psl(2[2) x C? in Drinfeld’s second realisation. the particular case of
psl(2]2) x C3 will be investigated in section 2.4.4, with the results mainly
based on [92]. Before introducing the Yangian, we will briefly discuss its
classical counterpart, the Lie bialgebra structure corresponding to the loop
algebra of gl(n|m), in section 2.4.1. Section 2.4.3 deals with the evaluation
of the universal R-matrix on the fundamental representation of the Yangian

of gl(n|m), as investigated in [91].
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2.4.1 The Lie Bialgebra of gl(n|m)

Before coming to the actual Yangian, let us briefly state the classical Lie
bialgebra of gl(n|m), or, rather, of gl(n|m)[u,u=!]. If we use the basis gen-
erators Ery, as introduced in (2.3.3), then the classical r-matrix, derived

from the classical double construction as shown in section 2.1.4, reads

Err®F P
r= Z(_l)JEIJ,k Q@ Ejr—k—1= Z(—l)‘] L= 2 . (2.4.1)

Uy —u Uy —u
k,J 7 1 2 1 2

The resulting cobrackets of the generators £ of the polynomial algebra
read explicitly

o
—_

5(EKL,k) = <(_1)U‘EKJ,I+I¢ & EJL,7171> (2.4.2)
l

Il
o

Hence, the classical r-matrix is simply the graded permutation operator,
divided by the difference of the spectral parameters of the associated rep-
resentation spaces. This is in line with the observation that the quadratic
Casimir of gl(n|m) reduces to the permutation operator on the tensor prod-
uct of two fundamental representations (2.3.6). For the centrally extended
psu(2|2) x u(1)?, we are again facing the dilemma of having no Casimir.
However, the extended algebra sl(2) x psu(2|2) x u(1)? has a non-degenerate

form with associated quadratic Casimir

t=RYRNR, — L% 2L, + 0% 06%, — 6% 00%, +B% ¢ +% 2B,

(2.4.3)
Interestingly, the resulting cobrackets of the generators of psl(2[2) x C3,
which are spelled out in table 2.1, do not include any automorphism B°,.
This will be crucial when constructing the Yangian of ps[(2|2) x C? in section
2.4.4. However, the classical r-matrix related to the Casimir (2.4.3), and we

will study the solution to this problem in section 5.1.3.

2.4.2 Y(gl(n|lm))

Let us start by considering the fundamental representation of gl(n|m) with

generic generators J%. Then the corresponding first level Yangian generators
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5(Qn)ab =

n—1
#3700 A (G140 — 505 (e A (G011
k=0

n—1 n—1
= () A (Quo1 k)5 = Y (R)% A (Qno1k) e
k=0 k=0

n—1 n—1
= G A Quek-1) + Y e ea Bk A (Sno1—i)
k=0 k=0

n—1

n—1
3(8n)"s =+ Y (R) %A (Sn1-1) + D (L) A (Sno1k)y
k=0

k=0

n—1 n—1

+ Z A (Gn,kfl)ag + Z 6ac€ﬁgﬁk A (anlfk)éc (2.4.4)
k=0 k=0

Table 2.1: Cobrackets of psl(2]2) x C3.



J® are represented as

o~

3¢ = u3®, (2.4.5)

where wu is some complex number called the spectral parameter. As shown
in [100], for sl(n) this satisfies all defining relations of the Yangian, whereas
for other simple Lie algebras such simple evaluation representation does not
work. The proof carries over to gl(n|m). We have introduced the Yangian as
a deformation of the polynomial algebra g[u], but from the perspective of the
fundamental representation there is actually no difference to the Yangian.
The crucial difference comes into play when considering tensor products.
The action on tensor products is given by the coproduct (2.2.37). Now, if u;
labels the spectral parameter corresponding to tensor factor ¢, the coproduct
of the Yangian generators in the first realisation on two representation spaces

reads

9 = Jel+103° (2.4.6)
~ a1
AGY = 3“®1+1®3“+§fg13”®30

1
= wI"®1+1®@uI" + Efgf;ﬂ’ ®3°. (2.4.7)

Note that here we put A = 1. Introducing the basic matrices Erj, as in

(2.3.3), and using the quadratic Casimir (2.3.5), we get

. N A 1
AFkr = EKL®1+1®EKL+i[EKL@)LZ(_l)‘J‘EIJ@EJI}
17

= Exr®1+1® Exp +
1
2 Z ((_1)|J|EKJ ® By, — (-)KHIEHIVEN R EKJ> :
J

(2.4.8)

Note that one can quickly convince oneself that this is a quantisation of the
cobrackets (2.4.2), i.e. 6 ~ A — A%,

With this information one can already derive the R-matrix on evaluation
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representations. Indeed, the r-matrix is defined as the intertwiner
RA(X) = AP(X)R (2.4.9)

for all generators of the Yangian X. On the fundamental representation we

get the well-known Yang R-matrix

1
up — u2

R=1+ P, (2.4.10)
where P is, as before, the graded permutation operator, which permutes
the two representations. Note that if u ~ %, then this quantum R-matrix is

expanded as

R =1+ hr, (2.4.11)

with the classical r-matrix of (2.4.1).

Of course, one cannot fix the scalar factor of the R-matrix by solving
equation (2.4.9). In this thesis, we are mainly interested in a different,
more powerful approach to obtain R-matrices from Yangians, namely via
universal R-matrices, as studied in section 2.2.5 . Hence, we should study
the fundamental evaluation representation of the Yangian in the second
realization. Indeed, if we take the Chevalley-Serre basis (2.1.12) of gl(n|m),
and consider the defining relation (2.2.42), we can straightforwardly derive
the evaluation representation in this case. Motivated by the form of the
isomorphism between the first and the second realisation (2.2.43) we make

the ansatz

Dink = (u+a;)$io

E‘ET,C = (u+ ai)k(ﬁxo

(2

¢ = (uta)le, (2.4.12)
Take e.g. the relation

1
90041, €] = 90k €11 ] = 5 A {95k, ¢ (2.4.13)

70



Plugging in our ansatz we get

1
— (a; — aj) A€l = iAij{ygz-,o, ¢t (2.4.14)

For gl(n|m) this gives us enough conditions to fix all but one a;. Indeed, if

we put a; = 1/2, we get

2n —1
2 )

a; = n < i. (2.4.15)

One can check that all other defining relations (2.2.42) are also satisfied with
these parameters. We have also checked explicitly that the isomorphism

(2.2.43) is compatible with this choice, up to an overall shift in .

2.4.3 The R-matrix on the Fundamental Representation

In this section we will systematically evaluate the universal R-matrix on the
fundamental representation of gl(n|m) and its Yangian in Drinfeld’s second
realization, as studied in the last section. The first step towards the explicit
evaluation of the Cartan part (2.2.62) of the universal R-matrix is to invert

the operator D given in (2.2.55).

The factors Ry and R_ are fairly easy to evaluate due to the nilpotence

of the roots

% (m+n—1)(m+n)

1 _
R, = H eXp(;(_l)Wf‘ﬁk'Eﬁ ® Ej )
k=1
%(m+n—1)(m+n) 1
- 11 <1 + E(—l)m’“'}"B’f‘Egc ®Eﬁk> , (2.4.16)
k=1
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% (m+n—1)(m+n)

1 _
R = 11 exp(a}"‘ﬂk'E/Bk ®E})
k=1
%(m+n71)(m+n)
= 11 1+ LF e o Bt (2.4.17)
- U Bk Br | - o
k=1

Here, u = u; —wus is the difference of the spectral parameters on both factors
of the tensor product. The product in Ry, R_ is taken in a particular order,
as defined in [91]. On the fundamental representation the individual blocks
commute, however. Thus what remains is the evaluation of the (2.2.62). Let
us first show that the factor (2.2.62) is convergent. Indeed, each element of
Ry = Hij(RH)ij is of the form

~  an+b an+b+h; — h;j
i~ . 24.1
(RH)J nl;[()an-f—b—khi an+b—h; ( 8)
Using the following product representation of the Gamma function
1 M M 1
T = i 2o~ #(Xk=1 1/k—log M) z/n 2.4.1
(2) Moo 2 gl—l—z/ne ’ ( %)
one easily finds
X an+b antb+h—h; (&R
(Rm)ij ~ [ I oL G B

. —h. bthi—hy
cantb+hi an+b—h; Izl p(y

a a

The matrix (2.2.62) is diagonal since the Cartan algebra elements are diag-

onal. Using the prescription (2.2.64) one finds

(RH)ll;ll = Ro(’u,) = (2.4.21)

The function h(u) is a simple ratio of trigonometric functions and, as follows
from the discussion in the following section, may be dropped being solely
a CDD factor. Surprisingly, this factor coincides for m = 0 with the u(n)
dressing factor found in [108]. Moreover, for m > 0 and m # n it is identical
to the w(NV) dressing factor with N =n — m.
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Evaluating the remaining elements of Ry and combining them with the
formulas (2.4.16) and (2.4.17) one finds the following compact result for the

R-matrix

u+1 u+1
(2.4.22)

Here, P denotes the graded permutation operator
PV, V; = (-1)lv; @ ;. (2.4.23)

The matrix part of this R-matrix is the supersymmetric version of the Yang’s
R-matrix. It does not depend on whether the expansion is taken for 7' < 1
or T'> 1 in the Cartan part. This is expected, as this is the only solution

to the rational Yang-Baxter equation on those representation spaces.

2.4.4 Yangian of psl(2[2) x C3

The principal definition of the Yangian works for the algebra s[(2) x psu(2]2) x
u(1)3, as this has a non-degenerate invariant form. As argued before, we
are particularly interested in the fundamental evaluation representation, on

which the automorphisms do not act.

Considering the generic coproduct of a Yangian generator,

- 1
AQY) = Fel+183 + fr3" e, (2.4.24)

we notice that in principle the automorphisms can appear on the right-hand
side even for generators of psl(2|2)x C3. This would be a problem as then one
could not act with this coproduct on a tensor product of two representations,
if the automorphisms do not act on the individual representations. Luckily,
it turns out that the automorphisms do not appear on the right-hand side
of coproducts of psl(2]2) x C3 generators. This can be seen by recalling
that psu(2]2) x u(1)? forms an ideal in s[(2) x psu(2|2) x u(1)3. Hence, the

non-trivial part of the coproduct
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[ta:ja ® 1] = [%5[(2\2) + SBxy ® Y, + Q:xy ® %yz“f}a ® 1} (2'4‘25)

is also in psu(2]2) xu(1)3>@psu(2]2) xu(1)? for all elements J* in psl(2]2)x C3.
Having established this fact, we indeed find that tensor products of repre-

sentations of psu(2|2) x u(1)? can be lifted to representations of the Yangian.

2.4.5 Drinfeld’s Second Realisation of ) (psl(2[2) x C?)

In [92] it was shown that one can also define the Yangian of the centrally
extended ps[(2|2) x C? in a consistent way in Drinfeld’s second realisation.
This is non-trivial, as the generic isomorphism between first and second
realisation, valid for simple Lie algebras, is not working directly. It is how-
ever this realisation which is used for the construction of of the universal
R-matrix. In this section, we give the details of [92], but also include some
new results on how to include one of the outer automorphisms into the al-
gebra. Such automorphisms were already necessary to be included in the
classical r-matrix (see section 5.1.3), to lift the degeneracy of the invariant
form. So one expects that it also plays a role for the quantum R-matrix.
The first crucial remark is that the second realisation of the Yangian seems
incompatible with the distinguished Dynkin diagram. Indeed, one can show
that the some defining relations from (2.2.42), like

1
[9i,m+1, Qf}fn] — [Dim, QE;:n+1] - 5‘41'1{55“”’ QEIH}’

are not possible to satisfy for the fermionic root &7, if one assumes simple

7,27
evaluation type representations

Nim = (u+ ai)"Nio, Qfm = (u+ ai)méfo. (2.4.26)

One could cure this problem by allowing for more complicated representa-
tions, or introduce additional Fermi number generators. We are not sure
if such choices are particularly natural, and will henceforth work with the
fermionic Dynkin diagram, where such problems do not arise. This is prob-
ably related to the fact that all simple roots are fermionic and hence treated
on an equal footing. We note that also the Bethe equations of the AdS/CFT
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correspondence, which derive from the centrally extended S-matrix, cannot

be written in all Dynkin bases [55], so this might be related to the problems
we face here.

Let us introduce the purely fermionic Chevalley-Serre basis. The extended

Cartan matrix is given by

01 0 0
1 0 -1 -1

A= , (2.4.27)
0 -1 0 2
0 -1 2 0

and the corresponding Chevalley-Serre generators, satisfying the standard

relations (2.1.12), are given in terms of the generators used in section 2.3.3,
by

9 =-RY +eh—¢
9y =-RY - £l + ¢,
3 = R — 211 -,

¢ = 0%,

¢ = &%,

5 =9,

¢ = -6y,

¢, = 9%,

¢, = —62. (2.4.28)

The fourth Cartan generator can be realised by
Hy =R+ 2h - B, (2.4.29)

which would satisfy the standard Chevalley-Serre relations, but does not
act on the fundamental representation due to the involvement of the auto-
morphism B';. However, note the following observation. If one represents
the generator B!y as
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‘Bll E11+ Eyy — E33 — Eyy), (2.4.30)

= T (
then $4 correctly produces the Cartan matrix from the invariant product

on the fundamental representation, which is given by
Aij = StI‘(fJZ‘.V)j). (2.4.31)

However, $,4 will then not act diagonally on the roots. As B'; is an external
automorphism, we might just redefine the abstract action on the roots in

such a way that is compatible with (2.4.30).

Let us now give the definition of the Yangian in Drinfeld’s second realisa-
tion. For ps((2|2) x C3, we find that the Chevalley-Serre generators §; x, (’EZk
and €, where as usual £ = 0 corresponds to the Lie generators (2.4.28),
satisfy the standard relations (2.2.42). However, the isomorphism to the
first realisation (2.2.43) does not exactly the standard form. Instead, the
special elements (2.2.44) appearing in (2.2.43) need to be modified to

1 1
v = _55%,0 + 1(9%219%12 + RN — 228l — elae?)
1
+046Y +02%6% - 64aY — 6%,0%) - S TR,
1 1
v2 = —5573%,0 + 1(9%219%12 +RLR% + &4 80 + 2125

1
+Q21612 — 212621 — 6125:221 + 6215312) + 5%53,
1
2

1
—Q11611 - Q22622 + 611Q11 + 622922) - §‘Bﬁ,

1
vg =~ (MY, — L 4 €2y ¢ e
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1
wp = —1(6203’32,0 + 532,0@})) +
1
1(611,‘:12 + ,212611 - 622%12 — 9{12622 — 2912.@),
1
wy = —Z(@foﬁm +551,0(‘3f0) +

1 1
1(53219%12 + MH0% + Qlhe? + 2210 +261) + 56%‘]3,

wy = —i((’f}iof)g,o +930€4,) +
i(@llm% +0%6Y - &%e% - £2,6% - 29% 8),
2 = —i(%ﬁoﬁzo + $2,0€5,) +
3(5311221 + 2204 — 9%R% - RHQ% - 2647),
29 = —i((‘c‘iofh,o + 91,0€1 ) +
%(612%21 + 9% 6% + 6% el + £15,6% + 294 8) + %Q%ﬁ,
2y = —i(ez;osag,o + 930€5) +

1
Z(Q11%12 + %00 - Q%el, - £59% - 265P).
(2.4.32)

Note the appearance of the central charges €, £, 3, which is certainly not
expected from the general form (2.2.44). Indeed, the difference to (2.2.44),

when naively plugging in the generators, is given by

(v1)standard — V1 = +%&Bﬁ, (2.4.33)
(v2)standard — V2 = —%‘Bﬁ, (2.4.34)
(v3)standard — V3 = +%‘J3ﬁ, (2.4.35)
(w2)standard — W2 = —%6%‘43, (2.4.36)
(22)standard — 22 = —%Q%R. (2.4.37)

Here, we have labelled the standard special elements appearing in (2.2.44)

by the subscript standard. We can now evaluate these special elements on
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the fundamental representation, or alternatively make the same ansatz as

for sl(n|m),

Dk = (u+ ai)¥9i0
Gfk = (u+ ai)kGZO

(2

¢ = (uta)le, (2.4.38)

Then we find the following interesting result:

ay = 0,
as = Q:,
az =0 (2.4.39)

That means the spectral parameter corresponding to the second set of
Chevalley-Serre generators is shifted by the eigenvalue of the central charge
€. As € can have continuous values in the centrally extended case, it is not
a shift by half-integers, as in the case of gl(n|m) studied in section 2.4.2.
It is quite interesting that the rapidity, which parametrises the momentum,
is shifted by the energy. Such combination also appears in the all-loop S-
matrix, which can be seen as an indication that this S-matrix can be derived

from a Yangian double.
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3 Integrable Models

In this chapter we will review several integrable models. In particular, we
will discuss relativistic integrable field theories in section 3.1 and integrable
spin chains in section 3.2. We will focus on discussing models with Yangian
symmetries. Indeed, we will argue that the Yangian is a central object in
the investigation of those theories. On the example of the principal chiral
field, we will see that the Yangian leads, by direct evaluation of the universal
R-matrix derived in section 2.2.3, to the exact S-matrix of this model. This
offers a new perspective on the S-matrix formalism in integrable models.
Previously S-matrices have usually been obtained by first using the invari-
ance with respect to the Lie algebra symmetry, which combined with the
Yang-Baxter equation yields the matrix structure of the S-matrix. Alterna-
tively to the Yang-Baxter equation, one can use Yangians or other Quantum
Groups to fix the matrix structure of the S-matrix [109, 110]. This is be-
cause the Yang-Baxter equation can be used as a defining relation for the
Yangian, as reviewed in [95]. The scalar factor of the S-matrix is then fixed
by exploiting crossing symmetry, as well as imposing unitarity and analyt-
icity. Often, crossing, unitarity and Lie algebra symmetry are considered
as independent concepts, whereas e.g. in [110] it has been already pointed
out that Quantum Groups can include all those symmetries. Our approach
goes further, as we show that, in the case that the underlying Quantum
Group is a Yangian, we can reconstruct the full S-matrix including a coss-
ing symmetric, unitary prefactor, directly from the universal R-matrix. As
we have extensively studied the Yangian in the last chapter, the derivation
of the S-matrix is straightforward. This demonstrates the usefulness of our

new approach to S-matrices.
It is well known that there are different links between spin chain models

and integrable field theories. The existence of the same symmetry in two

models can be seen as a first evidence for a link of the models. We will
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not elaborate on the details of how integrable field theories arise as limits
of spin chains, and refer the reader to the review [111]. In [111], the same
integrable models are discussed as in this thesis, but from the perspective
of functional equations rather than the symmetry algebras. Interestingly,
the techniques used to solve the crossing equations are quite similar to the

techniques of constructing the universal R-matrix, as studied in chapter 2.

