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Executive Summary

Quantum integrability has turned out to be an important concept in overcoming the
limitations of perturbation theory and reaching a more profound understanding of par-
ticular four-dimensional quantum field theories. The algebraic structure that underlies
integrability in field and string theory is the Yangian, which can be understood as
an infinite-dimensional extension of a Lie algebra. Here, we investigate the Yangian
symmetry of super Maldacena—Wilson loops and fishnet Feynman graphs.

In the first part of this thesis, we discuss Maldacena—Wilson loops in N' = 4 super
Yang—Mills theory. Utilizing the non-chiral superspace formulation of the N' =4 SYM
model, we construct the full supersymmetric completion of this operator, which is the
natural object dual to a minimal surface described by the full AdSs; x S® superstring.
We show that the super loop operator enjoys global superconformal as well as local
kappa symmetry, the latter being related to the 1/2 BPS property of the bosonic
Maldacena—-Wilson loop. Using a convenient type of transversal gauge, we establish
the operators one-loop expectation value and prove it to be finite.

We then perform a detailed study of the Yangian symmetries of smooth super
Maldacena—Wilson loops. Focusing on a generic gauge theory setup, we analyze in
detail the different options for representing the Yangian generators and argue for a
representation in terms of gauge-covariant operator insertions. Subsequently, we uti-
lize this approach to prove the Yangian invariance of the full one-loop expectation value.
Importantly, we find that the Yangian symmetry of Wilson loop operators heavily relies
on two features of the underlying gauge theory: first, the vanishing of the dual Cox-
eter number of the underlying Lie algebra; and second, a novel identity that we call
G-identity, basically stating that the field strength two-form vanishes when contracted
with two Lie algebra-generating vector fields.

The second part of this thesis is devoted to the study of four-dimensional fishnet
Feynman graphs, which are built from four-valent vertices that are joined by scalar
propagators. We show that these diagrams feature a conformal all-loop Yangian sym-
metry, which we phase in terms of generators annihilating these graphs as well as in
terms of inhomogeneous monodromy eigenvalue relations. The Yangian symmetry re-
sults in novel differential equations for this family of largely unsolved Feynman integrals
and we shall study their form by considering the box integral as an example.
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Zusammenfassung

Integrabilitat hat sich als ein wichtiges Konzept erwiesen, um die Grenzen einer sto-
rungstheoretischen Beschreibung zu tiberwinden und ein tiefer gehendes Verstandnis
von speziellen vierdimensionalen Quantenfeldtheorien zu erlangen. Die der Integra-
bilitat zugrunde liegende algebraische Struktur ist der Yangian, welchen man als eine
unendlichdimensionale Erweiterung einer Lie Algebra auffassen kann. In der vorliegen-
den Arbeit untersuchen wir die Yang’sche Symmetrie von super Wilson Schleifen und
Fischnetz Feynman Graphen.

Im ersten Teil dieser Arbeit diskutieren wir Maldacena—Wilson Schleifen in N = 4
supersymmetrischer Yang—Mills Theorie. Unter Ausnutzung der nicht-chiralen Super-
raumbeschreibung des N' = 4 supersymmetrischen Yang—Mills Modells konstruieren
wir den supersymmetrisch vervollstadndigten Schleifenoperator, welcher dual ist zu einer
durch den vollen AdS; x S® Superstring beschriebenen Minimalfliche. Wir zeigen, dass
dieser Schleifenoperator sowohl globale superkonforme als auch lokale kappa Symmetrie
besitzt, wobei wir letztere zur 1/2 BPS Eigenschaft der bosonischen Maldacena—Wilson
Schleife in Beziehung setzen. Weiterhin berechnen wir den Einschleifenerwartungswert
des Operators und beweisen dessen Endlichkeit.

Anschliefend beschéftigen wir uns detailliert mit der Yang’schen Symmetrie von
glatten super Maldacena—Wilson Schleifen. Wir untersuchen anhand einer generischen
Eichtheorie die verschiedenen Mdoglichkeiten, die Yang’schen Generatoren zu realisieren
und begriinden unsere Wahl einer Darstellung in Form von eichkovarianten Opera-
toreinsetzungen. Unter Verwendung dieser Darstellung beweisen wir nachfolgend die
Yang’sche Invarianz des vollen Einschleifenerwartungswertes der super Maldacena—
Wilson Schleife. Ein wichtiges Resultat unserer Analyse ist von tibergeordneter Natur
und besteht aus zwei Konsistenzbedingungen, die Aufschluss dariiber geben, in welchen
Eichtheorien Wilson Schleifen integrabel sein kénnten: Erstens muss die duale Cox-
eter Zahl der zugrunde liegenden Lie Algebra verschwinden, und zweitens muss das
innere Produkt des Feldstérketensors mit zwei Lie Algebra Vektorfeldern null ergeben.
Letztere Relation scheint in der Literatur nicht bekannt zu sein und wird von uns als
G-Identitat bezeichnet.

Im zweiten Teil dieser Arbeit beschéftigen wir uns mit Fischnetz Feynman Graphen,
welche aus viervalenten Vertizes bestehen, die durch skalare Propagatoren miteinan-
der verbunden sind. Wir zeigen, dass diese Diagramme zu allen Schleifenordnungen
eine konforme Yang’sche Symmetrie aufweisen und konstruieren explizit die Yang’schen
Generatoren, die diese Diagramme vernichten. Fiir Vielschleifendiagramme gelingt uns
Letzteres durch eine Umformulierung der Symmetrie in Form von Eigenwertgleichun-
gen inhomogener Monodromiematrizen, aus deren Entwicklung sich die Generatoren
ablesen lassen. Die Yang’sche Symmetrie impliziert, dass Fischnetz Integrale partielle
Differenzialgleichungen erfiillen, deren Form wir anhand des Boxintegrals illustrieren.
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Publications

This first part of this thesis describes the continuation of a line of research that was
initiated in 2013 and published in [1],
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1. Introduction and Motivation

In the past half-century, Yang-Mills [6] theories have clearly revolutionized our under-
standing of the world of elementary particles and their interactions. In fact, three out
of the four fundamental forces of nature — the weak nuclear force, the strong nuclear
force and the electromagnetic force — are accurately described by a unified Yang—Mills
theory with gauge group SU(3) x SU(2) x U(1), which is known as the Standard Model
of particle physics. The accuracy to which its predictions agree with high precision
measurements carried out at colliders, such as the Large Hadron Collider (LHC), is
spectacular and leaves no doubt that the Standard Model is one of the most successful
theories ever devised. Lately, also the long-sought Higgs boson has been discovered
at the LHC [7,8], so that by now all particles that the Standard Model predicts have
been observed. Nonetheless, despite its great success in predicting the outcome of scat-
tering experiments, the Standard model is not free of flaws or inadequacies as it fails
to explain certain mysteries of nature, such as neutrino oscillations, the asymmetry of
matter and antimatter as well as what dark matter is made of. Furthermore, the model
only unifies three of the four fundamental forces and therefore lacks a description of
(quantum) gravity.

But even apart from the aforementioned conceptual problems, Yang—Mills theories in
general still pose major challenges to theoretical physicists and mathematicians. Many
of these challenges are related to the theoretical and practical limitations of our most
reliable tool of investigation in any quantum field theory — perturbation theory. For
instance, as perturbation theory requires the coupling constants to be small, large areas
of the parameter space are simply inaccessible to this method. Inherently strongly-
coupled quantum phenomena, such as quark confinement in quantum chromodynamics
(QCD), can therefore not be studied by using perturbation theory. But even within
the range of applicability, exact results for observables most often remain inaccessible
by all practical means. On the one hand, this is related to the fact that the number
of Feynman diagrams grows rapidly with both the number of loops and the number
of legs. On the other hand, also the Feynman integrals that need to be evaluated
become progressively more complex as the number of loops increases and constantly
probe (often exceed) the limits of our knowledge and methods.

One of the most promising approaches to reach a more profound understanding
of Yang-Mills theories and four-dimensional quantum field theories is to study field
theories which allow for exact results. The prime example of such a theory is N' = 4
super Yang-Mills theory (N = 4 SYM) [9] with gauge group SU(XN), which is the
unique maximally supersymmetric gauge theory in four dimensions and a close cousin
of QCD. Devised already in the late "70s, the theory was soon abandoned due to its scale
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1. Introduction and Motivation

invariance, which makes the model incompatible with particle phenomenology. New
interest in N' = 4 SYM theory was triggered by one of the breakthrough discoveries of
the late '90s: the Anti-de Sitter/Conformal Field theory (AdS/CFT) correspondence
[10-12], see, e.g. |13] for a textbook treatment. In its strongest form and applied
to the case at hand, the conjectured correspondence states that the N' = 4 SYM
model has a dual description in terms of type IIB superstring theory on AdSs x S°.
The (conformal) gauge theory lives on the four-dimensional boundary of the AdSs
space, which is conformally equivalent to four-dimensional Minkowski space. Since
the information of the string theory is conjectured to be completely encoded in the
lower-dimensional field theory, one also speaks of the holographic duality. A striking
feature of the duality is that it relates the strongly-coupled sector of the gauge theory
to the weakly-coupled sector of the string theory and vice versa. As the latter is
computationally under control using string perturbation theory, the dual description
can be used to gain novel insights into the strong-coupling regime of NV = 4 SYM
theory. Another interesting aspect of the AdS/CFT correspondence is that it relates a
theory that naturally contains gravity (string theory) to a pure gauge theory. Thus, we
can also hope to learn something about the long-standing problem of quantum gravity
by studying this intriguing duality.

The renewed interest in the N' = 4 SYM model that was sparked by the advent
of the AdS/CFT correspondence soon led to another groundbreaking discovery: the
integrability (exact solvability) of the planar gauge theory. The word planar refers to
a particular limit, also called 't Hooft limit |14], which is characterized by sending the
rank of the gauge group N — oo while keeping the product of the (squared) Yang—
Mills coupling and number of colors A = ¢?N fixed. In N' =4 SYM theory, integrable
structures were first observed in the context of the spectral problem. The spectral
problem consists of finding the anomalous scaling dimensions ~ of local gauge-invariant
composite operators, which is the only dynamical information in the two-point function
of two such operators since the functional form is completely fixed by (super)conformal
symmetry

¢
(x —y)22’

In the breakthrough work [15], it was shown that the one-loop spectral problem of a
certain subset of operators can be reformulated as an eigenvalue problem of an inte-
grable spin chain Hamiltonian. This result was soon generalized [16}|17] and led to
spectacular progress in the study of two-point functions, see also reference [18] for an
extensive review. The state-of-the-art method for computing the anomalous scaling
dimensions of local operators is provided by the so-called Quantum Spectral Curve
(QSC) [19,)20]. The QSC allows for the extraction of scaling dimensions at any value of
the 't Hooft coupling A with almost unlimited precision, so that the spectral problem
can be considered as being solved.

Although the progress in applying methods of integrability to the N = 4 SYM model
has been tremendous, the field-theoretic origin of integrability still remains somewhat

(O(x)O(y)) = A=Ng+7. (1.1)
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obscure. A more intuitive understanding of why A/ = 4 SYM theory is integrable comes
from the AdS/CFT correspondence. The model which is dual to N/ =4 SYM theory
is type IIB superstring theory on AdSs x S°, which is a two-dimensional non-linear
sigma model on a (semi)symmetric coset space [21]. For such theories integrability is
a common phenomenon. In fact, it was shown in [22] that the equations of motion
of the non-linear sigma model can be phrased as a zero-curvature condition for a one-
parameter family of Lax connections. From this construction, an infinite number of
conserved charges follows immediately, which is a hallmark of integrability.

The appearance of an infinite number of conserved charges at strong coupling raises
the question whether similar structures are present on the field theory side of the du-
ality. Such structures have indeed been observed in N' = 4 SYM theory, e.g. for the
one-loop dilatation operator [23] as well as for scattering amplitudes [24,25] and lately
also for the field equations of motion and the action [26]. At weak coupling, the in-
tegrability manifests itself as an infinite-dimensional extension of the underlying Lie
algebra symmetry of the model, which is called a Yangian. In fact, the existence of
an infinite number of hidden symmetries is what constrains the model so tightly that
exact analytic results come within reach. The Yangian therefore sits at the heart of
integrability in A/ = 4 SYM theory and to fully understand its role and implications
is a major desideratum. In this work, we establish and study the Yangian for Wilson
loops and fishnet Feynman graphs and we will now give a brief introduction to both
parts of this thesis.

In the first part of this work, we will be concerned with smooth Maldacena—Wilson
loops. The Maldacena-Wilson loop operator [27,28| represents a specific generaliza-
tion of an ordinary Wilson loop operator as typically considered in generic Yang—Mills
theories. It is defined as the path-ordered exponential of the gauge field plus a scalar
term both integrated along a path 7,

W(y) = iftrPexp (/ dT(x'“ A+ nl\/ﬁqﬁz)) . (1.2)

Here, #(7) parametrizes a path in Minkowski space and n’ is a unit six-vector that
characterizes a point on S°. The loop operator can be defined for any closed path in
space, thus providing a huge class of gauge-invariant observables. Importantly, the
Maldacena—Wilson loop possesses a dual description in terms of strings in AdSs: At
strong coupling, the expectation value is determined by the area of the minimal surface
that ends on the contour v at the conformal boundary of AdS;. Maldacena—Wilson
loops are thus highly natural observables to study within the context of the AdS/CFT
correspondence. Curiously, the Maldacena—Wilson loop was also the first observable
for which an exact result at finite coupling was available. In fact, two years before the
discovery of integrability it was conjectured that the expectation value of a circular
Maldacena~Wilson loop is given by a simple Bessel function (W (Q)) o< I (vA)/vV/A
[29]. This result was later proven using a technique called localization [30]. The fact
that the expectation value is finite is not special to circular Wilson loops but rather
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1. Introduction and Motivation

a generic feature of Maldacena—Wilson loops depending on a smooth non-intersecting
contour.

The appeal of (Maldacena—)Wilson loop{] in AV = 4 SYM theory is further raised
by an intriguing duality between Wilson loops and scattering amplitudes. Concretely,
the duality states that

In M,, = In(W,,) + const. , (1.3)

where M, is the ratio of the planar MHV amplitude and its tree-level value and W, is
a polygonal Wilson loop with light-like edges, which are defined through the relation
pi = x; — i1, cf. references [31H34]. Soon after its discovery, the duality was extended
to amplitudes of arbitrary helicity configurations by introducing chiral light-like Wil-
son loops which also couple to the fermions [35, 36]E] Motivated by an attempt to
understand the Q-anomaly of these chiral Wilson loops, non-chiral null Wilson loops
were constructed and studied to first order in # in [38] and later on more thoroughly
in [39,40]. A common feature of all null-polygonal Wilson loops is that their vacuum
expectation value (VEV) is divergent due to light-like edges and cusps. These diver-
gences parallel the IR divergences of massless scattering amplitudes with which they
get in fact identified by means of the duality map [41].

The Yangian symmetry of scattering amplitudes [25] in combination with the afore-
mentioned duality makes it natural to ask whether Wilson loops could be Yangian
symmetric as well. Since divergences typically obscure certain symmetries, it is natu-
ral to begin by focusing on smooth Maldacena—Wilson loops as their expectation value
is finite, which prevents the symmetries from becoming anomalous. Further support
for this approach comes from strong coupling as the string sigma model is known to
be integrable. On the downside, it is clear that the Maldacena—Wilson loop as stated
above does not even respect all superconformal symmetries of N' = 4 SYM theory
because the operator couples only to the bosonic fields of the model. It is therefore
most likely that the Maldacena—Wilson loop operator must first be lifted to a fully
supersymmetric operator before the challenge of exposing its non-local symmetries can
be attempted.

Indeed, in reference [1] as well as in the authors’ master’s thesis [42] it was shown that
bosonic Maldacena—Wilson loops do not possess Yangian symmetry at weak coupling.
Instead, one needs to consider the supersymmetric completion of this loop operator,
which we constructed through quadratic order in an expansion in the anticommuting
Grafimann variables. Subsequently, the one-loop expectation value of the supersym-
metrized loop operator was demonstrated to be Yangian invariant to leading order in
the Graffimann expansion. Here, we aim at completing this analysis. We begin by
reviewing the N' = 4 non-chiral superspace formulation of the N' = 4 SYM model,
thereby laying the foundations for the definition of the full super Maldacena—Wilson
loop. Importantly, the N = 4 non-chiral superspace is an on-shell superspace in the

IFor light-like contours, the Maldacena—Wilson loop reduces to the ordinary Wilson loop.
2Note that in reference [37] it was pointed out that the generalized duality might actually be spoiled
due to subtle anomalies on the Wilson loop side.
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sense that the superspace constraints imply the equations of motion for the fields.
While at first sight this feature seems to be in tension with quantization, we show how
to establish one-loop perturbation theory within this framework and derive various
Grafimann exact free two-point functions. Subsequently, we shall define the full super
Maldacena—Wilson loop as a loop operator in non-chiral superspace. Interestingly, the
classical operator has a local fermionic symmetry, which in spirit is very close to kappa
symmetry of string theory. We expose this symmetry and clarify the relation to the
1/2 BPS property of the bosonic Maldacena—Wilson loop. The remaining part of the
chapter is devoted to establishing the one-loop expectation value of the operator and
discussing its superconformal symmetries. With the super Maldacena—Wilson loop es-
tablished, we then turn to an investigation of its non-local symmetries. In contrast to
the path-derivative approach pursued in reference [1], we argue for a formulation of
the Yangian generators in terms of gauge-covariant field insertions. This definition will
then be shown to pass various algebraic consistency checks before we use it to prove
the Yangian invariance of the super Maldacena—Wilson loop at the one-loop level and
to all orders in the GraBmann expansion. The Yangian symmetry of super Maldacena—
Wilson loops is backed up by an investigation at strong coupling in which the Yangian
symmetries of minimal supersurfaces were derived from the integrability of the non-
linear sigma model that describes the full-fledged AdSs x S® superstring. This result
was obtained in a parallel line of research and published in [43}{45].

Although N' = 4 SYM theory is arguably the simplest interacting gauge theory in
four dimensions, the model is not simple on an absolute scale. To better understand
the origins and implications of Yangian symmetry in four-dimensional field theories, it
would be advantageous to have easier models which still display integrability. Recently,
such a class of theories was constructed [46] by studying a particular class of double-
scaling limits of the 7;-deformed N = 4 SYM model [47,/48]. The simplest of these
models is a theory with just two scalars interacting via a specific four-valent vertex.
Besides being conformal and integrable in the large-N limit [4,5]46/49-51], this theory
has the remarkable feature that all its non-vanishing planar single-trace correlators are
in one-to-one correspondence with a single Feynman diagram of fishnet type. These
fishnet graphs correspond to scalar high-loop Feynman integrals, which play an impor-
tant role also beyond the above-mentioned context. The pairing of integrability and
single-graphness potentially provides us with unique opportunity to use integrability
to compute this family of largely unsolved scalar Feynman integrals and we shall here
take the first step and expose their infinite-dimensional symmetry algebra.

We begin by reviewing the relation between the ~;-deformed N' = 4 SYM model
and the bi-scalar model that generates these graphs. Subsequently, we shall investi-
gate the local and non-local symmetries of four-dimensional fishnet diagrams using the
language of Lie algebra and Yangian generators. In this context, we will explicitly
demonstrate that the cross integral and the double-cross integral feature a conformal
Yangian symmetry with non-trivial evaluation parameters. Further progress concern-
ing exposing the symmetry is achieved by phrasing the Yangian symmetry in terms of
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1. Introduction and Motivation

monodromy eigenvalue relations for these graphs. This will allow us to demonstrate
the Yangian symmetry of generic high-loop fishnet Feynman integrals by using simple
graphical arguments. The Yangian symmetry results in novel differential equations for
these integrals as will be illustrated on the example of the cross integral. Finally, we
study on-shell limits of fishnet Feynman graphs and clarify the relation between the
Yangian symmetry and the conformal/dual conformal symmetry of theses graphs.

We conclude by giving a brief summary of the results that have been obtained and
comment on their impact.
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2. Symmetry, Field Theory and
Wilson Loops

The aim of this chapter is to provide an introduction to the fundamental concepts and
objects which are relevant for this thesis. The first part of this chapter is devoted to
algebraic preliminaries. We shall start by introducing the conformal algebra as well as
its superconformal extension. Subsequently, we define an important algebraic structure:
the Yangian algebra. In the second part of this chapter, we discuss the component
formulation of the N/ = 4 SYM model and introduce one of the most interesting
observables in a gauge theory, the Wilson loop operator. The focus in this latter part
lies on the Wilson loop with scalar extension, which is called the Maldacena—Wilson
loop. It represents one of the central objects that we shall investigate in this thesis.
The presentation here is in parts based on that in the authors’ master’s thesis [42] and
the one in [45]. Further references will be cited in the sections below.

2.1. Symmetry

Symmetry is one of the most important concepts in theoretical physics. It can not
only serve as a guiding principle for the construction of new theories and objects but is
often also invaluable with respect to finding the solution to a given problem. Symmetry
and in particular Yangian symmetry is in fact also the main theme of this thesis and it
therefore seems fitting to begin our discussion by introducing the algebraic foundations
of conformal symmetry and Yangian symmetry.

2.1.1. Conformal Symmetry

In this section, we discuss conformal transformations of flat four-dimensional Minkowski
space RY? with metric 7, = diag(1,—1,—1,—1). Conformal transformations are by
definition transformations z# — 2/# which leave the metric tensor invariant up to a
local scaling factor

oz'P 0x'°
Ok Oxv Moo = 92(@ N » (2-1)

where () denotes an arbitrary smooth function. Conformal transformations thus
preserve angles, while lengths are generically altered. In what follows, we shall discuss
conformal transformations from the infinitesimal point of view as well as from the
viewpoint of finite transformations.
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2. Symmetry, Field Theory and Wilson Loops

Infinitesimal transformations. We begin by focusing on infinitesimal conformal trans-
formations. In order to determine the form of the most general conformal transforma-
tion, we make the ansatz z/* = x* + £#*(x). Plugging this ansatz into the defining

equation ({2.1)) and expanding
Qz)~1+o0(x), (2.2)
yields the conformal Killing equation, which explicitly reads

8# §V + au fu = % (8 : g) Nuv - (23)

Note that in the above equation we have already taken the trace in order to express
the function o(x) in terms of the vector £, i.e. o(x) = 1/4(0,&"). It is easy to show
that the most general solution to this equation is given by

z)=—a, +w, ' — Az, +2(0b-x)x, —b, 2, Wy = —Wyy, - 2.4
I p 1 p n— Ou I 1

The first two terms correspond to infinitesimal translations and Lorentz transforma-
tions, while the latter represent infinitesimal scale transformations and special confor-
mal transformations. On general grounds, it is clear that the vector fields £ = £#0,
form a Lie algebra with the Lie bracket given by the vector field commutator. In what
follows, we shall refer to it as the conformal algebra. To study this Lie algebra, we
introduce the following convenient basis

£ =¢&"0, = d'P, + 3w" Ly, + AD + V'K, (2.5)
where
P,=-0, (translations),
D = —2"9, (dilatations) ,
L =— (2,0, — 2,0,) (Lorentz transformations) ,
K, = 2z,2"0, — 1°0, (special conformal transformations) . (2.6)

[Lyws Lpo] = MupLive + MvoLisp — Muo Ly — Mupliso »
(L, PA] = 0Py — nuaPy, D, K,] = —K,,
[P#, K,] = 21D — 2Ly, D, Pu] =Py,
Ly Kpl = mup Ko — Ko (2.7)

All the remaining commutators vanish. One can show that the Lie algebra defined by
the above commutation relations is isomorphic to the Lie algebra so(2,4). For this
reason, we will refer to the conformal algebra as s0(2,4).
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2.1. Symmetry

Finite transformations. In the above, we have seen that infinitesimal conformal
transformations form a Lie algebra. For this reason, there exists a clear conceptual
pathway for obtaining finite conformal transformations, which goes under the name
of exponentiation [52]. However, since we will be mainly concerned with infinitesimal
transformations in this thesis, we refrain from discussing this method here in detail
and merely state the final result. Exponentiating the infinitesimal transformations in

equation (2.6 yields
o=t —at
A G

2t =axt

translations) ,
Lorentz transformations) ,
dilatations) ,
xt — ot x?
- 1—2(c-z)+ c?a?

(
(
(
(

z'* special conformal transformations) . (2.8)

An important point to note is that only those group elements belonging to the con-
nected component of the identity can be reached by exponentiation. Quite often it is
completely sufficient to focus on the connected component of the (symmetry) group,
but when dealing with the conformal group it is convenient to additionally take into
account one further element, which is called the conformal inversion. This discrete
transformation is defined by

o
Bt = 7 (2.9)
and does, due to the absence of an infinitesimal analogue, not belong to the identity-
connected component of the conformal group. An important feature of the conformal
inversion is that it relates translations and special conformal transformations. More
precisely, a special conformal transformation can be represented as an inversion, fol-

lowed by a finite translation with shift vector —c#, followed by another inversion

o ah — cta?
I ch I H = $2 = * 210
(Iy o oly) [z"] (%_Cy>(%_cy> 1-2(c-z)+2a? ( )

At this point, let us note an important consequence of the relation given above: The
conformal invariance of a Poincaré-invariant quantity follows trivially if the considered
quantity is invariant under inversion. In practice, one therefore considers quite often
the conformal inversion instead of the more complicated conformal boosts.

A common feature of all conformal transformations is that their Jacobian is up to a
scaling factor a local Lorentz transformation/rotation

oz’ oz’
= ll‘ i —_— pum— 4
o Q(z)0",(x), with det (895) Qz)". (2.11)

Note that this is in complete agreement with the defining equation (2.1). For trans-
lations, Lorentz transformations and dilatations the above-stated property is obvious.
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2. Symmetry, Field Theory and Wilson Loops

For conformal boosts, it follows from considering the conformal inversion for which one

finds

_ o

v

(2.12)

ox? 2

oz'* 1 ( 2;5“;5,,) 1 2zhx,

12

Finally, let us point out that the inversion can also assist in constructing represen-
tations of the conformal algebra. From equation (2.10]), which relates elements of the
conformal group, we infer the following algebra relation

K,=I,0P,0l,. (2.13)

This notation is slightly imprecise but is frequently used. What it means is that the
conformal boost generators can be replaced by the sequence I o P, oI, when applied to
an element of the vector space on which they act. Given the action of the inversion, it
is thus a straightforward exercise to find the generators K,. The remaining conformal
generators then follow by computing commutators, see the algebra relations . This
concludes the discussion of finite conformal transformations.

Transformation of the fields. So far our considerations were entirely of geometrical
concern as we discussed the action of conformal transformations on points in Minkowski
space. To make contact to field theory, we first need to discuss the action of confor-
mal transformations on the fields. We will do this following to a certain extend the
presentation in references [53,/54] and the one in [55].

Contrary to the approach pursued above, we shall begin our discussion by consider-
ing finite conformal transformations from which we shall then derive the infinitesimal
transformation laws. Under a finite conformal transformation, a field ¢ of arbitrary
spin-tensor structure transforms as

oM (x) = o™ (2) = Q)2 RIO", ()] o™ (). (2.14)

Here, A is the scaling dimension of the field ¢™ and R[O*, ()] denotes the represen-
tation of the Lorentz transformation O*,(z) (2.11)) that acts on the vector space of the
fields @M. For a scalar field with scaling dimension A = 1, the above equation reduces
to

J1-1/4
S = || o), (2.15)

where we have used equation to express the function Q(z) in terms of the Ja-
cobian of the transformation. Fields or operators transforming according to equation
are called primary fields/operators. Every operator in a conformal field theory
(CFT) which is not primary is either a descendant operator or can be expressed as a
linear combination of primaries and descendants. Descendants are primary operators
to which momentum generators have been applied, i.e. derivatives of primary opera-
tors. Since their transformations follow from the relations presented above, one usually
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2.1. Symmetry

focuses on primary operators and so do we in this work. Given the finite transforma-
tion laws and , let us now derive the action of the generators on the fields.
For this, we consider the difference of the transformed field and the original one both
evaluated at position x,

5o = ™ (2) — 9V (@), (2.16)

By expanding equation ([2.14]) for an infinitesimal transformation of the form z/* =
at + EH(x), we obtain
M “w M A M 1 puv\ M N
0¢0™ = —€10,0" (2) = (0 -9 (2) = 5 (&) (E) ng™ (2) (2.17)

where the square brackets denote antisymmetrization including a factor of 1/2. Here,
we have already used the Killing equation to express the function o(z) that
appears in the expansion of Q(z) as a function of the Killing vectors &,. The X#¥-
matrices form a representation of the Lorentz algebra: For scalars we have ¥X* = 0,
while vector fields transform under the representation (X#*)?, = 2n°l¥). In order to
obtain the representation of the generators on the fields, we plug in the explicit form
of the Killing vectors and compare equation to the defining relation ([2.5)).
This yields

P, " =8, 6",

D" = (29, + A) o™,

Ly ¢M = (2,0, — 2,0,) ?bM + (Euu)MN ¢N )

K, o™ = (220, — 22,270, — 2Ax,) oM — 227 (5, )M n ¢V . (2.18)

Note the extra minus signs appearing in front of the differential operator terms com-
pared to equation . These signs are necessary in order to ensure that the generators
of field transformations satisfy the same algebra relations as the generators in the co-
ordinate representation . For a more detailed discussion on this point see section
b.1.1} Having set the stage, we are now ready to discuss the implications of conformal
symmetry.

Implications of conformal symmetry. Correlations functions in a CFT obey rela-
tions due to conformal symmetry. These are especially tight for two- and three-point
functions of scalar primary operators as their functional form is completely fixed by
conformal symmetry. In what follows, we shall briefly review the implications of con-
formal symmetry on correlation functions. For convenience, we shall employ the path
integral formulation of the underlying field theory. Note, however, that the derived
relations are valid in any CFT independent of whether or not the theory admits a
description in terms of an action. For an exhaustive discussion on the implications of
conformal symmetry the reader is referred to the textbook [55].
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2. Symmetry, Field Theory and Wilson Loops

As before, we begin by focusing on finite conformal transformations. Let ¢ be a
collection of scalar primary fields with conformal dimensions A and S[¢] be short for
the action of the underlying theory which we assume to be conformally invariant. Using
the path integral formulation, an n-point Greens function can be expressed as

Gn(zy,. . x,) = (P1(2) ... pn())) = ;/[D@ o1() ... pn(x) 1), (2.19)

where Z is the vacuum functional. For simplicity, we shall assume that the coordinates
x, are all different and that the Green’s functions are finite. Relabeling the integration
variables and using equation ([2.14]) yields

1 —
(01(a1) - du(as)) = - [P G1(ah) .. () 519
ox’' o' |~/ ,
o ’ S Dl ditw). dulwn) €59 (2,20
Here, we have used that the transformation leaves both the action and the measure
invariant, i.e.

1

—A1/4
— Z e

r=x1 T=Tn

S[o'] = S[4], [D¢'] = [Dg]. (2.21)
The correlators thus satisfy the following identity:
9y |21/4 9y [P/
@) onlea) =| 55| 5| 0. 222

Note that the above relations hold for any correlation function of scalar primary oper-
ators. Whether the operators are fundamental fields in the sense of the path integral
or composite objects does not play a role.

The infinitesimal analogs of the equations are called conformal Ward identities.
These can be derived as follows. Consider, for example, a dilatation, which acts on the
coordinates as 2’ = e*z. Under such a transformation, a Green’s function transforms
according to

Gn(21, ... 2,) = NOTF2IG (g etay,). (2.23)

Taking the derivative with respect to A and setting A = 0 yields

- 0
o —+ AN | Gu(xy,...,2,)=0. 2.24
> (ot 50 (@1, 224
This is the Ward identity for dilatations for correlators of primary fields. In a com-
pletely similar manner one can derive Ward identities for the other conformal genera-
tors. Denoting the conformal generators ([2.18)) by J°, we can summarize the conformal
Ward identities as

n

> (g1(@1) . (B (@) - bulwn)) = 0. (2.25)

i=1

24



2.1. Symmetry

The Ward identities have severe consequences for the functional form of correlation
functions. In particular, two- and three-point functions are heavily constrained by
conformal symmetry. As we will employ a similar logic later on in order to obtain
two-point functions of superfields, let us examine in detail how conformal symmetry
can be used to fix these correlation functions. For this, we consider the correlator of
two scalar primary fields

Go(w1,2) = (P1(71)P2(22)) - (2.26)

From invariance under Poincaré transformations we deduce that the two-point function

must be a function of the variable z2, := (z; — z2)?. Taking into account the scaling

identity (2.23), we find that the two-point correlator has to be of the following form
C12

(212) ™ 2

where c15 is an undetermined constant, which reflects the normalization of the two-point
function. What remains is to exploit the consequences of conformal boost symmetry.
Instead of studying special conformal transformations directly, we again focus on the
inversion

G2($1,ﬂ72) =

Tr1 T2

Golxy, 2) = (22) ™21 (22) ™2 G, (2, 2) : (2.28)
1 X5
By inserting the result (2.27)) into the former equation we learn that the conformal
dimensions of the two operators have to coincide, i.e. A; = Ay = A. If the conformal
dimensions are different, the two-point correlator vanishes. Thus, we deduce that

Go(w1, 1) = —20,  for Aj=Ay=A. (2.29)
(27,)2
The functional form of the two-point function is obviously completely fixed. The
only dynamically determined quantities are the scaling dimensions A. For three-point
functions of scalar operators the situation is similar. The same reasoning as employed
above leads us to the conclusion that

C123
GS(x17$2>$3): g \ALFAy—By o \AHA3-Ay  , \AptAg—Ap (2-30)

(212) 2 (215) 2 (235) 2
where c¢193 is a so-called structure constant. At four points, the impressive performance
of conformal symmetry stops. Indeed, with four points or more one can construct
conformal invariants in the form of cross-ratios, which in general read

2,2
Lii Tkl

(2.31)

2.2 "
L5

From the point of view of conformal symmetry, the n-point function may have an
arbitrary dependence on these ratios and is thus not fixed by conformal covariance.
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2. Symmetry, Field Theory and Wilson Loops

2.1.2. Superconformal Symmetry

In this section, we discuss the N' = 4 supersymmetric extension of the conformal
algebra. For a general introduction to supersymmetry the reader is referred to the
textbooks [56,57]. A more formal introduction to Lie superalgebras can be found
in [58]. For more information on the particular extension to be discussed below see
also [59].

In general, superconformal algebras are Lie superalgebras which contain the confor-
mal algebra s0(2,4) ~ su(2,2) as a subalgebra but which have additional odd gen-
erators that map bosonic fields to fermionic ones and vice versa. These algebras are
denoted as su(2, 2|N'), where N is related to the number Poincaré supercharges. Since
the supercharges carry spinor indices, it is convenient to use spinor indices for the
conformal generators as well. Spinor indices can be introduced by contracting the con-
formal generators with the four-dimensional sigma matrices o and o*, see appendix
for our conventions. More precisely, we define

Poo = Puobs L% = _%LW(UW)/BQ )
K = Khgee, L4 = L1"(5,,)%;. (2.32)

Translating the commutation relations into spinor language is a straightforward
exercise although a bit tedious. For completeness, let us restate them here. The
commutation relations involving rotations can be conveniently phrased by noting that
their form does only depend on the spinor indices and their position. Indeed, the
indices of any generator J transform canonically according to

(Lo, J7] = —2630° + 0507, (L%, 0] = 20505 — 053,
(L5, 7] = —2000% + 5307, [L45,05] = 20805 — 6435 (2.33)
For the commutator of translations and conformal boosts, we find
[Pyg, K| = 2651% 5 + 205145 + 46365D. (2.34)

As before, the dilatation generator D acts diagonally on all basis elements of the con-
formal algebra, i.e.

D, J] = dim(J)J, (2.35)
with

dim(P) = —dim(K) =1, and dim(L) = —dim(L) = 0. (2.36)

As mentioned above, we are interested in the N’ = 4 supersymmetric extension of the
conformal algebra. To obtain this algebra, we supplement the conformal algebra by four
pairs of Poincaré supercharges Q.. and Q% with a,b=1,...,4 being an index which
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2.1. Symmetry

enumerates these pairs. These generators commute with the generator of translations
and their anticommutator is given by

{Qam de} = 252Pao'z . (237)

Under Lorentz transformations, the supercharges transform according to (2.33) and it
follows immediately from (2.37)) that they have half the dimension of the momentum
generator, i.e.

dim(Q) = dim(Q) = 1. (2.38)

The additional Latin index that is carried by the supercharges gives rise to a further set
of bosonic generators, which are called R-symmetry generators. Under an R-symmetry
transformation, the supercharges get rotated into each other, while the bosonic gen-
erators stay unaffected. In analogy to the case of spacetime rotations , the R-
symmetry generators act on an arbitrary basis element of the algebra by transforming
the index according to

Ry, J¢| = =285 + 1o70°, R, Je| = 2020, — 305 (2.39)

The above commutation relations show that the trace Y~ R%, vanishes, so that we have
in total fifteen linearly independent generators which form an su(4) ~ so0(6) algebra. An
additional set of odd charges arises from commuting the generators of supertranslations
with the conformal boost generator K¢,

| Qo K| = —2055%, Q. K] = —2695%. (2.40)

We shall refer to the elements S and S as the generators of superboosts. The naming
serves the purpose of indicating that these generators are related to K in the same way
as the Poincaré supercharges are related to P,

{0, 8%} = —2sKA. (2.41)
The superboost generators thus have half the dimension of K4, i.e.

dim(S) = dim(S) = 1. (2.42)

Finally, let us note the remaining non-vanishing commutators. In analogy to ({2.37),
we have

[Poa S"] = +205Q0 . [Paa. %] = +200Qu - (2.43)
For the anticommutators of supertranslations and superboosts, one finds
{Qaa, 8"} = —20L7, + 260R", — 28262(D — C),
[Qa, 8%} = —20;L° 4 — 200R", — 2035,(D + C). (2.44)
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2. Symmetry, Field Theory and Wilson Loops

Here, C'is the central charge of the superconformal algebra su(2,2]4), which commutes
with all the other generators. If the central charge C' is absent, the algebra is denoted
by psu(2,2|4). Conversely, we can also promote the algebra su(2,2|4) to u(2,2[4). This
is achieved by adding the hypercharge generator B to su(2,2[4). The hypercharge
generator is diagonal in the chosen basis, i.e.

B,J| = hyp(J)J, (2.45)

with the non-vanishing hypercharges given by

hyp(Q) = —hyp(Q) = hyp(S) = — hyp(S) = 3. (2.46)
This concludes our formal discussion of the N' = 4 supersymmetric extension of the
conformal algebra.

A natural question that arises is how the superconformal algebra can be represented
in terms of vector fields, cf. equation . Constructing such a representation is in
general a quite difficult task. In fact, the odd generators require the introduction of
anticommuting coordinates, which together with the coordinates of Minkowski space
form a superspace. We shall introduce this space in chapter [3] thereby laying the foun-
dations for a detailed discussion of the superspace representation of the superconformal

algebra in section 4.2.2]

2.1.3. Yangian Symmetry

A common feature of many integrable models is the appearance of an infinite-dimen-
sional symmetry algebra of Yangian type. In general, the Yangian can be viewed as
an extension of an underlying Lie algebra symmetry and as such it was introduced
by Drinfel’d in references [60,61]. It represents one of the central algebraic structures
underlying the quantum inverse scattering method (QISM) [62,/63], which forms the
foundation for a set of tools that have proven to be incredibly useful when analyzing
quantum integrable systems.

The most common occurrence of Yangian symmetry is within models which are at
most two-dimensional. These can be discrete, e.g. spin chain models, or continuous,
such as two-dimensional sigma models. One reason why Yangian symmetry is mainly
restricted to one- and one-plus-one-dimensional models is that the definition of the Yan-
gian requires an ordering prescription, which is typically absent in higher-dimensional
theories. It is thus remarkable that Yangian symmetry has been encountered within the
class of four-dimensional gauge theories, namely for ' = 4 SYM theory. Most promi-
nently, Yangian symmetry has been detected for the spectral problem of local gauge-
invariant operators [15}/16,[23}/64,(65] as well as for the tree-level S-matrix [25]66-71].
The appearance of the Yangian in N' = 4 SYM theory is intimately related to the
large- N limit or planar limit [14]. This becomes most transparent within the context
of tree-level scattering amplitudes. Only in the large-N limit single-trace structures
become dominant and the order of fields is unambiguouslyll| determined in terms of

More precisely, the position is unambiguous modulo cyclic shifts.

28



2.1. Symmetry

their position within the matrix product that spans the color trace. We shall come
back to this point in section

Below, we give a brief and pedagogical introduction to the so-called first realization
of the Yangian [60,/61], thereby laying the foundations for our discussion of Yangian
symmetry of super Wilson loops and fishnet Feynman graphs. Later on, we shall also
encounter the so-called RTT realization, which is related to the QISM. However, as
this formulation of the Yangian becomes only relevant in chapter [6] we shall introduce
it there. Our presentation is based on references [42}45,72H74].

Preliminaries. Let g be a simple finite-dimensional Lie algebraP| with structure con-
stants f°, and generators J?, i.e.

[30,3°) = fo°, 0", [ 137, J%]] + cyclic = 0. (2.47)

Importantly, there is a priori no associative product operation in a Lie algebra. The
only product is the abstract Lie bracket. Products of two arbitrary elements, such as
x *y, are thus undefined unless we are working in a representation, which specifies the
action of Lie algebra elements on some vector space V. Regarding the construction
of the Yangian this puts us in a slightly inconvenient position as the definition of the
Yangian naturally requires such a product. In order to define the Yangian in complete
generality, one therefore needs to rely on the concept of the universal enveloping al-
gebra, which is, simply speaking, an embedding of a Lie algebra into a much bigger
associative algebra such that the abstract bracket operation in g corresponds to the
commutator x xy — y x x. However, we refrain from introducing the universal envelop-
ing algebra and instead content ourselves with working in a representation so that the
product of Lie algebra elements is well-defined. For the moment, we do not specify the
representation of the underlying Lie algebra, but we shall argue in section that
the field representation is in fact the most natural one for defining the Yangian.

Before we can define the Yangian, we need to introduce a symmetric bilinear form
on the Lie algebra, i.e. we need to define a metric that we can use to raise and lower Lie
algebra indices. A convenient choice for such a symmetric bilinear form is the Killing
form, which is defined as

K(z,y) = tr(ad(x) ad(y)), Y€, (2.48)

where ad(x) denotes a Lie algebra element in the adjoint representation. Evaluated on
basis elements, the Killing form reads

K% = K(J°,J%) = tr(ad(J°) ad(J?)) = f*, . (2.49)

Unfortunately, the Killing form vanishes for certain superalgebras including psu(2, 2|4).
We thus cannot use it to raise and lower indices of the superconformal structure con-
stants. Fortunately, any non-degenerate symmetric bilinear form will do the job and

2For reasons of clarity, we shall assume all the generators to be bosonic. The generalization to the
case of a superalgebra is straightforward, see, for example, reference [25].
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2. Symmetry, Field Theory and Wilson Loops

we can thus simply pick the trace in the fundamental representation
g% = g(J°,30) = tr(M[I) M[)7]) . (2.50)

For a simple Lie algebra, there is after all not much difference because in this case all
symmetric bilinear forms are proportional to the Killing form, i.e. ¢°° = cK°. As the
metric (2.50)) is non-degenerate by assumption, its inverse exists and we will denote it
by gs,. Using this metric, we can now raise and lower algebra indices, for example

fép/{ = Gpo faan- (251)

Having set out the framework, we are now ready to define the Yangian algebra.

Definition of the Yangian algebra. The Yangian algebra Y[g], as it was introduced
by Drinfel’d [60}/61], is defined as the algebra which is generated by the Lie algebra
generators J° and a second set of generators Jo obeying the following commutation
relations:

[J0,3¢] = for, 0%, [J0,3¢] = fo°, J°. (2.52)

The generators J® are typically called level-one generators for reasons that will become
clear momentarily. From the above commutation relations two sets of Jacobi identities
follow. However, a third Jacobi-like identity is quantum deformed to the following
Serre relationf]

A7 7/\ A) 7AR AH7 7/\ =1 gw Haﬁ 650-047 @ 6. .
(37,137, 30]] 4 [32, 132, 3%]] 4 [3%, [32, 3°]] = L 20 0 f27 foay J€TPTD . (2.53)

For g = su(2), this relation has to be replaced by another relation which is otherwise
implied, see reference [73]. Using the commutation relations (2.52)), it is straightforward
to rewrite the Serre relation in the following way:

PR [3, 37 = L FP7 0 e forary I TP T (2.54)

As opposed to the more familiar case of Lie algebras, the above relations do not com-
pletely specify the commutation relations of all generators. To see this, let us note that
the commutator of two level-one generators does not lie in the span of g ® {j& } but
rather yields a new generator, which is called a level-two generator. Denoting J = J(©
and J =] M) we define an element of grade two by the relation

1

52 — g[8 gp(D) 2
IO = o o370, 7] (2.55)

Here, ¢ is the dual Coxeter number, which is defined as

fépnfnpa = 2C5g . (256)

3The brackets denote symmetrization or antisymmetrization of the enclosed indices. More precisely,
we define X, 4,) = % ZUES” K1 evir () and X, 4, = # des" Sign(U)Xig(l)mmn)'
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The commutator between two level-one generators can then be expressed as
[0, 3p O] = o, J=®) 4 X% (2.57)

with f° X = 0. Plugging the above form of the commutator into the Serre relation

(2.54)) yields
f[anXé]a — é fpowfnaﬁf&ysfcra'y J(wJBJs) 7 (258)

where we have used that the term which includes the level-two generator vanishes due
to the Jacobi identity. It may happen that for some level-zero representations the
right-hand side of the above equation vanishes. In these cases the commutator closes
with X = 0. Conversely, if the right-hand side does not vanish, X has to be chosen
such that the Serre relation (2.58) is fulfilled. The form of the commutator of two
level-one generators is thus non-universal but nevertheless completely determined by
the Serre relation [73]. The procedure described above can be iterated leading to an
infinite tower of Yangian generators which are organized into levels. The structure of
the Yangian is in fact very reminiscent of the structure of a loop algebra g[u], which is
spanned by the generators J™ = u"J obeying

(3900 Jo(m)] = foo,_gm(ntm) (2.59)

And indeed, the Yangian can be understood as a deformation of this algebra.

An important aspect of the Yangian is that it possesses the structure of a Hopf
algebra. In particular, this means that it can be equipped with a comultiplication
operation A : Y(g) — Y (g) ® Y(g). On basis elements, the coproduct acts as

A =0R1+1J°,
AJ) =T e1+10+1f,. eI (2.60)

The coproduct is consistent with the commutation relations as well as with the
Serre relation . In fact, the latter follows from demanding that the coproduct
furnishes an algebra morphism, see [75]. The main purpose of the coproduct is to define
tensor products of representations, i.e. given a one-site representation, the coproduct
determines the action of the generators on a multi-site space. More precisely, the action
of the generators on the tensor product of n fields is determined by A™~1(J),

A =502, AT =30 10, Y 3R (2.61)
k=1 k=1 i<j=1

Note that there is no ambiguity in the above relations as the coproduct is coassociative,
ie. (I®A)A = (A®1)A. This concludes our discussion on the definition of the Yangian
algebra.
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Representations of the Yangian. A natural question that arises is how the level-one
generators can be represented. More precisely, we need to define how the level-one
generators act on a single site. In general, finding representations of the Yangian is a
rather difficult task. In fact, we will only cover the simplest case here and that is when
a representation of a Lie algebra can be lifted to a representation of the corresponding
Yangian. This representation is called evaluation representation and it is given by

=)0, (2.62)

The level-one generators are chosen to be proportional to the corresponding Lie algebra
generators with v being the spectral parameter or evaluation parameter. The so-
defined level-one generators clearly satisfy the commutation relation . Moreover,
we observe that the left-hand side of the Serre relation ([2.54) vanishes trivially due
to the Jacobi identity. However, whether the right-hand side of the Serre relation
vanishes depends on the considered Lie algebra representation. Hence, we conclude
that the above-described prescription leads to a valid representation of the Yangian
if and only if the right-hand side of equation (2.54]) vanishes in the representation
under consideration. This criterion was investigated in [65] for certain representations
of su(N), u(N|M) as well as psu(2,2]|4). Given the one-site representation ([2.62]),
the multi-site action of the generators follows immediately by repeatedly applying the

coproduct rule (2.60)),

7 =31, P =S wdd+ 10,0 3 IRy (2.63)
k=1 k=1 i<j=1
Here, we have dropped the coproduct symbol as is frequently done in the literature.
Although the evaluation representation is quite special, it has a wide range of applica-
tions in A/ = 4 SYM theory. In particular, the planar one-loop dilatation operator [23]
as well as color-ordered scattering amplitudes [25] transform in the (trivial) evaluation
representation of the Yangian.

