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Abstract

The scattering of highly virtual photons offers a reliable environment to investigate the
BFKL Pomeron in perturbative quantum chromodynamics. Correlators of conserved
R-currents in NV = 4 supersymmetric Yang-Mills theory are close analogs of electro-
magnetic current correlation functions. In the leading logarithmic approximation, the
BFKL Pomeron of R-current scattering in N' = 4 supersymmetric Yang-Mills theory
is the same as in perturbative quantum chromodynamics.

The AdS/CFT-correspondence provides one opportunity to study the strong cou-
pling limit of R-current correlation functions. The correspondence connects N = 4
supersymmetric Yang-Mills theory and type IIB string theory on a five-dimensional
Anti-de Sitter background. The strong coupling regime of the conformal field theory
is related to the weakly coupled string theory and vice versa. In particular, the strong
coupling limit of NV = 4 supersymmetric Yang-Mills theory in the large N.-limit is
equivalent to classical type IIB supergravity.

We consider the scattering of R-currents in the Regge limit at weak and strong
coupling using the AdS/CFT-correspondence. First, we compute the four and six
point function of R-currents in N/ = 4 supersymmetric Yang-Mills theory at weak
coupling in the leading logarithmic approximation. We study the influence of the
supersymmetry, especially of the new scalar degrees of freedom, on the scattering
process. The main results for the four point function of R-currents are the Regge
factorization of the amplitude and the explicit computations of the R-current impact
factors. Subsequently, we investigate the six point function of R-currents at weak
coupling for arbitrary N, and in the large N .-limit. We observe a new direct coupling
of t-channel gluons to the R-current impact factor, which is not known from quantum
chromodynamics.

In the second part of our work, we study the strong coupling limit of the four and
six point R-current correlator in the corresponding classical supergravity theory. The
leading contribution in the center-of-mass energy of the four point function in the
Regge limit is given by a Witten diagram with one graviton exchange. We observe a
factorization of the amplitude similar to the factorization of the four point amplitude
at weak coupling. The six point function of R-currents leads to Witten diagrams with
a triple graviton vertex and with two graviton exchange, respectively. We analyze the
high energy behavior of the triple graviton vertex diagram and find a suppression of
the diagram in the triple Regge limit.

The investigation of the reggeization of the graviton on the string theory side is an
interesting task for future work. As a first step, we have computed tree diagrams,
which are lowest order diagrams, on the string theory side. In order to study the
reggeization of the graviton, further computations beyond the classical supergravity
limit are necessary.



Zusammenfassung

Die Streuung hoch virtueller Photonen ist ein bewéhrter Prozess, um das BFKL-
Pomeron in perturbativer Quantenchromodynamik zu studieren. Die Korrelatoren er-
haltener R-Strome in der N' = 4 supersymmetrischen Yang-Mills-Theorie sind dhnlich
zu Korrelationsfunktionen elektromagnetischer Strome. In der Naherung fithrender
Logarithmen ist das BFKL-Pomeron der R-Strome-Streuung in der N' = 4 super-
symmetrischen Yang-Mills-Theorie das gleiche wie in perturbativer Quantenchromo-
dynamik.

Die AdS/CFT-Korrespondenz bietet eine Moglichkeit, den starken Kopplungslimes
der R-Strome-Korrelationsfunktionen zu untersuchen. Die Korrespondenz stellt eine
Verbindung her zwischen der N' = 4 supersymmetrischen Yang-Mills-Theorie und der
Typ-1IB-Stringtheorie auf einem fiinfdimensionalen Anti-de-Sitter-Hintergrund. Der
Bereich starker Kopplung der konformen Feldtheorie steht in Beziehung zur schwach
gekoppelten Stringtheorie und umgekehrt. Insbesondere ist der starke Kopplungslimes
der V' = 4 supersymmetrischen Yang-Mills-Theorie im Limes des groen N, aquivalent
zur klassischen Typ-1IB-Supergravitation.

Wir nutzen die AdS/CFT-Korrespondenz und betrachten die R-Stréme-Streuung
im Regge-Limes bei schwacher und starker Kopplung. Zuerst berechnen wir die Vier-
und Sechspunktfunktion der R-Strome in der N’ = 4 supersymmetrischen Yang-Mills-
Theorie bei schwacher Kopplung in der Naherung fithrender Logarithmen. Zu unter-
suchen ist der Einfluss der Supersymmetrie, insbesondere der neuen skalaren Freiheits-
grade, auf den Streuprozess. Die Hauptresultate fiir die R-Strome-Vierpunktfunktion
sind die Regge-Faktorisierung der Amplitude und die explizite Berechnung der R-
Strome-Impaktfaktoren. Anschliefend studieren wir die Sechspunktfunktion der R-
Strome bei schwacher Kopplung fiir beliebiges /N. sowie im Limes des grofien N..
Beobachten konnen wir eine neue direkte Kopplung der t-Kanalgluonen an die R-
Strome-Impaktfaktoren, die nicht aus der Quantenchromodynamik bekannt ist.

Im zweiten Teil dieser Arbeit wird der starke Kopplungslimes des Vier- und Sechs-
punktkorrelators der R-Strome in der schwach gekoppelten Supergravitationstheorie
analysiert. Der fithrende Beitrag in der Schwerpunktenergie der Vierpunktfunktion
im Regge-Limes ist durch ein Witten-Diagramm gegeben, in dem ein Graviton aus-
getauscht wird. Wir erkennen eine Faktorisierung der Amplitude ahnlich zur Fak-
torisierung der Vierpunktfunktion bei schwacher Kopplung. Die Sechspunktfunktion
der R-Strome fiihrt zu Witten-Diagrammen mit einem Dreifachgravitonvertex bzw.
mit Zweigravitonenaustausch. Wir analysieren das Hochenergieverhalten des Dia-
gramms mit Dreifachgravitonvertex und stellen eine Unterdriickung des Diagramms
im dreifachen Regge-Limes fest.

Die Untersuchung der Reggesierung des Gravitons auf der Stringtheorieseite ist eine
interessante Aufgabe fiir die Zukunft. Als einen ersten Schritt haben wir Baumdia-
gramme, das heifit Diagramme niedrigster Ordnung, auf der Stringtheorieseite berech-
net. Um die Reggesierung des Gravitons zu studieren, sind weitere Rechnungen jen-
seits des klassischen Supergravitationslimes notwendig.
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Introduction

Quantum chromodynamics (QCD) is the fundamental theory describing the strong
interactions of the standard model particles. Its basic degrees of freedom are quarks
and gluons. QCD is a non-Abelian gauge theory with the gauge group SU(N,.);
N, is the number of colors in the theory. The strong interaction of the particles is
characterized by the strong coupling constant a,. Due to the asymptotic freedom of
QCD [1, 2], the coupling constant « is small at large momentum transfers. In this
case, a perturbative investigation of QCD is reasonable, and an expansion in Feynman
diagrams is applicable. On the other hand, if a4 is large, a perturbative treatment of
the theory is not justified. One possibility to explore the strong coupling regime of
QCD is given by lattice computations.

Before the introduction of QCD, Regge theory [3] has been used to describe the
strong interactions of particles at high center-of-mass energies. The basic ideas of
Regge theory are the following: The partial wave amplitude of a scattering process
analytically continued to complex values of the angular momentum contains singular-
ities in the complex angular momentum plane. In the Regge limit, when the center-
of-mass energy s is much larger than the momentum transfer ¢t and all other mass
scales, the leading Regge pole «(t) in the t-channel, the one with the largest real part,
determines the asymptotic behavior of the amplitude in the s-channel. Consequently,
a scattering process in the s-channel is described by the exchange of an object with
angular momentum equal to «(t). This object can be understood as a superposition
of amplitudes for the exchange of all possible particles in the t-channel. It is called a
Regge trajectory or a Reggeon. Furthermore, to explain the slow rise of total cross-
sections with the energy s, a Reggeon with vacuum quantum numbers, that means
isospin zero and even under charge conjugation, has been introduced: the Pomeron.
Besides Regge poles the partial wave amplitude contains further singularities in the
complex angular momentum plane, namely Regge cuts. They represent the exchange
of two or more Reggeons in the t-channel.

Another line of interest has been the connection between Regge theory and string
theory. For real and positive ¢, Regge poles correspond to resonances and bound
states of increasing spin. In the 1960s, the remarkable relation between the mass m
and the spin J = a(t) of particles exchanged in the t-channel has been observed [4]:
J = ap+a’t with the so-called Regge slope o and the intercept ay. The particles with
square mass m? are said to lie on the leading Regge trajectory. This trajectory holds
for a wide range of ¢ and is true for mesonic and baryonic trajectories. String theory
has seemed to provide an interesting explanation for this relation. Scattering of open
strings in flat space leads to crossing-symmetric scattering amplitudes proposed by
Veneziano [5]. The Veneziano amplitude expanded for small energies s indeed includes
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the desired Regge trajectory of resonances.

The amplitude can be examined not only for small s, but also for large values of
s. In the Regge region, the region of large energy s and small scattering angles, the
Veneziano amplitude for a linear Regge trajectory is proportional to s*) and in quite
good agreement with the actual high energy behavior. Unfortunately, in the region of
high energy scattering at fixed angles the Veneziano amplitude falls off exponentially
with s while experiments show that scattering amplitudes only fall off according to a
power law. Therefore, the early attempts of string theory to describe the high energy
behavior of strong interactions failed.

After the establishment of QCD as the theory of strong interactions, there has been
the need to clarify, in particular the meaning of the Pomeron in QCD. In perturbative
QCD, a possibility to investigate the Pomeron is given by the scattering of two highly
virtual photons [6, 7]. The high virtualities of the photons provide hard scales, that is
the strong coupling constant ay is small, and a perturbative treatment of the process
is possible. However, in some cases the smallness of the coupling constant is compen-
sated by large logarithms of the energy s, so that aslns ~ 1. Then a resummation
of diagrams, which lead to large logarithms, becomes necessary. This resummation
is called leading logarithmic approximation (LLA) and collects all terms of the form
(aslns)™ to all orders in the strong coupling constant a.

In leading order, the scattering of two virtual photons corresponds to the exchange
of two gluons in the t-channel. Generalizing to all orders of the strong coupling
constant the gluons are replaced by the Green’s function of the BFKL (Balitsky-Fadin-
Kuraev-Lipatov) equation [8, 9, 10]. The BFKL equation describes the evolution of
a gluon ladder in the LLA. In a gluon ladder, the vertical lines are reggeized gluons,
and the couplings to the horizontal lines are given by effective vertices. In a color
singlet state, the BFKL equation determines the behavior of the BFKL Pomeron in
perturbative QCD. The BFKL Pomeron is a state of two interacting reggeized gluons
that is related to a cut instead to a pole in the complex angular momentum plane.
The BFKL equation is also known in the next-to-leading logarithmic approximation
(NLLA) [11, 12].

The BFKL Pomeron in the LLA predicts a power-like rise of the total cross section
with s that would violate unitarity at very high energies. Higher order corrections,
so-called unitarity corrections, are believed to restore unitarity. The BFKL equation
describes the evolution of two reggeized gluons in the ¢-channel. First higher order
corrections are given by the BKP (Bartels-Kwiecinski-Praszalowicz) equations [13, 14];
they describe the evolution of n reggeized gluons in the t-channel. The gluons interact
pairwise mediated by the BFKL equation. Further elements that emerge in the context
of generalizing the BFKL equation are a transition vertex from two to four reggeized
gluons, the triple Pomeron vertex, [15, 16, 17] and a transition vertex from two to
six reggeized gluons [18]. The BKP equations and the triple Pomeron vertex appear
in 3 — 3 scattering processes the first time, an example is the scattering of highly
virtual photons again.

The BFKL and BKP equations as well as the transition vertices have remarkable
properties: In the LLA, they are integrable in the large N.-limit [19, 20, 21] and
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conformal invariant in the two-dimensional transverse coordinate space [22, 23].

All elements describing the exchange of reggeized gluons have been introduced in
perturbative QCD. Their connection to the strong coupling regime of QCD is not
clear.

A new connection between gauge theories and string theories is the AdS/CFT-
correspondence [24, 25]. The correspondence offers a promising possibility to study
gauge theories at strong coupling. It relates conformal field theories (CFT) to string
theories in an Anti-de Sitter (AdS) background. The AdS/CFEFT-correspondence is a
weak-strong coupling duality since it relates the strong coupling limit of a conformal
field theory to the weak coupling limit of string theory and vice versa. Thus, the
duality suggests to study strong coupling effects of the gauge theory on the string
theory side. One of the best understood examples of the AdS/CFT-correspondence
is the connection between N = 4 supersymmetric Yang-Mills theory (SYM) and type
IIB string theory on an AdSs x S5 background.

N =4 SYM is a maximal supersymmetric version of QCD. Certainly, QCD and
N =4 SYM differ in several points, nevertheless the AdS/CFT-correspondence offers
an excellent opportunity to study the Pomeron at strong coupling: The Regge asymp-
totics in the LLA are the same in A/ = 4 SYM and in QCD since the gluons involved
in the scattering process are not influenced by the supersymmetry. Therefore, it is
interesting to investigate the Regge limit of the supersymmetric theory; the chance is
given to analyze the Regge behavior of N'=4 SYM at weak and strong coupling.

N =4 SYM is conformal invariant and believed to be integrable [26]-[31]. It exhibits
similar remarkable features as the BFKL Pomeron in QCD. The correspondence con-
nects the BFKL Pomeron in N/ =4 SYM and graviton exchange on the string side.
Such as in N/ = 4 SYM the two gluon exchange is replaced by the BFKL Green’s
function in the LLA, the graviton on the string side is believed to reggeize [32, 29, 33].

The strong coupling regime of N = 4 SYM is addressed on the string side, but since
string theory on a curved manifold as AdSs x S5 has not been solved completely yet,
computations on the string side are performed in the classical supergravity limit. In
this limit, the type IIB string theory is well approximated by classical supergravity
and provides the environment for efficient calculations. Witten proposed [34] a precise
matching between the observables of classical supergravity and a CF'T. This matching
allows the computation of correlation functions of observables on both sides of the
correspondence. We are interested in the correlation functions of virtual photons in
the Regge limit since the scattering of electromagnetic currents enables the analysis of
the Pomeron in a perturbative regime. However, in N' = 4 SYM we need a substitute
for the virtual photons. In Ref. [35] it has been suggested to use R-currents instead
of electromagnetic currents. R-currents belong to a global SU(4)r group of N' = 4
SYM, and we pick up one of the U(1) subgroups.

Beyond Witten’s proposal, other approaches exist that address the high energy
behavior of amplitudes at strong coupling within the framework of the AdS/CFT-
correspondence. In Ref. [33], the BFKL regime and the classical Regge regime are
described simultaneously within string theory on a curved background and corrections
to the graviton trajectory are derived. Deep inelastic scattering in N' = 4 SYM at
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strong coupling is analyzed in Refs. [36] and [37]. A description of scalar correlators
that could allow to interpolate between weak and strong coupling results has been
introduced in Refs. [38] and [39].

Two and three point correlators of R-currents have already been studied on the
gauge theory side as well as on the string theory side [40], whereas higher correlation
functions have not been considered yet. In this work, we compute four and six point
functions of R-currents on the gauge theory side as well as on the string theory side.
That is, we obtain analytic expressions for R-current correlation functions in N = 4
SYM at weak and strong coupling.

First, we investigate the elastic scattering of two R-currents in the Regge limit
in N = 4 SYM and analyze the influence of the supersymmetry on the scattering
amplitude. We verify that the fermionic and scalar one-loop diagrams are finite and
subleading compared to diagrams with two gluon exchange in the t-channel. Since
these requirements are fulfilled, the factorization of the amplitude in the LLA stays
the same as in QCD. The leading diagrams factorize into two impact factors and
two exchanged gluons in the ¢-channel. In NV = 4 SYM, the impact factors in the
amplitude consist of a sum of fermion and, in addition to QCD, scalar loops. The
fermions and scalars are in the adjoint representation of the gauge group SU(N,). We
compute the impact factors and compare them with the QCD impact factors [41].

Next, we consider the six point function of R-currents in AV =4 SYM in the LLA in
the triple Regge limit, first for arbitrary NN, [42]. Six point functions provide the first
unitarity corrections to the BFKL Pomeron. The impact factors of the amplitude
again consist of fermion and scalar loops. We show that the scalar impact factors
can be written as a superposition of two gluon impact factors in the same way as
the fermion impact factors. Since more than two gluons are exchanged in the t-
channel during the scattering process, the BKP equations and the triple Pomeron
vertex appear in the scattering amplitude. These pieces are the same as in QCD
because they are independent of the coupling to the external particles. In contrast,
a new coupling of the gluons to the impact factor, called direct coupling, appears in
the supersymmetric theory. The exchanged gluons in the ¢-channel couple directly to
the impact factor without any transition by a triple gluon vertex. This coupling does
not exist in QCD. The direct coupling of two noninteracting BFKL Pomerons to the
upper R-currents is given by the unintegrated impact factor. We compute this impact
factor for fermions and scalars.

We study the large N.-limit of the six point function in a topological approach,
that is the color structure of the diagrams is projected onto surfaces, for example onto
pairs-of-pants. In the large N_.-limit, the direct coupling of the gluons is preserved,
but the BKP states with more than two gluons are suppressed [43].

Then we compute the four and six point functions of R-currents in the Regge limit
on the string theory side in the classical supergravity limit. These computations are
meant as a first step in analyzing the reggeization of the graviton on the string theory
side. We study a sort of Feynman diagrams in an AdSs background, the so-called
Witten diagrams. In the classical supergravity limit, we only have to consider tree
Witten diagrams.
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In case of the four point function of R-currents, we find one diagram with a gravi-
ton exchange in the ¢-channel and one diagram with a gauge boson exchange in the
t-channel. The leading contribution in the Regge limit is given by the Witten dia-
gram with one graviton exchange. The graviton exchange amplitude exhibits similar
properties as the four point amplitude with gluon exchange at weak coupling. It fac-
torizes into two impact factors and an exchange propagator, which are convoluted by
a two-dimensional integration [44].

The six point function of R-currents in the Regge limit in classical supergravity also
leads to two different types of Witten diagrams: one diagram with a triple graviton
vertex exchange and two diagrams with two graviton exchange. We start with the
computation of the triple graviton vertex diagram. For that purpose we derive the
triple graviton vertex in an AdSs background and determine the high energy behavior
of the triple graviton vertex diagram in the triple Regge limit. The diagram decouples
in the high energy limit, and the two graviton exchange diagrams give the leading
contribution [45].

My thesis has the following structure: A short survey of the AdS/CFT-correspon-
dence and its mapping between N/ = 4 SYM and type IIB superstring theory is given
in chapter 1. Furthermore, we overview scattering of virtual photons in QCD and R-
current scattering in A/ =4 SYM. In the following four chapters, we discuss the four
and six point function of R-currents in the Regge limit on the gauge theory side as well
as on the string theory side. The gauge theory side of the AdS/CFT-correspondence
is considered in chapters 2 and 3: The four point correlator of R-currents in the Regge
limit is computed in chapter 2. The six point correlator of R-currents is discussed in
chapter 3. The next two chapters, chapters 4 and 5, deal with correlation functions
of R-currents on the supergravity side of the correspondence. We compute Witten
diagrams with graviton and gauge boson exchange in the ¢-channel in the Regge limit
in chapter 4. In chapter 5, we start with the investigation of the six point correlation
function of R-currents in classical supergravity. In particular, we study the Witten
diagram with the triple graviton vertex. Finally, we conclude with a summary in
chapter 6.
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Introduction




1 Theoretical Background

1.1 The AdS/CFT-Correspondence

The AdS/CFT-correspondence conjectures a duality between conformal field theories
in d dimensions and string theory on a d 4+ 1-dimensional Anti-de Sitter background
[24, 25]. If the dimension d is 4, the conformal field theory is N/ = 4 supersymmetric
Yang-Mills theory with the gauge group SU(N,.) and the Yang-Mills coupling gy s,
and the dual string theory is type IIB string theory on an AdSs x S5 background with
the string coupling g,. The metric of AdS5 x Sy is

ds® = — (dz§ + di®) + R*dS): (1.1)

2
Ed
with zp > 0 and © = (x1,...x4). That is the Euclidean continuation of a five-
dimensional Anti-de Sitter space in Poincaré coordinates times a five-sphere both
with the same radius R. Sometimes the radius R is expressed in units of the string
length .

The AdS/CFT-correspondence states the duality of the two theories if

gs = g%M and R*= lﬁgch. (1.2)

This is the strongest version of the correspondence, it is to hold at any value of N, and
for all values of the coupling g; = gi,,. The string theory lives in AdSs x S5, and the
gauge theory lives at zy — 0, that is on the four-dimensional boundary Sy of the AdSj
space. String theory on a general curved background is hardly tractable, but certain
limits of the strongest version of the correspondence exist in which computations are
much simpler.

The first limit is the t'Hooft limit: The t'Hooft coupling A = g&,, N, is kept fixed
while N. — oo. A is the effective coupling in an SU(N,) gauge theory at large N..
If A <« 1, a perturbative treatment of N' = 4 SYM is possible, and the theory can
be expanded in Feynman diagrams. On the other hand, the t’'Hooft limit leads to a
weakly coupled string theory since g, = N% The type IIB string theory reduces to
classical string theory on AdSs x S5, and string loops can be neglected. In the t'Hooft
limit, the AdS/CFT-correspondence is a duality between classical string theory and
the large N_.-limit of gauge theories.

An even weaker version of the correspondence is achieved by the second limit,
sending the radius R expressed in units of the string length [ to infinity, R/l; — oo,
after taking the t’Hooft limit. This is the strong coupling limit on the SYM side, since
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(R/1)* = X\ = ¢2,,N. > 1, but the curvature of the string background is small, and
the massive string excitations decouple from the low energy ones. Consequently, the
classical string theory can be approximated by classical type IIB supergravity in ten
dimensions. After performing a Kaluza-Klein compactification on Ss, one ends with
a classical theory in five dimensions that is N' = 8, D = 5 supergravity with SO(6)
Yang-Mills gauge group. Summarizing, the strong coupling limit of N' =4 SYM in
the large N -limit is equivalent to classical type IIB supergravity.

The AdS/CFT-correspondence is a weak-strong coupling duality. It relates the
strong coupling limit of one side with the weak coupling limit on the other side.
This fact can be used to study aspects of the gauge theory at strong coupling. The
duality comes with a precise matching of symmetries, fields and operators as well
as correlations functions of both theories. We explain these mappings in the next
sections.

1.1.1 Mapping Symmetries

A strong indication for the correctness of the AdS/CFT-correspondence is the match-
ing of the global unbroken symmetries of the two theories.

N = 4 SYM is invariant under N/ = 4 Poincaré supersymmetry and under spe-
cial conformal transformations. Moreover, the theory is classically scale invariant.
In a relativistic field theory, Poincaré invariance, scale invariance and special con-
formal transformations combine to a larger conformal symmetry group, the group
SU(2,2) ~ SO(2,4). In addition, SYM is invariant under R-symmetry forming the
group SU(4)gr ~ SO(6)r. An R-symmetry is by definition a symmetry that does not
commute with the supersymmetries. Thus, the maximal bosonic subgroup of SYM is
SU(2,2) x SU(4)g ~ SO(2,4) x SO(6)g. Furthermore, N' = 4 Poincaré supersym-
metry and conformal invariance produce the even larger superconformal symmetry,
the supergroup SU(2,2|4), which is the global continuous symmetry group of N' = 4
SYM.

The bosonic subgroup SO(2,4) x SO(6) g can be identified on the AdS side with the
isometry group of AdSs that is SO(2,4) and the isometry group of S5 that is SO(6).
The matching of the full supergroup arises on the AdS side because type IIB string
theory has 32 supersymmetries just as NV = 4 SYM. The supercharges combine with
the isometries to the group SU(2,2[4), and the global symmetry group matches on
both sides of the correspondence.