The S-matrices are the fundamental object in constructing the Bethe
equations, which were proposed in [112] for the Heisenberg Hamiltonian.
Bethe equations for symmetries of higher rank were investigated in [113,
114]. We will discuss the ideas of the Bethe ansatz only briefly, and refer
the reader to the reviews [50, 115, 116].

3.1 Integrable Field Theories

In this section we would like to discuss some features of integrable relativis-
tic field theories in 141 dimensions. A crucial object of these theories is the
S-matrix, which can be derived provided some quite general properties hold,
namely, if the S-matrix is factorisable and satisfies the Yang-Baxter equa-
tion, it is crossing invariant and it is unitary. These properties are closely
related to the abstract algebraic properties of quasi-triangular Hopf alge-
bras, which we discussed before. We discuss these properties of S-matrices
in section 3.1.1. A review on integrable field theories and their S-matrices
can be found in [117]. In section 3.1.2 we introduce another important ob-
ject in integrable models, the Lax connection. Section 3.1.3 deals with the
Principal Chiral Field, which is shown to be classically invariant under a
Yangian. We then reproduce its complete S-matrix by exploiting this Yan-
gian symmetry!. More information on Yangians in integrable field theories

can be found in the review [118].

'"We assume there is no quantum anomaly, as argued in [34, 45]
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3.1.1 The S-matrix of Integrable Field Theories

Let us investigate a generic field theory defined in 1 + 1 dimensions. It is

often useful to work with light cone momenta
pi=p+pi, Di=p—pi (3.1.1)

where the index i denotes particle ¢ with mass m;. For simplicity we will
take all masses to be equal. The light cone momenta can then be written

in terms of rapidities 6; as
pi =me’  p; =me Y, (3.1.2)

where 0; is a positive (negative) real number if the particle moves in positive

(negative) direction along the real line. The transformation
QZ' — —92‘ (3.1.3)

transforms a particle moving in positive direction to one moving in negative
direction. This can also be seen by expressing the original Lorentzian energy

and momentum in terms of the rapidity,

1
P = 5(1% + pi) = mcosh(6;)
1
pi = i(pi — pi) = msinh(6;). (3.1.4)
Furthermore,
0; — ir — 0; (3.1.5)

leads to a change in sign of the energy, which is why this transformation

corresponds to an antiparticle transformation.

We would now like to investigate the scattering of particles. The S-
matrix connects an in-state in the infinite past with an out-state in the
infinite future. Scattering of all incoming particles can only take place if
the particle to the furthest on the left is the fastest, and the one to the right

is the slowest. Hence, we sort our in-state as

|Ag, (01)Aay (02) ... Ag, (00));, (3.1.6)
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such that
01 >05>--->0,. (3.1.7)

Here, | A4, (6;)) denotes a particle of type a; with rapidity 6;2. The S-matrix

is now simply the operator
Spr i 1Ay (01) - - A (0n)) i = A, (01) - - Ay (01)) g (3.1.8)

which maps an in-state to an out-state. It depends on the rapidities of the
scattered particles as well as on the type of particles it scatters. Note that
the order of rapidities of the particles of the out-state is reversed compared
to the in-state, i.e.

0 <0y<---<0,. (3.1.9)

Generically, the particle labels ag, b; of the in and out state will correspond
to a representation of some symmetry algebra, in many cases a simple Lie
algebra. The classical way to look at it is to say that a particle carries a
Lie algebra index, and consider the rapidity as something additional, inde-
pendent from the Lie algebra. We would like to advertise that Quantum
Groups are a more natural way unifying the matrix structure with the ra-
pidity dependence. Indeed, in the case of Yangian symmetry, the rapidity 0
is related to the spectral parameter u of the Yangian. Hence, one can con-
sider a particle described by a state | A, (6;)) as living on the representation

of the Yangian, and the rapidity comes in naturally.

Before investigating the precise symmetry structures for certain models,
let us continue with some fairly general arguments for integrable relativistic
field theories. Consider the total energy and momentum, which in the light

cone are just given by

P|Ag, (61)Aa,(02) ... Ag, (6r)) = Z meP | Ag, (01)Agy (02) ... Ag, (61))
k=1

PlAa, (01) Aay (62) .. Aa, (62)) = 3 me™|Aq (61)Auy (62) . .. Aa, (6)).
k=1
(3.1.10)

2To be precise, the particle should be represented by a wave packet such that the domi-
nant contribution comes from a momentum corresponding to the rapidity 6;.
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These are of course conserved in a scattering process. We remark that in
Hopf algebra language this simply means that energy and momentum act
with the trivial coproduct on multi-particle states.

In a scattering process, energy and momentum conservation certainly
restrict the S-matrix, but the effects become much more dramatic if one has
an infinite set of higher spin conserved currents. Consider charges with spin

s acting as
Q[ Aa, (01)) = €| A, (1)) (3.1.11)

If infinitely many of them are conserved, then the scattering process of n to

m particles,
[ Aay (01)Aaz (02) - - Aa,, (0)) i, = [Aby (01) Aby (03) - - Ap,, (07)) 0 (3-1.12)
leads to infinitely many equations
e p e 4o petn = e st 4 eSO (3.1.13)

These equations can generally only be satisfied if n = m, i.e no particle
production or annihilation takes place. Furthermore, the momenta can only
be permuted, so the set of outgoing equals the set of incoming momenta.
This would already greatly simplify the S-matrix structure. However, even
more is true [39]. As the charges 9, roughly act as p°, the action on a

particle described by

w(:v)oc/ dpe =@ (P=p1)*Hip(z—a1) (3.1.14)

—00
i.e. a wave packet with momentum centred at pp, is given by

") (z) o /OO dpe®’—*(p=p1)* +ip(a—a1) (3.1.15)

—o0
so if one expands the argument in the exponent about pi, one gets a shift
of 1 by something depending on p;. As the different incoming particles
are assumed to have different momenta, we can hence use the higher spin
conserved charges to separate the n — n scattering into 2 — 2 particle

scattering processes®. Hence, the n — n particle S-matrix factorises into a

3In [40] it was shown that indeed the existence of two conserved charges of higher spin
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product of 2-particle scattering matrices, i.e.

S(61,...,6n)) =[] S0k, 60). (3.1.16)

Here, the two particle S-matrix S(f, 6;). is understood to act only on par-
ticles k and {.

Even more, one can argue that the order of the two particle scattering
matrices composing the n particle scattering process does not matter. This
leads to the important Yang-Baxter equation, which is hence a necessary

equation to hold for the theory to be integrable.
S(601,02)S(01,03)S(02,05) = S(02,05)S(01,03)S(01,02). (3.1.17)

The Yang-Baxter equation itself just states that the order of the two-particle
scattering processes within a factorised process of scattering three particles
does not matter. As we will see in the case of the S-matrix of the AdS/CFT
correspondence in chapter 5, the existence of an S-matrix which satisfies
the Yang-Baxter equation is often seen as a strong hint for integrability,
even though the existence of conserved charges at the quantum level was
not shown there yet. Indeed, the Yang-Baxter equation is not a sufficient
condition for the integrability of the theory. This is clear if one considers e.g.
a theory without flavour, such that the S-matrix is just a scalar. This could
be for instance ¢* theory in 1+ 1 dimensions. This theory is not integrable.
Interestingly, it can be made integrable by adding terms of higher order in
the field, ultimately leading to the sinh-Gordon theory, see [117].

Due to the factorisation property of S-matrices in integrable field theories,
one of the main remaining problems is to find the two particle S-matrix. In
general, if we scatter two particles 1 and 2, the S-matrix will depend on the
two rapidities 61, 6». This situation is depicted in figure 3.1.

As we argued before, we have ps = po and p; = p4, so the momenta are

only permuted. However, if we have a relativistic theory, then relativistic

is sufficient for the factoristaion, whereas in [39] infinitely many conserved charges are
assumed to exist. However, in most known cases, if one has one additional conserved
charge, one also finds infinitely many others. We believe that the reason for this is
that we usually have Quantum Groups like the Yangian as the symmetry algebra in
integrable models. The corresponding monodromy matrix generates both local and
non-local conserved charges. The non-local charges are not commuting and form
a Yangian, and indeed, one extra Yangian charge is usually sufficient to generate,
together with the underlying Lie algebra, the whole Yangian.

84



D2, ba p1, b1

Si2(p1,p2)

P1,a1 D2, a2

Figure 3.1: Two particle scattering process.

invariance implies also that the two particle S-matrix depends only on the
difference of the two rapidities. Indeed, the S-matrix should depend only on

invariant quantities, and one can express the invariant Mandelstam variable
as

— = cosh?(#;) — sinh?(6;) + cosh?(fy) — sinh?(6s) +
2 cosh(6;) cosh(f2) — 2 sinh (61 ) sinh(6;)
= 24 2cosh(f; — ),
(3.1.19)

i.e. s depends only on 6 = 61 — 0,.

An important issue is that if we apply the S-matrix to a two particle state,
where the difference of rapidities of the two particles is § = #; — 602, and then
apply the S-matrix again, the initial and final states are indistinguishable.
As the momenta got permuted after the first application of the S-matrix,

this means that the second S-matrix depends on the relative rapidity —6 =
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02 — 6. This situation is depicted in figure (3.2).

D1 Y%
S(pz, P1)

P2 P1
5(]31 ) p2)

b1 P2

Figure 3.2: Unitarity of the S-matrix.

In terms of rapidity depending S-matrices we have

S(6)S(—6) = 1d, (3.1.20)
or with indices
S(0)5% S(—0)pis2 = 551651 (3.1.21)

This property of the S-matrix is called unitarity.

As this S-matrix acts like
S(02 = 1)y, 3y [ Aay (01)Aay (02)) 5, = [ A, (02) Ap, (01)) st (3.1.22)

it is considered as the forward scattering matrix ai,as — by,bs. If we
consider the crossed S-matrix aq,b; — ba, as, we see that the antiparticle by

has momentum —ps. The situation is shown in figure 3.3.

The invariant in this channel is the Mandelstam variable

t=(p1—p3)® = (p1—p2)?, (3.1.23)
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—p2, bo p1, b1

512 (p1 s —p2)

pb1,a1 _p2762

Figure 3.3: The crossed S-matrix.

which can be expressed in term of the crossed rapidity (3.1.5) as

l .
3= 2 4 2cosh(im — 0). (3.1.24)

We should note that, as after all both s and ¢ depend only on 6, they are not
really independent variables. This is of course expected in 1+ 1 dimensions.

Cross-channel unitarity reads

S(im — 0)22 S(im + 0)2¢ = 551022 (3.1.25)

a1a2

Now, crossing invariance precisely means that the t-channel matrix should

equal the s-channel matrix, i.e. in components we have

S(im — )2 = S(0)72. (3.1.26)

aiaz

This is the crossing equation.

If one has a relativistic integrable model, one can now use the Yang-
Baxter equation, combined with crossing and unitarity, to derive the two-

particle S-matrix. This will generically completely fix the S-matrix up to

87



one undetermined factor X (6), which satisfies

X(0)X (im — ) = 1. (3.1.27)

Such factor is called a CDD factor. It cannot be fixed by the symmetries
directly, but is instead fixed by assumptions on the pole structure of the
S-matrix. Certain poles in the S-matrix correspond to bound states of the
fundamental particles, so knowledge about the particle content of the the-
ory can be used to fix the CDD factor.

Having established the two particle S-matrix, we can compose multi-
particle S-matrices of two particle S-matrices using factorizability. Then,
one can use the Bethe ansatz to diagonalise the scattering process. If we
consider the field theory on a large cylinder, periodic boundary conditions
allow one to solve for the momenta, or rapidities. Combined with the dis-
persion relation, this allows one to find the asymtotic energy spectrum of

the theory on a large cylinder.

We would like to comment on this general approach to find the S-matrix
for integrable models. We have argued that crossing, unitarity and the Yang-
Baxter equation are quite general features of an S-matrix in integrable field
theories. Additionally, the S-matrix should be invariant under the symmetry
algebra, which is usually just taken to be a Lie algebra. Then, crossing,
unitarity and the Yang-Baxter equation are somewhat disconnected from
the Lie algebra symmetry. We would now like to advertise the point of view
that quantum groups offer a unified approach to S-matrices of integrable
field theories. We have seen in section 2.2.1 that quasi-triangular Hopf
algebras automatically lead to S-matrices which satisfy crossing and the
Yang-Baxter equation®. In particular, Yangians extend ordinary Lie algebra
symmetry, and provide rational S-matrices. Hence, with this logic, all we
have to do is to show our model haas a quantum group symmetry, and all
desired properties for the S-matrix follow directly. We will follow this logic

by studying precise examples in section 3.1.3 for the principal chiral field.

4Unitarity should be related to triangularity. We have given a prescription to yield
unitary S-matrices from the Yangian Double, despite that it is only quasi-triangular.
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3.1.2 Lax Connection and Conserved Charges

Another important concept in integrable models is the Lax pair and the
monodromy matrix. Indeed, the trace of the monodromy matrix, which is
called the transfer matrix, is the object which generates all the conserved
local charges, rendering a model integrable. To start with, the equations
of motion of the integrable field theory under investigation must have the
property that they can be written in terms of the flatness condition for the
connection (Jy + Lo, 01 + L1), i.e.

[0o + Lo, 01 + L1] =0 (3.1.28)

must imply the equations of motion. The precise form of the Lax matrices
Ly, L1 will depend on the model. Generically, they will depend on a spectral
parameter A. This will be important, as this means we have a one-parameter
family of flat connections.

Let us consider the monodromy matrix associated to the Lax connection.
It is defined by

T(t,A) = Pexp (- /0 T e, A)dm) , (3.1.29)

where P is the path-ordering operator. Its time derivative is given by

<_
OT(t,A) = Oy lim | [(1 — Ly (w, ) dax)

k
r+1 1
= —lim Y [ = Li(zk, N)d2)d Ly (xp, Ndz [ (1= La(zx, A)da)
r k=n k=r—1
r+1
= —lim ) [ = Li(zr, \)da)(@aLo(xr, A) + [La(xr, A), Lo(xy, A)])da
r k=n
1
H (1 — Ly(xk, N)dx)

k=r—1

= Lo(2m, \)exp (— / T Ly, A)dy) ~exp (— / T L, A)dy) Lo(0,)
= [Lo(0,N), T(t, \)].
(3.1.30)
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Here, we have used that the theory is defined on a cylinder with periodicity
27, and suppressed the time dependence for L. As we find that the time
derivative of T'(¢,\) is a commutator, this implies that the trace of T'(t, \)
is time independent. Furthermore, even O tr(7"(¢,\) = 0 is true. If we
expand those quantities in A, we get infinitely many conserved charges.
The precise form of the expansion will influence the nature of the conserved
charges. Indeed, a priori it is not clear which charges, if any, can be written
as integrals of local densities. Such charges were used in the arguments to
show factorisability of the S-matrix. Indeed, local charges can be obtained
by expanding about the poles, see [119]. In [34], also non-local charges,
which are traditionally obtained from the expansion about oo, were shown
to lead to the absence of particle production and the factorisation of the

S-matrix.

3.1.3 Principal Chiral Field

In this section we study the 1+ 1 dimensional Principal Chiral Field with
SU(n) x SU(n) symmetry. This is one of the simplest integrable field the-
ories one can write down. We will show in particular its relation to the
Yangian, culminating in the reproduction of the complete S-matrix just

from Yangian symmetry.

The action of the theory is given by
1
S5=1ox /d%tr(G_lc‘)uG)(G_l&“G), (3.1.31)

where G takes values in the SU(n) group, and A is a coupling constant,

which plays no role for the investigation of the classical theory in this section.

The Principal Chiral Field posses local as well as non-local conserved
charges, and the latter form a Yangian. All these charges have been inves-
tigated in [120, 46]. Let us start by describing the usual Noether charges.
SU(n) acts globally from the left and from the right in the usual way,

G — ULGUR", (3.1.32)

with Uy, € SU(n)r and Ur € SU(n)g. This transformation is apparently a
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symmetry of the Lagrangian, and the corresponding conserved currents are

1
i = Xa#GG—I
1
i = —XG*aﬂG. (3.1.33)
The conservation equation
0"j, =0 (3.1.34)

implies, as usual, that the associated charges

oo
8:/ Jo (z)dx (3.1.35)
—00
are constant in time. Here, we have made the Lie algebra index a explicit.

Now one can convince oneself that the charge

00 \ , 0o , .
& :/ sileydr =5 C/ J'o(fff')/ Jo(y)dydz (3.1.36)
oo . .
is also conserved. This follows from the fact that the current satisfies the

flatness condition
a,uju - zxju - )\[jy,ju] =0. (3.1.37)

Note that the index 0,1 at the currents corresponds to the specification of
the space-time index u, whereas the 0,1 at the charges £ corresponds to a
numeration of infinitely many such charges. In particular, the charges Qg
Poisson commute to a su(n) Lie algebra, whereas the charges ; correspond
to the additional Yangian generators of Y (su(n)), as we introduced them in
(2.2.33). Indeed, it was shown that all defining relations for the Yangian
are satisfied (see [118]). Having in mind that the Lie Group acts from the

left and the right, there are also two corresponding copies of the Yangian.

The Poisson brackets of the currents [121, 122, 123] are given by

{8, )} = F5E()6( — ),
(6@, )} = FE @ — ) + (6% @ —y). (3139

These hold again for left and right SU(n) separately. The derivative of the
delta function, which renders the Poisson brackets non-ultra local, compli-

cates the investigation of the commutation relations. We will not discuss
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the consequences of these terms in detail, as we will now merely state the
local conserved charges, but not derive their Poisson brackets. It is useful to
work in light cone coordinates x4 = %(t + x), where the flatness condition

takes the form
O_js = Osjo = —Aljr i (3.1.39)

Then it is easy to see that
04T =0_-T4y =0, (3.1.40)
where

A
Tiy = —5 tr(]i]i) (3.1.41)

are the non-vanishing components of the energy-momentum tensor. How-

ever, the higher spin charges
041" =0-T!, =0 (3.1.42)

are then also conserved.

