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ABSTRACT

The gravitational dynamics in flat spacetime can be understood through the holographic
principle, a concept proposed by Gerard 't Hooft and later by Leonard Susskind and Juan
Maldacena, who played a pivotal role in the development of the principle. In the 1960s, Bondi,
van der Burg, Metzner, and Sachs (BMS) delved into understanding the intricate symmetries of
flat spacetimes, revealing deeper insights into the spacetime structures. Most recently, Andrew
Strominger highlighted the principle and used these symmetry understanding to conjecture
Celestial Holography, establishing a holographic correspondence between the quantum gravity
in 4D asymptotically flat spacetimes and a 2D conformal field theory at the boundary.

In this thesis, we intend to analyze the scattering in Asymptotically flat spacetimes and the
symmetries at the asymptotics with a new understanding of scattering in the flat space limit of

Anti-de-Sitter (AdS) spacetimes.
Symmetries From (Celestial) Holography

Our focus here is on the holographic technique for Asymptotically Flat Spacetimes (AFS),
which maps the fields from the bulk of the spacetime to the boundary conformal operators
sitting at the celestial sphere of the null boundaries of our asymptotically flat spacetimes.

Recent developments in Celestial Holography have suggested the relevant collinear celestial
amplitudes to ascertain asymptotic symmetries in 4D AFS. We used the techniques of celestial
holography to find the asymptotic symmetry algebras for 4D Einstein-Yang-Mills and Einstein-
Maxwell theories recovering the complete local superrotation algebra.

In the other line of work, we found the asymptotic symmetries of A" = 8 Supergravity. The
global symmetry algebra of the theory consists of A/ = 8 superpoincare algebra and SU(8)g
symmetry algebra. Our study indicates that the asymptotic soft hairs of N = 8 supergravity
theory will not have distinct infinite R-charges. Instead, they will only carry the global fixed

number of R-charges.
Double Copy in Universal Sectors of Scattering

The Double Copy (DC) is a multiplicative bilinear operation to compute the amplitudes of grav-
ity tree-level amplitudes in terms of sums of products of gauge theory tree-level amplitudes.
This well-known technique has wide applications in quantum and classical field theories, in-
cluding string theory, particle physics, and astrophysics. In our analysis, we restrict the DC

formalism to soft and collinear sectors of amplitudes in both gravity and gauge theory.
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We established the non-trivial relationships between the amplitudes of these two theories
using DC formalism in celestial basis. Soft and collinear sectors of N = 4 Super Yang-Mills
(SYM) can be double copied individually to result in the soft and collinear sectors of N' = 8 Su-
pergravity. Our goal in this work was to construct the dual celestial CFT (CCFT) corresponding

to the bulk ' = 8 supergravity in four spacetime dimensions.
Scattering in the flat limit of AdS

S-matrix is a well-defined observable for quantum field theories in flat space-time. However,
for theories in AdS space-time, the S-matrix is not well-defined. In AdS, particles correspond
to irreducible representations of the conformal group, allowing for a connection between QFT
in flat space and QFT in AdS. This connection is established through the relationship that the
S-matrices of flat space can be derived by taking the dimension of the conformal field (A)
in the CFT correlator to be large when the dual AdS length scale (AdS radius — oo limit).
This transition enables a comprehensive understanding of QFT in AdS by utilizing insights
from CFT correlation functions and their connection to the flat space formulation. Here, we
addressed the question of finding the ‘Scattering Matrix’ for the AdS in this flat space limit.
Our primary goal is to understand the Infrared (IR) behavior of this defined S-matrix in the
flat space limit of AdS/CFT. We follow the Momentum space prescription, to define the ‘AdS
S-Matrix’ as the Fourier transform of the position space correlation function in the embedding
space. This encodes all the information on all of the bulk physics in the conformal correlator
in 1/R perturbation theory. We concluded this work with the computations of bulk-to-bulk and

bulk-to-boundary propagators of vector particles.
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CHAPTER 1

INTRODUCTION

Solving a theory implies computing the physical observables encoded in the symmetries of the
theory, and these observables are the scattering amplitudes. On the other hand, the nature of
the scattering amplitudes in Quantum Field Theory (QFT) is fundamental in discovering non-
trivial symmetries of the theory. Every possible symmetry in the theory provides important
constraints on the form and behavior of scattering amplitudes and other observables. This is

ensured by the Ward identities, which are manifestations of symmetries in QFT.

Furthermore, it has been observed that in gauge and gravity theories, there is an enhance-
ment of symmetries at the boundaries of the spacetimes. For such asymptotic boundaries, these
enhanced symmetries are known as the asymptotic symmetries of the spacetime. In four di-
mensions, these asymptotic symmetries have been studied for both gauge and gravity theories,
including supergravity [1-7]. These symmetries in the case of pure gravity and gauge theories
are popularly known as BMS (Bondi—van der Burg—Metzner—Sachs) and large gauge symme-
tries, respectively with some enhancements depending on the kind of theory in considerations
[8-16]. These infinite dimensional asymptotic symmetries also have experimental implications
as in gauge and gravitational memory effects which are the classical observables [17-21]. In
the subsections below, I will highlight the features of Asymptotically Flat Spacetimes (AFSs),

along with brief studies of scattering processes and symmetry constraints.

Considering the motivation of these symmetry studies for gauge and gravity theories, the
soft theorems, infinite-dimensional asymptotic symmetries, and the memory effects are the
three different manifestations of a single framework. This is wonderfully portrayed in Stro-
minger’s Infrared (IR) triangle [11]. I will explain the state of the art and applications of this

incredible observation later in the subsections.

Below, I will start with the definition of Asymptotically Flat Spacetimes and motivate the
reader to study these specific spacetimes in four dimensions. I will then dive into the detailed
descriptions of symmetry along with the algebra constructions. In the end, I will explain how
one can use holography to describe the properties of the spacetimes, which, in our case, contains

new and exciting applications.



Chapter 1. Introduction

1.1 Understanding Physics from Asymptotics

In theoretical physics, asymptotics of the spacetimes refers to the behavior of spacetime at great
distances from the sources. These sources can be gravitational or electromagnetic fields. These
studies are important considering the global structure and properties of our universe, especially
the properties of black holes.

Below, I will explain some of the aspects related to the asymptotically flat spacetimes in
(34 1) spacetime dimensions. In d < 3 dimensions, there are no local gravitational degrees
of freedom (Gravity is topological!). Amongst the most studied solutions in 3D gravity with
a negative cosmological constant is the BTZ (Banados-Teitelboim-Zanelli) black hole [22—
24]. In the (1 + 1)dimension, gravity is topological as well, with no dynamic solutions to
Einstein’s equation of motion. We need to consider the dilaton gravity (JT Gravity') to include
the dynamics.

In this work, we will focus exclusively on 4D flat spacetimes.

1.1.1 4D Asymptotically Flat Spacetimes (AFS)

Asymptotically flat spacetimes (AFS) in 3 4- 1 dimensions are rich in physics for describing the
events in gravity in astrophysical time scales. These are the solutions to the Einstein field equa-
tions, which are good approximations of our observable universe’. We study the 4D quantum
gravity scattering S-matrix and the symmetry constraints in our desired class of asymptotically
flat spacetimes. Since the sixties, there have been seminal works to study symmetries of this
kind of spacetimes [4, 15]. These are the solutions to Einstein’s equations for vanishing cos-
mological constants (A = 0). One can introduce Penrose compactification to best describe the
asymptotic infinities of Minkowski spacetime [31-34], and this is shown in Fig. 1.1.

This compactification conformally maps our spacetimes to a Lorentzian manifold with finite
extent and boundary that is differentiable everywhere [35]. In our prescription, we will consider
the full deduction of suitable boundary conditions for AFSs. However, one can also consider
the knowledge of AdS spacetimes in flat space limit, which means simply taking (Radius(¢) —
o) limit, which fulfills our demand of flat spacetimes. I will talk about both the classes of

spacetimes in this work. For the time being, let us define our desired class of spacetimes below.

'In these theories, a scalar field, which is our dilaton field, couples to gravity to generate dynamics to the
gravitational field [25-27]. This 2D model offers applications in quantum gravity and holography, while 3D
models reveals features of conical singular solutions in classical and quantum gravity [28-30].

2 As the curvature radius is of the order of 10 in the Planck units.

2



1.1. Understanding Physics from Asymptotics

Figure 1.1: Complactified Mink4 Spacetime. The null boundary of the spacetimes has been
divided into past (orange) null infinities of Z~ and future (teal) null infinities of Z*. Here, the
null (radiations) rays (wavy lines) come all the way from Z~ to Z*. i and i* are the spacelike
and timelike boundaries respectively. In the massless scattering, we will study the emitted
radiation particles that will reach our null boundaries.

As I said, to study the asymptotic infinities of the Minkowski spacetime, we need Pen-
rose conformal compactification. This compactified spacetime can be written in terms of the

spherical coordinates (z,7,x*), where the boundaries are at r = co. The metric is given by
ds? = —di* +dr* + 1 yp dx" dxB. (1.1)

Here, 74 is the metric on the two-sphere with coordinates x* = (6, ¢) sitting at each and every

point of the compactified spacetime, except at the center (r = 0), as shown in Fig.1.1.

Now, we will introduce retarded and advanced coordinates parametrizing the null bound-

aries of the spacetimes, u =t —ronZ™", and v =1¢+ronZ ", respectively.

Geometrically, these spacetimes can be explained by the metric (g,y) in the Bondi-Sachs
coordinates’ (u,r,xA), where u 1s the retarded time, r is the radial coordinates or the affine

parameter along the null geodesics at constant u hypersurfaces. The solution reads as,

ds* = —du® — 2dudr + r*yypdx* dxP, (1.2)

where, y4p is the unit round metric on the 2—sphere. Now, we can define the metric at the

3ot unique [36].



Chapter 1. Introduction

asymptotic (r — o) as
ds?|ryoo = (— 1+ zﬂ)duz—l—Z(— 1 —|—(9(1/r2))dudr—|— <r2yAB+O(1)> dx* dxB,
r
+FCABd)54de+ D CAB"‘; g(NA+u8AmB)—4—183 (CDEC ) dudxA—i—

(1.3)

These spacetimes are obtained when we take the r — oo limit of the Minkowski spacetime at
constant  and x*. Here, we demand certain boundary conditions on the metric components at
the asymptotics, which can incorporate all the physical spacetimes.

Here, we define

- mp(u,x) is the Bondi mass aspect, which defines the total angular energy density of
the spacetime measured by an observer at a particular time u along x* direction. After

integrating over the sphere, this results in the total Bondi mass.

- Na(u,x?) is called the Bondi angular momentum aspect, which measures the total angular
momentum density of the spacetime with respect to the origin (r = 0) in the Penrose

diagram. After integrating over the sphere, we get the total angular momentum.

- CAB(u,xA) is a traceless field tensor (}/ABCAB) encoding the gravitational radiation infor-

mation. This component of the metric is transverse to the null boundary.
- DA is the covariant derivative with respect to the metric Y% on the unit sphere S2.

The metric solutions that satisfy this kind of boundary fall-offs of the metric components at
r — oo as given in Eq. (1.3) are our desired asymptotically flat metrics. Specifically, they are

[35],
1 1 ,
guu=—-1+0 ~ gur=—1+0 2 gua=0(), gap=r"nus+0(r). (14)

Here, we used a particular gauge condition that fixes all the local diffeomorphisms at the asymp-

totics, which is famously called Bondi Gauge conditions and is given by

Ordet (%47 ) =0, g = goa = gan =0. (1.5)
4



1.1. Understanding Physics from Asymptotics

Let us say we have some matter stress tensor ™

uv- and the geometry of the spacetime is

governed by Einstien’s equations,
1 M

Now, once we substitute the metric defined in Eq.(1.3) in Einstein’s equations, we get some

constraint equations [35],

1
Oump = D" D Npg — T,

1 5 E E | BhE (D
dulNa = —7D (DpD"Crg — DFD"CpE) + uds Tuw— 7D"D"Cpi | = Tua,

where
1 AB . 2M
T = gNABN +4n r11_>n°10 (r'Ty)
1

. 1 1
Tua = 87 lim (r°T.) — 20 (CerNEF) + 4 Dr (CEFNpa) — ECABDENBE

These constraints show that the boundary data are specified by the values of mp, Csp, N4, and

Nyp at I+,

In this thesis, we use the stereographic complex coordinates (z,Z) on the sphere, which is
helpful in the study of celestial holography.

Stereographic coordinates:

(0,0) = (z,2); z= cotgei‘l’, = cotge_i¢,
Such that the metric on the sphere becomes,
Yapdx* dxP =2y,; dz dz,
where”, ¥,: = —2— is the round metric on the S2 in the coordinates defined (z,Z). We interpret

(14z2)
z=0and z = o as the north and south poles of the sphere, respectively, with the equator defined

at zZ = 1. The points at the past and future null infinities are identified using the antipodal map

defined as z — —%, which is important in defining the continuity of fields at the spatial infinities

“we have chosen the phase factor ¢ = 0 [37].



Chapter 1. Introduction

[11]. This relates to the boundary data of past and future null infinities. Hence, it is important
to consider the equivalence of BMS charges across spatial infinity.

In this coordinate system, our asymptotically flat metric defined in Eq.(1.3) becomes,

2
A5y = (_ 1 +¥)du2+2<— 1 +O(l/rz))dudr—|—2(rzyzz—l—(’)(l)) dz dz,

+ +....

1/4 1
rC..dz* + (DZCZZ + . (§ (N, +ud.mp) — Zaz (C,.C%) > ) dudz+c.c.

(1.8)

Next, we need to define our asymptotic phase space with a few restrictive boundary conditions
that will allow for all of our physical spacetimes. Hence one can find the boundary falloffs at

r — oo in stereographic coordinates as [11],

p
guu:_1+0(_)7

1
ur:_l Ol )
¢ * (r2> (1.9)
guz:O(l>7gZZ:O(r)7

(822 = r2}/Zz+O(l), grr = &rz = 0.

—

S

In the next section, we will see that the symmetry group at the asymptotics is larger than the
exact symmetry group of the flat spacetimes in the bulk by studying the scattering in AFSs.
Before that, let us briefly discuss the radiation fluxes that one can observe at the boundary of

spacetime.
Radiation Fluxes

The radiation zone of asymptotically flat spacetimes is the future null infinity Z*, which is
topological S x R, where we can collect all the information about the null rays and gravita-
tional waves (GWs).

As one can see in Eq.(1.3), we have the information about the gravitational radiations en-
coded in the field tensor C;;(u,z,Z) [11, 35, 38]. This is a traceless tensor that implies the two
physical degrees of freedom (C;, Czz) corresponding to the GWs. The physical observable is the
change of this field along u direction represented by the Bondi News tensor [38], N, = 9,C,;.
This is the analog of the electromagnetic field strength in electrodynamics (F,, = d,A;), and

the square, the energy flux across the null infinities relates to the Gravitational energy flux
6



1.2. Scattering In 4D AFSs

[11]. The asymptotic metric given in Eq.(1.3) is the solution to Einstein’s equation, which con-
strains mp and N, as shown in Eq.(1.7). This implies our boundary radiation data at T+ are

{m87 Cz, CZZ7Nz(Z) }

1.2 Scattering In 4D AFSs

Symmetries in a quantum field theory are the most important features. Solving a theory means
computing the scattering amplitudes in terms of the correlation functions’. This is often dic-
tated by the number of symmetries the theory possesses, which puts constraints on the corre-
lation functions. These symmetries in the theory are reflected in the scattering amplitudes via
the Ward identities. This is called bootstrapping and has been a very effective tool in confor-
mal field theory [40—42]. This also goes in the reverse direction; that is, knowledge about the
nature of amplitudes can help us discover non-trivial symmetries of the theory. I will focus on
the scattering processes in 4D Mikowski spacetimes (Minky). So, our motivation is to answer

the question,
How asymptotic symmetry constrain dynamics at I+ Jfor massless scattering in Mink4?

Symmetries play important roles in theories coupled to gravity in scattering processes for
Minky. In all these works, we are solely focused on studying the dynamics of the null bound-
aries of compactified (Minky) for the scattering of massless particles, and I will discuss the

gauge-invariant on-shell scattering amplitudes.

1.2.1 Scattering S-Matrix in Gauge theory

Let us demonstrate an example of scattering in Quantum Electrodynamics (QED) (Abelian
Gauge theory). In this theory, we have the symmetry as global U(1) along with the global
Poincaré symmetry in the absence of any massless charged particles, and corresponding con-
served charges can be measured at the spatial and null boundaries of the spacetime. Now, once
we introduce some massless charged particles in our system, we will encounter charge fluxes
throughout the null boundaries. At each point of Z%, we have an S sitting which is associated

with many different charges (cf. [11, Section 2: QED]). This means the symmetry of Z™ is not

SGenerically, this can be done using the LSZ formulation. In celestial holography, in terms of the conformal
basis, we use an alternative prescription to LSZ to extract the massless scattering S-matrix. The in/out states are
computed by integrating the gauge field or the metric along the null ray at past and future null infinities of our
AFS. Conformal operators of different conformal dimensions are prepared with the operators integrated along the
null rays, and the correlation function of these operators gives the S-matrix elements for any massless theory [39].

7



Chapter 1. Introduction

any more global U (1). The non-trivial charge fluxes in the presence of charged particles at Z*
enhance this global U(1) to infinite dimensional large U(1) gauge symmetry transformations
at the sky of our Minky. Here, by sky®, I mean the full null boundaries of our conformally

compactified Minkowski spacetime as shown in Fig.1.1.

Now the question comes

What is this infinite-dimensional large gauge transformations?

Any gauge theory has gauge redundancies, which are unphysical degrees of freedom of the
theory. We must fix these redundant gauge freedoms to make the theory physically relevant’.
Our gauge field transforms (in the Bondi parameter space) as A, (u,z,Z) — A;(u,z,Z) + 9.€(z,2).
After imposing the Lorentz gauge condition, we can have some leftover residual gauge trans-
formations®. These leftover transformations are our large gauge symmetry transformations,
which are locally relevant physical solutions of the gauge vector fields, which create the zero-
momentum (soft) photons at the boundary. So, these are the asymptotic symmetries in a gauge
theory. One can find the explicit derivations to asymptotic symmetries and transformation in

the work by Strominger et al. here in [6, 11].

This means large gauge symmetry transformations are represented by functions &(z,7)
parametrized on the conformal sphere at Z*. In case of scattering in asymptotically flat Minky4,
we have a bunch of incoming photons coming all the way from the 7~ creating matter charge
current JAP,L, outgoing towards Z*. However, one can find discontinuity of the spacetime at
the spatial infinity i, which implies the discontinuity of the (leading) electromagnetic field
strength tensor near i°. This issue has been taken care of by the Lorentz invariant anti-podal
matching between the spheres sitting at the past of I+(L:) and the future of Z~( Z7) near °
[11]. Hence, this implies a smooth functional parametrization on the 2D conformal sphere,

which is also anti-podally identified. This concludes that we have infinite charge conservation

for every function €(z,Z) on the S? at each point (z,Z) of the boundary: O} = Q5.

Quantum scattering amplitude is written as (out|S|in), where S denotes the scattering S-

°In the language of Celestial holography, we frequently use the word ‘celestial’ referring to the sky or the
boundary of our spacetime.

"This is analogous to residual diffeomorphism in gravity acting on the metric field guv-

8This corresponds to the solutions of [Je = 0 at the boundaries of Z*.

8



1.2. Scattering In 4D AFSs

matrix. Then, we have the statement of charge conservation as follows,
{out|QF S — SQy; |in) = 0. (1.10)
In retarded coordinates, we have the charge [11],

1 2
3=€—2/I+dz2 YzeFY (1.11)

Here, Fr(uz) is the 1/r? order term in the expansion of ru component of the electromagnetic field
strength tensor around the null infinity. After a bit of simplification using the constraint from
the r — oo of Maxwell’s equations (V¥ Fyy = e?jy), we get the simplified expression for charge
as [11],

——eiz/ﬁdua’z2 <8ZSF —H?SFMZ / dudz 8’)/@],(4)- (1.12)

The above expression implies that, the localized charge at each point (z,Z) of the sphere is

factorized as,
+(Soft) +(Hard)

0F = 0N 4 ot (1.13)

Here, the first term in Eq.(1.12) is soft charge, which is linear in the electromagnetic field, and
the nonlinearity of the electromagnetic field and the charge current is included in the second

term as the hard part of the charge.

Suppose in the scattering, we have N; number of incoming and N, number of outgoing
particles of charges Q™, and Q°", respectively. Schematically the action of this Soft/Hard

charge at Z* for each value of £(z,Z) on the in-state are given by [11],

0; 5" lin Z/dzz 0.€(z,Z) :N~(z,Z)|in),

. (1.14)
Jin) = ZQ €(zp Zm) lin).

similarly, we have the action on the out-state. Here, the soft charges are the integrated value of

the soft photon field N*(z,Z) on the sphere, defined as d,N = e% [t duFM(ZO ),

From Eq.(1.10), one can see the infinite number of Ward identities (corresponding to each
9



Chapter 1. Introduction

value of €). Hence, we can write,

(out| @ *s — 50 *Wlin) = | Y Qi el 2 — 1 Qi el 5| (outlSlin) (1.15)
m=1 n=1

This says that the conserved charges corresponding to these symmetries commute with the
S-matrix. These statements are precisely the statements of soft photon theorems of asymp-
totic scattering in case of our abelian U (1) gauge theory’[45, 47-57]. Although soft theorems
and asymptotic symmetries are studied independently, in 2010, Strominger discovered the in-
triguing relations between these two, which are mathematically related by Ward identities of
asymptotic symmetries of a theory [12, 15, 47].

In the language of 2D CFT on the sphere, the symmetry current corresponding to this large
gauge transformations are the U (1) Kac-Moody current on the two-sphere at the null boundary
[6, 58-61].

Now, let us talk about an infinite number of soft gluon emissions in the scattering process

in non-abelian gauge theory.
Non-Abelian Gauge Theory:

Conserved asymptotic gauge-invariant electric and magnetic charges are defined for non-abelian
gauge theories for asymptotic field configurations [62—66]. Non-abelian gauge theory (e.g.,
Pure Yang-Mills Theory'" is not confined and asymptotically free [11, 67-69]. Hence, the
asymptotic detectors can observe the soft gluons.

In perturbative computation [67, 70], the asymptotic states are formed by the action of the

creation and annihilation operators of the hard external particles of momenta p;,

Hazi,hi(piMO) = ’QC,‘,hi(pi)> (116)

where, ¢; and h; are the color index and the helicity of the ith particle.

We can interpret this Fock vacuum as the dressed'' vacuum. Now an N-particle IR diver-

These are the statements for scattering amplitudes associated with zero-momentum (soft) photon emissions
[12, 43—-46]. These statements are related by Fourier transformation to the Electromagnetic memory effects [20].

19Tn case of hadronic quark-gluon model of QCD with an SU(3)..,/,r, quarks are not asymptotically free, which
means color symmetry is an exact symmetry, hence because of the color-singlet bound states, hadronic amplitudes
should have no infrared singularities [67].)

""This Fock vacuum is the eigenstate of the linearized charge with zero eigenvalues. This can be understood
in the Faddeev-Kulish (FK) approach to the perturbative theory in the non-abelian case. The hard external parton

10



1.2. Scattering In 4D AFSs

gent perturbative S-matrix element of the Yang-Mills theory between these asymptotic states

is given by,

My({pihiyci}) = {pishiscit|icouS |{Pishirci}iein

o (1.17)
= Y g MO({pihisci})
A

We can now study the behavior of these amplitudes when individual gluons become soft and

their corresponding asymptotic charges. At the tree level, we have

aygloMz(\?il({Pnhi,Ci}) = evm SO({pi}.q.8) MY ({pi. hirci}) (1.18)
q

where, the leading gluon soft factor upon ¢ — O limit becomes

SO({pi}g.e) = ¥ Dy y pEl@),e

icout Pi-4 i€in pi-q

The soft (zero-momentum) gluon behavior of this Yang-Mills amplitude in the infrared limit
gives us infinite non-abelian charge conservation at the boundary, which are related to soft
gluon theorems via Ward identities [62, 71-73].

The soft photon in our scattering matrix in 4D is equivalent to insertions of a U(1) Kac-
Moody current on the S? at the boundary. The current on the 2-sphere of null infinities gener-
ates the U(1) Kac-Moody Current algebra, and the same for the 4D non-abelian gauge theory
with gauge group G is called G Kac-Moody Current algebra [2, 74]. The soft gluon theorems
are the Ward identities associated with the Kac-Moody symmetries, which are the asymptotic
symmetries of non-Abelian gauge theories.

QCD in particular:

In the case of QCD, the coupling decreases at high energies. We have the coupling,

1
glsz(kz) = m7

where f is a constant, and k is the energy of the process. Here, A is the scale at which the

coupling becomes strong as low energy.

One can see that due to the logarithmic nature, the coupling increases with decreasing

dressing factors comprise the soft gluons, which cancel the IR divergences.

11



Chapter 1. Introduction

energy (k> — 0). This means that the coupling becomes large at low energies. As a result of
this, we can’t rely on the perturbation theory. However, one can opt for perturbative analysis
once we have our energy k> > A. This makes the coupling 812/1\4 smaller. This implies our

perturbative energy scale is defined below 1/A.

Hence, in pure Yang-Mills or non-abelian gauge theory, when we talk about the soft parti-
cles, we refer to the energy of the soft particle as very less compared to the energy scale of the

theory. The above analysis validates our perturbative analysis in non-abelian gauge theory.

In the next section, I will explain gravitational scattering in particular.

1.2.2 Scattering S-Matrix in Gravity

S-Matrix in Gravity are the observables in Quantum Gravity (QG) [75-80]. One important
consideration from the aspects of QFT is to find the amplitudes to be gauge-invariant and can

be calculated in terms of correlation functions.

We are more focused on the scattering processes involving massless particles because of our
interest in gravitational wave emissions. Unitary and Lorentz invariant Scattering S-matrix in-
volving massless particles impose strong constraints on the gravitational dynamics. Taking the
motivation from the string scattering amplitudes, Veneziano et al. studied the high energy be-
havior of the massless graviton scattering amplitudes [81]. Recently, these scattering processes
have been highlighted because of the discoveries of gravitational waves by the LIGO-VIRGO-
KAGRA (LVK) and IndiGO Collaborations [82—-85]. Recent state-of-the-art calculations show
applications in the classical scattering processes from the quantum scattering amplitude meth-
ods'” [86-94]. Relevant gravitational scattering amplitudes have been studied through the S-
matrix bootstrap program using BCFW recursion [95-97] and BG recursion algorithms [98—

103] for tree amplitudes, which are extended to loop level using unitary methods [104].

The scattering matrix element describing the process of scattering of n in coming and N —n

outgoing particles is given by

Sfi=p1,p2, Palpnt1, - pn) = i2E)* WD (Y pi)) M(piy iy si). (1.19)

=

1

~

Here, M is our Lorentz invariant scattering amplitudes, which is a function of momentum (p;),

helicity (4;), and any internal quantum number (s;) of the particles. This transition satisfied the

2Double Copy relations reviewed in section 1.5.