2.2. N =4 Super Yang—Mills Theory

In this section, we introduce the A" = 4 SYM model, which is the unique maximally
supersymmetric gauge theory in four dimensions. A convenient way to introduce this
theory is to perform a dimensional reduction procedure on the ten-dimensional N' = 1
SYM model, as was first described in reference [9]. In this section, we will review
this procedure and comment briefly on the quantum aspects of the model, such as its
[S-function.

2.2.1. N =1 SYM Theory in Ten Dimensions

Let us start by introducing the A/ = 1 SYM model in ten-dimensional Minkowski
space with metric 727 = diag(1,—1,...,—1). The field content consists of a ten-
dimensional gauge field A, and a real chiral spinor ¢*. All fields transform in the

32



2.2. N =4 Super Yang—Mills Theory

adjoint representation of su(/N) and it is thus convenient to introduce the following
matrix-valued fields

_ A , 1=0,....9,
Ap = A% ()T, D& = ()T, with g: L, (260
where Ty, are the antihermitian SU(V) generators obeying
5“’1]1
Th = T, tr(T,) =0, tr(TnT,) = — 5 (2.65)
Under a finite gauge transformation parametrized by
Q = exp(—w(z)), with w(z) =w™(@)Ty, (2.66)

the fields transform as
Ay — QA +0,)Q P — QuQl, (2.67)

For later convenience, let us also note the infinitesimal form of the above transformation
laws. Expanding the equations (2.67) in w and denoting the generator of infinitesimal
gauge transformations by Gw] yields

Glwldy = Dy w(x), Glwlp® = [p*, w()], (2.68)
where D, is the gauge-covariant derivative, which in our conventions reads

All the fields in this thesis transform in the adjoint representation of the gauge group,
so that the second expression for the gauge-covariant derivative is the appropriate
one. However, sometimes we shall make the commutator explicit in which case the
first definition has to be used. Given the gauge-covariant derivative, the field strength
tensor follows immediately

Fhp = 0pAp — 05 Ap + [Ap, As]. (2.70)

Note that we use conventions in which the gauge field has mass dimension [A] = 1, the
spinor field has mass dimension [¢)] = 3/2 and the coupling constant has dimension
[g10] = —3. Compared to standard conventions we have thus rescaled the fields by the
dimensionful coupling constant gio. In this conventions, the ten-dimensional N' = 1
action takes the form

1
SN’:1 = T/dlolﬂ tr
910
Here, I';, are the ten-dimensional Pauli matrices
DATY 4 T7TH = 2 (2.72)
which furnish the chiral representation of the ten-dimensional gamma matrices, see

appendix [A 3| for our conventions. Finally, let us note that the above action is invariant
under the following supersymmetry transformations of the fields

0cAp = [CQ, Ap] = —(Tu0, e = [CQ, 9] = L(TF"¢) Fp (2.73)

where ['#” := L(DAT” — TAT'?). For a proof of this statement see, for example, [76].

1Fp PP + 9T DM (2.71)
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2.2.2. N =4 SYM Theory in Four Dimensions

Having introduced the ten-dimensional N = 1 SYM model, we are now ready to
perform the dimensional reduction down to four dimensions. For this, we split the
ten-dimensional spacetime coordinates according to

o = (2*, Y, with (2.74)

where 2# are coordinates on RY3, while the y* parametrize six internal directions. The
fields are assumed to be independent of the internal coordinates, i.e.

i Au(z) =0, o¥(x) =0, 0:Q(z) =0, (2.75)

and the same applies to local gauge transformations. Therefore, six of the ten compo-
nents of the gauge field transform as scalars. We thus decompose the ten-dimensional
gauge field as

Ay = (A ). (2.76)

Finally, it remains to specify how the sixteen-component spinor field can be expressed
in terms of four-dimensional spinor fields. For this, we first need to express the ten-
dimensional Pauli matrices in terms of four- and six-dimensional sigma matrices. This
is discussed in appendix . The decomposition of 1® which is adapted to our choice of
basis reads

Y = (P, 9%) . (2.77)

Here, we have split the original ten-dimensional spinor index into two pairs, each
consisting of an su(2) index as well as an su(4) ~ so(6) R-symmetry index.

With the decomposition rules described above and the Pauli matrix identities of
appendix [A] it becomes a straightforward exercise to dimensionally reduce the ten-

dimensional action (2.71)). One obtains
1 2 —. S
Sn=1= [ate tr[;ij + (Duti) + 20%0u0a D0 + [0, /| [ 01, )]
- waaEibgaﬂ {sz’ ¢bﬂ} - &daii abgd/j’ [wa '(ﬁﬁbH ) (278)

where we have absorbed the volume integral over the internal space into a redefinition
of the coupling constant gio, i.e. ¢ = V~1/2g;9. The new coupling constant is thus
dimensionless. In the further course of this thesis, we will often interpret the funda-
mental fields as matrices in spinor space. In order to treat the bosonic and fermionic
fields on the same footing, we define

¢ab = ZZI;QSI' 5 Aad = A,uagd 5 (279)
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where ¥ and ¢ are the Pauli matrices in six and in four dimensions, respectively, see ap-
pendix [A] For later convenience, let us also state the four-dimensional supersymmetry
transformations. Reducing the expressions in equation (2.73)) yields

5g,5Au = —Cm%aalﬁda - Edaauadwaaa
Ocei = (“eapSiath”’ + C_da%/;i?b&’gb»
S = _%Caﬂ(auu)ﬁaFw/ 4 %Cba(iij)ab[qbi’ i) + C_“Bb%ﬁ“wi”bDuqbi,
Ot = 30" 5 a P + 5C(2)a [0, 65] + (P00t S Dt (2.80)

where

5. :X =[CQ+¢Q, X]. (2.81)

The four-dimensional action inherits the invariance under supersymmetry trans-
formations from the ten-dimensional theory, which now appears as N' = 4 supersymme-
try. It is furthermore easy to see that the classical action is not only super Poincaré in-
variant but also scale invariant as well as invariant under R-symmetry transformations.
While the latter symmetry is manifest due to properly contracted R-symmetry indices,
the former can easily be proven by checking that all summands in the Lagrangian in-
deed scale uniformly with a scaling weight exactly opposite to that of the measure.
The classical action is thus invariant under the superconformal group PSU(2,2|4).

An important point to note is that the superconformal invariance of the action does
not automatically imply that the theory is superconformal at the quantum level. In
fact, conformal invariance is usually anomalous. This is related to the fact that while
quantizing the theory, one typically needs to introduce a regulator in order to control
UV divergences. However, this inevitably requires the introduction of a mass scale u
which typically breaks conformal symmetry for which scale invariance is indispensable.
The quantity which signals whether conformal symmetry is preserved is the so-called
[S-function, which encodes the scale dependence of a coupling constant. In the case at
hand, there is only one coupling constant and the associated g-function reads

dg
B = ud,u ) (2.82)

For N/ = 4 SYM theory this function is believed to vanish to all orders in perturbation
theory as well as non-perturbatively [77-82],

f=0. (2.83)

The vanishing of the S-function implies that the conformal symmetry of the classical
theory continues to hold at the quantum level. The quantum theory thus still has the
full psu(2,2[4) invariance.

Since the coupling constant is not running with scale, the A/ = 4 model has two
freely tunable parameters, namely the coupling constant ¢ and the rank of the gauge
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group N. The two parameters are usually combined into the 't Hooft coupling A, being
defined as

A= g°N. (2.84)

When the effective coupling constant A is introduced in perturbative results for physical
observables, these admit a double expansion in powers of A and N~!. The integrability
of the A/ = 4 model sits in the A-expansion, while the 1/N corrections are typically not
integrable. For this reason, we shall consider all quantities in the large-N limit [14], in
which the number of colors is taken to infinity while the 't Hooft coupling is held fixed.
This limit is also called planar limit because it suppresses all Feynman diagramsﬂ which
cannot be drawn on a plane without crossings. Therefore, the planar limit implements
a two-dimensional characteristics within the four-dimensional theory and it is thus no
accident that the integrability of N'= 4 SYM theory arises in this exact limit.

2.3. Wilson Loops

In this section, we introduce one of the central observables that we shall study in this
thesis which is the Maldacena—Wilson loop operator. We begin by briefly reviewing
the definition of Wilson loops in non-abelian gauge theories and proceed by discussing
an important application of Wilson loops: the computation of the quark-antiquark
potential. We then turn to the Maldacena—Wilson loop operator, which we will derive
by considering the dimensional reduction of a light-like Wilson loop in ten-dimensional
N =1 SYM theory. Finally, we shall discuss the BPS property of the Maldacena—
Wilson loop operator and comment on the fundamental role that this operator plays
within the context of the AdS/CFT correspondence.

2.3.1. Wilson Loops in Gauge Theories

One of the most important observables in a non-abelian gauge theory is the Wilson
loop operator. In fact, in pure gauge theories these operators form an (over)complete
basis for gauge-invariant functions and are thus as fundamental as the gauge connec-
tion itself [83]. However, Wilson loops also play an important role in gauge theories
that contain matter. In particular, they capture the potential between two static probe
particles and they can thus serve as an order parameter for confinement. In this sec-
tion, we introduce the Wilson line operator based on general considerations of gauge
covariance following references [45],84}85].

Let us start by considering two quark fields ¢(z) and (y) which transform in the
fundamental representation of the gauge group SU(N). Under a gauge transformation,

4Here, by Feynman diagrams we mean Feynman diagrams in double-line notation, which graphically
encode the gauge structure, see reference [14] for more details.
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these fields transform as

P(2) = Q2)¥(2), Y(y) = Qy)v(y) - (2.85)

Since the gauge transformation is local, the two fields cannot directly be compared
to each other. This problem is very similar to that of comparing two tangent vectors
which live at different points on a manifold. Fortunately, there exists a natural solution
to this problem, which is called parallel transport. The construction is borrowed from
differential geometry and works as follows: Let v be a curve that goes from y to z
with a parametrization denoted by z(7) such that we have z(0) = y and z(1) = z.
The parallel transport of the spinor field 1(y) along the curve v is then defined as the
solution to the following initial value problem:

"D,V (x(7),y)¢(y) =0, with — V,(y,y)(y) = ¥(y), (2.86)

where we have written the transported spinor field as an operator acting on the original
spinor ?(y). In words, the above equation states that the field V. (z(7),y)v(y) is
covariantly constant along the curve 7. Stripping of the spinor field ¥ (y) and plugging
in the definition of the covariant derivative yields

0-V,(2(7),y) = —i"(7) Au(a(7))V5 (2(7), ) , with — Vi(y,y) =1. (2.87)

This equation is obviously an ordinary first order differential equation and the existence
and uniqueness of the solution is thus guaranteed by the Picard—Lindelof theorem. In
the context of gauge theories, the operator V,, is called a Wilson line operator. As a
small consistency check, let us prove that under a gauge transformation the operator
V, indeed transforms as

Vi(z,y) = Qa)V,(z,9)Q(y) . (2.88)

For this, we first note that independent of whether or not the above equation states
the correct relation between V, and Vvl , the abstract operator 1/7/ satisfies by definition
the defining equation (2.87)) with A replaced by A’. Let us now show that the right-
hand side of equation ([2.88)) satisfies this defining relation as well. Indeed, a short
computation reveals that

0:Vy(x,y) = =i (x) (0, + A0 () Qx) Vs (2, 9)Q' (y)
= —x’“AL(x)VW’(x, v), (2.89)

where we have abbreviated x = z(7). Furthermore, we note that the right-hand side
of equation also reproduces the correct boundary condition V(y,y) = 1. Un-
der these conditions, the solution to equation is unique and we thus conclude
that equation indeed states the correct relation between V. and V). Having
established the Wilson line operator, one can now compare 1(z) and ¥(y) by multi-
plying ¢ (y) with V. (z,y). Both fields then transform in the same way under a gauge
transformation.
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In order to obtain a concrete expression for the Wilson line operator V, it is useful
to replace the differential equation (2.87)) by an equivalent integral equation. The latter
is obtained by integrating equation (2.87) with respect to T,

V,(z(1),y) =1 — /dT1 H A (21)V, (21, y) - (2.90)

By iterating this recursion, we find that the Wilson line operator is formally given by
1

Vo (z,y) = ?exp (— /dﬁ x”fAM(xl)) : (2.91)
0

Here, ? denotes path ordering and the arrow indicates that greater values of 7 are
ordered to the left. However, for later convenience, we will reverse the path and trade
the minus sign for a path-ordering prescription exactly opposite to the one described
above, namely greater values of 7 are ordered to the right. The Wilson line operator
then reads

Vi(y, 2) = ?exp (/ dn d:’fA#(xl)) : (2.92)

As we will exclusively use this convention throughout this thesis, we will omit the arrow
over the path-ordering symbol from now on. Technically speaking, the expression in
the exponent of e is the integral over a Lie algebra-valued one-form and dry @' A, (x) is
the pullback of the one-form A = dz*A,, on the path. Without relying on a particular
parametrization, the Wilson line can thus be written as

V(7) = Pexp ( A A) . (2.93)

With the Wilson line operator established, we can now also define a gauge-invariant
quantity, which is known as the Wilson loop. Let us note that for a closed curve v the
Wilson line transforms as

V() = Q2)V(7)Q(z). (2.94)

Based on this observation, we define the gauge-invariant Wilson loop operator as

W(y) = iftr V(vy) = ]btrPexp (ﬁ A) . (2.95)

The normalization factor N~! has been included to ensure that the zeroth order term
in the expansion of W (7) is one.
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t
A contour: Yr T

Figure 2.1.: A rectangular Wilson loop of size R x T.

2.3.1.1. The Rectangular Wilson Loop

Wilson loops can be defined for arbitrary closed curves 7, but there exist several classes
of contours which lead to particularly interesting results. One of these classes is fur-
nished by the rectangular contours with one time-like and one space-like direction, see
figure 2.1 Wilson loops defined over such contours have a very physical interpretation
as they carry information on the potential between two heavy probe charges which are
separated by a distance R. In what follows, we shall briefly sketch how this relation
arises following reference [86].

Let us consider two infinitely heavy charges which are separated by a distance R.
Due to their infinite mass, these charges are non-dynamical, so that it suffices to study
the problem in a pure gauge theory. In this picture, the charges simply act as sources
for the electromagnetic field. For simplicity, we will choose the gauge group to be U(1).
The underlying action is thus the plain QED action without matter terms, i.e.

1
Sp = 4 / d43;FWF“” ) Fuv = auAV - aVAH ) <2'96>

where the subscript F indicates that we have Wick-rotated the theory. The partition
function including a source term is then given by

217 = [IPAjexp (—SE+ / d4xJ“(x)AH(x)> . (2.97)

The charges are assumed to be static and rest at the origin and at position R along
the z-direction, respectively, cf. figure The appropriate source term for such a
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configuration is given by
J'(y) = 89(F — 0)0f — 89 (7 ~ Ry (2.98)

where we have assumed that the charges have unit strength. To make contact to Wilson
loops, we rewrite the above source term in the following way

Jy) = [arir(@eDy - a(r), (2.99)

with the left edge of the rectangle being parametrized by .I‘L(T) = (7,0,0,0), while
for the right edge we choose x},(7) = (—7,0,0, R) and 7 runs from —oco to co. The
two short sides of the rectangle do not contribute as they are located at infinity. For
large Euclidean times 7', the partition function Z[0] behaves as exp(—FyT") with Ej
being the ground state energy. The quotient of Z[J] and Z[0] thus yields the potential

between the two charges
o1 ZJ]

However, substituting equation (2.99)) into equation (2.97)) shows that this quotient is
nothing more than the expectation value of a rectangular Wilson loop and thus

1
V(R) =~ Jim = ((W(rrr))). (2.101)
Although we have motivated the above result only for a U(1) gauge theory, it also
holds in non-abelian Yang—Mills theories, cf., e.g. reference [87]. When computed non-
perturbatively, for example by using methods of lattice gauge theory, the Wilson loop
can thus serve as an order parameter to distinguish confining and non-confining phases.
In order to decide whether a gauge theory is confining or not for a certain value of the
coupling constant, it is convenient to study the exponent of the Wilson loop while the
size of the loop is increased. The expectation value then typically behaves as

{
{

where P = 2(R +T) is the perimeter and A = RT is the area of the rectangle. If the
exponent satisfies an area law, the potential grows linearly

W(yrr)) ~ e P Coulomb phase,
W(ygpr)) ~e 4 confining phase, (2.102)

V(R)~ o R, (2.103)

and it is thus not possible to separate the two charges.

Let us now go back to the N' =4 SYM model. N' =4 SYM theory is a conformal
theory and for this reason the exponent can only be proportional to the dimensionless
ratio T/R. The potential is thus the Coulomb potential. The coefficient, i.e. the
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effective Coulomb charge, is, however, a highly non-trivial function of ¢g> and N. In
the planar limit, this function reduces to a function of the 't Hooft coupling A, i.e.

V(R) = ——~. (2.104)

Over the last two decades, much effort has been put into computing the function f(\)
both at weak coupling and at strong coupling. Thanks to this effort, the function is
currently known up to seven loops at weak coupling [88-95] and through one loop at
strong coupling [27,28.(96,97].

2.3.2. The Maldacena—Wilson Loop

In a pure Yang-Mills theory, the path-ordered exponential of the gauge field is one of
the most natural objects to consider. The N' =4 SYM model is, however, not a pure
gauge theory as it also contains scalars as well as fermions. The enlarged field content
of the model opens the window for the construction of generalized loop operators which
are better in tune with the concept of a supersymmetric field theory. In this section,
we introduce the Maldacena—Wilson loop operator, which locally preserves half of the
Poincaré supercharges.

The Maldacena—Wilson loop operator, as it was introduced by Juan Maldacena in
[27], is a Wilson loop operator that in addition to the gauge field couples to the six
real scalars of the N’ =4 SYM model. More precisely, it is defined as

Wy () = ]iftrPeXp </ dr (:’E“Au(as) + nZ(T)\/E@(ZU))) , (2.105)

where n’(7) is a unit six-vector which describes a path on S°. The operator can be
motivated by studying the dimensional reduction of a ten-dimensional Wilson loop
while using supersymmetry as a guiding principle for fixing the internal couplings. As
we will later on generalize this reasoning to construct the full supersymmetric Wilson
loop of ' = 4 SYM theory, let us explain the procedure in detail. We begin by
considering an ordinary Wilson loop in ten-dimensional A" = 1 SYM theory, which is
given by

W(y) = JiftrPexp (}i dxﬂAﬂ) : (2.106)

Before we perform the dimensional reduction, let us consider the supersymmetry vari-
ation of the above operator. Using the field variations as stated in equation ([2.73]), we
find

S W (y) = ]btrP { / dr (—C# T 13)) exp ( fi dwﬂAﬂ)] , (2.107)

which shows that the supersymmetry variation is in general non-vanishing. However,
it is not too hard to see that if we set

¢ = kT, (2.108)
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and assume the contour to be light-like in ten dimensions, the above variation vanishes
due to the algebra relation satisfied by the ten-dimensional Pauli matrices

ki@ Ty = Kkifi, = 0. (2.109)

It is important to note that this supersymmetry is local because the spinor ( is in
general not constant along the loop. Moreover, only eight out of the sixteen super-
symmetries are preserved at each point along the loop because the matrix :'cﬂfﬂ has an
eight-dimensional kernel. The ten-dimensional light-like Wilson loop is thus locally a
1/2 BPS object, where the number refers to the fact that half of the super Poincaré
charges are preserved.

Let us now proceed with the dimensional reduction of the ten-dimensional Wilson
loop operator ([2.106). Decomposing the gauge field and the coordinates as described
in section [2.2.2] yields

Wy () = ;ftrPeXp </ dr (:&“Au(x) + quﬁl(a:))) : (2.110)

where y'(T) describes a path in the internal space. Above, we have argued that the
ten-dimensional Wilson loop is locally 1/2 BPS provided that the underlying curve is
light-like. We want to preserve this feature and thus demand that the combined contour
parametrized by (z#(7),y" (7)) satisfies a ten-dimensional light-likeness constraint, i.e.

i'd, + 'y = 0. (2.111)

Indeed, this constraint guarantees that the property of being locally supersymmetric
carries over to the four-dimensional counterpart of the light-like Wilson loop in ten
dimensions, which is the Maldacena—Wilson loop. To prove this statement, we vary
the operator in equation and obtain

5 War(7) = —Jb trP [/dT C(#T, + §'Ta) exp (/dT (A, () + y‘i@-(az))) L (2.112)

Since the Pauli matrices I_“# and I'; anticommute, it is clear that the argument goes
through as before. Hence, the four-dimensional Maldacena—Wilson loop is locally a
1/2 BPS object. The Maldacena—Wilson loop is typically stated with the light-likeness
constraint (2.111]) explicitly solved, i.e.

§i(r) = n'(1)Vi2, (2.113)

where n’() describes a path on S°. Often, the unit vector n’ is chosen to be constant,
so that the Maldacena—Wilson loop operator becomes

Wi (y) = jiftrP exp (/ dr (i“”AN(LE) + n’\/ﬁqﬁz(a:))) : (2.114)

in agreement with equation (2.105)). Before we move on, let us elaborate on the super-
symmetry of the Maldacena—Wilson loop and its consequences. As explained above,
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the Maldacena—Wilson loop is in general only locally supersymmetric. Conversely, the
action only has global supersymmetry. Global supersymmetry typically severely con-
strains the expectation value of supersymmetric observables, while the implications of
local supersymmetry are in general rather mild. For this reason, it is interesting to look
for contours which lead to constant supersymmetry parameters. One very transparent
case is that of a straight line. In this case, #* is constant and the Maldacena—Wilson
loop becomes a true 1/2 BPS object. Due to the high number of globally conserved
supercharges, the expectation value of such a loop operator does not receive quantum
corrections at all, implying that

(W) = 1. (2.115)

Although this result looks very particular, it has far reaching consequences for all
smooth Maldacena-Wilson loops. This is related to the fact that divergences in ex-
pectation values of smooth Wilson loop operators are typically of the UV type arising
from integration regions where two or more points come close to each other. However,
as every smooth curve looks locally like a straight line, the expectation value of smooth
Maldacena—Wilson loops is finite. Below, we shall verify this result explicitly at the
one loop level.

The straight line is, however, not the only geometry which globally preserves some
amount of supersymmetry. In fact, in reference [98] it was noted that one can construct
more general 1/4, 1/8 and 1/16 BPS Wilson loops by letting the S° vector n‘(7) follow
the spacetime path z#(7) in a certain way. Further classes of contours were obtained
in [99] by also considering superconformal transformations of the Maldacena—Wilson
loop. A classification of Wilson loops which globally preserve at least one supercharge
was given in [100}/101].

Having defined the Maldacena—Wilson loop operator, let us now compute its one-
loop expectation value and prove that the corresponding integral is finite. To obtain
this expectation value, we expand the operator in equation to two fields which
are consequently joined by a propagator. The relevant propagators read (in Feynman

gauge)

2 Vé‘mn 2 ij(smn
(Am(@1)A(2)) = g 0 (e (aa)) = ey T (2.116)

472 (z1 — x2) 472 (z1 — x2)

Using these expressions, we obtain

(Wau(y) =1-

A Ty -9 +nq N |Tq||2
s [anan e BB oy )

where we have employed equation (2.65) as well as the fact that the algebra su(N) has
dimension N? — 1 ~ N2. Note that we use metric tensors which have mostly minus
signature, so that n; -n; is equal to minus one. To prove that the one-loop expectation

value is indeed finite, we set 7 = 7 + ¢ and expand the integrand I, ., of equation
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(2.117)) in powers of ¢,
1 2 . .
Iy = 5%2((%2 +i*n- n) + 5&(952 +i*n - n) + 0(82)) : (2.118)

Obviously, the coefficient of both poles vanishes due to the light-likeness condition
. The same constraint which leads to local supersymmetry thus also ensures
that the one-loop expectation value is finite. Furthermore, we observe that neither the
scalar part nor the gauge part is free of divergences. In fact, both propagators are UV
divergent but the divergences cancel out exactly. Hence, only Maldacena—Wilson loops
have a finite expectation value, while ordinary Wilson loops typically suffer from UV
divergences.

Finally, let us remark that the Maldacena—Wilson loop couples only to the bosonic
degrees of freedom of N = 4 SYM theory. It is therefore clear that the operator ([2.105))
is merely the bottom component of a manifestly supersymmetric Wilson loop operator
which couples to a path in superspace. We shall construct this operator in chapter
and investigate it further in chapter

2.3.2.1. The Maldacena—Wilson Loop at Strong Coupling

One of the most remarkable features of N' = 4 SYM theory is that the model has a
dual description in terms of (super)strings on AdSs x S®. All gauge theory observables
therefore have a completely equivalent string description, which can typically be used
to gain insights into the strong-coupling behavior of the observables. Below, we shall
briefly review the strong-coupling description of the Maldacena—Wilson loop, mainly
following reference [45].

The strong-coupling description of the Maldacena—Wilson loop was obtained in [27],
where is was argued that the expectation value of a loop operator W, () is given by
the action of a string bounded by the curve v at the conformal boundary of space. In
the limit of large A, the string sigma model becomes weakly coupled and the partition
function can be calculated using the method of steepest descent. Minima of the string
action correspond to minimal surfaces whose boundary is the curve v. Consequently,
the Wilson loop expectation value can be approximated as

(War(7)) "= exp (=2 A7) (2.119)

where A,e, () is the area of the minimal surface ending on the contour 7 at the con-
formal boundary. Let us precise the above formula by providing the necessary mathe-
matical background for calculating this area. The underlying boundary value problem
is most conveniently formulated in Poincaré coordinates (X*,z), in which the AdSs
metric reads

B dX*dX, +dzdz

22

ds?

(2.120)
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2.3. Wilson Loops

The conformal boundary of AdSs sits at z = 0 and that is where the contour ~ is
located. Thus, we impose the following boundary conditions

X1 =0,0)=2"(0), z2(r=0,0)=0. (2.121)

Note that in the above relations we have denoted the curve parameter by ¢ instead
of 7 to ensure consistency with standard string conventions. The area of the minimal
surface is obtained from the area functional A, which in the context of string theory is
called Nambu-Goto action

A= /dT do\/det(vy) | with  i,j € {r,0}. (2.122)
Here, 7,5 is the induced metric on the surface, i.e.

. @X” anﬂ + &z ajZ
= 2 .

i (2.123)
Obviously, the metric becomes divergent when the surface approaches the conformal
boundary of AdSs, which is located at z = 0. For this reason, the area needs to be
renormalized. This is conveniently done by imposing a cut-off in the z-direction so
that the integration is only over the region satisfying z > ¢. Since the minimal surface
leaves the conformal boundary perpendicular, the pole is proportional to the length of
the contour v and can thus be removed in the following way:

- LW)} . (2.124)

zz€ I

Aren() = lim {A(v)

e—0

Let us point out that this divergence does not mean that the expectation value of a
Maldacena—Wilson loop is divergent at strong coupling. In fact, it was noted in [102]
that the divergence is merely an artifact stemming from a slightly incorrect definition
of the partition function. The correct definition is somewhat cumbersome and involves
the Legendre transform of the area functional. Fortunately, considering the Legendre
transform effectively amounts to dropping 1/e divergences whenever they appear. This
is implemented via the above renormalization prescription. Finally, let us remark that
the above considerations only apply to the case of a constant vector n’. If the vector
depends on o, one needs to lift the discussion to AdSs; x S°. The minimal surface is
then bound by the curve z#(o) in AdSs and by n'(c) in S°.

45



46



3. N =4 SYM Theory in Superspace

Supersymmetric field theories are often most efficiently formulated in terms of super-
fields defined on superspace, which package together all the component fields of the
theory in a nice and elegant fashion. In searching for these descriptions, one always aims
for one which makes the supersymmetry of the model manifest, i.e. for a formulation
in which the supersymmetry algebra closes off shell. Unfortunately, such a formulation
of the ' =4 SYM model is not known. Fortunately, however, one can write down an
on-shell non-chiral superspace formulation of A =4 SYM theory and we begin by re-
viewing this construction. Later on, we will make extensive use of this formalism when
we discuss the super Maldacena—Wilson loop operator. The superspace description can
be formulated using ten-dimensional language as well as four-dimensional language. In
what follows, we shall review it covering both perspectives, thereby taking the opportu-
nity to lay out our conventions. In the further course of this section, we will then start
deriving new results, namely we shall derive expressions for the superfield propagators.
These will play an important role later on.

3.1. The Ten-Dimensional Perspective

In this section, we shall give a brief introduction to the on-shell superspace formulation
of the ten-dimensional N' = 1 SYM model. We begin by discussing various geometric
aspects of the appropriate superspace and continue by introducing the superfields as
well as the constraints that have to be imposed on them. Taking into account the
Bianchi identities of the gauge theory, we then analyze in detail the implications of
the constraint equations and show that they are equivalent to the equations of motion
of the N = 1 SYM model. The second part is devoted to establishing the precise
relation between the superconnection and the component fields of N' =1 SYM theory.
We establish this relation by picking a particular type of transversal gauge which
eliminates all the fermionic gauge degrees of freedom. Finally, we use the component
expansion of the superconnection to compute its propagator through quartic order in
an expansion in the anticommuting variables.

3.1.1. Superspace Geometry and the Constraints

We begin our introduction to the superfield formulation of the ten-dimensional N = 1
SYM model by describing the geometry of the underlying superspace. The material
presented here is standard and can be found in many places including [103-105]. The
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3. N =4 SYM Theory in Superspace

superspace is parametrized by
(z",0%), with 0=0,.,9 a=1,..16, (3.1)

where 2 are coordinates on RYY and 6% are sixteen anticommuting Gramann coor-
dinates, which form a sixteen-component Majorana—Weyl spinor. On this superspace,
the supercharges can be represented as

Qa = (Fﬂe)daﬂ — Oa {Qas Qg} = —QFQB%, (32)

where Fg 5 are the ten-dimensional Pauli matrices as defined in appendix |A.3 The

associated susy-covariant derivativesﬂ read
D4 = (T70)40, + 04 . (3.3)

They obey the relations
{Ds,Qz} =0, {Ds, D5} = 2rgﬁaﬂ. (3.4)

In what follows, we will often make use of methods of differential geometry. In differ-
ential geometry, the set of derivatives (0;,0s) is interpreted as a basis for the space of
vector fields. However, one can as well expand vector fields, such as Lie algebra gen-
erators, in the susy-covariant basis spanned by the set (9;, Da). The latter is in fact
often much more convenient than the plain basis as susy-covariant derivatives preserve
the transformation properties superfields.

The natural habitat of gauge theories is the vector space which is dual to the space
of vector fields. The dual space is the space of one-forms, which is defined as the span
of the differentials (dz#,d6%). By definition, the following equation holds true

dX4(9g) = (~1)H6g (3.5)

where under the name X4 = (2, 6%) we lump together the complete set of superspace
coordinates, i.e. A is now a multi-index. A general element of the space of one-forms
can be decomposed as

w = dafwy(r,0) + d8%wa(z,0) . (3.6)

However, as before, it will be much more convenient to work in a slightly different basis
in which the different components of a superform do not mix under supersymmetry
transformations. This basis is the one which is dual to the basis spanned by the set
(O, D) and can therefore be obtained by demanding the following equation to hold

e*(Dp) = (~1)Hlog (3.7)

IThe name susy covariant refers to the fact that given a superfield ®, Ds® is again a superfield in
the sense that it transforms in the same way under a supersymmetry transformation as the original
field. This follows immediately from the fact that the susy-covariant derivatives anticommute with
the supercharges.
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3.1. The Ten-Dimensional Perspective

where Dy = (9;, Da) and e are linear combinations of the plain basis one-forms. One
easily convinces oneself that the solution to equation (3.7)) is given by

el = da™ + 0r"de e = df° . (3.8)

Note that these expressions indeed provide a susy-invariant basis for one-forms, but
there is a price that has to be paid for this which is that the exterior derivative, being
defined as

d = 2”0, + d°0s = €9, + d0° Dy, (3.9)
of these basis one-forms does no longer vanish. More precisely, we have

def = do* A dO°TY de® = 0. (3.10)

Note that the expression df% A d6? has both form grading and Grafimann grading.
The wedge product of two basis one-forms is thus no longer antisymmetric but rather
graded antisymmetric. As the exterior product is the only product that can be used
to multiply forms, we will typically omit the wedge symbol in what follows.

Having set up the basics, we can now start defining N/ = 1 SYM theory in superspace.
We begin by introducing an su(N)-valued gauge connection one-form A = A™T,,. We
label the expansion coefficients with respect to the susy-invariant basis by A; and Aj,
ie.

A= el Ay(z,0) +d0* As(z, 0) . (3.11)
Given this connection one-form, we define the susy- and gauge-covariant derivative as
D=d+ A=e'D;+d0°D,, (3.12)

where
Dy, =0+ Au(z,6), D4 = D4 + Aa(z,0) . (3.13)

As explained in section [2.2.1} the (graded) commutator with the gauge field is implied
unless it is stated explicitly. The superconnection A is defined up to gauge transfor-
mations of the form

A— e ™Md+ A, (3.14)

where A = A(x,6) is a Lie algebra-valued function that depends on the superspace
variables z and 6. Expanding equation (3.14) to first order in A leads to the following
infinitesimal transformation law:

GIAJA = [D,A] = dA + [A4, A]. (3.15)
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3. N =4 SYM Theory in Superspace

Having introduced the superconnection A, we now want to make contact to the ordinary
formulation of A/ = 1 SYM theory. This is most transparently done by establishing
the relation between the coefficient fields appearing in the Grafimann expansion of
A and the component fields of N' = 1 SYM theory. However, so far the Gramann
expansion of A produces many more fields than appropriate. This statement continues
to hold even after taking into account that a certain number of components can be
gauged away. To reproduce the expected spectrum, we need to impose constraints on
the superfields. The appropriate constraints leading to ' =1 SYM in ten dimensions
were introduced by Sohnius in [105] and involve the fermionic components of the field
strength two-form, which is defined as

F=dA+AAA. (3.16)

For the components of this two-form with respect to the natural basis given by {e” A
eft, df% A et dO% A dBP}, one finds

F = —3e"e Fuy — d0%e" Fpo — 5d0°d0° F 5, (3.17)

2
where
./_"[“; = ['D[L, Dl;] = 8ﬂA,} — (%Aﬁ + [.Aﬁ, Af/] ,
Fua = [Dp, Da] = 0pAa — DaAp + [Ap, Aal
Fap =A{Da D3} — 2rgéz>ﬂ = Ds Az + DyAa + {As, Ag} — 2rgﬁ,4ﬂ . (3.18)

Formulated in terms of the components of F as given above, the constraints presented
in [105] read

Fap =0. (3.19)
Note that due to the covariant transformation law of the field strength F,
F — e M Fet, (3.20)

the constraints are gauge invariant as expected.

It is instructive to study the implications of the constraint equations by looking at the
Bianchi identities for the gauge-covariant derivatives. The Bianchi identity involving
three fermionic derivatives reads

[Da, {Dy, D3} + [Py {Ds5, Pa}tl + [Ds, {Da, D}l = 0. (3.21)

We can now use the equations (3.18)) and the constraint (3.19) to rewrite the former

equation as

[Dia {Dg, sy} = 20 Faya = 0, (3.22)
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3.1. The Ten-Dimensional Perspective

where the parentheses indicate total symmetrization of the enclosed indices as defined
in section 2.1.3] An important aspect of the ten-dimensional Pauli matrices is that
they satisfy the so-called magic identity . With this relation in mind, it becomes
obvious that equation is solved by

Foa=Tpap?’. (3.23)

Thus, equation allows us to identify the mixed component of the field strength
two-form with the fermionic superfield P, We continue with our analysis by studying
the two mixed Bianchi identities. The Bianchi identity involving one bosonic and two
fermionic gauge-covariant derivatives reads

(D, {Ds, D5} = {Da, [Ps, Dsl} + {Dj, [Py, Dal} - (3.24)
Using the constraint (3.19) as well as the relation (3.23)), we deduce that
T7 5 Fao = 30555 {Da ¥} + 3565 { D5, ¥} (3.25)

By multiplying this equation with fﬁ and taking the trace, we obtain the following set
of equations:

Fio = —15(Tp0)% {Da, U}, {Da, ¥*} = 0. (3.26)

16

We proceed by expanding the expression {Dg, o } in a basis of ten-dimensional Pauli
matrices. This yields

{Da, U7} = —3(T7)a" Fio + 153t [ (Copon)s {De, W] (T7797)7 (3.27)

By plugging this expression back into equation (3.25)) and making repeated use of the
identity (A.29)), we learn that the coefficient multiplying I'*?#° vanishes. Thus, the
Bianchi identity (3.24)) implies that

{Da, W7} = =507 Fio (3.28)
The second mixed Bianchi identity reads
[Da [Da, D]l = =[Py, [Da, Dal] = [Py, [P, Dal] - (3.29)
By using equation ([3.23)), we find
[(Da, Fao) = ;45 [ Do, O] = T, 15[ Ds 07 (3.30)

Importantly, the constraints can only be realized on shell, i.e. the equations F,; =0
ultimately imply the equations of motion for the fields. To see this, we look at the
expression

[s (D 7] = —5(07) 6" [Dg), Fo] (3.31)
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3. N =4 SYM Theory in Superspace

which can be derived by exploiting the constraint (3.19) to rewrite the bosonic gauge-
and susy-covariant derivative in terms of fermionic ones and using equation (3.28)) to

express the derivative of the fermionic superfield WP in terms of the super field strength.
In the next step, we use equation (3.30) to rewrite the right-hand side of (3.31)) as

D [0, 0] = ~1(0%)A(T, 5, [Ds, W] — T, 4, [D;, W71 (3.32)

where we have already taken into account that the trace of I'’° vanishes. The Dirac
equation

I’ Dy, v =0, (3.33)

now follows from (3.32)) by noting that the right-hand side vanishes due to the Pauli
matrix identity

(T7)6"T 5 5 = 9T (3.34)

Finally, let us derive the Yang-Mills equation for the super field strength from the
constraints. To do so, we multiply the Dirac equation (3.33)) by I'; D5 from the right
and obtain

0T {Ds, [D; %]} =0, (3.35)
Using the definition of the mixed components of the field strength two-form (3.18)), the
above equation can be rewritten as
r8 ({Foa 07} + D4, { D5, 97}]) = 0. (3.36)
Inserting equation (3.23)) and ([3.28)) into the above relation yields
— TS (T8 s + T2 T ) {00, WP} — 412 T3 (D)7 Dy, F7l =0, (3.37)

aB" Ay fiab

where we have made use of the fact that the ten-dimensional Pauli matrices are sym-
metric. With the help of the magic identity (A.31]) as well as relation (A.30), we can
rewrite the above equation as

SDPTE T, 5 {00, 07} — AT (Taps + mopTs — n%rﬁ)é‘ﬁ D, F7l =0, (3.38)

Fé&

By noting that the I';;5-term does not contribute as it is antisymmetric under exchange

of & and 3 and using the trace identity (A.26)), we deduce that
0 7]+ 04,0497} =0, o

which is the desired result, namely the Yang—Mills equation for the super field strength.
This completes our proof that the constraints imply the equations of motion. In
fact, it can be shown that the converse statement is also true. Thus, the constraints
are equivalent to the equations of motion. For a detailed proof of this fact see [103].
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3.1. The Ten-Dimensional Perspective

3.1.2. Component Expansion of the Superfields

Having set the stage, we now come back to the question of how the superconnection
can be expressed in terms of the physical fields of ' = 1 SYM theory. To establish
this relation, we shall use a method due to Harnad and Shnider, which was introduced
in [103,/106]. The key element in their procedure is to introduce a suitable type of
transversal gauge which completely eliminates the fermionic gauge freedom. In the
following, we review this construction in detail.

In the previous section, we derived the following set of equations [104]:

-7:@3 =0,
Fpa=Thas 07,
{Da, W7} = —1 (T7) 4P Fpp
(D, Fpol =Tpap [Da, \I'B} Ty ap {Dﬂ, \Iﬂ : (3.40)

The method of Harnad and Shnider makes use of the fact that by imposing a partic-
ular transversal gauge condition, the above equations can be converted into recursion
relations which then allow for the reconstruction of the superfields in terms of their
lowest order components. Explicitly, the gauge condition reads

0% Aa(z,0) =0. (3.41)

Next, one defines the operator

A o,
D= 0°D, = 0°—— 42
9 [} aea’ (3 )

where the rightmost statement is a consequence of equation (3.41]) and the fact that the
ten-dimensional Pauli matrices are symmetric. Combining the gauge condition ([3.41))
with the equations (3.40]) immediately yields the desired set of recursion relations

(1+D)As =2(0T")a Az,
DA = —(01;9),
DU = -1 (0T7)* Fpy
D Fy = (00, D) — (01, D, V) . (3.43)

Using these relations, we can now reconstruct the superfields entirely from the lowest-
order data

An(z,0) = Ay(z) + O(0), As(x,0) = 0O(0), U (z,0) = v*(x) + O(F) .
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3. N =4 SYM Theory in Superspace

The result reads
Au(2,0) = Au(x) — (6Tu0(2)) — (9T, 07%0) (Fﬁ&(x) +2(0r,Dy0(a))
+ 5 (0T507%0) Dy Fos(w) + 1 [ (0T 00 (x) ), (0T ( )]) + O,
Ui (2,0) = 47 () + L(0770)" (Fﬂy( ) + (6T,Dy(x))
(0T T%0) Dy Fy () + 1 (9050(2)), (0T s )D + oY),
Aa(z,0) = (erﬂ)d(Aﬂ(x) — 2(0rpi(a)) - g(erﬂfﬁée)Fﬁ(}(x)) LO0Y,  (3.44)
where D, = 0, + [Ap, | is the usual bosonic gauge-covariant derivative.
In the linearized theory, one can in fact easily find the complete f-expansion of A
and Ag. For this, note that at the linear level the recursion relations imply
D(D — 1)A" = —%;" AR, (3.45)
where we have introduced the operator
2" = (01:770) 0; . (3.46)
Given the second-order relation and the two lowest-order components of the

bosonic superfield A, it is not too hard to see that in the linearized theory the super-
field A; is to all orders given by

Agn@, 9) = (Z ((;711;7 (E")/f)A,;(x) _ (Z (_1)n> (Z”)J) (HF,;w(x)) ., (3.47)

= (2n+1)!
where
DIDFSEED LS WIS YD YL (X9)" =6y (3.48)

Using the first relation of equation (3.43)), we can now also write down an all-order
expression for the linearized fermionic superfield A4®,

AL (z,9) = 2(007) {(i e _273: 5 (zn),ﬁ) Ay (x)
(Z?Z on+ 1 )an+3) WL)ﬂﬁ) (QFW(CE))} - (349)

The generalizations of these component field expansions to the full non-linear case can
be found in [107].
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3.1. The Ten-Dimensional Perspective

3.1.3. Superfield Propagators in Harnad—Shnider Gauge

With the component expansions of the fields established, we now address the con-
struction of propagators. Conventionally, the propagators are derived by inverting the
kinetic terms in the action. Unfortunately, a manifestly supersymmetric action for the
N = 4 SYM model is not known. Nevertheless, we can construct propagators and
perform quantum calculations at the one-loop level. In this section, we shall sketch
how the free two-point functions can be derived by using the formerly established com-
ponent expansions of the fields. Later on, we will also discuss another approach where
we exploit the conformal symmetry to determine various (gauge-invariant) two-point
functions.

Our strategy to compute the superfield propagators is simple: Given the component
expansions of the superfields , we want to compute the superfield propagators by
relating them to ordinary propagators. However, let us recall that the constraints force
the fields on shell, see section [3.1.1] Naively, this puts us in a slightly inconvenient
position. On the one hand, the superspace constraints demand the fields to be on shell.
On the other hand, we want to compute propagators which are typically of the form
1/(p* — ie) and therefore clearly off shell. This apparent clash was discussed in [40],
where is was shown that the position space propagator can be defined in a way that
is compatible with the fields being on shell. Let us briefly sketch their argument. For
simplicity, we consider a field theory with just one scalar field which we will quantize
using canonical quantization. One advantage of the canonical formalism lies in the fact
that we can consider the VEV of two fields which are not time ordered

Az —y) = (0l¢(x)o(y)]0) . (3.50)

Such an expression has no analog in the path integral formalism because the path in-
tegral automatically yields the time-ordered expectation value, i.e. the Feynman prop-
agator

Ap(r —y) = (0[T{o(x)o(y)}0) = (¢(x)d(y)) (3.51)

In contrast to the Feynman propagator, the non-time-ordered expectation value is a
perfectly well-defined on-shell quantity. It can be evaluated by using the standard
mode expansion of the Klein—-Gordon field. For massless fields, one finds

2

A@) = (lo()oo)0) = - (

4

see [40] for more details. Curiously, the non-time-ordered VEV differs from the usual
Feynman propagator only by a distributional amount. The latter follows immediately
by evaluating

;ﬂ'w sign($0)5(332)> , (3.52)

= (3.53)
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3. N =4 SYM Theory in Superspace

The above considerations show that the Feynman propagator in position space can
indeed be derived while fully respecting the on-shell condition. In what follows, we will
thus use the standard position space propagators of the component fields to construct
the desired superfield propagators. We will determine these through quartic order in an
expansion in the anticommuting variables. Later on, we will use these propagators in
order to compute the one-loop expectation value of the super Maldacena—Wilson loop.
In what follows, we shall focus on the A" = 4 SYM model in four dimensions. However,
instead of decomposing all the expressions into their four-dimensional building blocks,
we will keep the ten-dimensional notation for the vectors and spinors and simply neglect
all partial derivatives with respect to the six extra coordinates, i.e. 0;4;(x) = 0;¢(x) =
0. To get started, let us once more list the component expansions of the linearized
superfields Agn and A", Spelling out the first few summands of and

while discarding derivative terms with respect to the six extra coordinates yields
Al (@,0) =Ag(x) — (000(x)) — 3(00:70)0, A5 (x) + 1 (00,70) (0T,:0,0(x))

+ 55 (00:770) (015770) 0,0, Ax () + O(6%)
AP (a,0) =(617) (Ag(a) = 3(0050(0)) = §(01:7°0)0,40(a) ) + O0Y) . (3:54)

Here, as before, hatted vector indices run from zero to nine, while unhatted ones run
from zero to three. The final ingredients needed to compute the superfield propagators
are the propagators of the component fields. These follow directly from the SYM action
(2.78]) and take the form (in Feynman gauge)

2 92 F,O}ﬁffz

_ 9 Mo a 3 o
(Ap(z1) Ap(z9)) = 1, <1/) (1) (:Ez)> =9 n (3.55)
where we abbreviated xf, := 2 — 25 and stripped off the color dependence. Using

the expressions given above, it is now a straightforward exercise to compute the lead-
ing order terms in the Grafimann expansion of the superfield propagators. Through
quartic order in the anticommuting variables, we find the following expression for the
propagator of the bosonic component of the superconnection:

(Au(1) A5(2)) = 5:2 (n,w + 0o (017 02) 08 — 215 (0215)02) 0 + 3 (012 3 012) 05
+ 51 (012050 012) (0121 40012 ) 9505 — (s (61T 1002) (617702) 9505
+ (i (12T 5100012 ) (027%02) 0505 + Lo (02T 5002 (01770 ) 505
— 005 (01T 59501 ) (017702 0505 + 3 (012T o2 ) (621,02 ) 505
+ EnapToo (017502) (617702 ) 0505 + Sryss (011,602 ) (62765) 9505
— 3o (01T502) (017602) 9505 — 3n0 (027 ,02) (61T a02) 9505
+ 0(06)>x1_22 : (3.56)
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In order to bring the propagator to this particular form, we made repeated use of
the magic identity (A.31) as well as of the reduction formula (A.29)). For the mixed

superfield propagator, we obtain

<Aﬂ(1) Ad(2)> = 972 (92P9)& (77;117 + i(ﬁgl“ﬂpf,@)@g + %(9111[4;1991)85 (357)

472

— 4(01T55602) 05 — 315 (61T5)02) 95 + s (61T ,05) 0 + 0(94))1;;22 .

The simplest propagator is that of the fermionic component of the superconnection,
which is at leading order given by

(Aa(1) A5(2)) = 55 (0T%) (6aTx) i + O(6"). (3.58)

Note that in order to determine the propagator of the full superconnection through
quartic order in an expansions in the anticommuting variables we do not need to
compute the higher-order terms in as the fermionic vielbeine are themselves
linear in the Grafmann coordinates. We will compute the full propagator in section
when we discuss the one-loop VEV of the super Maldacena—Wilson loop.

3.2. The Four-Dimensional Perspective

In the last section, we introduced the non-chiral superspace formulation of the ten-
dimensional NV = 1 SYM model. While the ten-dimensional formalism is in general
quite useful when dealing with N' = 4 SYM theory, some computations are more
conveniently performed in four dimensions. This typically applies to situations where
the conformal boost symmetries are involved as those are not contained in the ten-
dimensional Poincaré group SO(1,9). To set the stage for these computations, we
start this section by reviewing the on-shell superspace construction adopting the four-
dimensional point of view. We then continue by discussing the action of the conformal
inversion element on the superfields. Subsequently, we will use the newly gained insights
to derive the scalar propagator as well as the field strength correlator.