1.1.2 Mapping Type IIB Fields and CFT Operators

The duality includes a precise matching between states and fields on the string theory
side and local gauge invariant operators on the SYM side. The gauge invariant oper-
ators O are characterized by a conformal dimension A and a representation index I,
for the SO(6)g ~ SU(4)r symmetry. All type IIB massless supergravity and massive
string degrees of freedom are described by fields ¢ living in AdS5 x S5. S5 is a compact
space, and thus the Kaluza-Klein procedure of compactification can be applied. The
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fields ¢ are expanded in spherical harmonics on the sphere Ss, for example for scalars

fields:
=> Z S ()Y (y (1.3)

x# is a coordinate for AdSs with = 0,1,---4 and y” with v = 1,---5 for S5. Y(ﬁs
is a basis of spherical harmonics on S5. Here, n is the level, and I, is an index in a
representation of the symmetry group. The fields d)l;; () compactified on S5 receive
a contribution to the mass m, and fields of mass m living in AdSs correspond to
operators (’)IZ with conformal dimension A in N/ = 4 SYM. The relation between

mass m and conformal dimension A is for example for scalar fields

d d?
A = §+ Z—i—m?RQ. (1.4)

1.1.3 Mapping Correlation Functions

In a conformal field theory, the only physical observables are correlation functions of
gauge invariant operators. If we want to apply the AdS/CFT-correspondence, we need
a prescription how to compute these correlation functions in the classical supergravity
theory. Ref. [34] provides such an instruction. As explained in the last section, an
operator O with conformal dimension A in N' = 4 SYM corresponds to a field ¢
with mass m living on AdS5 in the supergravity theory. The field ¢ has a value at
the boundary of AdSs, that is at zg = 0, where the N' = 4 SYM theory lives. The
boundary value is denoted ¢y. The meaning of ¢, in the gauge theory is the following:
It couples to the operator O via fS4 O¢g. Sy is the boundary of AdS; and can be
interpreted as a source for the operator 0. Then the partition function of the gauge
theory is defined as

Zoldo] = / DISYM fields] exp (-stM + /S 4 d4x(’)(:p)¢o(x)) o (15)

Sn—asym is the action of N = 4 SYM. The partition function is a generating functional
for n-point correlation functions of operators O at distinct points zy, ..., x,, and the
correlation functions are computed by

57’7,

(O(21)O(x3) ... O(a,)) = 360(x1) - - - 0o ()

Zo[ollgp=0- (1.6)

Now, the partition function Zp[¢pg| has to be related to a quantity on the string side.
It should be a partition function of string theory for the field ¢ with a boundary value
¢o- In the classical supergravity limit, the classical supergravity partition function is
a good approximation. It is given by

Z[¢O]sugra = eXP( sugra, [¢[¢0”) (1 7)
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with the classical supergravity action Sgyga. The AdS/CEFT-correspondence states
that

ZO [(bO]CFT - Z[¢O]sugra' (18)

Consequently, n-point correlation functions are computed on both sides of the corre-
spondence by
S Zolodlern (O, .. Ol)
O|POJCFT|po=0 L1)s- -, UX
5¢0(x1) - . 0o () @0 "
(Sn
= Z ¢0 sugra =0- (19)
d¢po(@1) . .. 6o (zn) [Polsugales

This prescription enables to evaluate correlation functions of N' = 4 SYM at weak
and at strong coupling perturbatively. First, the correlators can be studied at weak
coupling on the SYM side, and then, using the correspondence, the strong coupling
behavior can be addressed on the supergravity side where it corresponds to the weak
coupling regime. We use this possibility to investigate a certain class of correlation
functions that we present in the next section.

1.2 The Process

1.2.1 ~*~*-Scattering in QCD

The scattering of two highly virtual photons offers the most convenient way of studying
Regge dynamics in perturbative QCD [6, 7]. The scattering provides an IR-finite
and gauge invariant amplitude. Processes that are mediated by the exchange of a
virtual photon are for example ete™-annihilation and deep inelastic scattering. If the
momentum transfer () in the scattering process is large, the strong coupling constant
as(Q?) is reasonably small, and the use of perturbation theory is allowed. The decay
of the photon is mediated by the electromagnetic current j, associated with the U(1)
gauge symmetry of QED. Thus, the v*y*-scattering process is described by the four
point function of electromagnetic currents in momentum space

i(21) 6W (pa + pp — par — ppr) APARERAEE (g t)
- /Hd%i e PATATIPBEB T Ar Tt B Tt (1A (14 ) P (25) 1A (240) B (2 p0)).
(1.10)

The amplitude A depends on the usual Mandelstam variables s and t. p4 and pg are
the incoming momenta whereas p4 and pp: are the outgoing momenta of the photons.
We only consider the lowest order in the electric charge «, but the order of the strong
coupling constant a, can be arbitrary high. An example of a lowest order diagram is
shown in Fig. 1.1. In the high energy limit, these boxdiagrams behave as log®s [46].
In higher order ay, radiative gluonic corrections to the boxdiagrams do not modify
the power of the energy dependence.
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Figure 1.1: A lowest order diagram for y*y*-scattering

Figure 1.2: A three-loop diagram for y*v*-scattering in QCD

New diagrams with two exchanged t-channel gluons, Fig. 1.2, become available at
three-loop level. The photons split into the quark-antiquark pairs, and the two ¢-
channel gluons couple to the two loops. The three-loop diagrams behave as a?s at
high energies [47] and dominate with respect to the boxdiagrams. In general, the
high energy behavior of scattering amplitudes in the Regge limit is determined by the
exchange of highest spin particles, which are gluons with spin one in QCD.

In arbitrary high orders of the strong coupling constant, the smallness of ay is
potentially compensated by a large logarithm of the energy s, and a resummation of
terms enhanced by a large logarithm becomes necessary. In the LLA, we collect all
these terms proportional to (a,lns)™ and sum them up to all orders in a;. Then
the four point amplitude of electromagnetic currents in Eq. (1.10) factorizes into two
fermion impact factors D of the virtual photons [47] and the BFKL Green’s function
G(s),

A(s,t) =is Dy ® G(s) ® Dg. (1.11)

The symbol ® denotes the convolution of transverse gluon momenta and contraction
of color indices.

The BFKL Pomeron predicts a rise of the total cross section with some power of
s. At very high energies this rise would violate unitarity. Higher order corrections to
the BFKL equation, so-called unitarity corrections, are believed to restore unitarity
at high energies. Such corrections are for example the BKP equations, which describe
the evolution of n gluons in the t-channel, and the triple Pomeron vertex. They appear
in 3 — 3 scattering processes the first time. These processes naturally arise in the
context of deep inelastic scattering on a weakly bound nucleus, Fig. 1.3. An example
is deep inelastic scattering on a nucleus consisting of two weakly bound nucleons. To
obtain a completely perturbative process, we replace the nucleons by virtual photons.
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-
P 2
Figure 1.3: Scattering of a virtual photon on a weakly bound nucleus in QCD

We arrive at a six point correlator of electromagnetic currents j,, the generalization of
Eq. (1.10). The leading diagrams are those with the exchange of highest spin particles
in the ¢-channel, that means diagrams with four ¢-channel gluons. The coupling
between the external photons and the exchanged gluons is mediated by three fermion
impact factors. In higher order oy in the LLA, the structure of the diagrams is more
complex than those of a four point function. We explain the structure in chapter 3,
there is still a factorization of the amplitude into impact factors and exchanged gluon
structures.

1.2.2 An Analog Process in N = 4 SYM

The AdS/CFEFT-correspondence offers a comfortable possibility to study scattering am-
plitudes at strong coupling. It relates the weak coupling limit of correlation functions
on the string theory side to the strong coupling limit of correlation functions on the
gauge theory side. Eq. (1.9) gives a concrete connection between correlators on both
sides of the correspondence.

In QCD, the scattering process of interest is y*y*-scattering. Since the duality
connects classical supergravity with conformal field theories and not with QCD, we
have to look for an analog process to y*y*-scattering in N' = 4 SYM. In particular, we
need a substitute for the electromagnetic current j* in the correlation function (1.10).

N =4 SYM has a global SU(4)r R-symmetry. This symmetry allows to introduce
an analog of the electromagnetic current. Namely, we choose as a replacement the
conserved R-current Jg [35], see the next chapter for a detailed description. Therefore,
we compute the correlation function of R-currents according to

571
5¢o(x1)...6¢0(xn>ZJR[¢o]CFT\¢OZO = (Jr(x1),..., Jg(zn))
511
N doo(x1) ... 0po(n) Z[¢0]5ugra|¢0:0-
(1.12)

We introduce the explicit expression for the field ¢q, which is the source of the operator
Jg, in chapter 4.
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The resulting diagrams for four and six point functions of R-currents in A" = 4 SYM
are similar to the QCD diagrams with the external photons replaced by R-currents.
Of course, N' = 4 SYM has differences compared with QCD. For example, the N' = 4
SYM diagrams contain besides fermion loops also scalar loops. Additionally, in N' = 4
SYM all particles, fermions and scalars, are in the adjoint representation of the gauge
group SU(N,), see section 2.2.1, whereas in QCD, the fermions are in the fundamental
representation of the gauge group. This difference leads to different color factors for
the diagrams in QCD and N =4 SYM.

Nevertheless, the factorization of the four point amplitudes stays the same in N' = 4
SYM in the LLA. The reason is the following: First, a requirement is that the one-loop
diagrams in V' = 4 SYM, including scalar contributions, are finite and subleading. We
verify this in the next chapter. Then we can turn to the three-loop diagrams. We have
two parts in the factorized amplitude (1.11), the impact factors and the BFKL Green’s
function. In N' =4 SYM, the impact factors include fermions and scalars and change
compared to the QCD impact factors. But the impact factors do not influence the
BFKL Green’s function. It stays the same in both theories since the BFKL Green’s
function contains only gluonic contributions in the LLA. Fermionic corrections, which
could change in N' = 4 SYM, and new scalar corrections first appear in the NLLA.
Consequently, in the LLA the factorization is the same in both theories. The new
scalar degrees of freedom are only apparent in the impact factors and in the one-loop
diagrams. A similar argument holds in the case of a six point function, see chapter
3. Since Regge factorization works the same for R-current scattering in N' =4 SYM
and virtual photon scattering in QCD a promising opportunity is provided to study
Regge behavior at strong coupling using the AdS/CFT-correspondence.
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2 The Four Point Function in N = 4
SYM

In this chapter, we compute correlation functions of R-currents in N = 4 SYM at
weak coupling in the Regge limit, that is on the CF'T side of the correspondence, see
our publication [41]. Before we begin with the concrete computation of correlation
functions, we present some facts about supersymmetry and N' =4 SYM theory.

2.1 Supersymmetry

Supersymmetry is a symmetry that relates fermions and bosons. A supersymme-
try transformation turns a fermionic into a bosonic state and a bosonic one into a
fermionic. The corresponding operator is a complex anticommuting spinor %,

Q%|boson) = |fermion), Q%|fermion) = |boson). (2.1)

Since Q¢ is complex, also (Q%)' is a symmetry generator. Q% with a = 1,2 is a
left-handed Weyl spinor and (Q%)" =: Q4. with ¢ = 1,2 a right-handed Weyl spinor.
a runs from 1 to NV'; N is the number of independent supersymmetries of the algebra.
Q% and Q4, commute with translations P,

[ Z’PM] = [_iju] =0, (2.2)

transform as Weyl spinors under SO(1, 3),

Q4 M) = (0)a"Qp:

[_37 M/,Ll/] - (6MV)dﬁQgﬂ (23)
and satisfy the supersymmetry algebra,

{Qs, Qﬁ'b} = QUZﬁ'Puéga

{Qa, Q5 = 2ea52,

{Q3, Q% = 2e5(2°)". (2.4)
7% are central charges that are antisymmetric in the indices @ and b and commute with
all generators of the supersymmetry algebra. In the case N = 1, the antisymmetry

implies that there are no central charges. This is called unextended supersymmetry.
For N’ > 1 we have an extended supersymmetry.
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The Weyl spinors are connected to the four-component Dirac spinors by

o-(%)

and the four-dimensional gamma matrix is

e ( ;)H %“ ) (2.6)

Furthermore, we have

PO — ( Qog ) and  PRQ® — ( ng ) (2.7)

with
-1 0
P=(-a2 Pe=(baz ad = (0 T) @

The particles of supersymmetric theories fall into irreducible representations of the
supersymmetry algebra, which are called supermultiplets. Each multiplet contains an
equal number of degrees of freedom of fermions and bosons. All particles belonging to
one supermultiplet have got the same mass. The simplest multiplets are the N’ =1
massless supermultiplets, that are a chiral supermultiplet with one Weyl fermion and
a complex scalar, a gauge supermultiplet with one gauge boson and one Weyl fermion,
the gravitino supermultiplet with one gravitino and a gauge boson, and the graviton
supermultiplet with one graviton and one gravitino.

2.2 N = 4 Supersymmmetric Yang-Mills Theory

2.2.1 The Lagrangian of N = 4 SYM

The gauge multiplet of N' =4 SYM consists of one vector field A, four chiral spinors
A7, and six real scalars X;;. The gauge multiplet transforms under the adjoint rep-
resentation of the gauge group SU(N,). The Lagrangian for N' =4 SYM in d = 4
dimensions can be obtained by dimensional reduction of the d = 10 supersymmetric
Yang-Mills theory [48]. It is

1 1 _
ESYM = Tr <_ZF/WFHV + §D“XMD‘LLXM + Z')\IO'#D“)\I

. R 1
—ighi[Ag, XM —ig N Xpg] + ZgZ[XM,XN][XM,XN]) . (29)

The covariant derivative and the gauge field strength tensor are defined as usual

D& = 9,®—ig[A,, ], (2.10)
Fo = 0,A,— 0,4, —ig[A,, A). (2.11)
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® stands for the fields X or A\. X, and X;; are related by the SU(4)r ~ SO(6)g
sigma symbols,

1 1
X, = —é(EM)UXM, X1 = 5(z;j)”XM (2.12)

with
TI‘(EME&I) = 45MN and XMXM = X[JXIJ. (213)
Then we get

1 1 ,
— (DAL = DAL + SO, X Xy + iGN

1
_gf‘lbcaﬂA?/AubAyc - Zg2fabefcdeAZAgAucAyd

Lsym =

1
49 fare A" X510, X5, + 3 9 fave feae ALX 3 AM XY,

. a ye 1 a c
_ngabcAN/\I}O-MA r— ZQQfabefcdeXMXJb\fXMng
+9 Fape X TINING + g fape XGNPI, (2.14)

Small indices a,b,c, -+ = 1,...,N? — 1 are adjoint representation indices for the
gauge group SU(N.). We can write ® = &, = O¢(T°),y, with (T¢)g, = —ifebe. fabe
are the SU(N..) structure constants with [T'%, T%] = i f*“T°. The normalization of the
generators 7% is Tr(7T°T") = N,§%.

The Lagrangian Lgyy is invariant under global SU (4) g transformations, see section
1.1.1. Capital indices in the Lagrangian transform under this R-symmetry group.
In particular, I,J,--- = 1,...,4 transform under the fundamental and M, N,--- =
1,...,6 under the vector representation of SU(4)r. A, is a scalar of SU(4)g, the
chiral spinors A; are in the fundamental representation and the scalars X,; in the
vector representation of SU(4)g. The SU(4)g transformations are given by

5)\(1011 — i&’fA)\an(TA)][,
55\0,0'([ = —igy (jm‘\)l(]/_\ad,]7
6X§ = iea(TMHunX%. (2.15)

e 4 are small parameters, and T4 are the SU(4)y generators in the appropriate repre-
sentation.

We introduce the R-current here, which we use as a substitute of the electro-
magnetic current in our computations of correlation functions within the AdS/CFT-
correspondence. The SU(4) g symmetry provides a conserved Noether current, named
J,’%A, our R-current,

oL
9(0,)

Tk = AAD = Tr(=Ao TN — iXTAD'X). (2.16)

AA® is defined by 6® = ic 4A2® for an infinitesimal transformation.
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One subtlety concerning R-currents are their associated Ward identities. Jg“ is
a conserved current. The time-ordered product of a conserved current J# and some
operators O; gives rise to Ward identities. It is given by

0,TJ" ()01 (1) ... On() = Y 8(2° — 2)TO1 (1) ... [1°(x), Os()] . .. O ().
i=1
(2.17)
On the right-hand side of Eq. (2.17), the equal-time commutator of the zero-component
of the current and the operator is

1°(&,1), 07, 1)] = 697 — ) a0 O(, ). (2.18)

qo is the charge of the operator O in units of the electric charge e. Inserting (2.18)
in (2.17) gives an explicit expression for the so-called contact terms on the right-hand
side of (2.17),

n

0, TJ"(x)O1(x1) ... On(zy) = Z W (z — 2)qo, TO(21) ... On(zy). (2.19)

i=1
In an Abelian theory, the conserved currents are neutral, and the contact terms vanish,
0, TJ"(x)O1(21) ... Op(z,) = 0. (2.20)

We get the well-known Ward identities. Going to momentum space and taking the
vacuum expectation value we arrive at

puld" (p)j" (p1) - .. 3" (pn)) = 0. (2.21)

Since N' =4 SYM is a non-Abelian theory, the conserved currents are charged and
the contact terms do not vanish. The equal-time commutator (2.18) with the operator
O replaced by an R-current is now

[TR° (1), TR (5, 1)] = 60(& — ) (T ETR" (&, 1), (2.22)
and the time-ordered product of R-currents respects
T IR () T (1) .o T (22,

= Y 0W(x = a)TTRM (1) (T & T () T (). (2.23)
i=1

The non-vanishing of the contact terms introduces some complications in the fol-
lowing computations. Nevertheless, there is a possibility to get back to the simple
Ward identities (2.20) of Abelian theories. The full R-symmetry group is SU(4)g. If
we restrict ourselves to a subgroup U(1), we reach a situation with vanishing contact
terms. The restriction means to pick up one of the 15 R-currents of the global SU(4)g
group. To go to a U(1) subgroup, we choose a particular linear combination of the
three diagonal SU(4)r generators [35]. Since the diagonal generators commute, all
(T4 = —ifA4C vanish, and we get, omitting the SU(4)x labels A; for the U(1)

current,

0, T Jp(x) 5 (x1)... T 5" () = 0. (2.24)

At some point, we will use this restriction in the next chapters.
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2.2.2 Feynman Rules

From the Lagrangian (2.9) we derive the Feynman rules of N'= 4 SYM. The propa-
gators of the theory have the following form:
the gluon propagator is given by

00000 i ko, k

a, p =2 b,v —qg,, + (1 — )22 2.25
k (o ra-0mE) e

the fermion propagator looks like

ik“(U“)ad(Sab
a, & k b, (6] k'2 + ié‘ 5 (226)
and the scalar propagator is
,,,,,,,,,,, e i

]\/{1, a k: ]\/[2, b m5M1M25ab (227)

The vertices of N' =4 SYM are

the three gluon vertex

Qaz, [l ap, i

e
G aranas 972 (ky — k3)™ + g3 (ks — Ky )P + g2 (ky — ko)),

ag, jl3
(2.28)
the four gluon vertex
a2, K2 ay, [
»/kl _Zgz [falaQbfa3a4b<gulusgu2H4 - gmmguzus)
+ fa1a3bfa2a1b(guluzgugu4 - 9“1“49“2”3)
+ fa1a4bfa2a3b(g“1“2g“3“4 _ gumaguzu4)] 7
as, (i3 4 Ay fbg (229)
the one gluon-two scalar vertex
by, My by, M,
N /
N
P2 N s N
G fabibo (P2 — D1)" 001, s (2.30)
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the two gluon-two scalar vertex

(2.31)

(2.32)

(2.33)

(2.34)

)
)

ay, i az, fl2
\IEI
’/kQ < 22 ai1bic fasbac aibac rasbic
AT 1g7g" 2 O aay (JUHE R 4 fURELE),
Py, ~ ]'2\ N
/ AN
by, My by, Mo
the one gluon-two fermion vertex
b, i c g
y4t P2
_ N\ i
- gfabc(o—u) o ]7
tk
a,
the one scalar-two fermion vertices
by, avg, iy by, a0y
P2 V41
. aae —1\i112
[ - ngllb1b28 (EM) )
Lk
|
|
a, M
by, cva, iy by, G, ip
P2 J41
. 1
| 19 fabybs€ (B4 )i ia
+ k
|
|
a, M
and the four scalar vertex
ag,f\/fg (l],]\][
AN /
AN k / ) 2
ko v —19” [ farasb fasasb (One M5 Onro 0y — Oy has Onry My
AN /
o + falagbfa2a4b(5M1M25M3M4 - 5M2M35M1M4
7/ AN
ky
/k3 ™ + fa1a4bfa2a3b(5M1M35M2M4 - 5M1M25M3M4>] .
7/ AN

(2.35)
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We deduce further Feynman rules from the R-current (2.16): the coupling of an
external R-current, symbolized by the cross,
to fermions

a, &, J
p, A (@) (1), 0, (2.36)
b,a, I
to scalars
/GQ, M,
/
p, A X (p1 + p2)* (T) b0, (2.37)
N
\pl
N
N
ay, M]
and to two scalars and one gluon
a,
k
A iy P A
RN 2299 fablbz (T )M1M2' (238)
D2 £ NP1
]\"fg,bz/ \;“/11761

2.3 Setup of the Computation

We start with the definition of a four point amplitude of R-currents in momentum
space:

i(2m)*0(pa + pB — par — D) AR(s, t)HAkBH A B!
— /Hd4~r1 efipA-foipB-xBfipA/-:EA/fipB/-xB/
) (T (xa) TR (wp) Ty " (war) T "7 (wp)). (2.39)

pa and pp denote the momenta of the incoming R-currents, pa and pp: the momenta
of the outgoing. Ag depends on the Mandelstam variables s = (p4+pp)* and t = ¢* =
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(pa—par)? =~ —q* < 0 and on the virtualities of the R-current momenta Q? = —p? > 0.
We study the amplitude in the Regge limit defined as

s> [t], Q7. (2.40)

In the Regge limit, the high energy behavior of the four point function (2.39) is
expected to be fixed by the so-called spin argument. This argument states that the
exchange of two particles of spin s in the ¢t-channel leads to a high energy behavior
of the amplitude ~ 27!, Therefore, we anticipate that the R-current scattering
amplitude is dominated by gluon exchange since gluons are the particles with highest
spin in N' =4 SYM. A necessary condition is the finiteness of the one-loop diagrams
in N = 4 SYM, the analogs of the QCD diagrams in Fig. 1.1. If this condition is
fulfilled, three-loop diagrams give the leading contribution in the Regge limit. Since
the factorization of the three-loop amplitude works the same as in QCD, see section
1.2.2, we only have to determine the influence of the scalar particles on the impact
factors.

In our computations, we use a Sudakov decomposition of the momenta. We intro-
duce two lightlike vectors p; and p, with p? = p3 = 0 and p; - p» = s/2. An arbitrary
four vector can be decomposed in longitudinal and transverse parts as

k= ap + Bps + ki (2.41)

with a = 2py - k/s, 3 = 2p; - k/s, and k2 = —k?. The bold vector denotes the
transverse components of k. The Jacobian is

d*k = s/2da dj d’k. (2.42)

Then the incoming current momenta can be written as

Q%
PA=DpP1— sz = p1 + vap2,

2
PB =P2 — %Ih = p2 + VBP1- (2.43)
Here we define )
~ Q;"B = Yap. (2.44)

The outgoing current momenta are

Q2/+ 2
pa=p — ATy o
S
Py =py — ——= ; £p1+ .. (2.45)

The conditions p%, = (pa — q)? and p%, = (ps + ¢)? for the outgoing momenta fix the
longitudinal components of the transferred momentum g,

2 12 2 2 N2 2
aq:—QB/ Qs +qi and ﬁq:QA/ QA‘{’QL‘
S S

(2.46)
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For convenience we will contract the amplitude (2.39) with polarization vectors of
the R-currents later. There are three polarization vectors e+ (p), one with longitu-
dinal polarization, denoted by L, and two with transverse polarization denoted by
h = +. A second longitudinal polarization is absent if the simpler Ward identities
(2.24) are fulfilled. The polarization vectors are orthonormal

e (p)eDH(p)* = 6% (2.47)

and satisfy the completeness relation

v p#p” [ i)V *
g == ) €M (p)e (p)”. (2.48)
p =L+

We choose eﬁ (p) in such a way that the three-dimensional part is proportional to p.

eii)(p) is chosen to be transverse. The leading order terms in s for each component

are

o) = (e 2+ (4 L)t (1 2],
Mp) = M+ % (pl —pa+ apjﬁ> (2.49)
with

) = i(o, 1, +i,0). (2.50)

V2

With Eqs. (2.43) and (2.45) the polarization vectors for p = pa, pg, par, pp: have the
following explicit form

€Ppa) = L <p1 + Q—im), (2.51)
Qa 5
7 2
eP(pp) = On (TBM +p2>, (2.52)
B
(L) i Y —d
e (pa) = O (pl + sz — QJ_), (2.53)
7 2 - 2
e (pp) = 0 (QB Lop+ps+ qL>, (2.54)
B/
M(pap) = €, (2.55)
() w26
eV (pap) = € — . (p1 —p2 —qu1)- (2.56)

To simplify the expressions, we shift the polarization vectors by a four vector propor-
tional to p. This shift is allowed if the Ward identities (2.24) are fulfilled. We arrive
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at

2 /
ePpan) = —Q;:’A P2, (2.57)

2 ,
M ppp) = Qf’B D1, (2.58)
e (pap) = e(f), (2.59)

(h) w 2" g

€ (pA’) = EL + Tpg, (260)

() w 26" g
€ (pB/) = € _Tpl (261)

2.4 One-Loop Diagrams

Now we start with the explicit computation of the correlation function of four R-
currents defined in (2.39). Since we are in N' = 4 SYM, the required Feynman
diagrams include in addition to fermions also scalars, and all particles are in the
adjoint representation of the gauge group SU(N.). The lowest order diagrams, which
are one-loop diagrams, are shown in Figs. 2.1 and 2.2.