12



1.2. Scattering In 4D AFSs

crossing symmetries'’ between the incoming and outgoing particles. Hence, we can assume
all the momenta p;, i =1,---,N are to be unidirectional (either incoming or outgoing based on
your convenience). Hence, the conservation of momenta becomes'”, fV: P =0.

This probability amplitude for particles scattering off one another in the presence of a grav-
itational potential plays a crucial role in understanding gravitational interactions. In short,
scattering S —matrix in gravity acts as a bridge between classical and quantum gravity, helping

scientists to understand our universe at a fundamental level.

Now, in this regard, we think classical observers might need some help. So,
How can a quantum observer help a classical observer being at infinities ?

The answer could be Universalities! Yes, universalities of the high energy scattering processes

have been studied and applied for gravitational wave observations.

1.2.3 Universalities of Scattering Amplitudes

In general, every symmetry leads to constraints on physical observables, such as the scattering
amplitudes. We will discuss the two universal features of scattering amplitudes, which come
in the Infrared and collinear regimes. These are the two common sources of divergences in

scattering studies.

Collinear divergences are important concepts that arise in the process involving massless
particles when the angle between the momenta goes to zero. These divergences can be factor-
ized, which means the divergent part of the amplitudes can be separated from the finite part. In
the language of CFT, this limit typically refers to the situation where two operators approach
each other along a specific direction on the conformal sphere. I will highlight this later in the
chapters.

Soft divergences arise when the energy of a massless particle becomes small. The amplitude
becomes infinite due to the long-range nature of the interactions mediated by these infinite

numbers of soft massless particles. For classical scattering, this ultra-relativistic limit of the

3The scattering amplitude is a complex function of the momenta of particles. This function can be analytically
continued to the other regions of our momentum space. When we analytically continue to the region where the
momentum of a particle changes sign, we can get a relation to our initial amplitude. The change of sign of the
momenta physically means treating the particle as the antiparticle. This is crossing symmetry.

4This can be considered for a scattering process of N massless particles with p,-2 = 0 in the Spinor-Helicity
(SH) basis as Y, (1i)[im] = 0. For reference, one can see the review in 1.2.4. The scattering amplitude M can be
written in the SH basis as, M (A;, A;,s;).

13



Chapter 1. Introduction

scattering helps us to find observables in relation to soft graviton theorems in gravity'> and

supergravity theories'® [107—112]. Let us discuss these relationships in a bit of detail.
Soft Factorization:

The soft limit of the amplitude is defined by taking the momenta of one or more external
particles to zero'’. Quite generally, under the soft limit, the amplitude factorizes into a universal
(soft) factor, which contains the divergent part of the amplitude times the amplitude without the
soft particle(s) insertions. This factorization is known as the soft theorem.

We have any n—point gravity scattering amplitude with one soft particle,
My (- ay5,b, ) P20 SoftS™viY (g 5 Y Moy (--- ,a,b,---). (1.20)

where p; is the momenta of the soft field and a, b are the adjacent fields'®. T will explain this
explicitly in the case of pure Yang-Mills (YM) theory as an example later in chapter 2. At the

tree level, the soft factor is given by

SoftGriY (g g p) — éSoft(O)GraVity(a, 5.b)+ éSoft(l)GraVity(a, 5.b)+ éSOft(2)GraVity(a, 5,b)

(1.21)
where € is the soft momentum parameterization, which means € — 0 is our soft limit [113, 114].
The label (0), (1), and (2) indicate the leading, subleading, and sub-subleading universal soft
terms for tree-level gravity amplitudes. Similarly, for gauge theories, like (Super)Yang-Mills

up to subleading, we have the universal soft factors at tree level,
1 1
SoftSYM(q 5. b) = ?Soft(O)(S)YM(a,s,b) + ESoft(l)(S)YM(a,s,b).

Soft limits of amplitudes at the tree level provide important new insights about the symmetries

of certain theories [47, 49, 50, 115, 116]. For example, as I explained in the previous sections,

150f course, these universalities are true in gauge theories also.

16Especially maximally supersymmetric theories like A/ = 4 super Yang-Mills and N = 8 supergravity is our
natural laboratory for some classical analysis. The simplicity comes from the potential UV finiteness at all loop
orders [105] in supergravity. High symmetries in the theories lead to exact analytic solutions for various physical
quantities (like precise checks in ' =4 SYM), help in understanding the gauge/gravity dualities, multi-loop
calculations of scattering amplitudes, etc.[106].

"The particle has to be massless for such a limit to make sense.

8When a virtual particle goes on-shell, there will be two possibilities, for the soft particle to get attached to.
One to each of the adjacent external legs. Hence, after taking the soft limit, the soft factors will have information
of these two adjacent external legs. This is shown in figure 2.3 in section 2.4 of chapter 2 with an example in pure
YM theory.
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1.2. Scattering In 4D AFSs

soft gluon theorem in Yang-Mills theory is related to large gauge transformations and soft
graviton theorem in Einstein’s gravity is related to the so-called Bondi-Metzner-Sachs (BMS)
symmetries [8—11]. I will discuss the infinite symmetries of the asymptotics in detail in the
upcoming sections.

This universal factorization can be extended to subleading order in electromagnetism and to
sub-subleading order in gravity [12, 43-46, 48, 55, 57, 117-121]. Thus, studying the soft limits

of amplitudes, even at the tree level, can teach us more about the symmetries of the theory.

Collinear Factorization:

Another important limit of amplitudes is the collinear limit, which is when we have the mo-
menta of two massless external particles are taken to be collinear. Again, the amplitude fac-
torizes into a collinear factor containing the divergence times the amplitude with the collinear
particles replaced by another particle [89, 103, 122-125].

In the collinear limit, we take the momenta of two adjacent particles p; and p; to be
collinear. Under this limit, the two particles can fuse to give another particle with momen-

tum p12 = p1 + p2. We parametrize the momenta of the collinear massless particles,

P1=XPi12, Pzz(l—x) P12,

where x corresponds to the combined momentum p1,. Since p; + p2 = p12, we see that, for
massless fields, the collinear limit p;||p, implies p; - py < p% = 0 which is equivalent to the

condition p%z — 0. We have the Collinear amplitude as,
1)]2 i
M, (112" ) 15 Y Split?f Y (z, 1M 2" M,y (p". ), (1.22)
h

where the above split factor has all the collinear divergences of the scattering process having

all the information of the two collinear particles [126].

I will thoroughly review these universal factorizations of amplitudes, with examples in the
upcoming chapters, especially being focused in celestial basis considering our application in
Celestial Holography. In this context, these two limits of the scattering amplitudes are the basic

ingredients for constructing celestial scattering amplitudes.

In the next subsection, I will introduce the Spinor-Helicity Formalism, which is considered

to be helpful and heavily used in our analysis of scattering amplitudes and symmetry studies.
15
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1.2.4 A brief review of Spinor-Helicity (SH) Formalism

The helicity spinors are left and right-handed representations of the Lorentz group SO(1,3) ~
SL(2,C). We denote the left and right-handed helicity spinors by hy and 7% respectively.
Lorentz invariant contractions of spinors is defined using the completely antisymmetric rank 2

tensor £€%B defined as

% = —gop = = g, = . (1.23)

The contractions are then defined as

(Ax) = gaﬁlalﬁ =AaX® = —A%a = —(XA)
(1.24)

AX]) = €55 AP = A%%0 = —daX® = —[XA).

Wherever we have angular brackets, we understand that it is the contraction of the left-handed
spinor, whereas the square bracket is the contraction of the right-handed spinor. We thus sug-
gestively denote left handed spinor by |A)%* and right handed spinor by [A|%*. A given null

momentum p* can be written as a bispinor

A | p+p pl—ip?
p*=o0yp" = =[p)[p (1.25)

pl—f—ipz pO_p3

where oy, = (1,0y,0y,0;) and |p), [p| are some spinors. For real physical momentum, the two
spinors and their contractions are related by complex conjugation ([p|)* = |p)) and (pq)* =

[gp]. Given the bispinor of a 4-vector p*, we can recover the 4-vector as follows:

1 o I 4 s
P = 50" pog = 564,P",
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1.3. Asymptotic Symmetries in Gravity

where 6, = (1,—0y, —0y,—0;). The inner product of two null momenta p* = |p)[p| and

g"* = |q)lq| is given in terms of spinor contractions as

1
p-4=5lpallap). (1.26)
If we have several momenta, which is usually the case in scattering processes, say pi,- .-, Pn,

then we shorten the notations further and denote the corresponding spinors by |i),[i| for i =

1,...,n. The momentum conservation can then be expressed as

(ij)[ji] =0 (1.27)
=1

J

for p; = |i)[i|. i be any one out of the n external momenta. One can also express polarisations
in terms of spinors but we will not need it explicitly in our discussions.

Now, let us discuss the symmetries of the Asymptotically flat spacetimes.

1.3 Asymptotic Symmetries in Gravity

It has been observed that in gauge and gravity theories, there is an enhancement of symmetry
at the boundaries. For asymptotic boundaries, such enhanced symmetries are known as the
asymptotic symmetries. Moreover, a deeper understanding of these symmetries might help in
understanding the black hole microscopics [127—131]. This necessitates the computation and
analysis of asymptotic symmetries.

The usual method of finding asymptotic symmetry of a theory is governed by finding sym-
metry transformation parameters for various fields that preserve their falloff conditions at the
boundary. For a theory of gravity, we look for asymptotic isometry transformations that leave
the boundary falloffs of various gravitational fields intact. The falloff conditions are determined
with respect to the asymptotic geometry. In addition to fall-offs in Eq.(1.9), our search for
Asymptotically flat spacetime is towards finding the most general diffeomorphisms preserving

Bondi gauge conditions in Eq.(1.5).

1.3.1 Bondi-van der Burg—-Metzner—Sachs (BMS) at Infinites

In one of his works in the line of understanding symmetries [5], R. Sachs mentioned the re-
quirement of Asymptotically Flat Spacetimes (AFS) to understand inhomogeneous Lorentz

transformation symmetry (Poincaré symmetry) as the approximate symmetry, which breaks
17
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in the presence of dynamical gravitational fields. Quantum mechanically, these approximate
symmetries become accurate. For this kind of AFS, the work of Bondi, Metzner et al. [§-10]
implies that, with the appropriate boundary conditions, we can obtain a symmetry enhance-
ment in the presence of gravitational fields. The corresponding symmetry group at that time
was named the generalized Bondi-Metzner group, which was later translated as the Bondi—van

der Burg—Metzner—Sachs (BMS) group [11].

BMS is the semi-direct product of the Lorentz Transformation (LT) group acting on an infi-
nite dimensional abelian group of supertranslations. We have our well-known global Poincaré
transformations in the bulk enhanced to global BMS at the boundaries. This can be written

symbolically as,

Poincaré Group = Lorentz Group x Translation

l

Global BMS = Lorentz Group X Supertranslation

* Lorentz Transformation (LT): We have the isomorphism, SO(3,1) = SL(2,C)/Zs.
Hence, this becomes a two-dimensional Conformal transformation (Mo6bius Transfor-
mation) at the asymptotic two-sphere. Hence, one can express the LT in terms of the

SL(2,C) matrices, which act on the asymptotic coordinates of our AFS spacetime. Hence,

+b az+b
&jw—+<z+d{g+J), € SL(2,0). (1.28)

« Supertranslation: At Z* (R x S?), we have an infinite dimensional translation of the
advance or retarded coordinates. This transformation is parameterized by any angle-
dependent function on the sphere and is popularly called supertranslation transforma-

tions. Hence, we have an infinite of translations,
u—u+f(z,2),

where, u = t — r are the retarded time, and (z,7) are the stereographic coordinates on the
18



1.3. Asymptotic Symmetries in Gravity

sphere of Z*. When f(z,7Z) = constant, we have u-translation generated at the bound-
ary. f(z,2) = Yl(_1’0’+1), harmonics on CS? generates three spatial translation for £ = 1
harmonics and one time translation for £ = 0 harmonic. These global translation killing
vector fields & (f) on the £ = 0 and ¢ = 1 spherical harmonics preserve the Bondi gauge

and the metric fall-offs at r — oo. Any generic function allows separate translations along

every null generator of Z.

Here is a little demonstration of the broken supertranslation symmetry [12, 15, 132] at
the boundaries of our AFSs. The Lie action on the boundary data {N;,mp,C,;} are given
by,
'Cszz = faMNZ27
1
Lymp = fomp+ 1 [N“D2f +2D,N“D,f +c.c.] (1.29)
L;Cy = f3,C—2D2f.

All the quantities in the above are defined in section (1.1.1).

A brief remark:
Let us define the Minks vacuum as [{N,; = 0,mp = 0,C,;, = 0}> The Lie derivative
action along the supertranslation killing vector on the defined Minkowski vacuum from
Eq.(1.29) implies,

LiC, #0. (1.30)

This means our vacuum is supertranslated. One can notice here that this supertranslated
spacetime has mp = 0 and N, = 0. This is consistent with the fact that the physical mass
of our spacetime remains invariant under diffeomorphism transformations. However, we
have non-zero C,, and to make this vanish, we have to take C,, = —2D§C, where C(z,72)

parametrizes classically inequivalent vacua'” [11]. Hence, Eq.(1.30) can be written as,
LiC=f, (1.31)

which implies C — C + f under supertranslation”’.

One can find the asymptotic supertranslation charges corresponding to this symmetry,

19¢C is the Goldstone boson for broken supertranslation symmetry.
20Note: For f(z,7) = Y;", for £ =0, 1 the action of the covariant derivative vanishes. Hence, the global spacetime
translation is not broken at the boundaries of our Minky.
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Chapter 1. Introduction

which is defined as [11],
1
+ 2
= ; f mp. 1.32
Qf 47'CG/Ifd Z Yz fmp (1.32)

This is the surface charge at Z*. Similarly, we can have the expression for QJZ onZ, . Read-
ers can find the explicit derivations to the charge expression in the recent work by Andrew

Strominger in [11].
Extended BMS (e-BMYS)

Now we understand that the global BMS corresponds to the six global Lorentz rotational gen-

erators with the supertranslation on the celestial sphere. So the question comes,
What if we have a generic vector field parametrization at every angle on the CcS??

By this, we mean the global conformal transformation in Eq.(1.28) can be localized to local
transformations, which preserves the asymptotic boundary metric infinitesimally. This local
transformations are called superrotaions on the boundary sphere [133, 134]. Hence, we have

the infinite-dimensional semi-direct product of extended BMS (or e-BMYS) as,
local e-BMS = Superrotations X Supertranslations.

Let’s say that the vector parameterization is X“ (z,7); then, similar to supertranslation, we can
write the superrotation charge on the boundary sphere as [11],

0f = —

- %/ﬁ &2 [X: N, + X,Ni]. (1.33)

BMS4 symmetry is physically relevant for our gravitational systems in four spacetime dimen-
sions[135]. The developments of this infinite symmetry and its application in conformally
invariant systems and relation to two-dimensional CFT (CFT>) is initially stated in the seminal
work [136].

The Lie algebra bms, is defined as the semi-direct sum of the Lie algebra of conformal
killing vectors of the Riemann(celestial) sphere corresponding to infinitesimal local conformal
transformations with supertranslation generators on the Riemann sphere [133]. Barnich er.

al. provided the detailed derivation of the generalization of bms, algebra’! along with proof

2land bms 3. In three spacetime dimensions, the asymptotic symmetry group is BMS3, where the diffeomor-
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that the asymptotic symmetry algebra in four dimensions is represented by spacetime vectors,
which can be generalized to the extended algebra via conformal rescaling of the boundary
metric [134]. The surface charges associated with asymptotic symmetries in 4D flat spacetimes
at null infinity and their transformation properties are constructed. The divergence and non-
divergence of the supertranslation and superrotation charges in the case of the Kerr black hole

have been studied [13].
Supersymmetric Extended BMS (SUSY-e-BMS)

BMS is a bosonic asymptotic symmetry transformation. However, one can be curious about the
supersymmetric extension of this symmetry group in supersymmetric gauge and gravity theory
[137-139]. In this scenario, the entire BMS analysis can be done for the fermionic theories,
where we have the super-Lorentz generators as functions of the angular coordinates on the
sphere. The symmetry group will be the supersymmetric version of extended BMS symmetry
transformation, which we can call SUSY-e-BMS.

In part of this thesis work, I will dedicate a chapter towards understanding this as an appli-

cation of Celestial Holography followed by some recent developments by Taylor et al.[7].

1.4 Techniques to Find Asymptotic Symmetries

This small review intends to highlight some of the techniques used in the literature to com-
pute the symmetries of asymptotically flat spacetimes. These are some generalized techniques

specific to spacetimes with asymptotic boundaries.

1.4.1 Covariant Phase Space (CPS) formalism

The study of asymptotic symmetries in gauge and gravity theories leads us to find the asymp-
totic surface charges at the boundary of the spacetimes. One of the traditional techniques was
developed by Wald and Zoupos [140] in the context of Covariant Phase Space (CPS) con-
structions and defining the surface change using the symplectic structure. This study is most
important in the case of radiative asymptotically flat spacetimes. Using this prescription, we
construct the complete charge algebra, which contains all the information on the gravitational
radiation flux at the null boundaries of the spacetimes. This is a generalization of phase space
in classical mechanics to classical covariant field theories.

Our literature on asymptotic symmetries computation is rich in using this language. Al-

phism on the circle will be an infinite-dimensional extension of the Lorentz group.
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though we have not used this formalism in this thesis work, I want to give a brief review of
the methodology below for the readers to get a feel of this years-old formalism. For in-depth

knowledge about formalism, one can find the appropriate references herein.
Methodology:

* In the asymptotics, conserved surface charges imply symmetry constraints. We must

construct the physical phase space I" by imposing certain gauge conditions.

Let us consider an asymptotic field as gravitational radiation information in terms of the
field Cyp, and the charge corresponding to the infinitesimal supertranslation symmetry
given by Qy in section 1.3.1, where f(z,Z) being the parametrized function on the celes-

tial sphere. Using the Dirac bracket prescription as an example, we have

0Cap = {Qy,Cas}-

Similarly, we can have all the relations for all possible gravitational radiation data and
possible symmetries at the null boundaries of 4D Asymptotically flat Minkowski space-

times [141].

* Symplectic form and charges: Let’s consider the linearised fluctuation around a static
background, g,v: 8guv = hyy, which solves the linearised vacuum Einstein’s equation.
This, in other words, means that the variations are tangent to the phase space of solutions.
Now, we can define the pre-symplectic form”’” corresponding to two on-shell field varia-
tions (h1,h,) as the integral over the pre-symplectic current density one-form, J(hy,h;)

on a Cauchy hypersurface X, which solves d xJ = 0. Hence,

(D(hl,hz):/z*](hl,hz). (134)

Suppose we have diffeomorphism &, which acts non-trivially on the phase space. With
proper choice of gauge conditions and constraints, we can make @ invertible, which fixes
to give the symplectic form CID(hf ,h2). The conserved surface charge associated with this

symmetry is given by the symplectic form as follows,

Qf’;)E = ®(h /) = — xF (1.35)

167 Jos

22This is well explained by Wald in his work of local constraints and symmetries:[142].
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1.4. Techniques to Find Asymptotic Symmetries

Where F is the gravitational field strength two-form such that *J = K)Lnd x F [141].
This charge infinitely generates the symmetry acting on the phase space using the Dirac

bracket prescription:
{0, h(u,2,2)} = 8¢ h(u,2,2) = h* (u,z,2). (1.36)

Hence, to have a suitable asymptotic theory, we need to construct the phase space with

the given symplectic pair (Qé , 0gguv) at the boundary of the manifold.

I request the interested reader to look for this great thesis review by Adrien Fiorucci [143]
for more details on this CPS formalism in case of spacetimes with non-trivial background

curvature.

1.4.2 Hamiltonian Formulation

Another important technique in this direction is the Hamiltonian formulation of classical field
theories for finding asymptotic symmetries [144—150]. Henneaux and Troessaert uncovered
and simplified the asymptotic symmetry analysis at the spatial infinities [151-153]. Later,
these techniques were used in constructing the phase space at null infinities [154—157].

The advantage of this technique over other techniques is that it helps in deriving asymptotic
symmetries from the first principle. This requires a well-defined asymptotic phase space, a
symplectic phase space, a symplectic form defined on this phase space, a Hamiltonian, and an
action of the Global symmetry group on the defined phase space. Here is a brief summary of

the methodology used for symmetry analysis.
Methodology:

* Gauge transformations are symmetry transformations that involve arbitrary functions of
spacetime points. These transformations put constraints on the spacetime described by
Dirac Constraints [158]. The symmetry generators corresponding to this symmetry are
functions of the gauge parameter and the constraints, along with surface terms represent-

ing the local transformations on the sphere at the spacetime boundary.

* Asymptotic symmetries are canonical gauge transformations that preserve the boundary
conditions, and this infinitesimal gauge transformation is a Hamiltonian vector field that

has a canonical generator. This implies it preserves the symplectic structure [159-161].
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* The Dirac brackets between two canonical asymptotic generators generate another asymp-
totic symmetry transformation at the boundary, which depends on the boundary surface
term. If this surface term vanishes, we call those transformations trivial/small/proper
gauge transformations. If not, we have the non-trivial/large/improper gauge transforma-
tions. So small gauge transformations form an ideal of the asymptotic symmetry algebra

for all of the asymptotic symmetries.

* We know that physical states are trivial representations of the Poincaré group. In the
asymptotics, the generators of the improper/large gauge transformations are the true

physical observables.

Literature in Asymptotic symmetries is primarily based on this formalism; this technique is
tedious. However, recently, some developments in flat space holography have helped us un-
derstand this more simply. In the next section, I will briefly introduce this new Celestial
holographic technique and request the readers to follow the next chapter 2 of this work for

a complete review of the technique.

1.4.3 Holographic Techniques

A simple yet deeply mystical concept of our Universe as a Hologram!

Bekenstein and Hawking’s formula [162, 163] for black hole entropy hints towards the holo-
graphic universe. This formula signifies that all the information (quantum nature) of a black
hole is encoded using the holographic correspondence at the boundary, which is the event hori-
zon of the black hole.

The holographic principle is a concept proposed by Gerard 't Hooft and later by Leonard
Susskind and Juan Maldacena, who played a pivotal role in the development of the principle.
The most sophisticated description of the holographic principle [164—166] is in the case of AdS
spacetime [167] and later for our type spacetimes with positive cosmological constants [168,
169]. Considering the success of AdS/CFT correspondence [166, 167], scientists are motivated
towards flat space holography, which is to apply this correspondence for quantum gravity in
asymptotically flat spacetimes [170-175].

To understand the nature of quantum gravity in flat spacetimes, we need the language of
Conformal Field Theory (CFT), where the asymptotic symmetries put constraints on the dual

CFT sitting at the conformal boundary (denoted by Z*,i", and i*) of the flat spacetime. This
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1.4. Techniques to Find Asymptotic Symmetries

Figure 1.2: Projected null boundaries, Z*+ of Mink, on the boundary CS?.

holographic projection of our Mink4 on the boundary sphere is shown in Fig.1.2.
Modernization of Flat Space Holography:

Here, I will list two of the most recent modern-day techniques used in the context of flat space

holography.
* Celestial Holography (CH):

4D bulk of Minky — 2D sector of the Sky!

As the name suggests, this is related to the holographic projection of our 4D Mink,4 on
the 2D sector of the boundary spacetime R x S? or the sky. Hence, the name ‘celestial’
signifies the studies on the 2D sphere of the boundary called the celestial sphere’” (which
we denote by CSZ). Starting from BMS [5, 8, 9, 176] on studies of asymptotic symme-
tries and Barnich and Troessaert’s BMS/CFT [134], it is well known that the symmetry
group of AFS is not Poincare rather an infinite-dimensional enhancement of this. The
later realization of Andrew Strominger related to the antipodal matching between the

past and future null infinities helps us solve the gravitational scattering problems [15].

The celestial holographic principle [2, 11, 177-181] holds the idea of mapping the in
coming and out going particles in the scattering to the conformal operators (Oi_ (zi,Zi)) at
the boundary S?. Here, the momentum p; of the incoming/outgoing particle is interpreted
in terms of the conformal dimension A, and the momentum direction depends on the
point of insertions (z,Z) on the sphere. This implies mapping the wave functions in the

bulk 4D Minky4 to the boundary conformal primary wave functions. All this now implies

the exact map of the scattering amplitudes to the conformal field correlators on our 2D

23The celestial sphere is the Riemann sphere on the boundary of the Minkowski space.
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CS?. Generically, the map can be defined for a D +2 dimensional flat spacetime to a D

dimensional celestial CFT (CCFT)’* living on the SP.

The collinear limit of amplitude turns into an operator product expansion (OPE) of con-
formal operators of the Celestial Conformal Field theory (CCFT) [182—185] as identical
momentum directions correspond to the same operator insertion points on CS2. An in-
teresting fact is that the soft and collinear limits of scattering amplitudes can be used to
read off the asymptotic symmetries in the context of CCFT [184, 186]. It turns out that to
calculate the asymptotic symmetries of a theory, we need to probe the universal soft and
collinear sectors of the scattering amplitudes. This has been used to reproduce the BMS
algebra in [186] and [187] for pure gravity and large gauge algebra for Einstein Yang-
Mills theory [188]. Recently, it has also been used to compute the A/ = 1 supersymmetric
extension of the BMS algebra [7].

In this thesis, I will be specific to this technique in particular to find the asymptotic

symmetries. Readers can look for Chapter 2 for more details.

* Carrollian Holography (CarrH):
4D bulk of Minky — Full 3D Sky!

Contradicting the expectations of flat space holography to be a co-dimension one holog-
raphy, CH proposes a co-dimension two holography for flat Mink4. To address this with
exact holography like in AdS/CFT, recent literature proposed another well-known per-
spective called Carrollian Holography (CarrH) [189—-192]. One can call this to be a
modified version of Celestial Holography””.

This implies gravity in D + 2 dimensional asymptotically flat spacetimes is dual to the
Carrollian CFT (CarrCFT) in D+ 1 dimension sitting on the null boundary of the AFSs”°.
It is started from isomorphism at the algebraic level between the asymptotic symmetries
of the flat spacetimes (BMS) in D + 2 dimension (BMSp.,) and non-Lorentzian CFT,
the conformal Carrollian algebra in D + 1 dimension (CCarr(p, 1)) [59, 196-198]. Initial

24In CCFT, one describes the four-dimensional physics in terms of the conformal correlators of two-dimensional
CFT on the celestial sphere living at the null infinities of the Minkowski flat spacetime. The map from amplitudes
in bulk to conformal correlators on the boundary is the Mellin transform.

2 Modified as to represent the modified Mellin transformation explained in literature [193-195].

Z6Carrollian limit (ultra-relativistic limit) boosts a time-like boundary to a null boundary, and this maps the
D + 1 dimensional conformal Carroll algebra to D + 2 dimensional Lorentz subalgebra of bulk Minkp, [196].
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works in this direction have been done in this direction for 3D flat spacetimes [197-205],

then some recent development is in 4D to recover BMS, from CCarrz [190-195, 206].