3.2.1. Superspace Geometry and the Constraints

Let us start by introducing the non-chiral superspace suitable for describing N' = 4
SYM theory in four dimensions. The superspace has four bosonic and sixteen fermionic
directions and is parametrized by

(29,09 6%,) . (3.59)
Here, a and & are su(2) indices taking values in {1,2}, while a = 1,..,4 is an su(4)

R-symmetry index. In what follows, we will frequently use a matrix notation similar
to the one in reference [39]. The bosonic coordinate z* = x#54* (see Appendix
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3. N =4 SYM Theory in Superspace

for our conventions) is represented by a 2 x 2 matrix, while ¢ is a 4 X 2 matrix and
0%, is a 2 x 4 matrix. The superspace coordinates are subject to the following reality
conditions

=2, 0T =0, 0T =0. (3.60)

Note that for GraBmann variables x, 1) we use the convention that (y)" = —TxT,
while for transpositions we use (x¥)" = —¢"x". We continue by introducing the
supercharges of the SYM model. On the non-chiral superspace, they can be represented
as

Qaa = e_aaaad - aaa ) Qad = eaaaad - éad . (361)

These expressions follow directly by dimensionally reducing the ten-dimensional su-
percharges Q4, see equation . More precisely, they are obtained by splitting the
fermionic index & according to equation into the two pairs (aa) and (Z) and
using the Pauli matrix expressions listed in appendix while neglecting terms which
vanish upon acting on functions being independent of the six internal bosonic coordi-
nates. In a completely similar manner, one obtains the following expressions for the
susy-covariant derivatives

Doca == édaaad + &m 5 Dad = an‘aad + 5(1@ . (362)

Given these derivatives, it is convenient to define the chiral coordinates a*

ot =z F200. (3.63)

Note that the chiral derivative D annihilates functions depending on (27, é), while the
antichiral derivative D annihilates functions depending on (z,0). Hence, the two pairs
of coordinates (x1,60) and (27, ) define chiral and antichiral superspace. Inverting the

equations (3.63) yields
r=3(z"+a7), 00 = L(z= — ™). (3.64)

4
These relations will prove useful later on when it comes to performing explicit super-
space computations. Having introduced the supercharges Q and Q, we take the oppor-

tunity and introduce the supertranslation-invariant distances on which susy-invariant
quantities can depend. The minimal supertranslation-invariant interval reads

X9 := X1 — Tg + 2@201 — 20_162 s (365)

where minimal refers to the Graimann tail of the expression. For later convenience, we
also introduce shorthand notation for the following two non-minimal supertranslation-
invariant intervals

:EE_ = T12 — 2512012 = IET — ZEQ_ + 462&1 s
.731_2+ = T2 + 29_12912 = .Tl_ — ZL’; — 4@192 . (366)
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3.2. The Four-Dimensional Perspective

Note that these distances have no definite overall chirality. Instead, as indicated by
the signs in the superscript, they have mixed chirality. For instance, x{; is chiral in
the coordinates of point one and antichiral in the coordinates of point two.

We proceed by defining the dual space on which our gauge theory lives. The
dual space is the space of one-forms and a basis of it is given by the differentials
(dz9, do*, déda). However, as before, it is convenient to use another basis in which
the different components of a general one-form do not mix under a general supersym-
metry transformation. This basis is dual to the covariantized basis (Ong, Daa, D“d) and
is explicitly given by

e = dz — 2dA0 + 2046, de, de. (3.67)

While working in this basis is in general very convenient, the prize to be paid is that
the basis is not torsion-free anymore, i.eE|

de = 4d6d6, ddd =0, ddd =0. (3.68)

Here, d is the total differential in superspace and can be expressed in terms of plain or
susy-covariant derivatives

d = 1d2% 8,4 + 0% 0y + d0%,0% = L1e%Dns + A% Dy + d6%, D% (3.69)

Having introduced the appropriate vector space, we are now ready to define the
four-dimensional A' = 4 SYM model. We start by introducing an su(N)-valued gauge
connection one-form A = A™T,,, which may be decomposed on the vielbein basis as

A=1Le A + A0 Ay, + dOY, A% . (3.70)
Given the gauge connection one-form, we define the gauge-covariant derivative as
D =d+ A= 1e""Dys + d0*Dy, + d*, D%, (3.71)
where
Dot = Ona + Aaa » Doa = Daa + Asa s Dy = D%+ A% . (3.72)

When written in terms of differential forms, the gauge transformations of A take the
same form as in the ten-dimensional case, see equation ([3.14) and . Finally, we
need to discuss the constraints that have to be imposed on the field strength two-form
in order to reduce the number of degrees of freedom of the superconnection. The field
strength two-form itself is given by the expression

F=dA+ANA, (3.73)

2Note that we will typically omit the wedge symbol in the product of differential forms.
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3. N =4 SYM Theory in Superspace

and its components with respect to the susy-invariant vielbein basis read

F=— LM — 56¢%9d0" Fapaa — Le8d07, FP4 5 — 1d0°°d0" Fapa,
— 1d0%,d8°, F 404 — d6dg’, FPy,, (3.74)
where
Fopaa = [Pppr Dacl = OgpAac — OaaAgy + [Agg: Aaal
Favac = [Dpbs Daal = DppAac — OacAsp + [Asps Aasl
Fbﬂaa [ﬁbfg"a Dad] - Db/@Aad - 8ad~/ib/g + [Jé_lbﬁ‘, Aad] s
Fﬁbaa - {Dﬁby Daa} = DﬂbAaa + DaaA,Bb + {Aﬂbv Aaa} 5
Fb_ad — {Dbﬁupad} —_ DbBAad + Da'AbB + {Abﬁ'?Aao}}
‘F Baa - {Db57 th} 26b aﬁ - DbﬁAaa + DaaAbﬁ + {Abﬁ, aa} 25b 3. (375)

The appropriate set of constraints that have to be imposed on the four-dimensional
field strength two-form can be obtained by dimensionally reducing the ten-dimensional
constraints F,5 = 0. For this, one splits the ten-dimensional index & into two pairs

(aa) and (Z) and decomposes the bosonic component of the ten-dimensional gauge
connection as

.Aﬂ — (Al“ CI),L) , (376)

where @ is the superfield corresponding to the component field ¢. The gauge-covariant
derivatives then become

Dﬂ — (8u + ‘AM’ (I)z) . (377)
Using this as well as the Pauli matrix conventions laid out in appendix one finds

{Doa,Dpp} = —2€05Pas
{Daa; D3} = 26:D, 5,
(D%, D°s} = —e4p"" D0y (3.78)
Finally, we discuss how the Bianchi identities and the constraints can be used to
express the components of the field strength two-form (3.75)) in terms of the superscalar

®,, and derivatives of this field. We begin by taking a fermionic covariant derivative
of the first constraint equation in (3.78)). This yields

[D°5,{Daa, Dpv}] = —2€05[D%; Par] (3.79)

Using the Bianchi identity for fermionic covariant derivatives, we rewrite the left-hand
side of the former equation as

~[Daa: {Dpv, D4} — [Pay, , {D%, Paa}] = —2€05[D%, Pap] - (3.80)
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3.2. The Four-Dimensional Perspective

In the next step, we plug in the mixed chiral constraint (3.78)) and contract the complete
equation with &%

4[Daa7 D/B"Y] + [Dﬁm DO&"‘/] = EO&/B[DC"Y’ (I)GC] : (381)
Symmetrizing this equation in o and 3 yields
[Doas Dsy] = —[Dpa, Doy - (3.82)
By plugging this back into equation ({3.81]), we obtain

]:04(15/3 = [DCVWDBB] = %5045[25%’7 q)ab] s (383)

which is the desired result. In pretty much the same manner one can show that the
other two remaining coefficients, which are not directly covered by the constraints, can
be expressed as follows

Fapy = [D'a Dygl = 52aslDsn @1,
Foasp = [Pac Dgsl = 3:€6s{Daar [Pav, @1} + 55605{D", [D4, Pus]} - (3.84)

(67

Finally, we use the equations (3.78)), (3.83) and (3.84) to rewrite the field strength
two-form as

F = (ddf") P,y + L(ecdd™) D, P +

g +

b (eee) P D%, D5, @)}
+ (d07ed0) @™ + 1(e"edf)[Dap, ™) + 15

L (e7ee)*? {Dyq, [Day, ]} . (3.85)

—_
S}

When dealing with the quantum theory, this particular form of F will turn out to
be useful as it can be used to express the field strength correlator in terms of scalar
correlators.

3.2.2. Superfield Propagators

In section|2.1.1] we have shown that conformal symmetry heavily constrains the form of
two- and three-point functions of local gauge-invariant operators. In fact, the functional
form of the two-point correlation function of two such operators is completely fixed
by conformal symmetry. In the present section, we want to use these insights to
determine expressions for certain propagators. Importantly, conformal symmetry only
constrains the physical degrees of freedom, while gauge degrees of freedom are typically
not constraint. To identify the propagators which can possibly be determined by using
conformal symmetry, let us note that for computing propagators it is sufficient to
focus on the linearized theory, which is obtained by replacing the gauge group SU(V)
by U(1)N *~1 Under a linearized gauge transformation, the fields transform as

GLd™ =0, GrA™ = dA™. (3.86)
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3. N =4 SYM Theory in Superspace

The following propagators are thus gauge invariant:
(@(1)2(2)), (F(1)2(2)), (F()F(2)). (3.87)

In what follows, we shall determine the all-order formf’| of these propagators by using
considerations of symmetry as well as the superspace constraints. We begin by dis-
cussing the action of the conformal inversion on the superspace coordinates and derive
the corresponding transformation laws of the superfields. With the conformal varia-
tions of the superscalars established, we will then determine the scalar propagator via
elementary CFT considerations. Finally, we compute concrete expressions for the field
strength correlators by exploiting the implications of the superspace constraints. The
all-order form of the above-listed two-point functions is at the heart of our proof of the
one-loop Yangian symmetry of super Maldacena—Wilson loops, which we will present
in chapter [f|

3.2.2.1. The Scalar Propagator

As outlined above, we begin by focusing on the propagator of the superscalars. Al-
though the scalar propagator represents the simplest correlator that we wish to com-
pute, determining its form is neither a trivial task nor a simple one. Our strategy for
computing this two-point function is the following: First, we discuss the action of the
conformal inversion on the superspace coordinates as well as on the fields. Note that we
will not yet discuss the full superspace representation of the superconformal algebra.
We postpone this discussion to chapter |4 as we ultimately need a representation on the
S5-extended non-chiral superspace, which we have not yet introduced. In the second
step, we will then use the translation and inversion symmetry to completely fix the
functional form of the scalar propagator.

Conformal inversion symmetry. In this paragraph, we determine the transformation
laws of the superfields under conformal inversion. This amounts to lifting the bosonic
discussion given in section to full-fledged superspace. We begin by focusing on the
components of the superconnection and subsequently derive the transformation laws
of the superscalars by using the constraint equations (|3.78]).

Before we attack the problem in full-fledged superspace, let us briefly demonstrate
our strategy in a bosonic example. Recall from section that under inversion the
point x* gets mapped to

L[zt = = . (3.88)

A convenient way to derive the inversion law of a dimension one vector field is to
consider the derivative of a dimensionless scalar field. According to equation ([2.14)), a
dimensionless scalar field transforms trivially under inversion, i.e.

¢ (2) = pl(x). (3.89)

3Here, by all order we mean to all orders in the fermionic coordinates.
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3.2. The Four-Dimensional Perspective

In contrast to all the other formulas presented in section [2.1.1] this equation does not
get modified in superspace. To derive the inversion law of the gauge field, we consider
the derivative of the above scalar field

dp = da"0,p(x), (3.90)

which can be identified with a connection that is pure gauge, i.e. A = dy. The desired
transformation law is now easily established by using the fact that

da"0up(x) = da™0,¢' (") . (3.91)

Expressing the differential on the left-hand side in terms of the primed coordinates
yields

dz* = da'? <x25;j — 2:1:“1:p) : (3.92)
By plugging this back, we obtain
dz™ <m25z — 2x”x“)&,g0(x) = da™d/, ' (2'), (3.93)

from which we infer

v
2z T,

/ n _ .2 v
A =2 (% - > A(@). (3.94)
This formula is in complete agreement with equation (2.14)) of section [2.1.1}

Let us now proceed and generalize the analysis to fields defined on superspace. The
action of the (generalized) conformal inversion on the superspace coordinates was dis-
cussed in [39] and is given by

x2

1[0] = ex™"" 1" M1, (3.95)

where M is a symmetric unitary position-independent matrix (M = MT, M~ = MT)
which is needed for correct transformations under R-symmetry. The constraint (M =
MT) follows from demanding that the inversion map is an involution

I[1[0]] = —MI[0] [z~ ]" e

= MM"70
=40. (3.96)
It can be checked that the constraint — — 2+ = 466 is preserved by inversion. The

reality conditions #* = @ and (2)* = 2~ are preserved as well. The inversion of the
matrix x can easily be obtained by using the identity x = %($+ +z7),

I[z] = ex— " taTa ™" te, (3.97)
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3. N =4 SYM Theory in Superspace

To obtain the transformations of the components of the superconnection, we again
consider the exterior derivative. As a first step, we invert the susy-covariant one-form
basis

et — dxt — 2d4§%, 0 1 20%,d6° dgee doe, . (3.98)

The computation is a bit lengthy but straightforward and we will therefore only state
the final result, which reads

¢ = dl[z] — 2d1[A]1[0] + 21[0]dI[f] = —ex ™" teTx T e,
do' = dI[f] = U0z~ " e + MOTx T teTa T e
df' = dl[f] = ex™"1dOTUTT — ea ™ et T OTM T (3.99)
where we have introduced shorthand notation for the following unitary matrix:
U=M —40z~7'0M , Ul =M +4M 102710, UUT=1. (3.100)

Before we continue, let us compute the determinant of U as we will need it later on.
To do so, we use the following identity

det(1+ AB) = det(1 + BA)™*, (3.101)

which is valid for A and B being odd matrices of dimension n x m and m xn. Equation
(3.101f) can be shown to hold true by comparing two equivalent expressions for the
superdeterminant of a special supermatrix K,

K = @ _1A> : sdet(K) = det(1 + AB) = det(1 + BA)™'.  (3.102)
Using identity (3.101)) as well as the fact that M has unit determinant, we find
~ det(x~
det(U) = det(1 — 400z 1) P =det(1 — (z~ —a M)z~ 1) t= dZtg*; . (3.103)
We now express the old vielbeine in terms of the new ones. We find
e=—a eceText,
d0 = Ud0ex™ — GeeText
df = —27edd"UT — x7ee’"eh . (3.104)
We proceed by plugging these expressions into the formula for the total differential
d =104 + d0"* Dy + d0%, D"
:%e’[m —(:c’g)dg(aﬁ)ﬁ-aaad —2(ex™)3%(02)" 3 Dga — 2(3;’5)%(89_)3#7)“&

+ do™ [—(x_ﬁ)dg(UT)baDad]

1 d6%,

(5:p+)ﬁ-O‘UabDaa] : (3.105)
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3.2. The Four-Dimensional Perspective

From this expression, we can directly read off how the different components of the
superconnection transform under inversion. We find

Aoa — —(595_’TA;$+’T5 + 260" AjztTe — 25:1:‘”/139?5) .,

[a767
Apa — (5x”TA5UT’T) ,
oa
a

A = —(UT AgatTe) s (3.106)

Using the above transformation formulas, we can show that the constraints (alias the
equations of motion)

{Daa; Dﬁb} - _25046(1)(11)7
{@aéﬂ Z_)bﬁ} — _5d55ab8d®cd 7
{Doa, D4} = 260D (3.107)

are indeed invariant for a certain transformation behavior of the superscalars which we
will now determine. Useful formulas to perform this calculation are

Doa((e2%)a7U®) = 467(0)4aU — 405 (e )57 (2771 0M),"

Dbd(_<$7€)"ya(UT)ad) = _462(05>ba(UT)ad + 453(1‘78)&04(]\471956%71)6@ )

Dad((gafr);y’YUCb) _ 4(€$+>77<9x—,—1)chab7
Doa(~ (7€), (UMea) = —4(a"e) (@' 0)aa(UT)ea (3.108)

We begin by investigating the first constraint of (3.107]). Evaluating the anticommu-
tator of the two transformed susy- and gauge-covariant derivatives yields

{Dh D} =07 ) ala™) s (U)ae Ut D, D3} (3.109)

aa’

Note that the two contributions involving a susy-covariant derivative of the matrix
UT cancel out. Using the constraints (3.107) as well as the identity (A.15]), the last

expression can be rewritten as

{D... Dy} = — 2e05 det(z7) (UM ae(UT)pa®™ . (3.110)

Obviously, the constraint is invariant if under inversion the superscalars transforms as
Doy — Dy = det(27) (U ae(UT) 5@ . (3.111)

Let us now check whether this transformation is compatible with the second con-
straint of (3.107)). Evaluating the anticommutator of two transformed susy- and gauge-
covariant derivatives D'®; and inserting the constraint yields

{b/ad’ﬁlbﬂ_} = —Edﬂ'gabgk<%€gkef det(er)UceUdf@cd) ) (3112)
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3. N =4 SYM Theory in Superspace

which implies
Dyp — Pl = Legper det(z)UCUY Dy (3.113)

In order to show that this is equivalent to (3.111]), we use the following identity, which
is valid for invertible 4 x 4 matrices T}

Tleleldll = Lgokelgmned qet(TYT, T, L. (3.114)

Using this identity as well as equation (3.103)), the equivalence between (3.111)) and
(3.113)) is easily established. Finally, we need to verify that an inversion also leaves

invariant the last constraint of (3.107). However, as this works out straightforwardly
we will not discuss it here in detail.

Determining the propagator. Before we discuss the derivation of the propagator of
the superscalars, let us again consider a simple example to demonstrate our strategy.
In section [2.1.1] we have seen that conformal symmetry implies that the correlator of
n scalar primary fields satisfies the following identity

1/4 1/4

i G o)), (3.115)

8:151

ox!,
ox,,

(0(x1) ... ¢(zn)) =

where |0z’ /0z| denotes the Jacobian of the transformation. Here, we have set d = 4
and A = 1 as we are interested in the free two-point function, i.e. the propagator.
Specializing the above equation to the case of translations yields

(0(x)o(y)) = (d(z — y)¢(0)) (3.116)

simply stating that the propagator does only depend on the difference between x—y. To
fix the functional form of the correlator (¢p(x —y)$(0)), we now study the implications
of inversion symmetry. The Jacobian of this transformation is given by |0z'/0z| =

1/(z*)*. Using this in equation (3.115) yields

(o(x —y)¢(0)) = 1 lim 2o((x = y))o(2)) - (3.117)

(x — y)2 Z—00
Importantly, this limit does not depend on coordinates and just yields the normalization
of the propagator. Thus, we find the unsurprising result that

¢ 1

(¢(2)o(y)) = I a R (3.118)

“This formula can be shown to hold true by using (I'™')g, = adj(T)ym/det(T) on the right-
hand side of the equation with det(T) = i€, iyiziaEj1jajaja 17 M T922 T35 T 940 and adj(T)gm =
Tiri1Ti2i2 Tists i

1
Q‘Egn i2i3Emy1j27s
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We will now apply the same logic to derive the propagator of the superscalars. In
the first step, we use the supertranslation invariance to place the second superscalar
at the origin, i.e.

(DY(21,01,00)Pea(22,0,02)) = (D (212, 012, 012)Pa(0, 0, 0))
= @Dab(l‘lz, th2, 9_12)¢cd(0)> ) (3.119)

where 215, 012 and 6,5 are the translated superspace coordinates as defined in (3.65)),
i.e.

Tig = T1 — To + 292‘91 - 2@102 s ‘912 = 01 - ‘92 s é12 = él - ég . (3120)

Note that at the origin of superspace, the superscalar reduces to its bottom component,
which is the ordinary scalar field of N' = 4 SYM. In the second step, we need to
take into account that the superscalars have a non-trivial su(4) index structure. The
transformation of the indices can be incorporated by replacing the Jacobian in equation
3.115)) by the appropriate transformation matrix which can be read off from equation
3.111)), see also section [2.1.1} Using this more general version of the conformal Ward
identity, we can express the shifted correlator in terms of the same correlator
evaluated at the inverted points

B (M — 4912If2+’_1912M>a8 (M — 4912mf2+’_1§12M>bf

(®(1)®y(2)) = Tk
X My Mg lim 2%(Dep((1 - 2)")0" (2)) - (3.121)

As in the bosonic example, the limit does not depend on coordinates and evaluates to

lim 2%(Dep((1—2))0" (2)) = -2 £, (3.122)

Z—00

Plugging this back into (3.121) yields the desired propagator
— a — b
_ 2 (1 — 401927, 012) (1 — 401027,7710
(D™ (1)®4(2)) = — g (1= Wiy 0] (1 = 4 "013) o . (3.123)

us (xf2+)2

Note that here we have again dropped the trivial color dependence of the propagator.
We will stick to this convention throughout this chapter. By interchanging the points

one and two and using that 015 = —0y;, 015 = —05; as well as x5, = —z5;", we obtain
_ c _ d
_ 2 (14401527, 70 14 46,521,710
. g 12712 12) [a 12%12 12) b
(Pap(1)0(2)) = —WQ( zﬁ()Q ) : (3.124)
12

This expression can be shown to be compatible with the reality constraint ®® =
%5“b0d<l>cd by using the analogue of equation (3.114]) with one index up and one index

down.
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3.2.2.2. The Field Strength Propagator

Let us continue by computing the free two-point function of the field strength two-form
F. In principle, we could compute this correlator by employing the same logic as used
above. However, since the situation for the field strength is more complicated due to its
non-scalar nature, we shall use a different approach, namely we express it in terms of
the scalar propagator and its derivatives. To see how this works, we recall the following
identity from section |3.2.1

F = (d9=df") P,y + L(ecdf™) D, Pap] + L (ece™) (D, [D P )
) O”] + 115(e72€)*’{Daa, [Dgs, @]}, (3.125)

which relates the field strength two-form to the superscalar field and its gauge-covariant
derivatives. Note that for computing the field strength propagator we only need to keep
terms which are linear in the fields as all the non-linear terms do not contribute at this
order in perturbation theory. Thus, we can safely replace all the gauge-covariant deriva-
tives in equation by susy-covariant derivatives. This allows us to compute the
(F(1)F(2)) propagator by differentiating the scalar correlator ([3.123). For later con-
venience, we split the linearized field strength into its chiral and antichiral components
Fin = FT 4+ F~. These take the following form

F~ = [(d0=d0")* + LeeddT)* D'y + 55 (eceT) ¥ D6 Dby | Py,
Ft= [(déTedH_)ab + L(e"edf), Dap + ﬁ(eTéSe)aﬁDaaDﬁb} o, (3.126)

Let us start by computing the basic building block for computing the whole field
strength correlator, namely the two-point function of the (anti)chiral component of the
field strength and the superscalar. To keep equations as short as possible, we introduce
the abbreviations

= (1= 401257 '012)"% Hiso = (2357 019) 0 - (3.127)
Using the result (3.123) as well as the identity
DlocacleC = _452H120¢ca (3128)

we find after some manipulations the following expression for the (F*(1)®.4(2)) prop-
agator:

2

Ealb — & _ .
<.F+<1)(I)Cd<2)> = g B (€1H12 — d@lClg) c (€1H12 — d@lClg)ﬁd . (3129)

o (v15")?
To simplify this expression further, we note that

d1H12aa = (Jfl_;_’_l)aﬁ'(délolg — 61H12)Ba . (3130)
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The last identity in combination with (A.15) allows us to rewrite the correlator ((3.129))
as

<F+<1)®0d<2)> = —% dl (171_24_7_19712)7(: 5’75 dl(l‘]__;r’_lélg)(jd
= & (diH]ediHz)e. (3.131)

Note that in what follows, we will always be aiming at rewriting the correlators in a
form like , which makes the exactness of the wedged one-forms manifest. This
will turn out to be useful when proving the Yangian invariance of the one-loop VEV
of the super Maldacena—Wilson loop.

Next, we compute the mixed chiral two-point function (F*(1)F~(2)). For this, we
need to evaluate the expression

(FYr)F(2)) = [(ddb})™ + L(eaedb])™ Db ; + 55 (eacel)* D3 D} 5|

192

x (FH(1)®u(2)). (3.132)

Inserting the expression (3.131)) and applying the susy-covariant derivatives, which act
on H12 as

D3 Hizg, = =03 (x5 pa (3.133)
leads after some rearrangements to
2

1672 Eap?’ (d1275" oo + Ady H12d0s),"

(Fr)F(2)) =
x (i ey + 4dy Hypdfs)s . (3.134)

To rewrite the former expression in a more compact fashion, we use the identity
dy (257 o ph), = —(dvay e + 4dy Hipdf ), (3.135)

which can easily be proven by direct computation. For the color-stripped mixed cor-

relator, we thus obtain the following final result:
_ —+,—1 _ —t,—1 _

(FrF(2) = e DT ey o)y di (e daar )P (3.136)

Last but not least, let us turn to the computation of the chiral - chiral correlator

(FT(1)F*(2)). As before, our goal is to rewrite this two-point function in a nice and

compact fashion as exterior derivatives acting on some coordinate expression. For

the correlator of homogeneous chirality, such a rewriting requires quite some algebraic

effort. However, for the sake of readability we will not provide too much detail on this

and instead only present the important steps one has to take in order to reach the
desired goal. To get started, we need to evaluate the following expression

<f+(1>F+(2)> = [(dé;—&déQ)cd + é(@;gdég)acDgad + w%(e;é‘eg)aﬁDQacDgﬁd}
x (FH(1)9*(2)). (3.137)
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3. N =4 SYM Theory in Superspace

For the action of the susy-covariant derivative Ds,, on the building block Hiy of the
chiral - scalar correlator, one finds

DQaaHIQ'yc = _4H127aH12ac . (3138)

Using this identity as well as the decomposition rule (A.12), it can be shown that
equation (3.137)) can be written as

(FH)FH2)) = Segpe (eaHip — dba) o2 Hip — A0y (FF(1)@ep(2)) . (3.139)

It remains to express the first two factors as exterior derivatives of some function
depending on the supertranslation-invariant superspace intervals. To achieve this, we
note that from equation (3.130)) it follows that

doHo1 a0 = (377 )0p(d8:Co1 — e2Hor )’ (3.140)
Multiplying this equation by zj; from the left and C from the right yields
(215)%do Hoy v Cy, = (e2H1g — dfy)%, (3.141)
where we have used that
Cor = 1+ 401257015 = O HyChy = His . (3.142)
The equations can easily be shown to hold true by exploiting the relation

40,9015 = 275" — {5 . By combining equation (3.141]) with equation (3.139)), we obtain
our final expression for the chiral - chiral correlator which reads

2
<F+(1)f+(2)> = I zabed(1 9Y(dyHY, & doHon )ap(di Hy € dy Hio)ea (3.143)

o2~
where
Eade(lv 2) = (x—li_Q_)zgedeCerClgf' (3.144)

Note that the (F~(1)F~(2)) correlator as well as the (F~(1)F*(2)) correlator can be
obtained from the ones derived above by conjugating equation and equation
, respectively. However, since we will not need these expressions, we do not
state them here explicitly.
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The Maldacena—Wilson loop operator, as it was introduced above, couples only to the
bosonic degrees of freedom of N’ =4 SYM theory. It is therefore clear that this oper-
ator is merely the bottom component of a manifestly supersymmetric loop operator.
In reference [1], the super Maldacena—Wilson loop operator was constructed through
quadratic order in an expansion in the anticommuting variables using supersymmetry
as a guiding principle. In this chapter, we aim to complete this construction. However,
instead of pushing further the analysis initiated in [1], we shall define the full operator
by making use of the superspace formalism that has been introduced above. Our ap-
proach is inspired by the paper of Ooguri et al. [108], in which the authors study super
Wilson loops from the ten-dimensional point of view. Having established the operator,
we shall then turn to an investigation of its symmetries. Besides discussing the super-
conformal invariance of the operator, we shall prove that the four-dimensional super
Maldacena—Wilson loop also enjoys local kappa symmetry. The latter will turn out to
be intimately related to the 1/2 BPS property of the bosonic Maldacena—Wilson loop
operator. The last section of this chapter is devoted to computing the one-loop VEV
of the super Maldacena—Wilson loop and proving that it is finite. We will perform this
calculation in Harnad-Shnider gauge and work consistently up to fourth order in an
expansion in the Grafimann variables. Finally, we shall then verify that the one-loop
expectation value is fully superconformal.

4.1. Definition

In section [2.3.2] we argued that the Maldacena—Wilson loop [27] can be derived by con-
sidering the dimensional reduction of a light-like Wilson loop in ten-dimensional V' = 1
SYM theory. Our strategy to derive the supersymmetric analog of the Maldacena—
Wilson loop is to lift this discussion to superspace. For this reason, let us briefly recall

the important steps of the bosonic derivation. The ordinary Wilson loop operator in
N =1 SYM theory is given by

W(y) = ]btrPeXp <?§ A> = JbtrPexp </ de:ﬂAﬂ(x)> : (4.1)

Here, v denotes a closed path in a ten-dimensional spacetime which satisfies a light-
likeness constraint at every point along the loop

iti, =0. (4.2)
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4. The Super Maldacena—Wilson Loop

The counterpart of the operator (4.1)) in the four-dimensional N' = 4 SYM theory is the
Maldacena—Wilson loop operator and can be obtained by dimensionally reducing the
expression in equation (4.1]). Decomposing the ten-dimensional gauge field in equation

(4.1) as Ay — (A, ¢;) yields

Wi (y) = JbtrP exp </ dr (i’“AM(:E) + yngz(x))) : (4.3)

where we have relabeled the coordinates characterizing the path in the internal space
as y'(7). An important point to emphasize is that the coordinates are still subject to
the light-likeness constraint (4.2)), i.e.

@', + Y'Y = 0. (4.4)

Only if the path is light-like in a ten-dimensional sense, the Wilson loop operator (4.3))
falls into the class of Maldacena—Wilson loops. Typically, the Maldacena—Wilson loop
is stated with the constraint explicitly solved

§'(r) = n(n)Vi?, (4.5)

where n(7) is a unit six-vector that characterizes a path on S°. However, one can as
well work with the operator and handle the constraint separately. In fact, in what
follows we will frequently adopt this point of view.

Let us now supersymmetrize the above-given Wilson loop operators. With the super-
space formalism at our disposal, we can immediately write down the supersymmetric
analog of the plain bosonic Wilson loop operator in equation (4.1). Replacing the
gauge connection by the superconnection yields

W(T) = ;ftrPexp (}i A) = iftrPexp (/ dr (p[‘Aﬂ + édAd)) : (4.6)

where I' = (z2(7),0%(7)) is a path in superspace and p” denotes the pullback of the
supertranslation-invariant one-form (j3.8]), i.e.

P =il 4 0T (4.7)

From now on, we shall refer to p” as the supermomentum. The so-defined operator is
not only gauge and reparametrization invariant but also supersymmetric by construc-
tion. More precisely, it is supersymmetric in the sense that the susy transformation of
the fields can be rewritten as minusﬂ the action on the superpath variables

[Qa, W] = —QaV. (4.8)

!The minus is necessary in order to ensure the consistency of the two algebras. For a more detailed
discussion on this point see section
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4.1. Definition

Here, the generator Q4 acts on the fields , while Q4 acts on the superspace
coordinates (3.2)). From this equation, it follows immediately that the VEV (W(T')) is
annihilated by the supercharges Qaﬂ

We are now ready to define the full super Maldacena—Wilson loop operator. As
in the purely bosonic case, we construct it using the technique of dimensional reduc-
tion. For this, we decompose the ten-dimensional gauge field in equation as
A; — (A, ®;) and demand that the reduced fields are independent of the coordinates
parametrizing the internal directions. Here, A, represents the bosonic component of
the four-dimensional superconnection, while by ®; we refer to the six superscalars of
N =4 SYM theory, see also section [3.2.1] Performing this step yields

Wy (T) = ;jtrPeXp (/ dr (p“Au +0%As + ¢ CDi) ) : (4.9)

where the contour integral is over a superpath I' parametrized by (z#(7),0%(7), ¢'(1)).
In what follows, we shall refer to the superspace spanned by the set (z*,60% ¢') as ex-
tended non-chiral superspace. Importantly, the superpath I' is subject to a generalized
ten-dimensional light-likeness constraint, which explicitly reads

P+ d'q =0 oo ¢ =4qq =p'p,. (4.10)

Recall that we are working with a metric which has mostly minus signature, therefore
explaining the extra minus sign in the rightmost equation. As in the bosonic case, the
constraint can be solved explicitly by setting

¢ = n'(T)\/P"Pu » (4.11)

with n’(7) being a unit six-vector as in equation . The above equations also make
it clear that ¢° cannot be interpreted as g + 01''0 with * describing a purely bosonic
path. The dimensional reduction procedure employed is thus of a slightly generalized
nature. For completeness, let us also state the super Maldacena—Wilson loop using
purely four-dimensional notation. It reads

1 , . -
Wy (T) = N tr P exp </ dr (p“AM +q¢D; +0°A,. + 0%, A“d> ) , (4.12)
with p* being given by
P=dl 4 00t — 00"d . (4.13)

As its ten-dimensional ancestor , this operator is gauge and reparametrization
invariant as well as supersymmetric by construction. Inserting the component field
expansions furthermore shows that it limits to the bosonic Wilson loop oper-
ator and exactly reproduces the result found in reference [1], where the present

2Here, we are assuming that the vacuum state is invariant under supersymmetry transformations.
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4. The Super Maldacena—Wilson Loop

author and his collaborators constructed the super Maldacena—Wilson loop through
quadratic order in an expansion in the anticommuting variables. We thus believe that
the operator represents the correct supersymmetric extension of the ordinary
Maldacena—Wilson loop operator and is most likely the object which, at strong cou-
pling, is described by the minimal surface of the full-fledged AdSs x S® superstring that
ends on the curve I' [43,/108] at the boundary.

Finally, let us comment on the existing literature. To the authors’ knowledge, the
supersymmetric generalization of the Maldacena—Wilson loop operator has first been
considered in the appendix of reference [102]. In this paper, the authors gave a formal
definition of the object but constructed it only through linear order in an expansion in
the anticommuting coordinates. From the superspace point of view, super (Maldacena—
YWilson loops were discussed in reference [108]. Our derivation here is in fact very
much inspired by the one presented in [108] but corrects a technical detail concerning
the dimensional reduction of the ten-dimensional super Wilson loop operator .
Although the operator has been (almost) available for more than fifteen years, it has
never been studied in detail for arbitrary smooth contours. For polygonal contours
which are null in four dimensions, the operator was investigated in [39}/40], but in this
case the couplings to the scalars becomes irrelevant due to the light-likeness of the
contour. In this thesis, we want to fill this gap and study the super Maldacena—Wilson
loop for arbitrary smooth supercontours.

4.2. Symmetries

An important aspect of all physical observables is symmetry. Symmetries can often be
used to simplify explicit computations drastically. For this reason, it is crucial to gain a
complete understanding of them. The super Wilson loop, as introduced above, enjoys
local kappa symmetry and is expected have global superconformal symmetry. In the
first part of this section, we shall review the kappa symmetry of the ten-dimensional
super Wilson loop [108] and show that it also holds for the four-dimensional super
Maldacena—Wilson loop. In the second part, we turn to the question of superconfor-
mal symmetry. As it is unknown how the superconformal algebra acts on extended
non-chiral superspace, we shall start our discussion on this topic by deriving a con-
sistent representation acting on this space. Subsequently, we will demonstrate that
superconformal symmetry is compatible with kappa symmetry. Verifying the super-
conformal invariance of the Wilson loop expectation value will be postponed to the
next section.

4.2.1. Kappa Symmetry

The ten-dimensional super Wilson loop (4.6)) enjoys local kappa symmetry. This state-
ment has been proven in reference [108]. The kappa symmetry is in fact closely related
to the 1/2 BPS property of the bosonic Wilson loop operator, see section [2.3.2l To
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4.2. Symmetries

see how this works in detail, let us first consider the simpler example of a local BPS
operator.

BPS property of local operators. Let O(0) be a local gauge-invariant operator that
is located at the origin. To define the operator at an arbitrary point in spacetime, we
can use the familiar translation property of local operators

O(z) = eFO(0)e " . (4.14)

Here, the generator P acts on the fields and has to be distinguished from the differential
operator P, see section [2.1.1] If the underlying theory is furthermore supersymmetric,
we can use a similar relation to construct the supersymmetric completion of the local
operator O(z). Explicitly, we define

O(z,0) = "20(x)e™?, (4.15)

where Q are the supercharges acting on the fields. However, an important point to
note is that unlike the generators of translations, the supercharges do not commute in
general. In order to prove that the operator O(x,#) really represents the supersym-
metric completion of the local operator O(z), let us consider how it transforms under
a supersymmetry transformation. Under a finite supersymmetry transformation, the
operator O(x, ) gets mapped to

eQO(z,0)e @ = O(x — (16,0 +¢), (4.16)

where ( is a parameter that specifies the transformation. Expanding the above equation
in ¢ and looking at the terms being linear in ( yields the following relation

[@&7 O(iL‘, 9)] = —Q&O(I‘, 9) ) (4'17)

where Q4 is the representation of the supercharges that acts on the coordinates, see
equation . The local operator O(x,0) is thus supersymmetric in the same sense
in which the super Wilson loop operator is supersymmetric, cf. equation .

In complete analogy to the discussion in section [2.3.2] it may happen that that a
certain linear combination of Poincaré supercharges annihilates the operator O(x), i.e.

[€Q,0(x)] =0, (4.18)

for some fixed spinor (. In this case, the supersymmetric version O(x,#) depends
only on some €’s and therefore the Grafimann expansion is shorter. These are BPS
operators. An interesting question to answer is what the BPS property of the bottom
component O(z) implies for the full-fledged operator O(z,6). To clarify this question,
we consider the equation

O(z,0) = "2eR0(2)e ™ Re 2 (4.19)
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4. The Super Maldacena—Wilson Loop

)

Note that the inner conjugation does not harm the relation as (Q commutes with ¢ O(x
by assumption. Using the algebra relation of the supercharges {Q4,Qs} = 2T’ Z P,

the above equation can be rewritten as
O(z,0) = OTOUET O O (1)~ O+O=CTPOPa — (3 4 (T0, 60 + (). (4.20)
Expanding this relation in ¢ yields
O(z,0) = O(z,0) + ((D)O(z,0) + O(¢?), (4.21)

where Dj is the susy-covariant derivative (3.3)). The conclusion of this computation
is that the BPS property of the bottom component implies that the operator (D
annihilates the supersymmetric operator O(z, 6),

(CD)O(z,0) = 0. (4.22)

This argument generalizes straightforwardly to the case of Wilson loops. This is what
we will discuss next.

Kappa symmetry. In section [2.3.2] we showed that the bosonic Maldacena—Wilson
loop operator is a 1/2 BPS object, meaning that it commutes locally with half of the
supercharges. As a preparation for the discussion of kappa symmetry, let us briefly
recall the important formulas using ten-dimensional notation. The ten-dimensional
gauge connection can be written as A(7) = dri”A; and we assume the path to be
null in ten dimensions, i.e. #2 = 0. Under a supersymmetry transformation , the
gauge connection transforms as

[€Q, A] = —dr(¢Ci " Typ)) . (4.23)

If¢= /m'ﬂfﬂ, the above variation vanishes due to the light-likeness of the vector i#
and the algebra relations fulfilled by the Pauli matrices, see appendix . As 77 is in
general not constant, different supersymmetries are preserved at different points along
the contour. Moreover, it is a 1/2 BPS condition because the matrix :tﬂfﬂ has an
eight-dimensional kernel and thus projects out eight of the sixteen degrees of freedom
of the spinor k.

In analogy to the case of local operators, the invariance of the bosonic Wilson loop
operator under some local worldline supersymmetry lifts to the invariance of the su-
per Wilson loop under some local superdiffeomorphisms. These diffeomorphisms are
generated by the vector field

kel T3 Dy = C(K)* Da., (4.24)

which is obtained by replacing ¢ — /{p[‘f’ﬁ and Q — D, where p” is the supermomentum
as introduced in equation (4.7). For the variation of the superspace coordinates, we
find

0up" = C(9) Dap™ = 20(R)TP0, 6,67 = (k) D5 0% = (1) (4.25)
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Let us emphasize again that while x has sixteen degrees of freedom, the spinor ( has
only eight degrees of freedom because eight are projected out by the matrix pﬂf‘ﬂ. Using
the light-likeness condition on p, it is in fact easy to show that there is an equivalence
relation Kk ~ kK + p - '€ on the spinors k. Hence, the spinors x and x + p - ['¢ produce
the same kappa-symmetry transformation.

Let us now explicitly show that the ten-dimensional super Wilson loop is invari-
ant under kappa-symmetry transformations. Varying the superconnection with respect
to the coordinates yields

0nA = dr (pPPC(r)A Fas + [P Da, C(r)P As) ), (4.26)

where A = (fi,&) is a collective superspace index and we have introduced the ab-
breviation p* = (p#,6%). In the above formula, (x)* is the coefficient of the kappa-
symmetry-generating vector field when written in the basis of susy-covariant derivatives
(04, Ds). From equation ([{.24), we read off the following explicit form of (k)%

C(r)™ = (0,¢(k)*) = (0,6,0%). (4.27)

Note that the latter term in equation represents an infinitesimal field-dependent
gauge transformation and can therefore be neglected if ,, is applied to a gauge-invariant
operator. For more details on this see section [5.1.1] For the variation of the ten-
dimensional super Wilson loop operator, we thus find

W) = ;ftrP {exp (jg A) f}éﬁfl}
_ ;ftrP {exp ( ﬁ A) / dT(pﬂ 5.6° Fap + 07 6,.6% ]‘—&B)} | (4.28)

Fortunately, both terms are zero in ten-dimensional NV = 1 SYM theory. While the
latter one is zero due to the constraint F 5 = 0 , the former one vanishes only
if the contour satisfies a generalized light-likeness constraint, namely p’p; = 0. To see
this, let us recall that the constraints allowed us to identify the mixed component of
the field strength tensor with the fermionic superfield ¥,

Fia =Ta59", (4.29)
, cf. equation (3.23)). Using this relation, the first term in equation (4.28)) can be
rewritten as

5,.0%p" FﬂdB\Ifﬁ = (/{fﬁFﬂ\I/)pf’pﬂ o< pP'pp = 0. (4.30)
For a light-like contour p#(7) this expression vanishes. This completes the proof that
the ten-dimensional super Wilson loop is kappa symmetric. Note that a similar proof
has been given in reference [108]. However, there the authors did not elaborate on the
relation between kappa symmetry and the 1/2 BPS condition.
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4. The Super Maldacena—Wilson Loop

Let us now discuss the situation for the dimensionally-reduced super Maldacena—
Wilson loop operator . The kappa-symmetry transformations of the variables
p* and 0% follow immediately from the ten-dimensional equations presented above.
Explicitly, we find

5n9d = Rg (pufu =+ qifi)éd ) oxpt = 25n9ru9 ) (4.31)

where we have decomposed the ten-dimensional supermomentum as p* — (p*,q").
However, how does the coordinate ¢* transform? To answer this question, we observe
that the proof of kappa symmetry goes through without further ado if the coordinate
¢* transforms in the same way as the extra components of ten-dimensional supermo-
mentum p”. Therefore, we demand that

0.q' = 26,000 . (4.32)

This can be achieved by letting the S® vector n’ transform as

: . 0,0090
5.n' =2(8 +n'n;)——ve. 4.33
(5 ) Y2 (4.33)
To prove this, we consider
. . 0, pH . ont o

Snd = Sen’yJpip, +nt L 95, 070 + =5, 0T p, | (4.34)

VP Dy /PPy

where p; in the rightmost term is defined as p; = (p,, ¢:). The last term in the above
equation represents the variation of the ten-dimensional light-likeness constraint. By
inserting the explicit expression for J,.0, one can easily show that the light-likeness
constraint is preserved by a kappa-symmetry transformation and therefore the extra
term vanishes.

For completeness and later convenience, let us also state the transformation of the
superspace coordinates using purely four-dimensional notation. Using the Pauli matrix
conventions as laid out in appendix [A.3] we obtain the following expressions for the
transformations of the odd variables

0.0 = kp — qr'e,

6.0 = pk — eR'q, (4.35)
where p = i+ 200 —206. Here, we haven again taken kaq to be a 2 x4 matrix and &% to
be a 4 x 2 matrix. Also, g* is the vector ¢* written in spinor form and g, = %%bcdch’

see appendix for our conventions. The kappa transformations of the remaining
quantities read

5 = 2(pr — eR"q)0 — 20(kp — qr'e)
6. = 4(pk — eR"q)0 — 45(/%]0 —qr'e),
5.G% = —8(025,07) Y — 4§75 0), . (4.36)

This concludes our discussion on the kappa symmetry of the super Maldacena—Wilson
loop operator.
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Consistency. Consistency requires that kappa-symmetry transformations and loop
reparametrizations from a closed algebra. Loop reparametrizations represent a closely
related class of transformations which leave the super Wilson loop invariant. On the
superspace coordinates, the infinitesimal reparametrization transformations act as

6,0(1) = ob(7), Sox (1) = ai(7). (4.37)

Using these transformations as well as the formulas for kappa transformations, it is
straightforward to verify that

[5/417 6/@2] = 5/{(51,&2) + 50(51,52) )
[5017 502] - 50(01,02) )
[5017 5&2] - 55(01,52) > (438)

where

/i(/il, K,Q) = 4(9/‘%2)/’{1 — 4(9/‘%1)%2 + 2(/111:,152)@’19) s /ﬁ)(O’l, /‘ig) = dllﬁlg - 01/%22 s

O'(Iil, Iﬂ',g) = —4(K1pﬂfﬂl€2) y 0'(0'1, 0'2) = 0'20"1 — Gld'g . (439)

The kappa-symmetry transformations thus form a consistent algebra. We can conceive
of kappa-symmetry transformations and reparametrizations as transformations map-
ping points along some path to nearby points in superspace. Since these transforma-
tions close under the Lie bracket, they locally generate some manifold of dimension 1(8
with one bosonic and eight fermionic directions. Any two paths within this manifold
are related by kappa transformations and reparametrizations and the corresponding
Wilson loops are equivalent.

4.2.2. Superconformal Symmetry in Extended Superspace

In chapter [3, we did not really touch upon the topic of a superspace representation of
the superconformal algebra psu(2,2|4). We postponed this discussion to the present
chapter because ultimately we do not only need a representation on the superspace
spanned by the coordinates (x,@,é) but also on the extended superspace, which is
parametrized by (x, 0,0, q). Constructing a representation of the superconformal alge-
bra that acts on (extended) non-chiral superspace is neither a trivial task nor a simple
one. In fact, reference [1] failed to do this correctly. The challenge lies in representing
the conformal boosts, which do not simply follow from a dimensional reduction pro-
cedure as they are not contained in the symmetry algebra of ten-dimensional N’ = 1
SYM theory. Fortunately, we can use the conformal inversion to construct these
generators. Discussing this in detail will be the subject of the next paragraphs.

Conformal boosts in non-chiral superspace. Let us start by constructing a repre-
sentation of the conformal boost generators S and S that acts on the non-extended
superspace parametrized by (z,6,6). Such a representation has been obtained in [39)
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and we will follow their approach here. The key idea is to consider the conformal in-
version instead of the more complicated conformal boosts. Under conformal inversion,
the superspace coordinates get mapped to

I[[z%] = e 1e,

0] = —MO™z~" e,

1[0 = cx™" 710" M, (4.40)
where M is some symmetric unitary matrix whose explicit form we will not need, see
also our discussion in section [3.2.2.1. A convenient feature of the conformal group
SO(2,4) is that the inversion relates the generator of translations and the generator
of special conformal transformations, see section [2.1.1l Fortunately, similar relations
also exist in the superconformal case. In fact, we can determine the transformations of
the superspace coordinates under superconformal boosts by considering the following
sequence of transformations:

055 X = (Lodgqol)[X]. (4.41)
Here, dq q denotes the variation generated by
00,6 = ¢""Qaa + (*aQ%,, (4.42)

where Q and Q are the Poincaré supercharges as given in equation (3.61)). Under this
variation, the coordinates transform as

0qqt =—C, dqq0=—C,
6Q,Q x+ = 459, 5Q,Q xr = _46_C,
g =20 — 260¢, 5q.qp=0. (4.43)

Evaluating equation (4.41]) is somewhat lengthy and we shall merely give the final
result, which reads

g 0= é — 46&6 | 5S,S = &+ 49_55,
dggat = —4aTEl dgga” = 4062~ ,
dsgx =206z —22%¢0, Js5p = 40Ep — 4p€o (4.44)

where we have identified the transformation parameters as
E=e("M™, £=M(Ce". (4.45)

Given the variation of the coordinates, it is a straightforward exercise to reconstruct
the generators S and S. However, we shall postpone this task until we have deter-
mined the transformations of the coordinates ¢’. Finally, let us note that given the
Poincaré supercharges as well as the superconformal boost generators, all the other
generators follow from algebra considerations. We shall present an exhaustive list of
them momentarily.
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4.2.2.1. Conformal boosts in extended superspace.