Let us now choose an orthonormal basis of su(n) with respect to the
Killing form, i.e. (Ja,3b) = —6%. Furthermore, consider the tensors

da, .....an, associated to Casimir operators C of su(n) via
C= da1,...,am3a1 .. ~Jam- (3143)

They can be chosen to be totally symmetric. These details can be found in
any Lie algebra book, see e.g. [97]. In terms of d invariance of the Casimir

means
dc(alv---,am—1fam)bc =0, (3144)

where the brackets () denote symmetrisation of the appropriate indices.
Then one finds that
m
Osday,.anJPJ2 . J 0 dayan D I8 G Fak GG e
k=1

= 0, (3.1.45)

using the flatness condition for the current.

The corresponding conserved charges are of higher spins, and hence should
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imply the factorisation of the S-matrix. Furthermore, it was shown in [46]
that these local charges commute with the Yangian charges, and, by taking
certain combinations of the conserved charges, one could construct a basis

of Poisson commuting local charges.

As we have seen in section 3.1, if one has established the factorisation
of the S-matrix, the usual way to derive the S-matrix in a relativistic, in-
tegrable quantum field theory is solve for the two particle S-matrix. This
is usually done by solving the Yang-Baxter equation, imposing unitarity as
well as crossing invariance. The remaining CDD ambiguity is then fixed by
investigating the particle content of the theory. All these equations are fairly
complicated. We will advocate here another method to find the S-matrix,
as established in our recent work [91]. We learned that the principal chiral
field is invariant under two copies of the Yangian Y(su(n)) . Furthermore,
we know that the (double) Yangian is quasi-triangular, i.e. it has a universal
R-matrix, which, on representation, automatically satisfies the Yang-Baxter
and crossing equation, and, upon the right choice of the diagonalisation of
the Cartan part, is also unitary (2.4.21). As an S-matrix satisfying all those
equations is unique up to a CDD ambiguity, the S-matrix of the principal
chiral field should be of the form

S(e)pcp‘ = XPCF(9>S(0)y(5u(n)) (= S(H)y(su(n))a (3.1.46)

where S(0)y(su(n)) is the Y(su(n)) invariant S-matrix, coming from a repre-
sentation of the universal R-matrix of sections 2.2.5,2.4.3. Xpcp is a CDD
factor, which is fixed by making the diagonalisation of the Cartan part of
the Yangian compatible with the particle spectrum of the theory. We recall
the result for the Y(su(n)) S-matrix in the antisymmetric expansion of the
shift operator (2.4.21),

) = ( = 1 u
S " n—m n—m n—m n—m d
(W (eutmy T2 )T(1 — 120 D= )T (1 + —%) <u+ TR
(3.1.47)

93



ulN

If we put 0 = we recover the precise result from [124, 43],

27
; 2
S(6) sinh(0/2 + %) (T(1 = 55)T (% + 277)
PCF = - o=
sinh(6/2 — %) \ T'(1+ %)F(% _ %)
0+2mi/N 0+2mi/N
P4+~ —'_p pt 4 P Am Ay
(i) e (P o)
(3.1.48)
provided that we put the CDD factor to
Xpcr(0) = 1. (3.1.49)

Note that, as here the square of the Y(su(n)) S-matrix is involved, this
also resolves the square root ambiguity encountered in (2.4.21). Further-
more, we have used the operators PT, P~ projecting on the symmetric and

antisymmetric part of the tensor products. They are defined as usual by
:l: 1
P~ = E(Idj:P). (3.1.50)

This S-matrix leads to the Bethe Ansatz equations

M
eipkL = HSkl(Hk — 91), (3.1.51)
l#k

describing the phase shift of a particle with momentum pj, when it lives on
the cylinder with radius L together with M — 1 other particles. The intu-
ition is that if particle py goes once around the cylinder, it will scatter the
M — 1 other particles and acquire a phase shift Hf\ik Ski(—0 + 6;) from the
scattering, and eP*’ from the free propagation, and the total phase shift
should equal one. We will not deal with the precise derivation or solution
of the Bethe Ansatz in this thesis, and refer the reader to [41, 42, 43] for
the solution at finite n, and [125, 126] for the solution for large n. We also

refer to the review [111].

Let us now construct the Lax connection for the principal chiral field. We

had argued that the current j is flat (3.1.37). Let us rescale this current by
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% for convenience, and write it as a one-form
§ = judat = jodt + jrdx = j°dt — j'dz. (3.1.52)
The flatness condition reads
dj+3iNj=0. (3.1.53)
Then the Hodge dual is
*j = judat = jidt + jodx (3.1.54)
where we have used the Lorentzian signature (4, —). It follows that
d+xj=0 (3.1.55)

is equivalent to the equation of motion J,j" = 0.

Then we consider the connection
L=oaj+Bx*7, (3.1.56)
with «, 8 some constants, and get
AL+ LANL=dj+a?jAj+B2xjAxj=(a®—a—-F%)jNj (3.1.57)
As a consequence, the current is flat precisely if
(@® —a— %) =0. (3.1.58)

This implies that we have constructed a one parameter family of flat con-
nections. A parametrisation usually found in the literature is given by

introducing a parameter u such that
1 1.
o= 5(1 + cosh(u)), B = 5 sinh(u). (3.1.59)
Then we denote the families by L(u), and construct the monodromies in

the same way as in 3.1.2.
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3.2 Spin Chain Models

In this section, we will discuss one of the simplest spin-chain models, the one
dimensional Heisenberg XXX spin chain with su(n) symmetry. We give its
definition in section 3.2.1. In section 3.2.2, we deal with the symmetry of the
XXX spin chain, and show that the su(n) symmetry is enlarged to a Yangian
by using the Yangian in Drinfeld’s first realisation. The Hamiltonian can
also be derived directly from the R-matrix via the RTT relations, which
makes the symmetries explicit. This construction is reviewed in [49, 116].
The definition of Yangians via RTT relations is reviewed in [95]. We discuss
the Bethe ansatz for the spin chain in its simple coordinate form in section
3.2.3. References on Bethe ansatze can be found in [50, 127, 128, 116].

3.2.1 XXX Spin Chains

A spin chain is a one-dimensional lattice of L sites, where at each site one has
a spin-degree of freedom. In this thesis, we will only be interested in closed
spin chains, i.e. we impose periodic boundary conditions on the lattice.
However, it is also natural to consider open spin chains. Furthermore, we
will deal with spin chains where the spins form a vector space which on which
su(n) acts in the fundamental representation. Let us denote the basis of the
representation space by

lp%), a=1,...n. (3.2.1)

The Heisenberg XXX spin chain is given by L such spins interacting with

the simple nearest neighbour Hamiltonian

L
H=\Y Hpp1,
k=1
Hypp1 =T — Prjer1. (3.2.2)

For the closed spin chain, the L + 1’th site is identified with the first one.

The permutation operator flips two neighbouring sites,
PIXY)=|YX). (3.2.3)

If one generalises this Hamiltonian to superalgebras, one should simply sub-

stitute the permutation operator with the graded permutation operator,
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which picks up a minus sign whenever two fermions are interchanged. If
the constant A is positive, the Hamiltonian has a ferromagnetic vacuum,
whereas if X is negative, the ground state is antiferromagnetic.

Now as usual in physics the task is to find the eigenvalues of this Hamil-
tonian. Despite the fact that this Hamiltonian is extraordinarily simple, its
diagonalisation is, for fixed n, but arbitrary L, not straightforward. This
is because the Hamiltonian as a matrix grows with n”. It is only due to
the fact that this Hamiltonian is integrable that we can find a more efficient
method to diagonalise it, which is the Bethe ansatz. Crucial is the existence
of higher conserved charges. We will discuss non-local charges in the next

section.

3.2.2 The Yangian of the XXX Spin Chain

The Hamiltonian (3.2.2) is invariant under su(n). We choose the same

notation as in section 2.3 and note that

Prssr = Y Ef; @ BN (3.2.4)
1J

Here, E}“ ;7 denotes the action of Ey; on the k’th factor of the tensor product,

1.e.
Efj=ld®@ - ®E;©---®ld (3.2.5)

But the action of E7; on the tensor product of L fundamental representa-

tions is just given by the standard coproduct Zﬁzl E'f 7, and we get

L L L
D EinY Esr®@ By = (0u(dssEir — 6irESy) © Eff!
k=1 =1 l,k=1

+5k(l+1)E§T ® (6,7Ef¢" = d1sEpy'))

(Bjp ® EfY' — E§; @ E}EY) + E§; ® Efd — Efp @ EfYY)

I
M=

1

I
]

(3.2.6)

Hence, the Heisenberg XXX Hamiltonian is invariant under the Lie algebra

su(n). We now proceed to the Yangian, and recall the coproduct of the
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generators Efy in the first realisation (2.2.37):

. R . 1
AFkr, = Exr®1+1® Ekr, + E[EKL®1,ZEIJ®EJI}
17

N A 1
= EKL®1+1®EKL+§Z(EKJ®EJL*EJL®EKJ)
J

~ ~ 1
= EKL®1+1®EKL+§Z(EKJ/\EJL). (3.2.7)
J

We work here on the simplest evaluation representation, namely the one
were the spectral parameter vanishes, i.e. EAfﬂ: = 0. Then, the coproduct

on the L-times tensor product is simply given by

L-1 L
1 a 1
A = LS S Y (B 1 ).
s=1t=s+1 J
(3.2.8)

Taking tensor products of representations does not give information whether
the chain is closed or open. This is a property of the corresponding Hamilto-
nian. Let us consider for the moment the open chain. Commuting the Yan-
gian generator with the Heisenberg Hamiltonian leads to boundary terms,

which vanish in the L— > oo limit. This can be seen from

1
5P Exy NEjr] = Exp A, (3.2.9)

and arguing that the cross-terms cancel out. Then one gets

L-1 L

1
D Pk,k+1,§§ > > (EkyANEY) = Ekp — Efp. (3.2.10)
k

s=1t=s+1 J

These terms can be neglected upon working on asymptotic states. They
also vanish upon imposing periodic boundary conditions, but in this case,
the resulting algebra is not a proper Yangian algebra any longer. Having
established the first Yangian charges, one can use them to commute them
to the whole Yangian algebra. The monodromy matrix is then the formal
power series consisting of all Yangian charges. Conversely, one can derive
the whole Hamiltonian from the transfer matrix. We will not pursuit this

derivation, and refer the reader to the reviews. The transfer matrix and
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Yangian are closely related to the algebraic Bethe ansatz. Instead, we will
present the physical ideas of the coordinate Bethe Ansatz in the next sub-

section.

3.2.3 Bethe Ansatz for the su(n) Spin Chain

We now present the ideas of the coordinate Bethe Ansatz, which is a method
to calculate the spectrum of the Heisenberg spin chain. The idea is to con-
sider a vacuum state, where all the spins at each site point into the same
direction. Then one excites such vacuum state by flipping a spin, and, by
taking linear combinations of such states with one spin flipped, one calcu-
lates the eigenstate of the Hamiltonian and the corresponding energy eigen-
value, which yields the dispersion relation. Such an excitation will be called
a magnon. Then one goes on and considers several magnons and calculates
the scattering matrix, which describes the scattering of two magnons. As
the model is integrable, the S-matrix describing the scattering of multiple
magnons factorises into the product of two-particle S-matrices, in the same
way as it was happening for integrable field theories. Finally, imposing
appropriate boundary conditions for the wave function leads to the Bethe
equations, which one can solve for the momenta, and, via the dispersion
relation, for the energies of the magnons. Let us start by describing the
vacuum of the spin chain. The ferromagnetic vacuum of (3.2.2) with length
L is just the state

0) = |¢",....8"), (3.2.11)

where we have put L ¢™’s into the state. Of course, we could have chosen any
other of the n ¢'’s as the ground state. Note also that for our discussions, it
does not matter whether the constant A in (3.2.2) is positive or not. In the
case of an antiferromagnetic choice A < 0, 3.2.11 is not a true vacuum of the
system, but still a suitable state to construct the Bethe Ansatz. One can
imagine that one just diagonalises the negative Hamiltonian in that case.
We now proceed to consider states where single sites have a “spin flipped”
compared to the vacuum, i.e. at one site we have a different vector than
¢". We denote a state where at the k’th site we have a vector ¢%, with

a=1,...,n—1and ¢"’s at the other sites, by

68) = [6",..., 0", 6%, ¢", ..., 8" (3.2.12)
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Such states are not eigenstates of the Hamiltonian. However, direct calcu-

lation shows that the plane wave

6“(p)) = D ¥ ) (3.2.13)

k
is an eigenstate with the energy

E(p) = M2 — 2cos(p)) = 4 sin2(§) (3.2.14)
As we would like to find all eigenstates of the Hamiltonian, the way to
proceed is to consider states with two spin flips now. Direct calculations

shows that the state of two plane waves,

> el giey), (3.2.15)

k.l

is not an eigenstate of the Hamiltonian. In some sense it is almost an
eigenstate, up to the terms in the above sum where k = [ 4+ 1. The idea is
to consider a linear combination of this plane wave state with two spin flips
as above with a plane wave state where the two spin flips are exchanged, or

scattered. This leads to the ansatz

0% (p1,p2)) = D PP |Ga0) + Sa(p1,p2) Y e g g),
k<l k<l
(3.2.16)

where Sgé’(pl,pg) is the S-matrix. For the above state to be an eigenstate

one has to put

e~ WP1—ip2 | q wep  1— eP1 _ giP2 | otP1+ip2

5360,
(3.2.17)
Note that §26% is simply the (n — 1) x (n — 1) dimensional identity matrix,

ab _ _
Sed (P1,p2) = e—iP1 — Qeip2—ip1 } pip2 € @ 1 — 2¢™2 4 eip1+ip2

whereas (53(52 is the (n — 1) x (n — 1) dimensional permutation operator.

Furthermore, the energy of this state is simply the sum of the energies of

the two magnons,

H|¢"(p1)¢"(p2)) = (E(p1) + E(p2))|¢*(p1)6" (p2))
E(p) = 4)\sin2(%). (3.2.18)

100



Let us do introduce the new variable

1 .
wi = 5 cot %. (3.2.19)

Then the S-matrix takes the simple rational form

U — Ug i
S(up —ug) = P (Id v u277> . (3.2.20)
Note that this is precisely the S-matrix we derived from Y(su(n — 1)) Yan-
gian symmetry (2.4.22), but here the S-matrix has no complicated scalar
prefactor as in (2.4.22). This is of course not unexpected. The choice of
the vacuum state (3.2.11) breaks the Lie algebra symmetry from su(n) to
su(n—1). However, we discussed that the whole chain has )Y(su(n)) symme-
try. Indeed, the vacuum also breaks this higher symmetry to Y(su(n — 1)).
However, as the eigenstate basis is now basically Fourier transformed, i.e. we
have momentum eigenstates, the representation of the Yangian now contains
the evaluation parameter u, which equals precisely (3.2.19). Henceforth, it
also automatically satisfies the Yang-Baxter equation, and is furthermore
unitary, i.e.

Slg(ul - UQ)SQl(UQ - ul) = 1Id. (3.2.21)

As we have solved the two-magnon problem, we still have to diagonalise
all further states with more than two magnons. This is where we can use
that the system is integrable. Indeed, the idea is to start with a plane
wave state consisting of M spin-flips with flavour ay,...,ay propagating
with corresponding momenta p1,...,py, and consider linear combinations
of such states were the kK momenta are permuted. The coefficients in those
linear combinations are then taken to be S-matrices which precisely describe
the permutation of the momenta. If one permutes e.g. [ of the M momenta,
the appropriate S-matrix is the [ particle S-matrix. This [ particle S-matrix
factorises, by integrability, into two particle S-matrices. In particular, let

us denote the M magnon eigenstate by

|20 (py L pay)) = Z Z eiplﬂ(l)Jr"‘JripMW(M)S7r‘¢21117 MY,

34
T Iyl

(3.2.22)

Here, S; is an S-matrix which realises the permutation 7. If 7 is decomposed
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into transpositions
™= (i1, 41) - (ér, Jir), (3.2.23)

then
S =81 Sip - (3.2.24)

By the Yang-Baxter equation, the particular decomposition of the permuta-
tion into transpositions does not matter. One can now convince oneself that
the states (3.2.22) are eigenstates of the Hamiltonian, and the eigenvalue is

again simply the sum of the eigenvalues of the single plane wave states, i.e.

Hlg* "M (p1,....pm)) = (E(p1) + -+ + E(pm))[¢" M (p1, ... pm))-

(3.2.25)

Hence, we have constructed eigenstates of the Hamiltonian for arbitrary

length L of the spin chain, and an arbitrary number of magnons®.

As in this thesis we are interested with closed spin chains, an important

issue are boundary conditions. If one has M magnons as before, and we

consider the scattering of magnon [ with all the M — 1 other magnons, we

came back to the starting position in the periodic chain. Hence, the total

phase shift of the magnon [ is given by

M

H Skl(pkapl)’(éal’m,a]u (plv s 7PM)> == eiplL’¢a1,.--,a]u (plv s 7pM)>
k#£l
(3.2.26)

In the case that the initial spin chain had just su(2) symmetry, the S-matrix

just has u(1) as residual symmetry, and is hence a scalar, i.e. (3.2.20) reduces

to
Ulp — U2 — )
) - = 3.2.27
(1 = uz) Uy —ug +1 ( )
If we invert (3.2.19), getting
i Ut/ 3.2.28
¢ u—1/2’ (3.2.28)

5We refer the reader to [129, 130] for discussions about the completeness of the eigen-
states.