Amongst all the advantages, one important consideration is given here [189] in the case
of AdS spacetime to recover the flat space results in the singular limit (Flat space limit,
AdS length — 0). The recent constructions for computing certain Witten diagrams in
terms of Carroll conformal correlation functions on the boundary help us develop an

understanding of ‘scattering’ in AdS spacetimes.

I will highlight more on this in Chapter 6.

1.5 Relating Gauge and Gravity Theory

What gauge theory brings to gravity scattering amplitudes?

Recent investigations into gravity and gauge theory amplitudes have resulted in non-trivial re-
lationships between the two [207]. Gravity tree-level amplitudes can be expressed in terms
of sums of products of gauge theory tree-level amplitudes. This can be described by different
double copy formalisms [208—211]. The relevant double copy formalism reviewed in [212] was
originally formulated as a relation between open and closed string amplitudes [208]. The corre-
sponding relation in the low energy effective theory gives a relation between gauge theory and
gravity amplitudes. Thus, one can explicitly calculate soft and collinear limits of amplitudes in

gravity using the corresponding results of gauge theory.

1.5.1 Double Copy : A Brief Review

Let us briefly review the double copy (DC) technique, which plays a crucial role in our analysis.
It is a multiplicative bilinear operation to compute the amplitudes in one theory using ampli-
tudes from other simpler theories. This is a method to express gravity tree-level amplitudes in

terms of sums of products of gauge theory tree-level amplitudes [209, 213]. Schematically,
M(Gauge) > M(Gauge) -~ M(Gravily) (1.37)

There are three different double copy formalisms for tree-level amplitudes: KLT (named after
Kawai, Lewellen, and Tye) [208], BCJ (named after Bern, Carrasco, and Johansson) [209]
and CHY (named after Cachazo, He, and Yuan) [210, 211] formalism. We refer to [212] for

a detailed review of these formalisms. Here, we restrict our discussion to the application of
27



Chapter 1. Introduction

double copy to soft and collinear limits of gravity amplitudes in terms of soft and collinear
limits of gauge theory amplitudes. This means to take the soft and collinear limits of both sides

of Eq.(1.37).

This formalism has been mostly explored in different theories. However, I will be focused
here on the case of supersymmetric theories. Hence, we ask if it is possible to relate the soft
and collinear limits specifically in A/ =4 SYM to soft and collinear limits in N = 8 super-
gravity. Indeed this can be done [214-217]. This study is motivated towards understanding
the amplitudes of supergravity theory in detail. N' = 4 supersymmetric Yang-Mills and A/ = 8
supergravity are maximally supersymmetric theories and are rich in symmetries. Due to enor-
mous symmetries, one can compute higher and higher loop amplitudes and show that they are
finite [105]. In fact people argue that these are one of the simplest quantum field theories [106].
One can then study the soft and collinear limits of amplitudes in these theories to learn more
about the symmetries. The study of soft and collinear limits in A" = 4 SYM has already been
done [218-220] and the corresponding CCFT was studied in [221].

Double Copy and Soft Limit:

Similarly, one can take the soft limit of the double copy relation to relate the soft factors in
gravity and gauge theories. Let us start with the universal soft behavior of the tree level n-
gluon amplitude. The soft factor when the i-th particle is taken to be soft, for either helicity, is
given by,

1 1
A}fee ( -y, Sii,b, .- ) o (;S((}(;)uge(i’aa b) + ES((}la)uge<i’ a’b) +0 (1>)

(1.38)

x A (... a,b,...)

Here, the soft limit is parameterized by a factor € — 0, as described in the last section. The

factors S, ) and S (1)

Gauge Gauge contains the soft divergences to leading and subleading order in the

gauge theory. Similarly, the gravity amplitude also has this universal soft behavior with i-th
particle going soft and is given by,

. L o)
(i,a,b)+ ?S

Gravity

(i,a,b)

tree 4 e—0 1 (0)
Mn (...,a,sl ,b,...) H (ESGravity

(1.39)
1
+ES((}2r21V1ty(l7a7b)+O(1)) :/zriel("waab?'“)
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where S( ) S(l) and S( )

Gravity’ SGravity Gravity aT€ leading, subleading and subsubleading soft factors in

the gravity theory. Double copy relates these soft factors as follows [113, 209]

L0
E SGravity

n 2
Z sJ <82 Gauge(.]? ) ) Séa)uge(],s,n))

(S h, 1) t 2 8((}r)aV1ty( ) +2 S((}rznwny(‘g’n’ 1)
(1.40)

where Kszj = &(sj)[s]].

Double Copy and Collinear Limit:

The KLT double copy was originally discovered in string theory as a relation between open
and closed string amplitudes. Once the large string tension limit (also called the field theory
limit) is taken, the KLT relation turns into a relation between gravity and gauge theory tree
level amplitudes [216]. The general KLT relation for a general gravity tree level amplitude
MUee(1,2,...,n) with n external legs (we have assumed n to be even below, but the odd case
can also be written in a similar way with appropriate modifications) with color-ordered’’ gauge

theory tree level amplitude A'™¢(1,2,...,n) is given by [216].

M (1,2,....n) =i(—1)"T1AY (1,2,...,n)
x Y, flo(l),....o(mn/2—1) f(z(n/2+1),...,T(n—2))
e (1.41)
x A" (5(1),...,0(n/2—=1),1,n—1,2(n/2+1),...,7(n—2),n)

+ Permutations of (2,...,n—2).

?7Color-ordered or “color-stripped" amplitudes don’t depend on the gauge group indices. These partial ampli-
tudes are gauge invariant and depend on the kinematic invariants only. For instance, an N-gluon amplitude can be
written as [122],

M({pishisci}) = Z 2N/2Tr{TCIT“26 ... T N }A(1h172g_26,.” 7N(1;N0').

oeSN_1

Here, A(1M ,2?", e ,NgN ) is our color-ordeed or partial amplitude. The sum is over the (N — 1)! permutations
of 0.
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The functions f and f are defined as

j—1
f (i, i5) =s(1,ij) < Lim)+ Z g lm,lk)>

m=1 ; k=m-+1 § (1.42)
Fh,....lp)=s(li,n—1) H( —1)+Zg(lk,lm)>
m=2 k=1
where
s(i,j) = sij = (@jjil, i>j
2(i,j) = ’ (1.43)

0, otherwise.

Thus, every gravity state j on the LHS can be interpreted as the tensor product of the two gauge

theory state on the RHS.

One can take the collinear limit on both sides of the KLT relation (1.41) to obtain a relation
between the split factor for collinear states in gravity and the split factors in gauge theory. We

describe this relation below. The collinear limit in gravity is written as [217]

Mgee(lhl,th,... 1H Z S ltgravnty( ’1h172h2) Mtree <Ph 3. ?n> ) (1.44)
h=

Using the KLT relation, the gravity split factor can be related to the “square" of gauge split

factors as [216],

Split gravity (Z, 1h1+71172h2+flz) = —s12 X Split fia;llge <Z, 1h172h2)

~(th) o (1.45)
x Split S0 ( o, 1’“) .

Here a state s+ & in gravity theory is written as the product of states &,/ in the two gauge

theories and 51, = (12) [21].

For instance, A/ = 8 supergravity amplitude can be related to the amplitudes in N = 4 super

Yang-Mills in this way, and this leads to the relation,
N =8 Supergravity ~ (N =4 Super Yang-Mills) ® (N =4 Super Yang-Mills).

Note that the doubling of supersymmetry in this double-copy relation can be understood by
counting the degrees of freedom on the two sides. Indeed, N' = 8 supergravity has 256 states,

which is twice the 128 states in A/ =4 SYM. We will explain the explicit factorization of states
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for the case of N = 8 supergravity into A/ = 4 super Yang-Mills states in Chapter 5.

1.6 Flat space observer in AdS

Any physical information of a theory is encapsulated in its S-matrix, which gives us the scat-
tering amplitudes of an in-state in the far past to time evolve to an out-state in the far future.
S-matrix is a well-defined observable for quantum field theories in flat space-time. However,
for theories in AdS space-time, the S-matrix is not well-defined. Particles in the AdS space-
time behave like particles in a box as the null rays reflect back from the time-like boundary.
Hence, in the context of AdS, the definition of on-shell asymptotic states is ambiguous, and
we do not have any notion of an on-shell S-matrix. A complete theory of quantum gravity in
asymptotically AdS spacetime can be understood in terms of a Conformal Field Theory (CFT)
sitting at its boundary. This holographic duality, known in the literature as AdS/CFT corre-
spondence, was proposed by Maldacena in the year 1997 [166] and has been greatly applied
and explored by others since then [171, 222-231].

What does flat space limit of AdS spacetime signify?

There have been works on scattering amplitudes in AdS spacetime, which helps in understand-
ing the Infrared (IR) finite S-matrix in the flat space limit of AdS/CFT [171, 222, 225-227,
232]. This has various applications, including the S-Matrix bootstrap program [40-42, 230,
231]. In AdS, particles correspond to irreducible representations of the conformal group, al-
lowing for a connection between QFT in flat space and QFT in AdS. This connection is estab-
lished through the relationship that the S-matrices of flat space can be derived by taking the
dimension of the conformal field A in the CFT correlator to be large when the dual AdS length
scale, denoted by R — oo. This transition enables a comprehensive understanding of QFT in
AdS by utilizing insights from CFT correlation functions and their connection to the flat space
formulation”®.

In literature, various works have suggested ways to compute the flat space S-matrix from
the position space conformal correlators [223, 224, 234]. In [223], authors showed that, for a
massive scalar field, in the flat space limit (R — o0), the bulk-to-boundary propagator reduces
to the usual external leg factors for position space Feynman diagrams, and the bulk-to-bulk

propagator indeed reduced to Feynman propagators. Consequently, the correlation functions

Z8Hence AdS radius R serves as the infrared regulator for the flat spacetime [233].
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or Witten diagrams [228] also reduce to flat space correlation functions in the large R limit.
Interestingly, their approach is valid only in a small region of AdS space where the distances
are very small as compared to AdS radius R. This is a direct consequence of the large A limit
manifesting itself as the large R limit.

A way to construct the on-shell momentum states in bulk is to use the HKLL prescription
[223, 224, 234, 235], and the momentum space prescription given by [236] agrees to this
analysis at leading order in large R. Another line of work in this direction is done by [50],
where the authors obtained the S-matrix of the flat space patch around the center of global
AdS from the CFT correlators in a large radius limit. The conformal operators constructed
create the asymptotically scattering states of the flat space patch. Here, they have also explored
the IR structure of the flat space scattering amplitudes that reproduce Weinberg’s soft photon

70
theorems””.

1.6.1 Soft motivations

However, the nature of “soft theorems" in the context of scattering amplitudes in theories in the
presence of a cosmological constant remains less explored. While these are better explained
within flat spacetimes [12, 43-46, 48, 55-57, 117-121, 237], their characterization becomes
less straightforward in the context of AdS. Soft theorems in terms of Ward identities of asymp-
totic symmetries constrain the physical observables like the scattering amplitudes [11, 12, 15,
47, 188, 238], which has experimental implications both in gauge and gravity theories [17-21].

The definition of soft theorems becomes challenging due to poorly defined asymptotic states
within AdS. Moreover, there is an issue while taking the soft limit in AdS". In this context, an-
other interesting limit, namely the double scaling limit (DSL), has been introduced by Banerjee
et al. [239, 240]. This is defined as a limit when the frequency (w) of the radiation and the
cosmological constant goes to zero (conversely, the AdS radius R approaches infinity), simulta-
neously keeping their ratio constant. This limit physically uses the fact that when the space-time

approaches to flat, these radiations become soft. This limit provides us the small cosmological

2In the context of a quantum scattering process within flat spacetime, taking soft limit implies taking the
momentum of one of the external particles to zero (k* — 0). Soft theorems are the behavior of the scattering
amplitudes under this soft limit [12, 43, 45, 46, 118].

30For instance, the relation between mass m, energy m, and conformal weight A for a massive scalar field in
AdS is given by, m’R* = A(A—d) and @R = A. Clearly, m = 0 has two distinct solutions, A = 0 and A = d. The
first one is consistent with the definition of soft limit (m,®w — 0). However, the second solution is inconsistent
with @ — 0 limit [239, 240]. For a finite AdS radius R, any QFT in AdS spacetime is IR regulated [232], which
means AdS allows us to probe energy scale only up to O(1/R). Hence, to establish the soft limit within the AdS
framework, enabling us to probe an extremely low-energy regime, we take the AdS radius to be large.
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1.7. Unifying Gravity at Infinities

constant corrections to the flat space Classical Soft theorems as described in [239, 240]. Fur-
ther in [241, 242], it has been shown that the small cosmological constant corrected soft photon
theorem can be derived from a large N CFT3 Ward identity. A perturbed soft photon mode
operator on a flat spacetime patch in global AdS4 has been derived in terms of an integrated

expression of the boundary CFT current.

1.7 Unifying Gravity at Infinities

The motivation to unify gravity at infinities comes from Strominger’s Infrared (IR) Triangle
[11]. So, this can be a single framework relating to the quantum and classical sectors of gravity

at the infinities far away from the source(s) that we are aiming for.

* The passage of a gravitational radiation pulse through a nearby detector induces a rel-
ative displacement in the detector position. This effect is measurable and is known as

gravitational memory effect’'[18, 243, 244].

* On the other hand, due to the passage of this gravitational radiation, the difference in the
initial and final geometries of the spacetime is related by a BMS supertranslation as ex-
plained in section 1.3.1. This means that the Ward identities of this BMS supertranslation
symmetry invariance in quantum gravity are expressed as data representing gravitational

radiation at the null infinity [15].

* Gravitational scattering amplitudes involving one or multiple soft graviton currents are
given by Weinberg’s soft graviton theorem, and the BMS supertranslaion Ward identity

can be reproduced from this soft theorem [12].

This is how the infrared triangle is formed. However, quite independently, the relation between
Memory and soft theorems has been established by Strominger ez. al. [11, 132]. Memory
effect is the Fourier transformation of the soft theorems, which is the Ward identity of the su-
pertranslation symmetry. I have shown this vacuum transition by the action of supertranslation
symmetry”” in section 1.3.1. The radiations coming out of spacetimes cause this transition
from one vacuum state to another.

In the above sections, I explained the symmetries and corresponding charges.

31The relation between memory and asymptotic symmetries is given by a universal formula which also has been
extended for gauge theories [21].

3In electrodynamics, we have electromagnetic memory [20, 21] in terms of electromagnetic radiation coming
out from the null hypersurfaces.
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Hence, one can address this as

Localised charges at null infinities are interpreted as Memory effects!

This relates to two stationary regions of the spacetimes (two equivalent vacua), which is a DC
shift of the outgoing metric, which can be sourced from any binary collisions, as shown by

Branginsky and Throne [245].

1.7.1 Implications in GW Astronomy

Gravitational waveforms unfold the secrets to symmetries at the null infinities of the boundaries
of our asymptotically flat spacetimes. I am focused here on the application of asymptotic
symmetries in the sector of gravitational wave observation. I will highlight here some of the
recent literature’s research highlights for the reader.

...in the Infrared limit, BMS formalism associated with the asymptotic symmetries of flat
Mink4 and e-BMS group is an exact solution of the gravitational field in the far-zone regime. To
solve a binary problem, we need to consider the energy and angular momentum fluxes radiated
by the binary. In this regard, the BMS flux balance law [246-254] is the time evolution of
the BMS charges, constrained by Einstein’s field equations. The multipole expansion of this
BMS flux balance law gives us the radiative multipole moments for radiation-reaction forces
of compact objects [254].

In the week field regime, the post-Newtonian (PN) and post-Minkowskian (PM) formalism
[255-264] or Effective Field theory approaches [88, 265-272] relates this radiative mode to
the observables of the binary sources. However, one needs to change the parameter space to
compare and extract the desired results’”. In consequence of this flux balance law, we have the
observable memory effects’”, which are the detectable classical observables [280-283] in ad-
vanced ground-based detectors like LIGO, VIRGO, and KAGRA (LVK)-type detectors [284—
291] and space-based gravitational wave detectors like LISA [292]. Some other methodologies
for computing the classical observables and producing precision gravity results are quantum
scattering amplitude techniques [266, 267, 293], and worldline quantum field theortic tech-
niques [294-297]

In these Gravitational wave observations, interpreting the signal in terms of the wave mem-

33This needs a coordinate change from Bondi gauge to de Donder gauge, as the desired results of the canonical
multipole moments are defined in de Donder gauge [243, 254, 273-276].
34Displacernent memory, spin memory, and Center-of-mass memory effects [18, 138, 244, 277-279].
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1.7. Unifying Gravity at Infinities

ory implies strong evidence of the symmetry constraints in gravity theories. The BMS sym-
metries help to provide insights into the final stages of binary mergers and properties of the

remnants from the merger.
Words from Numerical Relativists

Understanding asymptotic symmetries using numerical relativity techniques is more highlighted
these days, considering the advantages coming from Gravitational Wave astronomy for solving
the non-linearities of Einstein’s field equation in the strong field regime. There have been many
recent developments in this direction [298-306]. Numerical relativists extract this waveform
from the simulations at a finite distance from the sources and then extrapolate the data up to
null infinities to understand the structure of the asymptotics.

It is challenging for relativists to achieve the necessary precession in numerical simulations
to study asymptotic symmetries due to the need for accurate large-distance simulations. As a
toolkit, numerical relativity deepens our theoretical understanding of the properties of space-
times and the nature of gravitational phenomena.

In a full non-linear theory, the local flux of radiations cannot be defined at finite distances
from the source. Hence, we must consider the linearised perturbations around a gauge-invariant
blackhole background [307-311], similar to the small deviations from the flat spacetimes. Per-
turbations around AFSs are similar to fluctuations in the Schwarzschild background at a large
distance, and this serves the purpose. This perturbative technique is an effective tool to extract
the physics of the gravitational waves generated in a numerically evolved Asymptotically Flat
Spacetimes [312-314].

We aim to explore the potential application of flat space holographic techniques in the clas-
sical world of gravitational wave astronomy, offering insights into the detection and analysis of

these cosmic ripples in our universe.

1.7.2 State-of-the-Arts In Black Hole Physics

Can I apply flat space holographic techniques to Black Holes?

Of course! The recent field of black hole physics has seen significant advancements in
the context of holography. Its relation to string theory and quantum gravity has been vastly
explored. The idea of the holographic principle to study bulk physics in terms of boundary
information helps physicists to understand the black hole information problem, originally for-

mulated by Stephen Hawking [162, 315]. This duality provides a powerful framework for
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studying the thermodynamics and entropy of black holes. Using techniques from holography,
like replica wormholes and island formulas, researchers hope to understand the properties of
Hawking radiations, which incorporates the long-standing open problem in black hole thermo-
dynamics [316-318].

Understanding the entanglement entropy in a conformal field theory of a boundary region
to the area of a minimal surface in the bulk AdS space using the well-known Ryu-Takayanagi
formula has been an instrumental direction of research [319-321]. Some of the recent excite-
ments are in the direction of complexity in the context of black holes. Holography duality
proposed that the complexity of quantum states in the boundary theory of the manifold is
related to the bulk geometry of the AdS spacetime. This includes complexity~volume and
complexity~action conjectures [322-325].

String theory and holographic methods provided methods for counting microstates of the
black holes, especially in the context of supersymmetric black holes. This relates to the
Bekenstein-Hawking entropy and entropy of the black holes in the area of the horizons [326,
327]. Sen developed the quantum entropy function formalism to compute the entropy of ex-
tremal black holes in string theory using the AdS/CFT correspondence [328]. These tech-
niques help us to understand the quantum structure of black holes, and as per the suggestions
coming from string theory, our information inside the black hole is never lost, though it is en-
coded in these microstates. Our understanding of recently developed techniques for celestial
holography is to make sense of these developments related to microstate counting in the case

of supersymmetric black holes.
Towards Blackhole horizon symmetries

It all started with Brown and Henneaux’s understanding of the Virasoro symmetries of the
near horizon geometry of the extremal black holes, which are to understand the microstates
and entropy of at the killing horizons in relation to the states in [329]. There are some other
works to relate these symmetries to the states in conformal field theory [329-332]. Recently,
Hawking, Perry, and Strominger, in [141, 333], caught the attention of scientists on solving the
black hole information paradox using asymptotic symmetries. In the presence of a black hole,
we have two asymptotic observers, one sitting at the asymptotics far away from the black hole
and another on/near the horizon. This questions the symmetry groups and whether we have the
complete BMS group at the horizon or not. Finding the asymptotic isometry generators on the

horizon is a real challenge in the presence of any blackholes. Soft charge conservation builds
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correlations of the in/out states at the black hole horizons.

We must understand the BMS symmetries and their connection to black hole geometry.
As an asymptotic observer and an observer outside the event horizon of a black hole, one
must compute the gravitational memory effects and their properties produced by any incom-
ing shockwave. This memory is called the black hole memory effect [334, 335]. Recent
state-of-the-art is to foliate the event horizon in the early and late times, which are related
by Chandrasekaran-Flanagan-Prabhu (CFP) supertranslation symmetries [336].

One of the primary motivations for this thesis is to ignite the reader’s curiosity about flat
space holography and its power to unravel the symmetries of the spacetimes and their quantized

modes at the boundary of the spacetimes.

1.8 Plan of Thesis

I will organize the thesis as follows.

* In the preliminary Chapter 2, I will review the basics of the celestial conformal field the-
ory technique that we use in celestial holography to understand the scattering in asymp-
totically flat spacetimes, as this will be heavily used in the succeeding chapters in the
thesis. As an example, I will use the pure Yang-Mills theory and show the celestial map
explicitly with the construction of possible OPEs between the symmetry current genera-

tors on the celestial operators.

* In Chapter 3, we will use the above CCFT techniques in the theory where we have non-
trivial u(N) gauge symmetries like in Einstein Yang-Mills theory, where we reduced it to
the special case of Einstein-Maxwell’s theory in the presence of u(1) gauge symmetry.
We will address some of the properties of the theory in constructing the symmetry algebra

at the infinities of our AFSs.

* In Chapter 4, the motivation is a bit accidental. The initial motivation was to understand
and apply the celestial holographic technique in the case of maximally supersymmetric
N = 8 supergravity theory (which will be my Chapter 5). However, as we know, we
have the mandatory requirement of soft and collinear sectors of the scattering amplitude
in any theory for using this CCFT technique. This leads us to this work of finding the
soft and collinear limits of every possible interaction vertices of the scattering in super-
gravity using the amplitudes of the N' = 4 super Yang-Mills (SYM) using double copy

formalism.
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* As explained above, in Chapter 5, I will introduce the celestial superamplitude computa-
tion of N = 8 supergravity theory, which is expected to get mapped to the celestial quasi
on-shell superfield conformal correlator at the boundary sphere at the null infinities. The
construction goes the same as the technique explained in Chapter 2 and 3. Our goal
here is to look for the possible symmetry extensions at the asymptotic boundary corre-
sponding to the bulk supersymmetry and the SU(8)g symmetry. This asymptotic analysis
and the extended BMS symmetry current modes (if any) in supergravity underscores our

understanding of supersymmetric black holes and the symmetries on or near the horizon.

* In chapter 6, I will explain part of our recent work in understanding scattering amplitudes
in AdS spacetime in the flat space limit (large AdS length). This work is one of the ways
to understand the soft particles in the AdS spacetime. The analysis is done, especially
in the presence of vector bosons. We used momentum space formalism to compute the
propagators in the embedding space, which in the flat space limit was reduced to the
Feynman propagators of the flat spacetime. We are motivated to study an effective model

to gain a detailed understanding of the formalism used here.

Publications as part of this Thesis:

1. N. Banerjee, T. Rahnuma and R. K. Singh, “Asymptotic symmetry of four-dimensional
Einstein-Yang-Mills and Einstein-Maxwell theory,” JHEP 01 (2022), 033.

2. N. Banerjee, T. Rahnuma and R. K. Singh, “Soft and collinear limits in N' = 8 super-
gravity using double copy formalism,”JHEP 04 (2023), 126.

3. N. Banerjee, T. Rahnuma and R. K. Singh, “Asymptotic symmetry algebra of N' = 8
supergravity,” Phys. Rev. D 109 (2024).

4. N. Banerjee, A. Desai, A. Mitra, K. Fernandes, and T. Rahnuma, work in progress.
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CHAPTER 2

PRELIMINARIES ON CELESTIAL HOLOGRAPHIC TECHNIQUES

2.1 Introduction

The gravitational dynamics in flat spacetime can be understood through holography, a concept
pioneered by Juan Maldacena within the context of AdS/CFT correspondence in 1996. The
recent uncovering of the relation between the on-shell physics of asymptotically flat theories

and 2D CFT has proved to be a powerful tool in the computation of BMS algebra.

Asymptotic symmetry analysis via killing vectors is often tedious and challenging. So
far, this prescription has only been used to obtain the asymptotic symmetry groups of pure
gravity theory. In three spacetime dimensions, the alternative Chern-Simons formulation of
(super)gravity ' has turned out to be the most useful tool for obtaining the asymptotic symmet-
ric algebra. However, for the four spacetime dimensions that we are currently interested in,
gravity does not have a Chern-Simons formulation. Thus, an alternate method for computing
the asymptotic symmetry algebra for a theory of gravity in four dimensions is desirable so that
the enhanced symmetry group in the presence of supersymmetry and other internal symmetries

can be obtained.

Soft and Collinear limits have played an important role in flat space holography [122, 185].
The collinear limit of amplitude turns into an operator product expansion (OPE) of conformal
operators of the celestial conformal field theory (CCFT) on the celestial sphere on the boundary
[61, 182, 183, 185, 344, 345]. These OPEs can be used to calculate the non-trivial asymptotic
symmetries of the theory. The usual method of calculating asymptotic symmetries is by finding
conformal Killing vectors and spinors that become intractable in the presence of other fields in
the theory. That is where CCFT becomes important. A recent proposal by Taylor et al. asserts
that one can calculate the asymptotic symmetries of gravity theories using soft and collinear
limits of amplitude in the framework of CCFT. This has been confirmed to give consistent
results in the few cases it has been implemented [7, 186, 188]. Hence, the study of soft and

collinear limits in gravity theories is important in the context of celestial holography.

'asymptotic symmetries for various three dimensional supergravity theories can be found in [139, 337-342]
and for higher spin-gravity can be found in [198, 200, 343].
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"*-

Figure 2.1: Illustration of Celestial Holography. The celestial sphere (CS?) in RHS is a two-
dimensional boundary at the null infinity or Z* of the causal diamond. Points on this sphere
correspond to the directions from which light or other massless particles approach or leave the
spacetime.