We have fermionic boxes as in QCD and the new scalar boxes. The gray dots
symbolize the attached R-currents, which are not shown. Additionally, we have scalar
triangles and bubbles. The crosses denote counterterm vertices; the triangle and
bubble diagrams are counterterm diagrams. In the next sections, we investigate the
UV poles and the high energy behavior of the one-loop diagrams.

2.4.1 UV Poles

In this section, we show that the lowest order diagrams are UV finite. The one-loop
fermionic diagrams, which are depicted in Fig. 2.1, are the same boxes as in QCD.
Their IR region is regularized by giving the fermions a small mass m. Since we are
only interested in the UV behavior, we are allowed to set the external momenta to
zero, and the UV singularities can be computed easily. We use the Feynman rules
given in section 2.2.2. In d dimensions, the amplitude of the first diagram BF'1 is

A Al A Al A A

B B B B B B’

(a) BF1 (b) BF2 (c) BF3

Figure 2.1: One-loop diagrams with fermions
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I - 7~ 4 |
‘ \\ * } // \\ / |
t \\\ \\ // AB. .A/B/ \/ //
| \\ N - \ / P
4p® —— — - - ®p BB’. S BA' ®_ -
(i) BS9 (j) BS10 (k) BS11 (1) BS12

Figure 2.2: One-loop diagrams with scalars

given by

d’k A
BEF1HARBHB BAT — _/WTﬁleTﬁ3M2TA€[4M3Tﬁ1M4

Teli(k + m)uo"6#4i(k + m),0"a 5 i(k + m)eot 55 i(k + m), 0¥ 54]
(k* —m?)(k* — m?)(k*> — m?)(k* — m?)

(2.62)

The UV divergent part of the amplitude BF'1 in d = 4 — 2¢ dimensions reads
2 7:7T2—6m—26

BFlNA,UBNB’MA’
vV 3 (2m)4

T(e) Tt (TATA’TB’TB>
X <guAuA/9uBuB/ t Guapsparng — 29#AusfguAf#B)' (2.63)

The UV poles of the diagrams BF2 and BF'3 can be obtained by permuting indices
in Eq. (2.63). The sum of all three UV singularities does not vanish unless we restrict
ourselves to the U(1) subgroup of SU(4)g. Then all traces over SU(4)g generators
are the same, and the cancellation of the UV poles precisely works as in QCD.
There are 12 scalar diagrams, see Fig. 2.2. The amplitude of the first scalar boxdi-
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agram BS1 is given by

ddk A B B/ A/
BS]_ pr— / —(27-‘_)41—‘]\42]\411—‘]\43]\421—7]\44]\431—7]\4'1]\44
20kHA2i k1B 20 kH B 20 kHar

)2 — ) (k2 — m2) (k2 — m2) (2.64)

The UV divergent part in d = 4 — 2¢ dimensions looks like

2 iﬂ.Q—em—Ze

BSlMAMBHB/MA/ -
vV 3 (2m)t

T(e) Tt (TATA’TB’TB)

X <guAuA/9uB#B/ t Juapsnapy t gﬂA#BfgﬂA/#B)‘ (2.65)

The UV divergent parts of diagrams BS2 and BS3 are obtained by permutation of
the indices in Eq. (2.65). The UV divergent contributions of the triangle diagram
BS4 and of the bubble diagram BS10 in Fig. 2.2 read

,l:ﬂ.276m726 TATA/ + TA TA ,
and
Z'7T2—em—25 TATA’ + TA’TA TBTB’ + TB’TB
BS10yy = QWF(E)TT< 5 5 >9uAuArguBuBI'

(2.67)

The UV poles of all other triangle and bubble diagrams are obtained by permuting the
indices in Egs. (2.66) and (2.67). If we restrict ourselves to the U(1) subgroup, once
again all traces are the same, and the sum of all scalar UV contributions vanishes.

In the case of the full SU(4)g group, the UV poles do not cancel separately in the
fermionic and scalar sector. Nevertheless, a computation shows that the sum of the
fermionic divergencies BF'1yy — BF 3y and the scalar divergencies BS1yy — BS12yy
is zero. We have kept in mind that the scalars are in the vector representation and the
fermions are in the fundamental representation of the SU(4)g group. This fact leads
to different results for the traces, see also Eqs. (2.86) and (2.87). The UV finiteness
of the amplitude is due to the supersymmetry of the theory.

2.4.2 High Energy Behavior

Since the one-loop diagrams are UV finite, as shown in the last section, we are allowed
to apply the spin argument to the scattering amplitude. Therefore, the R-current
scattering amplitude is dominated by gluon exchange in the t-channel.

The leading terms of the one-loop diagrams in the Regge limit are doubly loga-
rithmic terms of the form In’s [49]. Resummation of the doubly logarithmic terms
provides the correct asymptotic behavior of the amplitude. The one-loop diagrams
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provide subleading corrections compared to the diagrams with ¢-channel gluon ex-
change. Also dressed one-loop diagrams, for example with gluon rungs, are included
in this argument [46].

From now on, we restrict the R-currents to a U(1) subgroup of the SU(4)g group,
and we drop the trace over the SU(4)r generators. The computation of the high
energy behavior of the fermion box is the same as in QCD. We briefly recall the
computation [46, 49] and start with diagram BF'1 in Fig. 2.1. In the high energy
limit, the fermion numerator is proportional to sk? + (k%)?, and the leading term of
the amplitude with Sudakov decomposition of the momenta (2.41) is

s 1
/{52

“lsaB— 12+ ie)(s(a — ag)(B— B,) — (k— ) +ic)

1
X(S(Oé — 1)(64‘.@4) _k2+i8)(s(a—x3)(ﬁ+ 1) T2 +i€). (2.68)

The subscript L means that we are keeping only the leading term in the energy. The
region of integration, in which a double logarithm arises, is Q?, q*> < k* < as, 3s and
1, < o, < 1 with z; = Q?/s. We close the 3-contour below, pick up the pole in the
second propagator, and get

1 2m [Yda ['dp
BF1;, = _5(%)4/2; E/z ?/d2k5(saﬁ—(k—q)2) (2.69)

with z = Q?/s ~ w;. After a shift in the momentum, k — k + q, we perform the
angular integration. Then the k? integral is carried out via the delta function. We
arrive at

1 4 Yda 1ap 1 1 s
BFl, = ~—— [ & [ &2 _ 2 2 9.
v = s ) T s (2.70)

In the high energy limit, a double logarithm emerges for the fermion box.
Now, we consider the first scalar box BS1 in Fig. 2.2. The amplitude is

351:— /da/dﬁ/cﬁ

(2k pA )H4(2k + pp)'2 (2k + pp — Q"' (2k — pa — Q)"
(k —pa)?k*(k + pp)*(k — q)? '
First, we contract with longitudinal polarization vectors, (2.57) and (2.58), and keep

only the leading terms in the numerator in region of integration r; < «, < 1. We
get

(2.71)

d*k 1
(2m)* k?(k — q)*(k — pa)*(k +pB)*

BSTEE = Q,Q.0QpQp / (2.72)
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The superscript LLLL denotes the longitudinal polarization of the R-currents. This
integral corresponds to a standard integral in a massless ¢® theory. Here, a double
logarithm arises in the infrared region k ~ 0 due to the Vanishing mass of the fields.
Therefore, we consider the region of integration k? < Q?, g%, and (2.72) turns into

$Q Q /Q Q
BS1EILL — ZHARAD B/ /dﬁ/cﬂ
We close the B-contour below and pick up the pole from the first propagator
BSlﬁLLL ZQAQA’QBQB’ / do / d/@ / d2k 5 SO[ﬁ k2) (274)
k2<<Q2
Performing the integral over k leads to

) , z/a dﬁ
BS1LLLL _ ZQAQAQBQB / dOé/ (2.75)

and over o and (3 to the expected double logarlthm

Q21 2 S
8(2m)?% s ©8 Q*

(saff — k2 + ze)( 2)(—sB +ie)(sa)’
(2.73)

BS1HEL ~ (2.76)

Now, we contract the amplitude with transverse polarization vectors, (2.59)-(2.61),
and only keep the leading terms in the energy. h and h’ denote the possible transverse
polarizations of the incoming and outgoing R-currents, respectively, and we arrive at

16 / W ke ak Bk e

(2m)* k2 (k — q)*(k — pa)?(k + pp)?
_ (5hAhA/5hBhB/ §hAh35hA/hB/ (5hAhB/5hA/hB>

/ o [as [ i (50 — Sﬁaﬁ 1;( SH T i)
(2.77)

BS1HH

We close the contour below and pick up the pole from the first propagator. After a
shift in k we obtain

BSlﬁhh/h/ _ <6hAhA/6hBhB/ + 6hAhB(5hA/h‘B’ + 5hAhB’6hA’hB)

2mi Yda ['dB 2 ~(k— a)?)S(sal — K2
W/xg/x?/dk(saﬁ (k —q)7)d(saB — k7).
(2.78)

The scalar product vanishes after angular integration, and sa3 — k2 is set to zero by
the delta function. We get

lefihh’h/ _ (5hAhA/5hBhB/ +6hAhB5hA’hB’ +5hAhB/5hA/hB)
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Figure 2.3: One of the lowest order diagrams contributing to the two gluon exchange
in N =4 SYM

The only term left gives

BSllihh/h/ ~ _(5hAhA/5hBhB/ +5hAh35hA/hB/ +5hAhB/5hA/hB)
i Q% s
X —log®—
120202 s % Q¥

(2.80)

which is once again a double logarithm. Similar computations can be performed for
all other diagrams in Fig. 2.2 and give results analog to the ones just presented.

In the above computations, we have considered the region Q?, q> < k* < as, 3s
and k? < Q% q?, respectively. For k* ~ s the numerators in (2.68) and (2.73) seem
to lead to an even stronger behavior. But the limit of large k? corresponds to the UV
region, which we have computed in the previous section. These terms cancel when we
sum over all diagrams.

In this section, we have computed the high energy behavior of fermionic and scalar
one-loop diagrams in N' = 4 SYM in the Regge limit. All one-loop diagrams are
proportional to a double logarithm.

2.5 Impact Factors

The following sections confirm that the high energy behavior of the four point function
of R-currents is indeed dominated by two gluon exchange. Due to the spin argument,
we expect a dominating gluon exchange amplitude with a high energy behavior ~ s.
Gluon exchange in the t-channel starts at three-loop level. In Fig. 2.3, we show one
possible lowest order diagram with our choice of momenta. In the other three-loop
diagrams, which are not shown, the gluons couple to the upper and lower loop in all
possible ways. The loops consist of a fermion or a scalar particle. The momenta are
decomposed as in Eq. (2.41).
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F1 F2 F3 F4

Figure 2.4: The fermion diagrams for the impact factor

In our computation, we consider the imaginary part of the amplitude that is the
discontinuity in s symbolized by the dashed line in Fig. 2.3. Taking the discontinuity
sets the four intermediate particles on-shell. Two of the resulting delta functions are
used to fix the integrations over the longitudinal components, o and (3, of loop mo-
mentum k. The other two fix one longitudinal integration of each loop momentum [,
and lo, that is #; and ay. In the Regge limit, the leading logarithmic (LL) contribution
arises when a < a7 and § < 5. In this regime, the upper loop is independent of «
and the lower loop independent of 3. The amplitude of the three-loop diagram, A©),
factorizes into two impact factors and two transverse gluon propagators

A0 (s 1) = is / 'k D% (k, q — k)DU*(k, q — k) (2.81)
’ (2m)%k2(q — k)24 v ' '

Dy p are the impact factors in N' = 4 SYM that represent the coupling of the R-
currents to the two ¢t-channel gluons. The definition of the impact factor D4 is

DZA)\A’G(I (k, k’) — 8%6’/)2 (pA)*ezﬁi (pA’)PQPPQ;, / Z—?ImAHAMA/PP'(Sl’ t). (2.82)
A similar definition is given for Dg. The amplitude A#ara??(sy t) describes the
scattering of an R-current with polarization A4 and a gluon with momentum —£k,
Lorentz index p and color label a into an R-current with polarization A4 and a gluon
with momentum k, Lorentz index p’ and color label a’. s; is the energy squared of
the R-current-gluon system, s; = (pa — k)? >~ —Q% — k* — s = —s0. €,4(pa)* and
e,i‘:ﬁ (pas) are the polarization vectors of the incoming and outgoing R-currents defined
in Egs. (2.57)-(2.61).

Due to the factorization of the amplitude (2.81) the subdiagrams belonging to
the upper impact factor are independent from the lower subdiagrams. Furthermore,
fermion and scalar impact factors can be computed separately. The fermion diagrams
are shown in Fig. 2.4 and the scalar diagrams in Fig. 2.5. Here, the gluons couple
to the fermion and scalar loops in all possible ways. We introduce the convenient
notation for the impact factors

AN aa’ aa’ ! d2l
D = N.a0 doy
0 (2m)?

gbi”‘/ is the analytic expression of the ith diagram in Figs. 2.4 and 2.5. The sum
runs over ¢ = F'1,..., F4 for fermions and over i = S1,...,59 for scalars. «; is

Z o™ (1,1, q). (2.83)

7



2.5 Impact Factors 25

59
Figure 2.5: The scalar diagrams for the impact factor

the longitudinal component of the loop momentum. Scalars and fermions are in the
adjoint representation of the gauge group and provide a factor

fa0102f66201 — _Nc(sab. (284)

An overall factor of 1/2 arises from the cutting rule

2ilm(A) = > A (2.85)

A symbolizes the discontinuity of the amplitude. The computation of the fermion
and scalar diagrams is alike, nevertheless there are some differences. The trace over
two generators of the SU(4)r group is for fermions, which are in the fundamental
representation,

1
Try(TATH) = 3 (2.86)
and for scalars in the vector representation
Try(TAT4) = 1. (2.87)

Furthermore, there is a symmetry factor of 1/2 for scalar diagrams since the particles
crossing the cut are identical. An important difference appears concerning the t-
channel gluon propagator. Written in Sudakov decomposition, it is

2
gMV = g(p?upll/ + plup?y) + gLuu- (288)
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In the fermionic case as well as for the scalar diagrams S1-54, it is the first term of the
gluon propagator, ps,pi,, which contributes to the leading power in s in the Regge
limit. But the situation is different for diagrams S6-S9. For example, in diagram S5 the
gluon polarization tensor is contracted with the polarization vector of the incoming
current, which is proportional to ph. But the contraction phg,,, does not give a
leading contribution and p3 = 0. Thus, only the second part of the propagator p;,pa,
contributes. This contraction provides one power of s less than the leading terms of
diagrams S1-S4. A similar argument applies for the contraction of the polarization
vector proportional to py with the lower loop. The argument also holds for diagrams
S6-S8. For diagram S9 the suppression is even stronger because the effect takes place
at both vertices. Altogether, in the Regge limit, the leading behavior of the scalar
impact factors is only given by diagrams S1-S4, which look the same as the fermionic
ones.

2.5.1 Explicit Computation of the Impact Factors

Now we give a sample computation of a leading three-loop diagram with a scalar loop
above and a fermion loop below as depicted in Fig. 2.3. Considering a scalar and a
fermion loop in one diagram allows us to show results for both impact factors in one
computation. Since the amplitude factorizes, the two parts of the diagram do not
influence one another. The amplitude is given by

4l 44 4k
AOpaparpspg _/ 1 / 2 / 4(_ori)d
@0t | @t | @

X fa1b1b2 fazbzbl (TA)Mle (TA/)M2M1 falclcha2C2cl (TB>JI(TB/)IJ
(20 — pa)* (20 — k)" (20 — k — q)"* (2l — pa — g)*~
Bl —q)?
Tr[o+Bily,0"c" (Io + k),075"(—i)(ly + q) ,0° "5 (I — pp),0"]
15(l2 + q)?

e G (= a0 — £ + )3 ~ o))
(2.89)

X

X

We use a Sudakov decomposition (2.41) for the momenta and the relation
Tr[o#iok2 ... otan] = Tr[Prytiakz .. y#2n] with Pgp = 225, We get

O)\papapppg 4 s s 1
AOmara g (2) (%)S/da/dﬁ/dal/dﬁl/dag/dﬁg
X / Pk / &1, / &1,

/ '\ Guivi Guav
Xfalblbzfa2b2b1 falclcz fa2C2C1 Tr(TATA )Tr(TBTB )%ﬁ
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(2L — pa)ta(2h — k)" (20 — k — q)"*(2l — pa — @)
(sarfr —B)(s(ar — ag) (B = By) — (L — @)?)

Te[Pry" 21y (fy + K)v By + )75 (Jy — B)]

(sazfy = B)(s(az + a) (B2 + B) = (L. + q)*)

(s(n = (B = 74) = 1)o(s(1 — @)(B1 = B) — (L — k)?)

(s(2+a) (B2 + B) = (b + K)*)d(s(az — 75) (B2 — 1) — I).

X0
X0
(2.90)

In the Regge limit, we have k* ~ k? and (k — ¢)? ~ (k — q)2. We perform four
integrations with the help of the delta functions. The integrations over a and ( fix
the longitudinal components of k, the integrations over 3; and a» fix one longitudinal
component of each loop momentum [/; and l5. From the first delta function we get

b1 = — Iy ~ QO ! (2.91)
from the second
I, — k)? 1
ﬁ%—(l ) + b~ (—) (2.92)
s s
from the third
(15 + k)? 1
~ — ~ — 2.
« oy + e @ ok (2.93)
and from the last
e o2 (2.94)
Ay = rYB 8(]_ _ /32) ~ s .

Inserting the results into the amplitude gives

Opapapspg — _ A5 31 2 2 2
A 5 g<2> (27T)8/czal/czﬁg/czk/d11/d12

N2gee g Ty (TATA ) T (TPT ) Dt _Jreaws
<N AT T S e
1 1 1 1

2 2
el sl —alslB - ALl ) (1)
(2l — pa)*2 (20 — k)" (2l — k — q)*2 (2l — pa — )M
(1 —ar)sarya —1)((1 — ar)sanya — anlf — s fBy(l — an) — (1 — ) (i — @)?)
Te[Pry" 2l (fy + K)v> (L + d"e (1, — 1))
(1 = Ba)sPave — 13)((1 — B2)sPayp — Po13 + sPacry(1 — B2) — (1 — B2) (s + q)?)
(2.95)

X

T

Next, we contract the gluon propagators g,,,, and g,,,, with the upper and lower
loop using the expression in Eq. (2.88). We keep only the leading terms in s, which
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are proportional to a;. Additionally, we use o < ag and 8 < f; in the Regge limit,

AOranynpip — _ doq | dps | d*k | d21, | d*1,
N26a1a25a1a2T TATA Ty TBTB’
x x( > < s = q)2
11— (0%} 1-— ﬁz
20 )2 =
X (2a) st Ba

(2l1 — pa)*4 (2l — pa — @)
(1= aq)sarya — B)Y((1 — a1)saqya — a1ld — saq By(1 — o) — (1 — aq)(li — q)?)
Te[Pry"2lop, (Ll + F)p, (L +ﬁ)7uB fy — Pp)]
((1 — B2)sPave — 13)((1 — B2)sB2vp — Bal3 + sfocg(1 — B2) — (1 — B2)(la + q)?)
(2.96)

In the last step, we contract the amplitude with the polarization vectors introduced
in Egs. (2.57)-(2.61). First, we choose longitudinal polarization vectors, (2.57) and
(2.58), for all R-currents. We will make use of transverse polarization vectors later.
The contraction gives

X

A© =—( ) QAQA/QBQBg doy [ dBs | d°k [ d*, | d*1,
! /! 1
2 cajaz Saias A A BmB
x N2gaazgaazTyp(TATAYTY(TET )k2(k e
].1—0411—62
201 )%=
x(2a4) sty Ba

(20q —1)5(201 — 1)3
(1= ag)sogya —1)((1 — a)sarya — anli — sy (1 — o) — (1 — aq) (L — q)?)
% TI[PRAIQA (112 + %)751 (/l/2 + /d)lél (/l/Z - pB)]
(1= B2)sBavp = 13)((1 = B2)s02vp — Bal3 + sfa0q(1 = B2) — (1 = Ba)(la +q)?)
(2.97)

X

The result of the trace is s4ﬁ§’(ﬁ2 — 1), and it follows

AV = -25QuQuQsQus' G / dou / 6 / o [ [

x N2§ua2 garaz Ty (TATA )T (TBTB’)

" (201)*(1 = 1) (1 = Ba)
a3

k? (k—q)

(20&1 - 1) (20&1 — 1)
(1 = ar)sarya —11)((1 — ar)sarya — aalf — sa1 By (1 — 1) — (1 — ar) (L — q)?)
. B35 — 1)
((1 - 52)3@’73 - 1%)((1 - 52)55273 - 5215 + 352%(1 - 52) - (1 - 52)(12 + Q)2)'
(2.98)

X




2.5 Impact Factors 29

With the relations sy4p = —QiB and SYarp = —QEV’B,, see Eq. (2.44), as well as

2
with o, = @ QB' 9 and By = + QA’ % , see Eq. (2.46), we get

S

A0 — SSQAQA,QBQB,g N2 guaz oy (TATAYT(TETE)

dOél dﬁg d2 d211 d212 OélﬁQ a1 — 1/2) (1 — 62) (1 — Oél>
Xk 2(k—q)? q)
y 1
1+ ai(l —a)Q%)((L = (1 —ar)a)? + i (1 — a1)Q%)
1

: (B4 Bo(1 — £2)Q%)((Ia + (1 — Ba)a)? + [a(1 — B2) Q%) (2.99)

The traces over the SU(4)r generators is given in Egs. (2.86) and (2.87). We use
g = % and introduce the scalar symmetry factor 1/2:

AY = 8507 QuQuQpQp NI 5"5"

/ doy / i [ 2 Tk [ o cit L (d2l§ B e — 1/2(1 — )*(1 — )

k(k q)

1

ol —a)@)((h — (1—ana? + o (l—a1)Q%)
1

X .
(134 Ba(1 = B2) Q%) ((la + (1 = B2)q)? + Ba(1 — B2) Q%)
Eq. (2.100) is the result for the whole amplitude A®. The impact factors can be

read off easily with the help of Eq. (2.81). The scalar impact factor D5F for diagram
S1 s

(2.100)

2
1
Dgy = 2QaQuasN 5" / day / - —1/2)*(1 — o)
y ! (2.101)
(I + a1 (1= n)Q3)((h — (1 —en)q)* + en(1 —a)Q%)"
the fermion impact factor D& for diagram F1 is
LL a1a2 d 12
Dy = 2QpQpasNco dﬁ2 ﬁ2)
1
(2.102)

Bt (- )3 (s + (1— B + Al — )3

We have considered a scalar impact factor in the upper part of the diagram in Fig. 2.3
and a fermion impact factor in the lower part. To get an impact factor, which can be
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inserted in the upper part of the diagram, from the one computed in the lower part
of the diagram, we perform the following substitutions in (2.102),

12_>117 k_>_k7 q— —q,
B — a1, Qpp — Qaa (2.103)

and vice versa. The upper impact factor for F1 is

! d?1
Dy = 2QAQA’ach6am2/ dal/—zoﬁ(l—my
0 (2m)
1

7T ar(l = an@)(( — (= @ T (L~ an@h) %Y

T

From now on, we only examine impact factors from an upper loop. For convenience
we change the notation to

L=1 and o5 =a. (2.105)

The impact factors for diagrams S2-S4 and F2-F4 in Figs. 2.5 and 2.4 are computed
in a similar way as S1 and F1. The coupling of the gluons to the loop is the only
difference. The loop momenta are changed, but the computation itself stays the same.
We give the results for the impact factors here. We define

N, = 1, N, = 1-k,
N = 1-(1-a)q, N3 = l-k+aq,

D, = N?+oa(l-a)Qy, Dy = Ni+oa(l-a)Q4,

D, = NZ+a(l-a)Q%, D, = N2+a(l—a)Q%.  (2.106)

With these definitions the fermion and scalar impact factors ¢ in Eq. (2.83),
shown in Fig. 2.4 and Fig. 2.5 respectively, are

2(1—a)? a(l—a)(1/2 — a)?
LL _ o & ( LL _ 9 )
Pl QaQa DD, 51 QaQ4 DD ,
o?(1 — a)? a(l = a)(1/2 — a)?
o= —QQAQA/%v o= —2Q4Qu ( l%fD/’ ) ,
2 2
a?(1 — a)? a(l —a)(1/2 — a)?
o= —2QaQua —;2D, ) ; o= —2Q4Qu ( I;ED/’ ) ,
1 1
2 2 2
LL a’(1 —a) LL a(l —a)(1/2 - a)
= 2 f——— = 2 / .
i QaQ 4 DD, o QaQ 4 DD
(2.107) (2.108)

Egs. (2.107) and (2.108) represent the impact factors with longitudinal polarization
vectors of the R-currents. Now, we use transverse polarization vectors (2.59)-(2.61)
for the incoming and outgoing R-currents. The resulting impact factors are
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) a(l —a) N
o= g e NN
) a(l —a) Nx
o= 2y e NNy
hh! _ _2a(1 — Oé) E(h) ) N2 N/ . E(h/)*
53 DD ' ’
’ 1 - ’
o QMGW Ny N, - e, (2.110)

D, D),

A closer look at the impact factors ¢%h/ identifies some cancellations. The last two
terms of each qﬁ'}h/ cancel each other due to the angular integration in the transverse
momentum 1, see Eq. (2.83). If we combine the two denominators, introducing a
Feynman parameter and perform a shift in the 1 integration in the integrand of (2.83),
the shift cancels in the numerator and the remaining terms in the numerator depend
upon the angle only through the cos 6 in the scalar product of the polarization vectors.
Therefore, the result of the 6 integration vanishes.
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The terms proportional to h and h’ also cancel because Ny — —N; and N — —N|
after a change of variables, 1 — —14+ k and @ — 1 — a.. The cancellation takes place
between ¢"' and @it as well as between ¢ and ¢kl

After considering purely transverse or longitudinal polarization for all R-currents,
we now choose different polarizations for incoming and outgoing R-currents. The
impact factors ¢ for incoming longitudinally and outgoing transversely polarized

R-currents are

Lh

F1 =

Lh

F2

Lh

F3 =

Lh

F4

Lh
S1

Lh
S2

Lh
S3

Lh
S4

a(l —a)(1 —2a — hi)

For transverse-longitudinal polarization we get

hL
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hL

F2

hL

F3

hL

F4

hL

S1

hL

S2

Nl . (h)*
(a DD} 1€
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(2.111)

(2.112)

(2.113)
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a(l —a)(l —2a) )

a(l —a)(l —2a)
M= —Qu D\, e . N,. (2.114)

The terms proportional to the helicity h again cancel between ¢ and ¢py as well
as between ¢po and ¢ g3 after a change of variables, 1 - -1+ k and a« — 1 — a.