102



we can write the Bethe equations as

(“l”/?)L _ ﬁ g —w =l (3.2.29)

u —1/2 k#uk—ul+i'

These are algebraic equations for the spectral parameters u, which are re-
lated to the momenta. After solving for the momenta, we get the energy
eigenvalues just by plugging into the dispersion relation 3.2.14. If the orig-
inal symmetry algebra is su(n), with n > 2, the idea is to stepwise reduce
the rank of the algebra, till one arrives at su(2) Bethe equations (3.2.29).
We will not study the details of the nested Bethe Ansatz in this thesis, and
refer the reader to the literature [113, 114].
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4 The AdS/CFT Correspondence

The AdS/CFT correspondence, discovered in the late 1990s [13, 14, 15],
relates, in its most general form, conformal field theories in a flat d di-
mensional space to string theory on a ten dimensional space. This ten
dimensional space is the direct product of a d + 1 dimensional Anti-de Sit-
ter space, denoted by AdSy41, and a 9 — d dimensional internal manifold.
These theories are dual to each other in the sense that if one considers the
full theory, one gets field theory in a perturbative expansion of the coupling
constant, whereas the natural expansion parameter of string theory is the
inverse coupling. One can consider the field theory as living on the bound-
ary of the AdS space. This is why the AdS/CFT correspondence is often
seen as a realisation of the holographic principle [131, 132]. In this the-
sis we will be only concerned with the best tested case of correspondences,
namely between N/ = 4 Super Yang-Mills theory with SU(N) gauge group
in four dimensions and IIB string theory defined on an AdS5 x S° space.
Moreover, we will only deal with the planar, large IV limit, as the theories
seem to become integrable only in this limit. Integrability allows for novel
all-loop tests of the AdS/CFT correspondence, which indicate that, at least
in the planar limit, the involved gauge and string theories are physically
exactly equivalent. This seems rather surprising, as from naively looking at
the action and the particle content, gauge theory in four and string theory
in ten dimensions seem to have little in common. However, already in the
seventies [8] it was realised that a certain expansion of gauge theory, where
the expansion parameter involves the coupling constant as well as the rank
of the gauge group, N, resembles the perturbative expansion encountered in
string theory. The AdS/CFT correspondence makes such relation of gauge
and string theories precise and involves a much stronger claim, namely, of

the exact duality of the involved theories.

The reason why the AdS/CFT correspondence works well for the case of
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large N AdSs x S° is the large amount of supersymmetry and subsequently
its integrability. Classical integrability was argued to exist for the bosonic
[29] and the full supersymmetric sigma model [28] and on the dual gauge side
in [25, 27, 28], whereas quantum integrability is currently only conjectured.
Under this assumption the all-loop S-matrix [56] and the all-loop Bethe [55]
and TBA equations [76, 77, 78, 79] could be written down. We will discuss
the S-matrix in chapter 5. Recently, A’ = 6 Chern-Simons Theory in three
dimensions was related to ITA string theory on AdS; x CP? [133]. These the-
ories allow for a planar limit as well. Again, there is strong evidence that in
the planar limit these theories are exactly equivalent. This is because there
is strong evidence that these theories are also integrable [134, 135, 136]. The
AdS/CFT correspondence is also used in many other examples. One can try
to break symmetries and still learn many things about the involved theo-
ries. As the correspondence is generically a strong/weak duality, AdS/CFT
is a unique tool which allows to use perturbation theory at one side of the
correspondence to understand the strong coupling behaviour on the other
side. This can be useful e.g. when one wants to study quantum gravity and
uses field theory to do so. Likewise, one might be interested in field theory
questions and can use string theory via the correspondence. Ultimately, one
might be interested in obtaining a string theory dual to QCD, but as both
supersymmetry and conformal symmetry are broken, and QCD contains
additional fundamental fermions, this might still be a long way to go.

We begin this chapter by stating some features of string theory on AdSs5 x
S5 in section 4.1, and continue in section 4.2 to introduce the dual gauge
theory. Section 4.3 shows how integrable structures appear in the AdS/CFT
correspondence.

As in this section we do not present new results, we refer the reader to the
reviews [137, 9] for some background on the AdS/CFT correspondence, and
[138, 139, 140, 9] for some general background on string theory. Integrability
in the AdS/CFT correspondence has been reviewed in [24, 141, 142, 143,
111]

4.1 String theory on AdSs x S°

String theory on AdSs x S° has 2 independent parameters: The string slope

o/, which is related to the tension T' = ﬁ of an individual string, and
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the string coupling gs, which controls the interaction of several strings with
each other. The relation with the joint radius R of AdSs and S° is given by
R* = 4mgsNo/2. N is an integer which will turn out to be identical to the
rank of the gauge group of the dual gauge theory. On the string side, it is
related to the flux of the five form field. We are interested in a limit where
gs — 0, so the strings are not interacting. To keep the radius finite we will

send N — o0, such that

A=gsN (4.1.1)

remains finite. A will correspond to the 't Hooft coupling on the gauge the-

ory side, and the limit is called the 't Hooft, or planar limit.

In the t ’Hooft limit string theory is described by a non-linear sigma

model [16]. The bosonic part of the action takes the usual form
1 27 00
s:,/ da/ drGunyPo, XMa, xN. (4.1.2)
a Jo —o0

It describes the embedding of a world-sheet cylinder with radius 27 and
metric vab into the AdSs x S° target space with metric G;n. The radius
R of the Anti de-Sitter space is the same as the radius of the sphere, which
is required for consistency upon adding the fermionic part to the action. In

general, a d dimensional sphere can be written as a coset

SO(d+1)
d
=———= 4.1.
whereas a d dimensional AdS space is considered to be the coset
SO(d—-1,2)
AdSy = ———=. 4.14
S SO(d—1,1) (4.1.4)

Written in this way the global symmetry algebras are manifestly given to
be so(d 4 1) in the case S¢, and so(d — 1,2) for AdSy. As the bosonic part
of the AdSs x S° sigma model is a direct product space of S° and AdSs, the
bosonic symmetry algebra of AdSsx.S® is just the direct sum so(4,2)®s0(6).

Using the well-known isomorphisms

50(4,2) 2 su(2,2), s0(6) = su(4), (4.1.5)
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the elements of s0(4,2) @ s0(6) = su(4) ® su(2,2) can be though of in block

form as
B 0
! , (4.1.6)
0 B

with By € su(4), and By € su(2,2). Now there is a unique simple Lie
superalgebra which has su(4) @ su(2,2) as the bosonic subalgebra. It is the
algebra psu(2,2(4), which is a real form of ps((4|4), i.e. part of the algebras
psl(n|n) we have studied in section 2.3. If we consider (4.1.6), then getting
psu(2, 2|4) is quite natural if we think of filling the zero-blocks in (4.1.6) with
as many fermionic elements as possible. Recall that on the fundamental
representation the anticommutator of fermions will automatically lead to a
central extension, i.e. to the algebra su(2,2[4), just as we have discussed in
2.3.2. We will briefly discuss the supersymmetric extension of the action in
section 4.3.1, but will first proceed by introducing the dual gauge theory in

the next section.

4.2 N = 4 Super Yang-Mills Theory

The other side of the AdS/CFT correspondence is N' = 4 Super Yang-Mills
theory, which is the four dimensional supersymmetric Yang-Mills theory
with SU(N) gauge group and maximal supersymmetry. The Lagrangian is
given by

L=tr <4FM F,LLV + §D“¢ D,ud)n - EQ}Q/M[QS O H¢na¢m]‘|'

L 1 1. : .- .
V50" D'bga = Sigyarteatin €07 Y] = Sigymiioge™ (om, wg]> :
(4.2.1)
All fields transform in the adjoint of the SU(N) gauge group. Let us describe
the fundamental fields appearing in the Lagrangian. First of all, we have
the gauge field A, with p = 0,1,2,3 being the usual Lorentz index. The

gauge field appears in the Lagrangian in form of the usual gauge invariant

objects, the covariant derivative

D“ = 8# - Z'QYMA#, (422)
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as well as the field strength

i ,
F" = —[D,,D,] = 0,A, — 0,A, —igym[Au, Al (4.2.3)
gy M
Furthermore, the Lagrangian contains 6 scalar fields ¢", n = 1,...,6, which

transform in the fundamental representation of s0(6). so0(6) is called the R-
symmetry. Finally, there are the fermionic fields 1,4, Q/Jg which transform
both under the R and Lorentz symmetries. The Greek indices «, & run from

1 to 2 and correspond to the usual splitting of the Lorentz algebra

s0(1,3) = su(2) & su(2), (4.2.4)

which is due to the fact that the Lorentz algebra is not simple. Then «, &
correspond to the 2 dimensional representations of the two su(2)’s. The
indices a,b = 1,...,4, correspond to the spinor representation of the so(6)

R-symmetry, which makes use of the isomorphism

50(6) = su(4). (4.2.5)
The matrices 07} and af‘;ﬁ are the chiral gamma matrices of su(4) and su(2)®
su(2), respectively. They allow one to write e.g. a Lorentz 4-vector V# in
terms of the left/right su(2)’s, i.e.

VP = gihyn, (4.2.6)

The way the Lagrangian is written shows that the so(1,3) Lorentz symme-
try as well as the s0(6) R-symmetry are manifest. Let us briefly describe
our notations for the whole symmetry algebra. We will work with the iso-
morphisms to the appropriate su(n) algebras, so we denote a basis of the
R-symmetry by

M a,b=1,...,4, (4.2.7)

which satisfy the usual su(4) relations

[RY, RY] = 6IMY — 6IRL, (4.2.8)

just as outlined in section 2.3 for the general case sl(n|m). As before, we

have traceless matrices, which implies > R%, = 0. The Lorentz generators
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are split into two sets of su(2) generators denoted by

8, a, =12,
el ap=1,2, (4.2.9)

which again satisfy the usual su(2) relations. Note that for each of the su(2)

algebras, we again impose the trace condition, e.g. > £% =", £ =0.

Let us comment on the further symmetries. First of all, the bosonic sym-
metry is enhanced. Indeed, the Lorentz algebra is enlarged to the Poincare
algebra, as expected. Furthermore, it was argued in [144] that the theory is
conformal even in the quantum case, and the beta function vanishes to all

orders. The conformal algebra in four dimensions is

50(2,4). (4.2.10)

The additional generator of so0(2,4), which are not in so(1,3), are the 4
translation generators B, the special conformal generators £,, and the
dilatation generator ®. Again, we will often make use of the isomorphism
50(2,4) = su(2,2), and we will rewrite the Lorentz indices in the same way

as in (4.2.6). Then the commutator of translation and boost reads

(897, 5] = 65 2% + 6275 + 267D (4.2.11)

Furthermore, the theory is supersymmetric and contains four sets of super-
charges. We will denote the supercharges by Q°3, Daa, 6%, and 6%, with
the same indices as before. The indices manifestly realise the action of the

bosonic generators. The nontrivial commutation relations are given by

[Gaaﬂ?‘gaﬁ — 5";5:23&’ [ﬁaﬂjb,-w] = 656(167
[Gad’m[ﬂ] - 5353&% [8e?, Q%] = 53@357 (4.2.12)
{Q4a, 5} = 2%, (&, 6P} = spRPe,
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1
{6, Q%) = 058%5 + 6§R°. + 5535@(@ - Q),
~ad S aQ aga 1 a &

Here, we have introduced the central charge €, and together with all the

other generators we get the algebra

psu(2,2[4) x u(1) = su(2,2[4). (4.2.13)

The superconformal algebra
psu(2,2/4) (4.2.14)

is obtained by projecting out €. It is a real form of the simple Lie su-
peralgebra psl(4]4), and the corresponding series of Lie superalgebras were
discussed in section 2.3.2. We should note that the existence of supersym-
metry of the theory is crucial for the persistence of conformal symmetry at

the quantum level.

Now, we would briefly like to comment on the 't Hooft limit of this gauge
theory. Usually, one fixes the rank N of the gauge group, and remains with
the coupling constant gy s as the only free parameter in the theory. The
idea of [8] was to consider N as a parameter of the gauge theory. Physical
quantities in perturbation theory can be expanded in a double series in gy s

and % Then, one can introduce a new, effective coupling constant

A=gi N, (4.2.15)

and take a limit N — oo and gyar — 0 such that A is fixed. In this limit
only planar Feynman diagrams contribute to physical quantities, and hence,

the theory dramatically simplifies.

4.3 Integrability in AdS/CFT

In this section we study how integrability appears in the AdS/CFT corre-
spondence. Section 4.3.1 deals with the classical integrability of the string
sigma model, which is shown via the existence of a Lax connection. In

N = 4 Super Yang-Mills theory , integrability appears in the action of

110



the dilatation operator on single trace local operators. This is explored in
section 4.3.2.

4.3.1 Integrability of the AdS Sigma Model

Consider now an element G of the supergroup SU(2,2[4). Then we can

construct a one-form

A=-G7lda, (4.3.1)

which takes values in su(2,2|4). It satisfies the flatness condition

OAy — 0, A, — [Ay, A =0, (4.3.2)

similarly as for the su(n) principal chiral field (3.1.3). However, the action
we construct now is different, and is written down by exploiting the Z4

automorphism of su(2,2]4). This automorphism imposes a grading,

su(2,2]4) = su(2,2/4)© 4+ su(2,2)4)® + su(2,2]4)® + su(2,24)®) (4.3.3)

on su(2,2[4), so we can write each element as a direct sum over the graded

components. In particular, we can write the one-form A as

A=A0 4 AM L 4@ 4 46) (4.3.4)
Then we define the action on the supersymmetric coset

PSU(2,2]4)

SO() x SO, 1) (4:35)
as
g-_F (17 (AL AD) + e str(AD 4D
- / 79 str(APAD) + re P str(ADAD)) . (436)

Note that the Z,4 respects the supersymmetric grading, i.e. the zeroth and
second components are bosonic, whereas the first and third component are
fermionic. As one can check that su(2,2[4)©) = s0(4,1) ® so(5), the com-
ponent A© does not appear in the action. This is in line with the intuition
that in the coset (4.3.5), SO(5) x SO(4,1) is cancelled out.
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Let us summarise some features of this action. First of all, one can explic-
itly construct conserved Noether currents, and show that the corresponding
charges form an su(2,2[4) algebra. Then, one has a reparametrisation in-
variance of the world-sheet cylinder, which ultimately leads to the Virasoro
constraints. Furthermore, one has a peculiar fermionic symmetry called
kappa-symmetry, which fixes the real parameter x appearing in (4.3.6) to
be k = £1, and, most importantly, reduces the number of fermionic degrees
of freedom by one half. Finally, the Lagrangian is classically integrable. A

Lax connections was constructed in [28]

1 1

1
— A0 L 24 22 T yAR) L T2 (2 3)
L(z)=A —i—zA —1—2( +22)A —1—21%(,2 22)*A +zAY (4.3.7)
and shown to satisfy the flatness condition
OaLg — 0L = [Lq, Lg). (4.3.8)

We have used the two dimensional Hodge operator *. Note that this equa-
tion holds only if kappa symmetry holds, i.e. « = £1. Hence, it seems
Kappa symmetry is crucial for the integrability of the model. The flatness

conditions implies that the trace of the monodromy

T(r,\) = Pexp (— /0 7 Li(r,0, z)da) (4.3.9)

is conserved, just as we discussed for general integrable field theories in
section 3.1.2. However, it remains to be shown that those conserved charges
are in involution. This was done in [145], where it was conjectured that the

Lax connections requires the following modification:

L(z) = L(z) + 2\15(1 —N(C© 43¢0 4 1e®). (4.3.10)

Here, C*%) are secondary constraints in the Hamiltonian analysis. We also

refer the reader to [146], where this Lax connection was derived.

The Poisson structure, resulting from the extended Lax connection where

the constraints are not imposed, is nontrivial, containing non-local terms,
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similar as in the case of the principal chiral field. We believe that much
work remains to be done in this line, to fully uncover the algebraic structure
underlying the AdS/CFT system. In particular, no proper quantisation of
the sigma model and the charges has been done yet, so a proof of quantum
integrability remains to be found. Let us spell out the Poisson brackets,
which have been found in [145]:

{Ll(Ul,Zl),Ll(Ug,Zg)} = [T;Q(Zl,22),L1(01721)]5(01 — 0'2)

—l—[er(zl, 29), La(01,22)]0(01 — 02) — (rf&(zl, 29) — 115(21, 22)) 05, 0(01 — 02).