While the fields live in non-chiral superspace, the super Maldacena—Wilson loop is
defined on extended non-chiral superspace. The extra coordinates enter, however,
only explicitly through the couplings of the superscalars, cf. . Nevertheless, we
need to know how the superconformal algebra acts on this bigger space. To find the
transformations of the coordinates g, we again study the conformal inversion. The
key property that we will use to fix the transformation law of the coordinates ¢ is
that the Wilson loop operator must be invariant under a combined transformation of
the fields and the coordinates. In section [3.2.2.1] we employed this logic to find the
transformations of the gauge components. Here, we use it to find the transformation
law of the coordinates q.

We begin by demonstrating the above statement for the bosonic Maldacena—Wilson
loop operator. As discussed in section the scalar part of this operator is of the
following form

drvVi2g;(z)n' . (4.46)
Under inversion, the dimension-one field ¢;(z) transforms as
¢i(x) = ¢i(a’) = 2°¢y(x) . (4.47)

On the other hand, using z* — z* /2%, we find that the square root factor transforms
as

Vi? - ‘if (4.48)

Hence, the combination of terms in equation stays invariant.

Let us now fix the inversion law of ¢ by demanding that the same holds true for
the super Maldacena—Wilson loop. Recall from section that the superscalars
transform under inversion as

b — ' =det(x")UTGUTT, (4.49)

where
U=M—40z""0M, Ul =Mt +4M 92710, UUT=1. (4.50)
If we want the super Wilson loop to be invariant under inversion, the coordinates g*
must transform in such a way that it compensates the transformation of the fields ®,.

We obtain

Ilg] = det(z7)"'UqU, I[q] = det(z)tUtqU . (4.51)
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To find the action of the superconformal boosts, we proceed as described above, see
equation (4.41)). For the susy variation of the inverted coordinate, we obtain

(OgqoDa =—2(=")" tr(ax”%é{ — 5(T§T8:1:*)UTqU
. 4(x—>—2(MéTx—,T,—19T + MéTx—,T,—ICTM—lUT)qU
+4(27) 2UTq(UM ¢ OM + 0z~ CM) . (4.52)
Note that ¢ is supertranslation invariant, i.e. dqqq = 0. The final step consists of

applying another inversion to the above equation. The following identities come in
handy when performing this computation

I[(z7) 7% = (1), up=ur. (4.53)
Using these, we obtain the following result for the superconformal variation of ¢:
0550 =4q(€707 +07¢") — 4(0¢ +£0)q — 4tx(£0)q. (4.54)

The transformation law of ¢ with lower indices can easily be obtained by complex
conjugating the above equation

0s5q = 4q<g§ + 9§> - 4(§T§T + fTQT)q + 4tr(9f)q. (4.55)

Note that superconformal boosts preserve the duality relation ¢® = %sabc‘ich, which
can be proven by using Schouten’s identity in five indices.

4.2.2.2. Superspace representation of the superconformal algebra.

Given the variations of the coordinates under supertranslations and superconformal
boosts, we can now construct a complete representation of the superconformal algebra.
The first step consists of translating the variations and into differential
operator expressions for S and S. The other generators can then be found by algebra
considerations, see the commutation relations in appendix [Bl We refrain from present-
ing any intermediate steps and merely state the final result, which reads

Pao’z = _804027
Qaa = e_aaaad - aaaa

Q% = 0" 0ne — 0%,
L% = 21055 — 20°°0p. + 153 (1770, + 20770, ) |
I_f“ﬁ' = -2, 4 — 2§dcécﬁ' + %5; (wwaw + 25%5%) ;
D = — (2% Ons + 0" O + 0700 s + 10" 0us) .
S = — ()% 0005 + 46°070, + (2 V10, + 2074 D,q — 0°° Do
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4.2. Symmetries

S = —(27)V07,0y5 — 407,0%.0% + (¢1)V8,0 — 20%,4" D,
KA = 20°(24) 0,0 + 27 )10%.0% + (a1 (1) 70,5
+ 5@ ) (@) 0y — 40°0%0q" Do + 3 (1) Dea
R = 207,0% — 2070, — ¢"0ha — 103 (207:0%5 — 2070, — ¢"0a) . (4.50)

Here, 0.4 denotes the derivativ with respect to the coordinates ¢°?, which enter the
super Maldacena—Wilson loop via the couplings to the superscalars. This derivative
acts on g% as

0uaq" = 2(620% — 056°) (4.57)

A complete list of all the commutation relations can be found in appendix [B]. To obtain
a representation acting on the smaller non-chiral superspace, one can simply set to zero
all the g-terms in the generators . The closure of the algebra is not affected by
this modification.

Finally, let us extend the superconformal algebra by the hypercharge generator B
as well as the central charge C. Together with the generators of psu(2,2[4) these
generators span the algebra u(2,2|4). We will need this extension later on because we
want to discuss the level-one hypercharge symmetry [109}|110] of super Maldacena—
Wilson loops. On our superspace, the generators B and C are represented by

B = 10" 0n, — £0%,0% , C=0. (4.58)

This concludes our discussion on the superspace representation of the superconformal
algebra.

4.2.3. Consistency

In this section, we shall perform two consistency checks. The first consists of proving
that the generalized ten-dimensional light-likeness constraint is preserved by all super-
conformal transformations. The second one concerns the algebra of kappa transforma-
tions and superconformal transformations. Consistency requires that the commutator
of a kappa transformation and a superconformal transformation closes onto another
kappa transformation. Verifying this property will the subject of the second paragraph.

The constraint and superconformal symmetry. The question that we want to ad-
dress in this paragraph is whether the ten-dimensional light-likeness condition

Y.+ d'q=0 > tr(qq) — 2tr(epep’) =0, (4.59)

3As usual, we define the derivative with spinor indices as 0.4 = X¢;0; with X¢; being the six-
dimensional Pauli matrices, see appendix for our conventions.
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4. The Super Maldacena—Wilson Loop

is preserved by superconformal transformations. Obviously, it is preserved by Lorentz
transformations and R-symmetry transformations because they descend from ten-
dimensional so(1,9) Lorentz transformations. Furthermore, (4.59)) is clearly susy in-
variant as

However, for the remaining elements of psu(2,2[4), namely for the generators of con-
formal and superconformal boosts, the situation is less clear. Fortunately, it suffices
to analyze the situation for the conformal inversion as the invariance of the constraint
under all types of boosts follows if is preserved by I. Recall that inverting the
coordinates p, ¢ and ¢q yields

I[p] — _8x+,T,flpTx7,T,71€7
I[g] = det(x™)"'UqU,
I[¢] = det(2™)'UTGU™ . (4.61)

Using these formulas as well as the identity (A.15]), one derives the following equation

Wl(gch)Q(tr(ch) - 2tr(5p5pT)) , (4.62)

from which we conclude that the light-likeness condition is preserved by inversion.
Since (4.59) is also (super)translation invariant and

I[tr(qq) — 2tr(epep”)] =

0k =lodpol, dgg =lodgqol, (4.63)

the constraint is also preserved by conformal and superconformal boosts.

The algebra of kappa transformations and superconformal transformations. In
this paragraph, we investigate the algebraic relation between superconformal transfor-

mations and kappa transformations. We do this using the language of variations, being
defined as

6P = %adapadw 5L,E = waﬁLBa + @Bdidﬁ’a 6D — )\D7 6P — %badea :

or = x"aR%, 00,0 = (" Qaa + Q% , 055 = EaaS™ +E%:S%,  (4.64)

where w,w and x are traceless matrices and {P, L, L.D.K.Q.,Q,S.S, R} are the super-
conformal generators as listed in equation (4.56|). To study the algebra, we need to
compute the following commutators

[5#6’ 6S.C.] p Y [6/67 5S.C.] 0 ) [5#{’ 5S.C.] 0 I [(55, 5S.C.] (.?7 (465)

where dq .. represents a general superconformal transformation as defined in equation
(4.64). Let us start by focusing on the easiest commutators which are those involving
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translations and supertranslations. By recalling that the two coordinates p and ¢ are
translation as well as supertranslation invariant, one sees that

[5/47 613] = [61-67 (SQ,Q] =0, (466>

holds on all the superpath variables. Next, we consider the generators of rotations,
namely 0y, 1, and og. These computations are a bit more involved but still straightfor-
ward and we shall merely give the final results. One finds

[0, 0p.£] = O with K = 2wk,
[0, OR] = O,r s with K = 2kx. (4.67)
Furthermore, for dilatations we obtain
[6x,0D] = s with K =3kK. (4.68)

Let us now come to the most involved commutator that we shall investigate explicitly,
which is the one involving a kappa transformation and a superboost. Evaluating the
action of this commutator on the coordinates p, 6 and 6 requires quite some effort but
can still be done in a straightforward manner. Going carefully through the calculation
while using the formulas of section [4.2.2.1f and |4.2.1| yields the following result

p 5H’p
[0, 053] [ 0] = [0u0] , (4.69)
6 5,0
with
K = 460k + 4kEO + AROE . (4.70)

Hence, on p, § and 6 the commutator closes onto a kappa transformation as expected.
However, for ¢ the situation is slightly different. To see this, we calculate

[0, 0 8] = | — 320ep™ (RTET0T + RTOE" — R tr(80) + ET0TR" ) — 320802 + £707ET )pT R
— 3260k + KO + 1€0) q] o
+ 162 |0TRT (80 + 0€) — (07" + £707)q + tr(68)q) + 07e(0%p — peh)x
+ (be(€0)8T — €706 — 9TEGT — 7ET ) (s — =Tg)]
+16(07e(pr — ei'q)) [ (08 + E0)°, — (€707 + 07",
+4q(EDTR + Eerq + qTReCT + KTe€q — tr(SRp — £4k7e)q)
+ 47p(TpE" — €7) + A€ (R Tqq + pep R ) + 4™ e (pr — eRTg)]

ab
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4. The Super Maldacena—Wilson Loop

Now, using standard su(2) identities like (A.12) as well as Schouten’s identity in five
indices for the terms in the fifth and in the last line, one shows that the right-hand
side of the former equation can be written as

[0, 0.8 7 = 0,07 + (4e™™(&Ter)ap + 48eRT — 4ReCT) (P° + ¢°) , (4.71)

with &’ as given in equation (£.70]). The latter term, however, vanishes if the path we are
acting on is light-like in a ten-dimensional senseﬂ so that in this case the commutator
closes as expected. Last but not least, we could check the commutator between kappa
transformations and the generators of special conformal transformations dx. However,
as the Jacobi identity together with the knowledge that superboosts preserve the light-
likeness constraint p? + ¢ = 0 (see section already guarantees the closure of this
commutator, we will not carry out this computation.

4.3. The Super Wilson Loop in Harnad—Shnider Gauge

Having established the operator and a consistent representation of the superconformal
algebra, we now turn to computing its one-loop VEV. Using the propagators derived
in section we will determine the expectation value through fourth order in an
expansion in the anticommuting variables and subsequently investigate the question of
finiteness. We shall conclude by verifying explicitly the superconformal invariance of
the one-loop expectation value at the first non-trivial orders in the fermionic coordi-
nates.

4.3.1. The One-Loop Vacuum Expectation Value

Let us start this section by explaining our notation. For reasons of compactness, we
prefer to perform the computation in ten dimensions rather than in four dimensions.
This means that we will keep the ten-dimensional notation for the spinors and the
vectors but assume the component fields to be independent of the six extra coordinates,
see also section Using ten-dimensional language, the super Maldacena—Wilson
loop operator can be written as

Wy (T) = jlvtrP exp ( / dr (p" A + 0'5“A&)) . (4.72)

Here, we have reassembled the four and six vector that couple to 4, and ®;, respec-
tively, into one ten-dimensional vector, being defined as

R EER ) for 4=0,...,3 (473)
= q = n'\/p’p, for g=4,...,9. .

“Note that kappa symmetry requires the superpath to be light-like in ten dimensions, see (4.30)).
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4.3. The Super Wilson Loop in Harnad-Shnider Gauge

To obtain the one-loop correction to the VEV, the operator (4.72)) must be expanded
to two fields which are consequently joint by a propagator. This yields

(W (D)) =1 - JZ [ anan, (p%p§<Aﬂ<1>Ap<2>> + 20405 (Au(1) Aa(2))
—9?9§<A@(1)A§(2)>> b (4.74)

Note that in the above equation we have already used that the propagators are diagonal
in color space. Moreover, we have replaced the color factor (N?—1)/N by N because we
are only interested in the large- N behavior of the VEV. After plugging in the superfield
propagators as derived in section [3.1.3| and performing a few manipulations using the
identity as well as integration by parts, we obtain

A

W (D) =1 - ==

/dTl dTQ F(Tl, 7'2) + O()\2) s (475)

where the integrand is given by
_ J23 1 P 1 7 p o0
F(r,7) = {P1p2 (nﬂﬁ + 35 (912Fﬁp0912)82 + 52 (012Fﬂp 912) (912Fﬁof/912)5’232>

+ 2p} (77;1;% + 411(912Fﬂp/%912)a§> (9121“%9'2)

2 i) ] 1 6
— 20127761 ) (6121362 ) } T O(6%). (4.76)

Note that for the sake of manifest super Poincaré invariance, we have completed the
distance x15 in the denominator above. Upon Taylor expansion all terms which are of
order six or higher in the anticommuting variables need to be neglected. Now, given the
integrand (4.76), it is tempting to speculate about the all-order form of the one-loop
integrand. In fact, by taking into account the all-order expressions (3.47)) and (3.49)
for the linearized superfields, one can come up with an educated guess for the complete
one-loop integrand

/160 B X /15 1 B X )
F(Tl, 7'2) = {pﬁt (TLZ::O W (E?Q)ﬂy )pzf/ + 4]?}11 <n2::0 m (E?Q)ﬂy> (912Fﬁ92>

2 N[ fen ) b : 1
_ g(elmel) <Z Cn (212)ﬂ )(eurﬁ@)} PRV (4.77)

where we have used a similar notation as in (3.47)), with 31, being defined as
(in)ﬂﬁ = (012Fﬂpﬁ612> 82p, and (2(1)2)/10 = 5Z (478)

Unfortunately, there seems to be no easy way of determining the coefficients ¢,, beyond
explicit calculation, so that at this point we only know that they are rational and that
Co = 1.
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4. The Super Maldacena—Wilson Loop

4.3.2. Finiteness

Although it has never been rigorously proven, the Maldacena—Wilson loop operator,
as it was introduced in [27], is believed to have a finite expectation value as long as
the path on which it depends is smooth and non-intersecting. In this section, we will
address the question whether a similar statement holds true for the supersymmetric
Maldacena—Wilson loop operator . Since an all-loop analysis seems to be far
beyond reach, we will restrict ourselves to a discussion at the one-loop level. More
precisely, we shall only focus on the short-distance behavior of the one-loop integrand
as the absence of short-distance singularities at the level of the integrand already
guarantees the finiteness of the one-loop expectation Value.ﬂ

To investigate the UV behavior of the super Wilson loop , we will study the
short-distance limit of the one-loop integrand . For this, we introduce a parameter
¢ being defined as € = 75, — 7y and expand the integrand ,

F(r, ) =F(r,7+¢), (4.79)

for small . If we can show that the resulting series is free of poles, the integrand
stays finite over the whole integration domain, thus leading to a finite VEV. The loop
contour that we are going to consider is assumed to be a smooth non-intersecting closed
path in superspace which is furthermore super light-like in ten dimensions, i.e.

Ppp=p'on—d¢d =0 —  pp=0, (4.80)
but nowhere null in four dimensions, i.e. p*p, # 0 for all 7. Here, we have used the

same definition for the ten-dimensional vector p; as in the previous section, see (4.73]).
The expansions of the superpath variables Z(7 + ¢) around € = 0 are given by

o) =, ah = at +eit + L + O(%),
0% = 6%, 05 = 0% + 0% + %ezéd + O(e?),
¢ =q, @ =q +ed + 3% + O?). (4.81)

We start our investigation of the pole structure of by focusing on the denominator
term in and its derivatives. Using the expansions , we find
1 1/ 1 PP,
(112 — 0.06,)2 22 (P“Pu ZS
For the first derivative of the denominator term, we obtain the following Taylor expan-
sion

5 + (9(52)> : (4.82)

1 1 [ —2p° dpPptp, — pPptp
or = +e H ”+(’)52>. 4.83
’ <(x12 - 91F92)2> g3 <(p“pu)2 (p"py)’ =) 45)

5Due to the Minkowski structure of our superspace, it could in principal happen that the denominator
of becomes zero although the two points (z(71),6(m1)) and (x(72),0(72)) do not coincide.
However, for the time being, let us not consider this case and instead restrict to curves for which
the square of the supertranslation-invariant interval does not vanish for any two distinct 7 and
T2.
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4.3. The Super Wilson Loop in Harnad-Shnider Gauge

In general, each partial derivative increases the power of the leading divergence by one
unit. Therefore, we can write down the following formal Taylor series for the n-th
derivative of the inverse square of the supertranslation-invariant interval

(02)" <(x12 —101F02)2> = 52171 (Sn(T) +eT, (1) + (9(52)> , (4.84)

where S,, and T,, denote two different rank-n tensors. Having discussed the denomi-
nator term and its derivatives, we now need to compute the Taylor expansions of the
numerator terms. We start by focusing on the sum of all terms which do not involve a
partial derivative. For these terms, we find the following result

3 (pm + 2<912Fﬂ92)> - %(912Fﬂ91) (912Fﬂ92) = 1e2pt (;b',; — 2(9%9)) + O(%),
(4.85)

where we have used the relations as well as the fact that the ten-dimensional
Pauli matrices are symmetric. If we multiply the two expansions and , we
immediately see that the resulting series starts at order € and does therefore have a
finite limit as ¢ — 0. For the sum of all terms which multiply the first derivative of
the denominator term , we obtain the following expansion:

%p;llpg (912Fﬂp9912) + %p’f (0121“,1,0,%912) (0121—‘%92) == %&‘?’pﬂp’) (9Fﬂp,;9) + 0(84) . (486)

Here, we have used the fact that the term at order €2 vanishes due to the antisymmetry
of I'yp5. Therefore, the product of the two expansions (4.83) and (4.86|) is also free of
poles. The last term which we will investigate explicitly is the one which multiplies
the second derivative of the denominator term. Its Taylor expansion reads

ip?pg (912Fﬂpﬁ912> («912Fﬁ09912) = iéélpﬁpﬁ (GFﬂpﬁQ) (9Fﬁ099) + 0(85> . (487)

If we combine this expression with equation (4.84) (for n = 2), we see that the re-
sulting series is again UV safe, thus completing our proof that the first three terms in
the GraBmann expansion of the complete one-loop integrand are free of short-distance
singularities. Given this result, one can now of course raise the question whether this
statement also holds for the higher-order terms in the #-expansion. In fact, provided
that our conjecture about the form of the complete one-loop integrand is struc-
turally correct, one easily sees that all the higher-order terms are also UV finite since
every operator ¥, comes with two ¢’s originating from the expansions of the two 65
but contains only one partial derivative, cf. .

4.3.3. Superconformal Symmetry

Finally, let us confirm the full superconformal invariance of the one-loop VEV (4.75)).
The one-loop expectation value (4.75)) is manifestly invariant under (super)translations,
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4. The Super Maldacena—Wilson Loop

Lorentz transformations and internal rotations. However, it remains to check the in-
variance under superboosts. In what follows, we will check this superconformal Ward
identity at the first three orders in the GraBmann expansion of the one-loop VEV
(4.75)).

In ten-dimensional notation, the superconformal transformation laws of the super-

space coordinates (4.44)) and (4.54) take the following form

052, = 2" (0T, ryg) 5 (6r77€) (61,T,,0) + & (019¢) (01,1 56)
55 0% = 2 (€1,)" + 1(0€)0% — H(orme) (or,,)" + 1 (or¢) (6r,)",
3s5¢" = 2q; (erf'fig) , (4.88)

where £ is the parameter which specifies the transformation. In order to be able to split
the subsequent computation in smaller but self-contained pieces, we will work with the
following form of the one-loop expectation value

Wu(D))y = 16)\772/dﬁ dm {],,(Tl, 1) + I,(11,72) + (’)(6’4)} , (4.89)

where we have separated the integrand into a part which does not involve the coordinate
q at all

I(71,72) = p:i” (77/w + 21, (91F 92) xlg (612Fupl/912) i%) Lt <<912F 92)

12 12 $12
(4.90)
and a piece which involves all the remaining terms
i J x° T
I,(m1,70) = h (UU + 215 (91F 92) 2 (912Fw912> 12)
T T T2
2 z? )
+ :U(h <p2 (0121—‘2/)”912) 12 (0121—‘192)) . (491)
12 T

This particular splitting turns out to be useful since the p-part and the g-part do not
mix under superconformal transformations.

Let us start by computing the variation of the integrand I,(7y, 72). Under a super-
conformal boost, the supermomentum p* transforms as

055 Py = 22" (0T, T,€) + O(0%) . (4.92)

Using this expression, we can now compute the variation of the integrand (4.90)). If we
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4.3. The Super Wilson Loop in Harnad-Shnider Gauge

only keep terms which are linear in @ after the variation, we find

55 lh(mim)| = ﬁ <2x§ (GQF#fvg) — (QQFufuf) + a5 (9121“#{_‘”5))
o) *12
251;112;2 <77;w$12$12 (91F Fgf) + 77,“,{[12:1712 (921" Faf)

- x§]2x(;2 (912Fppyrag)> ) (493)

where by = we mean that the expression on the right-hand side gives the same result
when integrated over 7, and 7y, i.e. we already made use of the freedom to relabel the
integration variables. Using the Clifford algebra relation for the Pauli matrices as well
as the identity , the former expression can be rewritten as

055 Ip(T1,72)

= (a0 — (i) 50, 0E) i )

2$2$12p

— gy (925) — iy (‘912FW5) T (912F FV£)>

(4.94)

12

By use of the Clifford algebra relation as well as integration by parts, the variation of
I, (11, 72) can be shown to be equivalent to

2 9k (-fi(emruryg) = igz(é?ruryg) :222,) (6128, Pg))
(4.95)

055 Ip(T1, 72)

This expression can, however, easily be seen to be a total derivative with respect to 7

2 ok = 0 (x” (6121 FV§)> (4.96)

ds.5 Ip(T1, T2)
o) (37'2

and does therefore vanish when integrated over. Let us note that the expression is also
non-singular in the limit 1 — 2.

We now turn to the variation of I,(71, 7). If we again discard terms which are of
higher order than linear in #, we find

2 2?@12 <(912sz§> + 145 (6’15) + nj (925) 1%2 (nijx’fzx‘ﬁ (erufu5>

o) 12

+ i T (92FMFV€) — L1y (912Fiﬂjf“£)>> (4.97)

+ 2( Tl (92Fifu€> + @ (912Fifu§> pr2 Th9T1s (912szuru§>>

$12 12
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Using the Clifford algebra relation as well as the reduction formula , one easily
shows that the part being quadratic in ¢ vanishes without leaving behind a total deriva-
tive term. Note that this is expected as the terms being quadratic in ¢ originate from
the correlator of two scalar superfields ®; and the combination ¢'®; is superconformally
invariant, see section [4.2.2.1, The terms being linear in ¢ can be rewritten as

A R b _ 205119 =
dsgly(m,m)| =2¢ <—12 o108 ) — 2 (0121T,8) + “27L 2y (01T TL€) |
S,S +q o0 1 $%2< I ) $%2< H ) lelQ 12( I )

which is pretty much the same total derivative that we encountered when varying the
integrand 1,(7, 72),

055 1q(T1,72)

9 (v _
2 9gi 2 (?(%PJ@) . (4.98)

L12
Putting both results together yields
A 9 (afy oy it \T 3
OssWar(D) = g5 / dr; dry i ?%2(012(:%& + qlri)ryg) + 0%y, (4.99)

which shows that the one-loop expectation value of the super Maldacena—Wilson loop
operator (4.72)) is annihilated by the generators of superboosts modulo terms which
are at least cubic in the anticommuting variables.
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Wilson Loops

We now turn to the discussion of the non-local symmetries of super Maldacena—Wilson
loops. In reference [1], it was shown that the one-loop VEV of the super Maldacena—
Wilson loop is Yangian invariant at the leading order in the Grafimann expansion. In
this paper, the authors formulated the Yangian symmetry in terms of second order
variational derivative operators acting on the (super)path of the Wilson loop operator.
However, it was noted that such a definition is subtle as these operators easily lead
to ill-defined distributional terms when applied to the VEV of the super Maldacena—
Wilson loop. Here, we will now reconsider the definition of the Yangian generators
and argue for an approach based on gauge-covariant field insertions. We begin by
explaining our formalism in the context of level-zero symmetry and compare it to the
path-based approach used in reference [1]. Subsequently, we shall define the level-
one generators and discuss various algebraic consistency conditions. Finally, we will
apply our formalism to the case of smooth super Wilson loops and prove the Yangian
symmetry of the full one-loop VEV.

5.1. Yangian Action on Wilson Lines

In the following, we will establish the action of the Yangian generators on a generic
Wilson line operator. In the beginning, we will keep the discussion fairly general in
the sense that we will neither fix the underlying algebra nor the specific form of the
Wilson line operator. This will not only streamline the discussion but also allow us
to see more clearly which of the many exceptional features of the N' =4 SYM model
are responsible for its integrability. For simplicity, we shall, however, assume that the
underlying Lie algebra is purely bosonic. This will make algebra expressions a lot more
readable, while the generalization to the case of a superalgebra is straightforward. The
Wilson line operator that we are going to consider is of the following form

V:Pexp/FA, (5.1)

where we have abbreviated V := V(I') for later convenience. Here, I" denotes an
open path in a general spacetime I : 7+ X“(7) and for concreteness we will use a
parametrization that runs from 7 = 0 to 7 = 1. The index A is to be interpreted
as a multi-index running over the bosonic and fermionic degrees of freedom. In what
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follows, we will often expand the Lie algebra-valued gauge connection A in a plain basis
of one-forms, i.e. A = dXAAY. Note that this can be done without loss of generality
as one can easily translate between a supertranslation-invariant basis and the plain
basis spanned by the dX+, see section [5.1.3l In order to distinguish the expansion
coefficients with respect to the plain basis from the expansion coefficients with respect
to the susy-covariant basis, we have added a superscript p to the components of the
gauge connection. For the sake of simplicity, we have refrained from making explicit
any coupling to the scalars in equation . However, the Maldacena extension can
be introduced straightforwardly as will be discussed in section [5.1.3]

5.1.1. Level-Zero Action on the Wilson Line

The Lie algebra constitutes the level-zero algebra upon which the Yangian is built. In
fact, the bi-local part of the level-one generators is completely determined once the
level-zero algebra has been fixed and a representation for these generators has been
chosen, see section 2.1.3] There are, however, different ways of representing the level-
zero algebra, which are equivalent up to boundary terms. While these boundary terms
are irrelevant for the level-zero symmetry, they can easily spoil the level-one symmetry.
In what follows, we will discuss and compare the different level-zero representations
in detail, thereby laying the foundations for formulating the action of the level-one
generators.

Useful definitions and gauge transformations. Let us start our discussion by col-
lecting the relevant definitions that will be used throughout the next sections. As
we will often consider small variations of the Wilson line operator , the following
notation suggests itself:

V[Q] = /V[O,T] Q(T) Viry - (5.2)

Here, we have inserted a local operator, like, for example, the variation of the gauge
connection A, into the path-ordered exponential at the position X (7). Note that for
tactical reasons we have omitted the integration measure dr in the above formula. In
practice, Q(7) will always be a one-form field which has to be understood as pulled
back to the path. For example, the pullback of the gauge connection one-form A
reads A = dr XA(1) A (X (T)) For later convenience, let us also define a shorthand
notation for a Wilson loop with two ordered insertions:

V[@:; QT = /T<T, Vio,r) Q(T) Vir e Q'(T) Vi 11 - (5.3)

Here, as above, Q(7) and Q'(7') denote the pullback of two one-forms.

In order to distinguish between the pullback of the form and the one-form itself, we should in
principal introduce a different notation for the pullback, like, for example, I'* A. However, in this
thesis we will refrain from doing so as it will be clear from the context which object is meant.
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5.1. Yangian Action on Wilson Lines

One of our main guiding principles in the following will be gauge covariance (gauge
invariance). Let us therefore consider gauge transformations of Wilson lines/loops in
detail, see also section [2.3.1] As discussed in section [3.1.1} a gauge connection one-form
transforms under an infinitesimal gauge transformation G[A] as

G[A]JA =DA =dA + [A,A]. (5.4)
When pulled back to a path parametrized by X (7), the former equation becomes
(G[AJA)(X (1)) = d7 (0-A + [XAAZ, A]) =:drD; A. (5.5)

Here, we have introduced a new notation namely the covariant derivative along the
path D, = 8,4 [XAA%, ]. In order to obtain the transformation behavior of a generic
Wilson line operator, we vary the operator (5.1)) with respect to the gauge field A and
plug in equation for the variation 6.4. This yields

GIAY = VIDA] = [ d7 Vio Dr A(X (7)) Vi (5.6)

Note that we can integrate the first term of the covariant derivative along the path by
parts. The action of the partial derivative 0, on the two Wilson line operators Vi
and V- in fact cancels the commutator term, so that the only remaining term is a
total derivative term which can be integrated and yields two boundary terms, i.e.

GIA]V = —A(0)V + VA(1). (5.7)

This is in agreement with the finite gauge transformation of a Wilson line, see equation
(2.88). Consequently, a closed Wilson loop is a gauge-invariant quantity

G[A]trV = tr[V,A] = 0. (5.8)

Next, let us consider the gauge transformation of a Wilson line operator with one
insertion. The variation can either hit the first Wilson loop operator in (5.2), the
insertion itself or the second Wilson loop operator in (5.2). Consequently, we get

GIAJVIQ] = VIDA; Q] +V [GAQ] + V[Q; DA, (5.9)
Integrating the covariant derivatives yields
GIAIVIQ] = —=A0)V[Q] + VIAQ] + V|G[A]Q] — VQA] + VIQIA(1)
— —AO)VIQ]+ VIQIA(L) + V[GIAIQ — [Q. A]]. (5.10)

From the last equation, we conclude that if the insertion transforms covariantly, i.e.
G[A]Q = [@,A], the Wilson line with one insertion transforms in the same way as
the Wilson line itself, see equation . In particular, we note that a Wilson loop
with a covariant insertion is still gauge invariant. This completes our preliminary
considerations. We proceed by discussing the different level-zero representations.

95



5. Integrability of Smooth Super Wilson Loops

Action on the path. A convenient way of representing the level-zero generators is
by specifying their action on the path X*(7). Under a small variation of the contour
§XA, the Wilson line operator changes as

8V = [ dr Vioy (00X AL + XATX 50540 ) Vi (5.11)

As explained above, we will not yet fix the underlying Lie algebra and instead just
assume some general expansion of the symmetry-generating vector fields

J=IXN(X)04 = IXAX)Da, (5.12)

where the d4 furnish the plain basis of vector fields, while by D 4 we refer to the susy-
covariant derivatives, see also chapter [3] The subscript p helps to distinguish the two
sets of expansion coefficients. Acting with a level-zero transformation on the point X
obviously yields JX(X) and we will therefore denote (with abuse of notation) the
infinitesimal displacement of the path X4(7) by JX/(7). Note that for the moment,
we omit the Lie algebra index o by conceiving of the Lie algebra generators as being
contracted with a parameter €. In order to distinguish the path variation of the Wilson
line operator from, for example, the field variation, we choose to denote the path
variation of V by JV. Using this notation, equation becomes

IV = [ ar Vi (DAOXAAL) + XAIXEFL ) Vi (5.13)
where F3 4 is the field strength tensor, being defined as
Fha = 0 Al — (—1) A0 AL + [Af, ALY (5.14)
where
A AL = AR — (—1) 547 AL (5.15)

Note that in the above equation we have rewritten the 0,-term as a covariant derivative
along the path acting on J X;‘Ap , see also equation ([5.5)). The extra terms needed for
this cancel exactly against those terms that were used to rewrite the second term in
equation @ as an insertion of the full field strength tensor. Therefore, the equations
@ and (]5__13[) are completely equivalent. By comparing equation to equation
@D, we see that the first term is merely a field-dependent gauge transformation,
which can be integrated to the boundary. For Wilson loops, these boundary terms
cancel out due to the presence of the trace. Hence, the gauge-covariant derivative term
in equation ([5.13]) can be safely disregarded when discussing the Lie algebra symmetry
of Wilson loops. However, while being irrelevant for level-zero symmetry, such terms
have to be treated with care when dealing with level-one symmetry as they can easily
lead to a breakdown of gauge invariance. This is one of the reasons why we refrain
from formulating the Yangian using this path-based approach. Instead, we shall use
generators which act on the fields.
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5.1. Yangian Action on Wilson Lines

Action on the fields. An alternative approach to formulate the level-zero symmetry
is by using generators which act on the fields rather than on the path. Varying the
Wilson line operator (5.1]) with respect to the gauge connection A yields

= / A7 Vg (JA)(T) Viry) = VIJA]. (5.16)

Here, we have employed a similar notation as in the paragraph above, namely we
denote the variation of the gauge connection by JA and the variation of the Wilson
line operator by JV. The field variation of the one-form field A is defined as minus the
path variation, i.e.

JA = —dXAIXD 9pAY — d(JXD) Ap
= —dXYIXPFE, — DIX]AY). (5.17)

Note that the minus sign in the definition of J is required to match the Lie algebra of
the field generators J to the algebra of derivative operators J, which act on coordinates.
To see this, let us consider the product of two generators J acting on a field ¥,

J1Jo¥ = =J1Jo¥ = —=Joh ¥ = JoJ1 0. (5.18)

Since the order of generators is effectively reversed, we need the extra minus sign in the
definition of the generators J to absorb the minus sign resulting from reordering the
indices of the structure constants. This argument makes it clear that by construction
the level-zero actions on the fields satisfy the same algebra relations as the generators
Jo. ie.

[3°,3¢) = f° . (5.19)

For later convenience, let us note that the transformation law also has a nice
mathematical interpretation. From the point of view of differential geometry, the
generators of the Lie algebra J = JX;;‘E) 4 form vector fields which we chose to write in
the local coordinate basis spanned by the d4. In this framework, the field variation of
the gauge connection is interpreted as minus the Lie derivative of the one-form field A
with respect to the vector field J = JX;‘@ 4, meaning that

JA = —L3A = —i[J]dA — d(i[J]A) . (5.20)

Here, we have introduced a new operation denoted by ¢[J], which is called the interior
product. The interior product takes a vector field, such as J = J X};“@ 4, as an argument
and acts on a generic p-form w,

w=ZdXMAAXP AL AAX N wa aa, (5.21)
in the following way:

i[Jw= gy IX XA AL A X W, apa (5.22)
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5. Integrability of Smooth Super Wilson Loops

Obviously, the operator i[J] acts on a differential form by subsequently replacing the
basis differentials by the vector J XZ;“. Note, however, that the interior product acts as
an antiderivation, meaning that

i[X](wAn) = ([ X]w) A+ (=1)w A (i[X]n), (5.23)

where w is a general p-form and 7 is a general g-form. For this reason, one picks up a
minus sign when commuting the operator ¢[X] past a basis differential. In the further
course of this thesis, we shall call the object i[J]w the contraction of J with w. Given
these explanations, we can now easily check that the expressions and
indeed agree. To get familiar with the formalism, let us carry out this computation in
detail. Applying the exterior derivative and the interior product operator to the gauge
connection A yields

JA = i[J](dXA A dXBL(0pAY — (—1)AIBl0,A%)) — d(IX;1AY). (5.24)
Carrying out the contraction in the above equation leads to the expression
JA = IXAAXB(9pAY — (—1)AIFI9,AR) — d(JX1AY)
= —dXPIXAF s — DIXAY) (5.25)

where in the second line we have added and subtracted the commutator term in order
to match the right-hand side of the above equation to equation ([5.17)). This completes
our short excursion into differential geometry.

The above definition of the level-zero action makes direct reference to the gauge
potential A, which is not gauge covariant by itself. This will later lead to problems in
the definition of the Yangian. For this reason, let us consider gauge transformations
in more detail. Under an infinitesimal gauge transformation, the field insertion J.A
changes as

G[A](JA) = [JA, A] — D(JA) . (5.26)

Consequently, the Wilson line operator with a field insertion of the form J.A transforms
as

G[A]V[JA] = —A(0)V[JA] + VIJAJA(L) + (JA)(0)Y — V(JA)(1). (5.27)

To obtain this result, we have used equation ([5.10). The insertion of J.A obviously
leads to two extra boundary terms which can be interpreted as follows: Under a gauge
transformation, the Wilson line operator changes by the gauge-parameter field A eval-
uated at its two ends. Under a subsequent level-zero transformation, the Wilson line
transforms as described above but the generator can also hit the gauge-parameter field
explaining the two extra terms in equation . However, note that for a Wilson loop
operator all the terms on the right-hand side of equation (5.27)) conveniently cancel out

G[A] tr VIJA] = tr[V[JA], A] — tr[V, JA] = 0. (5.28)

Consequently, the level-zero variation of a gauge-invariant Wilson loop operator is still
gauge invariant.
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Covariantized field action. Let us begin this paragraph by recalling the level-zero
representation on the fields as introduced above. We found that the generator J acts
on the gauge connection A in the following way:

JA = —dXAIXJFE, — DIXAY). (5.29)

Taking into account our discussion on gauge transformations in the first paragraph,
we observe that the second term in the above equation is just a field-dependent gauge
transformation. While the field strength tensor transforms covariantly under a gauge
transformation, the latter term does not and is therefore the source of the additional
terms in equations and . Furthermore, it is exactly this term which will
later lead to problems when it comes to defining the level-one generators. For this rea-
son, we will now introduce the gauge-covariant field representation. As gauge trans-
formations do not play a role when dealing with gauge-invariant quantities, such as
Wilson loops, we can redefine the level-zero actions of the last paragraph by supple-
menting each level-zero generator by a compensating gauge transformation of the form
G[JX};“AZ]. On the gauge connection A, such a gauge transformation acts as

GIX'ALJA = DX AY) . (5.30)
It thus makes sense to define the covariantized field actions in the following way:
J. =T+ GIX]AY]. (5.31)

When applied to the gauge potential A, the compensating gauge transformation cancels
the covariant derivative term being present in equation (5.29), so that only the field
strength term survives

JoA=—dXYIXPFE,. (5.32)

The gauge-covariant level-zero representation thus acts on the Wilson line by the in-
sertion of the manifestly gauge-covariant field strength tensor

1.V = VIIL.A = V|-dXBIXAF,] (5.33)

Let us compare this to the straight level-zero field action JV := V[J.A] defined in equa-
tion (5.16|). The difference between the two prescriptions is a gauge transformation,
which acts as the insertion of a covariant derivative operator into the Wilson line

LY = IV = GIX ALV = V[DIX AL
= —(JX; A (0)Y + VIXAL) (). (5.34)

Ultimately, the difference is thus given by the gauge-parameter field evaluated at the
two ends of the path. However, for a Wilson loop the terms on the right-hand side
cancel out as expected

Jtry =J.trv. (5.35)
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5. Integrability of Smooth Super Wilson Loops

For the purpose of studying the Lie algebra symmetry, it therefore makes no difference
whether we use the straight field action or the covariantized field action (5.31]).
However, the local actions are different and this difference is very important for the
Yangian action to be discussed below.

Comparison. As already pointed out in the beginning of this section, the level-one
symmetry of super Wilson loops has been investigated before in reference [1], where the
present author and his collaborators proved the Yangian symmetry to leading order in
the Grafmann expansion. In this paragraph, we want to compare the three different
level-zero representations introduced above to the representation used in reference [1].
The approach that the authors pursued in their paper is actually equivalent to what we
call the path action and only differs from it in small technical aspects. Let us explain
this in more detail. In reference [1], the authors represented the level-zero generators
in terms of variational derivative operators of the form

J= /dTJ(T), I(r) = IXA(X (7)) miw (5.36)

When applied to the path variables X (o), such variational derivative operators pro-
duce delta functions, for example

Ao (A
m = 050(c — 1), % = 050,6(0 — 7). (5.37)

Applying the generator (5.36]) to the Wilson line operator (5.1]) thus yields

v = [ drdo IXH )V <Af)4(0)@g(5(0 _ (5.38)

()R 0)0,A4(0)5(0 —7) Vi

In order to get rid of the derivative of the delta function, we have two options. We can
either perform integration by parts directly on o or we can use the translation invariance
of the delta function to write 0,0(0c — 7) = —0,0(c — 7) and perform integration by
parts on 7. Pursuing the first prescription yields

IV~ — / dr do IX(1)6(0 — 1) (Voo A4 (0) Vo))
+ / dr do JXA(r)3(0 — T) Vo (—1) A8 X8 (0) 04 AL (0) Vi

=— / dr Vo, J X1 X P (A@A& + O Al — (—1)AIBI 4P AT 4 8AA’Z;))V[T,1]
= V|-IXdXBFE,] = VLA = -1V, (5.39)
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Alternatively, we can perform integration by parts on 7 and obtain
W = [ drdo 0, (IX;(r))(o = 7)o As(o) Vi
+ /dT do JXA(T)5(0 — T)V[o,a]XB(UWAA%(U)(_1)|AHB‘V[0,1]

_ / dr Vo (0-(IX) AL + XBIXA04AL) Viry
VIJA] = -V (5.40)

Obviously, the two expressions are different as one corresponds to an insertion of the
gauge-covariant object J..A, while the other one corresponds to an insertion of the
straight field action J.A. While this difference is irrelevant for the level-zero symmetry
of Wilson loops, the Yangian crucially depends on it. In fact, as will be explained
below, gauge covariance (gauge invariance) requires the use of the J..A action in the
level-one generators. The attentive reader might object that the difference in the two
equations given above is merely due to the different boundary terms that have been
dropped while performing integration by parts. However, note that the boundary
terms are not even well-defined as they contain delta functions which are located at
the boundaries of the integration domain. In any case, the equations ([5.39)) and ([5.40))
hopefully make it clear that the path derivative approach to Yangian symmetry has to
be used with care as one might easily loose gauge invariance, which would render the
computation meaningless. For this reason, we refrain from using this framework and
instead define the level-one generators based on the gauge-covariant field action that
has been introduced above. This will be the subject of the next section.

Gauge-covariant algebra. Before we turn to the construction of the level-one gener-
ators, let us study the algebra of the different level-zero representations. As already ex-
plained above, the generators of path transformations J° and the generators of straight
field transformations J° satisfy the same algebra relations by construction, i.e.

[3°,3°] = for,. J", 13°,3°) = £o0, J%. (5.41)

However, for the generators in the gauge-covariant field representation J? the algebra
relations are no longer guaranteed. For this reason, let us investigate them in
more detail. Making one of the generators on the left-hand side of equation ([5.41))
gauge covariant yields the following mixed algebra relation:

[3°,32) = [ I (5.42)

This equation can easily be verified by acting with the generators on the fundamental
field A. Commuting two gauge-covariant field actions, however, yields an extra term
on the right-hand side. Explicitly, we find

(02, I8 A = £, J5A — DG (5.43)
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where
G = - XAIPXBFL, . (5.44)

The first term in equation ([5.43)) represents a covariantized level-zero transformation,
while the second term corresponds to a gauge transformation with gauge-parameter

field —G°,
[12,7°] = 2,07 + G[-G7] . (5.45)

This result is not surprising as the generators J° are composite objects, which combine
a level-zero transformation with a gauge transformation. On gauge-invariant objects,
such as Wilson loops, the algebra reduces to the plain level-zero algebra. The ap-
pearance of gauge transformations in the algebra of spacetime transformations is in
fact a standard feature of gauge theories with extended supersymmetry, see, for exam-
ple, [111] for a textbook treatment of this topic. For this reason, it seems to be natural
to use the composite level-zero actions J, instead of the plain ones J.

5.1.2. Yangian Action on the Wilson Line

We now turn to one of the central aspects of this chapter: the construction of the
level-one generators. For simplicity, let us start by considering a discrete multi-site
space, which, for example, could be spanned by the product of n matrix-valued fields

A(X7)A(X5)A(X5)A(X7)A(XG)A(XG) - (5.46)

In fact, expanding the Wilson line operator exactly yields expressions of this form, but
in this case the coordinates X; were to read as X; := X(7;) with the 7;’s being the
curve parameters, which would also determine the positions of the fields within the
matrix product due to path ordering. For the moment, let us, however, stay general
and interpret the coordinates X;’s just as spacetime coordinates. At each site ¢ we
have a representation of the underlying Lie algebra in terms of generators J7 acting on
the fields. Here, i labels the position of the field within the matrix product, while ¢
enumerates the external coordinates. It is important to note that, in the first place, the
number of sites is determined by the number of fields in the matrix product and not by
the number of external coordinates. Each field represents one site. On the multi-site
tensor product space, the level-zero generators thus act as

Ir=>"Ir. (5.47)

Let us note that having specified the level-zero representation, the bi-local part of the
level-one generators is fully determined thanks to the coproduct rule (2.60)). Explicitly,
one finds

T= o BT, (5.48)

1<j
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where we have dropped the prefactor for later convenience. A few comments on this
bi-local part of the Yangian generators are in order. Let us emphasize again that the
index ¢ enumerates fields and not coordinates. The dimension with respect to which
the ordering in the level-one generator is defined is thus a dimension in color space,
being defined by the matrix product of matrix-valued fields, see equation . In
fact, it is the only sensible interpretation in the context of four-dimensional theories as
there is in general no ordering prescription which is related to the underlying spacetime.
Furthermore, it also explains the crucial role that the planar limit plays for integrability
in A/ = 4 SYM theory: Only for large N can we expect single-trace structures to
be dominant, leading to a single dimension in color space with respect to which the
ordering can be defined. As soon as double-trace terms enter the game the prescription
breaks down. Obviously, there exists a trivial bijection between the two sets of indices
i and 7 in case that all the coordinates are different. However, this mapping fails to
be injective if fields are located at the same point in spacetime. For example, let us
assume that the first two fields in equation ([5.46|) are located at the same point in
spacetime. Applying the level-one generator to this expression yields

T (A AKX AXG) ) = [ (JTAXD)) JEAXT)AXG) - )+, (5:49)

where the dots represent all the other terms which we have omitted for brevity. Now,
suppose we had written the level-one generator directly in terms of differential operators
Jg with indices ¢ enumerating the external coordinates, i.e.

TE= fra 3 J0IE (5.50)

1<j

Quite obviously we would miss the first term in equation and exclusively get
those terms which are represented by dots in the very same equation. This reasoning
makes it clear that it is not always possible to rewrite the higher-level generators of
the Yangian in terms of differential operators which act from the outside on the object
under consideration. For this reason, we consider the representation with level-
zero generators acting on the fields and an index ¢ specifying the position of the field
within the matrix product the most fundamental one. Quite often, like, for example,
in the case of color-ordered tree-level scattering amplitudes in N = 4 SYM theory with
generic momenta, one can directly go over to a generator written in term of differential
operators . However, as explained above, this is not always possible. Finally, let
us point the reader to the paper [26], where the (covariantized) field action approach
to Yangian symmetry was used to show the invariance of the equations of motion of
N =4 SYM theory as well as of the classical action.

Let us now generalize the above definitions to the case of Wilson lines/loops. In
analogy to the straight level-zero action ([5.16)), we define the straight level-one action
as

IV =V[JA| + f*s V[P AT Al (5.51)

103



5. Integrability of Smooth Super Wilson Loops

Here, the first term represents a local term j“A, which we have included for complete-
ness. However, since we do not yet know its form, we shall mainly disregard it in what
follows. The second term denotes an ordered bi-local insertion of two level-zero actions
combined with the structure constants and represents the continuous version of ,
see also equation (5.3)).

As discussed before, there are two alternative definitions J and J, for the local level-
zero action. While in the case of level-zero symmetry it does not matter which action
we choose, the Yangian crucially depends on it. To see this, let us investigate how the
bi-local part in equation transforms under an infinitesimal gauge transformation.
We find

GIAITEY = f*sGIATV [I° A; 30 A]
= —AO)JEY + TEVA(L)
+ 5 V[DIPA); JPA] + 7,5V [ 1 A D(JA)|
= —AO)TEY + TEVA(L)
+ V][ IPATPA = T AN
— fR IO AO)V[IPA] + £ 5 V[P AJIPA(L) . (5.52)
Note that in the second line we have rewritten the straight field action in terms of a
generator that acts on coordinates for the cost of an extra minus sign. Beyond the
expected terms, we obviously find extra local terms as well as terms which involve

simultaneous insertions in the bulk and at the boundary. Unfortunately, these terms
do not cancel out for a closed Wilson loop

GIAtr(T5V) = [ tr V[{J°A, P AY] = 2% tr(FPAV[IPA]) . (5.53)

Note that to obtain this equation we have used the antisymmetry of the structure
constants. While the first term could well be canceled by the local term in equation
, there is no obvious resolution for the second term in equation (5.53). The
above computation thus shows that the definition of the Yangian action (5.51f) does
not respect gauge symmetry. It maps a gauge-invariant quantity to something which
is not gauge invariant anymore and can thus not serve as an observable in a gauge
theory.