2.5.2 Full Impact Factors

Summarizing the results we have the full impact factors D* '@’ given by the sum of
all scalar and all fermion impact factors. The final result for longitudinal-longitudinal
polarization is

, , N.o ! d?1 1 1 1 1
DLLaa — aa cHSs , 1_ - o .
Qe [ o 2t (01 D2> (Da D§>
(2.115)

A simplification occurs in the sum of fermion and scalar impact factors with transverse-
transverse helicity. The terms from the scalar sector cancel exactly with the pieces
from the fermion sector, which have remained after the simplification described after
Eq. (2.110). Finally, only one term proportional to € - €")* = §" is left for each
diagram, and the result is

o o Neau ! 1 (N, N N N/
]D)hhaa — 5aa 5hh cs // d / _1__2 I 2 .
y QaQu | do [ oS\, ~ o, )\ T
(2.116)

In the case of different polarizations for incoming and outgoing R-currents, the fermio-
nic pieces, that have remained after simplification, cancel completely with the corre-
sponding scalar impact factors,

DEred — ), (2.117)
These results highlight a striking difference compared with the QCD results [47]. In
QCD, helicity conservation only holds in the forward case, t = 0. In N' = 4 SYM,
all off-diagonal terms in the polarization indices vanish for arbitrary ¢t = —q? due to
the cancellation between the scalar and the fermionic part. Helicity conservation is a
consequence of the supersymmetry of the theory.
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3 The Six Point Function in N/ = 4
SYM

In the last chapter, we have computed the four point function of R-currents in N' = 4
SYM in the Regge limit. The next step is to investigate the elastic scattering of
more than two R-currents. Higher order correlation functions provide first unitarity
corrections to the BFKL Pomeron. Unitarity corrections are believed to restore uni-
tarity, which is violated at high energies by the BFKL Pomeron, see section 1.2.1.
Accordingly, we analyze the six point function of R-currents in this chapter.

As we have seen, the four point function of R-currents in NV = 4 SYM in the
Regge limit is dominated by the BFKL Pomeron. The supersymmetry only affects
the impact factors in the amplitude, the reggeization of the amplitude stays the same.
In a six point correlation function, the effect of the supersymmetry is expected to be
more distinct since the structure of the diagrams is more complex, for example the
BKP equations and the triple Pomeron vertex are included.

In the following, we study the six point function of R-currents in N'= 4 SYM in the
triple Regge limit in the LLA. First, we [42] perform the computations for arbitrary
N.. In the last part of this chapter, we take the large N_.limit of the six point
function, see our publication in Ref. [43]. In the large N.-limit, the strong coupling
regime of N’ =4 SYM is related to the weakly coupled type IIB string theory via the
AdS/CFT-correspondence. We will make use of this fact in the following chapters.

3.1 Setup of the Computation

In analogy to the four point function in Eq. (2.39) we define the six point amplitude
of R-currents in N =4 SYM in momentum space as

i(27r)45(p,4 +pB +pPc —pa — Pp — pC’)AR(S, ... )“A“BNCMA/MB/MCI

— / | |d4x.6_iPA'zA—iPB'mB_iPC‘fCC_iPA"mA’_iPB"zB’_iPC"fCC’
7

]

X (TR (2.4) TE (25) TG (20) Ty M (x.a0) T M (250) Ty M (mer)). (3.1)

The correlator is the analog of a six point function of virtual photons in QCD, see
section 1.2.1. We are interested in the high energy limit of the six point amplitude
(3.1). Its kinematics are shown in Fig. 3.1. The amplitude depends on three energy
variables, s1 = (q¢+p1)?, s2 = (¢ +py)?, and M? = (¢+p; —p})? and on the momentum
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tl t2

Figure 3.1: Kinematics of a six point amplitude of R-currents

transfer variables t = (¢ — ¢'), t1 = (p1 — p})?, and t = (po — ph)?. Hence, the triple
Regge limit is given by
51,59 >> M? >t 1y, . (3.2)

The total energy of the scattering process is S = (q + p1 + p2)°.
We again use a Sudakov decomposition of the momenta and choose the lightlike
reference vectors ¢ and p. Internal momenta are then written as

k=aqd +B8p+k. with kI = -k (3.3)
and it is

s=2p-q, S=4p-q=2s,
q=q —xp with z=2p-q/Q* and M?=2xps with z, < 1. (3.4)

Furthermore, we choose two incoming momenta two be equal,
p1=p2 =Dp- (3.5)

In deep inelastic scattering on two weakly bound nucleons in QCD, the momenta
belong to the two incoming nucleons. The outgoing momenta are

pr=p(1—zp)+pi. and p),=p(l+xp)+pai, (3.6)

that is the outgoing R-currents are allowed to have small losses of longitudinal and
transverse momenta. In the triple Regge limit, Eq. (3.2), a multi-particle amplitude
has an analytic expression [50],

S18 dwy dwydw
Ty 3(s1, 80, M2y, tg,t) = = 2/ St st d

M? (2mi)E ! 857 (M?)“712€ (w1 )€ (wn)

x&(w,wr,ws) + Fw,wy,wo;t,t1,ta) + -+ . (3.7)

The partial wave F(w,ws,ws;t,t1,1ts) is related via a triple Mellin transform to the
amplitude 73 3. The variables w, wy, and ws are connected to the angular momenta
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J,jirand jo by w =35 —1, w; = j; — 1, and wy = jo — 1. The dots represent three
further terms that appear in the triple Regge limit. Since they do not contribute to
the M2-discontinuity, we are interested in in the following computations, we do not
show them here. The signature factors are given by

e—imw _ e imlw—wi—wa) _ |
and €(w7w17w2) =-7

{(w) = — (3.8)

" sin(7w) sin(m(w —wy —ws))’

To compute the amplitude 75 .5 in the high energy limit, we take the triple energy
discontinuity in s;, sp, and M?. That is the reason why we are only interested in
terms with a M?-discontinuity in the analytic expression (3.7). The triple energy
discontinuity reads

discs, discg, disc 2153
35152 / dwqdwsdw
= 7
M? (2mi)3

SLfl 82w2 (M2)w7w17w2 . F(w, W1, Wa; tl, tg, t) (39)

In Fig. 3.2, two examples of a six point function are shown. The dashed lines illustrate
the discontinuities in s;, M?, and s?. These diagrams represent the LLA for the six
point amplitude in the triple Regge limit. That means, for each gluon we have a large
logarithm of an energy variable.

The general structure of the six point amplitude diagrams is the following: There
are three different ¢-channel states: ¢, t1, and 5, each with its own angular momentum
J, 71, and jo. In order to have, in the LLA, color singlet ¢-channel states, which couple
to one R-current at the top and to two R-currents at the bottom of the diagram, the
diagrams must contain four t-channel gluons at the lower end and two, three, or four
t-channel gluons at the upper end. Wavy t-channel lines in the diagrams symbolize
reggeized gluons. Interactions between different ¢-channel gluons are described by
kernels. The impact factors describe the coupling of the ¢-channel gluons to the
incoming and outgoing R-currents. An important part of each diagram is the lowest
interaction between the gluons, the so called branching vertex, below which the upper
t-channel breaks up into the channels ¢; and #,. Above the branching vertex the
gluons evolve according to the BKP equation, below the branching vertex the gluons
interact only pairwise according to the BFKL equation and form two disconnected
BFKL Pomerons.

3.2 Impact Factors

The impact factors consist, as in the case of a four point function in N' = 4 SYM,
of fermions and scalars in the adjoint representation of the gauge group, and the
complete impact factors are given by the sum over all possible ways in which the
gluons can couple to the fermions and scalars. We present results for fermion and
scalar impact factors with three and four gluons. These impact factors and the two
gluon impact factors, which have already been given in section 2.5.2, appear in the
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Figure 3.2: Some contributions to the triple energy discontinuity of the six point func-
tion of R-currents in the LLA

six point function diagrams. The impact factors with Weyl fermions for N' =4 SYM
can be related to the impact factors in QCD with Dirac fermions. The scalar impact
factors have no counterpart in QCD and are completely new results [42].

3.2.1 Fermion Impact Factors

In this section, we explain the relation between fermion impact factors in N' = 4
SYM and QCD. We start with the simplest example: the two gluon impact factors.
In N = 4 SYM, the Weyl fermions are in the adjoint representation of the gauge
group. Instead of N, fundamental fermions in QCD we now have N? — 1 adjoint
fermions, that is the color trace Tr(t*t®) = §%°/2 is replaced by Tr(T*T") = N.5%
with (T%)pe = —i fape, see section 2.2.1. Moreover, we identify the left- and righthanded
parts of a massless Dirac fermion with a Weyl fermion in the standard way. Thus,
the impact factor with a massless Dirac fermion is twice the impact factor with a
Weyl fermion. Next, we consider the U(1) charges er of the global SU(4)r symmetry,
which are the analogs of the electric charges e,. We get a factor, see also Eq. (2.86),
Se2 Tr(TATH) 1

“Sa T e Caya (3.10)

For scalars the factor Rg resulting from the trace over SU(4) g generators is, Eq. (2.87),

Rg = Tr(TAT#) = 1. (3.11)

Rp

We need this relation in the next section. Altogether, we have a relative factor F'
between two gluon impact factors with Weyl and Dirac fermions, which is

1
F=2N.R with R=_ZRp. (3.12)
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Next we consider three gluon impact factors. In QCD, it is known, that the three
gluon impact factors can be decomposed in terms of the two gluon impact factor
[16, 17]:

Dal(aQClgs (k17 k27 kg) gfal(ma3 [DF,(2;0)<127 3) — DF,(2;O) (13, 2) + DF,(2;O) (1, 23)] (313)

We have introduced the notation D;?(“;gf (ky, ko, k3) for a three gluon impact factor
in QCD. The arguments k; are the momenta of the gluons and a; their color labels.
Furthermore, we have used the following shorthand notation for the two gluon impact
factor,

D(20)(12,3) = D20y (k1 + ko, ks), (3.14)

and similar expressions for the other two gluon impact factors in Eq. (3.13). With
Eq. (3.13) and the factor F' in Eq. (3.12), the relation of a fermion impact factor with
three gluons in /' =4 SYM to a three gluon impact factor in QCD is given by

Dalagg‘;’(klyk27k3) = ZNRD?:lézgS(k17k2,k3)

= §gfa1a2a3 Dp(2,0)(12,3) — D 2,0)(13,2) + D 2,00 (1, 23)].
(3.15)

The symbol D) denotes impact factors in N/ = 4 SYM as before in section 2.5.
We have introduced the index (7;0) to distinguish the impact factors from the gluon
amplitudes D; in section 3.3 later. We observe the reggeization of the gluons in the
impact factor: In any two gluon impact factor in Eq. (3.15), two gluons combine and
act as a single gluon. This is the same reggeization as known from QCD [17, 18].

For impact factors with four gluons the situation is more complicated because the
color structure of the diagrams is different. We have for a pair of diagrams [42]

Te(TT TTY) + Te(TTTT*) = 2N.d™ + §6ed + SacOba + Oaddbe (3.16)

with
d*ed = Te(TT°TTY) + Te(TTT"T*). (3.17)
The relation of the impact factor ]D)al?j%‘;’“ (ky, ko, k3, ky) to the QCD one is
D320 (ke K, ks, K
DN RSB (ke kg, ks, ko) + DRt (ke ko, ks, ky). (3.18)

The additional piece Dcﬁ?jg‘;’g‘ir is a consequence of the delta tensors in Eq. (3.16) and

cannot be related to QCD impact factors. The meaning of the subscript Dir will
become clear in the next sections. The impact factor D“lfbjgja‘* expressed in terms of

the two gluon impact factors in N'= SYM is

Do (s, T, ey, )

= - Qda1a2a3a4 []DF,(2;O)<1237 4) + ID)R(Z;O)(]-’ 234) - ]D)F,(Z;O)<147 23)]
—g*d 120804 (D, (2,0)(134, 2) + D (2,0) (124, 3) — Dp2,0y(12, 34) — D20y (13, 24)]

D30 (k) kg, K, Ka). (3.19)
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Figure 3.4: Two of the additional scalar diagrams in which gluons couple directly to
an R-current

Furthermore, the additional part expressed in terms of the two gluon impact factor
reads

D(;E]Zg:);g%r(kh k2a k3a k4)
1

_922_]\76(5@4125(13(14 + 6a103(5a2a4 + 5‘11“45“2“3)
% [DF,(Q;O) (1237 4) + ]DF,(2;O) (1247 3) + ]DF,(Q;())(134, 2) + DF,(Z;O)(L 234)
—Dry(20)(12, 34) — Dr(2,0) (13, 24) — D 2,0y (14, 23)]. (3.20)

Due to the symmetry of D (2, the additional term is completely symmetric in its
color and momentum arguments.

3.2.2 Scalar Impact Factors

We now come to the scalar impact factors. One scalar six point function is pictured in
Fig. 3.3. We show that it is possible to relate the three and four gluon scalar impact
factors Dg 3,0y and Dg 4,0y to the two gluon scalar impact factor Dg 2,0y in the same
way as for fermions.

We first consider the so-called additional diagrams, see Fig. 3.4. They are analogs
of the diagrams S5-S9 in Fig. 2.5 for the two gluon impact factor. Fortunately, the
additional diagrams are suppressed due to the same reason as in the case of two t-
channel gluons. Every contraction of the gluon polarization tensor, Eq. (2.88), with
the polarization vector of the R-current provides one power of s less then the leading
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Figure 3.5: A scalar diagram, which does not contribute to the discontinuity
h o, _h—Hk

|
ky

Figure 3.6: A scalar-gluon vertex

diagrams. Therefore, only diagrams with gluons coupled directly to the scalar lines
contribute at high energies to the scalar impact factor.

Furthermore, diagrams as in Fig. 3.5 do not contribute to the discontinuity, which
we are considering.

Because of the suppression of the additional diagrams, the scalar impact factors
with more than two gluons can be expressed in terms of the two gluon impact factor
Dg,(2:0)- The reduction mechanism is similar to the one with fermion loops. We explain
the mechanism in the following.

A scalar-gluon vertex, Fig. 3.6, contracted with the leading longitudinal part
(2puq,,)/s of the gluon propagator, Eq.(2.88), is proportional to sa. « is the Su-
dakov component of the scalar loop momentum /. Let us now consider two adjacent
gluons, which couple to the scalar loop. Each scalar-gluon vertex is contracted with
the longitudinal momentum p from the polarization tensor of the t-channel gluons.
Furthermore, the scalar propagator between the two vertices is on-shell because we
are taking the discontinuity, resulting in a delta function. We obtain

[17 e 7l ]4/‘17]{72
g g 26 ((L— k)2 (2 — k1) - p(L— 1+ 1 — k1 — ko) -p. (3.21)
ky ko
Making use of the Sudakov decomposition, we find

h oo _h—ki—k

< s0d((3— )~ (k) Ga) ~ ] (3.22)

k1 ko

= I

which is the same as the one gluon-scalar vertex, but with the transverse gluon momen-
tum given by the sum of both ¢-channel gluons. This means we observe reggeization
of the gluons in the scalar part of the impact factors as well.
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The scalar impact factors come in pairs. There are two diagrams each with the same
momentum structure but the color trace in different order. The relative sign between
these diagrams is (—1)"; n is the number of gluons. Altogether, the decomposition of
the three and four gluon impact factors into a sum of two gluon impact factors Dg (.9
works the same as for fermion impact factors. The results are

alasa 1
DS}(SQ;()? (kl, kg, kg) = §gfa1a2a3 [DS,(2;0)<12, 3) — ]D)S,(Q;()) (13, 2) -+ D&(g;o)(l, 23)] (323)
and

Dg}&igiazl (k17 k27 k37 k4)
= —gRd™ e D 0,123, 4) + D 509 (1, 234) — Dg (20 (14, 23)]
_92da1a2a3a4 [DS7(2;0)(134a 2) + DS,(?;O) (1247 2) - ]D)S,(Q;O) (127 34) - DS,(Q;O)(lgv 24)]

+Dg’f&2;g§géilr<kla k27 k37 k4) (324)
with Dgf(“;gs’g‘i*r(kl, ko, k3, ky) given by Eq. (3.20) with F replaced by S.
Since both the scalar and fermion impact factors show reggeization, the full impact
factors D(3,0) and D4,y are given by the sum of fermion and scalar impact factors:

Dioy = Drso) + Dsys0),
Doy = Drao) + Ds 40 (3.25)

with arbitrary polarization of the R-currents.

3.3 The Six Point Amplitude

After computation of the impact factors, we now study the six point amplitude. The
amplitude is related to the partial wave F'(w,ws,ws;t,t1,t2), Eq. (3.7). The partial
wave is obtained as the convolution of n-gluon amplitudes D,, [42]:

F(wl, wWa, W3 tl, tg, Zf) = 4]D);1a2 (wl) ®12 Dg3a4 (WQ)®34

D (W) + K32 @ Dy (w) + Y K2 @ D (w)

+3KPE @ Dhi )| (3.26)

The relevant n-gluon amplitudes D,, are obtained from the scattering amplitude ap-
plying suitable discontinuities. We refer to Ref. [17].

The amplitudes Dy (w;) and Dy(w,) combine the two lower impact factors D(9,9) with
their adjacent BFKL Green’s functions and describe the evolution of two reggeized
gluons below the branching vertex, respectively. To recapitulate, the branching vertex
is the lowest interacting between the gluons after which the amplitude breaks up into
two separate ¢-channels. The symbol ®1, (®34) denotes the convolution of the gluon
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Figure 3.7: A diagrammatic representation of a 2 — m kernel

amplitude Dy(wq) (Dg(ws)) with the t-channel gluons 1 and 2 (3 and 4) and is defined

. d*k
1
= | ——. 2
o / (27)3k 1 ko (3.27)

k; and ky are the transverse gluon momenta.

The transitions between the gluons above the branching vertex are described by
the kernels K437, 1 KP4 and K71 [52], which act on the amplitudes D52,
D§1b2b3, and DilebSb“, respectively. The convolution symbol is defined as:

d*1

9 / @rPLL,’ (329
The kernels denote the interaction of two gluons resulting in m gluons while the other
gluons of the amplitude keep their momenta and colors, see Fig. 3.7. The sums of the
kernels extend over all possible interactions of the gluons under the condition that
the gluons do not cross each other. The branching vertex itself is one of the 2 — 4,
2 — 3, or 2 — 2 kernels. One characteristic concerns the sum over 2 — 2 transitions.
The branching vertex can be an interaction inside the gluon pairs (23), (13), (24), or
(14), but not inside (12) or (34). The prime on the sum indicates that the interactions
inside the gluon pairs (12) and (34) are not included.

D(4;0) is the unintegrated four gluon impact factor and describes the direct coupling
of Dy(wy) and Dy(wsy) to the upper impact factor. As long as we have one or more
s-channel gluons that contribute to the M?-discontinuity, in addition to the particles
in the loop, the invariant mass of the particles in the loop is integrated over. The
integration is included in the usual impact factor D). Without such s-channel
gluons the mass of the particles in the loop coincides with the diffractive mass M,
which is a fixed external parameter. Then the coupling of the four gluons to the loop
is given by the triple discontinuity of the loop without integration over the diffractive
mass and defines an unintegrated four gluon impact factor ]]3)(4;0)(k1, ko, k3, ky; M?).

Following Refs. [15, 16, 17, 42], the partial wave can be decomposed into three parts:

F=F® 4 p® 4 pOn) (3.29)
The reggeizing part F(") and the irreducible part F'!) with A = \/2 are given by
F(R)(Wlawmw;tl, ty,t) = 4Dy (w1) ®12 DG (w2) @34
_ A
D155 ) + (w — w1 — wn) Vi © D294 ()
(3.30)
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Figure 3.8: The three different parts of the six point partial wave F(w,w;,ws) for
arbitrary N,

and

F(I) (u)l, Wo, W; tl, tg.t) = 4 ]D)glaQ (wl) ®12 Dg3a4 (CUQ) ®34
!
[Vaoy @ D) + 37 KL @ Dt ]
(3.31)

F®) and FU have a similar structure, they are shown in Figs. 3.8(a) and 3.8(b).
They contain the amplitudes Dy(w; ), Do(ws), and Dy(w), which combine the impact
factors appearing at three different ends of the diagram, their connected BFKL Green’s
functions, and a triple vertex in the center. The explicit form of the vertices can be
found in Ref. [52].

The term F®) is a direct consequence of the reggeization of the gauge bosons, it is
a superposition of two gluon amplitudes D,. The gluons couple to the upper impact
factor, interact according to the BFKL equation and then undergo a transition to
four gluons via the triple vertex Vg. After the triple vertex the gluons 1 and 2 as well
as the gluons 3 and 4 only interact pairwise according to the BFKL equation, that
is we have two noninteracting BFKL Pomerons. In the special case in which we do
not have s-channel gluons contributing to the M?-discontinuity, the direct coupling of

the two Pomerons to the upper R-currents is given by the unintegrated impact factor

Bl )

In the second term, F'Y)| two gluons again couple to the upper impact factor and
interact according to the BFKL equation. Then the triple Pomeron vertex Vipy
transforms the two gluons to four, and they interact pairwise according to the BKP
equations. The two disconnected Pomerons appear after the branching vertex. F
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and F are well kown from QCD [17].

The last piece in Eq. (3.29), F(®™) pictured in Fig. 3.8(c), provides a new structure
in N'=4 SYM. It reads

F(Dir) (W, wi,waty, tat) = 4D5%2(w1) @19 D5* (we) R34
Da1a2a3a4 + Z KQ{b};{a} ® ]D)Zlb?b3b4 (w) (332)

Here, the four gluon BKP state couples directly to the upper impact factor. The
partial wave F(P™) contains no triple vertex. After the branching vertex we once
again obtain the two noninteracting Pomerons. The partial wave F(P") also includes

the unintegrated impact factor Df.%2% (w).