(4.3.11)
Here, the classical r-matrix is given by
3 psu(2,2]4)
(Q"®1)T,
ri2(z1, 22) = ey 22112_ 5 (4.3.12)
n=0
and
z
TB(Zl,ZQ) = —f4( é)rlg(fé’l,zz),
“1
_ z
r1a(21, 22) = '}15)7“21(21,22)- (4.3.13)
%2

2 is the Z4 automorphism of psu(2,2|4) introduced before in connection
with the grading of psu(2,2[4). This means r12(21, 22) here is a twisted
r-matrix. It is not directly related to the classical r-matrix with centrally
extended psu(2|2) x u(1)? invariance discussed in section 5.1.3, which is
related to the weak/strong coupling limit of the scattering matrix. Here,
the r-matrix generates the Poisson structure (4.3.11). Nevertheless, there
is a remarkable similarity of the algebraic structure. Using this Poisson
structure it was shown in [145] that the conserved charges (4.3.9) are in
involution. This implies that the classical sigma model is integrable. Note
that this classical r-matrix also has a nice abstract algebraic formulation in
terms of a Lie dialgebra [147], in a similar way as the classical r-matrix of
the psu(2|2) x u(1)3 scattering problem has an underlying universal r-matrix

(see section 5.1.3) related to a Lie bialgebra.
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4.3.2 Integrability in N' = 4 Super Yang-Mills Theory

We have established that the classical string sigma model, describing the
motion of strings on an AdS5 x S° backgrounds, is integrable. As the sigma-
model is defined on a two dimensional world-sheet cylinder, we can consider
the AdSs x S° sigma model as a generalisation of other two-dimensional
integrable field theories. We learned that A/ = 4 Super Yang-Mills theory
in the large N limit is dual to the AdS5 x S° string sigma model. If we
assume integrability to survive quantisation, we should certainly expect
integrability to appear in N’ = 4 Super Yang-Mills theory. In particular, we
know that systems with infinitely many degrees of freedom are usually just
integrable in dimensions less than three, whereas here we consider N' = 4
Super Yang-Mills theory in four dimensions. It turns out that the spectral
problem of finding anomalous dimensions of single-trace local operators can
be seen as an effective one dimensional problem. The crucial insight of
[25] was to map such single-trace local operators to a spin chain. This
generalised earlier observations [148, 149] of the appearance of integrable
lattice models in QCD. In [25], the authors took just single trace operators
composed of the so(6) scalar fields, which have the form

tr(¢p™ o2 ... ¢oL), (4.3.14)

with ap = 1,...,6. As the fields ¢* live in a trace, one can consider such
operator as a closed spin chain of length L, and each ¢® defines a spin degree
of freedom, transforming in the fundamental representation of so(6). The
classical dimension of those scalar fields is just 1, but now one is interested
in calculating the quantum corrections of the dimension, i.e. the anomalous
dimension. In fact, the whole dimension of an operator is the eigenvalue of
the dilatation generator ® of the conformal algebra, i.e. we consider the

eigenvalue problem

D0 = AO, (4.3.15)

where O is a generic single-trace local operator, and A is its dimension. The

dimension has an expansion

A=) MAW, (4.3.16)
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where A is simply the classical dimension. As mentioned before, we are
only interested in the planar limit, so A\ denotes, as before, the 't Hooft
coupling constant. Likewise, we can expand the dilatation generator itself

as a power series

D =) NoW, (4.3.17)

Now the above interpretation of a single trace-local operator as a spin chain
is merely a picture, but now the dilatation generator can be seen as a Hamil-
tonian acting on such chain. The observation in [25] was that the first
correction to the classical dilatation generator, ©(), is proportional to the
Heisenberg XXX spin-chain Hamiltonian with nearest neighbour interaction
and s0(6) symmetry. As this Hamiltonian is integrable, in the same way as
the spin-chains with su(n) symmetry, which we discussed in section 3.2, one
can diagonalise it with the help of the Bethe Ansatz. Soon after the discov-
ery of one-loop integrability in the s0(6) sector, integrability was argued to
survive at higher loops [27] in the expansion of © in A. It turns out that
one can consider each of the higher ®*) as Hamiltonians, whose interaction
grows linearly with k, i.e. ®®) interacts with its kth nearest neighbours.
Furthermore, Bethe Ansatz equations describing the whole one-loop spec-
trum of a spin chain with psu(2,2[4) symmetry have been derived in [26],
and the complete one-loop Dilatation generator D™ has been written down
in [150]. It was argued in [30, 31] that the superconformal algebra at tree
level is enlarged to a Yangian. As we have also established non-local charges
forming a Yangian algebra at the string sigma model, it is natural to ex-
pect that there should be a Yangian for the full quantum AdS/CFT system.
However, as the range of the interaction grows order by order in perturba-
tion theory, and indeed also the Lie algebra generators themselves depend
on the coupling constant, finding the Yangian even in perturbation theory
is complicated. All perturbative checks performed in some subsectors to
certain lower loop orders have confirmed that there are Yangian charges in
each case [52, 53]. A complete proof of integrability would require to find
full all-loop charges, which can be expanded in weak coupling but also in
strong coupling, giving the non-local charges of the sigma model [28] at lead-
ing order in strong coupling. Then there should be infinitely many related
conserved local charges, which guarantee integrability in the way as argued

in section 3.1. This has currently not been achieved. However, the picture
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becomes clearer if one constructs magnons states out of the spin chain, and
considers the scattering problem, in the same way as we did for su(n) spin
chains in section 3.2. Likewise, there will be an associated scattering prob-
lem on the string side. This line of thought was proposed in [54], and will

be followed in the next chapter.
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5 The Magnon S-Matrix of
AdS/CFT

In this chapter we would like to study the S-matrix of AdS/CFT. This S-
matrix is the central object to derive spectral equations, as was advocated
in [54]. It was found in its all loop-form by exploiting the centrally ex-
tended psu(2|2) x u(1)? symmetry [56], up to an overall factor. This factor
was later conjectured in [64, 65], based on earlier observations that there
has to be a non-trivial phase in the Bethe equations of classical strings [60].
This phase was generalised to quantum strings at one-loop [62, 63], and
those results are compatible with the fact that at weak coupling there is
no phase at the first three loops. A derivation of the full scalar factor in

an integral form [151] directly from crossing symmetry [59] was done in [66].

In its weak-coupling form, the S-matrix describes the scattering of magnons
of the psu(2,2|4) spin chain, whereas at strong coupling it describes the
scattering of world-sheet excitations of the string sigma-model. As in the
light-cone gauge Lorentz symmetry is broken, the existence of crossing sym-
metry is not clear. However, crossing seems indeed to survive [59], and one
can derive it from a Hopf Algebra which was found later in [152, 153]. This
can be seen as a confirmation for the strength of the algebraic methods ad-
vocated in this thesis. Diagonalisation of the S-matrix leads to the all-loop
Bethe Ansatz [55] of AdS/CFT, which completely describes the spectrum of
long operators, or corresponding string states with large rotational charges.
Furthermore, the S-matrix [83] of the so-called mirror-model [154, 74], which
is obtained by Wick rotation from the original theory, is, in principle, un-
derlying the TBA equations. These TBA equations are believed to describe
the full spectrum of the AdS/CFT correspondence, and they and their asso-
ciated Y-system were first conjectured in [76, 77, 78, 79]. The derivation of
the TBA equations relies on the string hypothesis [75]. Hence, the S-matrix
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plays a central role in the spectral problem of the AdS/CFT correspondence,
and we devote this chapter to the study of it.

We begin by introducing the S-matrix of the string sigma model in section
5.1. We will not calculate the S-matrix explicitly in perturbation theory, but
follow the logic to reconstruct everything from symmetry. The symmetry
at this level turns out to be a Lie bialgebra, which is the classical limit of
the Yangian. These results have been published in our paper with Niklas
Beisert [93]. In section 5.2, we derive the one-loop S-matrix appearing on
the spin chain of N' = 4 Super Yang-Mills theory , which is a representation
of the universal R-matrix studied in section 2.2.5. We do not need to do
any new calculations to obtain the desired result, as we have established
the underlying mathematics in chapter 2. This is in the line of thought
followed in this thesis. As we have studied the mathematics underlying
the symmetries encountered in the AdS/CFT correspondence, the physics
(in form of the S-matrix) follows straightforwardly. The results of section
5.2 have been published in [94], were an explicit derivation of the universal

R-matrix of u(2|2) was done.

5.1 The Worldsheet S-Matrix of the String Sigma
Model

In this section we would like to study the S-matrix at strong coupling, as
it arises in perturbative string theory. The string action defined in section
4.3.1 contains many gauge degrees of freedom. Hence, before we proceed,
we need to study string theory in a suitable gauge, so we can define a phys-
ical scattering problem. A common gauge choice is the light cone gauge,
which we will discuss in section 5.1.1. This choice will not only break the
global psu(2,2[4) symmetry, but also the two dimensional Lorentz symme-
try. Hence, the applicability of methods similar to those encountered in
relativistic field theories, as studied in section 3.1, is questionable. Never-
theless, we will see later that the algebraic structures encountered in the
light-cone string theory are quite similar to those in other integrable field
theories. In section 5.1.2, we briefly discuss how the S-matrix arises per-

turbatively in the light-cone string theory [57]. Instead of working out the
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details of the derivation, we construct the S-matrix from the underlying
symmetry in section 5.1.3. This derivation is based on the publication [93].
The symmetry at this level is the Lie bialgebra of u(2|2). It has some pe-
culiar mathematical features, which make this case distinct from other Lie
bialgebras encountered in chapter 2. We recall that Lie bialgebras are the

classical limit of Yangians, or other Quantum Groups in general.

5.1.1 String Theory in the Light Cone Gauge

Just as in flat space, string theory on the AdSs x S° background has several
gauge degrees of freedoms, which we need to fix. One possibility is to choose
the light-cone gauge. The time-like directions live on the AdSs part of the
AdSs x S space, so we choose one direction labelled by t. Then a suitable
choice for the space-like coordinate of the light-cone is a big circle on the

S, which we call ¢. Hence, we take the light cone coordinates

Te =@t (5.1.1)

The charges corresponding to the translations in ¢ and ¢ are given by

E=_22
o Tptd@
VA [T
= — d 1.2
J=5_"| podo, (5.1.2)

i.e. they are just the usual energy and angular momentum. For the moment,
we will choose as the world sheet a cylinder of circumference 2r, instead of
the previous normalisation to 27w. The world sheet is parametrised by the
world-sheet time 7 and the spatial coordinate 0. As we are interested in
deriving a scattering matrix, and thus need to construct asymptotic states,
we should decompactify the cylinder, i.e. send » — oo. The light cone mo-
menta, generating translations in the light cone coordinates chosen above,
are given by
1

P = 5 (Po F pr)- (5.1.3)

Now the uniform light-cone gauge consists of identifying z with the world-

sheet time 7,
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Ty =T. (5.1.4)

The corresponding momentum is then simply
pr = 1. (5.1.5)

Furthermore, the total light-cone momentum is related to the length of the

world-sheet by

Py

_VAS ‘/WXT. (5.1.6)

= or . pydo =
With P, being fixed, P_ takes the role of the light-cone energy. It is the
only remaining non-compact charge to be determined, as the other charges
are the remaining angular momenta on the sphere and the AdS space, and
will hence get quantised. In particular, P_ depends on the coupling constant
A, or, more precisely, it will be a power series in % Furthermore, due to

the Virasoro constraints it is not independent of the other fields.

Choosing the light-cone gauge also breaks the psu(2,2|4) symmetry into
generators which either commute or do not commute with P_. It turns out

that the residual symmetry algebra commuting with P_ is the algebra

u(1) x psu(2)2) & psu(2|2) x u(l). (5.1.7)

The u(1) charge on the right of this sum corresponds to the light-cone energy.
Due to the direct sum structure of the two psu(2|2) summands one can split
the remaining 8 bosonic light-cone fields in such a way that they carry one
index from the one psu(2|2), and another index corresponding to the other
psu(2[2). Furthermore, if kappa symmetry is fixed, one also remains with 8

fermionic degrees of freedom.

Let us denote the 8 bosonic fields which are transverse to the light-cone by
Zaa and Yg,, where o, & = 1,2 are two su(2) indices belonging to the AdS
space, whereas a,a = 1,2 are again su(2) indices, which now belong to the
S®. One can translate to the more familiar s0(4) indices in the usual way,
by multiplication with Gamma matrices. These four su(2)’s are the bosonic
subalgebras of psu(2|2) @psu(2|2). The fermions are precisely what connects
the AdSs with S° subspaces, which would otherwise be independent. In the
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light cone gauge, the fermions carry indices

wao'ca ”%a- (518)

Then, the action of psu(2|2) & psu(2]2) is manifestly realised on all funda-
mental fields in the light-cone. Indeed, the fundamental fields transform in
the fundamental representation with respect to each of the two psu(2]2)’s,
as outlined in section 2.3. The undotted indices correspond to the one
psu(2|2), whereas the dotted indices belong to the second psu(2|2).

As we discussed in section 2.3.3, one problem is that on the fundamental
representation of psu(2|2) x u(1), the u(1) charge has to be fixed to 3 due to
the shortening condition. This is problematic, as this charge plays the role
of the light cone Hamiltonian, so its eigenvalues should be a continuous, real
valued function of the coupling constant A. The solution to this problem
on the string side was found in [155], confirming the previous investigations
on the gauge side [56]. The first observation is that physical states of the
string have to satisfy the level matching condition, which means that the
total momentum of all excitations propagating around the string world-sheet
has to be zero. If one goes off-shell by relaxing the level-matching condition,
then both psu(2]2)’s undergo a central extension, just as described in section

2.3.3. The off-shell symmetry algebra is now given by

u(1) x psu(2(2) @ psu(2]2) x u(1)3. (5.1.9)

Note that the 3 central charges are shared by the two psu(2]2)’s. As ex-
plained in section 2.3.3, the eigenvalue of the light cone Hamiltonian can
now take continuous values. We remark that the central charge correspond-
ing to the light-cone Hamiltonian was denoted by € in section 2.3.3. For
further discussions it is useful to consider the mode decomposition of our

fundamental fields,

1 1. o
Yaa(o,7) = W /dpza}p(ew"am(pﬁ) +e ”’"e“be“bazb(p, 7)),

1 1 y y
Zaa(o,T) = E /dpm(elp"aad(pm) +e zp”eo‘ﬁeo‘/ga;g(117, 7)).
(5.1.10)
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wp is given by wf, = 1+ p%. Then the operators a'(p, 7) create excitations
on the world-sheet, propagating around the world-sheet with momentum
p. We will call those excitations magnons, in line with the later discussed
magnons on the Yang-Mills side of the AdS/CFT correspondence. Note that
these excitations are not the giant magnons of [71], which arise in a differ-
ent kinematical regime. Similar mode decompositions exist for the fermions
as well as for the canonically conjugate momenta in the light-cone gauge.
To study them, we should derive the light-cone action and corresponding
Hamiltonian order by order in perturbation theory. We will not need the
explicit form, as we only want to illustrate how the S-matrix arises directly
from string theory. A better derivation of the S-matrix will be later given

by using symmetry.

The symmetry algebra can be thought of as acting on the individual
momentum eigenstates. The crucial observation is that when one has a

state consisting of M magnons

a'(p1,7)...al (par, 7)[0), (5.1.11)

where |0) is the light cone vacuum, the level matching condition only says

that all momenta together should add up to zero, i.e.

M
> pi=0. (5.1.12)
=1

Hence, one can relax the level matching condition for individual excitations,
and the centrally extended algebra will act on individual magnons. Each
individual magnon can have non-trivial energy depending on the coupling
constant. Furthermore, we can now study the problem when two such exci-
tations hit each other, i.e. we will discuss the scattering matrix describing

the scattering of two magnons. This will be done in the next section.

5.1.2 The Worldsheet S-Matrix

After fixing the symmetries of the string sigma model, we can calculate
the S-matrix of worldsheet excitations in perturbation theory. The leading

contribution was calculated in [57], whereas the two-loop correction was ob-
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tained in [156]. By integrability, the scattering matrices for M magnons will
factorise into two-particle S-matrices, and again the order of the two-particle
scattering processes will not matter. In [57], it was explicitly checked that
there is no 2 — 4 particle process, which is a necessary condition for integra-
bility, namely, that there is no particle production. Let Spau2)2)xpsu(2|2)xu(1)3
denote the whole quantum S-matrix, which is invariant under the residual
light-cone symmetry psu(2[2) x psu(2|2) x u(1)3. As in the light-cone we
have 16 physical degrees of freedom, 8 bosonic and 8 fermionic fields, the
two-particle S-matrix is a 162 x 162 matrix. Due to the direct sum structure
of the underlying Lie algebra symmetry, as well as the integrability of the

model, the two-particle S-matrix factorises with respect to the algebra as

Spsu(212) xpsu(2]2)xu(1)8 = Spsu(2|2)xu(1)? @ Spsu(2]2)xu(1)3- (5.1.13)

The S-matrix will now scatter excitations with definite momentum, as cre-
ated by the creation operators appearing in (5.1.10). One should consider
free fields as in-state, mapping to free fields in the out-state. All sets of oper-
ators satisfying the same canonical commutation relations should be related
by similarity transformations, see [142] for details. We denote by M, N and
M, N two indices belonging to the two psu(2|2)’s, i.e. they combine the
previous 4 indices a, , a, & belonging to the 4 su(2)’s. This is analogously
to the indices used in (2.3.8). The corresponding fields with momentum p

are denoted by ¢,,,,(p). Then the S-matrix acts as

PPQC
STTRC 160 (p1)de (p2)) (5.1.14)
if one uses the matrix notation S]\Z];fj\%v. The factorisation with respect to
the algebra then means that
PPQQ _ oPQ oPQ
SMMNN_SMNSMN’ (5.1.15)

up to a minus sign depending on the conventions for fermions. One can now
derive the S-matrix in perturbation theory. If the Hamiltonian in the light
cone is split into a free part Hy, and an interaction part V', i.e. H = Hy+V,
then the S-matrix is given by

o0

S= Texp(—z’/ drV), (5.1.16)

—00

123



with 7 denoting the time ordering operator.

The leading contribution in an expansion in % is denoted by

271
S=14+"2T. 5.1.17
A (5.1.17)

Hence, T is given by

T:-ﬁ/ drv. (5.1.18)
2 J_

Here, V itself should be truncated at leading order in perturbation theory.
We shall not present the detailed derivation of T" here, and refer the reader
to [57, 142]. We only wanted to highlight the ideas leading to the S-matrix
directly from string theory. Instead, in the spirit of this thesis, we shall

reproduce the classical scattering matrix from symmetry in the next section.

5.1.3 The S-Matrix and Lie Bialgebra at Strong Coupling

In this section we will reproduce the classical contribution to the scattering
matrix from symmetry considerations. We have seen that in the light cone
gauge the global symmetry is, upon relaxing the level matching condition,
given by two copies of psu(2[2) x u(1)3. Furthermore, as integrability implies
that the S-matrix factorises with respect to the two copies of the algebra
(5.1.13), we only need to derive the psu(2[2) x u(1)? invariant S-matrix. The
non-local charges associated to the Lax connection, as studied for the sigma
model before gauge fixing in section 4.3.1, seem to be related to the Yangian.
This was argued in [30], where related Yangian charges on the gauge side
were studied, Furthermore, in the pure spinor formalism, Yangian charges
which explicitly resemble those as found in other integrable field theories
(3.1.36) were constructed [157]. For this reason, we assume that in the light
cone gauge, psu(2|2) x u(1)? should also be extended to the Yangian. The
classical version of the Yangian (double) is the Lie bialgebra based on the
loop algebra (psu(2]2) x u(1)3)[u, u™!]. We will show that two of the central
charges are dependent on the third charge and the loop parameter u, and

can be consistently eliminated.

Let us briefly recall the construction of the Lie bialgebra and classical
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r-matrix for gl(n|m), as studied in sections 2.1.4,2.4.1. If we denote a
basis of gl(n|m) by J? and the corresponding basis of the loop algebra
gl(n|m)[u,u"!] by J¢, then we established the classical r-matrix

oo
D) Ik L E - (5119

n=0a=1
As raising and lowering the indices a corresponding to the Lie algebra is
done with a non-degenerate bilinear form, which does not exist for psl(2|2) x
C3, we should in principle extend the algebra to s[(2) x psl(2[2) x C3. As
discussed in section 2.3.3, the automorphisms have no fundamental matrix
representation, so this extension cannot give a physical answer. Physics
requires the r-matrix to be an ordinary 16 x 16 matrix. Let us have a
closer look at the fundamental matrix representation of ps((2]2) x C3. We
have three central charges €, 3, K, whose eigenvalues on the fundamental
representations were given in terms of four complex numbers a, b, ¢, d with
the constraint ad—bc = 1. Furthermore, we argued that € should correspond
to the energy eigenvalue of the light cone Hamiltonian, which should depend
on the momentum p of the corresponding magnon as well as the coupling
constant v/ X. Hence, the labels a,b, ¢, d should also depend on p and V).