2.2 Celestial Holography

This alternative to flat space holography relates on-shell physics in asymptotically flat theo-
ries to a 2D Celestial CFT. It maps four-dimensional spacetime symmetries to CS? (Fig.2.1).
Scattering amplitudes transform into CCFT conformal correlators, yielding BMS generators.
Infinite asymptotic symmetries impose constraints on celestial amplitudes through Ward iden-
tities, resulting in infinite soft theorems”. Recent proposals suggest that these symmetries rely
on suitable OPEs, connecting bulk and boundary physics, thus developing the holographic prin-

ciple in flat spacetime. Let us briefly discuss the relation here:

o It is a well-known fact that the bulk symmetry SL(2,C) of an asymptotically flat four-
dimensional theory is identical to the global part of a two-dimensional Conformal Field
Theory (CFT). Given fields in the bulk of an asymptotically flat theory, one can associate
conformal operators with these fields that live on the two-dimensional sphere, namely

the celestial sphere denoted by CS? sitting at the null boundaries of the spacetime.

* The boundary physics is captured by a 2D CFT known as celestial CFT (CCFT) of these
operators on CS?. In this celestial approach, the non-trivial symmetries and their algebra
of the bulk theory can be computed using the 2D conformal invariance of the CCFT
correlators. In particular, the four-dimensional scattering amplitudes of the bulk theory

are related via Mellin transformation to the conformal correlators of the CCFT operators.

2We have an infinite-dimensional w-symmetry group [346-348]corresonding to the higher spin 2D celestial
currents, forming an infinite tower of conformally soft graviton/gluon symmetries [349, 350].
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2.3. Celestial Map

Such CCFT correlators that are associated with bulk scattering amplitudes are called

celestial amplitudes.

2.3 Celestial Map

By now, it is a well-known fact that the scattering amplitudes of a four-dimensional theory in
Minkowski spacetime can be cast into appropriate quantities on the celestial sphere via certain
mappings of the momenta and amplitudes [179, 181, 344, 351]. The four-dimensional Lorentz
group SL(2,C) is equivalent to the global part of two-dimensional conformal groups and acts
on points of the celestial sphere CS? via fractional linear transformation. To elaborate on this
connection, for four-dimensional spacetime, we use Bondi-Sachs coordinates (u,r,z,7) where

Z,Z) parametrize the celestial sphere at null infinity. en y acts on as 10110wWS:
(2,2) p ize the celestial sph I infinity. Then SL(2,C) CS? as foll

az+b az+b
7) — - SL(2,C).
o (E5. 500, €SL2.0)

c d
A general null momentum vector p* : p?> = 0 can be parametrized as

PP =w¢", ¢ = (1423 z+7—-i(z—2),1—|z]*),

N —

where ¢g* is a null vector, and o is identified with the light cone energy. Under the Lorentz
group, the four-momentum transforms as a Lorentz vector p* — A", pY. This induces the

following transformation of @ and ¢*:

o (cz+d)(GE+d)o, g*—g* = (cz+d) " (cG+d) AL

It is useful to introduce the bispinor notation at this stage. We denote the left and right handed
helicity spinors by Ay and A% respectively. A given null momentum p can be written as a
bispinor
| | P pd pl—ip? -
p** = ﬁ‘o‘p“ = =A% 2.1
plrip? pO—p’
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where Gﬁ‘d = (1,0x,0y,0;) are the Pauli matrices. For real physical momentum, the two

spinors are related by complex conjugation (1%)* = Ag.

We can thus introduce the familiar angle and square bracket spinor notation (see section
1.2.4 for a brief review of spinor-helicity formalism) for the left and right-handed momentum

spinors:

[S—
—_—

A= (p|*=Vo =Vo(g|* A*=|p)*=Voe =Volg% 22

2
I\l

where we write

p—
[u—

(q|* = , g = . (2.3)

N
A\l

To shorten the notation, we denote the spinors for momenta p; by (i|* and |i]* respectively.
The inner product of momenta p; and p; can then be written in terms of the angle and square

brackets of the corresponding spinors, which are now given by

(i) = —\/0;@jzij, [ij] =/ Oi®;Zij. (2.4)
where z;; = z; — z; and similarly z;; = z; — Z;. Here, i, j are labels associated with the particles.

Mellin Transformations:

The wave functions in the four-dimensional Minkowski space are mapped to particular
operators on the celestial sphere via Mellin transforms. They are also called conformal primary
wavefunctions, and the Mellin transformation of the momentum space scattering amplitudes
are called celestial amplitudes relating the bulk and boundary of our AFSs. These amplitudes

are basically the correlation functions in the CCFT.

It’s a map between the plane wave basis of the momentum space formulation and the con-
formal basis. In our case, we have the massless scattering processes, and the wave functions

transform as conformal primaries under the Lorentz group. This is done as follows:
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For any function f(®), the Mellin transform is defined as,

Q(A) = /Oooda) 0* ' f(w). (2.5)

A could be the “conformal dimension" of the conformal primary wavefunctions correspond-
ing to gauge bosons and graviton. It belongs to the principal continuous series of irreducible
unitary SO(1,3) representation [351], A € 1+ R. This is a demand we have to make to de-
fine normalizable wave packets. One can further define the inner product of these conformal

wavepackets [7]. These conformal dimensions are the Mellin-dual to the energies.

We can now use Mellin integration to transform the fields in bulk to get conformal primaries
on CS2. The spin-0 massless conformal primary of conformal dimension A is given by [179,

184, 351]

(F)2C(4)

—_— 0. 2.6
o Xrie £ =0

o (XH*,2,2) =/ do* 1 et0rX—e0
0

The i€ prescription added here is to make the Mellin integral convergent [184]. Similarly, the

plane wave packets corresponding to gauge boson and graviton are given as [185, 186, 352],
. 0 =3 < . () = =32
8ﬁ (p)eqtllpo\X +ipX  and 8ﬁv (p)e$l|P0|X +ip-X 2.7

respectively where ¢ is the helicity and eﬁ and eﬁv represents the polarisations of the spin-1 and

spin-2 particles respectively. Again for spinning particles, we have on CS? :

Vi (00,2 = gy | do ot TR0 (= 1)
o . . (2.8)

where, d;j = 0, for { = +1,+2, dj = 0d; for / = —1,—2. The conformal wave functions corre-
sponding to the graviton and gauge boson, up to gauge and diffeo transformations, respectively,
can then be written as:
AY AY
Ay =g(A)V,j +gauge
(2.9)
Glyv = F(A)HEY + diffeo
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where
A—1 1AA-1)

g(A) = TA+1) f(A) = ITA+2) (2.10)

are the normalization constants’. The conformal primaries for nontrivial spins are then given

by [7],

Va1 (X027 = la)a®y, | (X, 2.2)
Wi;gil/z(xazva = ’q] (pA+ 1 (X,2,2)

+ _ _
Voo (X,2,2) = &4, (q,7) 95 (X,2,2)

(2.11)
+ _ -
Hﬁ:iz(X:ZaZ) = glfl:il(qu)VAv,zE::tl (X,z,2)
+ = =
W§7[:73/2 (X,Z,Z) = 8[#:71 (qa I’) ll/zig:_l/z(X7Z7Z)
_ U+ — _ _
WK@:.B/Q (X,z,2) = Sg“:_H (q,7) l//ig:_H/z(XaZ,Z)
where the polarisations are given by
r (rlolq] [r|6*|q)
& (qr)="—F%—1 & (g 1)="—"F%— (2.12)
(=41 \/§<rq> (4 1

V2[gr]
with r is a reference null vector and 6 = (1, —oy, —0y, —0).

In a scattering process, we take all momenta to be outgoing. We now define celestial am-

plitude or celestial correlator on CS? as the Mellin transform of the amplitudes:

N N
<H0An,€n (Znazn)> = (H Cn /dwn 1) 5(4) (Z ann) AZI.A.KN (a)naznyzn)a
n=1 n=1

(2.13)
where Ay, 4, is the bulk amplitude with external particles with helicities ¢1,...,¢,, and ¢, are

the normalization constants.

The celestial correlators can be shown to transform as a conformal correlator under SL(2,C):

N azn+b az,+b N
[TO 7 8 L a4 ) o ’
<n_1 Al (czn+d EZn—l—d) H i ez | | Aty (Zn>Zn)

" (2.14)

3The presence of normalization constants (g(A), f(A)) fixes the fields with spin 1 and spin 2 to be pure gauge
and pure diffeomorphisms respectively under soft conformal limits [186], A — 1 and A — 0,1. These factors
implement the CPT symmetry of the 4D theory at the level of celestial CFT [185].
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Pn \
Dot / Pn~+ Pn—1

Figure 2.2: Feynman diagram for p,||p,—1, in a n—gluon scattering process. The blob rep-
resents the rest of the interaction vertices of the scattering process. The collinear singularity
occurs when the collinear particles are emitted from the same 3—gluon vertex [122].

where

a b
€ SL(2,C). (2.15)

c d

In the language of celestial CFT, the operator product expansion (OPE) of the conformal opera-
tors can be extracted from the correlator in Eq.(2.13) by taking the limits of coinciding insertion
points on CS2. The same implies a collinear limit of momenta in the scattering amplitudes. The
form of the OPEs depends on different gauge/gravity conformal operators in various helicity
combinations within their collinear limit.

Below, I will discuss the CCFT analysis using the Pure Yang-Mills theory as an example.
I will highlight the Soft and Collinear sector of celestial scattering amplitude and how it helps
in constructing the asymptotic symmetry algebra. The entire analysis will be shown in the

celestial basis in the bulk of our Minky.

2.4 Pure Yang-Mills (YM) theory

Let us discuss the tree-level amplitudes in Yang-Mills theory with two collinear momenta given
by the collinear poles [185].

In our context, when two massless particles propagate with parallel four-momenta, they are
said to be collinear with each other. The propagator has a pole when a virtual particle splits
into a collinear pair via a three-point interaction (Fig.2.2). Such singularities can be separated
out via collinear limit where the only combined vertex contributes to the divergence. This way,

we can factorize our tree amplitudes. Let the combined momentum of the collinear gluons be

Pt =pt |+ pt = wpgp,
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where the parametrizations are as follows
u u
Wp=Wy—1+ Wy, gp=¢q, | = qﬁ.

The collinear particles emerge from the same 3-gluon vertex. Here, €; is the polarization of the
ith gluon. Now, the propagator and the vertex contribution in the momentum space are given

by [122]

—1i

T (=) [ (B 1) (a1 = ) =2 el + e e

For instance, in the case of two equal helicity collinear particles (g,_1.&, = 0),

Er—1-Pn—&n-Pn—1 h
A(l,---n— 1" ph —>i( )A 1,---P
( ) \/i Pn—1-Pn ( )

In the above, we have considered the color-stripped gluon amplitudes.

Let’s translate this from the momentum basis to celestial basis.

At tree level, the partial amplitudes * for possible helicity combinations are given by [185],

1 @p

M(1,...,n=1%n") = M(1,...,n=2,P")+...

Z(n—1)n On—10n

M(l,...,n—l_,n_):_ ! Or M(l,...,n—Z,P_)—I—...
Z(n—1)n On—10n
| (2.16)
M(1,...,n=1",n") = "L M(1,...,n—2,P)
Z(n—1)n OnWp
L O (a2 P

Z(n—1)n Wn—100pP

where z, 1), = Zn — Z(,—1)- Let us explain the notation used in the above expression. In LHS,
we have the partial amplitudes M <1, sy (n— 1)“,nﬁ> of n gauge bosons with two adjacent
gauge bosons n — 1, n with their specific helicities @, = +1. In the RHS, we have n — 1
point partial gauge boson amplitude with the (n — 1)-th gauge boson having the combined
momenta P of the collinear pair with helicity @ = 1. The RHS also contains leading collinear

poles corresponding to the adjacent bosons. After Mellin transforms these amplitudes as in

“Partial amplitudes are the color-stripped amplitudes corresponding to a particular choice of the Chan-Paton
factor Tr(T1T2...T"). See [122] for details.
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AN
pn s

Dntk

(a) k gluon attached to nth leg.

AN
5

Pn

(b) k gluon attached to the mth leg.

Figure 2.3: Feynman diagram for the soft (k — 0) singularity, in a n—gluon scattering process.
This arises due to the pole structure of the intermediate propagator[122], where a virtual gluon
goes on-shell by emitting as a soft gluon. The two diagrams are the two possibilities, where the
k gluon is either attached to (a) the nth leg or to the (b) mth leg.

Eq.(2.13), we extract all the OPEs corresponding to the partial amplitudes as follows,

C

O?L,JF(Z;Z)O?QMW’ W) = —w Zfach&ﬁ)Q)Jr(W, W)t

a = - C abc e -
(’)M_(z,z)(’)ﬁz_(w,w) = Z_—ZWZf b O(;LIJF;LZ)_(W7W>---

Cy
—w

C3 aADC C -
2 f O, ) (w0) +

a =\ b -\
h- (0204 (ww) = =00

Zfabcogll+12)+(w7 W) —+...

(2.17)

where A; = 1 +iA; and C; are the normalization constants given in [185].

Likewise, in a scattering process, when a virtual particle goes on-shell, we get a soft particle,
which results in soft singularities (Fig.2.3). The color-stripped part of the propagator and vertex

contribution is given in momentum space as in [122] as,

For Fig.2.3a in k — 0, the propagator and three-gluon vertex contribute

—i

2k.py

(=0)(=8) | (ex-&n) (k — pu)** —2(&n-K) gL +2(Ex-pn)El
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The above result has to be contracted with the &' at the end to incorporate Lorentz invariance of
the amplitude. One can note here that the first term will vanish as a result of gauge invariance as
(k— pn)* = —2k.p, = 0 under k — 0. Hence, only the last term survives. The net effect is that,
up to an overall factor, the (k,n) pair is replaced by a single gluon carrying the momentum and
helicity of the nth gluon. Similarly, we have the contribution coming from Fig.2.3b. Hence, we

have the color-stripped amplitude as,

- .
A(172,---m,k,n,---,N)_>i( «-Pn  €-Pm

v _

A(1,2,---m,n,--- |N).
k.pn k.pm> ( )

This is up to a relative sign due to the antisymmetricity of the structure constant.

In CCFT, we assign a conformal operator to each of the soft particles whose soft energy
(@ — 0) limit corresponds to conformal soft limit A — 1 in the case of gauge Bosons and
A — 0 and A — 1 in case of gravitons [186]. An n—point scattering amplitude in YM theory

(in celestial basis) after Mellin transformation is given by,

Ajy . (Biy2irZi) = (Hg /dwz ; >3(4) (Z&'@'%‘) My, 0, (@4,2i,Z)  (2.18)

where the arguments (A;,z;,Z;) in both sides span over n values.

In YM theory, for any helicity configurations, after taking the soft limit of the nth particle,

we have our celestial YM amplitude in Mellin space [185] as

. 1 1
AJ]7J2a-~-7Jn—l(]n:+1) = (=) ( + _1> A D d (2.19)

Z(n—n Zn

For negative helicities, we have a similar anti-holomorphic relation.

Using the relation between the correlator and the scattering amplitude defined in Eq.(2.13),
one can now write the correlator corresponding to the above amplitude by summing over all

Chan-Paton factors [185] (see footnote 4). This gives

ai az An—1 an ayppa Ag(n—1) T (n
<OA17,10A27JZ...OAWIJWIOA”J) Y AT, Te(TUT%E Tt Tem)

oES,—1
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This gives us the Ward identity with the soft current, j*(z) = iim1 04 . (z,2),
4) tl

. b =\ b - bn -
(108, (01,20 Oy (222 - Ol (i)

n fabic b b
- le 737 <OA11711 (z1,21) - 'OZiJi (2i:Zi) - - OAZJn (Z"’Zn)> '
1= Cc

(2.20)

Similarly, we can find the Ward identity for the anti-holomorphic current j*(z) = il_}rn1 03 (z.2).
These Ward identities can also be derived using OPEs. In the CCFT technique, the soft and
collinear limits of the celestial amplitudes in a given theory are the necessary ingredients for
asymptotic symmetry analysis.

In the next chapter, we have shown the proper asymptotic symmetry analysis with the use

of the above CCFT technique in the case of Einstein- Yang-Mills and Einstein-Maxwell Theory.
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CHAPTER 3

ASYMPTOTIC SYMMETRY OF EINSTEIN-YANG-MILLS AND
EINSTEIN-MAXWELL THEORY IN 4D

This chapter is based on the work conducted in collaboration with Nabamita Banerjee and

Ranveer K. Singh, JHEP 01 (2022) 033, published on 10th January 2022.

3.1 Introduction

In this chapter, we have computed the asymptotic BMS algebra in Einstein-Yang-Mills (EYM)
and Einstein-Maxwell (EM) theories using the above-discussed CCFT technique. Both the
symmetry algebras are already known in the literature [153, 353], and our results match with
them. This analysis checks the alternate prescription of finding asymptotic symmetry algebras

for four-dimensional flat theories.

Celestial amplitudes are of immense importance as an independent entity in itself [344]. As
stated earlier, there are an infinite number of symmetries in asymptotically flat theories. These
symmetries impose constraints on the celestial amplitudes via Ward identities, which give us
the soft theorems in terms of celestial amplitudes [185]. Since the bulk scattering amplitudes
are related to celestial amplitudes via Mellin transformation, these constraints, in turn, imply
constraints on the bulk scattering amplitude. Thus, a more thorough understanding of celestial

amplitudes can uncover new symmetries and constraints on the bulk amplitudes.

Given the defined celestial amplitude, we then construct conserved currents of the CCFT via
shadow transform [351] of the conformal operators and compute the OPEs of various currents.
The OPEs give us the algebra of the Laurent modes of the currents using standard methods of
2D CFT. After quantization, these modes act as the generators of the BMS algebra. Thus, the
computations of asymptotic symmetry algebra reduce to the computation of appropriate OPEs,

which in turn depends on the soft and collinear limits in the bulk.

In Section 2.3, we record the preliminaries for writing the currents, including the properties
of conformal primaries, and set up notations for the rest of the paper. In Section 3.2, we define
the current corresponding to the conformal gauge Boson operator in EYM theory and write the
OPE with spin 1 primary operators. In Section 3.2.2, we derive the OPEs of different com-

binations of the EYM currents with the supertranslation and superrotation generators of pure
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BMS symmetry. We further construct a composite current and elaborate on its significance. In
Section 3.3, we compute the symmetry algebra from the modes of currents and find the u(N)
extended bms, algebra. In Section 3.4, we define the current corresponding to the confor-
mal operator in a u(1) gauge theory and use the results of previous sections with appropriate
changes to compute the asymptotic symmetry algebra of EM theory. We end this chapter with
discussions and open questions. Finally, in Appendix A, we compute certain integrals using the
global conformal invariance of the celestial correlators and verify the conformal dimension of
our normalized current using the traditional method of constructing OPE with the superrotation

generators.

3.2 Asymptotic Symmetry Generators in EYM Theory

In this section, we look for operators in the corresponding CCFT of EYM theory that will
generate the asymptotic symmetry of the theory at null infinity. As per our expectation in this
case the asymptotic symmetry algebra will be an extension of the usual bms, algebra by an

u(N) current.

3.2.1 The symmetry currents

We first construct the currents in our theory. Following [186], we define the energy-momentum
tensor 7 (z) (and T (Z)) as the shadow transform of the A = 0 graviton conformal operator Op _»

(and Op,1.):
1
(z—2)"

— 3! 1
T(7) = — d2 / /=
(Z) 271./ < (Z_Z/)4OO,+2 (Z e )

3!
T(z)= ﬂ/dzz' Oo,—2 (Z,7)

3.1

The usual superrotations of bmsy are generated by 7 and 7. The supertranslations are generated
by the supertranslation current P(z,Z) that is constructed from graviton conformal operators

with A =1 as in [186]. For this purpose we first look for the currents P(z), P(z) which are

defined as the level one descendant of the A = 1 graviton conformal operator as,

P(z) = d:01 42(z,2)

I_)(Z) = az(/)17—2(za 2).
52

(3.2)



3.2. Asymptotic Symmetry Generators in EYM Theory

Now, the holomorphic and antiholomorphic currents can be written as [186],

PQ)= g faPED,  PO=- faPRD). 63)

We now define a current corresponding to the conformal operator of the gluon A9, which would

generate the u(N)-gauge transformations as

a 1 2./ 1 a ! =
G'() = 5 [ d* &_jy0h4@¢>
(3.4)

d2/
27:/ ) 07 1(Z,7).

The OPEs of T,T and P,P with a primary operator O4 , with conformal weights (h,h) are

already calculated in [186]. We record the result here for later use,

h 1

T(z)Op (W, W) = mOAj(w, W)+ z——waWOA’E(W’ W) + regular.
- (3.5)

T(2)Opp(w, W) = Gow? _hw)z Onr(w,w) + s _1 = 0%Oa.¢(w, W) + regular.

For P(z) we have
A-1)(A+1) 1

P(2)Op (W, W) = ( J(A+1) Opt1,0(w,w) + regular (¢ = =£1),

4A — (3.6)

P(2)Onp (W, W) = (A ;(IA)j—AlJ)r 2) 1

Ops1,0(w,w) + regular (¢ = £2),

and similar OPEs hold for P(Z) with conjugated poles.

We now calculate the OPE of G* and G* with spin 1 primary operators OZ ;- For N such

primary operators, we have

M M
<Ga(z) H OZZI ZnyZn > = /dZZO (2—2 <Ol ~1(20,20) H OZI:”& (Zn7zn)> .
0
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Further, using the soft limit as in [185, Eq. (3.32)] we have

M
<Oi—l (Z()aZO) HOZZ,Z,, (Zmzn) >
n=1

y (3.7)
fab,c .
- ;ZZO—Z <OA1 El (Z17Z1) 'OAI-7£ (Zth) OAM ZM (ZM?ZM)>

The above relation implies that

a i by = J ab;c 1 2 1 1
G (Z)IJIOAM" (2n:Zn) ) = ZZf ’ E/d ZO(Z =

=1 —20)°20 — 3

b - . _ b _
X <<9A'17€1 (21,21) .. 0%, (21,7) ...O% (zM,zM)>.

To solve the integral we use (cf. [186, Eq. (3.7)])

9z0< ! ): ! 5 az< ! >_2n6(>(z()—z). (3.8)

72—20 (z—2z0) 0—12

Thus, the integral after integrating by parts, becomes

1 1 27
/ d*z / d*z ( ) o (—) = (3.9)
(z—20)° -7 =20 20— 77

Thus we get the OPE as

This gives the OPE
G (2)OR (w, W) = —— Y f*°O4 (W, ). (3.11)
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Similarly, we have

which gives the OPE

1
w—zZ

G (208 y(w,w) = Zf“’”OM( Ww). (3.13)

3.2.2 The OPEs of symmetry current generators

We now have all the tools required to compute the OPEs of the symmetry currents. The OPEs of
combinations of 7, T and P, P have already been computed in [186]. We compute the remaining

combinations below.

Constructiof of OPEs: G“G” and G°G’

‘We have

1 1 1
O (2nyZn :—/dzz —/dzz—
< H Al > 4r? Y220 "w—z1)
I
X ( Of _1(20,20)07 _1(z21,2) [T Op2 4, (2 Z0) ) -

n=1

Since this OPE involves double soft limit with identical helicity, it does not depend on the order
in which take the soft limit. We first take the soft limit corresponding to the gauge index a. We

have

M
<C9?,_1 (20,20)07 1 (z1,20) T ] OZZ,& (2n,2n) >
2

M fab[c bi=b _ . B but _
:ZZ_ - <(917_1 (ZIJZI)-"OAi7éi (Zi’zi)"'OAM,EM (ZM;ZM)>-
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We now take the first shadow transform. Using Eq. (3.9), we get

1
237

M
<Ga(Z)Gb(W)HOZ’:’€ ZnyZn) >— ZZf“’“/dza ! %
n=2 (w—2z1)

x (O (@1,21). OF i, (212 - OB, (vt ) )

Ay ly

The integral on the right hand side is regular as z — w as a result of the global conformal

invariance of the correlator in the integrand, see Appendix A.1.1.

This implies that the concerned OPE is regular. Hence,
G*(2)G"(w) ~ regular. (3.14)

Similarly,

G (z)@b(w) ~ regular. (3.15)
GG’ G“G" and the Composite Current

‘We consider

_ M 1 1 1
<Ga(z)Gb(W) [1ow., (Znafn)> = rjﬂ/dZZOﬁ/dzm(—z

n=2 —20 w—2Z1)

M
X <O(1171(Z07ZO)0117,+1(Z1721) H Oiljhﬁn (vazn)> :

n=2

This is a double soft limit with opposite helicities and hence we expect that the result to depend
on the order in which we take the soft limits. Let us first take the soft limit corresponding to

the gauge index a. Using the soft limit,

M
<O£117_1 (Z07ZO)O?,+1 (Zl 721) H OZZ,& (Znazn) >

fabc , ]
_ZZO—Zl <01 +1(21,21) . Opl 4 (ZM,ZM)>

(3.16)

abjc
sz (0N (1.2 O, ) Ot g, (s

M fabc b . ) » i
= Z’Z Z0—7; < 11 @6z Of g (20 Z) - O (ZM,ZM)>.
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and following the calculations of previous section, we have

M
G ) [[ Ok o)) = LT [ ]
n=2 " (W_Zl

) 2T
bi=b - ¢ _ by _
X <(917+1 (z1,21)... Op, g, (20 Zi) - Og (ZM;ZM)>~
We now take the second soft limit. We finally get

1 1
W—21)2 22—

1 M M
<Ga( HOAH,Z Zn,Zn)> = 2—2 ZZfab Cf llbUd/d2Z]

n=2

b: _ _ _ b; -
x <0A§7€2 (22.22).. 0% 1, (21.50) o OLy (2:2)) ... ORM (ZM,ZM)> ,

where for 1 <i <M, 2 < j <M, we have

Let us briefly explain various terms in the above expressions. Splitting the sum over i, the i = 1
term comes from the first term of the RHS of (3.16) and here b1; = ¢. The i > 2 terms come

from the second term of (3.16). Further, the integral is easily seen to be,

(3.17)
27 1
- _ £ 1
P (i#1)
When i = 1, we have
1 1 1 2 1 1 1
/d221 - —z~:_z—n1'/d221(W—Z )321 (Z—Z +z _Z.)

(w—21) 121 =% j ! boa (3.18)

2r ( 1 1 >
= — — _—|— — —
= \W—2 WwW—Z;

57



Chapter 3. Asymptotic Symmetry of Einstein-Yang-Mills and Einstein-Maxwell Theory in
4D

Substituting these integrals, we get

frostefinon)

M 1
[ Z Zfabcfcbj - ¥ Z Zfabcfcbj ]
2c¢,d

2= Zj 4o T—ZjW—2Z;

b > d _ b _
1 .
b; bb,d b; _
+2‘522§fa P (0%, (@22)...).
i=2 j=2c,

(3.19)

—b : : : .
Next we compute G (Z)G*(w). Proceeding as in the previous calculation we get

n=2 Z_Zi

<Eb( HoAn,ﬁ Zns Zn >— Zthb’c/dz - 1_
<(9 T (zna) - 04, (Zi,Zi)u-OZ”Aj’gM (ZMaZM)>

M 1
[ _Zzszac]ccbd +szbaCfcbd ]
j=2c,d

2¢, I iShed I=Ljw—gj

b _ d . b _
X <OA;£2 (z2,22) .- Ok, g, (z,Z)) -- oM, (ZM,ZM)>
1

+ZZZf””'”fa”” (02, (22,2) ).

i=2j=2c,d TUW L

As expected, these OPEs depend on the order in which we take the soft limits. To construct a

quantity which is independent of this choice, we consider the following combination,

G (2, 7w, W) := GY(2)G (W) — G (W)G*(2) = [G“(2), G (W)].
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Let us now compute the OPE.