Here is where the gauge-covariant level-zero representation comes into play. Instead
of using the straight level-zero action to define the level-one generators, we can work
with the gauge-covariant representation, i.e.

TV = V[IEA| + sV |14 30 A]
= V[IEA] + fr V[P XPAXBFE 4 P XSAXP Fhe| (5.54)

As all the insertions transform covariantly under a gauge transformation, this definition
respects gauge symmetry by construction. In particular, one can easily show that

G[A] tr(J%,V) =0. (5.55)
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This discussion makes it clear that while the level-zero symmetry can be studied using
any of the three representations, the Yangian can only be defined meaningfully in terms
of the covariantized representation. In what follows, we shall thus exclusively focus on
the definition ({5.54]).

An important point to note is that the bi-locally transformed Wilson line, i.e. the
second term in equation , is not a plain Wilson line anymore but a Wilson
line with two operator insertions. Unlike a level-zero transformation, which can be
interpreted as a deformation of the path, the bi-local level-one transformation cannot
be interpreted in such a way. This will become clear later on when we show that the
bi-locally transformed Wilson loop has a different divergence structure than the Wilson
loop itself. The potentially different divergence structure of the bi-locally transformed
Wilson line, however, immediately raises the question how these divergences can be
absorbed in the final result. This is where the local piece of the level-one action comes
into play. Let us see how this works in detail. In the further course of this chapter when
it comes to concrete computations in section we shall introduce a local cut-off that
keeps the two insertions at a minimum distance

RV | TLATZA] = f%ps / . Vor (J2A)(7) Vi oy (JEAY(T') Viryy - (5.56)
Since the divergence originates from the region where the two insertions approach each
other, this prescription will regularize the UV divergence, which now manifests itself
in terms of local 1/&™ poles. To renormalize these divergent terms, we will adjust the
local level-one action in such a way that both terms, i.e. the local as well as the bi-local
term, are finite at finite £ and that there sum is independent of ¢ in the limit ¢ — 0,

TV = V[T5A)] + 7V [TAT0A] (5.57)

Fortunately, the bi-local action applied to the super Maldacena—Wilson loop produces
only local terms even at the finite orders. This is totally non-generic and a clear sign
of Yangian symmetry as it will allow us to promote the bi-local level-one actions to
true symmetry generators by appropriately adjusting the local term. Proving this will

be the subject of section [5.3]

5.1.3. Superspace and Scalar Couplings

The above discussion was based on slightly simplified assumptions. For this reason, let
us now discuss how to generalize the results to superspace and to Wilson loops with
scalar couplings.

Superspace coordinates. The generalization to superspace consists of two steps. The
first step is to introduce graded coordinates parametrizing a spacetime with bosonic
and fermionic directions. In the above discussion, we treated the index A as a true
multi-index, meaning that we kept track of all the factors of (—1)M!. For this reason,
the A/ = 4 superspace coordinates (z, 6, #) can be introduced straightforwardly by just
splitting apart the index A into bosonic and fermionic regions.
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Superspace torsion. The second step is to introduce superspace torsion. As discussed
in section|3.1.1} it is often more convenient to work in a supertranslation-invariant basis
of one-forms instead of the plain basis spanned by the dX*. However, both are valid
bases and one can easily translate between them. This is what we shall discuss below.

In our discussion, we will not immediately specify to the case of the N' = 4 non-
chiral superspace but rather stay a bit more general. More precisely, we refer to the
susy-covariant derivatives collectively by

Dy =04+ T9X50 . (5.58)

Here, T4 is the torsion tensor, which is proportional to the ten-dimensional Pauli
matrices in the A/ = 4 non-chiral superspace. However, the only assumptions that we
make on this tensor are (a) that it is graded antisymmetric in the lower two indices
and (b) that it is non-zero only if the upper index is bosonic and the lower indices are
both fermionic. This certainly applies to the Pauli matrices. The basis of one-forms
which is dual to the susy-covariant derivatives reads

EA = dXA 4+ Ty XPaxe, (5.59)

The exterior derivative d can either be expressed using the supertranslation-invariant
basis of one-forms or the plain basis, i.e.

d=ED 4 =dX40,. (5.60)

Furthermore, let us note that the quantities A and F are basis independent as well.
In superspace, they are normally expanded in terms of the one-form basis £4,

A=E4Ay,  F=-LANEPFpa. (5.61)

The advantage of expanding in the £4-basis lies in the fact that in this basis the
components of the gauge connection and of the field strength tensor do not mix under
a supersymmetry transformation. Furthermore, some of the components Fg 4 are forced
to zero by the constraints of the superspace gauge theory, see section However,
one can as well expand the quantities A and F in terms of the plain basis of one-forms,
ie.

A=dxA4y,  F=-ldx*AdXPFg,. (5.62)

In both cases F and A are related via the equation 7 = dA + A A A. In the previous
discussion of level-zero and level-one symmetry we often made use of the plain compo-
nents A" and F3,. Given the equations (5.59)), (5.61) and (5.62), it is, however, an
easy exercise to show that the plain components and the susy-covariant components
are related in the following way:

?4 = A.A - TS\BXBAC )
Foa=TFpa—ToXFpa—TSpFseXP — T XTh X Frp . (5.63)
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5.1. Yangian Action on Wilson Lines

Similarly, the generators of level-zero transformations can be expressed using either of
the two bases described above

J=JX'04=JX"Dy4, (5.64)
where the infinitesimal displacements are related as
IXA = IXA+ T, JXOXP. (5.65)

It is straightforward to verify that the following two forms of the gauge-covariantized
level-zero action are completely equivalent:

JA=—dXPIXAFY ;= —EPIXAT 45. (5.66)

In fact, by noting that the transformation law can be written as the contraction
of the vector field J with the field strength two-form F, it becomes clear that the
expression cannot depend on the basis chosen. Since this applies to all the equations
we have written so far, one can effectively perform the following replacements in the
above relations:

Al — A, dx4 — &4,
Fhs — Fas, IX— IXA (5.67)

The replacements make torsion more evident, but they do not change the content of
the relations.

Scalar couplings. In order to make contact to the super Maldacena—Wilson loop
operator, we need to generalize the above relations to Wilson lines with scalar couplings.
We can write such a Wilson line as

V= Pexp/F(A ). (5.68)

Here, A denotes the pullback of the ordinary gauge connection one-form, while by ®
we refer to a one-form on the path of the form

® =dr YM(1)® (X (1)), (5.69)

where YM(7) describes a path in the internal space. Note that we assume Y(7) to
be independent of X“4(7), so that the generators of level-zero transformations act on it
exclusively via derivatives with respect to Y™, see also section . For the super
Maldacena—Wilson loop operator, where YM(7) corresponds to ¢'(7), this means that
we treat ¢'(7) as an independent coordinate which together with the supermomentum
satisfies a ten-dimensional light-likeness constraint. We do not solve this constraint
explicitly.
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5. Integrability of Smooth Super Wilson Loops

Let us collect some relevant identities for the scalar term ®. First of all, ® transforms
covariantly under gauge transformations, i.e.

G[A]® = [®, A]. (5.70)

The level-zero field actions on ® are defined in an analogous way as the field actions
on A. More precisely, we define the plain field action and the covariantized field action
as minus the path action

JO := —JXA040 — (JYM) Dy,
J.® = —(JX;H)Dh® — (JYM) D, (5.71)

where D denotes the plain gauge-covariant derivative, i.e. D% = d4 + A%. Note that
the path now also includes the internal directions, which are parametrized by YM(7).
The internal path enters the expressions, however, only via the coupling to the scalars
as all the fields are assumed to be independent of this coordinate. We shall denote its
infinitesimal displacement by JY™. As explained above, these relations can also be
expressed using the susy-covariant basis of vector fields

Jb = —JXAD4® — (JYM)Dy,
J.® = —(JXN)Dud — (JYM)D . (5.72)
Here, D4 is assumed to be both gauge and superspace covariant.
Finally, we note that the scalar term changes the relation between gauge-covariant
derivatives and boundary terms. An insertion of a plain gauge-covariant derivative is

no longer sufficient to produce a boundary term. Instead, we need to take into account
the coupling to the scalars

V[DA +[@,A]] = =A0)V + VA(1). (5.73)

This relation, however, confirms the rule that the scalar term can typically be intro-
duced by replacing all instances of A by

A— A+ . (5.74)

This can be done even within gauge-covariant derivatives. For the remainder of this
general part, we shall largely disregard the scalar term in the Wilson loop operator
because it clutters the relations somewhat, while it can be reintroduced straightfor-
wardly.

5.2. Consistency and the Yangian Algebra

An important question to answer is whether our formulation of Yangian symmetry is
actually consistent. There are several aspects to be discussed in this context. The
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first one concerns the cyclicity of the Wilson loop operator, which is not manifestly
respected by the level-one generators. Moreover, we need to verify the Yangian algebra
relations as we have formulated the Yangian generators in terms of covariantized level-
zero actions, which have an impact on the algebra. Subsequently, we briefly discuss
the relation between kappa symmetry and Yangian symmetry and comment on the
compatibility of the Yangian and the superspace constraints. During our investigations,
we will see that the consistency of the Yangian heavily relies on a novel type of identity
that involves the level-zero vector fields and the field strength two-form. Proving this
identity for the superconformal algebra will be the subject of the last section.

5.2.1. Cyclicity

An important feature of closed Wilson loops is cyclicity. By cyclicity, we refer to the
fact that the base point of the line integral can be chosen arbitrarily, i.e.

tr V[()J] = tr V[T71+7—} . (575)

Since the level-one generators are typically in tension with this feature, we need to
verify the consistency explicitly. Our arguments towards cyclicity are similar to the
ones used in [25] with some additions concerning gauge symmetry.

In order to check that the level-one action on two equivalent objects yields two
equivalent results, we consider

T tr Viin — I tr Viga) = =220 tr IV 35V 1y
= =2/, J[tr Vi g0V | + 2F 0t Vio BT Vi
= =2/, 1" [tl“ V[o,T]JfV[m]} (5.76)
+ PP ap 0 1 Vo I Vim1) — P t1 Vo Vir1 [DG™] .
Here, we wrote the difference as the product of two level-zero generators acting on a
part of the Wilson loop. We then let the first level-zero generator act on everything and

compensated for that by the second term in the third line. Subsequently, we used the
antisymmetry of the structure constants to rewrite the second term as a commutator
and used the level-zero algebra relation to obtain the third line. The result is
clearly not zero in general, but fortunately all the terms have special properties. The
first term represents a level-zero transformation of a gauge-invariant object and does
therefore vanish within an expectation value. The second term is proportional to the
dual Coxeter number of the underlying Lie algebra

Flapfffy =200 (5.77)

For the /' = 4 superconformal algebra psu(2,2|4) this number is zero, ¢ = 0. The final
term contains the combination

FepG 0. (5.78)
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5. Integrability of Smooth Super Wilson Loops

This combination is zero for N' =4 SYM theory as will be shown in section [5.2.6, In
what follows, we shall refer to it as the G-identity. This concludes our discussion on
the cyclicity of the Wilson loop operator.

5.2.2. Mixed Level-One Algebra

The second point to be addressed is the algebra of the Yangian generators. As discussed
in section [2.1.3] the Yangian generators need to transform in the adjoint representation
of the underlying Lie algebra, i.e.

[J0,3°) = fo°,. 0% (5.79)

In the case at hand, we are forced to represent the level-one generators by the gauge-
covariant level-one actions J «. However, for the level-zero generators there is a choice.
We can either work with the straight field representation J or with the covariant rep-
resentation J,. Let us consider the mixed algebra relation first. In what follows, we
shall disregard the local terms of the level-one generators as we do not yet know their
form

FPA=0. (5.80)

In fact, in [26] it was shown that the level-one generators map the gauge connection to
terms which are non-linear in the fields. However, these are not relevant for the Wilson
loop expectation value at one loop and for this reason we shall disregard them here.

Let us start by evaluating the first half of the commutator. The level-zero generator
can either hit one of the three Wilson line operators in equation or one of the two
insertions

TIV = fron PPVIEA; ITA]
= [Pon (VIO A JEA; JZA] + VIIEA I A JTA] + VITEA JTA I A))
[P (VIPTEA JTA] + VIIEA P ICA]) (5.81)

Acting with the level-one generator as described in section yields the following
expression for the second half of the commutator:

I3V = JVII A
= [oon(VITEA JTA A + VIIEA A J7A] + V(I A; T2 A; J7A))
+ [P (VITEA JZIA] + VIIZI A JA]) (5.82)

The first three terms are obviously present in both equations and therefore cancel out
immediately. The remaining terms can be further simplified by using the mixed algebra
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relation as well as the Jacobi identity for the structure constants. We thus find
(30, 3]V = 20 (V][0 3504 324] + V(124 (17,321 A))
= Pon(fr V[T AIZA] + [P,V [I5A T2 A))

= P f V| ITA 2 A = £, 5V (5.83)

Fortunately, all violations of gauge covariance have canceled out in the commutator.

5.2.3. Gauge-Covariant Level-One Algebra

Let us now study the algebra of purely gauge-covariant actions. Naively, one might
think that it suffices to decorate all the level-zero generators in equation ([5.83]) with
a star and subsequently use the commutation relation of gauge-covariant level-zero
generators ((5.43)). However, this is in fact not true. The derivation is more subtle and
moreover relies on a special feature of N = 4 SYM theory. Let us therefore go through
it in detail.

Let us start by considering the algebra on a single gauge connection A. At first sight,
this appears to be trivial because we have set to zero the local terms of the Yangian
generators, see equation ([5.80)). However, there is a subtlety hiding which resolves an
issue later on. Obviously, only one half of the commutator contributes non-trivially

02, 30| A= —T000 A = dXA XE B0 TS, (5.84)

Here, it is tempting to disregard the action of :Hﬁj on Fg 4 as the field strength consists
of A only on which the action is trivial. However, note that F contains products of
fields which are located at the same point. As explained is section 5.1.2] we need to act
on this contribution with the bi-local piece of the level-one generator. Doing so yields

J0Fha = JO(ABAL — (—1)AI51 A7 AF)
= [P JEAR JTAY + (—1)MIB fe 37 AT TEAY . (5.85)

Here, we have used the antisymmetry of the structure constants to swap the Lie algebra
indices in the second term. Inserting the above relation back into equation ([5.84)) yields

30,30 A = fro { PXETr AR 374} = £2,,.{G% 74} (5.86)

The term on the right-hand side can be further rewritten by letting the gauge-covariant
level-zero generator act on everything and correcting for the discrepancy

12, 30| A = 120, 374G% A} — f2,,.{376°" A} (5.87)

Using the gauge-covariant level-zero algebra relation (5.43]), we can show that the
discrepancy term is actually zero for N' =4 SYM theory

PoandIG™ = [P XPATITEAY = L2 0nd X (7,02 A% — DLG™)
= _%fpgnffwwgéw + %fﬁgﬂJJX;erig;m ~0. (588)
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The first term vanishes because the dual Coxeter number is zero. The second term
contains the combination f”,,.G"° which will be proven to be zero in section [5.2.6|
Thus, we can write the algebra on A as

32,30 A~ f2,,. 37{ G, A} (5.89)

Obviously, the result does not agree with the expected algebra as the commutation
relation closes only up to a level-zero transformation. However, there are two things to
keep in mind. First of all, let us recall that the above algebra relation was derived under
the assumption that the level-one generators act trivially on the gauge connection, cf.
equation . In reference [26], it was, however, shown that the level-one generators
map the gauge connection to a term which is non-linear in the fields. Such a term
would of course have an impact on the algebra even though it is unlikely that the
above level-zero action term would get canceled. In fact, if the above term were not
present, the algebra on the Wilson line would not close. This fact, which we will prove
momentarily, actually makes another explanation more likely: The algebra does not
need to close on the gauge connection alone, what matters is the algebra on the Wilson
line. Let us demonstrate that this algebra indeed works out fine. First, we note that
the first line in equation has not only to be decorated by stars but also to be
supplemented by the action of the commutator on a single gauge connection

92, 32]V = f20u (V][I0 A JTA] + V[T5A; (32, 0 A) + V(132 T204] ). (5.90)

The reason why the last term could be dropped in equation is that the straight
field action is linear in the fields, while the gauge-covariant level-zero action is not.
Using the gauge-covariant level-zero algebra relation , the Jacobi identity for the
structure constants as well as equation (5.86)), we can bring the algebra relation to the
following form:

(32, 36]V =7, TV + 7V [{G™, 3T AY] = [70xV[J5A; DG
— fPoxV|DG™; 7 A (5.91)

The covariant derivatives can now be integrated, leading to two local terms and two
bulk-boundary terms. The former ones are, however, precisely canceled by the algebra
acting on the gauge connection. We are thus left with

3.3V = £, TV + [0 (VIIZAIGH(1) + G (0)V[IZA]) - (5.92)
As explained above, we can extend the gauge-covariant level-zero action in the second
term such that it acts on the whole expression for the cost of a term which is zero in

N =4 SYM theory. Consequently, we obtain the following final result:

(32, 32)V o f20, T2V + £, 32 (VG (1) + G™(0)V) . (5.93)
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This shows that the gauge-covariant level-one algebra relation closes but only on shell
in N =4 SYM theoryE] Furthermore, as the commutator produces an extra level-zero
transformation on the right-hand side, the algebra relation only holds at the level of
the expectation value

([32, 3] tr V) = o0, (T e V). (5.94)

Here, we have used the level-zero symmetry which guarantees that (J.H) = 0 for any
gauge-invariant observable H,

(It (VG (1) + G™(0)V) ) = 0. (5.95)

This concludes our discussion of the gauge-covariant level-one commutation relations.
Finally, let us emphasize that verifying the adjoint transformation law of the level-
one generators is strictly speaking not sufficient to prove that an algebra is a Yangian
algebra. In fact, in a Yangian algebra the Serre relations need to hold as well.
In [65], it was investigated under which conditions the Serre relations are guaranteed
to hold. Unfortunately, the arguments presented there cannot directly be applied to
the case at hand. However, as the Serre relations are much more elaborate than the
level-one commutation relations , we will make no attempt here to prove these
relations. Clarifying whether and how they are satisfied is left for future work. If for
some reason the Serre relations should not hold, the symmetry algebra of Wilson loops
would not be a Yangian, but it would still be an infinite-dimensional algebra.

5.2.4. Yangian Symmetry and Kappa Symmetry

In section [£.2.1] we have shown that super Wilson loops which are null in a ten-
dimensional sense enjoy eight additional fermionic translation symmetries which are in
close relation to kappa symmetry of string theory. An important question to answer
is whether kappa symmetry is compatible with Yangian symmetry. For the sake of
consistency, we will discuss this question using the formalism developed in this chapter.
The expressions that we will write are to be interpreted in a ten-dimensional sense and
we use the susy-covariant basis to make the relation to the ten-dimensional equations
given in section completely obvious.

Definition. In analogy to the level-zero actions, we can formulate kappa symmetry
as the covariantized action of a variation J; on the fields

§FAL = —0,XPFpa. (5.96)

Here, 6, X" denotes the derivative coefficients of the kappa-symmetry-generating vector
field when written in the basis of susy-covariant derivatives

6 = 0, XAD 4, (5.97)

2The on-shell condition enters via the G-identity, which only holds on shell.
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see also equation (4.24]). Note that relation ([5.96) is in complete accordance with equa-
tion (4.26]) up to the necessary minus sign and the compensating gauge transformation.
Under a kappa-symmetry transformation, the Wilson line transforms as

51V = V[sAl. (5.98)

For a kappa-symmetric Wilson line the above variation vanishes exactly. This is due
to the fact that the variation of the gauge connection vanishes when pulled back to a
light-like path

SiA=6.XAEPFp — 0. (5.99)

Algebra. Let us now consider the algebra of covariantized kappa-symmetry transfor-
mations and level-zero as well as level-one transformations. For the level-zero commu-
tator, we find

(3,65 A4 = — 6,0 XBFpa +Da(IP X5 6, X Fe) . (5.100)

*) VK

In deriving this relation, we have assumed that at the level of coordinates the algebra
of level-zero transformations and kappa-symmetry transformations closes onto another
kappa-symmetry transformation. In section |4.2.3] we have verified this for the case
at hand, i.e. for the superconformal algebra psu(2,2|4). The first term in the above
relation represents another kappa-symmetry transformation, while the second term
corresponds to a gauge transformation. The general algebra thus reads

[J0,6%] = 8% + G0, X I Ac) . (5.101)

K

Let us now consider the algebra of kappa-symmetry transformations and level-one
transformations. For the action of the commutator on the gauge connection, we find

32,05 Aa = = 50{ 0, XCIT Ac, J0AL} (5.102)

Given this result, we can now straightforwardly derive the action of the commutator
on the Wilson line. For a kappa-symmetric Wilson line, we obtain

32,651V =V[[I0, 57 A] + 120,V |32, 1) A JTA] + 25,V [J04; 37,67 A]
= = [PV [{0:XIT Ac, ALY + f20,V [ D(0:. X5 0 Ap); A
+ 2oV [J2A; D6, X B 17 Ap)|
= — [ op(0:XE T AR) OV |ITA| = 75,V |ITA] (5. X" J2.Ag) (1)
~ = f25, 37 ((0.X5 J2AR)(0)V + V(5. X5 J0Ag)(1)) . (5.103)

This result is very reminiscent of (5.93). The extra gauge transformation on the
right-hand side of equation ((5.101)) again leads to the insertion of two gauge-covariant
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derivatives, which can be integrated and lead to two bulk-boundary terms. However, as
before, these terms can be rewritten as a complete level-zero transformation of a gauge-
covariant (gauge-invariant) object because the discrepancy term is zero for N' = 4 SYM
theory, see section Therefore, the right-hand side of equation vanishes
at the level of the expectation value, hence proving that the Yangian algebra respects
kappa symmetry.

5.2.5. Yangian Symmetry and the Constraints

A further aspect of consistency concerns the superspace formalism that we used to
define the gauge theory. In chapter [3] we have shown that the formulation of NV = 4
SYM theory in non-chiral superspace requires constraints. For the Yangian to be
consistent with the underlying gauge theory, the constraints need to be respected by
the level-one actions. However, in this thesis we will not attempt to verify this and
instead refer the reader to reference [26]. In this paper, the authors proved that the
equations of motion of N' = 4 SYM theory close onto themselves under the action of
the covariantized level-one generators. Since the equations of motion are completely
equivalent to the constraints (see section , the consistency follows immediately
from the considerations in this paper.

5.2.6. The G-ldentity

Let us close this section by proving an identity which played a prominent role in
this section, namely the so-called G-identity. For this purpose, we now specify the
underlying Lie algebra to the case of interest for us, namely the superconformal algebra
of N' =4 SYM theory. Explicitly, the G-identity reads

[ G™ =0. (5.104)
Here, f“,. are the structure constants of u(2,2|4) and G** is given by
G = —(=1)MIPL g5 XA 3P X B Fg g
— 7] i[17] (~1E4 N € Fa)
= —i[J"]4[J°] F. (5.105)

The extra minus sign compared to equation is a consequence of the fact that
we have now generalized the expression for G to the case of a superalgebra. As before,
i[JP] F denotes the contraction (see section of the vector field J® = J*XA D4
with the field strength two-form. Note that in relation (5.104) we have tactically
extended the underlying algebra from psu(2,2]4) to u(2,2]|4). The reason for this is
that we want to discuss the invariance of our Wilson loop under level-one hypercharge
transformations. An important point to note, however, is that once we have proven
the G-identity for u(2,2|4), the psu(2,2[4) version follows immediately. This becomes
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obvious by noting that the index range of the summed indices in can actually
be restricted to psu(2,2]4) as the differential operator corresponding to C vanishes
exactly, see section

Our strategy to prove is the following: First, we will show that the G-identity
holds for w corresponding to the hypercharge generator B. In the next step, we will
then use the superconformal transformation properties of G*# to argue that
holds for any u(2,2|4) index w. Note that for w corresponding to C, the G-identity is
trivial since the structure constants vanish in this case.

If we fix w to be equal to B, equation becomes
P G oc (i[8%]i[Qa| —i[S%]i[QP4]) 7. (5.106)

In order to evaluate this expression, it is useful to first compute the contractions be-
tween the vector fields Q, Q, S, S and the basis one-forms. We find

i[Q,Bb: e = 40560%,, @[Qﬂb: do“* = —0505 ,

] = aggom, 6t s =0,

i[sbﬁ] et = —4(z7)MPgh z'[sbﬁ] Ao = 49°8gb>

i[8%) et = —ag%,(a)P i[8%]dem = g (),
i[Qapd0%, =0, i[Q"5]do%, = —otod,

i[8?]dg%, = ob(z7)* i[S7]d0%, = —46%0°, . (5.107)

Given these formulas, we can now apply the double-contraction expression of ([5.106]) to
all the basis two-forms appearing in the decomposition of the super field strength .
Note that due to the constraints , the field strength contains only a restricted
set of basis two-forms. In particular, the coefficient of the mixed fermionic two-form

is set to zero by (3.78)). A useful formula for computing (5.106) is [ X]i[Y](a A B) =
—(1[X]a)(i[Y]B) + (i[Y]a)(i[X]B), where X, Y are vector fields and «, 5 are one-forms

(this holds when all the quantities are Gramann even; if not, extra signs are needed).
As an example of a computation where fermionic signs appear, we consider

(1[57]i[u] = i Ji[s]) (a0 06
= i[5 (1[Que] 407 s 877 + 6% o5 (i[ Qs ] 16"

= £ap |[40°06" — 46°70"]

=0. (5.108)

In a similar way, one can show that the double-contraction expression in also
annihilates all the other basis two-forms appearing in (3.85)).

Having proven the G-identity for w corresponding to B, we now proceed and argue
that it actually holds for any u(2,2|4) index w. To do so, we use the following identity

G = —J0G" + .G + (1)1 e G (5.109)
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where the differential operator J? is defined as J¢ = J*XAD 4 and J° is a composite
superconformal generator of field transformations, which acts on A4 as

PAL=—JXBFyu. (5.110)

Equation , simply stating that J? acts on G*” by transforming the field as well
as the conformal indices, can easily be proven by acting on G*” with J? and using the
Bianchi identity as well as the superconformal commutation relation. If we contract
equation (9.109) with f¢,. and rewrite the last two terms using a supersymmetric
version of the Jacobi identity

prnféﬁo + (_1>|6Ha\fwﬁof5ﬁp _ f&unfnpa : (5111)

we get
(24 30) f90n G = 2 f" G (5.112)

Now, the important thing that we need to recall is that the N' = 4 SYM constraints
(3.78]) are preserved by a psu(2,2|4) transformation, see section Thus, if w is
fixed to B and we choose ¢ to be equal to a psu(2,2[4) index, the left-hand side of the
above equation vanishes, leaving us with

S ff0eG7P =0, (5.113)

The last equation immediately allows for the conclusion that the G-identity
also holds for w corresponding to Q, Q, S and S. Having proven the G-identity for B as
well as for the four above-mentioned indices, one can now argue that it holds for any
u(2,2|4) index w by iterating the argument with the free indices properly chosen.

5.3. Yangian Invariance at One Loop

In this section, we demonstrate the Yangian invariance of the super Maldacena—Wilson
loop operator (4.12)) at the leading perturbative order. At the one-loop level, there is
only one term contributing: The Wilson loop operator has to be expanded to two fields
which are consequently joined by a propagator

> N

<WM (1) - 4 1,2

(A+®)(1) (A+2)(2)). (5.114)
Note that here we have again stripped off the color generators and used that the
propagators are diagonal in color space. In fact, at this perturbative order all effects
of a non-abelian gauge group are irrelevant. For this reason, we shall throughout this
section assume that the gauge group is effectively abelian. In particular, we will drop
all the non-linear terms in the field strength, meaning that we replace F — Fy, = dA.
However, for brevity we shall refer to the linearized field strength still by F. All
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expressions in this section are to be understood as one-loop expressions. Higher-order
terms will always be neglected.

Under the action of the bi-local part of a covariantized level-one generator (|5.54]),
the above one-loop expectation value gets mapped to

<:Uf7biWM>(1) = —];7 I s 1<2<J2(A +®)(1)J°(A+ @)(2)> . (5.115)

In what follows, we shall now analyze this expression in detail.

5.3.1. Symmetry of the Gauge Propagator

Let us start by considering the action of the Yangian on the gauge propagator

t= (5 (A1) A@))) = £ (A1) JLA2)) - (5.116)

We now extend the first generator over the whole expression and correct for the dis-
crepancy. This yields

Fros (JRA) TLA2)) = f75 (B2 (AL JLA2)) ) = 75 (AL TTLA?2)) . (5.117)

To simplify the second term, we use the graded antisymmetry of the structure constants
to rewrite the product as a graded commutator and subsequently apply the algebra
relation (5.43)),

575 (AQ) 39, 323 A2)) =51 S5 (A1) JTA2))
— 3178 (A1) DG (2)). (5.118)

Both terms are actually zero; the former because the dual Coxeter number of the
superconformal algebra is zerd?] the latter because of the G-identity, see section [5.2.6]
Hence, we are left with

T = s (T (A T2A(2))). (5.119)

As the first generator acts on both fields, the whole expression obviously corresponds
to a symmetry variation of an expectation value. If the object inside the brackets were
gauge invariant, we would immediately conclude that Cf, vanishes. However, as one
of the fields is a gauge potential, this statement does not hold. In fact, the symmetry
only forces to zero the physical degrees of freedom. The unphysical gauge degrees of
freedom are not constrained by the symmetry and we thus conclude that the result
is zero only up to a total derivative term, representing an (effectively) abelian gauge
transformation

P (J2(AQ) J2A2)) ) = di B . (5.120)

3In fact, for u(2, 2|4) the combination f*,5 f°7, is not zero but rather proportional to 656S. However,
note that since C is always represented by zero (see[4.2.2.2), this expression effectively vanishes as
well.
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5.3. Yangian Invariance at One Loop

Here, d; is an exterior derivative in superspace and Bio is some function of the super-
space coordinates. By performing the “partial integration” on the second generator
instead of the first one, we can show that C7, = —d2B%;. Altogether this implies that
(s is in fact the double derivative of some function Ris,

Cry = (I8, (A1) A(2))) = dida Ry, . (5.121)

In what follows, we shall refer to the function Ry as the remainder function. It should
be added for the benefit of the doubtful reader that we will verify the relation
later on explicitly for the level-one momentum generator and also comment on an easy
way of proving that it holds in general.

5.3.2. Symmetry of the Wilson Loop

Apart from the gauge connection, the super Maldacena—Wilson loop also couples to the
superscalars of A = 4 SYM theory. For this reason, we need to investigate the bi-local
action of the level-one generators on the propagators (A®) and (®P) as well. However,
their contributions to the VEV of the Yangian transformed Wilson loop follow easily
from the above considerations. To see how this works, let us recall that the superscalar
is actually a particular component of the super field strength two-from F, cf. equation
. For the bi-local level-one action on the (F.A) propagator, we obtain

(I (F(1) A@))) = (T8, (dA(1) A@2))) = dididy RS, = 0. (5.122)
The same of course applies to the propagator (F.F),
(T (FO) F@)) =0. (5.123)

Note that J* i acts exclusively on the fields and does therefore not change the structure
of the basis two-forms of F. Since all the basis two-forms are linearly independent by
definition, the zero actually holds for all the constituents individually. For this reason,
the two above relations imply that

(Trw(2(1) A@)) =0,
<A:bi(©<1) ¢(2))> =0. (5.124)

Obviously, the mixed propagator as well as the scalar propagator do not contribute at
the one-loop level.

In principle, we can now use the above results towards Yangian symmetry of the
Wilson loop expectation value

J* b1WM / d d2 12 - /d2R12 1=2 /dQRgz

= /d2le2 1=2 — Roo 00 = /d2le2 1=2 " (5-125)
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5. Integrability of Smooth Super Wilson Loops

The result is obviously not zero, but fortunately all the bi-local and bulk-boundary
terms have gone away. What remains is a local term for which we can compensate by
properly adjusting the local action of the level-one generators. However, in the above
computation we have been careless with respect to divergences. The function Rf, is in
fact UV divergent when the two points approach each other. For this reason, we have
to repeat the computation in the presence of a regulator. However, before we do this,
let us compute the remainder functions Rf,.

5.3.3. Remainder Functions

In the previous two sections, we have argued that the only contribution to the remainder
term R{, comes from the correlator of the product of two gauge fields to which the
respective bi-local level-one generator J7; has been applied

(T (AMAR)) = £ T2AL) J2A2)) = didoRY, (5.126)

Here, we will determine all the remainder functions RJ,. For this, we shall first ex-

plicitly compute the level-one momentum and the level-one hypercharge remainder
function and then determine the other remainder functions by algebra considerations.
In principle, it would be sufficient to only compute the level-one hypercharge remain-
der function explicitly as all the other remainder terms can be derived from this one[f]
However, since P, is the more generic Yangian generator, we will mainly focus on
this one in the subsequent discussion and in return shorten the level-one hypercharge
discussion.

We start by rewriting the left-hand side of in such a way that we can take
advantage of the fact that we already know the two-point function of the field strength
two-form, see section . By plugging in the definition of J*.4 , the left-hand
side of equation becomes

(37, (AMAQ))) = f7n (X7 EF Fipa 37 X5 €7 Fape). (5.127)

Using the interior product notation that we have introduced in section [5.1.1}, the former
expression can be rewritten as

17, (A AQ)) = £ ilI5] i[5 (F(1)F(2)) (5.128)

By taking into account the decomposition of the field strength F = F T+ F, we
see that computing the remainder term for P, y; effectively amounts to calculating the
following two contraction expressions (o ~ P):

19 o i[J5] [J5] <.7:+(1).7:+(2)> (chiral contributions) : (5.129)
£ 518 (FH () F(2)) (mixed-chiral contributions) . (5.130)

Having computed these, the full result can be constructed by symmetry considerations.

“Note that this statement does not hold for the level-one momentum remainder function as the
level-one hypercharge remainder function cannot be derived from Rq3[P].
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5.3. Yangian Invariance at One Loop

Level-one momentum remainder function. The bi-local part of the level-one mo-
mentum generator P, can be written as combinations of the superconformal generators
P, (bosonic translations), Q, Q. (fermionic translations), L., L, (rotations) and D,
(dilatations)

Potiag = Puga ALSy +Po s A2 + 2P, 0 AD, + Qa0 A Q2 . (5.131)
Here, the action of a bi-local term (J. A J,) is defined in analogy to (5.54) as
(I ATOW =W[I.(A+ D) I (A+ )]
— (=)W (A + @); 1. (A + @) (5.132)
It turns out to be convenient to rewrite the expression for I@*M by introducing the
following modified rotation generators:
5 =125+ 05(D, —B.),
L% = L% + 0% (D. + B.). (5.133)
Using these definitions, the Yangian generator ]IAD*’bi can be rewritten as
Povios = Puga ALPa +Po s ALPG + Quioa A Q% (5.134)

From this equation, we can now directly read off the double-contraction operator (c.f.
(5.128])) that we want to use for the computation of the remainder term Ry3[P]. It
reads

£ o[ 35] i8] =+ i[Prga] i[Lia) + 0[Py 05 (L8] +i[Quaa] 1]Q5 4]
—i[Lia] i[Pasa] = i[LiPa] i[Py os] +i[Qf 4] i[Qaaa] . (5.135)
where here and in the following the index ¢ corresponds to the generator P,.
We start with the computation of the remainder term Rj3[P] by investigating the

chiral contributions, see ((5.129). The relevant correlation function was computed in
section |3.2.2.2| and is given by

2
+ + _ 9 _aB_~i—abed —,—1p —+,—1p

<.7: (1)F (2)> = 27_(_26 gD (1, 2) d1 (ZL‘12 012)&0 d1 (]712 012)ﬁd

-d, (xj;flem)w ds (a:f;’*lem)ab . (5.136)

By symmetry, it is sufficient to compute the action of the double-contraction operator

(5.135) on W54 = dl(xl_;’_lGlg),yc dg(xf2_7_1912)5d. Note that the contraction opera-

tors i]. . .| effectively just replace (modulo a sign) the corresponding exterior derivative
d by the differential operator specified in the square brackets. For example, we have

i[Pl,,Bd} i[leﬂa} Wiesd = —P1a ($1_2+’_1§12>7C Ly, (ffirz_’_lém)&l
= 4(%1_2+’_1)'Yd ([ETQ_’_IIQ‘TI;_’_Iém)aC (xfz_’_1§12>ad. (5137)
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5. Integrability of Smooth Super Wilson Loops

Note the extra minus sign in the first line coming from commuting the contraction
operator z'[LIQB a} past the d;. Carrying out the remaining contractions and adding all
the contributions up shows that the chiral contributions vanish

P2 o i3V (FH)FH2)) = 0. (5.138)

Let us now focus on the mixed-chiral contributions. The relevant two-point function
was also computed in section [3.2.2.2| and is given by

By

<]-"+(1).7:’(2)> = 16 2d1 (x12 Ydoa s, g) d (8:612 dﬁ’*) (5.139)

Applying the double-contraction expression of (5.135)) to this correlator yields

R (PO @) = e e (o Ba) (e o)
(5.140)

= ()P (5 ) M (o i)

where we have left out the structure constant for brevity. Some useful formulas for
computing the former expression are:

Cala )1 = =205 (),

5 p(a ) = 203 (7 — 2357)7,

Ea(as) = =261 (23 + 21,) Y,

K ()1 = 20) () (5.141)

The expression obviously consists of two different terms, one term where both
generators act on the same piece of the mixed-chiral two-point function and another
term where the two generators act on different pieces. First, we compute the term
where both generators act on a single term. After some computation, we find that

I JY (:1:12 138 xl_2+) = 802 (:1:12 )6 — 4683 (x12 1)@. (5.142)
For the second term of ([5.140)),
i I I at) A (e e ) Y 5.143
= f7or(=1)" 1( 2112 ) (le 2212 )p ; ( )
we obtain

TM = —4[5’\ (1:12 1) dy (:c12 'dy 2] ) T+ 52d1 (xf;’*l)ﬁ <SL’12 'y z3; )a'q.

Plugging these two expressions back into equation ([5.140) and using the identity
ExyEPP = 5f5§ — 086 yields

g d1d2 (ZE12 l)ad’ (5144)

I o IS (FF(DF () = 5
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5.3. Yangian Invariance at One Loop

which is a total derivative with respect to points one and two.
Given the results (5.138]) and ([5.144)), the full result for the action of P, y; on the
correlator of two gauge fields can now be constructed by symmetry considerations. For

this, note that (5.144)) implies

2
o STIR1 T TP + - — gf —+-1
I o ilI5)IN (FH2)F (1)) = 5 dads (w271) - (5.145)
Now, using the property that the two exterior derivatives anticommute as well as the
fact that the double-contraction expression on the left-hand side of the above equation
is symmetric under exchange of points one and two, we find the following final result
for the level-one momentum remainder term

Ri5[Paa] = Ry [Paal — Ray [Paal , (5.146)
where
Ri; [Pas] = 92(x—+’—1) . (5.147)
12 o 27‘(‘2 12 ad

A common feature of all the remainder functions is that they can be cast into the form
(5.146)). For this reason, we will from now on omit the second piece of (5.146)) and only
work with the building blocks Ry, [J7].

Level-one hypercharge remainder function. In this paragraph, we compute the
remainder function R, for the Yangian bonus symmetry generator B,. The bi-local
part of this generator takes the following form

Bopi = 1(Quoa ASI% — QU ASLa) (5.148)

and acts on the Wilson loop operator as defined in equation (5.132)). From the last
equation, we can again directly read off the relevant double-contraction operator. It
reads

e i[05] 18] = 5 (3] i[85°] — 0. i[85
+1[91] i[ Qe — 1[S54] i Q5 a]) : (5.149)

where here and throughout this paragraph ¢ ~ B. As in the case of the level-one
momentum remainder function, we will now apply this double-contraction operator to
the chiral and mixed-chiral part of the field strength two-point function.

Again the computation splits up into the chiral and mixed-chiral contributions. In
order to determine the chiral contributions to the level-one hypercharge remainder func-
tion, it is again sufficient to compute the action of the contraction operator on
the form dl(xl_;’_lélg)w dQ(xB_’_lélg)gd. Using the representation of the generators in
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5. Integrability of Smooth Super Wilson Loops

terms of differential operators (see section [4.2.2.2)), one shows that this action vanishes
and thus

o 03T [IE](F (1) FT(2)) = 0. (5.150)

Turning to the mixed-chiral contributions, we recall the formula for the action of a
general double-contraction operator on the mixed-chiral two-point function:

2
e _ g . _
i3] 98] (Fr()F~(2)) = Zeme 5P{J (s T st) (™ d2x12+)pv
(5.151)
— (<P (o ) M (o i)

As before, we will compute the two different terms of the former expression individually.
For the contribution where both generators act on a single term, we find

17 3 (e i) ) = 455{1;1«(% 6,6,) - 1} —8(m00) A (5.152)
For the second contribution, we obtain
AT N Cora Fr IR Ceraa v
= —A(23" 71 000:) X (o35 )
+ 48 (317700 {d26’2 (6205, gy )’ } (5.153)

Combining both expressions and adding the correct prefactor yields

Fo i[5 A[I5) (FH)F(2)) = — 2g2d1d2(ln((x12>)+tr(x12 9192)) (5.154)

From this result, we can now read off the form of the essential building block R, [B]
of the level-one hypercharge remainder function, see (5.146)). It reads

R,7[B] = —g<ln((x12 ) ) + tr(m12 9192>> (5.155)

Other level-one remainder functions. Having computed the remainder functions
R12[P] and R15[B], we can now determine all the other remainder functions by applying
the appropriate superconformal transformations to one of them. This can be seen as
follows. Under the action of a superconformal generator J° = J‘SXZ;“@A = J°XADy,
the one-form J¥A transforms by the Lie derivative. A short computation shows that
J? acts on J£¥A by transforming the field as well as the conformal index

PJEFA = = JFA+ [ J4A. (5.156)
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5.3. Yangian Invariance at One Loop

Using this identity, one easily shows that the following equation holds true:
(39 +32) £ o (TEA) T2A(2)) = [£7 gt + (=111 p7 o 125, | (9 A1) J2A(2))
— 7o (B +3) (JEA) J2A2)) . (5.157)

Importantly, the expression in the second line vanishes. This is because the term
in brackets represents a conformal variation of an object which is invariant under lin-
earized gauge transformations. Thus, using the supersymmetric Jacobi identity ((5.111]),
we find

(934 32) 7o (JEA) J2A(2)) = 27" (JLAQL) JA2) ) (5.158)
By combining this expressionﬂ with equation ([5.121)), we obtain
98+ 35, dudo RS, } = f27dyda RY, (5.159)

In fact, it turns out that if one excludes the level-one hypercharge remainder function,
the R, satisty the adjoint transformation law on their own, i.e.

[‘]({ + Jga RTQ} = faUﬁleQ . (5160)

Using these equations, one can now iteratively compute all the yet undetermined re-
mainder functions. One finds

— T g’ +,.—+,—1 g’ —)\2
Ry, [L] = ﬁxz Ty - ﬁln(l&z )7,
2
Ry, [8] = %x;x;ﬁilél )
e
R, [K] = _27T2372+5512+’ 11’;;
_ 92
R,(Q] = _;92371;’ b
2 2
Ry, [R] = _2752921'1;’191 + % In(z,h)?,
2
Ry,[S] = 7T2929512 ’ 1xfa
—r g +,—1p
R, Q] = 2012 o,
9 9’
R U] = g 5o oy + 5 5 (") (5.161)

This concludes our discussion on the remainder functions.

®Note that equation (5.158) can also be used to confirm the result of section |5.3.1) namely, that all
the level-one generators J7 ,; exclusively produce a double-derivative term. For example, choosing
o ~Pand § ~ Sin (5.158) and taking into account the result of as well as the fact that

J2d; = d;J¢, we learn that @*,bi produces a double-derivative term as well. By continuing this

79

analysis we can thus confirm that (5.121)) indeed holds true.
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5. Integrability of Smooth Super Wilson Loops

T2
A
1 - -
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{ “e(1)
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0 1

Figure 5.1.: Integration domain for two ordered insertions in point-splitting regulariza-
tion. The colored stripe and corner are removed by the regularization.

5.3.4. Regularization and Local Terms

The above remainder functions are obviously UV divergent when the two points ap-
proach each other. For this reasons, we need to repeat the computation in equation
in the presence of a regulator. Using point-splitting regularization, we will
determine the residual terms that are left behind by the bi-local actions and finally
define the full Yangian generators which annihilate the one-loop VEV of the super
Maldacena—Wilson loop.

Regularization. In order to regularize the short distance singularities of the remainder
functions, we introduce a point-splitting regulator in the following way: While the
remainder function is integrated over the upper triangle as depicted in figure [5.1] we
always keep the two points at a minimum distance which is determined by some general
function e(7), i.e.

(o — 1) >e(m) =&(m), (5.162)

for a generic configuration with 7, being greater than 7. Here, (71) specifies this
minimum parameter space distance in the forward direction, while £(7,) specifies the
very same distance in the backward direction. By construction, the functions e(7) and
£(7) are thus related to each other as follows

e(r) =&(r+e(r),  &(r)=e(r—2(7)). (5.163)
For later convenience, let us solve this relation perturbatively. We obtain

E=c—ce+e?+ 1%+ 0. (5.164)
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5.3. Yangian Invariance at One Loop

Later on, we will use this equation in order to express everything in terms (7). Note
that we could also use a scheme in which the coordinate 7 is proportional to the arc
length of the curve and the function ¢ is a constant cut-off parameter ¢ = £. However,
as this choice would obscure reparametrization invariance, we prefer to work with a
fairly general scheme where 4% and ¢, £ are not assumed to be constant.

We proceed by evaluating the regularized version of the integral . Note that
the full integration domain 0 < 7 < 75 < 1 needs to be adjusted not only where 7 ~ 7
but also at 7 &~ 0, 75 &~ 1 where both points approach each other due to the periodicity
of the Wilson loop, see figure |5.1l For the regularized integral of d;dsRq5, we obtain

175(1) T27£::(7‘2) 1 Tzfg(‘l‘g)
/d1d2R12 = / dTQ/ d7'1 8182R12 +/ ( )dTg/ dT1 8182R12
€ € 0 1-e(1 T

(0) 2—1—‘,—5(7’2)

— /:_E dr (0R)(T —&,7) — /:_E dr (0:R)(0, 7)

+[ @R -gn) - [ dr@R)r 147
-/ "dr (BR)(r — £,7) + R(0,¢) — R(0, )
- /0 dr (uR) (1 — &,7) — /_0 A7 (R (T + £, 7) | (5.165)

where we have abbreviated 7+ ¢ := 7 + £(7) and similarly for (7). Here, we have
integrated the bi-local double-derivative term to a local term and some terms located
at the boundary. The next step is to expand the above relation in . For the UV
expansion of the contributing terms, we obtain

Rir.7+2) = iR_l(r) L IRL(1) 4 Ru(r)e + O(),
(DoR)(r, 7 +¢) = —;R_l(T) R + 0. (5.166)

Note that the constant term 3R_;(7) in the e-expansion of R(, 7 +¢) follows from the
antisymmetry R(7y,72) = —R(7, 71). Inserting these expressions into equation ((5.165])
and using equation (5.164)) in order to express everything in terms of (1) yields

1 1+¢ 4+ 2¢
/d1d2R12 :/0 dr <— :;8 R_l(T) +R1(7‘)) + e

RL(0)+O(%).  (5.167)

Definition of the full Yangian action. Fortunately, all the remaining terms in equa-
tion have a local form. The first contribution is a (divergent) local term which
is integrated over the whole loop, while the second term is located at the boundary.
Fortunately, we can absorb these terms by an appropriate redefinition of the action of
the Yangian, see section [5.1.2l The term which is integrated over the whole loop can
be absorbed by defining the local action of the Yangian on the gauge fields as follows

J.A). = ];[df(azR)(T _E7). (5.168)
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5. Integrability of Smooth Super Wilson Loops

Note that this action maps the gauge field to a plain number times the identity matrix.
Therefore, the generator does not preserve the gauge structure of the field itself. How-
ever, this issue is of no concern as the action clearly preserves the gauge structure of
the Wilson loop. Moreover, the identity matrix appears naturally in the expansion of
a Wilson loop operator. On the components of the gauge field, the above local action
can be realized ad’

~ N
(J.A,). = 2];;‘ (DR)(r — &, 7). (5.169)
For the remaining boundary term in equation ([5.167) we need to adjust the definition
of the Yangian action on the Wilson line (5.57)) by a boundary term

IV = V[TTA)] + [V [ BA A + N(RE(0,2) = R*(0,-2)) V. (5.170)

Such boundary terms are in fact natural since the boundary is also involved in the
regularization, see figure 5.1} Altogether, Yangian symmetry of Wilson loops requires
a 1/e* divergent local term, a finite local term as well as a 1/¢ divergent boundary
term. The crucial point in favor of Yangian symmetry is that no bi-local and no
bulk-boundary counterterms are needed.