We find that the following parametrisation for a, b, ¢, d at first order in

1 2m
— = — 5.1.20
9 VA ( )
yields the correct dispersion relation [158] for €:
5 o 0T i} P (5.1.21)
a = , = —= y C = — N = = . L.
! e = 1) ar e =)

Here, we introduced two parameters v, a which do not appear in the eigen-
value of €, and are hence not physical. They are related to rescaling the

basis vectors. The spectral parameter x is related to the momentum p as

x
2 -1

In this representation, the two central charges B3, K are clearly not indepen-

p=g (5.1.22)

dent. They are given by
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‘B P

— = —i— = —ak. (5.1.23)
! g
Hence, it is useful to introduce a new generator ®, such that its eigenvalue
is given by
D x
D=5 = 5.1.24
P ( )
Then, we have
. 1
P =—ia®, R=i—9. (5.1.25)
@

The energy eigenvalue € in those parameters was found in [159] and reads

_la?+41
22217

Let us now investigate the extension to the loop algebra, in order to con-

(5.1.26)

struct the classical double and the classical r-matrix. We have seen in section
3.1.3 that for relativistic integrable models, the loop parameter, or, in quan-
tised form, the parameter u of the Yangian, is related to the rapidity. Here,
we do not have relativistic invariance, but nevertheless, u is a function of

the momentum. Indeed, the correct parametrisation is given by

= - 5.1.27
U =x+ 7z’ ( )

where we choose a unitary representation for our loop algebra generators,

i.e.

Jn = ()"0 (5.1.28)

Hence, contrary to the case of ordinary simple Lie algebras, where the fun-
damental representations generically does not depend on continuous pa-
rameters, and parameter dependence is introduced via the loop algebra, in
the case of the loop algebra psu(2|2) x u(1)3[u,u!] the loop variable does
not introduce any new independent parameter. This at least holds for the
physical application we have in mind, but it is also important for the math-
ematical features of the loop algebra which we will discuss now. The crucial

observation on the fundamental representation is that
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D= 2 (5.1.29)

u
holds. Hence, at least on the fundamental representation, one can eliminate
yet another central charge, and remains with only one independent central
charge €. We will now show that one can impose the constraint (5.1.29) in
an abstract way in the loop algebra. In particular, adding the index n for

the degree of a generators as in (5.1.28), we get
. 1
B, = —2ial,_1, R =21—C,_1. (5.1.30)
@
The first observation is that as these identifications mix generators of differ-
ent degree n, they obviously violate the generic loop algebra commutation

relations [3%,3%,} = f%.3%.,,. Instead, the fermionic generators commute
like

{(Qm)aba (Gn)c6} = 5§(£m+n)a6 + 5?(%m+n)cb + 5§5§‘(€m+n),
{(Qm)%, (Qn)"a} = 20 pgCrnqn—1,
{(&m)5,(6n)%5} = =20 'e™epsCpn—1, (5.1.31)

modifying the relations (2.3.39) of psu(2|2) x u(1)3. Interestingly, this is
compatible with the Lie algebra structure. In particular, the Jacobi identity
holds. We note that such shift in the degree in the commutation relations
is not possible for loop algebras based on simple Lie superalgebras, hence it
is quite non-trivial that this identification here does not lead to incompati-

bilities with the defining relations.

As we have effectively reduced the loop algebra psu(2|2) x u(1)3[u,u"!] to
the loop algebra su[u,u"'](2]2), even though with deformed commutation
relations, we note that this algebra still does not have a non-degenerate
bilinear form, as needed for the construction for the classical r-matrix.
We have to investigate how the external automorphism algebra sl(2) acts
on sufu,u~1](2|2) after the above identification (5.1.30). The action of
s[(2) on the undeformed psl(2]2) x C? algebra was described in equations
(2.3.35),(2.3.42). The goal is to reduce the three s[(2) generators to just

one generator, such that this remaining generator can act on the fundamen-
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tal matrix representation, as required for physics. This generator should
be compatible with the commutation relations, and still lift the degener-
acy in the invariant product caused by the remaining central charges &,.
As on the fundamental matrix representation the central charge triplet €2,
before and after the reduction (5.1.30), acts like a multiple of the identity,
and henceforth commutes with all matrices, we also require that the sur-
viving automorphism should commute with all central charges. The unique

combination is given by

2

By 1= 2Bt + = (Bao1)h+20(Ba-1)i. (5.1.32)

This generator acts on the fermionic generators as

[iBma (Qn)ab] = +(Qm+n)ab - 2@5a75bd(6m+n—1)d77
B, (60)%8] = —(Smsn)?s — 20~ e 55(Qsn_1)e.  (5.1.33)

The remaining commutation relations of B are trivial, as before:

[%ma Q:n] = [%ma (mn)ab] = [%m; (Sn)aﬂ] =0 (5.1.34)

Taking all the generators (R,)%, (£1n)%8, Bn, €n, (6n)%5, (Qn)*p together,
we obtain the loop algebra u(2|2)[u,u"!]. Due to the shift of degree in
(5.1.30), and consequently the modifications of the central elements and
automorphisms, it is not the standard u(2|2)[u,u~!] loop algebra, but has

deformed commutation relations as spelled out above.

We are now almost in a position to write down the classical r-matrix
for u(2|2)[u,u~!]. What we have to investigate is how the identifications
(5.1.30) modify the invariant inner product on the loop algebra. Recall that
the inner product on the loop algebra is defined by

(3Z135n) = _ﬁabén,—m—l- (5.1.35)

On the fundamental representation, k is given by

K% = str(323°). (5.1.36)
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As (5.1.30) was proclaimed via the observed identification on the funda-
mental representation, we argue that this identification does not change the
inner product on the psu(2|2) generators. This can also be checked explic-
itly by imposing the invariance of the inner product. For the automorphism

and the central element, we get the following inner product:

(€ Bin) = O 1. (5.1.37)

Furthermore, 95 allows for the following fundamental matrix representation:

1 1
Bo) =15 67, BN =40 (5139)

Interestingly, the representation of 95 itself depends on the eigenvalue of the
central element €. This is clearly required to satisfy (5.1.37). Furthermore,
as ‘B is an external automorphism, and henceforth never appears on the
right-hand side of any commutation relations, we can add a multiple of €
to it without modifying any commutation relations. This is in analogy with
the observations (2.3.32) for the automorphism of gl(n|n). In principle, in
the loop algebra u(2|2)[u, u ], we could shift %B,, by different multiples of
¢ for each m. We will not do so in this thesis, as the classical r-matrix is
invariant by such shifts. However, the r-matrix will have additional twists,

as we will see soon. These could in principle be affected by such shifts.

We have now described a complete, consistent matrix representation for
the generators of the deformed u(2|2)[u,u™!] algebra, and we also have de-
scribed an inner product, which is basically unaffected by the identifications
done. Furthermore, the basis generators we have chosen are already in a
dual basis. The classical r-matrix (5.1.19), as studied in section 2.1.4, is
written down as the canonical element in the double D(g[u]) = glu,u1].

1

It is important that g[u], as well as its dual glu~!Ju~!, are subbialgebras

of glu,u~!]. This is clearly violated by the identifications we have done.
Indeed, if one commutes two fermionic generators of degree 0, we get from
(5.1.31)

{(20)%, (Q0)"a} = 2ae"epa€ 1,
{(80)%,(80)%s} = =20 'e%eps€ 1. (5.1.39)
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Hence, the commutator of two elements in g[u] is in glu~!Ju~!. However,
there is a surprisingly simple solution to this problem. We can consider the

two subalgebras g™, g~ spanned by

t= <mn7 2n7 ‘an 677,’ C71—17 %n+1>n20u
= <%—1—n7 2—1—n7 D—l—n) 6—1—7’“ Q:—Q—n’ %—n>n20- (5140)

One can immediately convince oneself that these are indeed closed subalge-
bras, and, importantly, they are still dual subalgebras with respect to the
inner product (5.1.35). Hence, one can construct the classical double for
g+, which will again be the loop algebra u(2|2)[u, '], but with deformed
commutation relations. Furthermore, the classical r-matrix is also different,

and is given as follows:

I = Tpeu(al2) — Z B @Cn— > €y @By, (5.1.41)
m=—1 m=+1

Here, 7pgy(2)2) is the standard classical r-matrix for psu(2|2), given by

Tpsu(22) — + Z (mflfm)cd ® (mm)d Z('Q 1- m) s ® (Em)éfy
m=0 m=0
+ Z (D—l—m)vd & (Gm)d Z (6 1— m) 5 ® (Qm)ac-
m=0 m=0

(5.1.42)

As we have constructed the classical r-matrix via the classical double con-
struction, it follows immediately that it satisfies the classical Yang-Baxter

equation

[r12,T13] + [r12, res] + [r13, 23] = 0. (5.1.43)

Furthermore, we could have equally well constructed it as a double of g,
and, just as argued in section 2.1.4, taking an antisymmetric combination of
the two corresponding r-matrices results in a unitary r-matrix, see equation
2.1.41.
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Note that we can also subtract and readd the terms shifted in (5.1.41),

and obtain

Tosu22),12 — BRC-CRB _‘B®¢+€®’B
iul — i’U,Q iUQ z'ul ’

12 = (5.1.44)
with Tyeu(2)2),12 being the standard Casimir of psu(2[2), acting on the tensor
product. The additional terms —8 ® € — € ® B complete the Casimir to
formally the standard Casimir of u(2|2). However, again the commutation

relations are deformed with respect to the standard u(2|2) algebra. The last

terms, —%@f—i—%, can be interpreted as the classical limit of a Reshetikhin
twist [160]. This twist is necessary as the quantum psu(2|2) x u(1)3 genera-
tors act nontrivially on tensor products [152, 153], i.e. they have a deformed
coproduct. On the classical level investigated here, this twist implies that
the cobrackets resulting from the classical r-matrix (5.1.41) get modified.

They are defined in the usual way by

63" = [}, (5.1.45)

as studied in section 2.1.3. We have spelled them out explicitly in table 5.1.

These cobrackets differ from the standard cobrackets for the undeformed
u(2|2)[u, u!] algebra, as spelled out in table 2.1 in section 2.4.1, exactly by
terms generated by the twist. In particular, even the fermionic generators
of degree zero have nontrivial cobrackets, in contrast to the standard co-

brackets of degree zero generators in a loop algebra.

Having established the abstract, universal form of the classical r-matrix,
we can straightforwardly evaluate it on the fundamental evaluation repre-
sentation, as defined in equations (2.3.44),(2.3.45) in section 2.3.3, using
the parametrisation for the labels as in (5.1.21), and the spectral parameter
(5.1.27). We get the result as listed in table 5.2.

This result was obtained by using the representation for the automor-
phism as in (5.1.38). It coincides with the light-cone S-matrix of [161].
To obtain a result compatible with the so-called AFS phase of the string

S-matrix at strong coupling [60], we have to add a term
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5(€) =0

n—1
5(Bn) =+ ()" A (Gn1—p)’a
k=0

n—1

+) a1 B0 (Q-1)" A (Qn-1-1)"d

k=1

n—1
- Z aﬁgﬁégac(Gk—l)a,@ A (Gn—l—k)cé
k=1

n—1
3(9)% =+ > (Re)e A (Ra1-k)%
k=0

n—1
-> [(Gk)av AN (Qn-1-£)"p — %5? (&r)% A (Qn—l—k)vd}
k=0

n—1
0(Ln)%p = — Z(Sk)ay AN (Ln-1-k)"p
k=0
n—1 1
+ kZ_O {(QIJQC AN (Sp—1-k)s — 555 (Qk)°c A (anlfk)cé}
n—1 n—1
5(Qn)% = =D (Lk)%5 A (Qno1-k)Ts = > (R0)% A (Quo1-1)%
k=0 k=0
n n—1
= G A Qi)™+ Z 2086 i Cho1 A (Gno1-1)%
k=0 k=0
n—1 n—1
5(6n)a5 =+ (mk)ac A (anlfk)cﬁ + Z(Sk)’yg N (anlfk)a,y
k=0 k=0
n n—1
+ ) G i AN (Gpi)s + Z 207 Be®epsCho1 A (Qno1-1) e
k=0 k=0

Table 5.1: Cobrackets of the Lie bialgebra generators.
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rl66%) = 2 (A2 — Bu)|6"d") + 5 (Ao + Bu)ld*6") + 5 Cuseeasli )

1 1 1
rlp ) = =5 (D1a = Bu)[°07) — 5 (Dia + Er)[979) = 5 Fioeea|¢¢")
r|6"pP) = Gia|¢*0P) + Hio|9 6"
r|®¢’) = Ki2|¢")®) + Li2|*¢")
1 1
5(1412 + 312) = m
1 (.21?1 — .%'2)2(.21?1.%2 + 1)2 +% + iDngl + %Dl_lDz
5(1412—312):4 1 (22 — Do —aus) ——
1z (2] — 1) (25 — 1) (tug — iug) iuy — fug
1, @ —z)  ac—caa
9 12 azrixa(iug — iug) U] — U
1 1
—5 (Pt Bi) = -2 —
—E(D — Epp) = — (xl—x2)2(x1x2+1)2 _ _%_%Dngl_% 1D2
g 2T Az mo(2? — 1) (22 — 1) (iug — iug) iy — iug
1 ial’ll'g(lll — 132) d1b2 - bldg
_§-F112:_~~ 2_1 2_1 A I - . .
Y172 (zy ) (x5 )(iug — fug) Uy — Uy
-1 -1
B S 10 R 1272 L Vo)
4ayxo(x? — 1) (23 — 1) (iug — iuz) iUy — us
. o (zrze — 1) _aidy —c1by
Hyp = - 5 ; — = — .
o1 (x5 — 1) (tug — dug) iuy — fug
Fox1(r122 — 1) dras — bico
Kip = < : — = — .
g (x? — 1) (iug — iuz) Uy — ius
B e B MRS VYA Vo
4aimo(z? — 1) (23 — 1) (iug — iuz) iuy — fug

Table 5.2: The classical (light cone) r-matrix of AdS/CFT.
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CoNC_4 (5.1.46)

to the r-matrix. This combines with the twist to €_; A (B9 — &), and
can hence be seen as a shift of the automorphism by —€y. As argued be-
fore, such shift does not modify the commutation relations. Furthermore,
such shift is the only remaining freedom not completely fixed by the sym-
metries at the classical level. This is because the antipode acts trivially
on the classical Lie bialgebra. Hence, there is no natural algebraic form
of the crossing equation acting at this level. Hence, one might in principle
add other terms compatible with the classical Yang-Baxter and unitarity

equations. Certainly, terms of the form
Cn NC, (5.1.47)

satisfy this requirement. Otherwise, we have succeeded in reproducing the

classical r-matrix purely from the symmetries.

5.2 The Magnon S-Matrix of N’ = 4 Super
Yang-Mills theory

In section 4.3.2, we have argued that N' = 4 Super Yang-Mills theory in the
large N limit is integrable, and this integrability is realised by regarding
the action of the dilatation generator on single trace local operators as the
action of an integrable Hamiltonian on a spin chain. In principle, we can use
the techniques of diagonalisation of the Hamiltonian of the XXX Heisenberg
spin chain introduced in section 3.2 to derive the spectrum of the dilata-
tion operator. In section 3.2, we were dealing with su(n) spin chains with
nearest neighbour interaction. Now, the spin chain has psu(2,2[4) symme-
try, which is noncompact and also long-ranged. The interaction range of
the Hamiltonian depends on the order in perturbation theory we are con-
sidering for the gauge theory. At order A, the complete Hamiltonian was
derived in [150], and the Bethe equations were written down in [26]. The
full psu(2,2|4) Yangian has only been found at tree level [30, 31]. Assuming
the Yangian to survive, we will reconstruct the one-loop S-matrix from the

universal R-matrix in section 5.2.1.
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Figure 5.1: Dynkin diagram of psu(2,2[4) called “Beauty“

We should note that when the interaction range of the Hamiltonian is
longer than the length of the operator whose anomalous dimension we want
to calculate, there will be wrapping interactions [154]. This makes the spin
chain picture unsuitable, and the asymptotic Bethe ansatz will not work in
that case. Indeed, to calculate anomalous dimensions at wrapping order, one
needs to take into account Luscher corrections [70], and ultimately the TBA
equations [76, 77, 78, 79]. Here, we will derive only the asymptotic S-matrix,
whose diagonalisation leads to the asymptotic Bethe ansatz. However, as
the goal is to find a universal R-matrix in terms of the abstract generators,
as done for classical string theory in section 5.1.3, such universal R-matrix
should, upon choosing a suitable representation, yield the bound state S-

matrices leading to the TBA equations.

5.2.1 The One-Loop S-Matrix from Yangian Symmetry

In this section we would like to discuss the scattering matrix for magnons of
the psu(2,2]4) spin chain at one-loop. We have seen in section 3.2, deriving
the scattering matrix for the su(n) spin chain requires choosing a vacuum
state, which breaks the symmetry to su(n — 1). The magnons transform
under this residual symmetry, and the S-matrix is henceforth invariant under
su(n — 1). Likewise, we have to choose a vacuum for the psu(2,2[4) spin
chain. A suitable choice is the BPS state

AS (5.2.1)

where Z = ¢5 +i¢g is part of the scalar sector of the theory. If one considers
the Dynkin diagram 5.1, this vacuum state corresponds to L excitations of
the middle node.