M
Q“b(Z,Z; w,W) H O, .0, (ZnsZn)
n=2
M
1 1 1 1
abe gcbjd + <...(’)d Zj,%j >
1—22.:1'f ! (W—Zz—Zj Z—WW—Z,-) Aj’ej( %)

+fz abCfcbjd( 1 1 " 1 1 )<_”@d (Zz)>
I—ZiW—2Zj W—Z;Z—Zj Bty

j=2cd

‘i‘ffi(fabcfbb”d 1 1 fbbcfabljd 1 1 )
Z—ziW—2Z; W—Ziz—Zj

i=2j=2cd
. d .
X < O 0, (@0%i) - Oy, (27:2)) >7

where we used the fact that f%¢ = — fbac,

Recollecting terms after a bit of simplification, we have

M
<gab(Z,Z§ w, W) H OA,,,&[ (Zmzn) >
n=2

1 1 1 1
e + <...Od 2j,2j >
de f (W_ZZ_Z] Z—WW—ZJ) Ajjj(.]’ ])

I
ME

Jj=2
M abc gcb id ab ic rbed abc pcbid _ £bbjc racd
1 ) o) LA e ) L SR A B
imed (Z—Zj)(W—Zj) (W—Zj)(z—zj) e
M
abjc gbbyd 1 bbic pabsd 11 bix i}
+i,j2=20,d(f - Zj e Zj <0A27’~’2(Z2’Z2)"'>
i#j

The third term on the r.h.s of the above equation exactly vanishes on swapping dummy sum-

mation variables ¢ <+ d and i <> j.

Now using the Jacobi identity for structure constants,
fabc fced + faec fbcd + fbec fcad -0

we get,

;(fabc]ccbjd + fabijbcd) — ;(fabc]ccbjd + fbjaCfcbd) - _ zclfbbjc]ccad‘
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Similarly,

Z( fabc fcb id fbb ic facd Z fb jac fcbd (3 20)

Substituting these we get,

W—22—zj Z—WW—Zj

M l bbjc racd bjac pbed
. [( T A A ]<_..ogj,gj(z,~,z,->.-.>

—z)w—2;) (W—-2j)(z—z;)

M , 11 1 1
= Z fabcfcbjd ( — + —— ) <"'Ogj7€j (Zj,Zj) > (3.21)

Here the singular terms in the above correlator involve insertions of the operator Of _; (z,Z)
and Of ,, (z,Z) with shadow transformation which are G¢(z) and G°(z). We have the OPE

corresponding to our defined current,

<g“b(z Z ')ﬁo Z >
y W, W g An,én(zmzn)
= ZZfabcfcb d( 1 > Z;,Z]) >

= W—2z—2z; W Zj

abc M  rcbid
_Zf [_Zf J.< Ogj,é ZJ’ZJ

(3.22)
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Hence the OPE:

b

G ()G (W) — G (W)G*(z) = abeGe (z) +—Z FUGE () + regular.

We further extract the finite piece of G%?(z,Z;w, W) remaining at w = z. To this end, let us define

the current

GP(z7) = 1G%(2,752,7): = GG (3 -G (G ): = :[G“2).G()]:. (3.24)

Hence the correlator of the normal ordered current is,

M M bb jc racd b jac £bed
<gab(zjz)ljzozzﬂgn(zmzn> 5" [f fecd + fhiec ]<,,.ogj,gj(z,~,z,-)...>

(z—zj)(Z—%))

j=2c,d
M bc pcbjd
S d _
e S N
j=2cd (z—2))(Z-Z))
(3.25)
where we used Eq. (3.20). In particular, we have the OPE
ab =\ MC - 1 abd rdce e
G (2,2) 04 o(w, W) = Zf JCOR o(w, W) + regular. (3.26)

Z—wZ— Wde

OPEs: TG, TG" and TG, T G"

* T(z)G%(w):

We have

<T(Z)Ga(w) ﬁ O (2ns7n) >

n=2

M
_ 2 _ bn _
ilinl ﬂ/d 71— ) <T(Z)OZ71 (z1,21) H OAn,én (Zn,Zn)>

n=2
=1 d2 1 h ) M Obn _
Alinl_/ ! w—z1)* [ (z—21)° Ail(Z],Zl)nI;Iz Bty (%)
1 M
+——09; <OZ,1 (Z],ZI)HOZn.g (Zn,Zn)> +reg.,
z—2 13"t
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where we used [352, Eq. (3.19)]. Now since & = 0, the first term in the square bracket

vanishes. To simplify notations, put W =w —z; and Z = z —z;. We get

(06" ) [10% , (an ) )

n=2

—il_gn]ﬁ/dzm W223z1 <OA1 21,21 HOA ‘0 zn,zn)>+regular

n=2

1 1 1 1 4 _
= il_>m] ﬁ/dzzlz_w <m - W) am <OZ,1 (Zl,Zl) HOZZJ" (Zn,Zn)> +reg.

Using integration by parts in the first term in the above integral, we get

n=2

M
= —ilﬁm1 o /d 210, (—) <OZ7_1 (z1,21) H OZZ,ZH (Zmzn)>

n=2

M
by =
S N e )

n=2
- b
= <aWGa(W) H OA’;,Zn (Zn,Zn)> 3
n=2

M
ilirllg/dZZI Wzazl <OA -1 (Z] ZI)HOZ’:”E,/; (Zn,Zn)>

where we used the fact that

1 1

821 W — —awm

Next, using integration by parts, we have

M
2 by =
ilinl g/d ZIWZazl <0A —1 (Zluzl) HoAn,ﬁn (Znuzl’l)>

n=2

1 M
2 5 b 5
~—lim 5y [ £ (sz ) (Ot ot, e )

n=2
1 M b
= lim — [ d 04 7 o Z
A‘E‘lzn/ Zl( wWZ WZ2> o1 @120 [1On 4, (o2

1

u b
R~ <Ga(W) HOAZ,K,, (Zn,zn)> .

n=2

where we have used,
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The first integral is shown to vanish in Appendix A.1.2 as a result of the global conformal

invariance of the correlator in the integrand. Putting together everything we get

(106" ) [10%, (an ) )

n=2

_ 1 a d Obn = 1 9.G% M Obn -
= m<G (W)H Anyln (Zn,Zn)>+Z— G (W)H N (Zn;Zn) .

n=2 n=2
(3.27)

This immediately gives the OPE

T(z)G*(w) =

1 1
EE=mE G*(w)+ p— d,yG“(w) + regular. (3.28)

e T(2)G%w) and T(2)G" (w):

We have,

(TOe w10k, (o))

n=2

M
2 (s _ b _
= ilinl ﬁ/d V4 B W Z] <T(Z)OZ7_1 (ZI,ZI) HOAmgn (Zn,Zn)>

n=2

}_l M
_\2 OZ,—] (21,21) H OA,”E” (vazn)

= lim —/dzzl
A12T w—21)*|(z—21) ne2

1 . B _
+ ﬁazl <OA7_1 (z1,21) H OZZ,&, (Zn»Zn)>

n=2

+reg.,

where we used [352, Eq. (3.19)]. Using integration by parts in second term and simpli-

fying the notation by putting W = w —z; and Z = 7 — 7| we get

< HOAn 4, ZnaZn

—1 M b _
= lim 2ﬂ/d2m W5 <OZ,1(Z1721)H0A2,€,1 (Zn,zn)>
1

n=2
1 a = M by, -
~ 5 (aZIW) <OA,1 (z,2) [TOR .. (zn,zn)> +reg.
n=2
M b
= —iILI% 2—/61221 ( 21 W2> <OZ’1 (Z] 721)"1;120A71,€n (Z}’I7Zn)> +reg-
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where we used integration by parts and the fact that # — 1 when A — 1.

Now,

1 1 1 _ _
821 W = azazl W = azl azl W = —27‘(8115(2) (Z1 — W)

So we get,

_ o 1 M
TG ) = limF [ 215 0,87 (21 - ) <Oz,1 @2 [0k, <zn,zn>>
n=2

- 1 L a P _
=—limh dzzlf 8 (71 —w)a, <0A71 (z1,21) HOK’;L)H (zn,zn)>

A—1 ool

=2
—-Ww

M, _
<Oz,1<w,w> oy, <zn,zn>>

= —1limJd,
A—1

NI =

Now the soft limit in the numerator is given by:

A—1

M
lim <OZ71(W7 W) H OZ’:L/n (ZrmZn) >

Thus we get,

i=2

o M ) fabic
<T(Z)Ga(w) I:[ZOA’:”E,, (vazn)> = —0y [Z Z (W—2)(z— W)]
X <(9221742 (z1,21) ... 04, (z0,2) ... OF (vazn)> :

It is now clear that we will get delta functions 82 (z —w), 8 (z; —w), and the OPE will
be localised at z = w, w = z; respectively and each term will be regular as z — w.

Thus we conclude that,

T(2)G*(w) ~ regular. (3.30)

Similarly,

T(z)G" (W) ~ regular. (3.31)
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* T(3)G"(W): We have,
_ —a M b
<T(Z)G ) [TOR ¢, (@ 2n) >
n=2
1 —
2
~lma [ le—m<” AT )
—11m—/d2z1 h Ox .1 (21,21 HOA (2n,2Zn)
) n7 n ny<n
A—127 (w—21) 2 (Z—Zl) + n=2

1 M
+ 5 __ Z] aZl <OZ7+1 (Zlazl) H OZ:[,, (vazn)>

<z n=2

+reg.,

Since A — 1 implies & — 0, following previous calculations, we see that

M
- — 1
(T@G [0, () ) = o2 (T HO (en))
" 1 (332)
+— <& GY( )HOZ"e (zn,Zn)>-
Z_ w n:Z 1yt n
This implies the OPE as
T(2)G*(w) ! G'(w) + L, G (w) +regul (3.33)
W) =-——5G (W) +—=0sG (W) +regular. .
: (z—w)? =" &
PG*,PG*
We have,
P Ga — li /d2 /I O4 /=
(2) Al_>m1 o ( ) A—1 (Z ,Z)
Now by [352], (’)“ _; 1s a primary field with conformal weight 7 = A L h= A% Thus using
[186, Eq. (3.17)], we have
A-1)(A+1) 1 -
P Ga _1 /d2 / ( a i .
(z) lim > o) m (z—z’)OAH’*l (,7) +reg
Hence,
P(z)G"(w) ~ regular. (3.34)
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Similarly,

P(z)G" (W) ~ regular. (3.35)
Similarly, we have

P(2)G" (W) ~ regular. P(2)G" (W) ~ regular. (3.36)

Thus we have obtained all the required OPEs for the current operators on CS>.

3.3 Asymptotic Symmetry of EYM Theory

In this section we find the asymptotic symmetry algebra of our theory. As noted earlier, we
expect the algebra to be an extension of the usual bmsy with u(N) current. Thus apart from
the usual BMS algebra [186] generators Ln,Lm,Pn_ L1, We also have Gﬁﬂﬁz, which are the
modes of the u(N) currents. The BMS supertranslation operator P(z,Z) is a primary operator

of dimension (3,3) which is mode expanded as,

Pz2)= ) By, 12" (3.37)

where P 1 are the supertranslation generators.
2 2

Since, h = 1 for G(z) and h = 1 for G(Z), we have the following mode expansion:

—b
G4 —b,_ G
Ga)=) -2, G@=Y -4 (3.38)
mEZZ nEZZ
where,
Gt — L f B2 "G(2), G = —— 7§ dz7G(2). (3.39)
m2mi ’ 2w

To this end, we use the OPEs that we have computed in the last section to get the algebra of
G, G,. To find the extended algebra we compute the commutators of G,,, G, with usual BMS

algebra generators. OPEs of Eq. (3.34), (3.35) and (3.36) immediately implies:

[G“ P l}z[ém,P | 1]:[GZ1,P_%” I}Z[E;,P_l l]zo. (3.40)

) — =~ — — =
m=n—z,—5 27
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The remaining supertranslation generators are given by [186],

_ ——m+1
P”*%v’”*i_ m+1 %d )’P"*%v*%] (341
Then
a ——m+1 -
(8 tet] = gy f 5 [0 [T p ]

(3.42)

Here we have used the OPE relations of G* with T and the commutation relation in Eq.(3.40).

Similarly for the antiholomorphic current, |G,,, P, Lot | =0

Hence, we can write,

(G Pet] =[Gy Pra] =0 (3.43)

where m,n € Z and k, 1 €Z+%.

The OPE of G%, G* with T, T respectively in Eq. (3.30), Eq. (3.31) implies
[Lin, Gy = [Ln,GE] = 0. (3.44)
OPE in Eq. (3.14) and Eq. (3.15) gives

[an,Gﬁ] =[G, G =0. (3.45)
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Next, we compute the commutator of G¢% with Virasoro generators. We have

[Ln 5 Ga

j{dzl n+1 /m [T ) Ga (Z/)]
_ —(271 B ?{ dz f{ d7/ 7" € _1Z,)ZG“ () + ()

1
%dz/ 'm n_|_1 /nGa Z/ _Z_ﬂ:‘%dzl(m_f—n“[‘l)Z/m—i_nGa (Z/)
1

= (n+1)G,“n+n (m+n+1)Gy

_ a
- _me+n

where we used integration by parts. Thus we have

(G4, L, = mG2,_,. (3.46)
Similarly,
(G, Ly] =mG,,.,. (3.47)

We also have a composite current G%°(z,7) in our theory. We have the following Laurent ex-

pansion for G%(z,7) (see Appendix A.2):

GP(zz)= Y G mlz (3.48)
nmeZ
with
ab 1 = _mznpab =
Gon = 2 j{dzz 7'G(z,2). (3.49)

From the OPE of Eq. (3.26), we have

G 08 (07)] = s f 74 az 22" [6(z.2). OM( )
- Zf“bdfd“ fdzj{dz " Ao (w;w)
d,e

— W Zfabdfdceoie(w, VT/).
d,e

In a similar way, using the OPEs in Eq. (3.11), (3.13) and the integral expression (3.39) for the
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—b
modes G¢, and G,,, we have

(G O )] = =" 008 ()

ZfaCdOA W W)

[EZ,OZ’K(W,W ]
Thus we have

164, 05w ) ] = [ |G 05mm)] | =[G [ G5 0% sm )

WY S| Gl OF o) |+ WY o |G, 08 o 9)|
d d

— M [ZbedfadeOZg (W, W) _ ZfaCdfbdeOZ,Z(Wﬂ W)]

d,e d,e

— W z“fabdfdce(gz72 (W, W)

d,e
= |Gom, 08 ()|
The above expression further justifies the equality of the two operators as

gt = [G4,.G,) = G4G,, — GG, (3.50)
Next we look for,

[G,%;,Lk} [G“G ~ Gl Lk}

=Gy, |Gy L] +1G3, i) G, — Gy (G Ll — | Girs L] G

(3.51)
=mG* +kG —mG. 2 Gmak
= mgm+k n
Similarly,
(Gom Li| =Gt (3.52)

Finally, to commute the commutator of g;;j; with gkl , we compute its commutator with an
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arbitary primary operator OF ,(w,w). We have

|GG | 08 m )| = [Gin |G, OR 0 9) | | = |G |G, 05, w9
= whitl Y ¥ ptee [ et OF (. w)]

d,e

m Z pabd pdce [gkl 0% 4 (w, W)}

de

_ Wm+kwn+l [Zfa’b’dfdce Z fabd’fd’ee’(/)ie (W, W)

d.e d.e

Zfabdfdce Z f a'b'd’ d’ee Oig(W, W)]

d e

— Z fabd’fa'b/d <Wm+kwn+l Zfd/defeceloziz (W, W))

dd' e,e

bd cd'b'd -
= Z fa fa [gm+k n+il» OZ,E(Wv W)] .
d.d
where we have used the identity of structure constants for simplification. Hence we conclude

that
[g;;’:,,ga b'] Y pobd patidgdd, . (3.53)

dd’

Now collecting all the commutators we get the complete set of algebra as,

[Ln,Ly] = (1 — 1) Lynn :g,fj;,PkJ] —0

BBl =nnln (] -nG,

[Ln, Pra] = (%n - k) Ptk :Q%’l,z ] =n mbn+k, G:>9
[Ly, Py] = (%n — l> Pint1 :gfnl:w gl?zlb] ;;,,fabd,f /b/dgm+k nt-

The above algebra (3.54) is our bmsy with an u(N) extension [186]. This is the infinite-
dimensional symmetry algebra of Einstein-Yang-Mills theory on CS? and can be compared
to the asymptotic symmetry algebra of the same as given in [353]. On comparing with [353],
we see that our method gives exactly the same algebra as theirs, but in a different basis. In

particular, we see that the generator jfn’” of [353] is related to our generator G% as follows:

g%bn Z fabc mn

70



3.4. Asymptotic Symmetry of EM Theory

Thus we see that the asymptotic symmetry algebra eymbms, of EYM-theory has the structure
of the semi-direct sum of superrotations with the direct sum of the abelian algebra of super-

translations and nonabelian u(N)-gauge transformations represented by G2
eymbmsy = Superrotations & [Supertranslations & u(N)-gauge transformations] .

In the above formalism by introducing the conformal operator for u(N) gauge bosons, we have
generated the symmetry algebra of the corresponding theory. In the next section we follow
the same procedure to find the asymptotic symmetry algebra of Einstein-Maxwell theory by

introducing the conformal operator of a single gauge boson.

3.4 Asymptotic Symmetry of EM Theory

In this section we look for the asymptotic symmetry for Einstein-Maxwell theory, using the
OPEs of the corresponding CS? amplitudes. Following the same prescription as of the last
section we define the current corresponding to the conformal operator of the photon A* which

is supposed to generate the u(1)-gauge transformations in a similar way:

1 1
G(2) / a7 O1-1(2,2)

R (z—2)?

— 1 1 _
G(Z) = E/dzzl (Z_Z/>201’+1(Z7Z)

(3.55)

We now calculate the OPE of G and G with spin 1 primary operators Oa,¢. For M such primary
operators, we have by Eq.(2.13),

<—20

M 1 1 M
<G(z) I:IIOA,,,en (Zn,Zn)> = ﬁ/dzzoﬁ <(’)17_1(zo,20) I:IIOAMn (zn,Zn)>.

When the gauge group is u(1), the soft theorem does not involve the gauge group factors. In
particular for M bosons interacting in EM-theory, the correlator of the corresponding conformal
operators Oy, ¢, is related to the scattering amplitude Ay, g, in Mellin space as follows (cf.

[185, Eq. 3.30]):
M
<H0An,€n(zmzn)> = Z AZ,,,,jM(Zn,Zn)a (3.56)
n=1

oESy—1

where AZ ...y, 18 the partial amplitude corresponding to the permutation of the M — 1 external
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legs fixing the first leg. The soft limit of [185, Eq. (3.32)] transforms to

M
<(917—1(20,Zo) [104,.6, (zn,20) >
n=1
_ f I
i=1

20 — Zi

(3.57)

(Op0y (21,21) - Onp, (20 Zi) - .- Oyt (200 Zn) )

Using this and following the calculations on previous sections, we easily see that

M M
1
<G<Z) H OAn,fn (Zn;Zn>> = — Z p— <0A1,€1 (Z];Z]) .. OAifi (Z,‘,Zi) . OAmfn (Zn,Zn)>
n=1 i=1 i
_ M Mo
G(Z) H OAn,én (Zn;Zn> = — Z P <0A1,£1 (Z],Z]) . OAifi (Z,‘,Zi) - OAmfn (ZVHZ}’Z)>
n=1 i=1 i
(3.58)
This gives the OPE
_ 1 _
G<Z)0A,€(W7 W) = — OA7g(W, W)
_ e (3.59)
G(2)On,e(w,) = === O e(w, ).

The OPEs of Sections 3.2.2, 3.2.2 and 3.2.2 remain the same without the gauge indices. Finally,

we see that due to the absence of gauge factors £, the OPE of the new current

G(z,2) = :G(z)G(2) —G(2)G(z) :

is regular:

M
<Q(Z,Z) H Oa, .0, (2ns Zn)> ~ regular. (3.60)
n=1

To find out the algebra, we Laurent expand the currents:

Gm  =.- n
G(z) = ;Z_z’"“’ G(Z) = ;Zz"“ (3.61)
m n
where,
1 m — 1 S
G, = ﬁj{dzz G(z), G,= %j{dzz G(2). (3.62)

72



3.5. Conclusions and Open Problems

The algebra remains the same as in Eq. (3.54) except that now the commutator

as can easily be verified using the OPE in Eq. (3.59) and following the same method as in the

proof of Eq. (3.50). We collect the algebra here for completeness:

(G, Pei] =[G, Prs] =0

(L, Gy| = [Ln,Gu] =0

(G, Gn) = [Gi,Gy] = [G,Gu] =0 (3.63)
[Giny Ln] = MG

[Ema Zn} = mém—i—n-

From the algebra above and the algebra of supertranslations and superrotations, we conclude
that the extended bmsy algebra of EM-theory has the structure of semidirect sum of superrota-
tions with the direct sum of the abelian algebras of supertranslations and u(1)-gauge transfor-

mations [153]:
embms, = Superrotations & [Supertranslations @ u(1)-gauge transformations] .

We remark that the asymptotic algebra calculated using the methods of [153] only gives the
global Lorentz transformations although we have recovered the complete local superrotations

algebra using our methods.

3.5 Conclusions and Open Problems

In this chapter, we have used the CCFT technique to compute the asymptotic symmetry alge-
bra of EYM and EM theories in four spacetime dimensions. We defined the celestial conformal
operators corresponding to the symmetry currents of graviton and gauge boson fields of the
bulk theory and computed their OPEs using the well known soft and collinear limits [122]. The
resultant correlators, in their singular (OPE) limit gives the bulk scattering amplitudes where
one or more of the incoming particles are soft. Using the standard methods of 2D CFT we
computed the symmetry algebra of modes of these current operators, that finally gives us the

asymptotic symmetry algebra of the bulk theory. The asymptotic symmetry algebra of the EM
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theory is obtained from that of the EYM theory, by setting the non-abelian structure constants
to zero value. These give us the extended bms, symmetry algebra, in presence of non-abelian
and abelian spin 1 current. In the case of EYM theory, due to its non-abelian structure, a com-
posite current conformal operator playes an important role. Our results match with the known
results in literature [153, 353] upto a generator redefinition. This bolsters the proposal of Taylor
et. al. [7, 185, 186, 344, 353, 354] of using celestial CFT correlators to compute asymptotic

symmetry algebra of flat field theories.

Recently, the CCFT approach has been extended to calculate the asymptotic symmetry al-
gebra of N’ = 1 supergravity theory [7]. The asymptotic symmetry algebra, in this case, is
an infinite dimensional extension of the bms, algebra by the fermionic current modes. This
work made use of supersymmetric ward identities to extract the soft and collinear limits of
conformal currents associated with gravitons and gravitinos. It would be interesting to extend
this approach to other four-dimensional N > 1 supersymmetric field and gravity theories. In
N > 1 supersymmetric theories, due to the presence of R-charges, it is expected that the re-
sultant extension of the asymptotic algebra will be “nontrivial”. One prime ingredient of the
CCFT approach is the soft and collinear limits of the (super)conformal operators corresponding
to the particle excitations in the theory. Thus, the extension to A/ > 1 case requires the study
of soft and collinear singularities in those theories. Such a study appeared in [221] for N = 4
Super Yang-Mills theory. It would be interesting to use their results for finding the asymptotic
symmetry algebra for N’ = 4 Super Yang-Mills theory. However, an even more interesting
scenario would be to study the extension of the BMS algebra for supergravity theories with
N > 1 supersymmetry. One such candidate is the A" = 8 supergravity (I will do the complete
asymptotic analysis in Chapter 5), which is related to N = 4 Super Yang-Mills theory via the
double copy relations, and hence, an analysis of soft and collinear limits would be tractable in
this case.

In the next chapter, I will report these using the double copy relations, keeping the motiva-

tion for the symmetry construction in A/ = 8 supergravity in mind.
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CHAPTER 4

SOFT AND COLLINEAR LIMITS USING DOUBLE COPY
FORMALISM

The work mentioned in this chapter was conducted in collaboration with Nabamita Banerjee

and Ranveer K. Singh, JHEP 04 (2023), published on 26th April 2023.

4.1 Introduction

Although the dynamics in gravity and the gauge theory are different, we can establish relations
between these two. The one well-known relation is in the context of AdS/CFT correspondence,
where we have the relations between the weakly coupled gravity and strongly coupled quantum
field theory. Here, we will be specific to the weak coupling regime only, which is better de-
scribed by the recently developed in-hand technique of Double copy formalism. A brief review
of the formalism is given in section 1.5, showing the duality using this multiplicative bilinear

operation.

As we know, double copy formalism is well-suited to construct on-shell scattering ampli-
tudes in gravity theories from on-shell amplitudes in gauge theories. However, there have been
off-shell developments for double-copy constructions in the context of field theory. The co-
variant fields in both gauges get double-copied to give rise to gravity fields, which give rise to
the map at the level of Lagrangian [355-360]. As an application to the perturbative classical
gravity, the off-shell methods are applied to worldline effective field theories [361-369]. Some
advancements are in the case of perturbative double copies of the classical fields, which are
generalizations for the on-shell KLT relations [101, 370-375]. Considering the exact solutions
of the general relativity to be Schwarzschild and Kerr black holes [376], we have Kerr-Schild
Double copy [377-379] and Weyl double copy [380, 381] as some of the exact double copy
formulations in classical gravity. These results hint towards the geometric formulation of the

theory of general relativity beyond the realm of perturbative analysis [382].

This chapter focuses on the on-shell methods of the scattering amplitudes and is explicitly
dedicated to the low-energy (IR) sectors, like soft and collinear sectors of the scattering ampli-
tudes in both gauge and gravity theories. Here, we calculate the soft and collinear limits of all

possible helicity combinations in N = 8 supergravity using the known double copy relation to
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N =4 SYM. General formulas for the double copy of amplitudes exist in literature [216, 217],

but to our knowledge, they have not been worked out explicitly.

Other than the case reviewed in this thesis, in the case of maximally supersymmetric the-
ories, there are other double copy relations successfully incorporated in different theories, like
in the effective theory of the Non-Linear Sigma Models (NLSM) [383-385]. Scattering ampli-
tudes in theories with extended A > 4 supersymmetry are given in terms of the double copy
relations involving A/ = 4 super Yang-Mills (SYM), Yang-Mills (YM) theory or other SYM
theories [386]. For a review of the web of theories at the tree and loop level of the quantum

amplitudes, the reader must visit the work by Bern et al. [387].