Before moving on, let us note that the above form of the local term is almost
fully in line with the findings in reference |1]. In this paper, a similar term was found
that had to be incorporated in order to make the Yangian a true symmetry. In fact,
the local term determined here represents the full supersymmetric extension of the
expression computed in reference [1] and reduces to the latter when all §’s are set
to zero and ¢ is chosen to be constant. This will become more obvious in a moment
when we expand the level-one momentum remainder function. An important difference
compared to the results in reference [1] is, however, the presence of a boundary term in
equations and . There are two possible explanations for this difference.
First of all, we formulated the bi-local level-one actions in terms covariantized level-
zero generators, which differ from the straight field actions (and potentially also from
the path actions) by a compensating gauge transformation which could lead to extra
boundary terms, see section [5.1.1] Another point to be taken into account is that the
authors of reference [1] did not regularize the upper left corner of the integration region
(see figure [5.1)) where 71 =~ 0 and 75 ~ 1. However, as the result is divergent there
as well, there is no way around regularizing this point. In conclusion, it is probably
fair to state that we have been very careful here with respect to both the definition of
the Yangian as well as the regularization of the remainder functions and we therefore
believe that our result, which includes boundary corrections, is correct.

Finally, it is also interesting to compare our results to the findings at strong coupling,
which have been derived using methods of string theory. The bosonic situation was
already analyzed in reference [1], while the superspace discussion has been carried out

60ther component field realizations which involve the fermionic components of the gauge field are
conceivable as well.
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5.3. Yangian Invariance at One Loop

more recently in references [43,44]. At strong coupling, the Yangian generators consist
of a standard bi-local piece and a finite local contribution, taking the form of a curve
integral. Divergent local terms as well as boundary terms are not present. The curve
integral represents the counterpart of the R;(7) term in equation and these
terms can therefore directly be compared. For the level-one momentum generator the
term R;(7) can easily be read off from equation in the following paragraph.
Close inspection of the corresponding expression at strong coupling [43] shows that
both local terms share many common features but do not exactly agree. The most
apparent difference is that at strong coupling the local term involves the S® coordinate
q'(7), while our result does not depend on it. Clarifying the origins of this discrepancy
is, however, beyond the scope of this thesis and is therefore left for future work.

Level-one momentum. The above definition of the full Yangian action makes use of

the expansion coefficients appearing in the short distance expansion of the remainder

functions RY,. As an example, let us expand the remainder function of the level-one

momentum generator. Using the explicit form as given in equation (|5.146|), we find
2g> 2 .

RP(r,7 4¢) =~ [ —=p ' +plpp!

s €
+ep! (;;a + %5@' — 200 — Lpp~'p — 899p—190'>p—1 + 0(52)] . (5.171)

from which we can directly read off the relevant functions RY; and R},

Rlil(ﬂ = & p !,

T2

RY(r) =2 p! (ép' + 200 — 200 — 4pp~'p - 859p159>p1 : (5.172)

A curious observation concerns the transformation behavior of these functions under a
reparametrization 7 +— (7). The function R, transforms covariantly

R, — 6 R, (5.173)

Conversely, the function R} is not covariant. Instead, it transforms by the addition of
a peculiar Schwarzian derivative which multiplies the divergence term RY |,

1
Ry v (R} + §S(0)RY,) . (5.174)
with
535\
=2 _2(2) . 1
Slo) =53 (a) (5.175)

However, an important point to note is that the regulator £(7) transforms under a
reparametrization as well. In fact, demanding that the cut out distance in target space
is the same in both parametrizations yields the following transformation rule for ¢,

e(r) = o(r+e(1) —o(r) =6 + 26 + 16 + (). (5.176)
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5. Integrability of Smooth Super Wilson Loops

The relevant combination of e-terms in equation ((5.167)) therefore happens to transform
with a Schwarzian derivative as well

1+e 1 (1;é+é5(0)+(’)(5)) . (5.177)

2 &2
The extra term multiplying R_; cancels nicely with the transformation of R;. Finally,
by taking into account the transformation of the integral measure dr — d7¢ we

see that all the local contributions in equation ([5.167|) are properly reparametrization
invariant. Moreover, since

1+ 3¢ 1+ 16
+25H1< +2€+(’)(5)>, (5.178)

£ g 3

the boundary term stays invariant as well. This concludes our discussion on the local
terms of the Yangian.
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6. Yangian Symmetry of Fishnet
Feynman Graphs

In the second part of this thesis, we shift our focus to a different class of physical quan-
tities: fishnet Feynman graphs. Fishnet Feynman diagrams are built from four-valent
vertices that are joined by scalar propagators and correspond to planar high-loop Feyn-
man integrals. Almost all of these integrals are believed to be elliptic [112,113] or of
even more general type, making them both interesting and hard to evaluate. Surpris-
ingly, they exhibit a number of outstanding properties: First, fishnet integrals are all
IR and UV finite, which makes them particularly well-suited for symmetry investiga-
tions. Second, they feature a (dual) conformal Lie algebra symmetry. Third, fishnet
graphs (with periodic boundary conditions) furnish an integrable lattice system, as
was demonstrated by Zamolodchikov already in 1980 [114]. Here, we add a further
remarkable property to the above list, namely we demonstrate that fishnet Feynman
integrals have conformal Yangian symmetry. We begin by discussing the relation be-
tween fishnet Feynman graphs and correlators/amplitudes in the recently proposed
bi-scalar quantum field theory [46] that was obtained by studying a particular double-
scaling limit of the 7;-deformed N' = 4 SYM model. Subsequently, we expose the
Yangian symmetry of off-shell fishnet graphs, which we discuss from the perspective
of the first realization of the Yangian as well as from the point of view of the RTT
realization. Finally, we consider on-shell limits and comment on the relation between
conformal, dual conformal and Yangian symmetry.

6.1. Strongly-Twisted V' =4 SYM Theory

Scalar fishnet Feynman graphs are in one-to-one correspondence with planar correlators
in the recently proposed bi-scalar yFT, model [46]. The latter can be obtained by
considering a particular double-scaling limit of the v;-deformed N = 4 SYM model.
Here, we review this construction based on references [46,/115] and present arguments
in favor of the aforementioned conjecture.

6.1.1. The v;-Deformed N =4 SYM Model

We begin by briefly reviewing the v;-deformation of the NV = 4 SYM model. This
deformation was introduced by Frolov in [47,48] as an integrable [47,[48]/116-118] three-
parameter generalization of the S-deformed SYM model [119,120], see [121] for a review

131



6. Yangian Symmetry of Fishnet Feynman Graphs

B Au Y1 P2 ¥3 (O (U5 P3a Y4a
q5 | 0 1 0 0 ]+1/2 —-1/2 —-1/2 +1/2
| 0|0 1 0]-1/2 +1/2 —-1/2 +1/2
k| 00 0 1 |-1/2 —1/2 +1/2 +1/2

Table 6.1.: Charges of the fields under the Cartan generators of su(4). The conjugated
fields carry opposite charges.

on deformations of N' = 4 SYM theory. The v;-deformed N' = 4 SYM model can be
obtained by replacing all products of fields in the A’ = 4 SYM Lagrangian by a
Moyal-like *-product based on the su(4) Cartan charges of the fields. The s-product
of two fields is defined as

Ax B = ABe3@aas) (6.1)

where q4 = (¢4, 4%, ¢%) and ap = (¢4, 9%, ¢3%) are the su(4) Cartan charge vectors of
the fields A and B, see table [6.1] The antisymmetric C-product in equation (6.1)) is
defined as

0 =1 7
asANag:=(q4)"Cag, C=|vn 0 -m]|. (6.2)
—Y2 M 0

The phase factor of products of more than two fields can simply be obtained by applying
the rule (6.1)) successively, i.e.

Asx Bx(C = 39478 AR 5 O = e3(@arap)gs((@atap)rac) ABC . (6.3)

Replacing all the products in the N'= 4 SYM Lagrangian by *-products yieldsﬂ

S, =N [d's tr[—}lF‘“’FW — (D) (Dups) + i 65D
- \f; (140 [0, Ura] , + 2002 [, na], + izl [, 9]+ 2084 [, 9] )
+ A([@ja @k}*[@j,@kh — 15 @] {S%SOkD} : (6.4)

where we have dropped the * in cases where the x-product trivially reduces to the
usual product. Note that in the above, we have adapted the field conventions of
reference |115] in order to make contact to the existing literature on the subject. The
indices 7, j, k run from one to three and £¥* is the totally antisymmetric tensor in three
dimensions. The scalars are thus no longer real but complex. Furthermore, we have
rescaled the fields by a factor of /N for later convenience. Using equation (6.1) and

Note that here, the fields are hermitian and the color generators are normalized to tr(T™7T™) = §™".
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6.1. Strongly-Twisted N' =4 SYM Theory

(6.2)) as well as the Cartan charges as given in table , we can now easily construct the
phase factors multiplying the interaction terms in the 7;-deformed Lagrangian (6.4)).
We find

5y {4 = (29 D10 4 00
A (ociikye Sewa T g ke erat o~ -5
B 5 2te wz %wka@? i +225ijkwd90 w e2 "l +2sz ] w4a6 2"
— 2T G hiae + 2%3%1/340"6_%75 — Qi@/)i%%wd@;%)
+ )\<290j90k95j95k6_i5”km - %{90]', @j}{@k’ 95]6})} ’ (6.5)

where a summation over all doubly- and triply-repeated indices is implied. The abbre-
viations ;" and ~; are defined as

V3 £ Yo M E3 Y2t ™
T =- 5 v =— 5 5= ;- (66

An important point to note is that the v;-deformation naively not only breaks the
SU(4) R-symmetry group to its Cartan subgroup U(1)*? but also the supersymmetry
is completely broken for generic values of the deformation parameters ;. However,
recent investigations |122-125] in the context of the S-deformed model (corresponding
to v; = () have shown that in the f-deformed case, the symmetries are not really
broken but rather hidden in the sense that the full PSU(2,2|4) symmetry can (at least
classically) be restored by twisting the plain symmetry generators with an appropriate
Drinfel’d-Reshetikhin twist factor. Based on this, one might speculate that the same
can be done for the full v;-deformed SYM model. However, even if the full PSU(2, 2|4)
symmetry can classically be restored, this does not imply that the deformed theories
stay (super)conformal at the quantum level. In fact, it was shown in [126] that the
action does not lead to a consistent quantum CFT as renormalization requires
the action to be modified by additional double-trace terms. The couplings of these
double-trace terms were shown to be running with scale — even in the planar limit
— and it was argued that the corresponding [S-functions do not possess a real-valued
fixed pointE| However, since we are only interested in a particular double-scaling limit
of , we will not discuss these terms here in all generality but rather comment on
those which are relevant for us. This will be done in the next section.

6.1.2. The Bi-Scalar Double-Scaling Limit

Having introduced the 7;-deformed N = 4 model, we shall now discuss a particular
class of double-scaling limits, which were introduced by V. Kazakov and O. Giirdogan

2Fixed points do, however, exist if one allows for complex values of the tree-level double-trace cou-
plings [51},/126,/127].
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in [46] and combine a large imaginary twist with the weak coupling limit in the following
way:

vi —~i00, A—0, such that &= Ve 2% = const. . (6.7)

Applying this limit to the action (6.5)) while keeping the effective coupling constants ¢;
distinguishable yields

Sgs = N / d*x tr[ — TFYE — (09" (0upi) + 150 has + cim} : (6.8)

Here, FY is the linearized field strength, i.e. Fi, = 0*A” — 0" A" and Ly is the

lin
interaction Lagrangian, which in our conventions reads

Ling =2E702030°F° + 26503010° 0" + 26501020 @ — i) 26283 (Y3 011hy + VP @11?)
— iy/26: & (V1203 + @Y%) — iy/266 (Yaspsthr + VP EPYY) (6.9)

Note that for better readability we have suppressed the su(2) indices in the last equa-
tion. They can, however, easily be restored by substituting

Vipr; — Ui eria VPP — i pF Y (6.10)

An interesting point to note is that the gauge field as well as the fourth fermion
decouples in this limit and we will thus drop their kinetic terms. Furthermore, we note
that the limit projects out the hermitian conjugate terms of the interaction vertices,
i.e. the resulting Lagrangian is not invariant with respect to hermitian conjugation.
The authors of |46 called this behavior of the Lagrangian “chiralf| and we will
stick to this terminology even though it conflicts with the standard meaning of chirality.
One consequence of this chirality is immediate: The double-scaled theories are non-
unitary as their action is not real. Nevertheless, they lead to very sensible results as
we will see in a moment.

In this thesis, we will focus on a very particular limit of the v;-deformed Lagrangian
(6.5). This limit is obtained by sending the deformation parameters 7; to imaginary
infinity and A to zero in such a way that two of the three effective couplings &; vanish,
while the third one remains finite. In this limit, the fermions and one of the three
scalars decouples as well, so that the action contains only two scalars which interact
via one chiral quartic vertex. Explicitly, the action reads

Sps = N/d4$ tr [_(8M951)(8u901) —(9"%%)(Dup2) + 252901%02@1S52} - (6.11)

The corresponding Feynman rules are shown in figure [6.1} Although the theory de-

3The “antichiral” actions are obtained by taking the opposite double-scaling limits. More precisely,
these limits are characterized by sending the deformation parameters -; to minus imaginary infinity
and A to zero in such a way that the quotient g} =e37) VA is constant. The resulting theories
are, however, physically equivalent to the ones that we are considering.
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P2
¢! > P1
o o
¢ > 2

Figure 6.1.: Feynman rules for the bi-scalar yFT,; model. The left figure represents the
two scalar propagators. Blue lines correspond to a propagating ¢; field,
while red lines correspond to a propagating 5 field. The arrows on the lines
indicate the flavor flow of complex scalars. The only interaction vertex is a
particular quartic one. Due to the imaginary twist factor, interactions can
only happen with the orientation shown above. The vertex with opposite
orientation is absent.

S
©
V]

Figure 6.2.: The planar one-loop diagrams (in momentum space) which could poten-
tially renormalize the coupling &2 (left figure) or generate a mass (right
figure). Both diagrams are absent since the left vertex is not present in the
Lagrangian. This argument can be generalized to any loop order. Hence,
neither the coupling nor the mass is renormalized in the planar limit.

scribed by looks a bit pathological, its planar limit has a very rich structure
and a number of intriguing features, which we will now briefly discuss. Let us start by
analyzing the spacetime symmetries of the model. Besides being Poincaré invariant,
the action is obviously scale invariant and therefore conformal at the classical level.
Naively, conformality continues to hold at the quantum level in the large-N limit as
the chirality of the vertex forbids planar diagrams which could renormalize the coupling
&2 or generate a mass, see figure . However, as was argued in [127], renormalizability
requires the action to be supplemented by the following double-trace terms:

2 2 . . o ~
‘Cdt = _N Z QZ tr(gngo]) tr(@l@j) + Q tr(@1@2> tr(@2@1> . (612)
i<j=1

The corresponding couplings have a non-vanishing [-function already in the planar
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limit and therefore render the considered bi-scalar theory non-conformallf] However,
one should note that the double-trace terms only play a role for special corre-
lation functions [51,/127). More precisely, these are those which either directly contain
operators of length L = 2, such as tr(¢;p;) and tr(@'ys), or which implicitly depend
on them via the OPE of two operators. The majority of correlation functions is thus
unaltered by the double-trace terms and show a perfectly conformal behavior in the
planar limit. Almost quantum conformality is, however, by far not the only nice fea-
ture of this theory. Intriguingly, the double-scaling limit leaves not only intact the
approximate conformality of the parent theory but also planar integrability seems to
be preserved. In fact, the tools of (twisted) AdS/CFT integrability, such as twisted
asymptotic Bethe ansétze [116], their generalizations in terms of the twisted Quan-
tum Spectral Curve (QSC) [118] as well as the recently developed tools for computing
structure constants [128,129], seem to remain applicable [49}50,/130]. This is a very
remarkable result as the theory has no gauge symmetry or supersymmetry at all
— features which have long been believed to be prerequisites for higher-dimensional
quantum integrability. Finally, let us remark that the integrability of this theory can
not only be used to compute its observables, such as two- and three-point functions,
but can rather assist in computing individual Feynman graphs. The reason for this
lies in the special structure of the interaction term (6.11). As was noticed in [46],
due to the chirality of the vertex, planar observables typically receive contributions
from at most one Feynman diagram at any given order in perturbation theory. In
the bulk, these Feynman diagrams always look like a regular square lattice, therefore
justifying the name fishnet graphs. Due to this (almost) one-to-one correspondence
between planar observables and Feynman diagrams, the bi-scalar QFT provides
us with the unique opportunity to use tools of integrability for computing certain
high-loop Feynman graphs and a first few very promising results have already been
obtained [46}49H511|130].

6.2. Correlators and Amplitudes

6.2.1. Definitions, Diagrammatics and Examples

Having introduced the field-theoretic framework, let us now define the quantities that
we will study in the next sections. The main objects that we shall study are off-shell
single-trace correlators of the following form

G(z;) = (tr(xa(z1) - xom(2anr))) (6.13)

where the y;(z;) are elements of the set

Xi(xi) € {@1(x:), a(@i), @' (1), & (i)} (6.14)

4Concerning the question of fixed points of these B-functions see our comment in the previous section.
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6.2. Correlators and Amplitudes

The word off shell in this context refers to the fact that we take all the position space
coordinates to be independent, i.e. there are no constraints on these variables. We
frequently use this terminology in order to distinguish the position space coordinates
of correlators from the dual variables of amplitudes, where this will no longer be the
case. For the time being, let us assume that all the coordinates x; are different. A
typical correlator in our bi-scalar model is then of the following form:

X T2 I3

T18 T6

Ti7

T16

T14

Z10

———o L7

————o I3

Here, gray-filled blobs denote loop integrations, while the smaller white blobs represent
external points. Note that we will always be exclusively interested in the connected
and planar contribution to the correlator. All non-planar contributions will be ignored.
Obviously, due to charge conservation, the number of fields ¢;, which we call M,
equals the number of fields @'. The same applies to the fields ¢ and we will denote
their number by Ms. The total number of fields is therefore 2M := 2(M; + My).
The interaction vertex in also conserves each of the two flavors. Hence, lines
of a certain flavor run continuously from one external field to another external field.
Furthermore, if we leave aside the double-trace terms , lines of the same flavor
never intersect and the interactions happen only with one particular orientation due
to the chirality of the vertex in . In our conventions, this leads to the fact that
lines of flavor one will always continuously flow from the left to the right, while lines of
flavor two flow from the bottom of the diagram to the top. Given these explanations,
we note the following fact: In the planar approximation, a generic single-trace multi-
point correlation function receives contributions from exactly one Feynman diagram
which looks in the bulk like a regular square fishnet. The correlator therefore lives
at a particular order in perturbation theory and does not receive further quantum
corrections.

Before moving on, let us pause for a moment and reflect again on the double-trace
terms . Naively, the double-trace terms are suppressed as they enter the La-
grangian with a relative factor of 1/N compared to the single-trace interaction term.
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However, as was explained in [126] and [131], the overall power of N of a diagram con-
taining these couplings can get enhanced to the planar level in particular cases. This
typically happens when the traces of the multi-trace couplings are fully contracted
with other traces of the same length. Consider, for example, the first correction to the
two-point function of two appropriately chosen single-trace length-two operators. If
both operators are fully contracted with one of the traces of the multi-trace coupling,
the order in N gets enhanced, so that the diagram, despite being naively suppressed,
is of the same order as the corresponding single-trace interaction diagram. However,
as we are exclusively considering the expectation value of long single-trace operators,
such an enhancement cannot occur.

Let us now move on and discuss the two simplest loop correlators of the form (6.13])
in some more detail. In what follows, we will consider these two correlation functions
frequently and we will furthermore use them here to explain the relation between
single-trace correlators and amplitudes in the bi-scalar model . Explicitly, they
read

Ga(x:) = (tr(pa(m1) 01 ()7 (25)8 (7)) )
Go(w:) = (tr(a(@1)a(2)91 (22) 9 (26) @7 (1)@ (w0)) ) (6.15)
where the labeling of the points has been chosen for later convenience. Now, as ex-

plained above, both correlators receive contributions from only one Feynman diagram
in the planar limit. The two corresponding Feynman diagrams look as follows:

P x1 P2 pPr x P2 T2 P3
Ps A b3 P1o A 4 P4
T P> > T3 g e—p—0O0—»—O0—>»—o Ty
pr A Y2 P9 A * Ps
Pe Ts5 Ps pbs T7 PpPr Te Pe

Let us ignore the dual graph (momentum space) drawings for a moment and focus on
the correlators themselves. Applying the Feynman rules yields

262]\[ d4$0
G i) — / )
() (47T2)4 33%0373055%095%0
464N d*zoddzy
Go(z:) = / . 6.16
6(7) (4m2)7 I%Oxgoxgox%ow%wxio'I%O/ ( )

Obviously, the planar correlators G4 and Gg are nothing more than the so-called cross
and double-cross integral. While the cross integral is explicitly known to evaluate
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to [132],
262N 72 2Liy(z) — 2Liy(2) + log zZ log t;
Ga(:) = 505 2 > ; (6.17)
(472)* ai557 Z—z
with z and z being related to the conformal cross-ratios as
2 2 2 .2
=27 = 8T v=(1-2)(1-z) =35 (6.18)
L1537 L1537

the double-cross integral has not been computed yet and is furthermore believed to be
elliptic [112]. However, recently a slightly simpler version of this integra]lﬂ has been
evaluated and expressed as an integral over a standardized elliptic measure times a
weight-three hyperlogarithm [113]. Still, from the whole family of fishnet integrals
obtained by gluing together crosses, the cross itself is the only one which is explicitly
known. However, despite being not known, these scalar integrals play an important role
in many four-dimensional quantum field theories as they are fairly general quantities.

An important point to note is also their relation to ordinary momentum space in-
tegrals [133H135] and therefore to loop amplitudes in yFT,. The corresponding mo-
mentum space integrals are easily obtained by interpreting the differences of x’s not as
distances in position space but rather as so-called region momenta. Let us make this
more explicit using the cross integral as an example. We perform the following change
of variables:

p!lL = ITQ ) pg = .7)53 ’ s pg = xgl ’ k= '7;?0 : (619)
The cross integral then becomes

262N Ak

Ga(pi) = .
(p) (An2)* ) k2(k — p1 — p2)?(k — p1 — p2 — ps — pa)*(k + p7 + ps)?

(6.20)

Graphically, this transformation corresponds to going over to the dual graph, which we
have drawn in light grey in the above figure. The cross integral is obviously equivalent
to the well-known (four-mass) box integral. Note, however, that by convention we still
consider the x;’s as independent at this point, so that the external momentum legs
in above figure are off shell, i.e. p} # 0, as z7,,; # 0 generically. In order to make
contact to amplitudes, we obviously need to go on shell with the external legs. While
for the box integral there is no difference between the on-shell and the off-shell case as
the momenta enter the graph always in pairs of two, it will make a difference for all
higher-loop graphs. This, however, raises the question which of the considered graphs
are actually finite and whether we can always go on shell without creating divergences.
Let us postpone this question to the next section and for the moment just assume that

°In reference |113], the upper two points and the lower two points of the double cross are assumed
to be null separated, which reduces the number of conformal cross-ratios from nine to seven.

139



6. Yangian Symmetry of Fishnet Feynman Graphs

all the graphs are finite, off shell as well as on shell. If the on-shell limit is always well-
defined, it becomes, however, an easy exercise to extract color-ordered amplitudes from
the correlator graphs EI All one needs to do is to introduce momentum variables
according to the prescription p; = z;;11 and set to zeros all the squares of individual
momenta. The resulting function then describes a color-ordered loop amplitude with
its momentum configuration being determined by the dual graph, see the above figure.

6.2.2. Finiteness

An important point which we have not yet discussed is whether the considered graphs
are actually finite or not. We will address this question now, adopting the momentum
space point of view. Since a rigorous proof of finiteness is somewhat beyond the scope
of this thesis, we content ourselves with presenting evidence in favor of their finiteness.
Let us start by considering graphs which are made out of boxes all glued together in
a fishnet type manner with all the external momenta being off shell. Such a graph
represents the dual graph of a generic correlator graph as considered above. In general,
Feynman graphs can suffer from two different types of divergences: UV divergences
and IR divergences. While the former originate from integration regions where some
or all of the loop momenta are large, the latter come from regions where the loop
momenta are small or collinear to one of the external (null) momenta, see [138] for a
more detailed discussion. However, in what follows, we will argue that our graphs are
actually free of both types of divergences. For this, we first note that we do not need
to worry about collinear divergences at the moment because so far all the external
momenta are considered to be off shell. In order to argue that UV and soft divergences
are absent as well, we will employ power counting. In general, the overall UV degree
of divergence of a graph I' in our theory is given by

w(T) = 4L — 2P, (6.21)

where L is the number of loops and P is the number of propagators. This formula can
easily be derived by introducing spherical coordinates in 4 x L dimensions. Evaluating
(6.21) for the box diagram G, and the double-box diagram Gg yields

M(G4) = —47 W(Gﬁ) =—06. (622)

It is easy to convince oneself that w in general drops further as the number of loops
grows. As our fishnet graphs do furthermore not contain any divergent subgraphs, we
conclude that they are indeed all UV finite. A similar reasoning can be applied to argue
that IR divergences are absent as well. Indeed, noting that the leading divergence of
the denominator of each square loop is captured by the respective loop momentum

6Note that the considered correlators only allow for the extraction of color-ordered amplitudes. The
full amplitudes can, however, easily be reconstructed from those, see [136}{137] for an introduction
to color ordering.
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Figure 6.3.: The figure represents a generic vertex in momentum space which is located
on the inside of one of the outer edges of a fishnet diagram. This diagram
could, for example, represent the upper middle vertex of the double-box
diagram. Here, p, (loosely dotted line) denotes an external on-shell mo-
mentum, while k& and [ (dotted lines) denote loop momenta.

squaredﬂ it becomes almost obvious that no IR divergences are present as the integral
measure cancels the square of the loop momentum in the denominator. Having settled
the off-shell case, let us now turn to the more interesting case of on-shell momenta.
While the UV behavior does not depend on whether the inflowing momenta are on
or off shell, the IR behavior potentially does. However, the only vertices we need to
inspect again are those sitting on the inside of the outer edges as these are the only
vertices where a single massless momentum gets injected into the graph, see figure [6.3]
At the corners, external momenta always enter in pairs, so that the effective momentum
injected there is generically still off shell and no divergences are expected to arise from
these particular parts of the diagram. This being said, let us investigate the vertices
on the outer edges in a bit more detail. For this, we analyze a generic vertex of this
type as shown in figure [6.3] The relevant part of the integral looks as follows:

Akt dk—dk2 dI+ dI-di2
/ ( = L (6.23)

2th — k2)(20H - — Bk~ + 1 )pr

Here, we have already employed the so-called eikonal approximation, i.e. we only keep
the leading term in the denominator. Furthermore, we have introduced light-cone
coordinates in such a way that p, has only one non-zero component, which is p;.
As mentioned before, there are two integration regions which can potentially lead to
divergences: the soft region and the collinear region. To investigate the soft region, we
set kT — t and rescale all the other momentum components by this factor, i.e. z — tx.
The first two terms in the denominator obviously scale homogeneously as t2, while the
last one scales linearly in t. The denominator thus becomes proportional to t°, but the

TAll other propagators do not contribute as they stay finite in the zero-momentum limit due to
inflowing off-shell momenta.
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transformation of the measure yields a factor of t. As all the other propagators of the
two involved boxes stay finite in the zero-momentum limit, the above-considered part of
the multi-loop integral does obviously not lead to a soft divergence. Similarly, one can
convince oneself that the other parts of the diagram stay finite as well, so that fishnet
integrals with on-shell momenta do not suffer from soft divergences. However, to make
sure that the whole integral stays finite, we need to argue that collinear singularities
are absent as well. For this, we scale the momenta as

kT — kT, k™ — t2, kL —th,,

It =t I =2, =t (6.24)

so that in the limit £ — 0 the loop momenta become collinear with the external on-shell
momentum. In this case, the denominator scales as t°, while the transformation of the
measure again yields a factor of t”. Hence, collinear singularities are absent as well, so
that on-shell fishnet integrals are indeed finite. This concludes our argument towards
the finiteness of fishnet Feynman graphs.

6.3. Symmetries of Fishnet Feynman Graphs

Having discussed the relation between regular fishnet diagrams and correlators in the
bi-scalar yFT4 model, let us now turn to the main part of this chapter, namely an
in-depth investigation of the symmetries of these graphs. In fact, there are many hints
pointing towards the fact that scalar fishnet graphs come endowed with a rich algebraic
structure. One of the earliest hints was found by Zamolodchikov, who showed in 1980
that scalar fishnet graphs, which are built from four-point vertices and massless prop-
agators, define a completely integrable statistical lattice model |114]. Furthermore,
as was argued in the previous sections, these graphs feature a conformal symmetry
as they can be identified with planar correlators in a theory which behaves (almost)
like a CFT in the large-N limit. The theory, namely the xFT, model, is furthermore
believed to be an integrable field theory and it is thus natural to search for signs of
integrability within the sector of single-trace correlators alias fishnet Feynman graphs.
A typical sign of integrability is an infinite-dimensional symmetry algebra of Yangian
type, see also [2.1.3] In what follows, we will establish a conformal Yangian symmetry
for the following two types of diagrams:
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R ek . B

Note that as our symmetry considerations will apply to generic fishnet diagrams in-
dependent of their origin in a particular theory, we will drop the arrows and flavor
distinction from now on. The diagram on the left represents such a generic scalar fish-
net graph. It is made out of four-point vertices which are connected by scalar massless
propagators. By assumption, we first take the external points z; to be different. Later
on, we will also consider slightly generalized fishnet graphs like the one depicted on
the right-hand side of the above figure. Considering such graphs will allow us to prove
the Yangian symmetry of on-shell graphs (scattering amplitudes). In this case, the
z-variables are no longer independent due to the on-shell constraint 27, ; = 0. We will
take these constraints into account by multiplying the respective correlator graph with
a product of delta functions 6(z?, ;). Graphically, we depict these delta functions by
dashed lines. Without further ado, let us now start with the analysis.

6.3.1. First Realization of the Yangian

In this section, we shall analyze the symmetries of scalar fishnet graphs employing the
language of level-zero and level-one generators. This construction is known as Drin-
fel’d’s first realization of the Yangian and has been introduced in detail in section [2.1.3
We will use this language to demonstrate the Yangian symmetry of two pedagogical
examples, namely the cross integral and the double-cross integral. In the further course
of this thesis, we will then introduce the powerful RTT formalism and use it to prove
the Yangian symmetry of generic scalar fishnet Feynman graphs.

6.3.1.1. Lie Algebra Symmetry

In order to lay the foundations for the discussion of Yangian symmetry, let us briefly
review the underlying Lie algebra symmetry of fishnet graphs. The algebra on which
the construction of the Yangian will be based is the conformal algebra so(2,4), which
we have already introduced in section [2.1.1] In this section, we use the following
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representation of the algebra:

P, =—id,,

L, =i(z,0, — 2,0,) ,

D% = —i(a#0, + A),

K3 = 22"L,, — iz°9, — 2iAz, . (6.25)

Note that, for later convenience, we have changed to a hermitian basis of the conformal
algebra. Moreover, we have included the conformal dimension A, which we encountered
in the context of the field representation in section [2.1.1] In principle, we could as well
work with a representation acting on the fields as all the fishnet graphs are in one-to-
one correspondence with a planar correlator in the yFT, model. However, we prefer to
investigate fishnet graphs from a general point of view without relying on the correlator
interpretation. Since all the external coordinates are assumed to be different, there is
after all not much difference between the two representations because subtleties as
those described in section [5.1.2] do not arise.

To investigate the conformal properties of fishnet Feynman graphs, we again focus
on the inversion. As discussed in section [2.1.1] the inversion is a discrete element of
the conformal group and acts on the coordinates as

Ljz"] = = . (6.26)

It relates the generator of translations P, and the generator of conformal boosts Kﬁzo
in the following way:

K="= —T,oP,0l,. (6.27)

Let us now check the inversion properties of the two simplest fishnet diagrams, namely
the cross and the double cross. We have written down theses integrals already while
discussing correlators, but for convenience let us state them here again

d*z d*zo dizy
|Fy) Z/—O | Fe) =/ — . (6.28)

2.2 .2 92 2.2 .92 .2 2 .2 .2
T10T20 L30T 10 T10T50T60L00r Toor L300 Lagy

The notation as a state has been chosen in anticipation of the subsequent discussion
on the RTT realization, where fishnet graphs are interpreted as eigenstates of a mon-
odromy matrix. In order to invert the two expressions , it is useful to note the
following relations:

xz d4:[;
Ta2] = 2 T[dzg) = —2. 6.29
b[xzj] x?x? ) b[ IO] 338 ( )
Using these formulas, we find
L[| Fy)] = afwsa3al |[Fy) L[| Fs)] = afwsaiaiasag |Fy) . (6.30)
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6.3. Symmetries of Fishnet Feynman Graphs

The two considered fishnet graphs are obviously not invariant under a conformal in-
version but rather transform covariantly. Taking into account the relation between P,
and Kﬁzo (6.27)), it is not hard to see that under a special conformal transformation
the cross and the double cross transform as

4 6
i=1 i=1

where we have introduced the shorthand notation A for the set of conformal dimensions.
By comparing this to equation ([6.25)), we see that the two graphs are invariant if we
choose the conformal dimensions A; to be equal to one at each site, i.e.

K% |Fy) =K% |Fs) =0. (6.32)

Note that due to the commutation relations (2.7), the invariance under Dx_, is guar-
anteed and the graphs are hence conformally invariant as expected.

Given these two examples, it is actually not hard to convince oneself that the pattern
continues to higher loop orders and thus all the graphs of plain fishnet type
feature a conformal symmetry. We will postpone the discussion of the on-shell graphs
to the section on the RTT formulation.

6.3.1.2. Yangian Symmetry

Having discussed the Lie algebra symmetry of fishnet graphs, we now turn to the con-
struction of the Yangian. The level-zero algebra on which the construction is based is
the conformal algebra s0(2,4) and, as before, we choose to represent the level-zero gen-
erators by the differential operators given in equation . Based on our discussion
in section [2.1.3 we write down the following ansatz for the level-one generators:

P=1 303+ u (6.33)
k

Jj<k

Here, f°,. are the inverse structure constants and the v;’s are the evaluation parame-
ters, which can be chosen arbitrarily without spoiling the defining algebra relations of
the Yangian, see section 2.1.3 In many cases, like, for example, in the context of su-
peramplitudes in N' = 4 SYM theory [25], the local contribution is absent and we have
v, = 0 for all k. However, in the present case we will use this freedom to choose the v’s
to define a consistent Yangian symmetry algebra of fishnet graphs. Let us illustrate
this on the example of the cross integral and the double-cross integral. Note that, as
in the case of Wilson loops, it again suffices to show invariance under one level-one
generator. The level-zero invariance together with the Yangian commutation relations
guarantees that all the other level-one generators annihilate the (double-)cross
integral as well.

In what follows, we will choose the simplest level-one generator, which is the level-one
momentum generator P~ Using the formula , we find the following expression
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6. Yangian Symmetry of Fishnet Feynman Graphs

for the bi-local piece of f’“,

Pl = =53 [ + 0D T )Pry — (G > K)] (6.34)
i<k

Aj=1 . . .
where L"), D;7"" and P} are the single-site conformal generators as introduced above.

Applying this generator to the box integral (6.28)) yields
Pl | Fa) = (P + 2P4 + 3P4 | Fi) . (6.35)

The form of the right-hand side makes it obvious that we can use the freedom to
choose the v;’s in equation (6.33]) to construct a true symmetry generator. Explicitly,
we define the full level-one momentum generator as

P, = Pl — P5 — 2P% — 3P} (6.36)

As a second example, let us consider the double-cross diagram. Applying the bi-local
generator ((6.34)) to the double-cross integral (6.28)) yields

Pl |Fo) = (P} + 2P + 2P% + 3P%) | Fy) . (6.37)

Again, we see that we can define an algebraically consistent level-one momentum gen-
erator that annihilates the double-cross integral by choosing the inhomogeneities as
follows

P4 =Pl — P4 — 2P% — 2P¥ — 3P4 . (6.38)

In principle, this method can be continued to higher and higher loop orders. However,
in practice, it cannot because the complexity of the computation grows vastly with the
number of loops. Furthermore, one should note that symmetry statements such as

Ph | Fy) = P |[Fe) = 0, (6.39)

do typically not hold at the level of the integrand due to total derivative terms. Com-
puter algebra systems can therefore only be of partial help in proving these statements.
In conclusion, we have to state that this method is probably unsuitable for proving the
Yangian symmetry of a generic fishnet Feynman graph. Fortunately, there exists an-
other formulation of the Yangian, which goes under the name of the RTT realization.
This formalism will turn out to be highly capable of tackling this problem and we will
introduce it and explain its relation to the first realization of the Yangian in section
6.3.2l Although the first realization seems to have its drawbacks, it is well-suited for
studying the implications of Yangian symmetry and that is what we shall attempt next.
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6.3. Symmetries of Fishnet Feynman Graphs

6.3.1.3. Differential Equations from Yangian Symmetry

An obvious aspect of interest is whether the Yangian symmetry can actually help in
computing the fishnet Feynman integrals that we are considering. A natural approach
to this question is to examine the differential equations that the Yangian symmetry
implies. In general, these differential equations, such as , are very complicated
due to the vast number of terms in the bi-local part of the generator. For this reason,
it is crucial to simplify them by introducing an appropriate set of variables. Here,
we shall focus on the simplest fishnet integral, which is the cross integral. A clear
advantage of focusing on this representative is that the integral is explicitly known and
we can therefore directly test our equations. Furthermore, the integral depends only
on four external points, which keeps the number of conformal cross-ratios manageable.
We begin by simplifying the four-point level-one generator. For convenience, let us
define the following abbreviation:

Ti=13"C0,  where %= f,.J0500. (6.40)

j<k
In the four-point case, we obviously have
230, = C2) + Oy + Oy + Cy + Cy + C3y. (6.41)
To simplify this equation, we rewrite the last four terms according to
Oy + Oy + Oy + Oy = (3T + J5) (36 + J5)
= fdpn(J’f+J§)Jp— %f‘%ﬁ”%(J‘f%—Jg). (6.42)

The first term obviously annihilates level-zero invariants and we will thus drop it. The
second term is proportional to the dual Coxeter number (2.56)) of the conformal algebra,
which is non-vanishing. For level-zero invariants |F},), and with 7= jgi + s vJd, we
thus have

PIFy=0 o  (Ch+C5+ fj[zvk — ¢(Gr1 + k) R)[F) = 0. (6.43)
k=1
Let us now specify to the case of the level-one momentum generator. The corresponding
C-operator reads
CN' = —i(L + " DY)Py, — (j ¢ k)
= —i|240} Oy — &Y — 25,0508 — DOk — (4> )
— i — 2 — )00 + 8,00 — AL (6.44)

with A; being equal to one at each site. Taking into account the insights discussed
above, we can rephrase the level-one momentum invariance of the cross integral as
follows

4
lqp; +Cy + > GkPZ] |Fy) =0. (6.45)

k=1
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By plugging in the result of the former section, namely vy = —(k — 1), and using that
¢ = 4, we find (modulo an overall shift)

0, = 20, — C(ékl —+ (skg) = (—i—l, —1,+1, —1) . (646)

At this point, we note that we can absorb the A-terms in equation (6.44]) into a
redefinition of the parameters 6. Doing so yields the following differential equation

4
Cf;A:O + C:szzo + Z 0Py || Fy) =0, (6.47)

k=1

with
0, = (0,—4,0,—4). (6.48)

After having simplified the level-one equation, we shall now perform a change of
variables. The new variables are the conformal cross-ratios v and v, which make
manifest the level-zero symmetry of the problem. These variables will not only allow
us to rephrase the level-one equation in a nice and compact fashion but also
help in separating the implications of level-zero symmetry and level-one invariance.
Our strategy to introduce them is the following: First, we note that we can use the
level-zero invariance of the cross integral to argue that the integrated result is of the

following form:
1
|Fy) = —5—5 ¢(u,v). (6.49)

L1324

Here, u and v are the conformally-invariant cross—ratiosﬁ being defined as

2 .2 2 .2

_ T1aT3y v — L1423 (6.50)

oxZaxd, T ox2x?,’ )
13024 13724

and ¢ is an arbitrary function of them. In the second step, we now plug the ansatz
into the simplified level-one equation (6.47). The computation is in principal
straightforward but nevertheless quite lengthy. However, we will refrain from presenting
it here in detail and only state the final result. It reads

4 .
# —4q
k=1 L1324
rfy  ahy 5 . ,
X o (v + 3vudy, + (3v — 1)vd, + vu0;, + (v — 1)v°0; + 2v u@u&,)gb
14 23

p p
— <a:;2 + x?) (u + (3u — 1)ud, + 3uvd, + (u — 1)u?d? + uww?d? + 2u21)8uav)¢ )
Ti2 T3

(6.51)

8The variables u and v are annihilated by the conformal generators (6.25)) with A; uniformly chosen
to be equal to zero.
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Keeping all squares x?j fixed so that v and v are constant removes six of the sixteen
degrees of freedom of four Minkowski vectors. One can check that this leaves enough
freedom to vary the two coefficients that multiply the differential equations in (6.51])
independently, so that we conclude that the function ¢ must satisfy the following
system of differential equations:

(1 + 3ud, + (3v — 1)0, + u?02 + (v — 1)vd? + 2Uu8uﬁv)d>(u, v) =0,
(14 (Bu— 1)dy + 300, + (u— 1)ud} + v’ + 20,0, ) (u,v) = 0. (6.52)

Obviously, the two equations are related to each other by exchange of v and v. It
can be checked that the solution indeed satisfies them. An interesting point to
investigate is how constraining the above equations are and how they can be solved.
However, clarifying these and related questions is left for future work.

6.3.1.4. Yangian Symmetry and Cyclicity

An important point when dealing with Yangian symmetry of quantities which have
a cyclic shift symmetry is the interplay between these two symmetries, see also our
discussion in section While the level-zero generators are cyclic, the level-one
generators typically map cyclic functions to non-cyclic ones. This is due to the fact that
the ordering prescription in the bi-local piece of the level-one generators singles
out a reference point. In the case of color-ordered scattering amplitudes in N’ = 4 SYM
theory, the compatibility between Yangian symmetry and cyclicity is ensured by the
vanishing of the dual Coxeter number of the underlying Lie algebra [25]. For the case
at hand, i.e. for the conformal algebra s0(2,4), the dual Coxeter number is, however,
non-vanishing. Nevertheless, we have some cyclicity constraints for certain types of
fishnet graphs. For instance, an entire n-point fishnet graph (with complete rows only)
has an §-site cyclic shift symmetry of the external legs. One may thus wonder how
the consistency is achieved in this case and furthermore which restrictions the cyclicity
imposes on the most generic level-one Yangian generator. That is what we are going
to discuss next.
We start by considering the bi-local piece of the level-one generator

Toilin =320 > I5IL, (6.53)

j<k=1

where |, ,, denotes the boundaries of summation. Shifting the summation range in the
above equation by m units and subtracting the original bi-local generator yields

jﬁj’l—i—mm—l—m - j(sbi|1,n = %f(spfﬁfﬁpa Z JZ - f(spn Z Jng (654)
k=1 k=1

Restricting to the space of level-zero invariants, the second term is trivially zero and
we will neglect it from now on. Equation (6.54)) can be further simplified by noting
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that the product of structure constants can be replaced by the dual Coxeter number,
see equation (2.56|). We thus have

j(sbileranrm - jgi‘l,n =¢ Z Ji . (6'55)
k=1

From this equation, we conclude that if the underlying level-zero algebra has a non-
vanishing dual Coxeter number and we are considering a quantity which has an m-site
cyclic shift symmetry, the bi-local piece on its own can never be a symmetry generator
as the right-hand side of the equation does not vanish upon acting on the object under
consideration.

However, the key observation now is that we can compensate for the term on the
right-hand side of equation by adding an appropriate local term 37, v J¢ to
the level-one generator. Under an m-site cyclic shift, such a term transforms as

=R R n+m n
Jfoll—l-m,n—i-m - Ji;o|1,n = Z Vi—m J? - Zvi J?
i=m-+1 =1
=3 Wicmin — )30+ D (Vi — i) JL. (6.56)
i=1 i=m+1
In total, we thus have
T mmtm = Pin = Vi — 0+ )T+ S (v — 02 (6.57)
i=1 i=m+1

To ensure consistency between Yangian symmetry and cyclic shift symmetry, we require
that

jéll—i—m,n—&—m - jéll,n = Qm Z Jfa (658)
=1

where we allow the constant a,, to depend on the length of the shift. This leads to the
following set of equations:

Vieman — Vi + €= G , Vie{l,...,m},
Vi, — Vi = O Vie{m+1,...,n}. (6.59)

Setting m = %, the above system of equations (6.59) has n +1 free parameters and the

solution reads

o
=3 (6.60)

s a

V|3

N o

Ugp>2 = Up—2 —

Hence, in the case of entire fishnet graphs, half of the evaluation parameters v are
actually fixed by cyclicity.
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Unique level-one generator for truly cyclic quantities. We can apply the above
arguments to the case when the object we are acting on is truly cyclic in the sense
that it is invariant under the shift x, — x;,q. This, for example, applies to the
cross integral |Fy), see . In this case, the system of equations admits the
following solution:
¢
vp=v—(k—1)—, (6.61)

¢
ap = —.
n n
Here, v represents the freedom to shift the level-one generator by a full level-zero
generator and we may set this parameter to zero without loss of generality. Hence,
we see that in the case at hand the evaluation parameters v, are completely fixed by
cyclicity. This means that there is a unique level-one generator that is consistent with
true cyclicity.

6.3.2. RTT Realization

In order to demonstrate the Yangian symmetry of generic fishnet Feynman graphs, it
is useful to formulate the invariance discussed above in terms of the powerful RTT
formulation of the Yangian algebra. Here, the Yangian generators are packaged into a
monodromy matrix T(u),

Tas(t) = Gag + > w175, (6.62)
n=0

where u is the spectral parameter and J™ is the infinite set of Yangian generators.
The precise relation between the generators J™ and the ones introduced above will
be established in section [6.3.2.4] In this framework, the defining algebra relations of
the Yangian are encoded into a Yang-Baxter equation for the monodromy matrix T'(u),
which is called the RTT relation

R(u—v)T(u) ® T(v) = T(v) @ T(uw)R(u —v), (6.63)
where R(u) is Yang’s R-matrix
R(u) =1+ uP, (6.64)

with P being the permutation operator. The RTT formulation of the Yangian algebra
has first appeared implicitly in the context of the QISM [63,139], much earlier than its
general definition by Drinfel’d [60].

The simplest solution to equation is provided by the trivial evaluation repre-
sentation of the Yangian, being characterized by J™ = 0 for n > 0. The corresponding
solution is called the Lax operator and explicitly reads

Lag(u) = tTas(u) = ubas + T - (6.65)
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It satisfies equation and will play the role of a basic building block in our
construction. We will present a detailed discussion of this operator in the next section.
Note that in equation we have changed the normalization of the operator by
including an extra factor of u. This will ensure that the monodromy matrices are
polynomial in the spectral parameter. Given the Lax operator (6.65)), we can now
define the n-site inhomogeneous monodromy matrix

T(@) = Lp(uy) - . Lo(ug) Ly (uy) (6.66)

where @ = (uq,...,u,). The subscript i of the Lax operator L; denotes the site on
which the operator acts. Each Lax operator acts on its own site and we will identify
these sites with the external legs. In the RTT framework, the Yangian invariance of
fishnet graphs |F,) translates into an eigenvalue equation for the n-site monodromy
matrix T(),

T(@)|F,) = L () . .. Ly(uz) Lo (ug)|F,) = A(i0)| F,)1 . (6.67)

Here, the u;’s are defined as u; = u + 9; where u is the spectral parameter and the
0;’s are the inhomogeneity parameters, which have to be chosen appropriately for each
diagram. The eigenvalue A is a polynomial in u of degree n and its exact form depends
on the considered graph. Note that since the right-hand side of equation is
proportional to the identity matrix, the off-diagonal generators, obtained from the
expansion of , have to annihilate the state |F,,), while the diagonal generators
act covariantly, i.e.

TI|F) = cubap|Fn) . (6.68)

Before moving on to the construction of the appropriate Lax operator, let us point out
that monodromy eigenvalue equations of the form have been considered before
in [69}70,140]. They were shown to bridge the gap between the Yangian invariance of
scattering amplitudes in NV = 4 SYM theory and the QISM and thus paved the way
for the application of integrability techniques to the scattering problem in N' = 4 SYM
theory [69-71}/141H143] and in ABJM theory [141].