(4;0)
Now we compute the unintegrated impact factor D?j‘ff)“w“. To separate the color

factor from the unintegrated impact factor, we introduce the notation

D((lic(L)Q)aS(M = [2cha1a2a3a4 + (5(11(125@3(14 + 5a1a35a2a4 + 5(11(14(5&2&3] []DS,(ZL,O) + ]DF,(ZL,O)]-
(3.33)

D57(470) and ]DF,(4,0) symbolize the scalar and fermion unintegrated impact factors,
respectively. The structure of the unintegrated four gluon impact factor in QCD for
the forward case t = t; = t5 = 0 has been given in [17]. We evaluate the unintegrated
impact factor in the forward case in NV = 4 SYM. There are 16 diagrams with a
fermion and a scalar impact factor, respectively. To compute them explicitly, we take
the discontinuity in s, s2, and M?, but do not integrate over M. The results for Weyl
fermions with k; = —ky = k and k3 = —k, = k’ are:

1
D, o) (k, —k, K, —K'; M?) = i do [ d®lafa —1)6(a(l — a)M? —17)
0
1+k 1—k 1
— (200 — 1)2eM . —9
X{ (20 —1)% Dtk  DA-k) D)
]- + k/ ]. - k/ ]. ’
-9 . e®)
<D(l %) DI—¥K) D(l)) €

+€(h,)‘( 14k 1-k
1

1 1+ K 1-K I
Dl+k  DI-k DI )> (D(Hk’) Y _QD(D) <

w oo [ 1tk 1-k 1 1+ K -k :
el )<D(1+k)+D(l—k)_2D(l)> : (D(l+k,)+D(1—k/)_2D(l)>].

(3.34)

We have contracted the impact factor with transversely polarized R-currents, given
in Egs. (2.59)-(2.61). The unintegrated impact factor for longitudinal polarization of
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the R-currents, Eqgs. (2.57) and (2.58), is

D0k, =k K, —K'; M2
RF /0

da d*1 o (a 36(a(l — a)M?* —17)

2 1 1 2
% (D(l+ K" D(l ) D(l)> (D(l+k’) TDa—w) D(l)) :
(3.35)

The factor Rr and a factor 1/2 for Weyl fermions, see section 3.2, are included, but
the color factor is not because we have written the color factor separately in Eq. (3.33).
The denominators are given by

D) = ala—1)Q*+k>. (3.36)
Similarly, the scalar contributions to the unintegrated four gluon impact factors are
D, 0)(k —k, K, —k"MQ)

da d’10*(a 25(a(l — a)M? —17)

o 14k 1 14K - K 1 .
xe® - (D(l+k) + D(l—k) _20(1)) (D(1+k’) DI —w) _2D(l)> e
(3.37)
and

D§T0)(k, —k, K, —K'; M?)

= 94622 /da/d2 (a —1/2)%a® (o — 1)%6(a(1 — @) M? — 12

)
1 1 2
X(D(l+k) D(l—k)_D(l)) (D(l+k’) D—K) D(l))
(3.38)

After integration over the angles of the momenta 1, k, and k', it is possible to combine
the fermion and scalar loops. The results are

o o1t
Dfﬁﬁo)(k, —k, K, —Kk'; M?) = 5hh Ve / da I,(K?, o, MY I,(K?, o, M?)  (3.39)

and
4 1
DLk, —k, K, K5 M%) = £Q° / daa®(1 — a)?L,(K?, a, M?)L,(K?, o, M?).
0
(3.40)
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Here, we have defined:

1 ®do ( 1+k  1-k I
o (I 0 M) :/0 o (D(l+k) T Di-w _2D(1))
1/ -M k% + a(l — a)(Q? — M?)
£\ @70 T /10T all - )@ — M) T el - A

(3.41)

and

2 o _ [T de L ! -
Is(k,a,M)—/O g(DGJFk)jLD(l—k)_D(I))

1 1
=2 (\/(1@ +a(l — a)(Q? — M?))2 + 402(1 — a)2M2Q? N a(l —a)(Q? + M2)> 3
(3.42)

where ¢ denotes the angle of the vector k, and we have used the delta functions to
set 12 = a1 — a) M2

3.4 The Large N.-Limit in a Topological Approach

The computation of the six point correlator in the last sections has been for arbitrary
N.. Now, we take the large N.-limit, N. — oo, since the AdS/CFT-correspondence
relates the strong coupling regime of N’ = 4 SYM in the large N -limit to supergravity
in an AdS5 background. Additionally, the large N.-limit provides a different view on
the color structure of diagrams in the high energy limit. In the so-called topological
approach, the color structure can be projected onto surfaces, for example onto planes,
spheres, or pairs-of-pants.

First, we recall the large N -limit of QCD with fermions in the fundamental repre-
sentation [51]. The Fierz identity

) . 1 ..
(t“)}(t“)f = 6}5;“ — Fé;-élk, (3.43)

where (t*); denote the SU(N,) generators in the fundamental representation (with
the normalization Tr(t%t’) = §%°), and the identity
1
abc azbyc cybya
= ——= [Tr(tt’t%) — Tr(tt"t 3.44
e = s [T~ To(et'e) (.44
give rise to color diagrams with the following elements:
(i) for each quark in the fundamental representation a single line with an arrow indi-
cating the flow from the upper to the lower index
8 = i———j; (3.45)

J
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Figure 3.9: Cylinder topology for the 2 — 2 scattering in QCD (left) and the topology
of a stretched sphere in N' =4 SYM (right)

(ii) for each inner gluon a double line

§oF =" (3.46)

J

(iii) for each triple gluon vertex

abe 1 apbyc cybra
f i\/ﬁ[Tr(t ') — Tr(tt"t*)]. (3.47)
As a result, each QCD diagram turns into a network of double and single lines. The
resulting diagrams only represent the color factors. The momentum part has to be
written separately. A usual Feynman diagram illustrates both the color factors and
the momentum part.

The double line diagrams can be drawn on a two-dimensional surface with Euler
number y = 2 — 2h — b, where h is the number of handles of the surface and b the
number of boundaries or holes. A closed color loop always delivers a factor N., and
a closed quark loop, compared to a corresponding gluon loop, is 1/N, suppressed and
leads to a boundary. For an arbitrary vacuum graph 7" one arrives at the following
expansion in N,

T =Y NPT ,(N), (3.48)

h,b

where the 't Hooft-coupling A is held fixed while N, is taken to infinity. In this
expansion, the leading diagrams are those, which have the topology of a sphere with
zero handles and zero boundaries, h = b = 0. With quarks included the leading
diagrams are those, which fit on a plane, that is h = 0, b = 1. Diagrams with two
boundaries and zero handles, b = 2 and h = 0, can be drawn on the surface of a
cylinder: the color diagram of the BFKL Pomeron in QCD lies on the surface of a
cylinder, Fig. 3.9 left. Diagrams with three boundaries and zero handles, b = 3 and
h = 0, fit on the surface of a pair-of-pants, see Fig. 3.10. One example for a diagram
with such a color structure is the triple Pomeron vertex in QCD [52].
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Figure 3.10: Pair-of-pants topology

Figure 3.11: Pair-of-pants topology for the 3 — 3 amplitude in QCD (left) and the
deformed pair-of-pants topology in N’ =4 SYM (right)

In N' = 4 SYM, fermions and scalars belong to the adjoint representation of the
gauge group, and in the topological description, they are represented by double lines
as the gauge bosons. Then, fermions no longer define boundaries, and the color
diagrams receive some changes. As a simple example, in QCD the BFKL Pomeron
fits onto a cylinder with two boundaries defined by the closed quark loops, Fig. 3.9
left. In A/ = 4 SYM, the top and the bottom loop obtain double lines and turn
into caps, and the cylinder turns into a stretched sphere with zero handles and zero
boundaries as shown in Fig. 3.9 right. The same happens for six point functions. The
color diagrams for a six point function with fundamental fermions in QCD, Fig. 3.11
left, fit on a pair-of-pants [52]. In A/ = 4 SYM with fermions and scalars in the
adjoint representation, the loops of the impact factors turn into double lines, and the
boundaries of the pair-of-pants are replaced by caps, Fig. 3.11 right.

If we are interested in a six point correlator of R-currents in N' = 4 SYM in the
topological approach, we have to sum diagrams which lie on this surface. It turns
out that there are three different classes of color diagrams, two already present in
QCD and one new class. The separation into three classes of diagrams offers a better
understanding of the structure of six point amplitudes already presented in the last
section. The three classes of color diagrams are related to the three partial waves in
Eq. (3.29). The different building blocks in the partial waves, the triple vertex Vx and
the triple Pomeron vertex Vipy as well as the additional partial wave F®®) appear
due to the different classes of color graphs.
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(1234) (2134) (1243) (2143)

Figure 3.12: The four different orderings of color factors in the six point function in lowest
order QCD

3.4.1 Diagrams on a Deformed Pair-of-Pants

We discuss the diagrams of a six point correlator of R-currents, which fit on a deformed
pair-of-pants, shown in Fig. 3.11 right.

To start with a simple example, we first consider the cylinder topology. When we
replace at the top of the cylinder the fermion in the fundamental representation in
QCD, Fig. 3.9 left, by an adjoint fermion, we simply draw above the already existing
color line of the fermion an additional closed color loop, which generates an additional
factor N.. The double line notation now also includes scalar loops. The two t-channel
gluons are attached to the same color line of the closed loop, either to the lower line or
to the upper one as shown in Fig. 3.9 right. Diagrams where the two ¢-channel lines
are attached to different lines lose a factor N, and are suppressed. A result of this
simple observation is, the contribution of the adjoint fermions to the impact factors
is proportional to NN, times that of a fundamental one. The different results for the
traces of generators reflect this observation. In the fundamental representation, we
have Tr(t%t?) = d,, whereas in the adjoint representation we have Tr(T%T") = N, du.
Note that our normalization of the fundamental generators deviates by a factor two
from the standard normalization Tr(7%7%) = §9°/2 in section 3.2.1.

Let us now turn to the six point function. In lowest order QCD, the four t-channel
gluons couple to the upper loop in all possible ways, altogether there a 16 different
diagrams. A closer look shows that we have inside the 16 diagrams four different
orderings of color matrices. For the lowest order diagrams in the nonsupersymmetric
QCD case, the four different structures are illustrated in Fig. 3.12. Switching to
N =4 SYM, we simply perform for each of the three impact factors the substitution
we have just described for the BFKL cylinder, and we obtain an additional factor N3.
Whereas in QCD the analogous lowest order graphs fit on the surface of a pair-of-
pants in Fig. 3.10, the diagrams now have the shape of a deformed sphere as once
again shown in Fig. 3.13(a). Here both gluon cylinders are coupled to the same line
of the upper loop.

A closer inspection shows another possible configuration in addition to Fig. 3.13(a):
without losing a factor V., we can attach one of the cylinders to the outer loop, the
other one to the inner loop, Fig. 3.13(b). This additional piece in the four gluon impact
factor has no counterpart in QCD with fermions in the fundamental representation.
It has first been found in [42]. An alternative way of drawing this graph is shown in
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-

|

0 (b)

Figure 3.13: Pair-of-pants topology for the 3 — 3 amplitude in N/ = 4 SYM: (a) a
color configuration already present in QCD, and (b) a new one, which
only exists for adjoint particles

/

)

Figure 3.14: An alternative way of drawing Fig. 3.13(b)

Fig. 3.14.

Moving on to next-to-leading order (NLO) in the t'Hooft coupling A, starting with
one-loop corrections, we first note that for the diagram in Fig. 3.13(b), we can only
insert 2 — 2 transitions inside the two cylinders: an example is shown in Fig. 3.15.
In particular, any rung connecting the two cylinders loses a power of N.. As a result,
corrections to the diagram in Fig. 3.13(b) simply lead to two BFKL Pomerons coupled
to the four gluon impact factor. This class of diagrams will be named direct: the two
BFKL Pomerons couple directly to the impact factor. As discussed in Ref. [52], on
the cylinder, each gluon rung comes in two different ways, one in front of the cylinder,
the other one on the backside. This observation also applies to our N' =4 SYM case.

Looking at the other diagram in Fig. 3.13, which is already present in nonsuper-
symmetric QCD, insertion of one more rung opens two distinct classes of graphs.
Examples for these two classes are given in Fig. 3.16. It is suggestive to name them
planar and nonplanar, respectively. By definition, planar graphs have the property
by contracting closed color loops, they can be reduced to the N =4 SYM version of
the graphs in Fig. 3.12. Beginning with the graph shown in Fig. 3.16 right, this is not
possible for the nonplanar ones.

Altogether, we have to distinguish, starting at NLO, three different types of dia-
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Figure 3.15: Example of a NLO diagram to Fig. 3.13(b)
A

J3 O

Figure 3.16: Two classes of diagrams: planar graphs (left) and nonplanar graphs
(right)

|

grams: the direct, the planar, and the nonplanar diagrams. In the first case, the direct
diagrams, the lowest interaction between the two cylinders, which defines the value
of the diffractive mass M, is the upper impact factor itself. The four gluons couple
directly to the upper loop via the impact factor ]D(4;0) without interaction between the
two disconnected BFKL Pomerons.

The second type of diagrams are planar diagrams. At the upper loop, they start
with two, three, or four gluons. These gluons undergo transitions by 2 — 2, 2 — 3,
or 2 — 4 kernels. One of these transitions is the branching vertex, below which we
always have four gluons. But any two gluons interact only pairwise after the branching
vertex. They form once again the two noninteracting Pomerons.

Nonplanar diagrams are the last possibility. At the upper loop they can also start
with two, three, or four gluons, and the structure above the branching vertex is
the same as for planar diagrams. But the branching vertex itself now provides a
nonplanar structure. Below this nonplanar vertex the known disconnected BFKL
cylinders appear.
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Figure 3.17: The three different parts of the six point partial wave F'(w,w;,ws) in the
large N.-limit
3.4.2 Analytic Expressions

We turn to the analytic expressions for the amplitude in the large N.-limit. As in
section 3.3, we split the partial wave F' into three parts,

F=F® 4 pNP) 4 p(Din) (3.49)

that are called planar, nonplanar, and direct. They are displayed in Fig. 3.17. We
show that these three parts are related to the partial waves introduced in Eq. (3.29).

For the first two terms we can use the analytic representation in Eq. (3.7), and the
explicit expressions are

F® (w,w1,wp) = 4D (w1) @12 DE? (ws) @a4

= A
D0y (w) + (W —w — Wz) FVR ® Dy (w) (3.50)
and
12 34 22
F(NP)(W7W1;W2) = 4Dé )(Wl) X192 Dé )(w2) X34 FVTPV & DQ(W). (3.51)

The partial waves FF) and FOP) in the large N.-limit have a similar structure as

F® and FO_ Egs. (3.30) and (3.31), for arbitrary N,: The amplitudes D$ (w,),
D (ws), Dy(w) appear at the three different ends of the diagram, and each partial
wave has a triple vertex in the center. But there is one important difference in the
large N.-limit: The BKP states are suppressed. That is, the transition kernel K Q{bj; {a}
in Eq. (3.31) has disappeared in FNP) As a consequence the gluons below the triple
vertex, that is the branching vertex, interact only pairwise according to the BFKL

equation. In order to study BKP states in the large N .-limit, correlations functions
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with more than six R-currents have to be considered in which the BKP states are not
suppressed.

The color graphs provide a new view on the two triple vertices. F®) results from the
planar diagrams, an example is shown in Fig. 3.16 left. The vertex is a consequence of
the reggeization of the gauge bosons, and therefore the same vertex as in Eq. (3.30).
The vertex in FNP) is a result of the nonplanar structure of the color diagrams, one
sample diagram is depicted in Fig. 3.16 right, and coincides with the triple Pomeron
vertex in Eq. (3.31).

Finally, there is the partial wave F'(P'™) in Eq. (3.49). Here we have to use a different

analytic expression for the amplitude T3_,§ as before,

dw1 de wl w2

TP (51, 59, M2 1y, b9, 1) = s189 / (M?) ™12 (7)€ (w2)

(27rz')2
XF(Dir)(M2,W1,WQ;t,t1,t2>. (352)
The partial wave is given by
FOD(M? w1, wy) = 4DS (w1) @12 DS (ws) @34 Dyasey (M?). (3.53)

The BKP states, which appear for arbitrary N., Eq. (3.32), are again suppressed. As
a consequence we have two disconnected BFKL Pomerons that couple directly to the
upper impact factor. The coupling is described by the unintegrated impact factor
Dy4,0(M?), whose explicit expressions can be found in Egs. (3.39) and (3.40). The
partial wave F'(P) is subleading for large M? compared with the partial waves F®)
and FONP) Tt contributes in the region of low mass M?.

In this chapter, we have investigated the scattering of six R-currents in the triple
Regge limit. One main result is the new direct coupling of the exchanged gluons to
the R-currents due to fermions and scalars, which are in the adjoint representation
of the gauge group in N' = 4 SYM. Furthermore, we have written the scalar impact
factors as a superposition of two gluon scalar impact factors. The triple vertices in
N =4 SYM, Vg and the triple Pomeron vertex Vipy, are the same as in QCD. They
are independent of the coupling to the external R-currents, mediated by the impact
factors, and not influenced by the supersymmetry. Altogether, the Regge factorization
in the six point function of R-currents becomes apparent.



4 The Four Point Function in
Supergravity

In the last two chapters, we have dealt with correlation functions of R-currents in
N =4 SYM in the Regge limit at weak coupling. Now we like to address the strong
coupling limit of R-current correlators in the Regge limit. We take advantage of the
AdS/CFT-correspondence, which relates the strong coupling regime of N' = 4 SYM to
a weakly coupled type IIB string theory on an AdS; background as explained in section
1.1. We perform our computations for large t'Hooft coupling A in the large N_-limit.
With these limits, the full type IIB string theory reduces to classical supergravity.

The computations in the last two chapters in A/ = 4 SYM have been realized for
small t’Hooft coupling A, that is at weak coupling. The supergravity computations
are now performed for large t'Hooft coupling. Thus, the results of the respective
computations are valid for different regimes of the coupling strength.

4.1 Setup of the Computation

We are interested in evaluating the four point amplitude of R-currents in momentum
space defined in Eq. (2.39). However, we change the notation because the computation
in supergravity takes place in five-dimensional Anti-de Sitter space. From now on,
Greek indices label the (d + 1)-dimensional space and run form 0 to 4. Latin indices
refer to the four-dimensional Euclidean boundary of AdSs;. With these changes we
define the Euclidean amplitude in momentum space, A(p;), as

4
i(2m)*6(>_ pi) A(pi )1 =/Hd4xie"'ﬁi'fi(Jﬁ(fl)Jﬁ(fz)Jﬁ(fz)Jfé‘(@))- (4.1)
% =1

Z; and p; are four-dimensional Euclidean vectors, and the j; label the spacial directions
with j; = 1,...,4. We choose all momenta pj, ..., ps incoming. Again, we contract
the amplitude with polarization vectors,

./4(|]5;|, s t)>x1>\2/\3>\4 _ Z €j1(>\1)(25‘1)€j2(>\2)(52)€j3(>\3)(ﬁg)*€j4()\4)(25‘4)*A(ﬁ;)j1j2j3j4' (4‘2)
A

A; = L, h denote the different polarizations, longitudinal or transverse. The resulting
scattering amplitude A depends on s, ¢, and the virtualities Q? = |p;|? of the incoming
and outgoing R-currents.
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Now, we fix some conventions about the five-dimensional Anti-de Sitter space AdSs.
The Euclidean continuation of the five-dimensional Anti-de Sitter space is

1
ds* = = (dz§ + d?) (4.3)

<0

with 29 > 0 and & = (21,...24). Here we set the radius R to unity. The metric g, is
given by

Guv = ?5,“,. (4.4)
In Euclidean notation, the energies s and ¢ are
s=—(pL+pr)? and —t= (g +p3)° (4.5)
In order to take the Regge limit,
s> —t,Q7, (4.6)

we have to go to Minkowski space via Wick rotation.

The AdS/CFT-correspondence comes with a precise prescription, Eq. (1.9), how
to compute correlation functions on both sides of the duality. For the computation
on the supergravity side we need, see Eqs. (1.7) and (1.8), the classical supergravity

action. It reads .
Ssugra = T 5 dd+1z \/5(_72 ‘|’ A) ‘|— Sm (47)

2K2

R is the scalar curvature. The covariant matter action S,, [40, 53, 54] is given by

1 1 ik
= [ d e G| F P
S 2/@2/ Z\@Ll T

We have the gravitational coupling x with 2x% = 1572R3 /N2, and the coefficient k is
an integer. F),, is the field strength of the gauge field A,. The dots denote higher
order terms of A,,. To lower indices, we use the five-dimensional metric in Eq. (4.4).

A, is afield in the bulk of supergravity; it lives in the five-dimensional Anti-de Sitter
space. On the four-dimensional boundary at zg = 0 it has the value Ay. According
to the prescription in section 1.1.3, a supergravity field in the bulk with a certain
boundary value is a source for an operator of the gauge theory, which lives on the
four-dimensional boundary of AdSs;. Here, the gauge field A, is a source for the
R-current operator J]j{ (Z;). The correlation function of n R-currents is then given by

Euupa)\FuquaA)\ - AMJM + ... (48)

672

(Jr(Th), .. Jr(Tn)) = 0Ag(Z1) ... 6 Ao(T,)

Z[AO]sugra|A0:O' (49)

Using this relation in the actual computation, leads to a set of rules analog to Feynman
rules and to a special class of Feynman diagrams, the so-called Witten diagrams [34].
An example is shown in Fig. 4.1, it is a three point function of R-currents. The
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Figure 4.1: An example of a Witten diagram: a three point function with bulk-to-
boundary gauge boson propagators

TR(E) T (#5) TR () TE (&)
JE (%) TE(y) TE () T (Zs)

(a) (b)

Figure 4.2: The graviton (a) and gauge boson (b) exchange Witten diagrams

R-currents are inserted at the boundary of AdSs5, which is illustrated by a circle.
Interactions take place in the interior. Wavy lines are gauge boson propagators, the
ones shown here are bulk-to-boundary propagators connected by a vertex in the bulk.
A second type of propagators are bulk-to-bulk-propagators, which connect two points
in the interior of AdSs.

In our case, which is the four point function of R-currents in the classical super-
gravity limit, we have to consider Witten diagrams with a gauge boson exchange and
with a graviton exchange in the bulk, respectively, see Fig. 4.2. The double wavy
line symbolizes a graviton. In addition to the t-channel exchange diagrams, we also
have to regard the exchange of the particles in the s- and u-channel. We expect the
t-channel graviton exchange diagram to dominate with respect to the t-channel gauge
boson exchange diagram. The exchanged particle with the highest spin provides the
leading contribution to the amplitude. This is analog to the computation in N' = 4
SYM at weak coupling: The two gluon exchange diagrams, gluons are the particles
with highest spin in N/ = 4 SYM, dominate compared to the one-loop diagrams, in
which fermion and scalars are exchanged in the ¢-channel.

The two Witten diagrams in Fig. 4.2 consist of three building blocks: the bulk-to-
boundary propagator of the gauge boson, the bulk-to-bulk propagator of the gauge
boson, and the bulk-to-bulk graviton propagator. The propagators are connected by
vertices at the points z and w inside the bulk. In the following sections, we present
explicit expressions for the propagators. Since we are interested in the Regge limit,
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which is defined in momentum space, Eq. (4.6), we Fourier transform all propagators
to momentum space.

4.1.1 Bulk-to-Bulk Propagator of the Gauge Boson

We start with the Fourier transformation of the bulk-to-bulk propagator of the gauge
boson. In coordinate space it reads [55, 56]

G (z,w) = —(0,0,u)F(u) + 0,0, S(u) (4.10)

with the so-called chordal distance

(2 —w)?

and the flat Euclidean distance (z —w)? = §,,(z —w) (2 —w),. 9, is a derivative with
respect to z, and 0,/ a derivative with respect to w,,. F'(u) describes the propagation of
the physical components of A,,, it is the massive scalar propagator with m* = —(d—1):

It

F(u) = Clu(2+u)]""V? with C = ST

(4.12)

The function S(u) is a gauge dependent function. In Refs. [55, 56], it has been
explained that S(u) can be discarded. We do not need its form in our further com-
putations. The derivatives of the chordal distance v in Eq. (4.10) are given by

0, 0yu = —

1 1
(6ul,/ + w—(Z - w)#5,,/0 + —(U) - Z)V/(S#O - U(S#o(;l,/o) . (413)
0

ZpWo 20

Therefore, G,/ (z,w) consists of four parts:
G (z,w) = Gllw,(z, w) + GZV/(Z, w) + Giy,(z, w) + Gf‘w,(z, w). (4.14)

Before we compute the Fourier transformation of these four terms, we rewrite the
scalar propagator F'(u). We insert the chordal variable v and get

Flu) = C ((Z —w)? <2 G w)?))—(d—l)/z

22011)0 22011)0

22 +wi—2zowo+(Z—w)? 2
2zpwo

(22 + wi — 2zgwo + (Z — W)?) (2 +

_ gl
ZoWo

_ (gd-l ((zg +wd — 220wp + (Z — W)?) (22 + wE + 220w + (7 — 1,5)2))2

2,2
20 Wo
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- <21w> (= — w)?(zl— ks

o\ 2w/ (s wd+ (F @) (- vy

ith v 220t
wi = .
22+ wi + (7 — )2
(4.15)
Writing F'(u) as an infinite sum, we have
2 1 X (k4 4L
F(u) = C ( o 2) Z%Y%
25 + wi + (Z — W) — [(5)k!
8. Z k' + . 1) 22011)0 2h—dtd
dlk' 22+ wi + (7 — w)?
L) o T
(47) (@172 — D(GH0(k+1)
2
with &= el — (4.16)

2+ wt+ (7 —w)?