The choice of the vacuum state breaks the symmetry to
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u(1) x psu(2(2) @ psu(2]2) x u(1)3. (5.2.2)

The two psu(2|2)’s correspond to the three nodes to the left/right of the
middle node in figure 5.1. The resulting S-matrix should hence be invariant
under (5.2.2). We can rewrite (5.2.2) as

u(212) & u(2]2), (5.2.3)

such that the two u(1) charges in the decomposition u(2|2) = u(1)xpsu(2|2)x
u(1) are identified in both copies of u(2]2). Due to the direct sum structure,
by integrability also the total S-matrix should factorise with respect to the

algebra factorisation, i.e. one should have

Su2)eu(2]2) = Su(2]2) @ Su(2f2)- (5.2.4)

We will henceforth assume this factorisation, and focus on deriving the
u(2|2) invariant S-matrix. Note that the residual symmetry after symme-
try breaking with the BPS vacuum is the same as the residual symmetry
in the light-cone gauge, as studied in the previous section. The reason for
this is that via the AdS/CFT correspondence the gauge theory operator Z
corresponds to excitations propagating along a big circle on the S® on the
string side. Note that for the moment, we have no reason to believe that

the u(2]2)’s undergo a central extension.

For the moment, let us assume that u(2|2) is enhanced to the Yangian,
as we would expect from the existence of Yangian charges in the unbroken
symmetry algebra. The fields of N' = 4 Super Yang-Mills theory trans-
forming under the unbroken symmetry (5.2.2) are 8 bosons and 8 fermions,
which carry two indices belonging to the fundamental representation of the
two u(2|2)’s. This is in precise analogy to the fields in the light-cone string

theory, as studied in section 5.1.1.

We now form scattering states in the same fashion as for su(n) spin chains

considered section 3.2. This means that the u(2|2) magnons look like

IXMy=> ez, Z2XM7Z...7), (5.2.5)
n
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with M = 1,...4, and X"2 = ¢"2? are bosons, whereas X34 = 12 are
fermions. Hence, the problem of finding the S-matrix S (2j2)qu(22) from the
psu(2,2|4) spin chain is equivalent to finding two copies of the S-matrix
Su(2j2)> Which can be though of as acting on excitations of a su(2[3) spin

chain.

As the magnons transform in the fundamental representation of u(2|2),
we expect the two-particle S-matrix Sy (g)2) to be related to the appropriate
representation of the universal R-matrix of Y(u(2]|2)). The universal R-
matrices for Yangians of sl(n|m) were studied in section 2.4.2, so we will
just briefly recall the results. We take the universal R-matrix from section
2.2.5, and evaluate it as in section 2.4.3 for gl(n|n), by simply putting n = 2.
We get the result

SU2+U< Uoggo P). (5.2.6)

Ti2—u\uti u+ti

Here, we have used the Cartan matrix of the distinguished Dynkin diagram,

2 -1 0 0
-1 0 1 1

A= , (5.2.7)
1 -2 0
0 1 0 O

and chosen reality conditions as we deal with the real Lie algebra u(2|2).
This requires the spectral parameter of section 2.4.3 to be imaginary, i.e. we
have put ©u — —iu, such that the u used in this section is real for physical

particles.

Note that this S-matrix is obtained from a universal R-matrix in the same
way as the relativistic su(n) S-matrices. Interestingly, as our method to con-
struct universal R-matrices works well for all superalgebras sl(n|m), we note

that for n = m the complicated Gamma function prefactor disappears, and
i/24u
i/2—u’
coupling limit of the spin chain S-matrix, the factor

we remain with the simple rational factor

To get the precise weak
i/24u
i/2—u
1. This might be related to a twist of the S-matrix, which we are missing
i/2+u
i/2—u
and appears also in the Bethe equations, so we are at present not sure if the

should reduce to

at the presence. Note that is just a phase of a freely moving particle
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appearance of ;gfz in the S-matrix has some deep physical meaning. We

are convinced that it cannot be purely by chance that the Gamma functions

cancel for n = m.

We should note that other choices for the outer automorphism, leading
to different Dynkin diagrams, as in 2.3.33, might restore Gamma functions.
But for generic sl(n|m), n # m and n # m £ 1, there are always Gamma
functions appearing in the S-matrix. Hence, we certainly believe it is no
coincidence that the universal R-matrix for 1(2|2) almost produces the cor-
rect result needed for physics. Also, the S-matrix in string and gauge theory
looks slightly different, as noted in [162], and there is certainly a twist needed
to modify the coproduct of the Lie generators [152, 153], which also involves

a factor of the form ;;gfz, even though the twist leading to this coproduct

seems to not directly lead to the S-matrix (5.2.6).

5.2.2 The All-Loop Magnon S-Matrix

The all-loop S-matrix was derived in [56] from gauge theory arguments,
up to its dressing factor. A crucial ingredient in the derivation is that
the psu(2,2|4) spin chain has the property that some symmetry generators
change the length. This was first realised in the su(3|2) subsector! [163].
Let us consider this subsector, and the corresponding spin-chain. The fields
transform in the fundamental representation of su(3|2) as defined in (2.3.18).
We label the basis vectors as before by {¢!,¢?, ¢3 = Z|b!,4?}. The third
bosonic basis state ¢3 = Z will form the spin chain vacuum state Z¥, which
corresponds to a BPS state in N/ = 4 Super Yang-Mills theory . Hence,

excitation states look like

Xy, Xy) =Y dlemttennn| 7 X0 7, 2, Xy, 2, ).
np<<-<<npy

(5.2.8)
As we mentioned before, the interaction range of the Hamiltonian depends
on the order of the expansion in perturbation in A\. We now want to de-

rive the all-loop S-matrix, which means the Hamiltonian has, in principle,

'We reverse su(2) and su(3) compared to [163], for compatibility with the conventions
of chapter 2.
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infinite range of interaction. That is the reason why we should consider
asymptotic states where the individual magnons are well separated, i.e.
np << .-+ << nps. This apparently requires us to work with an infinitely
long chains. We emphasise that the Hamiltonian is not explicitly known to
higher orders in perturbation theory. Nevertheless, one can fix the all-loop
S-matrix purely by symmetry. This allows to extract the momenta via the
Bethe equations, and, as one has knowledge of the all-loop dispersion rela-
tion [158], one can extract the exact all-loop energies of asymptotic states.
Indeed, the structure of the dispersion relation is also fixed by the non-local
Hopf symmetry resulting from the length changing of the underlying spin

chain.

Let us consider the action of the symmetry generators which do not
change the vacuum state \Z)L, as in the previous sections where we dis-
cussed the perturbative string and gauge S-matrices. It turns out that some
fermionic generators do change the length of the spin chain when acting on
magnons, which means that they insert or remove vacuum states Z into the
chain. The generators form a psu(2|2) x u(1)® algebra, i.e. the manifest
su(2|2) algebra is centrally extended [56]. The action on one-particle states

of the symmetry generators is given by

1
RY|6°) = 0l9") — 59516°),

£ lu) = 39 — 5314, (529)
Q%|¢") = ad3ly), Q%[1°%) = bePeq|¢"Z*),
Gl@®) = cePens?Z), &% [YP) = dokle?), (5.2.10)

with the action of the fermionic generators including the markers Z*, which

indicates that a vacuum field Z is inserted or removed into the spin chain.

Indeed, on single magnon states, these extra markers have no physical
effect, as single magnons are excitations over infinitely many Z’s. The
crucial difference is that these markers modify the action on multi particle
states. Consider a two magnon state |[XX). Then the action of e.g. a

generator 9 inserting a Z would be
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AR =R 21+ 1R RY,

AL =L%1+1® £%,

A% = Q% @1+ UT @ Q%,

AG's =6"31+U ' ® &%,
AC=C®1+1®C¢,
ARP=P1+UT?QP,
AR=RR1+U 22K,
AU=URQU.

Table 5.3: The twisted coproduct of psu(2]2) x u(1)3.

QIXX) = [V ZX) +|XY Z), (5.2.11)

where we have say Q|X) = |YZ). Recalling that we have asymptotic states
(5.2.8), we can shift the marker around the excitation Y, and redefining
the indices ni,no we get an additional phase e”?, where p is the momentum
corresponding to the magnon around we shifted the marker. These shifts
mean that psu(2]2) x u(1)? acts non-locally on tensor products, i.e. multi
particle states, and the correct algebraic structure is a Hopf algebra [152,
153]. The algebra relations of psu(2]2) x u(1)3 are not modified, but the
coproduct is non-trivial, and spelled out in table 5.32.

The generator U is a central generator of the enveloping algebra and has

the eigenvalue U = ¢?/2 on the fundamental representation. Furthermore,
the labels a, b, ¢, d are fixed to be

« xt 7y xT T~
(5.2.12)
where T, 2~ are related to the momentum as
+
, T
=, 5.2.13
e =" (5.2.13)

#We choose the conventions of [107], upon formally identifying the marker Y with AL
This leads to the S-matrix in the string frame [162].
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They also satisfy the constraint
x —i——l - ————; (5.2.14)
- . 2.

~v and « are two further generators related to the rescaling of the basis
vectors. They do not appear in physical quantities. g is related to the ’t

Hooft coupling as

VA

= —. 2.1
o (5.2.15)

9

The central charges B, & of psu(2|2) x u(1)? have to be cocommutative in
order for the coproduct to be compatible with the existence of an S-matrix.
This leads to the identifications

P=ga(l-UT?), KR=ga ' (1-U?). (5.2.16)

These identifications can be imposed abstractly, and are obviously com-
patible with the above representation labels. Furthermore, plugging these
identifications into the shortening condition for the fundamental represen-

tation, the third central charge € is given by

1
4

As the eigenvalue of € corresponds to the energy of the underlying spin

1
¢ = %R:Z+@%M@ﬂ) (5.2.17)

chain, this identification is identical to the dispersion relation of the theory.
We stress that the derivation is purely in algebraic terms, and fixes the dis-

persion relation up to the choice of proportionality in front of sin®(p/2)3.

Let us now discuss the extension to the Yangian. We discussed the Yan-
gian of Y(psl(2]2) x C3) in section 2.4.4. Here, we only need to discuss
the modifications due to the braiding generator /. The Yangian algebra
relations remains unchanged, but the coproduct of the generators is now
twisted in the same way as the Lie algebra generators, and the coproduct
in the first realisation is explicitly given in table 5.4.

If one would formally switch off the braiding generator U, one would re-

3The S-matrix of the AdSy x CP? correspondence is formally found by substituting the
't Hooft coupling by a more general function of A [164]. Hence, the same algebraic
structure seems to exist in this theory.
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ARY = RY @ 1+ 1@ RY

1 1
+ 59{% ® R — 59{01; ® R
1 1
- 58U QY - S AU 06",

1 a 1 a -
+ Zéb 6d7U+1 ® Q’Yd + Z(sb D’ydu ! & 6d»y7

AL =L ®1+1® 8%

1 1
— iﬂay ® 275 + 5275 ® SO‘W
1 1
+ 5530‘02/1‘1 ® &% + 56052/{“ ® 0%
1 1
_ Z&g Décu—l ® 606 o 153 605u+1 ® 956’

AQY = Q% @1 +UT @0,

1 1
- §£a7u“ @ Q7+ 597 @ L%

1 1

- imcbu+1 ® Qac + §Qac ® mcb
1 1

- 5c:u“ ® Q% + 553% Q¢

1 1
+ 56"756515131/{_1 ® Gd'y — §Ea’y€bd6dyu+2 X m,

AGY =601 +U ' © 6%

1
2

1272/[—1 a 1 a ~
+§ B ®67—§67®25

1
+ macu—l ® 60,3 _ 566,3 ® %ac

1 1
+ U @& — ;8¢

2
1 1
— 55“555&““ ® Q% + 55“5552501/{*2 ® R,

AC=CR1+1a¢C

1 1
+ 59&1*2 QR — iﬁu“ ® P,

AP=Pol1+U2eP

~ U IP+PRC,

AR=Re1+U2®R

+UIRAR-—RRC.

Table 5.4: Coproduct of the twisted Yangian



cover the standard Yangian of psu(2[2) x u(1)3

, as studied in section 2.4.4.
We note that mathematically, we can generate U by twisting the coprod-

uct as

AX = FAXF (5.2.18)

where F = exp(ip/2®B1) is a Reshetikhin twist. p can be considered as an
abstract generator satisfying Ap = p® 1+ 1®p, and B} is one of the outer
automorphisms of psu(2[2) x u(1)3. Indeed, B} acts only on the fermionic
generators in a diagonal way, and can hence be easily seen to generate the
coproduct (5.3), (5.4).

We would now like to investigate the representation of the Yangian gen-
erators on the fundamental representation of psu(2[2) x u(1)3. We have
already investigated the untwisted generators in the second realisation in
section 2.4.5. The generators of the first realisation can, in principle, be
represented in the same way as for the unextended su(2]2) algebra, namely
as

X =uX, (5.2.19)
with some spectral parameter u. Similarly as in the case of the classical Lie
bialgebra, as studied in section 5.1.3, u should be related to the momentum
of the corresponding magnon, and hence be related to the generator U, or
the related parameters ™, z~. The correct identification, found in [58], is

given by

igxT +aT
U=———---—.
21+

rtx—

(5.2.20)

Up to an overall shift on all tensor factors, this is the only combination com-
patible with cocommutativity of the new central generators ‘i\?, A. Hence,
this identification is a necessary condition, should the Yangian be compati-

ble with an S-matrix on two fundamental representations.

We are now in a position to fix the S-matrix on the fundamental repre-

sentation. It is fully fixed up to a scalar factor by requiring
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[S, AX] =0, (5.2.21)

for all generators X of the Yangian )(psu(2|2) x R?). The answer is given
in table 5.5.

Interestingly, this S-matrix is already fixed by invariance under the cen-
trally extended Lie algebra psu(2]2)xu(1)3, without reference to the Yangian
generators [56]. The additional invariance under the Yangian generators was
shown only later [58]. This is in contrast to all other simple Lie superal-
gebras, where invariance under the Lie algebra generators constrains the
S-matrix massively, but never fixes it. This fact is related to the distin-
guished properties of the representation theory of psu(2]2) x u(1)3, which
was studied in [107] (see also [165] for the unextended case). Most no-
tably, the tensor product of two fundamental representations is, for generic
values of the central elements, irreducible. For simple Lie superalgebras,
the tensor product usually decomposes into several irreducible components.
However, in these cases, the representation of the corresponding Yangian
will generically be irreducible. Hence, the complete S-matrix is usually
fixed by imposing Yangian invariance on top of the usual Lie algebra in-
variance. Alternatively, one can solve the Yang-Baxter equation on top of
the Lie algebra invariance. Note that the Yang-Baxter equation is defined
on the triple tensor product, making the computation harder than using
the Yangian invariance. The reason why solving the Yang-Baxter equation
seems equivalent to solving the commutation relations with the Yangian is
that the Yangian can be defined with the RTT relations.

As equation (5.2.21) is invariant under multiplication of & with an ar-
bitrary factor, the prefactor of & needs to be fixed by crossing symmetry
[59] and unitarity. This was done in [66], confirming the earlier conjectured
dressing factor of [64, 65]. We give the result of the dressing factor o2 in

the integral form found in [151]:
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S12l¢0) = Ansléidh) + Bralpleglh) + 1 5 Cr2e™easlufn),

SM%%@zDHWfﬁU+Em%¢%+§ﬂﬁaww%m

Si2|¢l) = Gralwh 63) + Hua|6507),
S12|U§eh) = K1o0§ %) + Lia|¢3ut).

_l’_ —

xy —x
Ay = Sfy 2—L |
Ty — I

+

+ - — ot o

_ 1-1 _

Biy = 8, “2—"L <1—2 EPLI x1_>’
Ty =T

27172

012 _ SO Y17y 2
2 1—1/a7 —

@y Ty

Jr P
Ty Ty

Fis = —S0, Ty Ty (1_2 1—1/x]x] x;—xf')’

Dyp = — 57,

i xy 1 —1/zy2] oy —af
o 2a(af —w)(@y —wy) 1wy -y

Fio = —S

I I ——
—_— x-lkxl—%— 1—1/2yzy x5 —af

Tt —
G12—S 2 M1 1
\/371 Ty _551

1.% — X5
Hys = 5%, 2'7 2 2
a;2 Yo xy — i’

0’72331
K122512*7,
"z, —x

— +
2 1
+ — —
Lo — SO Ly Lo — Xy
12 = P12 S — + -
Ty Ty — Iy

Table 5.5: All-loop S-matrix
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g2 Bleie) R (e )
R (a{ wy ) R*(wy 23)
R® = exp?2i(x(z1, 1) — x(x2,71))
. d21 dZQ 1 1 3 1 1
S oa1 4% log I(1 sy~
X(.%'l,.%'g) Z% 211 27rix1—z1 o — 29 8 ( +Zg(21+ Al 2 2’2))
(5.2.22)
The full psu(2]2) x u(1)? invariant S-matrix is then completed by putting
1—1/z7a] xy —af
S0 = o /2135 Ty — 31 (5.2.23)
1—1/z5z] x5 — 2]
Recall that the full S-matrix of AdS/CFT is given by
Spsu(2]2) xpsu(2(2)xu(1)? = Spsu(2|2)xu(1)? © Spsu(2)2)xu(1)3 (5.2.24)

so the square root in 5.2.23 will not be troublesome.

Classical Limits

The S-matrix given in table 5.5 is a complete quantum S-matrix, depending
on the coupling g. If we take ¢ — 0, we should recover the spin-chain
S-matrix as studied in section 5.2. To take this limit, it is important to
keep in mind that the spectral parameters ™, z~, and likewise the related
momentum p, depend also on the coupling. To get the correct limit one has
to rescale o, 2~ with 1/g, and then gets for the S-matrix?

U 1

Sip = ——1d — P (5.2.25)

u—1 u—1

in this limit, with v = u; — us. Note that the S-matrix coming from the
universal R-matrix of u(2|2) also has an extra prefactor, which, as discussed

in section 5.2, might be related to some twists.

“Here, we have also switched off the twist, working with the conventions of [56]. This is
the S-matrix in the spin-chain frame, see [162, 142] for discussions.
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To study the behaviour of the S-matrix in the strong coupling regime

g — 00, it is useful to use the parametrisation

1 l T

+

= 1-— + — 2.2
v x\/ 4g%(x — 1/x)2 ~ 29 x — 1/2’ (5.2.26)

as found in [159].

The parameter v appearing in the representation labels and the S-matrix

scales as

(5.2.27)

N

"}/:

Sl-

whereas a remains independent of g.