6.3.2.1. The Conformal Lax Operator

Let us now introduce the most fundamental object of this section which is the Lax
operator L,g. The Lax operator that we are going to use has been considered before
in [144] and is of the following form:

Lag(u, A) = ubas + 3525 15, . (6.69)

Here, 52 labels a finite-dimensional matrix representation of the conformal algebra
50(2,4) acting on so-called auxiliary space, while by J4 we refer to the differential
operator representation (6.25)) acting on quantum space. Note that we have labeled
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the fifteen generators by an antisymmetric pair of indices both running from one to six[]
In the case at hand, the generators S,, form an irreducible spinor representation of the
algebra s0(2,4). To construct this representation, we use a basis of gamma matrices
', for the six-dimensional space R*»%. A spinor representation of the algebra so0(2,4)
can then be constructed by considering the commutator i[Fa, ['y]. This representation
is, however, reducible since all matrices take a block-diagonal form. The generators S,
are obtained by projecting onto the Weyl subspace V., i.e.

Sap = [T, T4 (6.70)
By plugging this into equation , we find the following explicit expression for the
Lax operator |145],

L(uy,u) = ( L ) ( A ) ( Lo ) , (6.71)

where the block 2 x 2 matrices are defined as x = —io*z, and p = —%a‘“@u with the
Pauli matrices as given in appendix Note that, for later convenience, we have
introduced the following abbreviations

up =u+ (A —4), u_ =u— A, (6.72)

where u is the spectral parameter and A is the conformal dimension, see equation

(6.25)). Inverting the two equations (6.72)) yields
u=3(up +u_+2), A=uy —u_+2. (6.73)

In what follows, we will use both notations, L(u,,u_) and L(u; A), for the Lax operator
6.71).

Lax operator relations. For later convenience, let us list a number of relations that
the Lax operator fulfills and that we will need in the next two sections. Most of
the relations can easily be checked, either by hand or using Mathematica, and we will
therefore refrain from presenting these computations here.

e We denote by L the transposed Lax operator in the non-compact physical space
(not the auxiliary matrix space), i.e. we have z| = z, and 9} = —d,, which
is equivalent to integration by parts. The inverse of the Lax operator coincides
with its transposition (up to permutation and shift of parameters)

Lis(v—2,u—2)Lgy(u,v) = uv by . (6.74)

9The similarity transformation relating the two different bases used in equation ([6.25]) and is
standard material and can, for example, be found in [144].
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e The Lax operator acts diagonally on 1 at A =0, i.e.
Lag(u,u+2) - 1= (u+2)da5, Ligu+2,u) 1= (u+2)dns. (6.75)
We can think of 1 as a local pseudo-vacuum state of the Lax operator.

e The scalar propagator xl_22 is an intertwining operator, permuting spectral pa-
rameters of the two-site monodromy [145-148|:

275 Ly (u, v) Lo (w, u 4+ 1) = Ly (u + 1, v)La(w, u)xys . (6.76)

e As we are working in Minkowski space, we can consider the unitary cut of the
Feynman propagator 1/(z%, + i€), which is §(x3,). Interestingly, this delta func-
tion satisfies the same intertwining relation

§(23y) L1 (u, v)Lo(w,u + 1) = Ly (u + 1,v)Lo(w, u)§(z,). (6.77)

e The eigenvalue problems for monodromies with the same cyclic ordering of Lax
operators are equivalent:

Lo (tn: An) ... Ly (un; A |[Fy) = M| F,

0

Lo 1 (tn—1; A1) . Ly (ug; ALy (un — 4; Ap) | EL) = X |E)1, (6.78)

where by wu;, we mean different spectral parameters for each Lax operator. Here,
the eigenvalues A and A are related by w4, A = (tupy — 2)(up— — 2)A. A proof
of this statement can be found in reference [140] and [5].

6.3.2.2. Yangian Symmetry of Correlator Fishnet Graphs

We are now ready to prove the Yangian symmetry of a generic fishnet graph, such as
depicted in figure[6.6] As explained above, proving the Yangian symmetry of a generic
fishnet graph in the language of the RTT realization amounts to showing that the
following relation holds true:

n»n

Here, we have introduced a new notation, which we will frequently use from now on

where the Lax operator L is to be seen as a function of uy and u_, i.e. L = L(uy,u_).
The inhomogeneity parameters §;” and §; as well as the eigenvalue A\(J;, §;") depend on

the graph under consideration and we will explain how to choose the §;’s momentarily.
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Before we explain how to prove the Yangian symmetry of a generic fishnet graph,
let us consider again our two primary examples, namely the cross integral and the
double-cross integral. The eigenvalue relation for the cross integral reads

La[4, 5]La[3, 4]Lo[2, 3]L1[1, 2] |F4) = [3][4]2[5] |F)1 (6.81)

where [dg] is shorthand for (u + d;). The strategy to prove equation is the
following: First, we extend the monodromy matrix on the left-hand side by inserting
a sophisticated identity of the form 1 = [2]7*L[2,0] - 1 (see equation (6.75)), where
0 labels the point that is integrated over. We then integrate the Lax operator L2, 0]
by parts so that it acts on the integrand of the cross integral, i.e.

[2]71 /d4370 L[4, 5]L3[3, 4]L2[2, 3]L4 1, 2] (Lg[Q, 0]-1) xf02x502x§02x202
=[2]7! / d*zo Ly[4, 5]Ls3[3, 4]Lo[2, 3]L1[1, 2)Lo[2, 0]z tarat st - (6.82)

In the next step, we repeatedly use the intertwining relation to pull the scalar
propagators through the Lax operators. As soon as there is no more coordinate de-
pendence to the right of the external Lax operators, i.e. they act only on the vacuum
state, we use equation to replace them by a numerical factor times an identity
matrix. Let us see how this works in detail. First, we pull through the factor z;7,

Li[1, 2]Lo[2, 0] 21f = 215 L1[0, 2] Lo[2, 1] = [2] 275 Lo[2,1] . (6.83)
In the next step, we pull through x5,
Lo[2, 3] Lo[2, 1] 255 = w51 La[l, 3]Lo[2, 2] = [3] 25 Lo[2,2] . (6.84)

This procedure can be continued until the integrand is completely to the left of the
product of Lax operators. In the last step, we replace the Lax operators L, and Ly,
which act on the vacuum, by a numerical factor times the identity matrix

L4[4, 5]Lo[2, 3238 = 240 La[3,5]L0[2,4] = [4][5] xyg 1 . (6.85)

Collecting all the numerical factors yields the polynomial [3][4]?[5] and equation (6.81)
is hence proven. Already in the case of the cross integral the expressions would have
been quite bulky if we had written out the complete integral in each step. For this
reason, we need a more efficient notation in order to be able to prove the Yangian
symmetry of generic graphs. Fortunately, there exists a nice graphical way to represent
the sequence of transformations used to prove the eigenvalue relation for the cross
integral, see figure In this figure, the monodromy is depicted by the oriented
contour that embraces the graph. Lax operators correspond to solid red segments,
while dashed orange lines denote summation over matrix indices. The shifts in the
arguments of the Lax operators L(u + d;7,u + ;) are denoted by the two numbers in
square brackets next to the nodes. Each picture in figure corresponds to one of the
transformation steps explained above.
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Figure 6.4.: This figure visualizes the sequence of transformations that we use to prove
that the cross integral furnishes an eigenstate of the four-point monodromy
matrix. The Lax operators of the external part of the monodromy act
on fixed external coordinates. The Lax operator introduced around the
integrated middle node acts on the coordinate of this node. Numerical
factors appearing in the process are indicated above arrows.

Using the same logic, we can now also prove the Yangian invariance of the double-
cross integral. The eigenvalue equation for this graph reads

L6[47 5]L5 [3> 4]L4[3’ 4]L3[27 3]L2[17 Q]Ll[la 2] ’F6> = [3]2[4]3[5] ‘F6>]1 : (6'86)

Again, the logic is to extend the above monodromy by inserting two identities in the
form of two additional Lax operators which act on the integration points zy and x.
After integrating these by parts, we get

12172 L[4, 5]Ls[3, 4]L4[3, 4]L5[2, 3]La[1, 2] Lo [2, 0]L1[1, 2]Lo[2,0] . (6.87)

Subsequently, we use the intertwining relation as well as the vacuum identities
to pull the monodromy line through the integrand. The whole sequence of
transformations is depicted in figure [6.5]

Finally, we now attempt the general case. We will mainly use the graphical methods
explained above to prove the Yangian invariance of generic graphs as explicit formulas
would be quite bulky. In the first step, we draw the monodromy line and attribute
inhomogeneity parameters to the external legs according to the following regular pat-
tern:

156



6.3. Symmetries of Fishnet Feynman Graphs

1,2] 1,2] [1,2] 1,2]

t | I S O S
[4,5] | Y[2,3] a5l L I 123

2,0] 2,0]

NEY Y NEY RNy

2
1.2
2,3 ™

=~
.ﬂ.
—
f_
N
-
4
L)
=
=
=~
g
—1
2%
i A
N [
)

/1
Y

Figure 6.5.: This figure visualizes the sequence of transformations that can be used
to prove that the double-cross integral furnishes an eigenstate of the six-
point monodromy matrix. Numerical factors appearing in the process are
indicated above the arrows.

o At the first leg, we choose [61, 6, ] = [1, 2] (of course the overall spectral parameter
u is allowed to be shifted uniformly in all u;, and u;_ along the contour).

e We do not change the inhomogeneities of the Lax operators when moving straight
along a horizontal or vertical segment of the contour.

e We increase 5ﬁ1 —= 0¥ + 1 at a convex corner i — i + 1 when turning by an angle
/2.

o We decrease 6§EL1 — 0¥ — 1 at a concave corner i — i + 1 when turning by an
angle —7/2.

A representative graph including the monodromy line with appropriately chosen in-
homogeneities is depicted in figure [6.6l In order to show that the claimed eigenvalue
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Figure 6.6.: This diagram represents a generic fishnet Feynman graph. The correspond-
ing n-site monodromy is depicted by the oriented contour. As before, Lax
operators correspond to solid red segments, while dashed orange lines de-
note summation over matrix indices.

(0,6 4+ 1] 0,6 +1]
= [0+2] -
[0+1,0+2] [0+1,8+1] [0+ 1,0]

Figure 6.7.: Local transformations employed to prove the Yangian symmetry of a
generic fishnet Feynman graph. Pushing the contour inside the graph
involves integration by parts. If the initial monodromy acts on an L-loop
graph, then, after one local transformation, the new monodromy (trans-
formed contour) acts on an (L — 1)-loop integral.

relation holds true, we again pull the monodromy through the graph using the local
transformations depicted in figure We also use the intertwining relation and
the vacuum relations . The local transformations depicted in figure can be
justified using the same manipulations that we employed to prove the eigenvalue rela-
tion of the cross integral. In order to obtain the eigenvalue of the monodromy relation
, one just needs to keep track of all the factors while deforming the contour. How-
ever, the expression for the eigenvalue can also directly be read off from the respective
graph. For this, we split the set of 2M external legs, which we will call C, into pairs
of antipodes. More precisely, we decompose the set C according to the following rule:
A leg which we encounter first when moving along the monodromy contour (it has a
lower number) belongs to the set Ci,, and a leg which we encounter last moving along
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Figure 6.8.: A fishnet amplitude graph representing a generic scattering amplitude in
the bi-scalar theory and its dual graph. The amplitude graph is drawn by
dotted lines, which denote scalar propagators p; 2. All inflowing momenta
are on shell. They are denoted by loosely dotted lines. The dual graph is
formed by solid lines, denoting scalar propagators xi_jQ, and dashed lines,
which represent delta functions 0(z7;).

the contour (it has a higher number) belongs to the set Cyy. Using this prescription,
we decompose the set of external legs according to C = C;, U Coy. The eigenvalue A in
equation (6.79)) is then simply given by the following formula:

AG60) =TT 167106, (6.58)

AR}
iecout

For example, for the graph depicted in figure [6.6], we obtain
Mu) = ([3][4)>([4][5])* = (u+3)°(u+4)"(u +5)". (6.89)

This completes our prove of the Yangian symmetry of generic fishnet correlator graphs.

6.3.2.3. Yangian Symmetry of Amplitude Fishnet Graphs

Having discussed the Yangian invariance of correlator fishnet graphs, let us now con-
sider on-shell momentum space graphs and make contact to color-ordered scattering
amplitudes in the bi-scalar YFT,; model. A generic on-shell momentum space graph
is depicted in figure by dotted lines. To show that it satisfies a monodromy rela-
tion, we consider the corresponding dual graph. The dual graph is drawn using solid
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6. Yangian Symmetry of Fishnet Feynman Graphs

lines and, as before, filled blobs denote integration vertices, while white blobs denote
external points. An important point to note is that we now interpret the x;’s as region
momenta and no longer as coordinates in position space. The region momenta are
related to the external momenta in the following way:

pif=alt — ol (6.90)

An important difference between the correlator case considered before and the case at
hand is that the x;’s are no longer all independent as the external momenta square to
zero, i.e. p7 = 0. Obviously, the region momenta have to be constrained by z7,,, = 0.
In order to account for these constraints, we have modified the boundary of the dual
graph in figure in the following way: First, we added an extra external node at
each convex corner in order to account for the fact that we always have two inflowing
momenta at these corners. Conversely, we identified external coordinates at concave
corners, see figure Subsequently, we have multiplied the whole graph by a product
of delta functions 6(z7, ;) to enforce the light-likeness constraints. Graphically, we
have depicted the delta functions by dashed lines, see figure [6.8] An important point
to note is that the delta functions d(z7,,,) satisfy the same intertwining relation as the
propagators, see equation . To prove that the dual graph in figure obeys a
monodromy relation, we can thus employ the same techniques that we used to prove
the Yangian symmetry of correlator graphs. Let us elaborate on this a bit more.
First, we again draw the monodromy line by encircling the whole graph. This is
depicted in figure [6.9] The assignment of inhomogeneities for such a graph follows the
rules depicted in figure It is now easy to convince oneself that the monodromy
can again be pulled through the graph by using the local transformations depicted in
figure , the intertwining relations for propagators and delta functions
as well as the vacuum relation (6.75)). Explicit expressions for the eigenvalue A can
straightforwardly be worked out for each particular graph by keeping track of all the
factors while deforming the contour.

There exists, however, a quicker way to find the eigenvalue A. By applying n-times
the cyclicity argument to the initial eigenvalue problem, we obtain an equivalent
eigenvalue relation which is related to the original one by a uniform shift of the spectral
parameter u by a factor of minus four. By comparing the two eigenvalues A and X, we
learn that the eigenvalue satisfies the following finite-difference equation

Aw) _ Pu)

= 91
Nu—1)  Pu—2) (6:51)

where A(u) is a polynomial of degree n and P(u) is given by
Mu) =[] (u+a), P(u) = [[(u+6)(u+6;). (6.92)

i=1 i=1

Equation (6.91)) is reminiscent of the Bethe ansatz equations but in comparison much
easier to solve. In practice, it can often be solved by just staring at the equation. For
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Figure 6.9.: The amplitude graph depicted in ﬁgure is Yangian invariant, i.e. it is an
eigenstate of the monodromy with the indicated inhomogeneities [d;", 6; ].

The assignment of inhomogeneities follows the rules depicted in Fig.

Figure 6.10.: The Lax operator from the monodromy acting on the junction of: (A)
two, (B) three, (C) four, (D) five legs. Rotating this picture by +m/2
results in a shift of both inhomogeneities § — § + 1. As before, we use
dashed lines to represent delta functions and solid lines to represent scalar

propagators.

example, for the graph in figure equation (|6.91)) reads

Mu) _ BHw) @+ u)" G+ u)(6+u) (6.93)

Mu—4)  (u—2)(u—1)Tu (14 u)b

161
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From this equation, we can more or less directly read off the eigenvalue A,
Mu) = (u+2)(u+3)" (u+4) " (u+5)°(u+6). (6.94)

For later convenience, it is also useful to solve equation (6.91)) perturbatively for the
first few coefficients in the u-expansion of the monodromy eigenvalue A\. We find

@) = u" + bum 125 + Ly 2[22 56— 120 A } W), (6.95)

Here, we use the shorthand notations 0, = 6; + 0y + 2 and A; = A;(A; — 4) with
Ay =65 =0, +2.

Finally, let us point the reader to the recent paper [149], where it was argued that
the momentum-space conformal symmetry of finite on-shell loop integrals of the type
considered above is anomalous. The anomaly is of contact type and originates from
integration regions where the loop momenta become collinear to one of the external null
momenta. The breaking of (super)conformal symmetry of massless scatting amplitudes
due to collinear singularities is in fact a well-known phenomenon in N' = 4 SYM theory
[66,67] and ABJM theory [150]. However, the mechanism described in reference [149)
seems to be of a slightly different nature and causes anomalies even though the integral
is completely finite. As the level-one symmetry of on-shell fishnet integrals is tightly
linked to their conformal symmetry in momentum space (see reference [25] as well as
our discussion in section , one may wonder whether the Yangian symmetry is
actually anomalous as well. However, we leave this investigation for future work.

6.3.2.4. Monodromy Expansion

In section [6.3.2], we promised to make precise the relation between the expansion coef-
ficients of the monodromy, see equation , and the level-zero and level-one genera-
tors as introduced in section [6.3.1] We will now make good on this promise and expand
a general n-site monodromy of the type used above in the spectral parameter u,

T(@) = Lo(u+ 6, u+0, ) Lpy(u+6" ,u+d, ;). .Li(u+d,u+d7). (6.96)
We employ the Lax operator given in and (6.71)), which yields

T(@) =u" 1 +Lu™™ 12 (6 1 +8"Jpk,) (6.97)

-

k=1 j5=1 j=1k=1

Here, we again use the shorthand notation 0 = d; + d; + 2. Note that in the above
equation, the A,’s are no longer free parameters. In fact, as soon as we choose values
for {6, } and {4, }, the conformal dimensions Ay, are fixed, see equation ([6.73)),

Ay =0 — 8y +2. (6.98)
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In order to make contact to the level-zero and level-one generators of section [6.3.1
we also need to take into account the function on the right-hand side of the generic
monodromy equation (6.79)). For the first few orders in u, we found the following

expression, see equation ((6.95)):

(@) =u" + L Z 5 + tum 2[ SRS Aj] + 0. (6.99)
i<j=1 j=1
Here, again A; = A;(A; —4) with A, = 6 — 6, +2. Subtracting the eigenvalue A from

the monodromy matrix yields the following operator, which now annihilates invariants
under the Yangian algebra for arbitrary spectral parameter u,

T(@) = A(@) T = 0 x " T +u™ 1[ Zsakaab] (6.100)
k=1
+u [ Z Sebged e 3o 4+ 225 STk, — L3 (4 — Ap)ALT ]
j<k=1 k=1 j=1 k=1
J#k

As expected, at order u"~! we see the plain level-zero generators appearing. Since the
equation is valid for any u, we conclude that they annihilate all graphs on their own.
At the next order in u there is, however, a little bit more hiding than the plain level-one
generator. To separate the latter one, we rewrite

4 Z Sab SCdJkAZb J] cd — Z Sab SCd JkA,ab J] cd +3 Z Sab SCdJkAZb Jj cd

j<k=1 j<k: ],k: 1

— LN g gy, Ik (6.101)
k=1

The first term on the right-hand side reproduces the bi-local piece of the level-one gen-
erator. The second term is the product of two level-zero generators, which annihilates
the diagrams under consideration and can thus be dropped. Noting that

S ST, ks = (A — 4) AR 1 —4 8T, (6.102)
we can rewrite the last term according to

Zsab SelTik, Ik, = gz (4—AR)ALL+1 Zsaka k. (6.103)
k=1 k=1 k=1

Here, the first term cancels the piece proportional to the identity in (6.100]), while the
last term is a level-zero generator and can thus be dropped. Collecting the remaining
terms at order u™~2 of (6.100]), we thus find the level-one generators to be given by

Jab = % far®™ Z chd j7gf+§§jvk Jk.ab - (6.104)
k=1

j<k=1
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Here, f.,°%/ denotes the structure constants with [S®, 5] = fab<d S/ and the eval-
uation parameters v, take the form

Vr —

zn: 0 . (6.105)

J:
J#

o=

I =

Specifying to the case of the (double-)cross integral, it is easy to check that the gener-
ator (6.104)) agrees with the expression found in section [6.3.1]

6.3.3. Dual Conformal Symmetry and the Yangian in Momentum
Space

In /' = 4 SYM theory, the Yangian invariance of scattering amplitudes is known to
be equivalent to their superconformal and dual superconformal symmetry [24,25]. It
is thus natural to ask whether a similar statement can be made rigorous in the case
at hand — namely, for planar scattering amplitudes in xyFT,, which enjoy ordinary
conformal and dual conformal symmetry, cf. [151] for a discussion of the one-loop box.
At the same time, one may wonder whether an analogue of the above construction of the
coordinate-space Yangian can also be performed in momentum space. In what follows,
we will explicitly demonstrate that the generator of special conformal transformations
in the dual (coordinate) space can be rewritten as a Yangian level-one generator acting
in on-shell momentum space. We thus derive the Yangian symmetry in momentum
space and establish its equivalence to dual conformal symmetry.

Dual conformal symmetry. We begin by briefly discussing the dual conformal sym-
metry of planar bi-scalar scattering amplitudes. As explained above, this symmetry can
be exposed by introducing the dual variables, which are defined through the relation

ph=at —al (6.106)

In contrast to the situation in N' = 4 SYM theory, the dual conformal symmetry of the
considered xyFT, model is less universal in the sense that the dual conformal symmetry
generators depend, at least in part, not only on the number of external legs but also
on the structure of the amplitude itself. To make this statement more clear, let us
consider three simple examples of amplitudes:

P4 ps Tz D5

Pz x4 P4 . . .
: : D3 ----ee- D5 R et I 21

T3 : : : T7

p2 - l------ -------; caes
. Zo E

P T1  Po pr

P1 1 P8
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Using Feynman rules, we write down the following expressions for the amplitudes
depicted above:

_ S (zy — x7) D (2 — x9) W (21 — )

AL = AL = . Al = / g . (6.107)
35%4 ’ 33%61%6 -T%Ol'%()x%ox%o

A few comments concerning these amplitudes are in order. In equation ((6.107)), we have

already introduced the dual coordinates x1, zo, . . ., x,, which are related to the external

momenta as stated in equation . Obviously, the denominators just represent the
region momenta flowing through the different propagators. Furthermore, note that in
the above formulas, we have relaxed the cyclicity condition on the x’s at the cost of a
four-dimensional delta function 6 (2, — 2,,41) reimposing the closure of the light-like
polygon. This delta function corresponds to the momentum-conserving delta function
§W(P), where P = 37, p;, and we have inserted it here for later convenience. On
the contrary, we have not included the one-dimensional delta functions ensuring the
light-likeness of the edges x; — x;11. The reason for this is that the dual conformal
generators as well as the level-one on-shell momentum-space generators manifestly re-
spect the light-likeness condition, so that we can safely disregard these delta functions.
This being said, let us now take a closer look at the dual conformal properties of these
amplitudes. The representation of the dual conformal algebra that we will use here
was introduced in equation and for pedagogical reasons we will start with a rep-
resentation with conformal dimension A; = 0 at each site. The amplitudes are
manifestly invariant under translations and rotations and thus they are annihilated by
the corresponding generators. Acting with the dilatation generator on the amplitudes

in equation (6.107)) yields

DA=0AL = 6iA}, DA=0AL = 8iAY, DAY =8iAll,  (6.108)
where
. n+1
DA=0 = i ¥ 2t . (6.109)
i=1

Note that due to the relaxed cyclicity condition, the dual conformal generators are
summed up to n + 1 instead of n. From equation (6.108]), we anticipate that acting
with the conformal dilatation generator on an amplitude just yields the number of
external legs times ¢ and it is actually not too hard to convince oneself that this
statement holds true for all the planar scattering amplitudes in yFT4. In order to
make the dilatation generator a true symmetry generator, we will now use the freedom
to choose the conformal dimensions A; to compensate for the terms on the right-hand
side of equation (6.108). The conformal dimensions A; enter the dilatation generator
in the following way:

. n+1
DA = =i 3 (a0 + A). (6.110)

i=1
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There are actually many choices that lead to a generator DA which annihilates the
amplitudes (6.107]) but the most natural one is

—

A, =(441,0,0,1,0,0,0),

6

AAg = (4+1,0,1,0,0,2,0,0,0),

A= (4+1,0,1,0,1,0,1,0,0). (6.111)

Note that we can always choose A, .1 = 0 as the delta function allows us to eliminate
the coordinate x,,; in favor of ;. The factors of four in the above equations compen-
sate for the weight that is introduced by the delta function, while all the other numbers
are chosen such that the weight coming from the corresponding coordinate is canceled
out. Having discussed the dilatation symmetry, let us now focus on special conformal
transformations. For this, we again study the inversion and use the identity to
deduce how the amplitudes transform under special conformal transformations. Using
that the region momenta invert as

I[z2] = 52 (6.112)

as well as the formula I,[0(z1 — zn41)] = 236(21 — 2541) [T we find
LAg) = o 2fAs, LAY =a’afog Ay, BlAg] = a°2fafat Ay, (6.113)

see also our discussion in section [6.3.1.1l In contrast to the situation in N' = 4 SYM
theory, the amplitudes obviously do not transform in a completely covariant way. This
is on the one hand due to the fact that there is no supermomentum-conserving delta
function present which could balance out the inversion weight of the bosonic delta
function. On the other hand, also the amplitude functions themselves do not transform
in a completely homogeneous way as some of the x’s are simply not present, while others
come with a power higher than two. Having studied the inversion properties of the
amplitudes, we can now easily write down expressions for the action of the generator

ngo on the three amplitudes (6.107]). Using equation ((6.27)), we find
K4 A = i (529 + 2§*) Af,
K4 AL = i (529 + 2§ + 20§ ) AL,

K4 A = i(525* + 2§ + 28 + 28°) A, (6.114)
where we employed the standard definitions
% = (_ffjo‘x",
n+1 W8 f
aa 1 =odao _ . « « .

19T his formula can easily be derived by considering the definition of the delta function [ d*z; é(z; —
Tp+1) = 1 and noting that under inversion the measure transforms as Ip[d*z1] = d*zq /af8.
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As in the case of dilatation symmetry, we can now adjust the conformal scaling dimen-
sions A such that the generator of special conformal transformations annihilates the
amplitudes

K =K3, - Py AT, (6.116)

i=1
with the A;’s as defined in equation (6.111)). Our examples and equation ((6.111])
make it clear that the generators D* and K%"‘ are no longer universal as the vector

A does not only depend on the number of external legs but also on the amplitude
itself. However, note that the generators D® and K%‘l are perfectly consistent with
the algebraic restrictions imposed on them by the conformal commutation relations.
Hence, the generators P, L, D” and K’é still furnish a representation of the conformal
algebra s0(2,4).

Finally, let us comment on the situation for a generic planar amplitude in the bi-
scalar yFT4 model. As mentioned above, the plain dilatation generator DA=° acts on
an amplitude as follows

DA A, = in A,. (6.117)

For a given planar amplitude, the modified dilatation generator

N n+1

DA = =i > (2405 + A) (6.118)
=1

annihilating the amplitude can be constructed in the following way: First, we determine
which z;’s will be absent in the amplitude by drawing the amplitudes’ dual graph and
set to zero all the corresponding A;’s. For the remaining x;’s, we set the corresponding
A;’s equal to the number of lines which meet in the point z;. Finally, we set to
zero A, 1 and add a factor of four to A1 to compensate for the weight of the delta
function. The resulting generator D® will then annihilate the considered amplitude.
The generator of special conformal transformations annihilating this amplitude follows
immediately from the algebra. Explicitly, it reads

K§* =K, —iy Ajag®. (6.119)
=1

Finally, note that due to equation (6.117)), the A;’s satisfy the following relation:

n

Y Ai=n. (6.120)
=1

We will use this equation in the next paragraph, when we establish the connection
between the generator K%a and the level-one momentum generator.
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Yangian symmetry in momentum space. In this paragraph, we will now demon-
strate that the generator K%a agrees with the conformal level-one momentum gen-
erator up to terms which annihilate the amplitudes by themselves. The discussion
follows closely the one presented in [25], where the statement was proven for the case
of psu(2,2[4). To rewrite K%O‘ as an operator acting in on-shell spinor-helicity space,
we first extend it such that it commutes with the constraint

"=l = N\ =0. (6.121)

The result reads

n+1
= Z #2005 + Z( Ny + al N Dy + A2l | (6.122)

=1

Using the inverse of equation ((6.121]),

= g8 Z PEI: (6.123)

3N
and dropping the term that includes a derivative with respect to =, we find

K4 = i (A;%\fAf‘& s+ A Aaxa) i (X?A;‘X?%)

j<i=1 j<itl=1

— iy (297N 055 + TN, + A “). (6.124)
=1

Note that the amplitudes can always be written as distributions depending exclusively
on the spinor-helicity variables {);} and {\;}. For this reason, we could safely disregard
all terms containing a derivative with respect to the dual coordinates. Starting from
equation , it is now, however, a straightforward exercise to rewrite K%O‘ as

# ZZ;B&OC +4 Z (Az . 1)‘»]3?(1 + %(mo’cﬁgaﬁ + mﬁagdﬁ, + mda@ . mo’ca)

j<i=l1
- %Xn: S (N By = N D) — ZZ(%BS% + a8, +2{°D;),  (6.125)
=1

where we have introduced the conformal generators written in terms of spinor-helicity
variables

5 = A\'0is — 20500y, £y = A05 — 3650 Dis
pée = x;ﬂg : D; = 200 + N80 + 1. (6.126)
The generator ¥ &% in equation (6.125)) is the level-one momentum generator

n

oo = S (PILrs + PIOLE, +PID, — (i 2 ) (6.127)

j<i=1
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as it follows from the formula with the underlying level-zero algebra being the
conformal algebra spanned by the generators . Note that in order to bring K%a
to the above form, we have also used the constraint equation (6.120]), which allowed
us to replace the A;’s by one in the term that contributes to x$*®;. Finally, using the
level-zero invariance of the amplitudes as well as the fact that all the external particles
have zero helicity, i.e.

LN 0y = N0i3) Ay =0, (6.128)

we see that most of the terms on the right-hand side of equation ((6.125)) drop out,
leaving us with

n

K 300 +1 3 (A ). (6:120)

j<i=1

The local term would obviously vanish if all the A;’s were equal to one as they are, for
example, in the case of N' = 4 SYM theory. However, since this is not the case here, we
arrive at a purely bosonic Yangian generator with non-vanishing evaluation parameters,
which is in complete analogy with the z-space level-one momentum generator that we
considered before.
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7. Conclusion and Outlook

Quantum integrability has turned out to be an important tool in overcoming the limi-
tations of perturbation theory and reaching a deeper understanding of four-dimensional
quantum field theories. The algebraic structure that sits at the heart of integrability
is the Yangian, which can be understood as an infinite-dimensional extension of the
underlying Lie algebra symmetry. Reaching a profound understanding of its origins,
role and implications is still a major desideratum. In this work, we have established
and studied the Yangian for Maldacena—Wilson loops and fishnet Feynman graphs and
we shall now give a brief summary of the results that have been obtained.

In the first part of this thesis, we studied Maldacena—Wilson loops at weak coupling.
Our first goal was to determine the full supersymmetric completion of the Maldacena—
Wilson loop operator. In reference [1], this operator was constructed through quadratic
order in an expansion in the anticommuting variables by employing the component for-
mulation of the N' =4 SYM model and demanding supersymmetry. Here, we did not
pursue this approach but rather made use of the N/ = 4 non-chiral superspace formu-
lation of the N' =4 SYM model [105], which we introduced in chapter [3| Importantly,
we have seen that this space is an on-shell superspace as the superspace constraints
imply the equations of motion [103,|104]. Standard quantization techniques, such as
the path integral, are therefore clearly not applicable. Nevertheless, we were able to
derive propagator expressions for the gauge connection, the superscalars and the field
strength tensor. The gauge propagator was established through quartic order in an ex-
pansion in the Grafmann variables by using a convenient type of gauge due to Harnad
and Shnider [103], while the gauge-invariant propagators were determined to all orders
in the anticommuting coordinates by exploiting the superconformal symmetry of the
theory.

With the superspace formalism established, we then turned to the construction of
the super Maldacena—Wilson loop operator. Based on work done by Ooguri et al. [108],
we derived this object by considering the dimensional reduction of the ten-dimensional
super Wilson loop. The so-defined loop operator is a highly natural observable from the
viewpoint of the AdS/CFT correspondence as it is the object which is dual to a minimal
supersurface of the type IIB superstring that is bounded by the Wilson loop path at
the boundary of space. This claim was substantiated by the observation that super
Maldacena—Wilson loops have a local fermionic symmetry of kappa type. We exposed
this symmetry and showed how it is related to the 1/2 BPS property of the bosonic
Maldacena—Wilson loop. Additionally, we established the action of the superconformal
generators on both the fields and the superspace coordinates. Subsequently, we turned
to the one-loop expectation value of the super Maldacena—Wilson loop operator. Using
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7. Conclusion and Outlook

the previously established propagators, we computed the operators vacuum expectation
value through quartic order in an expansion in the anticommuting coordinates and put
forward an educated guess for the all-order form of the one-loop VEV. Finally, we
proved the expectation value to be finite and verified the superconformal symmetry of
the object.

One of the key results of this thesis concerns the non-local symmetries of the super
Maldacena—Wilson loop operator: We proved the existence of a hidden Yangian sym-
metry at the leading perturbative order and to all orders in the Graimann coordinates.
To establish this result, we first inspected thoroughly the different possibilities for defin-
ing the action of the bi-local part of the level-one generators on the super Wilson loop.
More precisely, we compared the path representation of the level-zero generators to the
level-zero field actions and the covariantized field actions, which act on the gauge con-
nection through a level-zero transformation plus a compensating gauge transformation.
While all three representations yield equivalent results for level-zero transformations,
we saw that that the consistency of the Yangian crucially depends on which level-zero
representation is chosen. In fact, we found that gauge covariance is only maintained if
the bi-local level-one actions are built upon the covariantized level-zero field represen-
tation. The claim that the level-one generators are most naturally specified by their
action on the fields was further substantiated by realizing that the hidden “space-like”
dimension with respect to which the ordering in the bi-local level-one actions is defined
is a dimension in color space, being spanned by the matrix product of fields. In the
case at hand, this ordering prescription trivially coincides with the ordering along the
one-dimensional path but this is obviously specific to Wilson loops. Importantly, we
saw that the bi-local level-one actions leave behind a UV-divergent local term when ap-
plied to the super Maldacena—Wilson loop operator. No bi-local term remained at the
one-loop level, which is a clear sign of Yangian symmetry. We worked out the different
local contributions for all level-one generators J, € Y [psu(2,2[4)] and showed how the
freedom of defining the local action can be used to make the bi-local level-one actions
true symmetry generators. Additionally, we found that the super Maldacena—Wilson
loop features a level-one bonus symmetry, namely level-one hypercharge symmetry,
mirroring the structure found for scattering amplitudes [110].

While we strove to keep the discussion as generic as possible, we noticed that the
Yangian symmetry of Wilson loops crucially depends on the following two properties
of the underlying gauge theory: first, the vanishing of the dual Coxeter number of
the underlying level-zero symmetry algebra; second, a novel identity, which we called
G-identity, basically stating that the field strength two-form vanishes when contracted
with two level-zero vector fields. Both are fulfilled by A" =4 SYM theory and tightly
constrain the number of models in which Wilson loops could feature a Yangian sym-
metry.

Finally, let us compare our findings to the results that have been obtained at strong
coupling. In a parallel line of research, the Yangian symmetries of minimal supersur-
faces were derived from the integrability of the string sigma model [43,/44]. At strong
coupling, the bi-local part of the level-one generators follows the usual pattern, while
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the local terms that were found are structurally very similar to the ones obtained by us.
However, a careful inspection of the local contributions shows that they do not com-
pletely agree. Most likely, this indicates that the local terms depend in a non-trivial
way on the 't Hooft coupling A. Nevertheless, the string theory findings strongly sup-
port the correctness of the results that have been obtained in this thesis. With the
weak coupling results of this work and the cited strong coupling results, the Yangian
symmetry of super Wilson loops is now fully established, which completes the analysis
that was begun in reference [1].

In the second part of this thesis, we shifted our focus to fishnet Feynman diagrams,
which are built from four-valent vertices that are joint by scalar propagators in a regular
pattern. In the bulk, these diagrams look like a regular square lattice, a structure that
was long ago shown to furnish an integrable lattice system [114]. However, merely the
simplest representative (the box integral) of this infinite-dimensional family of Feynman
integrals is completely known [132]. Any new insights into the mathematical structure
of theses fishnet integrals are therefore highly valuable. Notably, scalar fishnet graphs
are in one-to-one correspondence with planar correlators in the recently discovered
integrable bi-scalar CFT [46] that can be obtained by taking a specific double-scaling
limit of the v;-twisted N' = 4 SYM model. This correspondence in fact explains in
parts the nice integrable structure of these diagrams.

Here, we have shown that scalar fishnet integrals feature a conformal Yangian sym-
metry with Yangian generators that realize a non-trivial evaluation representation of
the Yangian Y[s0(2,4)][] We phrased this symmetry in terms of generators annihi-
lating these graphs as well as in the language of the RTT realization. In the latter
formalism, fishnet Feynman graphs are interpreted as eigenstates of an inhomogeneous
monodromy matrix in the spirit of the work [69,70,|140]. Importantly, the considered
fishnet Feynman integrals are all free of divergences, which renders the Yangian sym-
metry an exact loop-level statement. The finiteness even continues to hold when all
the external momenta are put on-shell and we were able to prove the Yangian symme-
try of on-shell graphs as well. The level-one symmetry implies that fishnet Feynman
integrals satisfy a set of (complicated) differential equations. We explicitly worked out
the simplest of these equations, which is the differential equation for the box integral.
Finally, let us emphasize a result that is of far more general nature: Our analysis shows
that cyclic Yangian invariants exist even if the dual Coxeter number of the underlying
Lie algebra does not vanish. The non-cyclicity of the bi-local part of the level-one
generators can in fact be repaired by choosing appropriate evaluation parameters. A
vanishing dual Coxeter number is therefore in general not a necessary condition for
integrability.

There are several interesting directions for future investigations. Let us begin by
highlighting a couple of interesting questions that concern fishnet Feynman graphs.

A natural way to extend our results is to study more general double-scaling limits
of the y-twisted N' = 4 SYM model [46,/49]. These limits are believed to preserve

!That is to say that the local term is of the form Y w,J; and therefore proportional to the corre-
sponding level-zero generator.
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integrability as well but lead to theories with a richer field content. While my collab-
orators and I have already made progress in understanding the Yangian symmetry of
off-shell correlators in the model with two non-zero couplings, the fully double-scaled
model with three effective couplings still poses challenging problems. Also, on-shell
limits remain to be completely understood, see our discussion in section [6.3.2.3]

Another interesting question concerns the definition of integrability in four-dimensio-
nal field theories. Recently, a criterion for integrability in planar gauge/field theories
was put forward in [26]. It would be highly interesting to investigate how the double-
scaled models and in particular the bi-scalar theory perform with respect to this cri-
terion. One of the clear advantages in comparison to N' = 4 SYM theory is that the
bi-scalar model is much simpler, so that open questions potentially become a lot easier
to answer. If the criterion holds or can be adapted, this might also allow one to un-
derstand the Yangian symmetry of field theory observables on more general grounds,
namely in terms of a symmetry of the action.

A further pressing question is whether the Yangian symmetry can actually be used to
compute fishnet Feynman diagrams. Fishnet integrals in fact furnish an ideal starting
point for attacking the long-standing challenge of turning the Yangian into a computa-
tional tool as the symmetry is non-anomalous, while the quantities of interest depend
on finitely many variables. A natural strategy is to study the differential equations
that the Yangian symmetry implies. However, since the level-one equations are gener-
ically very complicated, one first needs to cast them into a usable form. Here, we have
shown how to do this for the box integral. It would be interesting to perform the same
computation for the (off-shell) double-box integral. This integral belongs to the class
of elliptic Feynman integrals [112}/113] about which not much is known.

The question how the Yangian symmetry can be used in practice also applies to
the discussed super Wilson loops. In contrast to fishnet graphs, general smooth super
Maldacena—Wilson loops depend on infinitely many bosonic and fermionic variables.
This clearly renders the task of identifying Yangian invariants highly non-trivial. How-
ever, the constraints that are implied by the Yangian should become more transparent
when restricting to special types of contours. Two natural classes that come to mind
are the highly symmetric curves, such as superspace circles, as well as the null polyg-
onal contours. However, the latter lead to UV-divergent expectation values [39]40],
which renders the symmetries anomalous. For this reason, it could be wise to look
at super Wilson loops depending on contours which are almost polygonal in the sense
that the corners are smoothed out by splines.
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A. Sigma Matrices in Four, Six and
Ten Dimensions

In this appendix, we summarize our conventions for the four-, six- and ten-dimensional
Pauli matrices and provide the identities which are relevant for the calculations carried
out in this thesis.

A.1. Sigma Matrices in Four Dimensions

We consider four-dimensional Minkowski space with metric ), = diag(+1, —1, —1, —1).
The four-dimensional Pauli matrices 0,4 and 63‘0‘ are defined as

o, =(1,5), G, =(1,-5), (A.1)

01 0 —1 1 0
0'1:<1 0), 0'2:<?: O), 0'3:<0 _1> (A2>

The sigma matrices transform between the four-dimensional chirality left and right
spinors and satisfy the following algebra relations

where

00y + 0,0, = 20, 00y + 0,0, = 20, (A.3)

where 7, is the Minkowski metric. Furthermore, they obey the following trace identi-
ties

tr(ato”) = 20
tr(o"c"cPo") = 2(77‘“’77’“ + 0t — Py — gt
tr(ota”o?a"™) = 2(n"'nP" + Pyt — Pyt 4 it Py | (A.4)
where £#7P% is the totally antisymmetric four-tensor in four dimensions. For conve-
nience, we introduce the following abbreviations for antisymmetrized products of Pauli

matrices:

O = %(aual, T,0L) O = %(Uua,j TL0,) - (A.5)

175



A. Sigma Matrices in Four, Six and Ten Dimensions

The following identities are straightforward to check:

0 aa P = 25850 (), 2(6m) s =0,
((7“”)016(0,!1,);s = —85253 + 45553. (A.6)

We proceed by introducing the antisymmetric tensors in two dimensions. There are
four types of totally antisymmetric e-tensors: €45, €%, €45 and €% In our conventions,
these tensors are all numerically equal, i.e.

e:<ﬂ @, (A7)

which implies that

Eape™ = =0, %Bsm = 5. (A.8)

An important identity that we shall frequently use is the so-called Schouten identity,
which reads

6a55§ + 5,00 + emég =0, (A.9)

plus a similar identity for the e-symbols with dotted indices. Moreover, we note the
following completeness relations:

Exye = 606% — 6753, €5

e’ = 6{6% — 6565 (A.10)

The e-tensors can be used to raise and lower the spinor indices of the four-dimensional
Pauli matrices, i.e.

5@55’5750[7 - Uuad 5 5aﬁ0uad€dﬁ - 65ﬁ . (All)

An important point to note is that the e-tensor is the only antisymmetric two-tensor
in two dimensions. For this reason, each two-tensor can be decomposed as

Mos = Mias) + 2€ase” Mg, , Ms = Mg + 3eas” My, . (A.12)

«Q

Using the sigma matrices, we assign bi-spinors to four-vectors in the following way:
% = x“&fj“, One = 0"0 06 - (A.13)
Note that this implies that
Dgpa™® = 20507 . (A.14)

Finally, we note the following identities:

ex’ex = exex’ = —2°I, det(z) = 22. (A.15)
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A.2. Sigma Matrices in Six Dimensions

A.2. Sigma Matrices in Six Dimensions

We consider Euclidean space R® with metric n/ = —§%. The six-dimensional Pauli
matrices are 4 x 4 matrices, which are defined as

(E(lzlw RN Egb) = (nlaba 12aby 13ab, _iﬁlaba _iﬁQaba _iﬁSab) )
(Zlaba sy 26 ab) - (nlaba M2aby M3abs i'fhaba iﬁQab; iﬁ3ab> . (A16)
Here, n;,, and 7;4, are the 't Hooft symbols, which explicitly read
Niab = €iabs T 0ia0sp — Oip04q , TNiab = €iabt — OiaOap + 0ip04a , (A.17)

where €;,.4 is the totally antisymmetric four-tensor. The six-dimensional Pauli matrices
satisfy the following algebra relations

SIS | SIS — 9 SIST | SIS — 9 (A13)
where 1 is the metric tensor. Further relevant identities are
fzb — %azbcdii cd ’ iz ab _ %gadeZ’iah
S = 2€abed Sieby) = 469 (A.19)

1234

with the convention that gy934 = ¢ = 1. Furthermore, we note that

dklm __ 5kzlm + 5mkl + 5lmk - 5lkm . 5mlk kml

Edabct abe abe abe abc abc abc
cdgk cd dc
where §2-4 := §2..0¢. The antisymmetrized products of six-dimensional Pauli matrices
are defined as

S — L(iS - ¥IS), S4 = LSy - 95, (A.21)

As in the four-dimensional case ((A.13]), we can use the sigma matrices (A.16]) to assign
antisymmetric 4 x 4 matrices to a six-dimensional vector X;,

Xop =20, X5, Xob .= yiabx, (A.22)
For the scalar product of two vectors we find the following trace expression:

XY, = 2% X,V = 4X,Y; = —4X'Y;. (A.23)

A.3. Sigma Matrices in Ten Dimensions

We consider ten-dimensional Minkowski space with metric n#” = diag(+1, —1,...,—1).
We denote the two types of ten-dimensional Pauli matrices by T, ; and ['448  These
matrices are real and symmetric

=T, =T, (A.24)
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and satisfy the following algebra relations:
DATY 4 TPTH = 2 DAY 4 T7TF = 2pf” (A.25)
For the trace of two such matrices, we find
tr(I7T7) = 160" . (A.26)
We often use antisymmetrized products of ten-dimensional I matrices, such as
i = L(TIT” - T7T7) [ = L(TT” — 1710, (A.27)
and analogous formulas for higher-rank products

Pireity . Lpln pil (A.28)
p!
As a rule, such a matrix has no bar if the row index is lower and it has a bar if the row
index is upper. The product of antisymmetrized Pauli matrices can be rewritten as

fi1 - fip DD midpa V(P (D), ] ja, P2 lips1— o128 A ) P2 Pl
[H-fe q:Zk‘.k kn?’ n'te N kad r P .
k=0

(A.29)

Note that in the last expression we have for obvious reasons given up the notational
distinction between the two types of Pauli matrices. In particular, we will often use
the following special case of the above formula:

DAD?-21 — PARLPL lnﬂ[f/lrﬁz..ﬁz] _ (A.30)
Another important identity is the so-called magic identity, which reads

IR AN o7 . i . I A
Mol (6555 = Vaglass + T Vaas + Dialsps

~0. (A.31)

A similar identity of course holds for the Pauli matrices with upper spinor indices.

Finally, we provide the decomposition rules for the ten-dimensional Pauli matrices.
If we do not insist on the reality conditions, we can write the ten-dimensional Pauli
matrices as

F}(Laa)(é) = 5205027 1:"“ (aa)<2) — 5;)15#@04’

(ca)(ds) = —€apZea [ (c)dp) — gafyyicd
e —— ‘iiCd l:n (;),(g) _ dﬁxi (A "
(;> (g) Cap ! € ed - ] )

Note that we have not written all the matrix elements, but the missing ones can either
be obtained by symmetry or they vanish.
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B. The Algebra u(2,2|4)

In this appendix, we present details on the algebra u(2,2]4), which is a slightly enlarged
version of the symmetry algebra of N' =4 SYM, namely psu(2,2[4).