We define the Fourier transform of the bulk-to-bulk propagator G,/ (z, w) in Eq. (4.10)
as

G (20, w0,q) = /d4x TG (20, wo, &) with T = Z — . (4.17)
Then the Fourier transform of the first term of G,/ (2, w) is
GLV/(Z(), Wo, q_>

In order to evaluate the integral in Eq. (4.18), we introduce the Schwinger represen-
tation [40]. It reads

o 1
In(x0,q) = /dd:cezq m
0
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2rd/2 |(ﬂ m-+1—d/2
T(m+1) (2_;1;0) Kint1-a/2(|q10)- (4.19)

K, (x) is the modified Bessel function. We switch to d = 4 dimensions since this is the
case of interest for us and apply the Schwinger representation. The Fourier transform
of the first part of the bulk-to-bulk propagator is given by

k+3)
1 _
G (20,00, Q) = O 47r 5/2 Z )T (2k + 3) 2o

x/d7_7_2k+2/d4l,ezqa: T(234+wi+7?)

L) < Lk +3)
2 T(3)T(k+ 1)I(2k + 3)

)2k+2

(2wozo)2k‘+2

(zowp )2+ T2 72 k+3 i
8T'(k+ DIk + 2) (4@3) Koi1(|q)@o). (4.20)

Here we have introduced the notation @y = /23 + w3. Next we consider the last
term of G,/ (2, w) in Eq. (4.14). Compared to Giw,(zo, wo, ) it contains an additional
factor u and different Kronecker symbols. It is given by

1
Gl (z,w) = — 8,u00u0uF ()

2oWo

1
= —C,00,
,LLO 0( O 0)
—d
y ((zg + w3 — 220wp + (Z — W)?) (22 + w3 + 220wp + (Z — u7)2)) Ea
2.2
2o Wy

k=0

2772(22 + wi — 220w + (2 — W)?)

= —O 5#05V/0(20w0)d_32d_2<23 + w(2) — 22011)() + (Z— 117)2>
1

X d—1

((z —w)*(z —w*)?) =

= —C 8,00,0(20wo)*32772(25 + wi — 2z0wp + (7 — W)?)

k=0

> T(k+ &L
= —-C (5”0(5V,0(20w0)d732d*2 Z (;)

k=0

% 1 Z (k’ + ) 22021]0 2k
(22 + wd + (Z — w)?)d? DSk \ 25 +wg + (27— )2
1

(4.21)
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Finally, we get

)1
o
+
Q
Lo|\
—
N~—

(FH)  iav
Gt — 6,000 ———2—-=2072
ny ( ) #0 0<4ﬂ_)(d+1)/2 ; F(%)F(k + 1)
|92k (2owp)?+4—3 _ g2kl (z0wo)
(28 + wi + (2 — w)?)2k+d=2 (28 + wi + (2 — w)?)2k+d-1

2k+d—2 :|

(4.22)

The Fourier transform of G (20, wo, ) with @ = 2 — o is defined as

wa/(Zo, Wo, (D

INE=) = T(k+ %2
= b0 agy2 = 2 /d4:c e’
FUT (4 (D)2 kz_; L(ENT(k+ 1)
2k+d—3

% |92k (zowo) _ 92k+1 (zowo)
(2(2) +w8 +:Z.’2)2k+d—2 (28 +w8 _}_f?)?k-‘y—d—l

(4.23)

2k+d—2 :|

To perform the integral in d = 4 dimensions, we use the Schwinger representation,
Eq. (4.19), again and get

Giy (Z07 Wo, (D

« {22k(20w0)2k+1r(2k+2) /dT 7_2k+1/dx ei@f—7(23+wg+52)

1 . _
_22k+1(zowo)2k+2—r(2k+3) /d7'7'2k+2/dx QI TE—T (2 Hwg )

[e.e]

5
2k 2k+1
2 (Z wO) " 7r2/d7'7'2kle T(wi+23) -
I'(2k +2)

B 22k+1(20w0)2k+2 2 / dr TZker(w8+z8)‘fﬁ:|
F(Qk + 3)

- _5M05V,0 " /242 % k+1
932 q? k )
' [m (&) o siutay

2% 7 b+ 2k+-2
—m <c7) (zowo)** " Kogy1(|q]@0)
0
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72

(zowp)?" (%) k Kor|(qlwo)

0

2—2k—3

T(1+k)I(1+ k)

_6u0 61/0

-2

(zowp) 2+2 (%) . K2k+1(|q_1w0)] . (4.24)

0

2—2k—4

I'(1+k)I(2+ k)

In order to obtain the Fourier transform of the full bulk-to-bulk propagator, we still
have to transform the second and the third term of G/(z,w) in Eq. (4.14). The
second term is

1
Giy/(z, w) = 5 (2 — w) oo F ()

(2z9wp )
= O3 20 — W)0,0 + (2 —w)id,, —
220w )41
= C’(Sl,/o( 0 O; ((20 — wo)dp0 + (2 — w);0,;)

(20 — wo)b 0 i ['(k + %1) ( 2zgwy 2"
(2§ +wi + (F—w)?) = TR \ 28 + wi + (7 — ¥)?
)

5 ]{3+ d= 1) (22011)0
HJZ d 1 k" IJ(Z(Q)—FU)(Q) bvd

(4.25)
Its Fourier transform reads
GZV/(ZO, Wo, (j)
d—1 d—1
= 0,0 L) (2z0wo) d*z 7%
(47)@d+1/2 Zqw2
(20 — wo)6 0 — I'(k+ 2 1) 229wy 2"

(z§+w2+f2)d ! D(ShE \ 25+ wg + 7

00 d 1 2k

2 1
Z e == (4.26)
— k" T (25 + wg + £2)2k+d=22(—2k — d + 2)
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4.1 Setup of the Computation
In d = 4 dimensions, we get
F(§) (220w0)3 7.
2 2 4 1q-T
G,ul/<207 Wy, i) 51/’0 (471')5/2 Zowg /d re'
> F(k’ + §) (220’[1)0)2k
X | (20 — wp)o 2
> F(k’ + %) 1 (2z0w0)2k
LTk +1)2(2k + 2) (28 + wd + £2)2k+2
(4.27)

2k

N F( (22011)0)

GZ}/’(ZO’ wo? q_>
F(% 2Zowo 3 Z
Zow() 0 F g’) ]C —|— 1)
)/dTTQkJrZ/dIei(f-x T(25+wg+L2)
2

= 0 ) BB
k=
1
)/dTTQk—H/dxeijf—7(20+w0+52):|

We use the Schwinger representation in Eq. (4.19) once again and arrive at

1

1
05 -
i M9(2k +2)T(2k + 2
L) (zowo)® o~ T(k+3)
- 51,/0 2 2 (QZOU)O)
(47)5/2  zywd ;F(%)F(k+1)
1 2
X [(ZO _w0)5“0F(2k+3) 2/dTT2k6—T(zg+wg)_47
I 1 2 2%k—1 — 2y
d T(z5+wg)— 5
2k + 2) T(2k + 2) / TTee
2*2]{)74
o\ k
) K2k<|cz1ao>].

T+ B2 1 k)
9 k+% q
) Kaaligon) +ia (S
0

~ [<Z° - w°)5“°r(2k 13
2k

_ 2k+2, 2k+1

X [(Zo — wo)Juo <@_§
(4.29)

(4.28)

)V/(S#()F(U).
(20, wo, q) since

) = Z3wy
) can be deduced from G

w).

Finally, we consider the third term in G,/ (2, w)
1
(z —w
(4.30)

G (2w

The Fourier transform of G3 ,(
3 _ W0 e
G (zw) = ——G (2
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Thus, the Fourier transform is given by

GiV/(ZO, Wo, Cj)

—2k—4
2k+1, 2k+2 2

- w0 M PO TR + k)

~2

-9 kJr% k
x [(zo—wo)éylo ((%) Kopsr (|q1@0) +iq;6,; (%) K2k(|¢ﬂw0)].

(4.31)

Altogether, the bulk-to-bulk propagator of the gauge boson in momentum space reads

G,uz/’ (207 Wo, Cj)
_ 1 2 3 4
== GNV/ + G/“// + Gl“// + G/u/

0 N 27 ok (T b -
~ W T+ K02+ k) (wo2) (Jg) Kt (1d1%0)
= 2723 2k+1 q° * -
— 30000 ,;F(Hk) N (wo20) (w—g) Ko (|qlio)
o0 9—2k—4 s [T k+3 )
_§;Fu+k)m+kﬂwﬂw QE) K%HQ@%O

e 2—2k—4

o\ k+3
2k+1 [ 4
o ) B B (%)

X (20 — wo)* Kap+1(|q1&0)

22k4

“T(1+k)T(2+ k)

q _
+6 ’05MZQJ Zo gt (57) Ko (|ql@o)

0
> 22k4

. Z 2%k-+1, 2k+2 [ 4 -
_5#06,/qu]- F(l T k)F(Q T kj) 20 Wy ((,(Tg) ng(|q_1wo). (432)

k=0

Now we specify the propagator depending on whether the second index v/ is equal j
or 0. First, we choose v/ = j,

3
2- Zowg

22w q? k3 - i 2w\ " _
X [0y 407 K2k+1(|(ﬂwo)—5uo§q]‘wo 122 Kor(|q)@o) | -

(4.33)
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The second expression with v/ =0 is

2 Zowg
“70 Zowoq k43 _ i zgwg(f g _
x 5u020w0 1 Kot (|q]wo) + 0uj505%0 e Ko (|q]wo)
2202072 k
— Ouo(k +1) ( 0433 ) sz(mwo)] : (4.34)
0

4.1.2 Bulk-to-Boundary Propagator of the Gauge Boson
The bulk-to-boundary propagator of the gauge boson [34] is given by

242 ( —x
(2,7) = Nygb,: 0 — Ny J 4.
Gra2r 1) = Nadys o~ gy d“%0 oy )
with the normalization p
N, = (d = 2)I(d) (4.36)

2md/2(d — 1)T(d)2)

Due to this normalization, the bulk-to-boundary propagator Gy;(z,Z) becomes
6,09 (Z — &) in the limit 2o — 0. The expression (4.35) is valid for d > 2.

To obtain the propagator in momentum space, we Fourier transform the propagator
in Eq. (4.35):

Guj(%v@ = /d%eiﬁ(gﬂGm(zaf)

4, if(F—) %
T
dW/ T @y E—ap)
2%z — x);

—Nub,0 / diz 7D (4.37)

(2§ + (£ —2)2)¢t
We substitute £ — —#’ + Z'in the integrand and get

d—2
20

- 4 ipE
Guj(z0,p) = Nabyy [ d'ze” (22 + 22)d-1

Nd o oy ZdiB
_ R d4 ip-T ax 0
2(d - 2) “0/ SR PR T

d—2
20

Nd(guj/d% s (22 + 72)i1

5#0/61 z e’ zp] _,,2> . (4.38)
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The Schwinger representation, Eq. (4.19), in d = 4 dimensions is used to evaluate the
integrals:

Nyz y
GLj(20,0) = 6, I‘4 O/d TT /d%e’” —T(z+E?)

ZN4Z0pJ(Su0/dTT/d4ZL'€Zp$ —7(22+3?)

Nyz2 Nyzom 52
= O 420 /dTeTZO‘lT + ip; 440 5u0/d77137232

N47T2 . N47T2

- 5MjTZO|ﬂK1(|ﬂZO) + 5u02pjTZOKO(|mZO)- (439)

The normalization constant Ny can be read off from Eq. (4.36). It is Ny = 2/7%. The
bulk-to-boundary propagator of the gauge boson in momentum space finally reads

G (20, ) = 20[|P10; K1 (1120) + 150,00 (|P]20)]- (4.40)

4.1.3 Bulk-to-Bulk Propagator of the Graviton

We consider the bulk-to-bulk propagator of the graviton [56]:
Guu;u’r/ = (aué)u/u 0,0,u + aua,/u 8,,8M/u)G(u) -+ gu,,gux,/H(u) + ... (441)

The dots symbolize terms of the form 9,X with p = p, ¢/, v, /. The functions G(u)
and H(u) are the physical terms of the propagator, see Ref. [56]. The derivatives of
the chordal distance u in Eq. (4.41) have already been given in Eq. (4.13). G(u) is
the massless scalar propagator. It reads

G(u) = C2%u % Fy(d,(d+1)/2;d + 1; —2u™')  with Cy = —2/

F denotes the hypergeometric function. An explicit expression for H(u) can be found
in Ref. [56]. In d = 4 dimensions, the massless scalar propagator can be written as

L (4wl +u)?-3)
Glu) = —¢ < L 2). (4.43)



4.1 Setup of the Computation 67

We insert the chordal distance, Eq. (4.11), and arrive at

G(z,w)
1 Az +wd + (2 — 0)2)(—3 + EERLHED ) 22
8 (28 + w2 — 2z0wo + (2 — @)2)(2 + w2 + 2zowo + (2 — @)?))?
_ (L 2w+ (@)’ (3efud + 5(= + wi + (F - 0)))
i (@ — 2)2( — 2)2):2
B 1 - 2(=323wd + (22 + wi + (Z—0)%)?) 1
- An? (28 +wg + (@ — £)2)? (1-v2)i)’
o 2zgwo
th Y =
agai wi 28+ wi + (2 — W)?
(4.44)
We rewrite this as
G(z,w)
_ 1 . 2(=3z22wd + (22 + wi + (2 — 0)?)?) i Dk+2)
472 (22 +wi + (Z— w)?)? — L(3)k!
(s DO ) (o) 6z + (o o+ (2 )
472 — I(2)k! (28 + wg + (Z — w)?)%+2
1 T(k+2) —6z3wi
_ (g 2/ (920w0) 2 0%
472 ; I'(2)k! (22 + wi + (2 — w)?)%k+2
T(k+3) 1
) 2k
* kzzo T(2)k! Rz0wo) T F o aE
1 2 I'(k+3 —622w2
- (- Z (3 2')(w00>2k — Zow0~22k+2
A ~ T'(3)k! (26 + wg + (2 — @)?)
2 T(k+3) 1
+ 14+ Y ———22(2zwp)** — : (4.45)
; I'(3)k! (28 + w3 + (Z — w)?)%k
The substitution k¥ — k' = k + 1 leads to
1 S D(k+32)
G - _ 2 2 2k
(zyw) 4n? £ T (k! (220t0)
y —623wE N k+ 3 (2z0wp)?
Fr g+ G | (R up+ (G- o
1 < D(k+ 3k 22k (g ) 2R T2
= 530, 2 (4.46)

D) (k+ 1)! (28 + wh + (2 — w)?)2+2
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We substitute © = Z— , and the Fourier transform reads

G(z0, wo,q) = /d4meimG(zo,wo,f)

2k+2

[\J[GN]
~—
oyl
(]
[\~}
=
—~

Zowo)
2k + 2)

)2k+2

2k + 2)

/dTT2kz+l/d4xeitff—r(z§+w3+£2)

»

2 2k—1 —T(z2+w2)—‘i—
d 0 TWo T
G+l T T / TT e Z

k
15N F(k+%)k 2k 2k - q° :
= _E 9 +291-2k (4 g ).
2 F(%)F(2k+2)(k+1)! (z0wp) @(2) 2 (|7 @0)

—~

(4.47)

The term with £ = 0 does not contribute to the sum, we substitute k — k' =k + 1
again and arrive at

-2

oz (%) " Kauwa(1190)

0

L(k+2)(k+1)
D)0 (2k + 4)(k + 2

G(Zoawoﬁj =

—_

! orra () ]
22(1+k) F(l + k)F(S + k) ("LUOZO) u‘T K2k+2(‘(ﬂwO).

(4.48)

M2 11

o~
I

0

This is the Fourier transform of the massless scalar propagator G(u). In the full
bulk-to-bulk propagator, Eq. (4.41), G(u) is multiplied with the derivatives of the
chordal variable u, which are given in Eq. (4.13). In the following, it turns out that
only the first term in Eq. (4.13), proportional to one Kronecker symbol, contributes
in the Regge limit. The term proportional to H(u) in the bulk-to-bulk propagator
does not contribute in the Regge limit as well. Accordingly, we define the part of
the bulk-to-bulk graviton propagator, which gives the leading contribution the Regge
limit in momentum space as

GSV)W/V/ (207 Wo, ij

. (Zow0)2k+2 7’ e
= (5MM/5VV/ + 51“/'5’///) Z F(l i k)F(B T k’) (4w2) K2k+2(|q_1@0)~ (449)
k=0 0

4.2 Graviton Exchange

We compute the amplitude A(|p;|, s, t) of the graviton exchange diagram shown in
Fig. 4.2(a) in the Regge limit, see Eq. (4.6). We switch to the Minkowski metric
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g = diag(+, —, —, —), but for simplicity we continue using the previous notation. That
means the four vector pj now stands for (pju, pji1, pjs2, Psis) With |p51? = —piy + 07, +
p?a + p?;g, = —p]2-. Latin indices continue to run from 1 to 4, and Greek indices run
from 0 to 4.

The contribution of one graviton exchange in the t-channel to the four point function
of R-currents is

1 [ d*2dz d*wdw
[GR = Z / > ’ / 0T(13)uy(z)GuV;u/V/ (Z, w)T(24),u’l/’ (w) (450)
0 Wo

Here we suppress some multiplicative constants, which can be restored form the ac-
tion (4.8). The graviton exchange in the ¢-channel is described by the bulk-to-bulk
propagator of the graviton G, (2, w). The coupling of the R-currents inserted at
the boundary of AdS5 to the exchanged graviton is given by the so-called stress-energy
tensor T{13),,(2). The index (13) denotes the stress-energy tensor for R-currents in-
serted at the points Z; and 3 at the boundary. A similar definition is valid for the
stress-energy tensor T(4),,/(w). The explicit coupling between the R-currents and
the graviton is mediated by the bulk-to-boundary propagator of the gauge boson,
which is included in the stress-energy tensor. In the next paragraph, we compute the
stress-energy tensor in momentum space.

4.2.1 Stress-Energy Tensor

The stress-energy tensor is defined as

2 0S,, 0Sm
T, = —— = -2 + g"™'S,, (4.51)
\/§ agw/ agl“/
with the matter action S,, given in Eq. (4.8). The definition of the stress-energy
tensor results in

1 ag
T = FuF) - ZlgHVFPUFp

1
= 0, A0, A" — I G 0yp A 0P A, (4.52)

The square brackets denote antisymmetrization in the indices. The gauge boson field
in the bulk A, (z) is connected with the boundary field A;(Z) by the bulk-to-boundary
propagator of the gauge boson:

Ay(z) = / 47 G (2 2) Ai( D). (4.53)

Relation (4.53) and variation of the stress-energy tensor with respect to the boundary

field A;(7) leads to

T(13)MV = z(Z)a[MGP]/% (Za 53)8[VGP]k1 (Za fl) + Zga[MGP]kl (27 fl)a[l/GP]l% (27 f?’)

1 — —
—§Z§guya[pGa]kl (z,xl)(“)[pGg};% (Z,Zﬁg). (454)
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A similar expression exists for T(o4),,s. T' satisfies the four-dimensional Ward identity
by construction. We are interested in the stress-energy tensor in momentum space.
In order to determine its expression, we define its Fourier transform as

- 1 iP-E iy B —i(FL4Ps)- 2 I
Tasyw(z, @1, 75) = (27T>8/dp1dp36p1 1+iP3-T3 o —1(P1+05) Ty (2,1, P3). (4.55)

Our computations of the graviton exchange amplitude have shown that only the first
two terms of T{y3),, in Eq. (4.54) contribute in the Regge limit. The reason will
become clear in the next section. Thus for convenience, we only Fourier transform
the first two terms of the stress-energy tensor here. To this end, we use the Fourier
transformation of the bulk-to-boundary propagator of the gauge boson,
4
Glent) = | (;lT]; PG, (20, ) (4.56)

We insert this expression into the first two terms of Eq. (4.54) and get

T(13),LLI/<Z7 fl ) f?))

2 d4p1 iph - (71 —2) = d4p3 ip3- (T3 —2) >
~ 20 (2m)? e G ok, (20, 01) | O W e G ks (20, D3)
+p . (4.57)

From now on, the symbol &~ denotes that we only consider terms contributing in the
Regge limit. p <> v symbolizes the exchange of indices and stands for the second term
in Eq. (4.54). The derivatives in Eq. (4.57) are given by

Oy (6iﬁl'(f1_2)Gp]k1(207171))
= O (eTD) Gy (20, 51) + €7 D68,00,G gk, (20, 1)
= —ipe™ TG (20, 1) + €7V 5)5u05[qu]k1(20aﬁ1) (4.58)
and thus, the stress-energy tensor reads
Thsyuw(z, 71, T3)

ip1-T1+ip3-T3 ,—i(p1+P3)-Z 2
/ dprdps e € 20

~
~

1

(2m)®

X [ pamer (20, 71) + 00010G, kl(ZOapl)]

[ P3G ks 20,103)+8o5qup]k3(Zo,p3)}
+p = v

_ L/dpldpg ez’ﬁl~fl+iﬁg~£3€—i(ﬁl+ﬁs)~zzg

(27m)®

X [_pl[HGp]k‘l(207ﬁ1)p3[pr]k3(Z07ﬁ3) + 0007,10G )iy (20, D1) 00010 G iy (20, D3)

— ip3, G iy (20, D3) 000,0G oy (20, P1) — 11, Gy (20, P1) 00600 G pies (20, P3)
i = . (4.59)
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Only the first term contributes in the Regge limit. We have

1 L L
= 2 ~ ip1-T1+ip3-T3 ,—t(P1+P3)-Z .2
Tasyw(z, T1,73) =~ _(27r)8 dpydps P11 iPsTs g=i(P1+P5) 25

X [plep]kl (207ﬁ1)p3[qu]k3 (207ﬁ3) + n= V] : (460)

The bulk-to-boundary propagator in momentum space is given in Eq. (4.40). We
insert the explicit form of the propagator and get

T(lS)[,LV(Z fla f3)

~ pldp361p1 T1+ip3 T3 o —i(PL+P3)-Z 2(4):
(2n)8 )
XP1u [PV K1 (191120) 608, + i1, Ko([P1120)8,00)
xpsy, (173 K1 (193] 20)Opks + 103, Ko(|P320) p]O)
T v
1
~ 1P -T1+ip3-T3 ,—i(p1+p3)-Z
~ (zﬂ)g/dpldpsepl 1P T3, —i(P1+P3 Zo

Xpl[up?)[y(|ﬁ1|’ﬁ3|K1<|ﬁ1|ZO>K1<|ﬁ3|ZO)5p]k16p]k3
—P1,, P3y, KO(‘ﬁl‘ZO)KO(|ﬁ3|ZO)5p]O(Sp}O)
+p = v
<271T>s / dpidps 7 T IIT Z20(8,, 01y + Oy Gy
X (71|95 K1 (171 20) K1 (|95] 20) (D1, Ok — D1, 05k ) (P35, 0pks — P3,0jsks)
—Ko(|p1 \Zo)Ko(\ﬁ3|Zo)(P1j1P1kl 0p0 — P1,P14, 5j10)(p3j3p3k3 0p0 — P3,P3,, 030)-
(4.61)

Q

Once again, only two terms give the leading contribution in the Regge limit, see the
next section for an explanation. They read

o z4 Ty
T(13)IW(Z’I1’$3) ~ (27'?)8 /dpldp3 ePrTITITe Z(p1+p3)z(5uj15w'3 +5Vj15Mj3)
><(Ko(’ﬁl’ZO)KO(|ﬁ3|20)p1j1p3j3p1k1p3k3
—|I71||I73|K1(|171|ZO)K1(|Z73|Zo)p1j1p3j35k1k3)- (4.62)

We have computed the stress-energy tensor in coordinate space given by a Fourier
transform in Eq. (4.55). For convenience, we write the expression here again:

- 1 LT i T =) E T -
Tasyuw(z, T1,73) = W/dpldpgepl 1P T TP ET (2, Py, P3)-

(4.63)
From Egs. (4.62) and (4.63) we can read off the leading contribution of the stress-

energy tensor in momentum space in the Regge limit. We get
T(13)W(Z,Z71,273) ~ Zé(éﬂjléllj;; + 5uj15uj3)p1j1p3j3 (K0(|271|ZO)K0(|ﬁ3|Zo)p1k1p3k3
= D13 K1 (191 |20) K1 (1D3120) Oy ks ) - (4.64)



72 4 The Four Point Function in Supergravity

4.2.2 Graviton Exchange Amplitude

[GR

We define the Fourier transform of the graviton exchange contribution given in
Eq. (4.50):
jGR(@) _ /H d4xi€_i Zj ﬁjfj]GR(fi)
dz dw
= (27T)45 4)( / : /—Ole)W 20, D1, D3)
XG;U/ v’ (Z07 wOapl + p3) 24w v' (w() p27p4) (465)

with the bulk-to-bulk propagator of the graviton G, .. (20, wo,p1 + p3) given in
Eq. (4.49) and the stress-energy tensor given in Eq. (4.64).