In Section 4.2, we briefly review soft and collinear limits in N' =4 SYM, which we use later
in the chapter. Double copy and the relevant formula relating to the amplitudes are reviewed
in Section 1.5.1. In Section 4.3, we recall some basic facts about N' = 8 supergravity and state
our conventions for its factorization into a pair of N' =4 SYM theories. Finally, in Sections 4.4
and 4.5, we record the explicit soft and collinear limits of supergravity amplitudes. In the main
body, we have tabulated the collinear limits of the amplitudes with the appropriate R-symmetry
indices, and the detailed calculations have been postponed to the appendices for reference. The

appendices also include spinor-helicity formalism and a list of computational results.

4.2 Soft and Collinear Limits in ' =4 SYM

As detailed in the introduction, in this chapter, we shall be studying the interesting limits of
supergravity amplitudes using double copy relations. For this purpose, we use N =4 SYM
as a machinery to find our desired results for gravity. Let us briefly recall some of the prime
properties of A/ = 4 SYM. There are 16 different fields in N = 4 SYM, all of which can
be packaged in a single superfield. Let {n, 3:1 be the Grassmann odd coordinates on the

superspace. Then the superfield for ' =4 SYM can be written as

1
¥(p,n) =G"(p)+nal%(p)+ 5nanb<1>“” (p)
! (4.1)

1 — 1 abc —
+ 31E NNy (P) + 7€ ManpnenaG ™ (p)

where G*(p) denote positive and negative helicity gluons, I'% ,I', denote positive and nega-

tive helicity gluinos respectively and ®* denotes the scalars. The superamplitude of n such
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superfields is then given by the n-point correlation function

Au({p1.n' A" = (Fi(pi,n') . Pa(pa ™)) 4.2)

We sometimes suppress the momenta p; and superspace Grassmann coordinates 1’ and sim-
ply write A4,(1,2,...,n). Expanding both sides in 1 and comparing, one gets the scattering
amplitude of all the component fields. Next, we find the soft and collinear limits of the super-

amplitude. We begin with the soft theorem following [113]:

An (o ays,by) P20 SofS™ (a,5,6) Au_1 (- a,b, ), (4.3)

where p; is the momenta of the soft superfield and a, b are the adjacent superfields. The soft

factor Soft>YM (a, s, b) is given by [214]
1 1
SofttXM(a,5,b) = ?SOft(O)ﬁgflM(a,s,b) + ESOft(l)ﬁgiM(a,s,b). (4.4)

where (0) and (1) indicate the leading and subleading terms. Let us explain the above notation.
We associate a pair of spinors (s, /) with every soft momenta p;. The limit (hy,hg, 1) —
(ehs, fzs, n’ ) with € — 0 and A, some fixed spinor (namely Ay — 0) is known as the holomorphic

soft limit. The holomorphic soft factor is then given by [214]

oft (S Mg s p) — L _tab) [ {sa) (54 O g
Soft(k)por " (a,5.b) = - Tas) (55) {(b@ (h P +(n )ca(nb>c)

Similarly the limit (h,hs,1°) — (hy, €hs,1*) with hj a fixed spinor (namely /; — 0) is known

4.5)

as the anti-holomorphic soft limit. The anti-holomorphic soft factor is given by

k

(4.6)

The physical soft limit p; — 0 is equivalent to considering both &g, h; — O simultaneously.
Thus, in the physical soft limit, the soft factor splits as the sum of holomorphic as well as the
anti-holomorphic soft factors. We use these results in Section 4.5 to compute soft limits in

supergravity.
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Next, we discuss the collinear limits. In the collinear limit, we take the momenta of two
adjacent superfields p; and p; to be collinear. Under this limit, the two subfields can fuse to
give another superfield with momentum p, = p; + p>. We parametrize the momenta of the

collinear superfields as

p1=2zp12, p2=(1—2)pi2, “4.7)

where z corresponds to the combined momentum pj> on the celestial sphere CS?. Since p1+
P2 = p12, we see that, for massless fields, the collinear limit py||p, implies p; - p o< p% =0
which is equivalent to the condition p%z — 0. Now the collinear limit in A =4 SYM is given

by [126, 221]

2 0 2
An(172737 T ,}’l) pE; Z /d477p12 Sp]itl—l (172;P12) An—l (P12>37 T 7”) . (48)
=1

The [ = 1,2 terms in the collinear limits are called the helicity-preserving and helicity-decreasing
processes. The collinear singularity is contained in the split factors. The split factor of the he-

licity preserving process is given by [126]

1 14
Splity (zzn', 1, n"?) = ) <12>I:Il( 512—ﬁn$—\/1_—zn§). (4.9)

Whereas for the helicity-decreasing process, the split factor is given by [126]

1 1

4
— 1n2 /1 —nlnrn 2..P12
z2(1 —2) [12] al;ll (nana 1 —zn,ni +angnl > . (4.10)

Split_, (zzn',n*,nP2) =

The integral over 1712 can be performed using general results of Grassmann integration.' Here

a=1
, 4.11)

=5 (vimand - vand) ().

!'As an example for any function f(n) we have [221]
4
[dinr 89 @r—m s = [dnr Tz =na) () = fn).
a=1

where, 5(4)(17” -n)= Hizl (775 - 77a) .
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Using these, we express the collinear limit (4.8) as

z 2
An(l7273;"',n) pgo;ié(‘l) (\/1_Znal—\/zn5) -An—l ({PlZ, na }’37... ’n>

z2(1 —2) [12] N
1 1
+ () <12>An71({l?127\/Enaljt\/l_—zng},&m ).

(4.12)

Expanding both sides in ' and 12, we can get collinear limits of the component fields. For

the collinear limit of component fields, we use the following notation:
A1 2% ) LB Y SplieSTM(z 1 22)A, (o, ), 4.13)
h

where A,, is the amplitude of n different fields in the theory, and the sum is over all helicities in
the theory. Note that the split factor is trivial for helicities 4, which does not have corresponding

interaction with /7 and h;. The split also satisfies the conjugation relation [126]

Split_, (z;ahl,bh2> — Split,., (z;a_hl,b_h2> ables @t (4.14)

The split factor of component fields in SYM has two parts: the kinematic part and the index
structure part. The kinematic part only depends on the momenta of the collinear particles, while
the index structure consists of the SU(4) R-symmetry indices of the component fields. As indi-
cated earlier, one can compute the kinematic part of the split factors for various combinations
of helicities by expanding both sides of (4.12) in ', and then comparing the coefficients.

This has been done using Mathematica. The non-trivial split factors for collinear gluons are:

1 1
Split Y™ (z,a!,pt1) =0, Split>¥M (z,a*!,p!) = ,
2(1 —z) (ab)
(4.15)
ST (a6 1) = |2 L szt 1y = (L2
+1 ) bl 1_Z<ab>7 +1 ) ) Z(l_z> <ab>’
The split factor for collinear gluinos and scalars are:
1 11—
Splits™ <z,a+%,b+%) = SplitSYM (z,cﬁ%,b—%) _ (<ab)Z)’
4.16
syM (14l z LSYM (. 0 10 1 10
Spht+1 (Z’a 2’b 2) :m’ Splltl (Z,Cl ,b ) = Z(I—Z)m
a a
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Finally, the split factor for mixed helicities are

1 Z 1 1 1—z 1
SplitSYM (z,a z,b“) = Spli ( atl b )
+% A /(] —7 <Cll’)> \/Z
Splic ( +%,b+1> - %ﬁ Split ( atl bt = i—,
Z
Z
1—z

)
V(1 —2)a
1
Splitg™ (z,a%,p"") = T2t Splitg™ (z,a*!,6%) = ,/ <
/7L
(ab)

SphtSYM< ao,b+%> - ﬁﬁ’ SphtSYM( +7,b°)
a

All the other split factors can easily be obtained from Eq. (4.14). We now list the index structure

part of the split factors for various component fields. We obtain it by expanding both sides of

(4.12) in n' and n? and comparing the coefficients. Some of the index structures have been

worked out in [221]. We complete the list here. Note that the index structure in the collinear

limit of a gluon with any other component field is trivially determined; hence, we omit them

from the table below.

Collinear fields Resulting index structure
<o Pab
r,.I;, 71 €abea P’
r<,r, 51 G*
e, Pbe eabcdl-;
T, @b 21517
o, ped gabed G+

Table 4.1: Index structure in collinear limit in A" =4 SYM
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4.3. N'=8 Supergravity

4.3 N=8 Supergravity

In this section, we briefly review the field contents and basic properties of the theory and also

establish notations that we follow in the remainder of the chapter.

Let {na }2:1 be the Grassmann coordinates on the A = 8 superspace. The degrees of N' =8

supergravity for an on-shell superfield is defined as

P(p,n) =H"(p)+Mavi(p) + 4G (p) + Nascx’* (p)

(4.18)
+ Nascp®**P (p) + 1w (p) + 1P Gy (p) + 1wy (p) + 1H (),
where we have introduced the notation
NA,..A, = ET’AI -+ Na,
ﬁAl...A,, — 8A1"'A"Bl"'387"7731,,,B8fn 4.19)

8
1 =[]na
A=1

The fields H* represent graviton, GﬁB and G, , represent gluons, l//ﬁ and y, represent grav-
itinos, x#¢ and . represent gluinos and finally 48P represent the real scalars. The
(sub)super scripts + denote the positive and negative helicity of various fields. The superam-

plitude is then defined by

Ma({p1,n'} - Apa ™) = (P1(p1,0") .. alpa, ™). (4.20)

We now explain the factorization of states in supergravity into tensor product of states in super
Yang-Mills. We begin by counting the degrees of freedom in the two theories. It is summarised

in Table 4.2 below.

The precise factorization of fields and operators are given in [215]. We summarise the
factorization in Table 4.3 below. The second factor of N' =4 SYM is written with a tilde to
emphasize that the factors of the two gauge theories are not identical. The following notation
is used in the table below and in the rest of the chapter: uppercase indices A,B,C,D,... €
{1,...,8} will denote indices in N/ = 8 supergravity, lower case indices a,b,c,d € {1,2,3,4}
correspond to first SYM factor and r,s,7,u € {5,6,7,8} correspond to second SYM factor.

In particular, in equations where both upper and lower case indices have been used, we will
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N = 8 Supergravity N =4SYM)® (N =4SYM)
70 Scalars 36(000);1(—1®@+1);1(+1®@—1);16(+3 ® —5); 16(—5 ® +3)
112 Gravi-photinos (+) 48(+3®0);48(0® £5);8(£5 @ F1);8(E1 @ F3)
56 Graviphotons (+) 12(£1®0);16(+3 @ +5); 16(—5 ® —3)
16 Gravitinos (%) 8(£1®+1);8(£1®+])
2 Gravitons (+£) 2(£1®=+1)

Table 4.2: Factorisation of N' = 8 supergravity states into N' = 4 super Yang-Mills states

assume A =a and A = r and so on when 1 <A <4 and 5 < A < 8, respectively. Further note

that the scalars in supergravity and super Yang-Mills satisfy the self duality relation, [215]

1
EFGH
DPapcp = — 08EABCDEFGHP

41
1 cd

Dy = 5a48abcdq) (4.21)

~ 1 _

D, = 5a4€rstuq)m

with a4, 0y, 03 € {£1} along with the consistency condition [215, Eq. 2.12],
o0y = 0g. (4.22)

and €45 g is the Levi-Civita tensor in 8 dimensions and €4, €5, are Levi-Civita tensor in
4 dimensions. Note that since 5 < r,s,t,u < 8, €., is defined using permutations of 5,6,7, 8.
Using this factorization, we can find the collinear limit of any two states in N/ = 8 supergravity.
The possible choices of the self-duality factors (@, 04, ag) are (1,1,1),(1,—1,—1),(=1,1,—1),(—1,—1,1).
Based on possible choices of the self-duality factors, we have four different ways of getting the

supergravity amplitudes via double copy.

4.4 Collinear limits in \/ = 8 supergravity

In this section, we compute the collinear limits using the component field formalism. The

double copy relation of collinear limits in component formalism is given by

My (127, ) 2B Y SplieSG (2, 10 28, (), 4.23)
h
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H =GtG™T H —G G
W4 =T1G* W TG
¥, =G, W =G T
G;b = PG G, =PuG"
G =TI, Gy =TT,
Gy = G+ G- =G,
2§ = e, G* Xape = —O4€apcal 4G
%ibr q)abrr X = Pl
2 =T Xars = Ta ®rs
Y = dse™ G X = ~ QG T

q)ahcd oy 8ahch G+
q)abcr oy gabcdl—* 1—*r
q)abrs (I)abq)rs
parst — dy erslul—*a 1—‘—
prtu — d48rstuG+G—

D uped = MuEapcaGTG™
_ d T—

q)abcr - a48abcdr+rr

q)abrs = q)abcbrs

Dyt = d48rstur‘; Flj_

(I)rslu = d48rstuG_ G+
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where the split factor Spliti%(z, 1/1,2/2) is given in terms of the split factors in N = 4 super

Yang-Mills theory as follows:

split>S, . <z, 1’11”11,2’12%) = — 512 x SplitST™M (z, 1h1,2h2)
o (4.24)

x SplitSYM (z,th, 1’“)
where (h+ ﬁ) is the factorisation of A/ = 8 supergravity state with total spin / -+ & in terms of
two copies of A = 4 super Yang-Mills states with spins &, respectively according to Table
4.3 and s1p = (12) [21]. The sum over all N = 8 supergravity states is interpreted as a double
sum over a tensor product of N' =4 SYM states [216]. The calculation of collinear limit then

involves two steps:

1. Calculate the split factors for all possible factorization channels, that is, for all possible
values of spin and helicity states 4 in N = 8 supergravity. This can be done in such that
the factorization & = h; + hy into different spin and helicity states in N' = 4 SYM from
Table 4.3 gives nontrivial split factors. In general, one only needs to calculate half of all

possible combinations of helicities. The remaining split factors can be calculated using

Split_ <z;ah1,bh2> — Split, (z;a*hl,b*’“) [ (4.25)

2. Write the collinear limit of amplitudes by consistently matching the R-symmetry factors

using Table 4.1, which is non-trivial in the case of N’ > 1 theories.

4.4.1 Collinear limits of like spins

Here, we compute the collinear amplitudes from the splits for states of the same spin. We will
show the computation for some cases and summarise the results for the rest in tabular form and
refer the reader to Appendix B.2.1 for all the details of the computations. Moreover, we only

summarise the collinear limits for independent cases not related by Eq.(4.25).

Gravitons:

When both collinear gravitons are of the same helicity (positive or negative), then from Table
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M, (172,272 ... n) w(]"f,z%Mn_l (p*2,....n)
2
Mn(172»2727"' 7n) i w?g)zg_;Mn*l <p327"'7n>
M, (112,272 n) wg_lah%Mn—l (p~2,3,...,n) + w‘é’iol LM, (p23,...,n)

Table 4.4: Amplitude corresponding to two collinear gravitons

4.3, we see that

Split> S, 7, (2,17%,2%%) = —s12 x Split M (z,1+',2*)

x Split> M (2% 1) .

A similar factorization is true for opposite helicities. Thus split factors in N' = 8 supergravity

for two collinear gravitons is

SplitS5 (z,a™2,6™%) =0 = Split>S (z,a 2,677),

. 1 [ab] , 5 1 {ab)
Spl tSG +2 b+2 Spl tSG 2 b 2
pitz, (z,a ’ ) Z(l Z) <ab>7 ph +2 (Zia ) ) Z(l Z) [Clb] (426)
3 b| (1—2)3 (ab)
SplitS8 =2 pt2) — _Z_[a_ SplitS8 2 pt2y - Y
PHES (2.0 07) (1—2)(ab)’ P (2,075,675 z  [ab]

Writing the momenta of the collinear particles as p; = w;q;, i = 1,2, the momenta along the

collinear channel is p = p1 + p>» = @0,q, with ®, = @ + @, and we can write

pi=zp, p2=(1-2)p. (4.27)
Note that g, = g1 = g» and hence
0]
z=—, (1—z)= ©
Wp Wp

With this parametrization, the collinear limits can be tabulated as, Here in LHS, 1,2, ... n refers
to external particles with momenta py, ps, ..., p,, and p; is taken collinear to p, according to

the parametrization in Eq. (4.27). We will carry this notation throughout the chapter.

Note that the collinear limit of two negative helicity gravitons from the collinear limit of
two positive helicity gravitons by flipping the helicities throughout and z1, <+ Z1». This is rem-

iniscent of Eq.(4.25).
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Gravitinos:

The non-trivial split factors in ' = 8 Supergravity for two collinear gravitinos are given by

SplitSS <z,1%+1,2%+1> B S L P (z, 1%“,2”%) L [
7(1—z) (12) Vz(1=2) (12)

- 2 (12) - Ll oo (1-2)° [12]
D= o gmy S E) =gy

(4.28)

1

Split5S <z, 14 o

(S

We can calculate other split factors using Eq.(4.25). The factorization of R-symmetry indices

has the form.
(a; ) ®1

(r )

Corresponding to the above two factorization the amplitudes following Eq.(4.23) and Eq.(4.24),

)=

a;%
):1®(r;

DI oW
B —

can be combined and written in the table below. For details, we refer the readers to section B.2. 1

in the Appendix.
At} Bt D12 B+l
Mn<1 2,2 2?”"”) \/(U;;@zaMnflhyA ,"-,I’l)
A43 A7 A Oy Z1p -2 A_OF z1p +2
Mn (1 2723 ,"',l’l) 53 T EM}’I—I (P 7'“7n)+6B 1 EM”_I (p ,"',l’l)
of o} o7 &2

Table 4.5: Amplitude corresponding to two collinear gravitinos

Gravi-photons:

Using the factorisation in Eq.(4.24) the non-trivial split factors for two collinear Graviphotons

is given in Appendix B.1. The calculation of collinear limits is done in Appendix B.2.1. The

result is recorded in the table below.

The R-symmetry index factorizes as follows:

(

(ab;1) = (ab;0) @1
(ar;1) = (a,:3) ® (r33)

(rs;1) =1®(rs;0)

From the above factorisation we can combine all of the non-trivial amplitudes for 1 <A,B <8
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as,
M, (1AB;+1,2CD;+1,”_) 2_; X M, (pABCD;O,'“)
2 _ 2
Mn (1AB;+172657'”) _5641133 [2_%% XMI’!*I (p727"') +2_[l%% XMn,1 (p+25'”)i|

Table 4.6: Amplitude corresponding to two collinear graviphotons

In writing the collinear limit of opposite helicity graviphotons, we made a choice of self-
duality factors oy = @ty = —1, ag = 1. This choice is unique and motivated by our aim to make
the R-symmetry indices consistent in both sides of the amplitude calculations. See Appendix

B.2 for details.

Graviphotinos:
Following the factorisation in Eq. (4.24), the non-trivial split factors for this channel in AV = 8
supergravity are given in Appendix B.2.

The factorisation of the R-symmetry indices is as follows:

(abr; %) = (ab;0) ® (r; %)

(ars;3) = (a;%) ® (rs;0)
}’S'l — __prstu u._l
( t’Z) el® (=) (sum over u,d)
(abc;§) = —eed((d;—3)® 1)

The amplitudes corresponding to the above factorisation channels are summarised as follows

arsi++ Abtui+1 rstu pabed VP12 Z1p -1 .
M, (1 2,2 2, ) gMtte ® 2 XMn,l(pcd, )
arsi+% Hbet+L abed prstu VO102 Z1p -1 .
M, (1 2, 2betits ) gibedg o2 XMu—1(pg-)
1 1 5
rst;+5 nabci+5 . rstu pabed V01D Z1p -1
Mn (1 272 z, ) € € W, 12 XMn_l (pud7 )
1 7. 7l
a4l =3 y O 05 7 2 5 OF 7 _92
M, <1ars’+2»2bz;"") gtwwgmw5g 1(0_[2)2%Mnil(p+ 7"')"‘2@—[%1%[‘4"*1(17 ,)

Table 4.7: Amplitude corresponding to two collinear graviphotinos

Scalars:
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The three possible channels are 0 =0®0, 0 = £1 ® F1 and 0 = j:% X :F%-

non-trivial splits given in Appendix B.3.

The factorizations of R-symmetry indices are given by

We have the

(abrs;0) = (ab;0) @ (rs;0)
(abed;0) = —e®“d(—1®1)
(rstu;0) = —e™*(1® —1)
(abcr;0) = —gabed (d; —%) ® (r; %)
(arst;0) = —€""(a; ) ® (u;— 1)
The factorised amplitudes are,
M, (1abrs;0,2cdtu;07.__) gabcderstu[ ?% < M,_, (p+27”_) n a)é)%)z_; M, (p 2 )]
M, (1abcd;0’2rsm;0,,_,) gabed grstu [ 5 Z M, (p+2 ) w(igz X My_1 (p 2 )}
M, (19be0 pdrsr0 .. gabed grstu [waz)z 25 X My 1 (p*2,-) + w;)ga_; x My (p2, )]
M, (1arst;072bcdu;07.__) erstugabcd[ﬂ)é)%ol 22 <M, (p+27”_) n wé)?z_; M, (p—z, )]

Table 4.8: Amplitude corresponding to two collinear scalars

4.4.2 Collinear limits of Mixed Spins

In this section, we list the collinear limit of states with different spins. The non-trivial split

Graviton-Gravitino:

The non-trivial split factors for this collinear pair are given in Appendix B.4.

Using different factorisation channels of the Gravitinos we have,
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3
2 3 Wy 7 43
M, (172,275 n) [ B2, (p4 )
o7 o
3 3 3
2 z w5z ;2
M, <1+ a2r 7”) §2 ﬁXMnl< )
w5 o)
3
2 A3 0y z
Mn(1+ 72a+2,...7n> lp ;EXM”_l( 7n)
o} o
3 3 3
2972 Wz —2
Mn <1+ ,2a 7”) 32 ﬁ ><]wn—l (pa y ,l’l)
w5 O

Table 4.9: Amplitude corresponding to collinear graviton and gravitino

Graviton-Graviphoton:
The split factors are given in Appendix B.5. For 1 <A, B < 8 all the amplitudes corresponding

to different factorisation channels are summarised as

My (17225 ) = 520

Graviton-Graviphotino:

Non-trivial split factors are given in Appendix B.6.

+2 ~abri+} VRO 71y abri+%
(1 ,2 2, ,n) o me 1<p 2,---,n>
1 VOO +3
M, (1 2ars 2, 7”) o)) ﬁXMn—l <pars 2,000
2 ~ab VO 0p 7 byt
Mn<1+ na c+2 ’n> o ﬁXMnfl <pa L+2’...’n
+2 Arsti+ V2 0p 71p rt+1
(l )2 2, 7n) © 712 XMy—1(p 2,00 n
+2 573 ol : -3
2 12
M, |1 72abr’ N % 212 X My Paprs 1
wp ()]
+2 53 a)% z —3
My | 17° 245, ,n lz 23 XMy_1\ Pars 1
07 O
+2 572 ol : -
b Z1p
Mn 1 72ab57 L Tl T Mn 1 pabcv L
P 01
297 o} =, -}
M, |1 72rst>"'>n I i n—1\ Prst s n
(1)172(1)1

Table 4.10: Amplitude corresponding to collinear graviton and graviphotino
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Graviton-Scalar:
The non-trivial split factors are given in Appendix B.7. For all the factorisation channel for the

Scalars in N = 8 the split factors will remain the same. Hence

2 ~ABCD:0 M 712 ABCD:0
Mn<1+ ,2 7"'7”)2__XMn—l<p ,"',ﬂ)
o1 212

Gravitino-Graviphoton:
The split factors for this collinear pair are given in Appendix B.8. For any 1 <A,B < 8 we

have

A 1 05 212, ca 3
My <1 +2 2BC7 o ,I’l) = T3 1 —2! 5[ X My—1 pc}zv L
a),,a)2 <12

Here [...] indicates antisymmetrized indices defined by

Pity.A) = = Z sign(o Aot (4.29)

GES

Gravitino-Graviphotino:

The split factors are given in Appendix B.9.

As+3 HBCD;+-1 @ Z1 BCD:0
Mn(l ) 2> [ 222 5 M, (pAECPO,..)

3
A; o A -1
M, (1 "3 ZBCD7 ) B Z%EEX%( (pCD)"”>
,

21

Table 4.11: Amplitude corresponding to collinear gravitino and graviphotino

Here (...) indicates symmetrized indices defined by

P = — Z Phgy-Agn: (4.30)

creSn

Gravitino-scalar:

The splits are given in Appendix B.10.

+3 ; 1 m 212 -3
M, <1A,+2,ZBCDE,0,”. 7n) _ _ _ ¢ABCDEFGH 22 oM, 2 ...n

p )
31 @D, 212 FGH

Graviphoton-Graviphotino:
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The splits are in Appendix

M, <1ab;+1,26dr;+%’_” 1 (pABCD;o7,,_)

)
)

Table 4.12: Amplitude corresponding to collinear graviphoton and graviphotino

/@ Z1n
or 21 X M,_

';

3
b @5z —2
-84 23Zi§><Mn 1(pr ,---,n)

o

b;+1
Mn<1a + ’zcdr;f%"”

Graviphoton-scalar:

The splits for this collinear pair are in Appendix

M, (1ab;+l’20drs;0, . ,fl) Sabcdgrstu 2))2 2; _q (pt_u] o ,I’l)

M, (lrs;+1,2abzu;07 . ,n) grstugabed 2)’2 2; X (pc_dlf" 7n)

Mn(lar;_‘—l,zbcmo,'“ ,l’l) gabed grstu %2_; _1 (pgul, 7n)

M, (lab;—O—l’zcdef;O,”_ ,n) Scdefgabgh 2))21725 M,_ (p;hl,... 7I/l)

M, (1rs;+1720def;0, . 7n) _gcdefgrstu %% -1 (pt_ula Tt 7”)

M, (1ar;+l , 2bcds;0’ L ,I’l) _gabed grstu %% 1 (pt:tlv ... ,l’l)
M, (1;b1,20def0 ,I’l) _SCdefgabg % 2 X M, (pgh;-i-l’.” ,I’l)
M, (larl’zbcds 0 . ,I’l) bcdesseae fe wll,% X M, 1 (pfg;+1’ . 7n)
M, (1;r172bcst0 7n) aa;z§34,5[la@Y M, <ptc];+l,... ’n>

Table 4.13: Amplitude corresponding to collinear graviphoton and scalar

Graviphotino-scalar:

The splits are given in Appendix
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1
1 . 02w 5 _3
Mn (1abr,+2726dst,07._' 7n> gabcdgrsm I ;92?_2 XMn—l Du 2’._' n
(Dj 12
i
1
1 . 02w 5 _3
M, (lahr,-&-z’zcslu,O,,_. ,l’l) _gabcderstu I 3('02% x M, | Py 2’_“ n
a)j 12
/2
3 3
a1 . 02w _3
M, (1ars,+2’2bctu,0’,__ ,I’l) 8abcd8rstu 1 ;9221_2 x M, pd27"' n
ol 0
i
1
_% bctu;0 | tuwlja)z 212 [b C]'+§
Mn larS72 BRIy _2-5r5—%$5a ><]‘411—1 priz,e,n
(0%
| ]
2 Abtuv 0 b ot OF W 7 3
Mn (161I’S72 w )T 7n) _5a£ ngwrsx : 3 i ><1wnfl <px+27 7”)
o
! 3
2 ;0 O 7 3
M, (lrstz,zavwx ) 7”) —Ersru € l_iﬁ X M1 <pa +2>"' 7”)
oy
! 3
-2 0 W 7 : 3
M, (lrst ,2uvwx Lo ,l’l) _Srstyguvwx 1% i XM, _ <py +27.__ ,l’l)
wp

Table 4.14: Amplitude corresponding to collinear graviphotino and scalar

4.5 Soft Limits in \/=8 supergravity

To complete our study, we now move on to study the soft limit of supergravity amplitudes. In
particular, in this section, we will compute the soft limits of graviton and gravitinos up to sub-
subleading order. As explained earlier, for both holomorphic and antiholomorphic soft limits

for supergravity amplitudes, we have,

2
1
Moit (¥, W1, W) 20 Y, SO M, (¥1,...,W,)  (holomorphic soft limit)

2
Mot (P, ¥4, P,) 20 ) 5%\, (¥i,...,¥,) (antiholomorphic soft limit)
k=0

(4.31)

where in both cases the holomorphic and antiholomorphic soft limits are parametrized by € — 0

for the soft superfield ¥; and S *) and g(k) are soft operators corresponding to these limits.