B.1. The Commutation Relations

We start by listing the commutation relations of the su(2), su(4), su(2) rotation gen-
erators L%, R, L¢ 5~ Under one of these rotations, the indices of any generator J
transform canonically according to

Lo, J7] = —2030% + 651", L%, J,] = 28205 — 651, ,
(L5, 7] = —2000% + 5307, L5, 05) = 20835 — 6575,
R, J¢] = —2550° + L67.0°, R, J| = 2080, — 3050, (B.1)

The commutators involving the conformal dilatation generator D and the hypercharge
operator B are given by

D, J] = dim(J)J, [B,J] = hyp(J) J, (B.2)
with the non-vanishing dimensions and hypercharges
dim(P) = —dim(K) =1,  dim(Q) = dim(Q) = — dim(S) = —dim(S) = 1,
hyp(Q) = —hyp(Q) = hyp(S) = —hyp(S) = 3. (B.3)

The translation generators P,g, the boost generators K% and their superpartners Qqq,
Q%, S* and S%, satisfy the relations

|Qan, K| = —2055%, Q. K| = 2098,
[Pada Sbﬁ} = +200Q"% {Pada SBb] = 4+265Qus
{Qam ng} = +252P6¥B’ {Saa, Sﬁb} = —2(5;K’Ba. (B4)

The remaining non-vanishing commutators are given by
[Py KO| = 20815 + 2051% 5 + 40505D ,
{Qaa, 8"} = —26L7, + 262R", — 28267 (D — C)
[Qta, 8%} = —20;1° 4 — 200R", — 2639, (D + C). (B.5)
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B.2. The Non-Chiral Representation

On the S°-extended non-chiral superspace spanned by (z, 6,6, q) the algebra u(2,2|4)
can be represented as

Pasg = —0ua
Qaa = 0%4006 — Oaa »
an'c = eaaaad - 5(1(54 )
L% = —a1%0gy — 200 + 365 (2770, + 20770.,.) ,
Lé = =0, — 20°.0° + §65 (2770, + 267.0°) ,

D = —1(2%0as + 0°0aa + 070" + 56" 0us)
9 = —(2+)%20900;5 + 400V D, + (27) 1 + 207" Deg — 6°° ¢ D0,
S¢, = —(x_)f”’maaw — 49%56“6507 + (x)%9,, — 204,40, .
K = 20°(21)V0,, + 2(a7)120%,0% + S(at) 1 (aF)* 10,

+ (@) (27) M0, — 40°°0% 1¢" Oca + 3 (27)**¢“0ca

R, = 207,0% — 200, — ¢"0ha — 305 (207:0°% — 2070, — ¢*0ca) ,

B = 1000 — 30%.0% . C=0. (B.6)

The representation of the same algebra on the non-extended superspace is obtained by
setting all the ¢’s in the above expressions to zero.

180



Bibliography

1]

D. Miller, H. Minkler, J. Plefka, J. Pollok and K. Zarembo, “Yangian Symmetry of
smooth Wilson Loops in N' = 4 super Yang-Mills Theory”, JHEP 1311, 081 (2013),
arxiv:1309.1676.

N. Beisert, D. Miiller, J. Plefka and C. Vergu, “Smooth Wilson loops in N = 4
non-chiral superspace”, JHEP 1512, 140 (2015), larxiv:1506.07047.

N. Beisert, D. Miiller, J. Plefka and C. Vergu, “Integrability of smooth Wilson loops
in N =4 superspace”, JHEP 1512, 141 (2015), arxiv:1509.05403.

D. Chicherin, V. Kazakov, F. Loebbert, D. Miiller and D.-1. Zhong, “Yangian
Symmetry for Fishnet Feynman Graphs”, Phys. Rev. D96, 121901 (2017),
arxiv:1708.00007.

D. Chicherin, V. Kazakov, F. Loebbert, D. Miiller and D.-1. Zhong, “Yangian
Symmetry for Bi-Scalar Loop Amplitudes”, arxiv:1704.01967.

C.-N. Yang and R. L. Mills, “Conservation of Isotopic Spin and Isotopic Gauge
Invariance”, Phys. Rev. 96, 191 (1954).

ATLAS Collaboration, G. Aad et al., “Observation of a new particle in the search for
the Standard Model Higgs boson with the ATLAS detector at the LHC”,
Phys. Lett. B716, 1 (2012), arxiv:1207.7214.

CMS Collaboration, S. Chatrchyan et al., “Observation of a new boson at a mass of
125 GeV with the CMS experiment at the LHC”, Phys. Lett. B716, 30 (2012),
arxiv:1207.7235.

L. Brink, J. H. Schwarz and J. Scherk, “Supersymmetric Yang-Mills Theories”,
Nucl. Phys. B121, 77 (1977).

J. M. Maldacena, “The Large N limit of superconformal field theories and
supergravity”, Int. J. Theor. Phys. 38, 1113 (1999), hep-th/9711200.

S. S. Gubser, I. R. Klebanov and A. M. Polyakov, “Gauge theory correlators from
noncritical string theory”, Phys. Lett. B428, 105 (1998), hep-th/9802109.

E. Witten, “Anti-de Sitter space and holography”,
Adv. Theor. Math. Phys. 2, 253 (1998), hep-th/9802150.

H. Nastase, “Introduction to the AdS/CFT correspondence”, Cambridge University
Press (2015).

G. 't Hooft, “A Planar Diagram Theory for Strong Interactions”,
Nucl. Phys. B72, 461 (1974).

J. A. Minahan and K. Zarembo, “The Bethe ansatz for N' = J superYang-Mills”,
JHEP 0303, 013 (2003), hep-th/0212208.

181


http://dx.doi.org/10.1007/JHEP11(2013)081
http://arxiv.org/abs/1309.1676
http://dx.doi.org/10.1007/JHEP12(2015)140
http://arxiv.org/abs/1506.07047
http://dx.doi.org/10.1007/JHEP12(2015)141
http://arxiv.org/abs/1509.05403
http://dx.doi.org/10.1103/PhysRevD.96.121901
http://arxiv.org/abs/1708.00007
http://arxiv.org/abs/1704.01967
http://dx.doi.org/10.1103/PhysRev.96.191
http://dx.doi.org/10.1016/j.physletb.2012.08.020
http://arxiv.org/abs/1207.7214
http://dx.doi.org/10.1016/j.physletb.2012.08.021
http://arxiv.org/abs/1207.7235
http://dx.doi.org/10.1016/0550-3213(77)90328-5
http://dx.doi.org/10.1023/A:1026654312961
http://arxiv.org/abs/hep-th/9711200
http://dx.doi.org/10.1016/S0370-2693(98)00377-3
http://arxiv.org/abs/hep-th/9802109
http://dx.doi.org/10.4310/ATMP.1998.v2.n2.a2
http://arxiv.org/abs/hep-th/9802150
http://dx.doi.org/10.1016/0550-3213(74)90154-0
http://dx.doi.org/10.1088/1126-6708/2003/03/013
http://arxiv.org/abs/hep-th/0212208

Bibliography

[16]
17)
18]
[19]
[20]
21]
[22]
23]

[24]

[25]

[26]

[30]
[31]
32]

33]

182

N. Beisert, C. Kristjansen and M. Staudacher, “The Dilatation operator of conformal
N = J superYang-Mills theory”, Nucl. Phys. B664, 131 (2003), hep-th/0303060.

N. Beisert and M. Staudacher, “The N=4 SYM integrable super spin chain”,
Nucl. Phys. B670, 439 (2003), hep-th/0307042.

N. Beisert et al., “Review of AdS/CFT Integrability: An Overview”,
Lett. Math. Phys. 99, 3 (2012), arxiv:1012.3982.

N. Gromov, V. Kazakov, S. Leurent and D. Volin, “Quantum Spectral Curve for
Planar N = Super-Yang-Mills Theory”, Phys. Rev. Lett. 112, 011602 (2014).

N. Gromov, V. Kazakov, S. Leurent and D. Volin, “Quantum spectral curve for
arbitrary state/operator in AdSs/CFT4”, JHEP 1509, 187 (2015).

R. R. Metsaev and A. A. Tseytlin, “Type IIB superstring action in AdS(5) x S**5
background”, Nucl. Phys. B533, 109 (1998), hep-th/9805028.

I. Bena, J. Polchinski and R. Roiban, “Hidden symmetries of the AdS(5) © S**5
superstring”, Phys. Rev. D69, 046002 (2004), hep-th/0305116.

L. Dolan, C. R. Nappi and E. Witten, “A Relation between approaches to integrability
in superconformal Yang-Mills theory”, JHEP 0310, 017 (2003), hep-th/0308089.

J. M. Drummond, J. Henn, G. P. Korchemsky and E. Sokatchev, “Dual
superconformal symmetry of scattering amplitudes in N = J super-Yang-Mills
theory”, Nucl. Phys. B828, 317 (2010), arxiv:0807.1095.

J. M. Drummond, J. M. Henn and J. Plefka, “Yangian symmetry of scattering
amplitudes in N' = 4 super Yang-Mills theory”, JHEP 0905, 046 (2009),
arxiv:0902.2987.

N. Beisert, A. Garus and M. Rosso, “Yangian Symmetry and Integrability of Planar
N=/ Supersymmetric Yang-Mills Theory”, Phys. Rev. Lett. 118, 141603 (2017),
arxiv:1701.09162.

J. M. Maldacena, “Wilson loops in large N field theories”,
Phys. Rev. Lett. 80, 4859 (1998), hep-th/9803002.

S.-J. Rey and J.-T. Yee, “Macroscopic strings as heavy quarks in large N gauge theory
and anti-de Sitter supergravity”, Eur. Phys. J. C22, 379 (2001), hep-th/9803001.

J. K. Erickson, G. W. Semenoff and K. Zarembo, “Wilson loops in N' = 4
supersymmetric Yang-Mills theory”, Nucl. Phys. B582, 155 (2000), hep-th/0003055.

V. Pestun, “Localization of gauge theory on a four-sphere and supersymmetric Wilson
loops”, Commun. Math. Phys. 313, 71 (2012), arxiv:0712.2824.

L. F. Alday and J. M. Maldacena, “Gluon scattering amplitudes at strong coupling”,
JHEP 0706, 064 (2007), arxiv:0705.0303.

A. Brandhuber, P. Heslop and G. Travaglini, “MHYV amplitudes in N' = J super
Yang-Mills and Wilson loops”, Nucl. Phys. B794, 231 (2008), arxiv:0707.1153.

J. M. Drummond, J. Henn, G. P. Korchemsky and E. Sokatchev, “On planar gluon
amplitudes/Wilson loops duality”, Nucl. Phys. B795, 52 (2008), arxiv:0709.2368.


http://dx.doi.org/10.1016/S0550-3213(03)00406-1
http://arxiv.org/abs/hep-th/0303060
http://dx.doi.org/10.1016/j.nuclphysb.2003.08.015
http://arxiv.org/abs/hep-th/0307042
http://dx.doi.org/10.1007/s11005-011-0529-2
http://arxiv.org/abs/1012.3982
http://dx.doi.org/10.1103/PhysRevLett.112.011602
http://dx.doi.org/10.1007/JHEP09(2015)187
http://dx.doi.org/10.1016/S0550-3213(98)00570-7
http://arxiv.org/abs/hep-th/9805028
http://dx.doi.org/10.1103/PhysRevD.69.046002
http://arxiv.org/abs/hep-th/0305116
http://dx.doi.org/10.1088/1126-6708/2003/10/017
http://arxiv.org/abs/hep-th/0308089
http://dx.doi.org/10.1016/j.nuclphysb.2009.11.022
http://arxiv.org/abs/0807.1095
http://dx.doi.org/10.1088/1126-6708/2009/05/046
http://arxiv.org/abs/0902.2987
http://dx.doi.org/10.1103/PhysRevLett.118.141603
http://arxiv.org/abs/1701.09162
http://dx.doi.org/10.1103/PhysRevLett.80.4859
http://arxiv.org/abs/hep-th/9803002
http://dx.doi.org/10.1007/s100520100799
http://arxiv.org/abs/hep-th/9803001
http://dx.doi.org/10.1016/S0550-3213(00)00300-X
http://arxiv.org/abs/hep-th/0003055
http://dx.doi.org/10.1007/s00220-012-1485-0
http://arxiv.org/abs/0712.2824
http://dx.doi.org/10.1088/1126-6708/2007/06/064
http://arxiv.org/abs/0705.0303
http://dx.doi.org/10.1016/j.nuclphysb.2007.11.002
http://arxiv.org/abs/0707.1153
http://dx.doi.org/10.1016/j.nuclphysb.2007.11.007
http://arxiv.org/abs/0709.2368

34)
35)
36)
37)
38)
39]
[40]
41)
42)

[43]

Bibliography

J. M. Drummond, J. Henn, G. P. Korchemsky and E. Sokatchev, “Hexagon Wilson
loop = siz-gluon MHV amplitude”, Nucl. Phys. B815, 142 (2009), arxiv:0803.1466.

S. Caron-Huot, “Notes on the scattering amplitude / Wilson loop duality”,
JHEP 1107, 058 (2011), arxiv:1010.1167.

L. J. Mason and D. Skinner, “The Complete Planar S-matriz of N = 4 SYM as a
Wilson Loop in Twistor Space”, JHEP 1012, 018 (2010), arxiv:1009.2225.

A. V. Belitsky, G. P. Korchemsky and E. Sokatchev, “Are scattering amplitudes dual
to super Wilson loops?”, Nucl. Phys. B855, 333 (2012), arxiv:1103.3008.

S. Caron-Huot, “Superconformal symmetry and two-loop amplitudes in planar N' = 4
super Yang-Mills”, JHEP 1112, 066 (2011), arxiv:1105.5606.

N. Beisert and C. Vergu, “On the Geometry of Null Polygons in Full N' = J
Superspace”, Phys. Rev. D86, 026006 (2012), arxiv:1203.0525.

N. Beisert, S. He, B. U. W. Schwab and C. Vergu, “Null Polygonal Wilson Loops in
Full N' = J Superspace”, J. Phys. A45, 265402 (2012), arxiv:1203.1443.

J. M. Henn, “Duality between Wilson loops and gluon amplitudes”,
Fortsch. Phys. 57, 729 (2009), arxiv:0903.0522.

D. Miller, “Non-local Symmetries of Wilson Loops”, Master’s Thesis,
Humboldt-Universitédt zu Berlin (2013).

H. Miinkler and J. Pollok, “Minimal surfaces of the AdSs x S° superstring and the
symmetries of super Wilson loops at strong coupling”, J. Phys. A48, 365402 (2015),
arxiv:1503.07553l

H. Miinkler, “Bonus Symmetry for Super Wilson Loops”, J. Phys. A49, 185401 (2016),
arxiv:1507.02474.

H. Miinkler, “Symmetries of Maldacena—Wilson Loops from Integrable String
Theory”, larxiv:1712.04684, PhD Thesis, Humboldt-Universitét zu Berlin (2017).

O. Giirdogan and V. Kazakov, “New Integrable 4D Quantum Field Theories from
Strongly Deformed Planar N' = 4 Supersymmetric Yang-Mills Theory”,
Phys. Rev. Lett. 117, 201602 (2016), arxiv:1512.06704.

S. Frolov, “Lax pair for strings in Lunin-Maldacena background”,
JHEP 0505, 069 (2005), hep-th/0503201.

S. A. Frolov, R. Roiban and A. A. Tseytlin, “Gauge-string duality for
(non)supersymmetric deformations of N=4 super Yang-Mills theory”,
Nucl. Phys. B731, 1 (2005), hep-th/0507021.

J. Caetano, O. Giirdogan and V. Kazakov, “Chiral limit of N = 4 SYM and ABJM
and integrable Feynman graphs”, JHEP 1803, 077 (2018), arxiv:1612.05895.

N. Gromov, V. Kazakov, G. Korchemsky, S. Negro and G. Sizov, “Integrability of
Conformal Fishnet Theory”, | JHEP 1801, 095 (2018), arxiv:1706.04167.

D. Grabner, N. Gromov, V. Kazakov and G. Korchemsky, “Strongly v-Deformed
N = 4 Supersymmetric Yang-Mills Theory as an Integrable Conformal Field Theory”,
Phys. Rev. Lett. 120, 111601 (2018), arxiv:1711.04786.

183


http://dx.doi.org/10.1016/j.nuclphysb.2009.02.015
http://arxiv.org/abs/0803.1466
http://dx.doi.org/10.1007/JHEP07(2011)058
http://arxiv.org/abs/1010.1167
http://dx.doi.org/10.1007/JHEP12(2010)018
http://arxiv.org/abs/1009.2225
http://dx.doi.org/10.1016/j.nuclphysb.2011.10.014
http://arxiv.org/abs/1103.3008
http://dx.doi.org/10.1007/JHEP12(2011)066
http://arxiv.org/abs/1105.5606
http://dx.doi.org/10.1103/PhysRevD.86.026006
http://arxiv.org/abs/1203.0525
http://dx.doi.org/10.1088/1751-8113/45/26/265402
http://arxiv.org/abs/1203.1443
http://dx.doi.org/10.1002/prop.200900048
http://arxiv.org/abs/0903.0522
http://dx.doi.org/10.1088/1751-8113/48/36/365402
http://arxiv.org/abs/1503.07553
http://dx.doi.org/10.1088/1751-8113/49/18/185401
http://arxiv.org/abs/1507.02474
http://arxiv.org/abs/1712.04684
http://dx.doi.org/10.1103/PhysRevLett.117.201602, 10.1103/PhysRevLett.117.259903
http://arxiv.org/abs/1512.06704
http://dx.doi.org/10.1088/1126-6708/2005/05/069
http://arxiv.org/abs/hep-th/0503201
http://dx.doi.org/10.1016/j.nuclphysb.2005.10.004
http://arxiv.org/abs/hep-th/0507021
http://dx.doi.org/10.1007/JHEP03(2018)077
http://arxiv.org/abs/1612.05895
http://dx.doi.org/10.1007/JHEP01(2018)095
http://arxiv.org/abs/1706.04167
http://dx.doi.org/10.1103/PhysRevLett.120.111601
http://arxiv.org/abs/1711.04786

Bibliography

[52]
[53]

[54]

[66]

[67]

184

M. Nakahara, “Geometry, topology and physics”, CRC Press (2003).

G. Mack and A. Salam, “Finite component field representations of the conformal
group”, Annals Phys. 53, 174 (1969).

J. Erdmenger and H. Osborn, “Conserved currents and the energy momentum tensor
in conformally invariant theories for general dimensions”,
Nucl. Phys. B483, 431 (1997), hep-th/9605009.

P. Francesco, P. Mathieu and D. Sénéchal, “Conformal field theory”, Springer Science
& Business Media (2012).

J. Wess and J. Bagger, “Supersymmetry and supergravity”, Princeton university press
(1992).

S. Weinberg, “The Quantum Theory of Fields: Volume 3, Supersymmetry”,
Cambridge University Press (2005).

J. Cornwell, “Group Theory in Physics. Volume III: Supersymmetries and
Infinite-Dimensional Algebras”, Academic Press (1989).

N. Beisert, “The Dilatation operator of N=4 super Yang-Mills theory and
integrability”, Phys. Rept. 405, 1 (2004), hep-th/0407277.

V. G. Drinfeld, “Hopf algebras and the quantum Yang-Bazter equation”,
Sov. Math. Dokl. 32, 254 (1985).

V. G. Drinfeld, “Quantum groups”,
Zapiski Nauchnykh Seminarov POMI 155, 18 (1986).

V. E. Korepin, N. M. Bogoliubov and A. G. Izergin, “Quantum inverse scattering
method and correlation functions”, Cambridge university press (1997).

L. Faddeev, “How Algebraic Bethe Ansatz works for integrable model”,
hep-th/9605187.

N. Beisert and M. Staudacher, “The N=4 SYM integrable super spin chain”,
Nucl. Phys. B670, 439 (2003), hep-th/0307042.

L. Dolan, C. R. Nappi and E. Witten, “Yangian symmetry in D = 4 superconformal
Yang-Mills theory”, hep-th/0401243| in: “Proceedings, 3rd International Symposium
on Quantum theory and symmetries (QTS3): Cincinnati, USA, September 10-14,
2003”, 300-315p.

T. Bargheer, N. Beisert, W. Galleas, F. Loebbert and T. McLoughlin, “Fzacting N=4
Superconformal Symmetry”, JHEP 0911, 056 (2009), arxiv:0905.3738.

N. Beisert, J. Henn, T. McLoughlin and J. Plefka, “One-Loop Superconformal and
Yangian Symmetries of Scattering Amplitudes in N=4 Super Yang-Mills”,
JHEP 1004, 085 (2010), arxiv:1002.1733.

S. Caron-Huot and S. He, “Jumpstarting the All-Loop S-Matriz of Planar N=4 Super
Yang-Mills”, JHEP 1207, 174 (2012), arxiv:1112.1060.

D. Chicherin, S. Derkachov and R. Kirschner, “Yang-Baxter operators and scattering
amplitudes in N=4 super-Yang-Mills theory”, Nucl. Phys. B881, 467 (2014),
arxiv:1309.5748l


http://dx.doi.org/10.1016/0003-4916(69)90278-4
http://dx.doi.org/10.1016/S0550-3213(96)00545-7
http://arxiv.org/abs/hep-th/9605009
http://dx.doi.org/10.1016/j.physrep.2004.09.007
http://arxiv.org/abs/hep-th/0407277
http://arxiv.org/abs/hep-th/9605187
http://dx.doi.org/10.1016/j.nuclphysb.2003.08.015
http://arxiv.org/abs/hep-th/0307042
http://arxiv.org/abs/hep-th/0401243
http://dx.doi.org/10.1088/1126-6708/2009/11/056
http://arxiv.org/abs/0905.3738
http://dx.doi.org/10.1007/JHEP04(2010)085
http://arxiv.org/abs/1002.1733
http://dx.doi.org/10.1007/JHEP07(2012)174
http://arxiv.org/abs/1112.1060
http://dx.doi.org/10.1016/j.nuclphysb.2014.02.016
http://arxiv.org/abs/1309.5748

[70]

[75]

[76]

[77]

Bibliography

R. Frassek, N. Kanning, Y. Ko and M. Staudacher, “Bethe Ansatz for Yangian
Invariants: Towards Super Yang-Mills Scattering Amplitudes”,
Nucl. Phys. B883, 373 (2014), arxiv:1312.1693.

N. Kanning, T. Lukowski and M. Staudacher, “A shortcut to general tree-level
scattering amplitudes in N =4 SYM via integrability”, Fortsch. Phys. 62, 556 (2014),
arxiv:1403.3382.

F. Loebbert, “Lectures on Yangian Symmetry”, J. Phys. A49, 323002 (2016),
arxiv:1606.02947.

N. J. MacKay, “Introduction to Yangian symmetry in integrable field theory”,

Int. J. Mod. Phys. A20, 7189 (2005), hep-th/0409183, in: “ESI Workshop on String
Theory on Non-Compact and Time-Dependent Backgrounds Vienna, Austria, June
7-18, 20047, 7189-7218p.

N. Beisert, “On Yangian Symmetry in Planar N=4 SYM”, arxiv:1004.5423| in:
“Quantum chromodynamics and beyond: Gribov-80 memorial volume.”, 175-203p.

A. Rocén, “Yangians and their representations”, Master’s Thesis, University of York
(2010).

T. Schuster, “Scattering amplitudes in four- and siz-dimensional gauge theories”,
PhD Thesis, Humboldt-Universitédt zu Berlin (2014).

M. F. Sohnius and P. C. West, “Conformal Invariance in N=/ Supersymmetric
Yang-Mills Theory”, Phys. Lett. 100B, 245 (1981).

S. Mandelstam, “Light Cone Superspace and the Ultraviolet Finiteness of the N=4
Model”, Nucl. Phys. B213, 149 (1983).

P. S. Howe, K. S. Stelle and P. K. Townsend, “Miraculous Ultraviolet Cancellations in
Supersymmetry Made Manifest”, Nucl. Phys. B236, 125 (1984).

L. Brink, O. Lindgren and B. E. W. Nilsson, “N=/ Yang-Mills Theory on the Light
Cone”, Nucl. Phys. B212, 401 (1983).

L. Brink, O. Lindgren and B. E. W. Nilsson, “The Ultraviolet Finiteness of the N=4
Yang-Mills Theory”, Phys. Lett. 123B, 323 (1983).

M. F. Sohnius, “Introducing Supersymmetry”, Phys. Rept. 128, 39 (1985).

R. Giles, “The Reconstruction of Gauge Potentials From Wilson Loops”,
Phys. Rev. D24, 2160 (1981).

H. Dorn, “Renormalization of Path Ordered Phase Factors and Related Hadron
Operators in Gauge Field Theories”, Fortsch. Phys. 34, 11 (1986).

M. E. Peskin, “An introduction to quantum field theory”, Westview press (1995).

L. F. Alday, “Wilson Loops in Supersymmetric Gauge Theories”, Lecture notes, Cern
Winter School (2012).

J. Smit, “Introduction to quantum fields on a lattice”, Cambridge University Press
(2002).

185


http://dx.doi.org/10.1016/j.nuclphysb.2014.03.015
http://arxiv.org/abs/1312.1693
http://dx.doi.org/10.1002/prop.201400017
http://arxiv.org/abs/1403.3382
http://dx.doi.org/10.1088/1751-8113/49/32/323002
http://arxiv.org/abs/1606.02947
http://dx.doi.org/10.1142/S0217751X05022317
http://arxiv.org/abs/hep-th/0409183
http://arxiv.org/abs/1004.5423
http://dx.doi.org/10.1016/0370-2693(81)90326-9
http://dx.doi.org/10.1016/0550-3213(83)90179-7
http://dx.doi.org/10.1016/0550-3213(84)90528-5
http://dx.doi.org/10.1016/0550-3213(83)90678-8
http://dx.doi.org/10.1016/0370-2693(83)91210-8
http://dx.doi.org/10.1016/0370-1573(85)90023-7
http://dx.doi.org/10.1103/PhysRevD.24.2160
http://dx.doi.org/10.1002/prop.19860340104

Bibliography

(8]

[89]

[100]

[101]

[102]

103]

[104]

[105]

186

J. K. Erickson, G. W. Semenoff, R. J. Szabo and K. Zarembo, “Static potential in
N=/ supersymmetric Yang-Mills theory”, Phys. Rev. D61, 105006 (2000),
hep-th/9911088.

A. Pineda, “The Static potential in N = 4 supersymmetric Yang-Mills at weak
coupling”, Phys. Rev. D77, 021701 (2008), arxiv:0709.2876.

N. Drukker and V. Forini, “Generalized quark-antiquark potential at weak and strong
coupling”, JHEP 1106, 131 (2011), arxiv:1105.5144.

D. Correa, J. Henn, J. Maldacena and A. Sever, “The cusp anomalous dimension at
three loops and beyond”, JHEP 1205, 098 (2012), arxiv:1203.1019.

D. Bykov and K. Zarembo, “Ladders for Wilson Loops Beyond Leading Order”,
JHEP 1209, 057 (2012), arxiv:1206.7117.

M. Stahlhofen, “NLL resummation for the static potential in N=4 SYM theory”,
JHEP 1211, 155 (2012), arxiv:1209.2122.

M. Prausa and M. Steinhauser, “Two-loop static potential in N=4 supersymmetric
Yang-Mills theory”, Phys. Rev. D88, 025029 (2013), arxiv:1306.5566.

N. Gromov and F. Levkovich-Maslyuk, “Quark-anti-quark potential in N' = 4 SYM?”,
JHEP 1612, 122 (2016), arxiv:1601.05679.

S.-x. Chu, D. Hou and H.-c. Ren, “The Subleading Term of the Strong Coupling
Ezpansion of the Heavy-Quark Potential in a N=/ Super Yang-Mills Vacuum”,
JHEP 0908, 004 (2009), arxiv:0905.1874.

V. Forini, “Quark-antiquark potential in AdS at one loop”, JHEP 1011, 079 (2010),
arxiv:1009.3939.

K. Zarembo, “Supersymmetric Wilson loops”, Nucl. Phys. B643, 157 (2002),
hep-th/0205160.

N. Drukker, S. Giombi, R. Ricci and D. Trancanelli, “More supersymmetric Wilson
loops”, Phys. Rev. D76, 107703 (2007), arxiv:0704.2237.

A. Dymarsky and V. Pestun, “Supersymmetric Wilson loops in N=4 SYM and pure
spinors”, JHEP 1004, 115 (2010), arxiv:0911.1841.

V. Cardinali, L. Griguolo and D. Seminara, “Impure Aspects of Supersymmetric
Wilson Loops”, JHEP 1206, 167 (2012), arxiv:1202.6393!

N. Drukker, D. J. Gross and H. Ooguri, “Wilson loops and minimal surfaces”,
Phys. Rev. D60, 125006 (1999), hep-th/9904191.

J. P. Harnad and S. Shnider, “Constraints And Field Equations For Ten-Dimensional
Superyang-Mills Theory”, [Commun. Math. Phys. 106, 183 (1986).

E. Witten, “Twistor-Like Transform in Ten-Dimensions”,

Nucl. Phys. B266, 245 (1986).

M. F. Sohnius, “Bianchi Identities for Supersymmetric Gauge Theories”,
Nucl. Phys. B136, 461 (1978).


http://dx.doi.org/10.1103/PhysRevD.61.105006
http://arxiv.org/abs/hep-th/9911088
http://dx.doi.org/10.1103/PhysRevD.77.021701
http://arxiv.org/abs/0709.2876
http://dx.doi.org/10.1007/JHEP06(2011)131
http://arxiv.org/abs/1105.5144
http://dx.doi.org/10.1007/JHEP05(2012)098
http://arxiv.org/abs/1203.1019
http://dx.doi.org/10.1007/JHEP09(2012)057
http://arxiv.org/abs/1206.7117
http://dx.doi.org/10.1007/JHEP11(2012)155
http://arxiv.org/abs/1209.2122
http://dx.doi.org/10.1103/PhysRevD.88.025029
http://arxiv.org/abs/1306.5566
http://dx.doi.org/10.1007/JHEP12(2016)122
http://arxiv.org/abs/1601.05679
http://dx.doi.org/10.1088/1126-6708/2009/08/004
http://arxiv.org/abs/0905.1874
http://dx.doi.org/10.1007/JHEP11(2010)079
http://arxiv.org/abs/1009.3939
http://dx.doi.org/10.1016/S0550-3213(02)00693-4
http://arxiv.org/abs/hep-th/0205160
http://dx.doi.org/10.1103/PhysRevD.76.107703
http://arxiv.org/abs/0704.2237
http://dx.doi.org/10.1007/JHEP04(2010)115
http://arxiv.org/abs/0911.1841
http://dx.doi.org/10.1007/JHEP06(2012)167
http://arxiv.org/abs/1202.6393
http://dx.doi.org/10.1103/PhysRevD.60.125006
http://arxiv.org/abs/hep-th/9904191
http://dx.doi.org/10.1007/BF01454971
http://dx.doi.org/10.1016/0550-3213(86)90090-8
http://dx.doi.org/10.1016/0550-3213(78)90270-5

[106]

[107]
[108]
[109]
[110]
[111]
[112]
[113]
[114]
[115]
[116]

[117]

[118]
[119]

[120]

[121]
[122]

[123]

Bibliography

J. P. Harnad, J. Hurtubise, M. Legare and S. Shnider, “Constraint Equations and
Field Equations in Supersymmetric N = 3 Yang-Mills Theory”,
Nucl. Phys. B256, 609 (1985).

C. R. Mafra and O. Schlotterer, “A solution to the non-linear equations of D = 10
super Yang-Mills theory”, larxiv:1501.05562.

H. Ooguri, J. Rahmfeld, H. Robins and J. Tannenhauser, “Holography in superspace”,
JHEP 0007, 045 (2000), hep-th/0007104.

T. Matsumoto, S. Moriyama and A. Torrielli, “A Secret Symmetry of the AdS/CFT
S-matriz”, JHEP 0709, 099 (2007), arxiv:0708.1285.

N. Beisert and B. U. W. Schwab, “Bonus Yangian Symmetry for the Planar S-Matrix
of N' = 4 Super Yang-Mills”, Phys. Rev. Lett. 106, 231602 (2011), arxiv:1103.0646.

D. Z. Freedman and A. Van Proeyen, “Supergravity”, Cambridge University Press
(2012).

S. Caron-Huot and K. J. Larsen, “Uniqueness of two-loop master contours”,
JHEP 1210, 026 (2012), arxiv:1205.0801.

J. L. Bourjaily, A. J. McLeod, M. Spradlin, M. von Hippel and M. Wilhelm, “The
Elliptic Double-Box Integral”, arxiv:1712.02785.

A. B. Zamolodchikov, “Fishnet diagrams as a completely integrable system”,
Phys. Lett. 97B, 63 (1980).

J. Fokken, “A hitchhiker’s quide to quantum field theoretic aspects of N =4 SYM
theory and its deformations”, larxiv:1701.00785.

N. Beisert and R. Roiban, “Beauty and the twist: The Bethe ansatz for twisted N=4
SYM?”,|JHEP 0508, 039 (2005), hep-th/0505187.

C. Ahn, Z. Bajnok, D. Bombardelli and R. I. Nepomechie, “T'BA, NLO Luscher
correction, and double wrapping in twisted AdS/CFT”, JHEP 1112, 059 (2011),
arxiv:1108.4914l

V. Kazakov, S. Leurent and D. Volin, “T-system on T-hook: Grassmannian Solution
and Twisted Quantum Spectral Curve”, JHEP 1612, 044 (2016), arxiv:1510.02100.

O. Lunin and J. M. Maldacena, “Deforming field theories with U(1) x U(1) global
symmetry and their gravity duals”,|[JHEP 0505, 033 (2005), hep-th/0502086.

R. G. Leigh and M. J. Strassler, “Ezactly marginal operators and duality in
four-dimensional N=1 supersymmetric gauge theory”, Nucl. Phys. B447, 95 (1995),
hep-th/9503121.

K. Zoubos, “Review of AdS/CFT Integrability, Chapter IV.2: Deformations,
Orbifolds and Open Boundaries”, Lett. Math. Phys. 99, 375 (2012), arxiv:1012.3998.

V. V. Khoze, “Amplitudes in the beta-deformed conformal Yang-Mills”,
JHEP 0602, 040 (2006), hep-th/0512194.

Y. Oz, S. Theisen and S. Yankielowicz, “Gluon Scattering in Deformed N=4 SYM”,
Phys. Lett. B662, 297 (2008), arxiv:0712.3491.

187


http://dx.doi.org/10.1016/0550-3213(85)90410-9
http://arxiv.org/abs/1501.05562
http://dx.doi.org/10.1088/1126-6708/2000/07/045
http://arxiv.org/abs/hep-th/0007104
http://dx.doi.org/10.1088/1126-6708/2007/09/099
http://arxiv.org/abs/0708.1285
http://dx.doi.org/10.1103/PhysRevLett.106.231602
http://arxiv.org/abs/1103.0646
http://dx.doi.org/10.1007/JHEP10(2012)026
http://arxiv.org/abs/1205.0801
http://arxiv.org/abs/1712.02785
http://dx.doi.org/10.1016/0370-2693(80)90547-X
http://arxiv.org/abs/1701.00785
http://dx.doi.org/10.1088/1126-6708/2005/08/039
http://arxiv.org/abs/hep-th/0505187
http://dx.doi.org/10.1007/JHEP12(2011)059
http://arxiv.org/abs/1108.4914
http://dx.doi.org/10.1007/JHEP12(2016)044
http://arxiv.org/abs/1510.02100
http://dx.doi.org/10.1088/1126-6708/2005/05/033
http://arxiv.org/abs/hep-th/0502086
http://dx.doi.org/10.1016/0550-3213(95)00261-P
http://arxiv.org/abs/hep-th/9503121
http://dx.doi.org/10.1007/s11005-011-0515-8
http://arxiv.org/abs/1012.3998
http://dx.doi.org/10.1088/1126-6708/2006/02/040
http://arxiv.org/abs/hep-th/0512194
http://dx.doi.org/10.1016/j.physletb.2008.03.019
http://arxiv.org/abs/0712.3491

Bibliography

[124] M. Sogaard, “Bilocal phase operators in beta-deformed super Yang-Mills”,
Phys. Rev. D86, 085016 (2012), arxiv:1112.1906.

[125] A. Garus, “Untwisting the symmetries of 5-deformed Super-Yang—Mills”,
JHEP 1710, 007 (2017), arxiv:1707.04128.

[126] J. Fokken, C. Sieg and M. Wilhelm, “Non-conformality of ~;-deformed N = 4 SYM
theory”, J. Phys. A47, 455401 (2014), arxiv:1308.4420.

[127] C. Sieg and M. Wilhelm, “On a CFT limit of planar ~;-deformed N' =4 SYM
theory”, Phys. Lett. B756, 118 (2016), arxiv:1602.05817.

[128] B. Basso, S. Komatsu and P. Vieira, “Structure Constants and Integrable Bootstrap in
Planar N=4 SYM Theory”, larxiv:1505.06745.

[129] T. Fleury and S. Komatsu, “Hezagonalization of Correlation Functions”,
JHEP 1701, 130 (2017), arxiv:1611.05577.

[130] B. Basso and L. J. Dixon, “Gluing Ladder Feynman Diagrams into Fishnets”,
Phys. Rev. Lett. 119, 071601 (2017), arxiv:1705.03545.

[131] O. Mamroud and G. Torrents, “RG stability of integrable fishnet models”,
JHEP 1706, 012 (2017), arxiv:1703.04152.

[132] N. I. Usyukina and A. I. Davydychev, “An Approach to the evaluation of three and
four point ladder diagrams”, Phys. Lett. B298, 363 (1993).

[133] D. J. Broadhurst, “Summation of an infinite series of ladder diagrams”,
Phys. Lett. B307, 132 (1993).

[134] J. M. Drummond, J. Henn, V. A. Smirnov and E. Sokatchev, “Magic identities for
conformal four-point integrals”, JHEP 0701, 064 (2007), hep-th/0607160.

[135] J. M. Drummond, G. P. Korchemsky and E. Sokatchev, “Conformal properties of
four-gluon planar amplitudes and Wilson loops”, Nucl. Phys. B795, 385 (2008),
arxiv:0707.0243.

[136] J. M. Henn and J. C. Plefka, “Scattering amplitudes in gauge theories”, Springer
(2014).

[137] H. Elvang and Y.-t. Huang, “Scattering Amplitudes in Gauge Theory and Gravity”,
Cambridge University Press (2015).

[138] V. A. Smirnov, “Evaluating feynman integrals”, Springer (2005).

[139] E. K. Sklyanin, “Quantum inverse scattering method. Selected topics”,
hep-th/9211111.

[140] D. Chicherin and R. Kirschner, “Yangian symmetric correlators”,
Nucl. Phys. B877, 484 (2013), jarxiv:1306.0711.

[141] T. Bargheer, Y.-t. Huang, F. Loebbert and M. Yamazaki, “Integrable Amplitude
Deformations for N=/ Super Yang-Mills and ABJM Theory”,
Phys. Rev. D91, 026004 (2015), arxiv:1407.4449.

[142] J. Broedel, M. de Leeuw and M. Rosso, “A dictionary between R-operators, on-shell
graphs and Yangian algebras”, JHEP 1406, 170 (2014), arxiv:1403.3670.

188


http://dx.doi.org/10.1103/PhysRevD.86.085016
http://arxiv.org/abs/1112.1906
http://dx.doi.org/10.1007/JHEP10(2017)007
http://arxiv.org/abs/1707.04128
http://dx.doi.org/10.1088/1751-8113/47/45/455401
http://arxiv.org/abs/1308.4420
http://dx.doi.org/10.1016/j.physletb.2016.03.004
http://arxiv.org/abs/1602.05817
http://arxiv.org/abs/1505.06745
http://dx.doi.org/10.1007/JHEP01(2017)130
http://arxiv.org/abs/1611.05577
http://dx.doi.org/10.1103/PhysRevLett.119.071601
http://arxiv.org/abs/1705.03545
http://dx.doi.org/10.1007/JHEP06(2017)012
http://arxiv.org/abs/1703.04152
http://dx.doi.org/10.1016/0370-2693(93)91834-A
http://dx.doi.org/10.1016/0370-2693(93)90202-S
http://dx.doi.org/10.1088/1126-6708/2007/01/064
http://arxiv.org/abs/hep-th/0607160
http://dx.doi.org/10.1016/j.nuclphysb.2007.11.041
http://arxiv.org/abs/0707.0243
http://arxiv.org/abs/hep-th/9211111
http://dx.doi.org/10.1016/j.nuclphysb.2013.10.006
http://arxiv.org/abs/1306.0711
http://dx.doi.org/10.1103/PhysRevD.91.026004
http://arxiv.org/abs/1407.4449
http://dx.doi.org/10.1007/JHEP06(2014)170
http://arxiv.org/abs/1403.3670

[143]

[144]
[145)
[146]

[147]

[148]

[149]

[150]

[151]

Bibliography

R. Kirschner, “Yangian symmetric correlators, R operators and amplitudes”,

J. Phys. Conf. Ser. 563, 012015 (2014), in: “Proceedings, 22nd International
Conference on Integrable Systems and Quantum Symmetries (ISQS-22): Prague,
Czech Republic, June 23-29, 2014”, 012015p.

D. Chicherin, S. Derkachov and A. P. Isaev, “Conformal group: R-matriz and
star-triangle relation”, JHEP 1304, 020 (2013), arxiv:1206.4150.

D. Chicherin, S. Derkachov and A. P. Isaev, “Conformal group: R-matriz and
star-triangle relation”, JHEP 1304, 020 (2013), arxiv:1206.4150.

S. E. Derkachov and A. N. Manashov, “R-matriz and baxter Q-operators for the
noncompact SL(N,C) invariant spin chain”, SIGMA 2, 084 (2006), n1in/0612003.

S. E. Derkachov and A. N. Manashov, “Factorization of R-matriz and Baxter
Q-operators for generic sl(N) spin chains”, J. Phys. A42, 075204 (2009),
arxiv:0809.2050.

S. E. Derkachov and A. N. Manashov, “General solution of the Yang-Baxter equation
with symmetry group SL(n,C)”, St. Petersburg Math. J. 21, 513 (2010), [Alg.
Anal.21N4,1(2009)].

D. Chicherin and E. Sokatchev, “Conformal anomaly of generalized form factors and
finite loop integrals”, larxiv:1709.03511.

T. Bargheer, N. Beisert, F. Loebbert and T. McLoughlin, “Conformal Anomaly for
Amplitudes in N' = 6 Superconformal Chern-Simons Theory”,
J. Phys. A45, 475402 (2012), arxiv:1204.4406.

J. M. Henn, “Dual conformal symmetry at loop level: massive reqularization”,
J. Phys. A44, 454011 (2011), arxiv:1103.1016.

189


http://dx.doi.org/10.1088/1742-6596/563/1/012015
http://dx.doi.org/10.1007/JHEP04(2013)020
http://arxiv.org/abs/1206.4150
http://dx.doi.org/10.1007/JHEP04(2013)020
http://arxiv.org/abs/1206.4150
http://arxiv.org/abs/nlin/0612003
http://dx.doi.org/10.1088/1751-8113/42/7/075204
http://arxiv.org/abs/0809.2050
http://dx.doi.org/10.1090/S1061-0022-2010-01106-3
http://arxiv.org/abs/1709.03511
http://dx.doi.org/10.1088/1751-8113/45/47/475402
http://arxiv.org/abs/1204.4406
http://dx.doi.org/10.1088/1751-8113/44/45/454011
http://arxiv.org/abs/1103.1016

190



Acknowledgments

First and foremost, I wish to express my sincere gratitude to my supervisor Jan Plefka
for introducing me to this field of theoretical physics, for generously offering his time
to answer my questions and facilitating the progress of my work as well as for his
continuous support during the years I have spent in Berlin. I am also very grateful for
the many opportunities to participate in international summer schools and conferences
and especially for the chance to take part in the workshop “Scattering Amplitudes and
Beyond” in Santa Barbara in April and May 2017.

Second, I would like to thank my collaborators Niklas Beisert, Dmitry Chicherin,
Florian Loebbert, Vladimir Kazakov, Jan Plefka, Cristian Vergu and De-liang Zhong
from whom I have learnt a lot. Without their willingness to share their ideas and
thoughts with me, this thesis would not be the same.

During my PhD studies I have greatly benefited from discussions and correspondence
with many people including Till Bargheer, Niklas Beisert, Dmitry Chicherin, Lance
Dixon, Josua Faller, Vladimir Kazakov, Christian Marboe, Matteo Rosso, Matthias
Staudacher, Alessandro Torrielli, Cristian Vergu, Edoardo Vescovi, Martin Wolf, Kon-
stantin Zarembo and Leonard Zippelius. I especially owe thanks to Florian Loebbert
for his willingness to share his insights with me and many enlightening discussions.

My deepest appreciation goes to my colleague and dear friend Hagen Miinkler, whose
thorough knowledge I admire and whose friendship I value. Our discussions on research,
teaching and beyond were invaluable to me and I will keep a fond memory of the time
we spent in Berlin.

[ am particularly thankful to Tristan McLoughlin and Matthias Staudacher, who
kindly offered to be referees for this thesis.

Along with Tristan McLoughlin and Matthias Staudacher, I would like to thank Dirk
Kreimer and Igor Sokolov for being members of my thesis defense committee.

Furthermore, I would like to thank Valentina Forini for creating opportunities for
me to present my work and for being a valuable constant throughout my time at
Humboldt-University.

[ also want to take the opportunity to thank Sylvia Richter for taking care of countless
administrative issues and for her competent and friendly assistance.

Furthermore, I am very grateful to Josua Faller, Florian Loebbert, Hagen Miinkler
and Jan Plefka for their valuable comments on the manuscript.

Finally, I want to thank my family and friends for their unwavering encouragement
and support during this venture.

191



192



Hilfsmittel

Diese Arbeit wurde in IXTEX unter Verwendung von MacTeX gesetzt. Fiir die Erstel-
lung der Grafiken wurden der Vektorgrafikedtitor Inkscape sowie das KTEX Paket TikZ
verwendet. Zur Unterstiitzung einiger Rechnungen wurde Mathematica herangezogen.
In der Erstellung der Bibliographie wurde BiBTeX verwendet.

193



194



Selbststandigkeitserklarung

Ich erklére, dass ich die Dissertation selbststandig und nur unter Verwendung der von
mir geméaf §7 Abs. 3 der Promotionsordnung der Mathematisch-Naturwissenschaftlichen
Fakultat, veroffentlicht im Amtlichen Mitteilungsblatt der Humboldt-Universitdt zu
Berlin Nr. 126/2014 am 18.11.2014 angegebenen Hilfsmittel angefertigt habe.

Berlin, den 15.01.2018

195



	Executive Summary
	Zusammenfassung
	1 Introduction and Motivation
	2 Symmetry, Field Theory and Wilson Loops
	2.1 Symmetry
	2.1.1 Conformal Symmetry
	2.1.2 Superconformal Symmetry
	2.1.3 Yangian Symmetry

	2.2 N=4 Super Yang–Mills Theory
	2.2.1 N=1 SYM Theory in Ten Dimensions
	2.2.2 N=4 SYM Theory in Four Dimensions

	2.3 Wilson Loops
	2.3.1 Wilson Loops in Gauge Theories
	2.3.2 The Maldacena–Wilson Loop


	3 N=4 SYM Theory in Superspace
	3.1 The Ten-Dimensional Perspective
	3.1.1 Superspace Geometry and the Constraints
	3.1.2 Component Expansion of the Superfields
	3.1.3 Superfield Propagators in Harnad–Shnider Gauge

	3.2 The Four-Dimensional Perspective
	3.2.1 Superspace Geometry and the Constraints
	3.2.2 Superfield Propagators


	4 The Super Maldacena–Wilson Loop
	4.1 Definition
	4.2 Symmetries
	4.2.1 Kappa Symmetry
	4.2.2 Superconformal Symmetry in Extended Superspace
	4.2.3 Consistency

	4.3 The Super Wilson Loop in Harnad–Shnider Gauge
	4.3.1 The One-Loop Vacuum Expectation Value
	4.3.2 Finiteness
	4.3.3 Superconformal Symmetry


	5 Integrability of Smooth Super Wilson Loops
	5.1 Yangian Action on Wilson Lines
	5.1.1 Level-Zero Action on the Wilson Line
	5.1.2 Yangian Action on the Wilson Line
	5.1.3 Superspace and Scalar Couplings

	5.2 Consistency and the Yangian Algebra
	5.2.1 Cyclicity
	5.2.2 Mixed Level-One Algebra
	5.2.3 Gauge-Covariant Level-One Algebra
	5.2.4 Yangian Symmetry and Kappa Symmetry
	5.2.5 Yangian Symmetry and the Constraints
	5.2.6 The G-Identity

	5.3 Yangian Invariance at One Loop
	5.3.1 Symmetry of the Gauge Propagator
	5.3.2 Symmetry of the Wilson Loop
	5.3.3 Remainder Functions
	5.3.4 Regularization and Local Terms


	6 Yangian Symmetry of Fishnet Feynman Graphs
	6.1 Strongly-Twisted N=4 SYM Theory
	6.1.1 The gammai-Deformed N=4 SYM Model
	6.1.2 The Bi-Scalar Double-Scaling Limit

	6.2 Correlators and Amplitudes
	6.2.1 Definitions, Diagrammatics and Examples
	6.2.2 Finiteness

	6.3 Symmetries of Fishnet Feynman Graphs
	6.3.1 First Realization of the Yangian
	6.3.2 RTT Realization
	6.3.3 Dual Conformal Symmetry and the Yangian in Momentum Space


	7 Conclusion and Outlook
	A Sigma Matrices in Four, Six and Ten Dimensions
	A.1 Sigma Matrices in Four Dimensions
	A.2 Sigma Matrices in Six Dimensions
	A.3 Sigma Matrices in Ten Dimensions

	B The Algebra u224
	B.1 The Commutation Relations
	B.2 The Non-Chiral Representation

	Bibliography
	Acknowledgments