Let us now explain why only certain terms of the stress-energy tensor contribute
to the leading behavior of the amplitude in the Regge limit. In coordinate space,
each term of the stress-energy tensor in Eq. (4.54) has two derivatives, which are
replaced by momenta after Fourier transformation. These momenta are combined
with momenta from the second stress-energy tensor. We are interested in the highest
power of the energy s in the amplitude. Contraction of the momenta p; and p3 with
the momenta p; and py gives terms proportional to s. On the other hand, contractions
of p; with p3 or of p5 with p, give subleading contributions. Any other contraction,
for example with a zero-component of a momentum gives a subleading contribution
as well.

The same arguments also apply for the bulk-to-bulk propagator aW iy introduced
in Eq. (4.49). GSV); ! contains all terms of the propagator, which contribute to the
highest power of s in the amphtude in the Regge limit.

The bulk-to-bulk propagator el iy CALL be written in a different form:

(1) 4 5
Gijirjy (20, wo, q) ~ W(p%plz-/p%plj/ +p2ip1j,p2jp1i/)G (4.66)

using a Sudakov decomposition of the momenta with the lightlike vectors p; and ps.
This is the expected form for a propagator of a spin two particle in the Regge limit.
It is similar to a propagator of a spin one gauge boson in the Regge limit. The leading
high energy behavior of a spin one gauge boson comes from a particular t-channel
helicity state, which contributes through the tensor

2p2jp1j,
S

, (4.67)

see also Eq. (2.88) and below. Here j (j') denotes the upper (lower) Lorentz index
of the t-channel exchange propagator, and the propagator is contracted with large
momentum p; (p2) at the upper (lower) vertex. Accordingly, the leading behavior of
the graviton propagator in Eq. (4.66) can be interpreted as the symmetrized tensor
product of two spin one gauge bosons.
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We insert the explicit expressions of the graviton propagator (4.49) and of the
stress-energy tensor (4.64) in the Regge limit into Eq. (4.65) and get

. dz dw
TSR () = (2m)6 / o [ 4w

X 20 (01 Oujy + 5uj15uj3)101j1p3j3 Hp1|\P3\Kl(\ﬁl\zo)Kl(!ﬁsfzo)(Sklks
— Ko(|p1]20) Ko([P5|20)p1,, D3, ]
X (8,003, OO D2, Py, (D2 4] K1 (|72 wo) Ky (|4 wo) Sy,
— Ko(|p5|wo) Ko (P |wo)p2y, pay, |

[e.e]

(20w0)2k+2 |Z71 —1‘]73|2 bt 5 o
Sut St + Sy Gy > _ K. .
X Oyt O+ OO LT+ RIB k) 4a3 2k-2([P1 + Ps[0)

(4.68)

[g(fégc denotes the leading contribution of the graviton exchange in the Regge limit.

After contraction of the momenta, the highest order contribution is given by

fﬁﬁge(ﬁ) = (27)45(4)(2@) /dzo/dwo«ﬁl '173)(273 ‘]74) + (ﬁl ‘174)(173 '173))

X ([P 13| K1 (191 20) K1 (193] 20) Ok — Ko([P1|20) Ko(|P3120)P1, P3yy)
X ([P2||pa| K1 (P2 wo) K1 (192 |wo) Oksk, — Ko(|P2|wo) Ko(|Palwo)pay, pay, )

2k+5 = = 12\ k+1
(z0wo) |p1 + sl oL
X K
Z T(1+ k)3 +k) ( Aw? ) ak+2(|P1 + P3|@o)

_ (2@45(4)(;@)5 / dz / duwo

X (|1 19| K1 (191 [20) K1 (193] 20) Ok ey — KO(‘ﬁl‘ZO)KO(|ﬁ3’ZO>p1k1p3k3)
X (P2 [P K1 (|p2|wo) K (|P2]wo) Oksky — Ko([P2|wo) Ko(|Pa|wo)p2y, pay,)

2k+5 = = 12\ k+1
(z0wo) |71+ Pl oo
K . 4.69
XZP 1+ kT3 +k) ( 42 > 2i+2(|P1 + Palio).  (4.69)

The highest contribution to the graviton exchange amplitude in the Regge limit is
proportional to s2. This is the expected result for the exchange of a spin two boson
in the t-channel.

The last step left is to contract Ige%ge(pi) with appropriate polarization vectors of
the R-currents:

I}({}ef;géAZAsA4 Z ki( )\1 kg )\2)(]5*2)6163(/\3)(15-‘ )* k’4()\4)< ) Igigék2k3k4- (470)

We use the polarization vectors introduced during the computation in N' = 4 SYM
in section 2.3. They are defined in Minkowski space. Since we have switched to
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Minkowski space in the supergravity computation as well, as explained at the begin-
ning of this section, we are allowed to use them. Here, all R-currents are incoming.
We use the shifted polarization vectors because the amplitude satisfies the Ward iden-
tities. We contract with longitudinal, Egs. (2.57) and (2.58), as well as with transverse
polarization vectors, Eqgs. (2.59)-(2.61). The contraction with these polarization vec-
tors gives no additional power of s. First, we contract with longitudinal polarization
vectors, that is we choose \; = L. We get

NCE e o
T — 053y [ de [ duo )55
><Ko(|271|Z0)K0(|173|ZO)KO(|252|wo)K0(|174|wo)

2k5+5 — — 12 k+1
(z0t0) P1 + P3| L
K g _
F 1+ k)3 +k) < 4 ) ak+2(|P1 + P3|@o)
(4.71)

Only two terms of the right-hand side of Eq. (4.69) contribute. Similarly, we contract
with transverse polarization vectors with the helicity h = +:

FERmbatohs (915§ / dzo / P ATATALA
x<ei’“> : ei’”)*x U)o ™Y K (1) 20) K (15 20) B (o wo) K (1] wo)

(zowo) 2k+5 <|p1 + p3|2

k+1
K ) p3|p). 4.72
F 1+ k 3 + k) 4113[% ) 2k+2(|p1 +p3\wo) ( )

Again, only two terms of the right-hand side of Eq. (4.69) contribute. Finally, we
choose a different polarization for the upper two and the lower two R-currents. The
result is

IgelzgéthL — (277)45(4)(22905/6520/61“’0 |D1||D2] P54 ]
() e 1 (1571 20) K1 (173 20) Ko (|92 | wo ) Ko (|
X(L VKL (|P1]20) K1 (|93 20) Ko (| P2 wo ) Ko (| pa] wo)

(zot0) [P1 + | L
K
kz: T(1+ k)T (3 + k) ( 4 ) ant2(|P1 + Psl@o)

(4.73)

for transverse-longitudinal polarization. There is a similar result for the reversed
case. Different polarizations within the two upper R-currents, for example \; = L
and A\3 = h or within the two lower R-currents, for example \s = L and Ay = h, give
subleading contributions in s.

Let us rewrite our result for the leading contribution of a four point function of
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R-currents with single graviton exchange in the ¢-channel as

. L. 82
) = oS [ o [ du
X(I)klkg (]31,]33, ZO)Z(|]71 +ﬁ3|7 Zwa0)¢k2k4(ﬁQaﬁ4a wo) (4-74)

with the graviton exchange propagator

0o k+1
. (zow L
(20, wo, D1 + P3]) = E gl > 0 ) Konro(|p1 + p3lwo)

— I'(3+k) 4}
(4.75)
and with the two functions ®y,, and Py,p,. Pk, is defined as
Dy ey (20, 1, p3) = Z Wklkgm(ﬁlvﬁZi)Km(’ﬁl’ZO)Km(’ﬁ3’ZO)7 (4.76)

m=0,1

and we have a similar definition for ®y,,. The functions ® are evocative of the impact
factors in Eq. (2.81) in the computations in N'= 4 SYM. The term W, g, is given
by

Wklkgm = Oy ks |D1||P3] 01 — D1y, D3y, Om,0- (4.77)

After contraction with polarization vectors, Wkl kgm Teads

V~V,\1>\3m - Z Ekl(/\l)( ) ka(Xs) (P3) Wklkgm(plapi%)
A1,A3

~ |P1|D5] (0,100, 1h0xs.h + Om.00n; LONs,L)- (4.78)

The first term with m = 1 contributes to transverse and the second term with m = 0 to
longitudinal polarization. Helicity changing terms are suppressed in the Regge limit.
Consequently, the helicity of the R-currents is conserved. In N' = 4 SYM at weak
coupling, the elastic scattering of two R-currents also provides helicity conservation
of the R-currents as shown in Eq. (2.117).

WM as only depends on the virtualities of the R-currents. Hence, the impact factor
in the helicity basis, given by

B (20, 711 1551) = D Waingm (5], 155) Ko (|1 20) Ko (151 20), (4.79)

m=0,1

only depends on the virtualities and not on the momenta of the R-currents as well.
The same is true in /' =4 SYM: the impact factors (2.115)-(2.116) at weak coupling
do not depend on the momenta of the external R-currents. Furthermore, we see in
Eq. (4.79) that the Bessel function K corresponds to the longitudinal polarization
L, and the Bessel function K; corresponds to the transverse polarization h of the
R-currents.
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Finally, the scattering amplitude reads

Afegge (173, 5,1)

s L L L
=5 [0 [ duo @ G Gl DS + 7l 0. n) 0 ([ 7).
(4.80)

In the Regge limit, the scattering amplitude with a graviton exchange in the ¢-channel
is proportional to s2. We also have to consider the exchange of a graviton in the s-
and u-channel. In these cases, the third term of the stress-energy tensor is important,
and at first sight, one might expect additional contributions of order s?. Nevertheless,
the s- and u-channel contributions are suppressed by an additional factor s~!, which
comes in through the graviton propagator.

The amplitude in Eq. (4.80) has a factorized form like the four point amplitude
of R-currents computed in N/ = 4 SYM at weak coupling, see Eq. (2.81). Again,
the amplitude contains two impact factors ® which depend on the virtualities of the
external R-currents. The impact factors are connected by the exchange propagator
Y. On the gauge theory side, we have two gluon propagators. In both amplitudes, the
impact factors are convoluted by a two-dimensional integration: over the transverse
components of the loop momentum and over two variables in the fifth dimension,
respectively. Finally, the power of s in the amplitudes reflects the spin of the exchanged
particles.

On the gauge theory side, we have the exchange of two gluons in the leading di-
agrams, see section 2.5, and the amplitude is proportional to s. In higher order of
the gauge coupling ¢2,;, the two gluon exchange is replaced by the BFKL Green’s
function, and the power of s is modified from 1 to 1+ wy. wy is the leading singularity
in the w-plane. On the string theory side, we expect a similar behavior. In higher
order diagrams, due to the expected reggeization of the graviton, the power behavior
of s may be modified to s>~2 with the correction A = O(1/+/A). In order to compute
this correction, computations of loop diagrams on the string side are necessary, that
means the computations have to be performed beyond the supergravity limit.

4.3 Gauge Boson Exchange

The second diagram for a four point function of R-currents in the supergravity limit
has a gauge boson exchange in the bulk. The leading term in the energy s comes from
a gauge boson exchange in the ¢-channel, see Fig. 4.2(b). Contributions from s- and u-
channel exchanges are suppressed by at least one power of s. In this section, we verify
that the gauge boson exchange is subleading compared to the graviton exchange. We
restrict ourselves to the Abelian part of the SU(4)g group as we have done in the
N =4 SYM part.

The gauge boson exchange in the ¢t-channel is described by the bulk-to-bulk prop-
agator G, (2, w), and the coupling of the bulk-to-bulk propagator to the bulk-to-
boundary gauge boson propagators is given by the Chern-Simons interaction term in
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the action (4.8),
/d4zdzo €vporOu Ay (2)0,A5(2)Ax(2). (4.81)
The gauge boson field in the bulk A,(2) is connected with the boundary field A;(Z)
by the bulk-to-boundary propagator of the gauge boson:
A z) = /d4me(z,:f)Ai(f). (4.82)

We use the rules of the AdS/CFT-correspondence and obtain the contribution of one
gauge boson exchange in the t-channel to the four point function of R-currents,

[CS (fZ) = / d4ZdZO / d4wdw0 6#1#2#3#4#561111/27/31/41/5a[#l Gﬂz]kl (Zv fl)a[,usGm]ks(zﬂ f?))
X GM5V5 (Z, w)a[,,l G(,,Q}]62 (w, f2)0[V3GV4]k4 (w, f4) (483)

The partial derivatives act on z and w, respectively. There are similar contributions
as (4.83) that include derivatives on the bulk-to-bulk propagator. But all these con-
tributions turn out to be identical to the above term due to the Bianchi identity. We
have to transform 1°(%;) to momentum space since we like to take the Regge limit.
We define the Fourier transform as

- 1 i pd 7CS =
1) = e | Lm0, (154)

The Fourier transform of the bulk-to-boundary propagator is given in Eq. (4.56),

" d'pr s -
Gu2/€1(27x1) = /ﬁe P 1)Guzk1(20’p1)’ (485)

and derivatives of the bulk-to-boundary propagator in momentum space have been
computed in Eq. (4.58). Similar expressions hold for the other bulk-to-boundary
propagators in Eq. (4.83). We substitute ¥ = Z — @ and I°5(7;) reads

1 d4p L
CS(~ iz

I (l‘l) = (27T)16 / d4ZdZO / d4'l,wa0 6#1H2H3H4U5€V1V2V3V4V5 / (27]')4-6 p
% / d4p1 d4p2d4p3d4p4eiﬁ1 T eiﬁz-@ eiﬁs-fa 61774-9?46*1'(171 +ﬁ3)'ge*i(ﬁ2+ﬁ4)'ﬁ
X [ipl[#l G,uz}kl <207 ﬁl) + 805[H10Gu2}k1 <207 ﬁl)]
X[ip3,,,, Guais (20, D3) + 000(50G i (20, D3)]
X GH5V5 ('207 Wo, ﬁ)
X [ip2[yl Golies (Wo, D2) + 0001,0G ks (Wo, P2)]

X [ip4[y3 GV4}k4 (wo, 174) + 605[V30Gl/4]k‘4 (w07 ]74)]

D1 < Ds D2 < Da D1 < D3; P2 <> Da
* (lﬁ A k?,) * (k‘Q A k4) * (kl A k’3; kg < k/‘4;> ' (4.86)
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The brackets in the last line symbolize the exchange of momenta and indices. We
drop these terms in the next formulas and reintroduce them in the final result. We
integrate over 2. w, and p and arrive at

1
CS/= _
I (xl) - (271_)20 dZO dwO €N1N2N3M4M5 €vivov3ars

% / d4p1d4p2d4p3d4p4 P11 P2 T2 D3 -T3 iPa-Ta (27‘(‘)45(4) (Z ﬁz)

X [@'P1[m Gug]kl (207]71) + 805[moGu2]k1 (207271)]

X [le?)[% GM4]1€3 (ZO7 ﬁ3) + a05[#30GM4]1€3 (Z07 53)]

X GM5V5 (Z0> Wo, ]5)

X[ipa;,, Guajks (W, P2) + 0001,0G sk, (Wo, P2)]

X [Z.p4[u3 Gl/4]k4 ('LU(), ﬁ4) + 805[1/30GV4]I€4 ('LU(], ﬁ4>] . (487)
ICS

From this expression together with Eq. (4.84) we can read off in momentum space.

We get

7CS 4
I ( /dzo/dwo 6#1#2#3#4#561111121/31/41/5 277 6 E

X [ip1y,, Gslk (20, 01) + 900(1,0G )iy (20, P1)]
[Zp3[#3 G ks (20, 03) + 000750G palies (20, P3)]
X G s (20, Wo, P)
x[ip2, Guaji, (Wo, P2) + 0007,0G sk, (Wo, P2)]
X[ipay,,, G (Wo, Pa) + 000150 G,y (Wo, Pa)]- (4.88)

A straightforward but lengthy computation shows: The leading contribution of IS (7:)
in the Regge limit is given by us; = m # 0 and vs = n # 0 in the bulk-to-bulk
propagator. With these conditions we have

CS 4 E
[ /dZO/dwO 60u2u3u4m601/21/31/4n 27T (5 pz mn 207w07ﬁ>

[Zpl[OGuz]kl(Z()apl) + aon 1(20,1?1)”@]93[H3 GM]/@S(ZO,P?,)]
X [iPQ[O Gl/z]k‘z (w07 52) + aOGVZ]kQ (w07 ﬁQ)] [ip4[y3 GV4]k4 (U)O, ﬁ4)] : (489>

The symbol ~ again denotes the leading contribution in the Regge limit. The deriva-
tive of the bulk-to-boundary propagator with respect to zq is

00Gizky (20, 11) = =120 Ko(|P120) 0k + 11, (Ko(|P120) — 5120 K1 ([P120))Opz0-
(4.90)
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Furthermore, we use the bulk-to-boundary propagator given in Eq. (4.40) to write

]NCS(@) ~ /dZO/dwO €0u2M3M4mEOV2V3V4n(27T)46(4)(Z@)Gmn(zww07]7)

X [=ip1,,, 120Dk, Ko(|P1]20) = PT0400k: a1 20K0(|D1]20)]
X [ipsy,,, 20| D3| K1 (1P3]20) 0puapks] (104, wo | P K1 ([P wo) b i
X [—ip2y2 iwopk2K0(|ﬁ2|wo) - p§5[ulo5k2ug]woKo(|ﬁ2|w0)]

= /dzo/dwo 60#2#3#47”601121/31/4”(27T>45(4)(Z@)Gmn<zoawO?@

X(—p%[ulo(;kmz] +p1H2P1k1)ZoK0(|171\Zo)
X (_pgd[m()ékgug] + pzy2p2k2)woKo(’ﬁ2’wo)
x[ipsy,,, 20| P3| K1 (|P3]20) O pua)s ] [iPa,,, wo Pa| K1 (|Piwo)dvr, ] (4.91)

Now we insert the explicit expression of the bulk-to-bulk gauge boson propagator
shown in Eq. (4.33) and have

1)~ = [ daz [ dwoid minoninn 205 77

X (p%(slmkl - pl;@plkl ) (pg(sl/zkz - p2y2p2k2)
X (p3u3 5M4k3 - p3u4 5#3/63 ) (p4u3 5V4k4 - p4u4 6V3k4)
x Ko (|p1]20) K1(]p3]20) Ko (|p2|woe) K1 (|pa]wo)

[e.e]

1
(zowp) 2k +2 (|ﬁl + 3| 2)k+2 oo
X - Kor1(|D1 + Ps|@o). (4.92)
kzzo AM(1+ k)2 +k) \ 403 i

Next we perform all possible contractions of the momenta with the epsilon tensors.
The resulting leading contribution in the Regge limit is

I88,.3) = @0 (Y BV, e / dzo2) / dwow? || K (|7s]20) Ko (|71 | 20)
S (wo)® (A5l L
XD K
— L1+ k)I(2+ k) 42 ok+1(1P1 + P3lwo)

x| pa| K1 ([P |wo ) Ko ([p2]wo)
D1 < Ds D2 < Da D1 <> P35 Pa <> Da
. (kﬁl > /{:3) + (k‘z — k‘4) + (k‘1 — kg, ko & k;4;) (4.93)

with the polarization tensor

508 N L2152
Wiikakaks = t8DP14, P2y, Oghy — SIPLU (P2 (Okaks Oaks — Okiha Oksha) + SP1,, P2y, Ui U

—5’ﬁ1’2p2k2 (OkiksGQhs — Okskalry) — 5|15’2|2]91k1 (OksksQrs — OkoksThs)
(4.94)
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with ¢ = p1 + p3. The last step in our computation is to contract the polarization
tensor WS (j5;) with the polarization vectors of the R-currents,

WSS () = 37 0 ()20 ()00 7 €4 (71) WSS e (7)-

Ai

(4.95)
The contraction with longitudinal polarization vectors, Eqgs. (2.57) and (2.58), gives

WOSELLL (1) = 2t || 9| 75| 74| (4.96)

whereas contraction with transverse polarization vectors, Egs. (2.59)-(2.61), results in

Wcsmhgh;m(ﬁ)
ho)  =(h3)*\ /,=(h —(hg)* —(h3)*  =(hg)*xy s =(h —(ho)*
= —s|p P2 () - ety @) ey — (@) gy e gy,

(4.97)

There are two possible transverse polarizations, h; = 4. Looking at different combi-
nations of transverse polarizations, we rewrite the polarization tensor as

WOStaliahi () = —s|y [2[5 (28" — 1)gt1hoghats, (4.98)
Different polarizations of the upper two and lower to R-currents lead to

WS () = — | s | (€ - g (e - ). (4.99)

We get a similar result for the reverse case. We see that only transverse polarization
vectors contribute to the leading high energy behavior in the Regge limit. Therefore,
the helicity of the R-currents is conserved. Let us rewrite the leading contribution of
the gauge boson exchange to the four point function of R-currents as

X /dzodwoq)csmhg(pbp:s;ZO)ECS(|]71 + psl, 20, wo) @2 (py, pys wp).
(4.100)

The term (20™"2 — 1) changes the sign of the result depending on whether the two
left R-currents have equal or opposite helicity. The exchange propagator reads

2CS(ZO, wo, |1 + Ps))

1
= (20w0)2k+2 (|ﬁ1 +ﬁ3|2)k+2 = -
— Kop1 (|1 + ps|wo),
§ F1+kKC2+k) 4avd

(4.101)
and the functions ®°° have the form

D (20, [, [Pal) = =5 19?195 K (175 20) Ko (P | 20)5™ ™. (4.102)
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We get a similar expression for ®Sh2M (wq, |py|, |ps|). The functions ® are again
reminiscent of impact factors in ' = 4 SYM. The amplitude for gauge boson exchange
finally reads

Ag§£§:2h3h4 — _g (25h1h2 o 1)
X /dzodwo DM (o B, 1951) S (1], 20, wo) D2 (wo, o), [Fal)-

(4.103)

The amplitude is proportional to s. As expected, the gauge boson exchange amplitude
is subleading compared to the graviton exchange amplitude, which is proportional to
s2. The highest spin particle, the graviton, provides the leading contribution to the
four point function of R-currents in the Regge limit in classical supergravity.

Similar to the four point amplitude in N' = 4 SYM, the gauge boson exchange
amplitude consists of two impact factors and an exchange propagator, convoluted by
a two-dimensional integration. However, the amplitude is not completely factorized
into an upper and a lower part due to the term 2§""2 — 1. Other subleading terms
proportional to s from the exchange of the graviton or the gauge boson in the s- and
u-channel, may cancel this term and preserve the factorization of the amplitude.
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5 The Six Point Function in
Supergravity

After computing the four point function of R-currents in supergravity, we now proceed
with the six point function of R-currents. In chapter 3, we have investigated the six
point correlator at weak coupling in N’ = 4 SYM. Now we address the strong coupling
limit in the corresponding weakly coupled supergravity theory using the AdS/CFT-
correspondence.

5.1 Setup of the Computation

We define the Euclidean version of the six point amplitude of R-currents A(p;) in
momentum space as

6
= /Hd4ﬂfi€_iﬁi'@<n}£(fﬂJi?(fz)J?(fs)Jﬁ‘(fzx)Jﬁ(fs)széf"(fa))- (5.1)
i=1

Z; and p; are four-dimensional Euclidean vectors, and the j; label the spacial directions

with 7; = 1,...,4. We choose all momenta pj,...ps to be incoming. In Euclidean
notation the amplitude depends on the energy variables s; = —(p) + p2)?, s =
—(py + pPs)?, and M? = —(p) + pa + p5)? and on the momentum transfer variables

—t = (py + pa)?, —t1 = (P2 + p5)?, and —ty = (p3 + Ps)?. In order to take the triple
Regge limit, given by

S1, 52 > M2 > _ta _t17 _t27 (52)
we have to go to Minkowski space via Wick rotation. We contract the amplitude with
polarization vectors again,

A(Bils 5.8, M2, yhAedsdadads
= Z€j1(>\1)(_)l)ej2(>\2)(ﬁ?)ej?,()\a)(ﬁ3)€j4(>‘4)(]5‘4)*€j5(>\5)(ﬁ5)*€j6(>\6)(ﬁé)*A(ﬁ;)jljﬂsjuwﬁ'
Ai

(5.3)

As before, \; = L,h denote the different polarizations, longitudinal or transverse.
The resulting scattering amplitude .4 depends on the energy and momentum transfer
variables and on the virtualities Q% = |p;|* of the R-currents.
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Figure 5.1: Witten diagram for the six point function of R-currents with a triple gravi-

ton vertex
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Figure 5.2: Witten diagrams for the six point function of R-currents with two graviton
exchange

To compute the six point R-current amplitude (5.1) in classical supergravity, we
again make use of Eq. (1.9), that connects the supergravity action (4.7) with correla-
tion functions. We consider the resulting Witten diagrams, which are tree diagrams
in the classical supergravity limit. In detail, we get three different Witten diagrams
shown in Figs. 5.1 and 5.2. The six R-currents are inserted at the boundary of AdSs,
represented by the circle. In the first diagram, see Fig. 5.1, the six bulk-to-boundary
gauge boson propagators, the wavy lines, are connected by three bulk-to-bulk graviton
propagators and a triple graviton vertex in the bulk. The double wavy lines symbol-
ize as before the gravitons. The second type of diagrams is shown in Fig. 5.2. Here,
the bulk-to-boundary gauge boson propagators are connected by two bulk-to-bulk
graviton propagators, exchanged in the t-channels, and a bulk-to-bulk gauge boson
propagator.