This limit corresponds to the near plane-wave regime [17, 166, 167, 25],
or the classical limit of spinning strings [22, 168, 169, 61]. The momentum

p scales as % in this limit.
In this limit, the S-matrix behaves as [170]

1
S:m+§n (5.2.28)

with the classical r-matrix studied in section 5.1.3. It can also be repro-
duced algebraically in a different way [171] than in section 5.1.3. However,
it was not shown that this proposal leads to a consistend quasi-triangular
Lie bialgebra. Furthermore, only the classical r-matrix of section 5.1.3 leads

to the correct classical limit of bound state S-matrices, as shown in [172, 83].

In [83], also the full quantum S-matrix on higher representations was in-
vestigated. Indeed, the S-matrix for higher representations is not fixed by
the Lie algebra symmetry alone, but only by Yangian invariance. This shows
that for a complete physical picture one really needs the whole symmetry
algebra, which is the Yangian. Note that the Yangian in this situation is
the twisted Yangian Y(psu(2|2) x R?), where all three central elements are
considered to be independent. On both classical limits g — oo, g — 0, effec-
tively only one central charge survived, and the additional u(1) symmetry

related to the external automorphism of the algebra appeared explicitly. As
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argued in [56], the two central charges B, K are related to gauge trans-
formations on the gauge side. However, it is at present not clear if one
can consistently reduce them on the Yangian in an algebraically consistent
way. The full quantum Yangian behind the all-loop S-matrix should be a
mathematical quantisation of the Lie bialgebra of section 5.1.3, and hence
a deformed and twisted version of the Yangian )(u(2|2)). Another hint for
this on the quantum level was found in [173, 93], where it was shown that
the Yangian generator corresponding to the external automorphism is also

a symmetry of the all-loop S-matrix.

For these reasons, we believe that the all-loop S-matrix should be a rep-

resentation of the universal R-matrix defined by

R = Fo R RyR_F!

— 00
R, = H H eXp(—(—l)‘B|f|/B|€;+k6 ® ngf(kJrl)(S) ’

i=1,...,6 k=0

— [e'¢)

R = ] [[eo(-F¢s, 5@ € (eas)

i=1,...,6 k=0

4 oo d

_ 1 (A D' n :

Ry l;lexp <t§; <(d)\1 og($; ( 1)))15 ® ( ij og(ﬁ] ()\2))—(t+1)>>

(5.2.29)

The corresponding Chevalley-Serre basis is given in section 2.4.5, and the
operator D;; is related in the usual way to the Cartan matrix. Two im-
portant questions need to be answered before evaluating this formula for
the universal R-matrix. First of all, the twist F should contain the part

generating the braiding U/, which is in principle done by putting

F = eP/20%h, (5.2.30)

It can also contain other combinations of the central charges, as discussed
on the classical level in section 5.1.3. B!y has, a priori, no fundamental
evaluation representation, so we propose to take the only 4 x 4 matrix
compatible with the inner product instead. This was given in (2.4.30).

Furthermore, the precise mechanism of inversion of the operator D;; needs
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to be given. There might be subtleties, as the analytic structure of the
AdS/CFT S-matrix is far more complicated than the one of the S-matrices
found in other integrable field theories, as discussed in chapter 3. As we
observed, the construction of Ry is similar to the explicit solution of the
crossing equation, so we believe that the inversion of D here should be done
along the line of [66], where an explicit solution of the AdS/CFT crossing

equation was obtained.
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6 Conclusions and Outlook

In this thesis, we have investigated the application of Yangians to inte-
grable models. In particular, we propose that the Yangian is a unified
symmetry algebra for many integrable models, containing more informa-
tion about physical models than widely appreciated. Most notably, the
universal R-matrix of the Yangian was shown to lead to crossing invariant,
unitary S-matrices for the known models with su(n) invariance. Likewise,
the AdS/CFT S-matrix appearing in the Bethe Ansatz is invariant under
the Yangian, so it is likely that it can also be completely reconstructed by
purely algebraic means. The Yangian of the AdS/CFT S-matrix has some
special features, as the underlying Lie superalgebra is centrally extended.
Consequently, we studied the modifications necessary to generalise previous
results concerning universal R-matrices of simple Lie algebras to superalge-
bras, and in particular, to the case of the centrally extended psu(2[2) x u(1)3
algebra. We reconstructed the AdS/CFT S-matrix in the strong and weak
coupling regimes purely from the algebra, and also derived Drinfeld’s second
realisation of the full quantum Yangian. However, a rigorous derivation of
the underlying quantum double remains an important task to be completed.
The resulting universal R-matrix should also be related to the bound state
S-matrices of [172, 83, 96]. In this thesis, we only studied the Yangian on
the fundamental representation corresponding to fundamental magnons. As
the Yangian is an abstract algebraic structure, choosing a different, suitable
representation leads to the mirror theory, which is important for the deriva-
tion of the TBA equations. We refer the reader to [83, 174] for interesting
discussions. Indeed, some subsectors of the quantum S-matrix were shown
to be related to a universal R-matrix in [175], and in [176] the fundamental
S-matrix was rewritten in a way resembling the structure of represented uni-
versal R-matrices, as well as the classical r-matrix of AdS/CFT discussed

in this thesis.
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As the S-matrices of su(n) invariant models where reproduced purely
from the Yangian, and we made progress towards such construction for the
AdS/CFT S-matrix, we believe that similar constructions should work for
most of the other integrable models as well. Indeed, many known integrable
models are invariant under a Quantum Group, which is usually either a
Yangian in the rational case, or a quantum affine algebra for trigonomet-
ric R-matrices. Another advantage of our approach is that as it is purely
algebraic, we could generalise existing constructions straightforwardly e.g.
to superalgebras. To our knowledge, a systematic study of crossing and
unitary equations for superalgebras, in the line of thought of [108, 177] for
ordinary Lie algebras, has not been done. One reason is that e.g. simply
generalising theories like the principal chiral field from target space mani-
folds based on simple Lie groups to supergroups does not lead to theories
with physical unitarity.

Integrable models with supergroup symmetry have been studied mainly
in the condensed matter literature, see e.g. [178]. In particular, in [179, 180,
181] scattering matrices with osp(n|m) symmetry where investigated, and it
was also found that the S-matrix just depends on the dual Coxeter number,
similarly to the case of sl(n|m) R-matrices investigated in this thesis. We
believe that the universal R-matrices found in this thesis are indeed in prin-
ciple valid for any simple Lie superalgebra, so an important task would be
to reproduce the osp(n|m) S-matrices from our universal R-matrix formula.
However, the representation theory of Yangians based on Lie algebras other
than sl(n|m) is considerably more involved, as there are no simple eval-
uation representations. Henceforth, even the evaluation of the rank one
algebra osp(1]2) was quite involved [182]. Our formalism for the derivation
of the universal R-matrix was, however, different to what was known before
in the literature [48, 182], as our resulting S-matrices are unitary. Further-
more, our formalism is valid for algebras with non-integer valued Cartan
matrices. In particular, we believe that one can also find R-matrices for
the exceptional Lie superalgebra D(2,1;«) from our formula. This algebra
has some applications in relation with the AdS/CFT correspondence, as the
centrally extended psu(2|2) x u(1)? algebra can be obtained as a reduction
from D(2,1; ) [183, 56]. In [184], an attempt has been made to also derive
the Yangian and the classical r-matrix of psu(2[2) x u(1)? from D(2,1;q).

Another situation where non-integer valued Cartan matrices can arise is the
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series of gl(n|n) algebras. These have a u(1) automorphism, which can be
rescaled and shifted by the central charge. This seems to affect the dressing
factor of the resulting S-matrices, as was observed in the case gl(1|1) studied
in [91].

As we mentioned, the S-matrix of AdS/CFT investigated in this thesis is
an internal scattering matrix, scattering magnons of spin chains, which are
related to single trace local operators. These operators are local in the four
space-time dimensions of N' = 4 Super Yang-Mills theory . Proper gluon
scattering amplitudes of A/ = 4 Super Yang-Mills theory are, a priori, not
related to our S-matrix. However, symmetry seems again a unifying scheme.
Indeed, the original spin chain is psu(2,2|4) invariant, and this Lie super-
algebra should be enhanced to the Yangian [30, 31]. Likewise, scattering
amplitudes in A/ = 4 Super Yang-Mills theory , which are by construction
invariant under psu(2, 2|4), were shown to be also invariant under a Yangian
[84, 85, 86, 87]. This Yangian is related to the dual superconformal symme-
try of the amplitudes [185]. As some amplitudes are related to strings on
twistor space [186], it was recently confirmed that states in twistor string
theory indeed form representations of a Yangian [187]. The gluon ampli-
tudes seem structurally quite different to the scattering matrices consider
in this thesis. It would be very interesting to investigate if the Yangian

symmetries can also restrict the amplitudes at higher loops.

The question of obtaining an all-loop result for amplitudes may hence be
solved in a similar way as the S-matrix of the spectral problem!'. We have
seen that the S-matrix for the spectral problem in AdS/CFT is a coupling
dependent quantum S-matrix. It is invariant under the whole quantum Yan-
gian, and the coupling dependence entered through the eigenvalues of the
central charges. However, this does not at all constitute a proof of quantum
integrability, but the derivation of the S-matrix is rather based on the as-
sumption of quantum integrability. We note that even a rigorous derivation
of classical integrability is not straightforward. The existence of infinitely
many conserved charges follows from the existence of a flat current, as de-

rived in [28]. Their Poisson commutativity was only shown in [145], and the

!Fascinating progress in this direction has been made just when this thesis was com-
pleted. In [188], all-loop recursion formulas were given for the integrand of scattering
amplitudes.
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underlying classical symmetry algebra was studied in [146, 147]. The classi-
cal Poisson structure contains non-ultra local terms, i.e. derivatives of delta
functions. Similar terms appear in the Poisson brackets of the principal chi-
ral field or the O(n) sigma model [121, 122, 123]. This makes for instance
the evaluation of commutation relations of the charges difficult [46, 145]. In
the case of the principal chiral field, it was argued that the non-ultra local
terms come from a bad choice of a classical limit of the well-defined quan-
tum theory [189]. The existence of quantum conserved non-local charges
was argued to exist in [34] for the O(n) model and in [45] for other nonlin-

ear sigma models on symmetric spaces.

Recently, after convincing evidence that string theory on AdS; x CP3
is also integrable [134, 135, 136] and exactly dual to N/ = 6 Chern-Simons
theory in three dimensions [133], attempts have been made to classify space-
time backgrounds on which string theory is integrable [190, 191]. Impor-
tant for such integrability is the existence of a Z4 grading of the symme-
try algebra. The arguments given so far for this classification are classical
or based on one-loop computations. In the pure spinor formalism of the
AdS5 x S5 superstring, quantum non-local charges were also argued to exist
[192], but no explicit computations were performed. Explicit calculations
at one loop were done in [193, 194], and confirm the integrability of the
superstring at least in the pure spinor formalism. It is important to explic-
itly confirm the existence of infinitely many conserved charges in the full
quantum theory, to prove integrability and henceforth rectify the use of the
S-matrix formalism. Furthermore, one should, in principle, derive the same
algebraic structures both from the Yang-Mills and the string side of the
AdS/CFT correspondence. Henceforth, one should be able to fully verify
that the TBA equations conjectured in [76, 77, 78, 79| correctly describe
the spectrum of the AdS/CFT correspondence.

Another problem of the TBA equations, besides the lack of rigour in their
derivation, is that they are hard to evaluate. This is because there are in-
finitely many coupled TBA equations, and the evaluation even in the case
of the simplest operators is hard. In [76], the Y-system for the Konishi
operator has been solved to four loops, confirming an earlier result obtained

from the asymptotic Bethe ansatz complimented by Luscher corrections
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[69]. To this loop order, the result was also checked in perturbation theory
[195, 196]. To five loops, Luscher corrections have been computed analyt-
ically [197], and this result is in agreement with numerical investigations
of the TBA equations [198, 199, 200]. Furthermore, the Luscher correc-
tions have been computed for the whole s[(2) sector [201], and this result
is compatible with expectations from the BFKL equation. Attempts have
been made to find a dual string state for the Konishi operator [202]. On
the string side it is less clear when finite size corrections should become im-
portant. In [72] it was shown that already the next-to-leading order in the
expansion of the dressing phase of the Bethe ansatz leads to inconsistencies
in the analytic expansion. An important task for analytic studies as well as
improved numerics is to find equations which are easier to handle. For other
integrable models there are often integral equations which are equivalent to
TBA equations, but have the property to be easier to handle. Most notably,
for Sine-Gordon theory, there are the Destri-deVega equations [81], or, more
recently, integral equations for the principal chiral field with su(2) x su(2)
symmetry have been found in [82]. As the integral equations of the principal
chiral field follow from the S-matrix, which we have shown follows directly
from the Yangian, one might hope for a direct derivation of the integral
equations from the Yangian. This is however currently far off. However,
we note the appearance of g-deformed Cartan matrices in TBA equations
[111]. We have shown that asymptotic S-matrices can be directly related
to the Yangian. It would be interesting to investigate further the algebraic
structures for finite size systems, and if they can also lead directly to inter-

esting physical quantities.

Some of the difficulties of showing integrability of the AdS sigma model
are related to the fact that in the light-cone gauge, the sigma model is
not relativistically invariant. This makes it different to most other known
integrable field theories. One solution to overcome this problem is to not
use the light-cone gauge, but attempt some other covariant methods. One
idea is to use the so-called Pohlmeyer reduction, which should reduce the
original theory in such way that only physical degrees of freedom survive,
and the theory remains relativistically invariant. The Pohlmeyer reduction
was proposed in [203] for the AdS superstring, see also [204, 205] for further

progress in this direction. Interestingly, the leading S-matrix in the reduced
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theory [206] looks quite similar to the classical limit [207] of the q-deformed
S-matrix [208] of the spectral problem discussed in this thesis. As this clas-
sical S-matrix is constructed from a Lie bialgebra, which can be considered
as a deformation of the bialgebra discussed in this thesis, again quantum
groups or their classical limits seem to be responsible for the constraints on

the S-matrix.

Besides seeking for a further closure of the gap between the mathematics
of Yangians and their physical applications, an important task is to gener-
alise the mathematics. Some important generalisations are of direct phys-
ical concern, such as a better understanding of the representation theory
of Yangians of superalgebras, in particular the one based on the centrally
extended psu(2|2) x u(1)? algebra. The dependence of the central charges
on each other in the quantum Yangian should have a similarly consistent
interpretation as for the classical Lie bialgebra studied in this thesis. Such
identification might then change the representation theory of the Yangian.
Furthermore, as we believe that the results concerning Yangians and their
universal R-matrices are valid for all simple Lie superalgebras, one should
explicitly show that they lead on representations to the scattering matrices
found in [180] for the case osp(n|m). One should also be able to construct
R-and S-matrices based on the exceptional Lie superalgebras. Another gen-
eralisation is towards trigonometric solutions of the Yang-Baxter equation,
whose symmetry is related to quantum affine algebras. Corresponding uni-
versal R-matrices have been constructed in [209]. Indeed, the quantum
affine algebra is in several aspects easier to treat than the Yangian. In
principle, one can also recover the Yangian in a special limit of the de-
formation parameter ¢. This is expected, as trigonometric S-matrices can
be reduced to rational S-matrices. In some cases, such as for XXX spin
chain, it is well understood what the g-deformation physically means. Basi-
cally, q corresponds to an anisotropy parameter, which generalises the XXX
spin chain to the XXZ spin chain. However, for other models, it is less
clear what a g-deformation should mean. In the context of the AdS/CFT
correspondence, g-deformation was related to Leigh-Strassler deformations
[210, 211, 212, 213], where integrability is only preserved for special values
of the deformation parameter. It is not clear if this is related to the above-

mentioned g-deformed S-matrix of the spectral problem.

155



In this thesis, we mainly discussed field theories defined on a cylinder,
whose circumference is taken to infinity when considering the scattering
problem. Yangian charges exist precisely for such decompactification limit.
We note that there are also Yangian charges in theories with a boundary,
such as the principal chiral model [214] or the AdS/CFT correspondence
[215] with inserted boundaries. The corresponding boundary Yang-Baxter
equation yields solutions to the reflection matrices, which describe the re-
flection of a particle at the boundary. Hence, they act just on one repre-
sentation space, and not on the tensor product, as the previously discussed
two particle scattering matrices. The corresponding Yangian acting on the
boundary is a twisted Yangian [216]. It would be interesting if the bound-
ary scattering matrices can also be reconstructed algebraically, in line of
thought of this thesis. As the universal R-matrix of quantum groups gener-
ically lives on the tensor product of two copies of the quantum group, one
might have to consider a natural reduction of the R-matrix to one copy of
the Yangian. There are natural ways involving the antipode as well as the
multiplication map of the Hopf algebra, i.e. one might consider the element
w(S@Id)(R).

The Yangian symmetries in the systems we were dealing with are well-
defined in the infinite length limit of the underlying world-sheet or corre-
sponding spin chain. The spin chain underlying N' = 4 Super Yang-Mills
theory is long-ranged, as the interaction range grows in perturbation theory.
We had to consider infinitely long chains to construct asymptotic scattering
states, so for those states there is no problem of defining Yangian charges.
Following the TBA logic, the Yangian of the mirror model should also be
behind the finite size spectrum. It would be interesting to find out what
algebraic structure is ultimately acting on finite size spectrum, and if its
ultimately a Yangian at all, or only becomes a Yangian for infinite length
[217]. Note that curiously, for certain other long-ranged spin chains it was
possible to define Yangian charges also for closed chains [218, 219]. Other
long ranged spin chains with Yangian invariance were investigated in [220].
It seems that as long as the long-ranged Hamiltonian preserves integrability,

some Quantum Group symmetry also survives.
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Symmetries have played a prominent role in physics in the last century,
and it is appreciated that one needs to know the precise algebra relations.
The algebra determines the representation theory, and hence the physics. In
integrable models, many authors studied the underlying Lie symmetries and
appreciated the importance of the existence of additional conserved charges.
In this thesis, we advocated that it is worth to know also the commutation
relations of the additional conserved charges. In integrable models, this
algebra is usually a Quantum Group. In particular, if the Quantum Group
is a Yangian, as for the principal chiral field or the AdS/CFT correspondence
at strong and weak coupling, we showed that one can reproduce the complete
S-matrix just from the Yangian. Henceforth, we propose to study more
deeply the symmetries involved in integrable models, as we argue they are

more closely related to physics than is widely appreciated.
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