4.5.1 Graviton soft limit

Recall that in the physical soft limit p; — 0 or equivalently /g, z; — 0, the leading soft factor

in SYM is given by the sum of leading soft factors in holomorphic and anti-holomorphic soft
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limit:
(ab) [ab]
(as) (sh) " [as][sb]

As described in Section 1.5.1, we will use the double copy relation [113, Eq. 2.15]

Soft, ™ (a,s,b) =

leading 64 (ns) (4.32)

1 SG 1 SG 1 SG
5 S0ft(0)°" + —Soft(1)* + —Soft(2)

n | 1 2 (4.33)
— ; & (si) is] (ESoft(O)SYM(i,s,a) + £Soft(1)SYM(i,s,a)) :
Comparing the coefficients of € powers, we get
Soft(0)SC = i (si)is] [Soft(0)SYM(i,s,a)]”
i=1
Soft(1)56 = i(si} [is] [Soft(0)>YM(i,s,a) x Soft(1)>™(i,s,a)] (4.34)

i=1

Soft(2)56 =

=

i (si)[is] [ SOft(l)SYM(z s aﬂ2

Thus, the double copy relation gives the sum of leading, subleading, and sub-subleading soft
factors in supergravity in terms of the leading and subleading soft factors in SYM. It is clear

that the leading and subleading soft factors in supergravity are given by

Softping = Zn:<si> [is] ([Soft(0)aor™ (i, 5, @)]? + [SOF(O)3er ot (i55,@)]?) (4.35)
i=1

and

n

Softotieading = 3, (50)[is] | Soft(O)po™ (7, 5,@) x Soft(1)io ™ (i,5,a)
i=1
(4.36)
+Soft(0)3XM,  (i,s,a) x Soft(H3IM, ' (i.s,a)

anti—hol

We now substitute (4.5) and (4.6) into (4.35) and (4.36) to get the leading and subleading
soft factors in supergravity. Note that the nonholomorphic soft factor in SYM includes the
Grassmann delta function 5*(7). So, while squaring the nonholomorphic soft factor of SYM,
the square of this delta function in double copy is interpreted as the Grassmann delta function

on N = 8 superspace:

(6%(na))” = 8%(ma) (4.37)
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where the indices have the usual meanings with a running from 1 to 4 and A running from 1 to

8. The leading soft factor is then given by

oS0 (ausp) — ¥ (151 S o) [all o
Softping (a,5,b) = Z( ) (a [Si] [as]25 (nA)> (4.38)

We now evaluate the subleading soft limit. From (4.6) and (4.36) we have,

S Oftsubleadln g

n a [ 1 (- J

- ik [ ><sa>{< >(h aha““anA) >< ahd*”fan,)}
lia] g( o las] , , [sb] s i R
il (" K *w”)(u “ong " fsal™ 3 )
N B R e A I W RO AU 5 I B
=Ll ][<z‘s>2< ><h ore T M an; >+[ls]2[sa]6 (" Tt e ) (h 8hf‘)]

where we used the momentum conservation

_|_

Z<si> [ia] = Z[si]<ia> =0.

i i
Note that in the soft superfield, 17, — O gives the positive helicity soft graviton and 88(1),) gives
the negative helicity soft graviton. Thus we only retain these terms in the soft factor. Thus we
get
o 0 (si)id] g d

o
HUNLn e

n
Soft>q D)
0 subleading a S, ,Z{ ah“ [is] [sa]

which is the sum of soft factors for positive and negative helicity soft graviton in pure gravity
[113, Eq. 2.9]. Note that in the above formula, the momenta p, acts as a reference vector
and hence can be taken to be any null vector r. This is an indication of the diffeomorphism

symmetry of gravity amplitudes. We can thus rewrite the soft factor as

" o 0 (slir] o
SOftsubleadmg a,s, b l:Zi aha + [is] [sr] 0

s\ Y
(n*)h S5 (4.39)
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4.5.2 Leading soft gravitino limit

To calculate the soft limit of gravitinos, we use the results of [214]. Under the holomorphic

soft limit of the superfield, we have
ooy, Loy, Lo 0
M (P, ¥1,...,¥,) = ES +?S +ES Mn(‘I’l,...,‘I’n)+0(£ ). (4.40)

The leading soft factor” is same with the one in pure gravity:

e B o)
_l; 7] =SV, (4.41)
The sub-leading soft operator is given by
& [si] (ri) (~ J J ) (1) A(l)
= Ag—=—+Nsa=s— ) =S + NS, 4.42
L (s rs) \ 37, ™ ama et (442
where
M P
= (si)(rs) 81‘[,A

Here, the leading soft gravitino operator involves the first order derivatives with respect to the
Grassmannian variables 1;’s. These term will preserves the total helicity as well as SU(8) R-
symmetry.

The sub-sub-leading soft factor is given by
8(2) = S(z) + nsASA(z) + %nsA nsBSAB(Z) (4-43)

where

(4.44)

2note that we have made explicit the reference vector r which was taken to be p, in [214]
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We now expand the generic superamplitude on the left-hand side of (4.40) in the Grassmann

odd variable n; of the soft superfield:

Mn+1 (TS7lP17' .. 7an) :MI’I+1 (HS-Hlle . 7‘1111) + nSAMn+1 <S?_._,‘P1, o a‘Pn)

1 (4.45)
-+ EnsAnsBMn+1 (GISA‘E,‘PI, R ,‘Pn> —+ ...
and compare with the right-hand side of (4.40) to get the following soft limits:

Soft Superfields Superamplitude expansion on € — 0

Soft graviton M1 (Hgyy...) = (;—35(0) + 81—25(1) + %S(2)> M, +0 (80)

Soft gravitino Mg (S4y,...) = <£%SA(1) - éSA(2)> M, +0 (€°)
Soft graviphoton Moy (GB.) = %SAB(Z)MH +0 (80)
Soft graviphotino M ()(fBC . ) = g +0 (80)

Soft scalar Mipr (PLEP,) =240 (€9

Table 4.15: Various soft limit expansion of the superamplitude

One can easily check that the soft graviton limit obtained here coincides with our calcula-
tions in Subsection 4.5.1. We also see that there are no soft divergences for graviphotino and

scalar.

4.6 Conclusion

In this work, we have computed the soft and collinear limits of the maximally supersymmetric
N = 8 supergravity theory in four spacetime dimensions using the double copy relations in
both soft and collinear sectors of A/ = 4 Super Yang-Mills. The computation was done in
the celestial basis appropriate for applications to celestial holography. An important point in
our application of double copy is a different choice of self-duality condition for scalars. The
constraints imposed here differ in signs: 04 = &4 = —1 and ag = 1. This choice is motivated by
our desire to combine the collinear limits for different factorizations of N'=4 SYM to N/ =8
supergravity. Based on the factorization of states in the gravity theory in terms of states in the

gauge theory, we are able to constrain and determine the R-symmetry indices in the collinear
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4.6. Conclusion

limit. This is also the novelty of this work.
In the next chapter, we will see the asymptotic symmetry algebra construction of maximally
supersymmetric N = 8 supergravity using the results of this chapter, but in the context of flat

space holography.
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CHAPTER 5
ASYMPTOTIC SYMMETRY ALGEBRA OF N = 8 SUPERGRAVITY

In this chapter, the work done was conducted in collaboration with Nabamita Banerjee and

Ranveer K. Singh, Phys. Rev. D 109, 046010, published on 26th February 2024.

5.1 Introduction

Here, we calculate the asymptotic symmetries of the four-dimensional maximally supersym-
metric NV = 8 supergravity using the CCFT prescription. In celestial CFT of supergravity, the
stress tensor is generated by the shadow transform [351, 388, 389] of the soft graviton operator
suitably modified to obtain the correct OPE [187]', while the supercurrent is generated by the
soft gravitino operator [7].

For N/ > 1, the global symmetry algebra contains an additional R-symmetry, and hence
naively one would expect that the asymptotic algebra would contain an infinite dimensional
extension of the global R-symmetry algebra as well. It was shown in [390] that for ' = 2, even
for the U(I)N subgroup of the R-symmetry group U(N') which only scales the supercharges,
such an infinite dimensional extension is mathematically inconsistent. For the present chapter,
we study the celestial amplitudes of N = 8 supergravity and use the soft and collinear limits
calculated in chapter 4 to compute the Ward identities and the OPE of conformal operators in
the corresponding CCFT.

In chapter 4, we computed the soft and collinear amplitudes of the N = 8 supergravity from
N =4 Super Yang-Mills Theory. This double copy is not established at the level of amplitude.
However, one can interpret this as the double copy of the universalities in soft and collinear
sectors. Although there has been recent work in the literature towards the double copy of the
complete celestial amplitudes [391], we are focused on implementing the celestial map defined
in Eq.(2.13) in chapter 2 on supergravity amplitudes to construct the celestial superamplitude
after the successful use of double copy from the previous chapter in this work.

We construct the stress tensor and the supercurrents of the theory using the shadow trans-
forms of soft graviton and soft gravitino operators. Since the scalars and graviphotinos do not
have soft divergences (see Table 4.15, chapter 4 [392]), we are only left with soft gravipho-

ton operators. The R-symmetry current (if any) can then only be constructed using the soft

Isee Section 5.3 for more details
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graviphoton operators. We construct the most general such operator present in the CCFT and
show that the operator is trivial by requiring that the modes of this operator extend the SU(8)g
R-symmetry algebra.

The chapter is organized as follows: in Section 5.2, we set up our notations and record some
definitions and results about the soft and collinear limits in the CCFT of N' = 8 supergravity
used later in the chapter. In Section 5.3, we construct the symmetry currents and compute their
OPEs. We also construct the possible R-symmetry currents and show that the requirements of
R-symmetry extension make the current trivial. Finally, in Section 5.4, we list the full N =
8 sbms, algebra. We conclude in Section 5.5 by summarising our results and emphasizing our
future goals of the study. The Appendices C contain the OPEs of various conformal operators
in the Mellin basis computed from the results in chapter 4 and a detailed calculation of the OPE

of the possible R-symmetry currents.

5.2 Notations and preliminaries

In this section, we set up the notations for celestial amplitudes and soft and collinear limits in

supergravity.

5.2.1 OPE:s of celestial operators in \/ = 8 Supergravity

Let {na }fx:l be the Grassmann coordinates on the N' = 8 superspace. We can package the

on-shell degrees of freedom in A/ = 8 supergravity in an on-shell superfield defined as

¥(p,n)=H"(p)+ nAllfi(P) + T]ABGﬁB (p)+ nABCXiBC(P)

(5.1
+ Napco®* PP (p) + 1P Xanc(P) + 1P Gop(p) + 1wy (p) + T1H ™ (p)
where we have introduced the notation
1
NA,..A, = anAl - N4,
ﬁAl.,.An — 8A1...A,,Bl..,Bg_,,nBlegin (5.2)

8
i=][]n"
A=1

The fields H* represent positive and negative helicity graviton, GﬁB and G, represent positive

and negative helicity graviphotons, l//ﬁ and y, represent positive and negative helicity grav-

itinos, xﬁBC and - represent positive and negative helicity graviphotinos and finally PABCD

100



5.2. Notations and preliminaries

represent the real scalars. The superamplitude is then defined by

Ma({p1,n'} - Apa ™) = (P1(p1,0") .. alpa, ™). (5.3)

This superfield can be Mellin transformed in the usual way to obtain a celestial superfield on
CS?, but it turns out that the component fields will have the same conformal dimension [221].
This is not appropriate to work with since we want the component fields to have conformal
dimensions according to their spin. Thus we work with the so-called quasi-on-shell superfield

[221] defined as

‘PA(Z’ Z 77) = HI <Z7 Z) +1Na Wg (Z7 Z) + TIABGZ‘B (Z’ Z) + nABCX2BC (Z7 Z)
+ TIABCDq)ﬁBCD(Z, 2) + 5 kapca(z,2) + 1*8Gap a(z,2) (5.4)

+ ﬁAIpAA(sz) + ﬁHK (Z’Z)?

where the components are the Mellin transforms of the components fields of ¥(p,n), all with
scaling dimension A as defined in (2.11). The celestial correlator for the component fields
can then be defined as in (2.13). Using the collinear limit of the bulk amplitude, the OPEs of
the celestial operators can be computed. To do this computation, we use the collinear limits
computed in [392]. As an example, we calculate the OPE of two graviton operators. The

celestial correlator is given by,
<OA1-,+ZOA27+2"'OA;17Z]1> = (I—[l/() dwj ) 64 <Z (1),q,> (1+2 2+2 .. ,n)

(H/ d(o, / da)l/ dwza)A‘ 1sz2 1) (5.5)

(1)
<Z a),q,-l—wpq,,) ZEM (p+2,...,n)

= W17 212

where M, is the bulk amplitude of component fields and we used the collinear limit

(1)2 7
M, (172272 p) =2 2y (pt2 . n). 5.6
n ( ) ) 7”) O1 W) 712 1 (p ) ,I’l) ( )
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Here p; = w;q;, i = 1,2, the momenta along the collinear channel is p = p + p» = ®,q, with

W, = 01 + . Now we use the following integral [221]:

| dor 0 "o o of of o] f(@) = B8 +a.80+B) | do, @y f (@)
(5.7
where @, = o) + @ and A, = A + Ay + o+ B+ yand
F)I'(y)
B(x,y) = 58

is the Euler beta function. We get

712 ~ [ Aj—1 [ _
<0A1,+20A27+2...0An,5n>:ZiB(Al—l,Az—l) H/O do;o;’ /Odco,,wﬁlﬂz 1)
=3

n
x &% (Z wiqi+wpqp> M,—y (p*2,3,....n)
=3

Z12

= ZEB (A1 —1,A,—1) <OA1+A27+2OA3743 e OAn7fn>
(5.9)
This gives the OPE corresponding to the two positive helicity graviton operators,
- - 212 -
Ony,+2(21,21) Ony 12 (22.22) ~ P (A1 = 1,40 — 1) Op 8,42 (22,22) (5.10)
Similarly, for negative helicity gluon, we have the collinear amplitude,
M,(172,272,..) = @_a2 w1 (P72 0n) (5.11)
01 712
Hence the OPE
- - 212 _
Opy,—2(21,21) Opy -2 (22,22) ~ =—B (A1 — 1,00 — 1) Op 4,42 (22,72) (5.12)

<12
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The collinear limit of two opposite helicity gravitons is

) @ Zi 2
M, (175,27%,3,...,n) =——"=M,_1 (p~°,3,...,n)
W, 212
3 (5.13)
@ 212 +2
+ —M,_ ,3,...,1
(J)g(l)l 212 n l(p )
which gives us the OPE
_ 212 _
Op+2(21,21) Oy —2(22,22) = B(A1 +3,A0 — 1) == O, 44,2 (22,22)
212
2 (5.14)
+B(A1 —1,A2+3) 50A1+A2,+2 (22,22)

One can calculate the OPEs of all other component fields in a similar way using the collinear

limits. The results are listed in Appendix C.1.

5.2.2 Soft operators in A = 8 supergravity

In the last section, we discussed the collinear limits of amplitudes. In this section, we are
looking at their soft limits. As we know, soft momentum p — 0 can be written as @, — 0 on
the celestial sphere, and hence an amplitude written in the celestial coordinates can be analyzed
in the soft limit of any of the external momenta. The result is a soft theorem that expresses an
n-point amplitude with soft external momentum p in terms of an (n — 1)-point amplitude along
with a soft factor given by powers of ®, !, The various powers of o, ! then correspond to
leading, sub-leading, sub-sub-leading soft theorems, and so on. Let us first define the celestial

superamplitude as the Mellin transform of superamplitude:

< N OA (Zn z, nn)> = (ﬁ/dwna)A”1> 5(4) (i wn‘]n) X
" e ! ! (5.15)

n=1

My ({o1,z1,z1,m'}, .. {ow. v, zZv, 1Y)

where My ({o1,z1 2Nty {@n,zv,2v,M"}) is the superampltude (5.3) written in the ce-
lestial basis. We also denote it simply by My (1,2,...,N). The above expression is identical
to that of (2.13), with the explicit incorporation of the Grassmann factors in the scattering am-

plitudes.

One can now expand both sides of (5.15) in the Grassmann parameter 7); and compare the co-
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efficients to get the celestial amplitude of various component fields. This has been in Appendix
(.2 to calculate the celestial correlator with soft graviton and soft gravitino. The celestial cor-

relator of the leading soft graviton operator is given by

<J1(Z’Z) ILVIOA 14 (Zn7zn)> - ivl (Z_Zl) (5 _Zi)z <OA 14 (21,21),
by B Se-a) &z (5.16)

T OAH‘L& (zisZi) 7OAN~,13N (zv,2n))

N (o N (E_3)>
<J_1(Z,Z)1]—VIOAn,en(Zn,Z")>:Z(Z o) (g_ 2 (Onr (21,21),
=1

i1 (2-2) (E-z)? (5.17)
Tt OAH—I,Z,' (Zivzi) s 7OAN.,£N (ZN72N>>
where
Ji1(z,Z) = lim (A — 1)0A7+2(z,2), J_l(z,Z) = lim (A — 1)(9A7_2(z,2) (5.18)
A—1 A—1

are the A = 1 soft graviton operators and & € CS? is a reference point. The celestial correlator

of the subleading soft graviton operator is

o N\ dewEw,.
<J0(Z,Z)YHOA,”£” (Zn,Zn)> = I_Z] (Z_Zi) (é: —Z) ((Z_Zl)aZi th) (5.19)

and
N N E_ 5
S _ z—z) (§—Z
Joe D ] Onniy i) ) = ¥ EZD T 0 ya oy
ni = E-2) (E-2) (5.20)
where
Jo(z,2) = im AOp 42(2,2), Jo(z,2) = lim AOp _»(z,2) (5.21)
A—0 A—0
are the A = 0 soft graviton operators and h; = # Jhi = A"T_gi are the conformal weights of the

operator Oy, ¢,(z,2).
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The celestial correlator of the soft gravitino operator is given by (c.f. [7, (6.2), (6.3)])

N - -
_ %, A é: i
<Jf/2(Z7Z)J;Il OAmgn (Zn,Zn > Zf Kl, *l? 1 1) gi_il; ((5 _ZZ)>

(- OFi (zisZi)s--)

(5.22)

At 486
and
N N £_ >
= = * - r c O; (Z_Zi) (é _Z’)
J Z,Z oy c \Zns<n = anzla*h i )™ [ — g -
<1/2A( );1;11 An,ﬁn( )> ,Zi ( )( ) (Z_Zi) (é_Z) (5.23)
< OZJF?& (Zl,Zl) >
where
1
J1(2,2) —Ahm (A— —) 02’+%(Z,Z), Ji24(2,2) = Ahm (A— E) Op-34(z:2) (524

are soft gravitino operators. Here, the superscripts *; indicate the R-symmetry index of the
operator. We have put the R-symmetry index *; as a superscript for brevity but it can also be
on subscript depending on the helicity of the operator. Here the number of fermions preceding

particle i, o; = 1if {; € Z+ % and O otherwise (see [7] for detailed explanation).

As explained in Appendix C.2, the positive helicity soft gravitino operator only acts on ce-

lestial operators OZ’; (@i, Zi) with
lie{-3/2,—1,—-1/2,0,+1/2,+1,43/2,42}. (5.25)
while the negative helicity soft gravitino operator acts on celestial operators OZZ € (zi,zi) with
;e{-2,-3/2,-1,—-1/2,0,+1/2,+1,+3/2}. (5.26)

The factors f(A, i, i, %), f(A, €5, x;, %) are the R-symmetry factors that we can determine us-
ing the collinear limits given above. From (5.22) and (5.23) it is clear that the first argument of
f 1s the R-symmetry index of the soft gravitino operator itself, the second and third arguments
are the helicity ¢; and R-symmetry index *; respectively of the operator (’) N which the soft

gravitino will act on. Lastly, the fourth argument will be the R-symmetry index %, ; of the resul-
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tant operator. Similarly, it goes for f. As an example, we can see from the OPE in Eq.(C.1) that
when /; = —%, f(A,—3/2,B,*}) = 84. Since the resulting particle £ = —2 has no R-symmetry

. / .
index the *; entry is empty.

The soft graviphoton limit can be calculated using the OPEs of the graviphoton operator with
various conformal operators. These OPEs are listed in Appendix C.1. Soft limits correspond to
the values of scaling dimension A of the graviphoton operator for which the beta functions ap-
pearing in the OPEs have poles. From Appendix C.1 we see that the OPEs of the graviphoton
operator with various other operators involve” B(A,*). Since B(A,*) has poles at all non-
positive integer values of A, the leading soft limit of the graviphoton operator is A — 0, and
all other negative, integral values are subleading. In Subsection 5.3.2, we will need the leading

soft graviphoton limit.

Finally, as noted in [392], graviphotino and scalars are trivial in the soft limit and hence do

not correspond to any global symmetry [7]. So we do not consider them further.

5.3 Asymptotic Symmetry Generators in ' = 8 SUGRA

Let us first consider the obvious global symmetries of A' = 8 supergravity. The global sym-
metry algebra consists of the Poincaré algebra and the A = 8 supersymmetry algebra, together
called the NV = 8 super-Poincaré algebra and SU(8)g R—symmetry algebra. At null infin-
ity, we expect to obtain infinite dimensional extensions of these algebras. Following previous
works [7, 186, 188], we can easily construct the currents that extend the super-Poincaré alge-
bra, we call this algebra the ' = 8 sbms, algebra. We start by constructing the currents for the

N = 8 sbmsy, algebra.

53.1 N =8 sbms, algebra currents

The bms, part of the AN/ = 8 sbmsy algebra is known to be generated [186] by the shadow
transform of the A = 0 graviton operator suitably modified as discussed below. This is called
the generator of superrotations and the level one descendant of the A = 1 graviton operator

is called the generator of supertranslations on the celestial sphere. Let us define the shadow

>The OPE of two graviphoton operators with opposite helicity involves another term, c.f. Eq. (C.2). One of
the terms in the OPE vanishes depending on which of the two helicities of the graviphoton we take to be soft. See
Appendix C.3 for such calculations.

106



5.3. Asymptotic Symmetry Generators in N' = 8 SUGRA

transforms Tp(z,Z) and T(z,%) as

31A 2.0 /
T —
o9 = i3 [ 44— g0a )
(5.27)
To(z,2) = lim —— d2’ (9
o) = fim 5o [ P4 0na @2)

It has been argued in [187] that the above shadow transform operator does not satisfy the usual
OPE of a stress tensor. In particular, the 7Ty7Ty OPE has an extra term that does not vanish as
shown in [187, Appendix C] unless we modify the stress tensor appropriately. The origin of

the problem is the observation that 7j(z) is not holomorphic:
13-, _
0Ty = —58 Jo(z,2) (5.28)

where Jj is the A = 0 soft graviton operator defined in (5.21). Hence the modified stress tensor

can be defined as follows:

1
Thod :=Tp+ 5838]‘0 (5.29)
where
z
£, = / dwo(z, W) (5.30)
2

with zg as a reference point. Then it has been shown that the modified stress tensor satisfies the
correct TnodTmod OPE [187, Appendix C]. From now on, we omit the subscript “mod" and 7, T
will denote the modified stress tensor. Using the soft limits (5.16), (5.17), (5.19) and (5.20) and

performing the same calculations as in [186], we arrive at the OPE

h 1
T(z2)Oap(w,w) = mOM(W, W)+ TwawOA,E(M W) + regular.
_ (5.31)
— h 1
T(2)Op (W, W) = WOM(W, W)+ Z——waWOM(W’ W) + regular.
The supertranslations generator P(z), P(z) are defined as:
. (A=1
P = tim 25,0, 52
Al (A1) (5.32)
P(o) = lim 5 V2.0, 5(c.2)
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For P(z) we have

1
P(z)Op (W, W) = z——wOAH’Z(W’ w) + regular (5.33)

and similar OPEs hold for P(Z) with conjugated poles. These operators are related to the
supertranslation generator P(z,7), which is a primary field operator of conformal weight (2, 2)

By contour integrals [186]:

P(z) = ﬁfdz?’(z,z), P(2) =5 j{dzP 2,7). (5.34)

The supertranslation satisfies the OPE

1 1
P(2,2)Op 0(w, ) = ——
(Z Z) Aj(w W) —WI—

0A+1 o(w,w) +regular. (5.35)

The supercurrent for N' = 1 supersymmetry was constructed in [7]. We will see that the same
construction will give us the 8 supercurrents for ' = 8 supersymmetry. We thus define the

supercurrents as the shadow transform of the A = % gravitino operator:

A_l 2.7 1 -
Sa(2) = lim =2 /d WOAA \(£,7)

A%f
(5.36)
5 - tim 22 [ 4 @2)
A%z Z Z 2
Note that the above operators are also not holomorphic since
= 1 2 _ 25 —
aS (Z Z) - Agrln/z( - E)az OA;A7—%(ZJZ) =d J1/2A(Z7Z) 7& 07 (537)

where J; /2 A(z,7) is the leading soft gravitino operator defined in (5.24). One can modify it in

a similar way as in Eq. (5.29). Put
Z -
ejl/zA(Z’Z) Z:[ dWJl/ZA(W,W) (5.38)
20
where zg is a reference point and define

SA =84 — azsjl/z (5.39)
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We emphasize that this modification is not required at the quantum level since the OPEs of 4
are as expected for a supercurrent. So we continue to use the shadow transform of the leading

soft gravitino operator as the supercurrent without any modification.