These diagrams in classical supergravity show a similar structure as the diagrams for
the six point function at weak coupling in the large N.-limit, presented in section 3.4.2.
The triple graviton exchange diagram, Fig. 5.1, is in accordance with the two diagrams,
which contain a triple vertex transition at weak coupling, shown in Figs. 3.17(a) and
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3.17(b). The diagrams in Fig. 5.2 in classical supergravity correspond to the direct
coupling diagram at weak coupling, Fig. 3.17(c). In the ' =4 SYM diagram, two
BFKL Pomerons are exchanged in the LLA and couple directly to the upper impact
factor. In classical supergravity in lowest order, we have the exchange of two gravitons
without any triple vertex transition. We observe this similarity of the diagrams for
weak and strong coupling since N’ = 4 SYM provides the new direct coupling. In
QCD, the direct coupling is absent.

5.2 Graviton Exchange with the Triple Graviton Vertex

First, we consider the diagram in Fig. 5.1 with the triple graviton vertex in the bulk.
We want to determine the high energy behavior of the amplitude (5.1) in the triple
Regge limit. The diagram in Fig. 5.1 gives the contribution 17 to the amplitude:

d*vdv, d*wdw d*yd
e = /d4zd2’o ZO/ 0/ 0/ p yOT(14)V1V4<U)GV1V4W1H2<U’Z)
Vg Wo Yo

><7—‘(25)1/21/5 (w)GV2V5;M3M4 (w’ Z)T(36)V3V6 (y)GV3V6§M5M6 (y’ Z>Vu1uzu3u4u5u6 (Z)

(5.4)
I™G contains the triple graviton vertex V), usuusus, the three graviton propaga-
tors Gl,i,,j we> and three stress-energy tensors T{ij),,,;, which connect the external

R-currents via bulk-to-boundary gauge boson propagators with the graviton propaga-
tors. Since we are interested in the triple Regge limit, Eq. (5.2), we have to transform
the expression (5.4) to momentum space. From the computations in chapter 4 we know
the stress-energy tensor and the graviton propagator in momentum space. To compute
ITG | we additionally need an expression for the triple graviton vertex Vi popapapspe 111
an AdSs background in momentum space. We specify the vertex in the next section.

5.2.1 The Triple Graviton Vertex

The graviton field is identified as a small variation h,, from the metric of AdSs. The
small deviation is defined as

I = Gu + 5g/u/
= Guw + h;u/ (55)
with the metric of AdSs given in Eq. (4.4). The triple graviton vertex contains terms

in third order of h,,. We derive the vertex from the Einstein-Hilbert action. The
action is given by, see Eq. (4.7),

1 5

k is the gravitational coupling, ¢ is the determinant of the metric g,,,. R is the scalar
curvature with
R = Ru9" = Rpucug" 9™ . (5.7)
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R, is the Ricci tensor and R, the Riemann tensor. The Riemann tensor is defined
as

Rppov = gpa R o = g (0,1, — 0,0, + T2 T, — ), I0) (5.8)
with the Christoffel symbols
o 1 «
Fﬁv = 59 (059 + OvGpp — Opdpy)- (5.9)

To extract the triple graviton vertex, we vary the Einstein-Hilbert action (5.6) with
respect to the metric g, up to third order,

525 1

TR P2 (36%\/g6R + 36,/96°R + 6°\/gR + \/g5°R). (5.10)

As we see in Eq. (5.10), we have to variate the curvature R and /g up to third order.
We start with the first variation of the square root of g,

0 11
N a;f Ga = 3~7=99" S
v

= 5\/59’“’59,“,, (5.11)

Here we have used dg = g¢g"dg,,. We insert the metric g = 226" as well as the the
square root of g, \/g = 2y 5 and get

Ny (5.12)

223

We have defined Tr(hag) = ho" = h here. We achieve in a similar way
1 v
52\/5 = (5 (5\/'59“ 59;“,)

1 1
- _\/Egaﬁgwjhozﬁh/u/ - _\/ggungUhpahw/

11
— (hh huvhw> (5.13)

220

and
3 1 af upv 1 up Vo
0 \/E =9 Z\/gg g haﬂh/u/ - 5\/59 g hpahuu
1 1
— (ghhh — Shuwhuh + hughﬁ,,hu,,) . (5.14)

Next we vary the curvature R. The first variation of R is

R = 0(Ruwg") =0R,g" + R,0g"
= dR,g" — Ruyg“ag”ﬁégaﬁ. (5.15)
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Here we have used §g"” = —g"*¢"?§g,5. The variation of the Ricci tensor R, reads
A A A
OR’ = 0,010, + FZ/\éFW — 17,007, — FPVF‘;\H
A A A
—0,01% , + FW(SFZ/\ —I7\0r, + FPVF’/D\M
= V,(oI'7,) =V, (617 ) (5.16)

with the covariant derivative V, of a tensor 1" defined as

_ - 1 O2... Tees —10
VMTM ule---Vl — aMTM Mle---Vl + FZO'T H 'uqu---w + o+ PZ’;TM Hk—1 v
—T° APk I R K-
Fule ovy...V] Pule vy..Vj_10°"
(5.17)

With the result for the variation of the Ricci tensor in Eq. (5.16) we get
O Ry g™ = g" (V,(017,) =V, (017,)) (5.18)
Since V,g"" = 0, we arrive at
0R,,g" = Vs(g"oly, — g"7ol" ). (5.19)

Integration over this term in the action (5.6) only gives boundary terms, and we are
allowed to neglect the term in the first variation of R. Thus, we have

R = —Ruyg“ag”%gag. (5.20)

We insert the definition of the Ricci tensor, Eq. (5.7), and of the Riemann ten-
sor, Eq. (5.8). Furthermore, we use the representation of the Christoffel symbols
in Eq. (5.9), the variation of the metric, and the metric and arrive at

R = —R"ig,, = 428(5#,,@,, = 423h. (5.21)

From Eq. (5.21) we can read off the Ricci tensor that allows us to compute an explicit
expression for the curvature R, which is needed in the variation of S:

Ry = —4250,,. (5.22)

The resulting curvature R is
1
R = R"g,, = ——4236,,0,, = —20. (5.23)
<0

Now we have all necessary results to write down, as a first intermediate result, the
first variation of the action:

1
K
1 1
= — [ &z6=h. 24
2K2 26;:8 (5:24)
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The second variation of the action S, computed in a similar way, gives the equa-
tion of motion for the graviton field h,, [57]. Since we do not need it in the future
computations, we do not show the equation of motion here.

The result of the third variation, Eq. (5.10), reads

3
gg_; = —% d°z 2o(c1 hhophoy — ¢2 hywhouhow — ¢s hywhywhoo + ca by by h

— €5 Iy hyahe + ¢ hhhoo — c; hhh)

+23(¢8 hophyuw Ol + o hophuaOahw + 10 hyuwhoyOuh + 11 By Py Onhon
+ ¢19 My hoa Ol — 13 Ty hoh,u, + c1a huahwOohye + 15 hhoho,
— 16 hh,wO0uhoy + 17 hho, 0l + cig hhdoh — cig by, Ooh)

+2¢(c20 kO, hhy, + a1 0,0, hhh, + a9 0,0,y hh + co3 0,h,,0,hh
— €24 000y hh hue + €25 0ahOp el — 26 OahOyhyuhy
— €97 0,0, hyahyah + cag 0uh,Ouhyah + cag OphyaOahyh — c30 0,0,hhh
— 31 0,h0,hh — ¢35 0a0ahhy iy — €33 OahOuh,wh y — 34 hO,hya0, by,
+ 35 OnaOahyw b — €36 00Ouhshushu + a1 Ol Ouhushus
+ €38 OaOyhushashu + 39 OahuOuhashys — a0 OuhagOuhyshy,
— 41 Oah,0shaphu, + caa hyuwhasO0aOshu, — ca3 Puw0aOshagh,,
+ €44 03P hapOahyn + a5 1uwOshu50ahue + Ca6 Puw0aOshysh e
— €47 OahpuaOyhyshyg). (5.25)

The factors ¢; are multiplicative numbers that are not relevant in determining the
high energy behavior of the amplitude. J, is a derivative with respect to z,.

Now we extract the triple graviton vertex in momentum space from Eq. (5.25). To
obtain a vertex from an action we use the usual rules. That is, we take three functional
derivatives of the action with respect to the graviton field A and go to momentum space
via Fourier transformation. The functional derivatives result in Kronecker symbols
in the vertex. Due to the Fourier transformation every partial derivative acting on a
graviton field h,, in the action is replaced by (—i) times the momentum of the field.
Therefore, the derivative Ji, acting on one of the three fields h,, in each term of the
action is replaced by

Oy = Oxm (= 1Dk — Dkt3)m + 0x000 =: P, (5.26)

with & = 1,...3 for the three graviton fields in each term of Eq. (5.25). px and
Pr+3 are the two incoming momenta of two connected bulk-to-boundary gauge boson
propagator, and Py is the graviton momentum.
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Applying these rules the triple graviton vertex in momentum space reads

VH1H2IJ«3M4H«5H6 (Ph P27 P3)

- - ZU(Cl 6#1/‘«25/1«305/‘«505M4/1«6 — C2 6/1«1/‘«46/1«2M66M305M50 —C3 5/1«1/‘«36#2N45H505M60
+ 4 00113 OpuapaOpiss — €5 Ops s Opapi Opapss + €6 Opy i O pu Opas 00160
— G 5#1#2 6#3#46#5u6)
_ZS(CS 01110012115 Optapis P30 O + €9 0y 001215 Opis s P20 Oppsc
+ C10 5u1a6u2u45u30P3a 6,“5#6 +cn 5#1#3 5#2#4 P3a 60&“6 5#50
+ €12 011 15 011601130050 P2, — €13 O 15 O i O pua 000 P34
+ €14 01y 113 O Opapis 000 P53 F €15 Opiy o Opus g Qv P30 0150
— Ci6 5#1#25u3a5u4u65usop2a +cir 5u1u25u305u4u6 P3a5u5a
+ Ci8 5#1#2 6,“«3#45H5#6 P3a 50&0 — C19 6#1#2 5#3#5 5#4#6 Pladao)
_23(020 5u1uz5u3u45usa5ueﬁplap2,a + Ca1 5u1uz‘su3u45usa5ueﬁplaplﬁ
+ C22 5#1045M265H3M45M5H6P1aplﬁ + C23 5u1a(5#255u3u451t5#6p1ap2@
— €24 Opy 1 O s OpaaOpas 1 Py + €25 Oty s Opis as OpuaaOpus 6 P1, P
— €26 Opy i O s Opa BOpsa Pro P25 — €27 011y aOpiopua Opis 805 i P10 P
+ C28 5#104(5#2#35#455#5#6P1ap2@ + c29 6#1#46#255M3a5#5#6plap2@
— €30 6#1#25M3u45M5M6P1aP1a —C31 6#1#25M3M45M5ueplap2a
— €32 Opuy s Opus s Oy 1o P — €33 Opiy i Opusas Oppaps P10 P2
— G4 5#1#25%#55#4#6132(1 P3a + €35 5#1#25;“3#56,“4#6P2a P2a
— C36 5#1#65M2u45M3u5P1aP1a + Ca7 5#1#56u2us5ﬂ4u6plap2a
— €38 6#1#55112#45/13065#6/3P1ap15 — C39 5M1a5M2u55M3/36M4M6P15P2a
— C40 6#1a6#2u3(5u4#55ueﬁp1ﬁp2a — Ca1 5#1#55,&2#65#3046#45P1a P2,8
+ Ca2 6#1#55,“«2#65#3046#4/6P3ap36 — C43 5#1#55N3Q5N4/66N2N6P20¢P25
+ Cas 6#1#55M2M65H3Q5M45P1[ip3a + €5 Opy 15 Opio iy OpaaOpas s P2 P,
+ Cap 5#1#56#2M35u4a(5u6ﬁp2a P2B — Ca7 6#1#35u2015u4#65u5ﬁplap2g)
+ symmetric terms. (5.27)

The symmetric terms are a result of taking the functional derivatives of the action.
They can be identified from Eq. (5.27) performing the following substitutions:

(Pka,UQk—laﬁL%) — (Pja,u2j—17,u2j)a (528)

that is the exchange of the graviton momenta P in all possible ways and the corre-
sponding indices with k£, 7 = 1,...,3 and subsequent, the second substitution

Hoi—1 <= M2 (5-29)

with ¢ = 1,...,3, that is the exchange of indices of each graviton.
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5.2.2 High Energy Behavior

We are interested in the high energy behavior of the diagram with the triple graviton
vertex, shown in Fig. 5.1. According to Ref. [50] we expect in the triple Regge limit
a high energy behavior of the amplitude proportional to

S1 \J1 / 89 \J2 N
() () 0y (5.30)
with the spins of the three gravitons: j; = jo = j = 2.

The stress-energy tensors T(;;),,,, and the graviton propagators G, ,, are con-
tracted with the triple graviton vertex V,, puspapspus: 5€€ Eq. (5.4). From the com-
putation of the four point function in chapter 4 we know the leading contribution
of the stress-energy tensor, Eq. (4.64), and of the graviton propagator, Eq. (4.49),
in the Regge limit. The contraction of the stress-energy tensors with the graviton
propagators in the Regge limit gives

T(14)V1V4GV1V4;AL1H2T(25)V2V5GV2V5§H3u4T(36)V3V6GV3V6;#5M6
~ (2p1,,P4,, + 2P1,,P4,,)(2P2,, D5, + 2D2,,D5,, ) (2D3,. D6, + 2P3,,P6,.. )-
(5.31)

Here we suppress terms of the stress-energy tensor, which are contracted with the
external polarization vectors of the R-currents since these terms do not contribute to
the leading high energy behavior in the Regge limit.

The last step is to contract Eq. (5.31) with the triple graviton vertex Vi, i s s us-
Contractions of the momenta p; or py with py or ps give terms proportional to si,
contractions of p; or py with momenta p3 or pg give terms proportional to ss. All
other contractions of momenta provide subleading contributions. Consequently, in
the triple Regge limit, the following part of the triple graviton vertex leads to the
highest power of energies s; and s, in the amplitude:

Vuluzu3u4usue (Plv PQ» P3>

~

~ ZO<C2 5#1#4 5#2#6 5#305M50 & 5#1#3 5#2#4 5#505M60
— €4 0py s Opinpus Opuspus + €5 Opun us Opiops Opuapis)
20 (=11 61115 Opimpin P Oeepi 050 — €12 Oy s O 1o gag Opis00pacx o
+ 13 5/“#5 5#2%5#3#45010]3% — C14 5/”#3 5#2%5#4#5 500P3a)
+ZS<036 Opun as Oprapia Opispus Pro Pro, — €37 Oy s Opuopas Opuagus Pro P2
+ €38 Opua s Opumps OusaOpas s Pro Py € Opuspss Spogss OpsaOyuss Pro P,
— Ca2 5M1M55M2u65usa5u4ﬁp3ap3ﬂ + C43 5M1M55M30<5M456u2#6p2ap2ﬁ
! 5N1MS5M2M65M30¢6M4/6P1/3P311 — C45 5ulus5uzu3éu4a5usﬂp2a P3;3
— Ca0 6#1#55#2u35#4045ueﬂp2ap2@)
+ contributions from symmetric terms. (5.32)

The contributions from symmetric terms include all parts of the symmetrized terms
in Eq. (5.27), which contribute in the triple Regge limit. The leading part of the
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triple graviton vertex, Eq. (5.32), contracted with Eq. (5.31) provides terms with two
connections between momenta, which give a contribution proportional to s; or ss.

Thus, we observe the following high energy behavior: The amplitude contains three
terms proportional to s;so, s7, and s3. This result implies that the expected con-
tribution of the amplitude in the triple Regge limit, see Eq. (5.30), vanishes. The
diagram with the triple graviton vertex decouples in the high energy limit. The terms
in Eq. (5.30) may contribute beyond the classical supergravity approximation where
the graviton is expected to start to reggeize.

The diagrams in Fig. 5.2 contain the exchange of two gravitons in the t-channels.
An explicit computation gives a high energy behavior proportional to s?s2 in the triple
Regge limit [45]. For large M?, the two graviton exchange diagrams fall with A2
They are the dominant ones compared to the triple graviton vertex diagram.

In case of the six point function of R-currents in N' =4 SYM at weak coupling in
chapter 3.4.2, the partial wave F'(®) which contains the direct coupling, is for large
values of M? subleading compared to the partial waves F'*) and FNP), which provide
a triple vertex transition.
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6 Summary

The elastic scattering of highly virtual photons in QCD is a reliable environment to
study the BFKL Pomeron in a perturbative regime. However, the relation of the
BFKL Pomeron to QCD at strong coupling is not clear.

The AdS/CFT-correspondence offers a new opportunity to investigate gauge the-
ories at strong coupling. The correspondence is a duality between conformal field
theories and string theories. The best understood example is the connection between
N =4 SYM and IIB string theory on an AdSs x S5 background. In particular, the
strong coupling limit of AV = 4 SYM in the large N,-limit is related to weakly coupled
type IIB supergravity. The duality connects the BFKL Pomeron in N' = 4 SYM with
graviton exchange on the string theory side.

We have considered the scattering of conserved R-currents in N' = 4 SYM. R-
current correlators are close analogs of electromagnetic current correlators. The su-
persymmetry of N' = 4 SYM does not influence the exchanged gluons in the scattering
process at weak coupling, and as a consequence, in the LLA, the BFKL Pomeron is the
same in QCD and A = 4 SYM. In order to study R-current scattering at strong cou-
pling, we have made use of the AdS/CFT-correspondence. The strong coupling limit
of the R-current correlation functions has been addressed in the corresponding weakly
coupled supergravity theory. Consequently, we have obtained analytic expressions for
the four and six point correlation function at weak and strong coupling.

First, we have computed the four point function of R-currents at weak coupling in
the Regge limit. We have shown the finiteness of the fermionic and scalar one-loop
diagrams and have determined their high energy behavior. The leading diagrams
are three-loop diagrams with two impact factors and two exchanged gluons in the
t-channel. Their amplitude is proportional to s. We have given explicit results for
the fermion and scalar impact factors with longitudinal and transverse polarization of
the R-currents. A different result, compared with QCD, is the helicity conservation of
R-currents even in the non-forward direction. In the LLA, we have pointed out that
the Regge factorization of the amplitude in N = 4 SYM stays the same as in QCD.

The investigation of the six point function of R-currents at weak coupling in the
triple Regge limit has been the next step in our work since the function contains the
most important unitarity corrections to the BFKL Pomeron. We have explained the
connection between fermion impact factors in QCD and N' = 4 SYM and have written
the new scalar impact factors with more than two gluons as a superposition of two
gluon impact factors. One main result is a new coupling of the exchanged gluons to
the R-currents, called direct coupling, which is absent in QCD. It can be traced back
to the fact that the particles are in the adjoint representation of the gauge group in
N =4 SYM. If we do not have s-channel gluons contributing to the M2-discontinuity,



94 6 Summary

the coupling of the gluons to the R-currents is mediated by the unintegrated impact
factor. We have given its explicit expression for fermions and scalars. Besides the
impact factors, the amplitude contains the BFKL and BKP equations as well as
the triple Pomeron vertex. They are not influenced by the supersymmetry of N' = 4
SYM and are independent of the couplings to the external R-currents. As a result, the
Regge factorization of the amplitude stays the same as in QCD. A further computation
has been addressed to the large N .-limit of the six point function of R-currents in a
topological approach. This method has offered an additional understanding of the
structure of the six point function. The different building blocks in the six point
function are due to different topologies of the amplitude. Moreover, in the large N.-
limit, we have found a suppression of BKP states with more than two gluons in the
six point function.

In the second part of this work, we have investigated the strong coupling limit of R-
current correlators in N'= 4 SYM in the corresponding weakly coupled supergravity
theory. In particular, we have computed Witten diagrams, which are similar to usual
Feynman diagrams. However, Witten diagrams are given in a five-dimensional Anti-
de Sitter background. Applying the classical supergravity limit, we only have had
to consider tree Witten diagrams. The four point function of R-currents has led
to Witten diagrams with one graviton and one gauge boson exchange, respectively.
In the Regge limit, the graviton exchange diagram is proportional to s?, reflecting
the spin of the graviton, and therefore gives the leading contribution. The gauge
boson exchange diagram is only proportional to s. The graviton exchange diagram
shows a familiar factorization of the amplitude. The amplitude can be written in
terms of two impact factors and an exchange propagator, which are convoluted by a
two-dimensional integration in the fifth dimension. The helicity of the R-currents is
conserved in both amplitudes as it is the case for the four point function in N' = 4
SYM at weak coupling.

The six point function of R-currents in the weakly coupled supergravity theory
corresponds to a Witten diagram with a triple graviton vertex and to two Witten
diagrams with two graviton exchange. In order to determine the high energy behavior
of the diagram with the triple graviton vertex, we have computed the vertex in an AdSs
background. In the triple Regge limit, the amplitude is expected to be proportional to
(s1/M?)*(s9/M?)?*(M?*)%. However, this contribution vanishes and the diagram with
the triple graviton vertex consists of three terms proportional to s;s,, s2, and s5. That
is the triple graviton diagram decouples in the high energy limit, and the two graviton
exchange diagrams are the leading ones.

Summarizing, we have studied the four and six point function of R-currents in
N = 4 SYM at weak and strong coupling and observed several similarities of the
results. The amplitude of the four point function shows a factorization at weak and
strong coupling. The leading diagrams can be written in terms of impact factors and
exchange propagators convoluted by a two-dimensional integration. Nevertheless, a
uniform description of the results for weak and strong coupling is still missing. In
Ref. [38], the scattering of scalar primaries in N'=4 SYM has been considered, and
the BFKL Pomeron exchange at weak coupling has been analyzed directly in position
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space. Using this method for the graviton exchange amplitude at strong coupling
may provide a representation that interpolates between the weak and strong coupling
limit.

The diagrams of the six point amplitude exhibit the same structure at weak and
strong coupling. The amplitude at weak coupling leads to two different types of
diagrams: diagrams with a triple vertex transition and one diagram containing a
direct coupling of the gluons to the impact factor, which is a new coupling in N' = 4
SYM and absent in QCD. The same two structures appear in the six point function at
strong coupling. We have one diagram with a triple vertex, the triple graviton vertex
diagram, and diagrams with a direct exchange of two gravitons in the t-channels.
This correspondence of diagrams is due to the occurrence of the new direct coupling
in N'=4 SYM.

In future work, several problems should be addressed: On the N’ =4 SYM side at
weak coupling, the two gluon propagators in the leading diagrams of the four point
function are replaced by the BFKL Green’s function in the LLA. The reggeization
of the gluons modifies the power behavior of the energy s from 1 to 1 4+ wg. On the
string theory side, the graviton is expected to reggeize similarly as the gluon. The
reggeization of the graviton would change the high energy behavior of the amplitude,
that is s? at leading order, to s>~2. A symbolizes higher order corrections to the
graviton trajectory with A = O(1/v/A). In order to determine these higher order
corrections, computations beyond the classical supergravity limit are necessary. First
corrections to the graviton trajectory have been deduced from the scattering of strings
on an AdSs background in Ref. [33], see also Ref. [29].

Another line of interest is the analysis of integrable structures at strong coupling.
In the large N .-limit, BKP states are known to be integrable. Unfortunately, the BKP
states are suppressed in the six point function of R-currents in the large N.-limit at
weak coupling. Therefore, higher order correlation functions have to be investigated
in which the BKP states do not vanish in the large N.-limit. The strong coupling
limit of these correlation functions can be studied in the weakly coupled string theory
as well.
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