Following the calculations of [7, Section 7], it is straightforward to see that

T(z)Sa(w) = % (fA_(:Vng + ajA_(::) + regular,
A o (5.40)
T(Z)EA(W) = % (i<z_))2 + aZSi(:;> + regular.

and the OPEs TS and TS, are regular. These OPEs confirm the conformal weights of S4 and

Sa as (3,0) and (0, 3) respectively. We now want to show that

882,57 (@)} : = :Sp(2S (D) +5 (@)Sp(2): =P (z2). (5.41)

Using the gravitino soft limit (5.22) and (5.23) and the leading graviton limits (5.16) and (5.17)

and following the calculations in [7, Section 7.3], we get3

N
<SB II,OA"’EH vazn)>

o[ 1 oz-z 1 1] 1 |
:6131':23|:<W_Z)2§_Z+Z—WZ_21'+W—ZiZ—Zi:| <."OZZ,-+1,£,-(Z1"Z")"”>
y F 1 o )
_ZfA e JB L 12 ’)z—z,-vT/—z,-<"’OA';+1,£i(Zi,Zi)7"'> (5.42)
N ) o
+,,Z3 1) £(A, 0, %, %) F (B, £, %, J)ZTZIW_ZJ_< 0A1+2€_7(Z”Z1) .
i

O yyv1 (%))

where the factors f(A, £, x;,%.), (B, {; i ¥ ]) are the R-symmetry factors that appear on taking

the soft or collinear limit depending on the spins and helicities of the soft and collinear particles.

In this notation, the first argument of f is the R-symmetry index of the positive helicity soft

3note that we do not separate the operators in the correlator according to their spins £, ¢ unlike [7] since there
is an overlap in the ranges of the two spins. So, the spins are assumed to be arbitrary in the correlators in this
calculation.
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gravitino, second argument is the spin (and helicity) of one of the hard” particles, the third
argument is the R-symmetry index of that hard particle (left implicit for generality) and the
fourth argument is the resulting R-symmetry index of the hard particle after the soft limit is
taken (again left implicit for generality). The notation for f is similar. It is understood that
if the spins do not belong to the required range specified in (C.29) and (C.30) then f, f = 0.
Similarly

7—7 1 1 1 1

N
— &4 + + }<...@*i Z',Z‘,"'>
Bi:23{<W_Z)ZZ—Zi —Wi—Z% I-ZLiw—z e, (50 %0)

AR 11 v _
Zf(B El)*la l)f(A ¢ +1/27 *iy z)w_ZiZTZi<'”OA,-+I,€i (Zi,Zi),"'> (543)

=3
N o‘,—Q—Gj B /0 A / 1 1 O*; _
_I7JZ_3< ) f( l7*l7 l)f( ]7*]7 j) —ZIZ_Z] . e Al+%7£l+% (Zl’zl)’... ,

i#]

OAJ_,_z?g._, (Z]’ZJ) ) >

Thus the anticommutator is

(5 @)Sp(w) +$8(2)" (v )HOA . zn,zn)>

—

Z—Z 1 1 1 1 '

6 + + < ‘O*l , >

; |: Z Zl Z_WZ—ZI‘ Z—Ziw_zi:| AH»L[ (Zl Zl)

N - =

—Z 1 1 1 1 ] . .
+6 + —— +—— <(9 AZi;Zi,"'> (5.44)

l—z3|: —Z3 I—WZ—2Z W—7Z;2—2 Al-‘rl,él( )
N Y 1 1 ! _
Z A gm*l? l ( 1/27 i I)Z—Zw_z<.OAI‘i‘l,éz(Z“Zl)">

l 1

Kl

N
1 1 " _
; B 617*17 z (A f +1/27 i Z)W—ZiZ_Zi <..'OA;+17fj(Zi7Zi)7".>'

Here, in the last terms in Eq.(5.42) and Eq.(5.43), we have relative signs; hence, both terms
cancel. One can notice that the relative sign is due to the action of S and S on different clusters

fori < jandi> jin both terms. Then we see that the normal ordered current : {Sp (z),EA(Z)} :

4that is not soft
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satisfies

< {SB } HOA Ln Zn,Zn)>
_25AZ

Sz

<' "OZH,& (2i,Zi) 5 >
(5.45)

z 1 1 «!
_Znglv*lv 1)f( 1/27 i z) = = <"'OA1,~+17€,~(Z1'721')7"'>

I—ZiZ—Z

1 1 ! _
_Zf (B, by, i1, %) f(A, 6+ 1/2, %, l)§ﬁ<...0Ai+17£i (Zi,z,-),...>.
We now show that for any ¢;, R-symmetry factors in the last two sums reduce to 5{3‘. Let us
start with £; = +2 in which case x;, %/ is empty. Moreover, in this case, f(B,+2,%;,*.) = 0 so

that we only have one term to analyse. From the OPEs in Appendix C.1, we see that *; = A and
f(A +2 » = 1) (B +3/27*17—)0A +1,4+2 (Zlvzl) 5)?©A,—+1,+2 (Zi,Zi)- (546)

The case ¢; = —l—% is more interesting. Suppose *; = C then from the OPEs, we can easily see
that ; = AC for the second term and =/ is empty for the last term. We then have

(z1,z1) = 2188 0 (z,z)  (547)

( +3/2 Ca*z)f(B +17*17*;/)0 ' A+1 +3/2

Ai+1,43/2

and similarly

f_(B7+3/2aC7*)f(A +2,-, 2/)0A1+1 +3/2 (Zi,Zi) = 83?014—1,4—3/2 (Zi,Zi) (5:48)

We can clearly see that the sum of the last two terms is simply 83 O (zi,Zi). The case

A+1,43/2
b= 2 is similar. Let us now analyze the case ¢; = +1 in which case x; = CD. We get

f(A,+1,CD,*) (B +1/27 i I)OAZ+1 +2(Z17Z1)

= F(B,+1/2,,ACD)OYD, || ) (z%) (549

= 35[ OA+]1 1 (@i Z0) -

Similarly

f(B,+1,CD,*;)f(A,+3/2,*,,*;’)OAl 143 (@TT) = 25 O L @z) (5:50)
111



Chapter 5. Asymptotic Symmetry algebra of N' = 8 Supergravity

which finally implies

3551 0CP! _215C0PM = % (S20CP — §AOPC) 1+ (55 OPA — 55 OAP) + (SR OAC — 5P OCA)

— 85O+ 80
— 0P
(5.51)
The case ¢; = —1 is similar. The same calculation as in ¢; = 1 recurs for the cases ¢; = 1/2,0.

These calculations simplify the OPE (5.45). We get

_ N avh 11 .
{S8(2).5"(2)} : 100 (zn2n) ) =85 Y, —= <"'OAI,<+1 0 (zi,Zi),---> (5.52)
n=3 32 T%UTTI ’
In particular,
§A _ _ A 1 1 _
:{SB(2),S (2)} : Opp(w, W) = &3 Z_WZ_—WOAJFM(W, w) + regular. (5.53)

Comparing this OPE with (5.35) readily implies the desired result

{Sp(2),5° (D)} : =8P (z,2). (5.54)

5.3.2 Possible R-symmetry current

Recall that R-symmetry acts on supercharges Q4 and Qg4, A = 1,...,8 by multiplying a uni-
tary matrix U € U(8). This means that the supercharges transform in the fundamental represen-
tation of the R-symmetry group. At the level of Lie algebra, we can identify the R-symmetry
group as simply su(8) @ u(1) since U(8) = (SU(8) x U(1))/Zg. Thus we can label the genera-
tors of R-symmetry to be T4 and R, where T are generators of the fundamental representation

of SU(8) satisfying the su(8) algebra:

7415 | = 8518 — 65T, (5.55)
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and R is the generator of the scaling U(1). A suitable matrix representation for the generators
is [215],
a\¢ asc leacc

Tg‘ acts on the supercharges as
A AC A\ D A7 AP =
[TB an} = (TB> ,Qas [TB »Qac] = - <TB> ROTE (5.57)

We now want to construct a current 5{} (z,Z) whose modes will extend the generators 4. As
will be shown in Section 5.4, the modes of the supercurrents SA,SA will extend the super-
charges. Since the OPE of currents directly translates to the commutator of their modes within

radial quantization, our currents must satisfy the OPE:

QNE;‘ (z,2)Sc(w) ~ ((z —w) singularity) <Té4>DCSD(W), 559
gé (Z,Z)gc(w) ~ —((z—w) singularity) (TI}A)CDED(W).

Note that SA,EA are holomorphic and antiholomorphic currents respectively, this imposes the
condition that the singularities in (5.58) be holomorphic and antiholomorphic respectively. As
will be shown in Section 5.4, nonholomorphic (holomorphic) singularity in the OPE of Q’g (z,2)

with Sc(w) (SC(W)) results in nonsensical algebra. This requirement will be crucial.

The only conformal operator we are left with is the graviphoton operator. Moreover, the
leading soft graviphoton operator corresponds to A = 0, as can be inferred from the poles of
the beta function in the OPEs of graviphoton operators with other operators, which are sum-
marised in Appendix C.1. It is clear that we must consider the order independent graviphoton
double soft limit with opposite helicity, that is, their normal ordered commutator (since they are
bosonic). Since it contains the factor Sé‘g , as can be seen from the collinear limits, this can be

manipulated properly to obtain the SU(8) generators. Here, we consider the most general in-

tegral transform corresponding to negative and positive helicity soft graviphotons, respectively

as
A 1 1
Gup(z,2) = lim = [ d*Z Onpa—1(2.7
AB(Za Z) Alg%) p < (Z_Z/)a (Z—Z’)b AB;A, I(Z 3 < ) (5 59)
. A 1 1 :
ECD(Z,Z) = lim = [ d*7 — o Ogﬁl(z/,fl).
A=0T Z-7) (z=2)"
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Chapter 5. Asymptotic Symmetry algebra of N' = 8 Supergravity

One can easily see that we can recover the usual shadow transformation [393] by taking spe-
cific values of a and b. The operators Osp.0 —1 and O&?Ll have conformal weights (—%, %)
and (%, —%) respectively. Hence scaling transformation reveals the conformal weights of the
currents G and G to be (a—3,b—3)and (b — 1,d' — 3) respectively.

Let us start with the OPE of our new currents G4p and G with any conformal primary oper-

ators.

N
<GAB(Z,Z) 1oy, (z,,,zn)>
n=2

A 1 1 SI _
= lim —1/d221( . <OAB A-1(21,21) HOAZ/,l(Zn»Zn)> (5.60)

n=2

1/, 1 1 il N2l —2Zn "] _
:_/d 21 — _ b Zf(A7B7£i7*n7*n)T<"'OA g+1(Zn7Zn)>

T z ) = 21 —Zn nstn
where f(A,B,{;,*,,%,) contains the R-symmetry index of the operators in the correlation func-
tion, which appears on taking the collinear limit. We used the fact that limp oA B(A, %) = 1.

Now we use two basic integrals (see [394, Appendix B] for proof):

1 1 (zi-3z) 1
/d2Z1 A /- _ \B (Zl Zj) :CS(A’B) A /_ NB—s—1
(z—21)" (Z=21)" a~% (zj—2)" (zj—2) (561
1 1 ~z)’ 1 1 '
a2t S s
(z—21)" (mi—z1)” 24—Fj (Zj—Z) (Zj—Z)
where
(—1)S+A+B(—E)S!
Cs(A,B) = 5.62
AB) = B B2 (—Bs+ 1) (5.62)
Now performing the shadow integral for n # 1 and s = 1,
1 1L 21—z 1 1
d? _ =Ci(b, ,
/ =) z-2)" 21— 1 a)(fn—i)” (20 —2)472 (5.63)
We have,
N
Gap(z,2) [T OX 4 (20,20)
=2 (5.64)

- / 1 1 < B
— ;f(A,B,Ei,*i,*i)Cl(b,a) G < "OA,-,Z,-+1(Zi7Zi)>
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Here the helicities of the conformal operators inside the correlator are restricted to £, € {—2, — %, -1,— % ,0, +%
This can be verified from the beta function singularities in the OPEs in Appendix C.1. Similarly,
we can have the OPE for antiholomorphic current G“” which act on the conformal primaries

with helicities restricted in the range ¢, € {—1, —%,O, +%, +1, —I—%, +2},

N
—CD — *p —
<G (Z,Z) I I OA,,,K;Z(Z”’Z”)>
n=2

(5.65)
iv:f(C D, ok, %)C(b ) ! ! < oX (zn,Z )>
= s L Ty ,a — N7 7 r 1\ &ns<
n=2 v (Zn _Z)b (Zn _Z>a -2 Ay =150
Here, we can pair /' with / = ¢’ 4+ 1. Hence, we can write the OPEs as,
* - / 1 1 «! -
GAB(Z>OA,€(Wﬂ W) ~ f(Aanga *y ¥ )Cl (b7a) (W — Z)b (W _Z)a_z OA,(’ (Z,W)
(5.66)
- 1 1 /
ECD(Z)OXE/(W,W) Nf(C,D,K’,*,*’>C1(b’,a/) * (w,W)

(w—2) (z—2)7 2721

The composite current

To construct a suitable current for R-symmetry, we need to use double soft limits of the
graviphoton operators. As is well known, the double soft limit of opposite helicity operators
depends on the order of the soft limit. For this reason, as in [188] we consider the following

operator:

—CD —CD

GSP (2,2:w,10) 1= Gap(2)G " () — G2 (W) Gap(z) = [GAB(Z),ECD(w)]. (5.67)

In order to construct a local operator, one needs to consider the normal order of this operator

evaluated at z = w,Z = Z. We thus define

GSP(2,2) = : G52 (2,7:2,2) : =: Gap(2)G () — G P (2)G*E(2) :

= |Gap(2),G°(2)
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We show in Appendix C.3 that subject to the requirement of the R-symmetry current explained

above (5.58), the current G§2(z,7) satisfies the following OPE:

N
<g§£(Z,Z) H OZZ/H (Zn7zn)>
n=3

= (— 1)y (b,a)Cy (8. d) | F(A, B L) 5, %7) F(C,D. 0+ 1, %)

VR

"

1 1 ) S _
P e <OZ33,£3(Z37Z3)‘"OAM(ZJ"ZJ‘)"'OZ%7EN(ZN’ZN)>
(z—z)) (z—-z))

_f(C7D7£j7*J7 )f(ABg 17*]7*])

X

"

1 1 * — * i - * =
)T ) (03 <za7zs>---0A;,e,<zf»zJ->---OAx,fN<ZN’ZN>>]
—4j —<j
(5.69)
In particular,
i, _ (—1)atb+d =+ Cy (b,a)Cy (Y, d) i}
Gib (2,2)0p A,J(Wv W) ~ —8if atb'—2 . _\d+b—2 “E A,—Q(W’ w)
2 (z—w) (z—w) 2 (5.70)
E CcD (_1)a+b+a,+blcl (b,a)C1(b',d) E - .

where we used the fact that for the gravitino operator, the R-symmetry factor in the double soft

limit is —852. Indeed

. _ Z—1Z1
AlllgloAIOAB;Al’_l(Z7Z)OEA (Zl,Zl) EOABEAff (Zl:Zl)
IfE=r,A=a,B=b,C=c,D=d, then
- dW—Zl -

In all other cases, one can check from the collinear limit in Appendix C.1 that the R-symmetry

5CD

factor is —045 . Let us construct a new current as a linear combination of our previous currents

as follows:

8
(QB) (z,2) ( S Z GEE (2,2) + 5;3 ) Qgg@,z)). (5.71)
E=1
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Using the definition of generalized Kronecker delta

5“1 o= Z sign(o)d,! o) ..Sb“;(n), (5.72)
oS,
we see that .
Y 655 =755, Z SES =1765. (5.73)
E=1
This gives us the OPE
5c\P - (_1)a+b+a’+b’cl (baa)cl (b,7al) b _
(gg) (Z7Z)0D A’—% (W7 ) ~ _ at+b' =2 - ad+b—2 (TAC> OD A7_% (W7 W)
5 (z—w) (Z—w) B (5.74)
~ D (_1)a+b+a’+b’cl(b a)Cl(b’ a/) :
C - . ) ) C B -
(65, 202 yw) ~ =y = (74 ), 08w

Hence QE is a candidate which can extend the R-symmetry algebra. But we see an immediate

problem. The OPE of QN/f with supercurrents Sp (w),S'B(W) is given by

~o\P D A-1 ey
(gf)B (z,2)Sp(w) ~ <TAC>B hm1 TZ(—l)a+b+a +b Cy(b,a)C, (b/,a/)
A2 | 1 | (5.75)
X /dzzl , 5293 (21,21)
(W—Zl)3 (Z_Zl)a—i-b -2 (Z—Zl)a +b—2 " D,A,—
and
~ N\ D _ D A— 1 Y
(65), (225" 5) ~ = (1), lim =22 (-1 Cubracs (0. a)
*’1 | | (5.76)
x/d 2 : —O8 . (z1,71)
( _Z1)3 (Z_Zl)a +b-2 (Z_Zl)a+b -2 A,-l—%

The requirement (5.58) forces @’ +b—2 = 01in (5.75) and (5.76). But then, in view of (C.44),
we get

a+b —2=0 and d+b-2=0 (5.77)

and conclude that the OPE is trivial

(ég)z (z,2)Sp(w) ~ regular, (C}E)Z (z, Z)EB(W) ~ regular. (5.78)
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Chapter 5. Asymptotic Symmetry algebra of N' = 8 Supergravity

5.4 The N = 8 sbms, algebra

Let us now find out the asymptotic symmetries of the theory. The usual symmetry currents in
the theory are the stress tensor T(z), T (Z), which are the superrotation generators and P(z,Z),
which is the supertranslation generator. The modes of these currents generate the bms, algebra
as described in [186]. As usual the generators of bmsy are the modes of T'(z),T(Z) and P(z,7).

Let us expand these currents in modes:

T)=Y Lz"? T@=YLz"% (5.79)
nez nez
Plz)= ZGZP gy (5.80)
n,m

As discussed in [186], the modes P, 1,1 can be obtained from the modes of the current P(z)

or P(Z). If we write

P(z) = Pn_%z*””, Pz =Y Fm_%z*m” (5.81)
nez mez
then
Pn_%’_% :Pn_%, P_%’m_% :Fm_% (5.82)
and

B—
[ —

_ 1 ——mt1 [
T ) A UL

1 (5.83)
= daww ™ [T(w) Py, ]
A o 100y
These modes satisfy the usual bms, algebra:
[Lm;Ln] = (m - n)Lerna [mevl_‘n] = (m - n)Lm+n
(5.84)

1 - 1
[Ln, P) = (En - k> Poiits  [LnsPul = (in - l) P nt1,

where m,n € Z and k,l € Z + % In addition, an infinite dimensional extension of the N = 1
supersymmetry algebra was constructed in [7]. The supercurrent was shown to be the shadow
transform of the gravitino operator. In our theory, we have 8 supercurrents $4(z) and their

antiholomorphic counterpart Ss(Z). The OPEs (5.40) show that $4(z) and S4(Z) are conformal
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primaries of dimension (%,0) and (0,

rents as
SA)k .
Saz)= Y <k+)3, with  (S4)x
kez+l T2
=Y "L, with 5t =
lez+5% 2

) respectively. Consequently, if we expand the supercur-

%dzz

(5.85)

1 _
— g7tz
27:1'% ez

then we can write the commutator of these modes with the Virasoro generators as:

n

[Ln, (SA)m] = (‘ —m> (SA)m+n7 [an (SA) ] 0

2

&
Ei
I

_ 1
{(SB)m 5o} = 88 Pun, mn€Z+=.

(5.86)

0. [bust] = (35t

The operator relation (5.4 1) gives the anticommutator

> (5.87)

Let us now discuss the requirement of (anti)holomorphicity of the singularity in (5.58). Sup-

pose (ég‘)g(z,z) has conformal weights® (i, /). Then we can expand the current as

G52 =Y {(G5}, zmhznh (5.88)
n,mez
with
{(GD5},, = erE 7{ dz f dz MGG 7). (5.89)
Suppose we had an OPE of the form®
=~ _ 1
(G8)p(z:2)Sc(w) ~ z—wz—( 1 )pSc(w). (5.90)
One can readily check that this would give us the commutator
SANC _n (74\€
(G35} s (S| =" (T3) (Y (5.91)
Sthe scaling dimensions of (QA) (z,Z) can be calculated from those of GAB,G%D. Itis (a+b' —2,d +b—-2).

6
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Chapter 5. Asymptotic Symmetry algebra of N' = 8 Supergravity

This is nonsensical since we do not have any w dependence on the left-hand side. Similarly
one can justify the second part of (5.58). So we conclude that the N' = 8 sbms, algebra does

not contain the extension of global R-symmetry algebra. The final algebra is then given by

[Lms Ln) = (m—n)Lypsn, L, Ly] = (m—n)Lynin

Ls (Sa)n) = (5 =) (Sthmins [y (Sa)n] =0 (5.92)

5.5 Conclusion

In this chapter, we have used the CCFT technique to compute the asymptotic symmetry alge-
bra of N = 8 supergravity in asymptotically flat spacetime. The crucial part of our result is the
non-extension of the global SU(8)z R-symmetry algebra. The purely mathematical consider-
ations [390] for NV = 2 theory suggests that the infinite-dimensional extension of R-symmetry
is fraught with mathematical inconsistencies. Here, performing a direct asymptotic symmetry
analysis of the supergravity theory using CCFT prescription, we have confirmed that, indeed,
supergravity does not result in such an extension. The rest of the symmetry algebra is as ex-
pected and is presented in (5.92).

Let us end the chapter with relevant open problems. In the seminal work of Hawking
et al., [141], the importance of the infinite number of soft hairs in the context of black hole
microscopics was discussed. The study was further taken forward in [141, 333, 395-397] and
beautifully reviewed in [11]. They emphasized the importance of symmetry enhancements
at the future horizon H* of the black holes and how both the hypersurfaces’ H* and Z+
carry information of conserved charges, that are in turn important for understanding black hole
microscopics. The study of the present work indicates that the asymptotic soft hairs of the
supergravity theories will not have distinct infinite R-charges; rather, they will only carry the
global fixed number of R-charges. An interesting question that remains to be studied is the
effect, if any, of these R-charges at the horizon and, finally, their importance in the black hole

microscopics. We hope to return to this question in the future.

7T+ denotes the future null horizon
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5.5. Conclusion

In the next chapter, I will introduce a new prescription to study flat spacetime. Here, we
will talk about the flat limit of AdS spacetime, where we are motivated to study the scattering

processes of massive particles (scalars and spinning tensors).

121






CHAPTER 6
MASSIVE VECTOR PARTICLES SCATTERING IN ADS SPACETIME

This chapter is based on work (in progress) in collaboration with Nabamita Banerjee, Karan

Fernandes, Arpita Mitra, and Amogh Desai.

6.1 Introduction

Our primary focus is to explore the consequences arising from the asymptotic behavior of
particles within the AdS spacetime. Specifically, we aim to investigate how the double scal-
ing limit'[239, 240] manifests itself in the correlation functions of the boundary CFT. As we
have the relation between the flat space S-matrix and AdS S-matrix under the flat space limit
(R — o) of CFT correlators, we may now gain a better understanding of the soft theorems in
AdS. This approach holds significant potential to unveil deeper insights into the AdS S-matrix
coming from the non-perturbative nature of boundary correlators.

In this study, we first take the approach of [236] to compute the “S-matrix" of a QFT with
charged particles in the flat space limit of AdS spacetime, and then we study the implications of
the double scaling limit of [239] on them. Following [236], we get the S-matrix via the Fourier
transform of the position space correlation function in the embedding space, which is defined
only for the on-shell momenta. This Fourier-transformed correlation function is interpreted as

the AdS S-matrix. Let us brief the steps for computing the "AdS S-matrix" below :

* The momentum space correlation function is reduced to the flat space S-matrix in the
flat space limit. This implies that the correlation function will be proportional to the
momentum-conserving delta function, (Y P;), at the leading order of 1/R. As the trans-
lation symmetry is broken at orders of 1/R in the flat space limit for AdS potential, at
the subleading order, we expect the correlation function to be proportional to the deriva-
tives of 8(Y. P;). Here, we define the AdS S-Matrix as the term which is proportional to

6 (Y. P) only, rather than its derivatives as proposed in [236].

* To compute the full n-point correlation, we make use of the Conformal Ward Identities

or the action of the symmetry generators on our defined AdS S-matrix at O(1/R?). This

' Double scaling limit (DSL) introduced by Banerjee et al. [239, 240] is defined as a limit when the frequency
(w) of the radiation and the cosmological constant goes to zero (conversely, the AdS radius approaches infin-
ity), simultaneously keeping their ratio constant. This limit physically uses the fact that when the space-time
approaches to flat, these radiations become soft.
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Chapter 6. Massive Vector Particles Scattering in AdS spacetime

implies that the AdS S-matrix has complete information on all of the bulk physics in
terms of the conformal correlators in 1/R? perturbations theory. We will further continue

this discussion in section 6.4.

* In this work, we look at the exchange diagrams. In [236], authors showed the equivalence
of this formalism with the Mellin space representation, which can be generalized to any
generic correlation function using bulk-to-bulk and bulk-to-boundary propagators. Con-
sidering a bulk point in the patch, we compute the bulk to boundary propagator in 1/R
perturbation theory, and this propagator is interpreted as the momentum space external
leg factor for the Witten diagram. Moreover, we compute the Bulk to Bulk propagator,

which can be used to compute higher-order diagrams.

To get the relevant expressions, we define a local patch on the AdS hyperboloid, which is
centered around a specific local point CA = (6,R), A=0,---,d+1, in the large R limit. This
fixes a conformal frame for the momentum space correlator [236]. Once we fix the gauge for
the AdS momenta variables, all the bulk processes are confined and localized within this frame
surrounding the point C, where we represent the momenta variable as the flat space momenta
and the isometry algebra of the flat space is defined around this point. This choice of gauge will
become evident in the following sections. While taking the flat space limit R — oo, this point
holds a distinct significance. Our work involves an extension of the previous work done by the

authors in [236] in the context of vector fields.

The chapter is organized as follows. In section 6.2, we introduce the momentum space
formalism for AdS S-matrix as discussed in [236]. This will give a general prescription for
scattering in AdS and how we will get the flat space S-matrix under the flat space limit. Section
6.3.1 explains the construction of Bulk to Boundary propagator for massive vector fields under
R — oo limit. In section 6.3.2, we constructed the Bulk-to-Bulk propagator for the massive
vector field up to sub-leading order and found the iterative solutions to the propagator equation
of motion up to sub-leading order. In section 6.4, we explain the procedure to compute AdS
S-matrix and enlighten the reader about the other prescriptions that one can use. In section
6.5, we conclude the chapter with some motivation towards the application in the context of
some low-energy effective field theories, which are instrumental considering the demand in

theoretical studies.
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6.2 Notation and Setup

This section aims to establish standardized notations and terminologies for subsequent discus-
sions. Here, we closely follow the momentum space prescription for defining an AdS “S-
matrix" laid forward by [236]. The main idea is to work in the Fourier dual space of the
embedding space coordinates for theories in AdS and the dual CFT. This has a few advantages,

the most prominent being that the AdS isometries are manifest in this description.

Let us begin with the description of the embedding space of AdS spacetime. Both the

AdS,, | and its boundary dual CFT, are embedded in a R?¢ space with metric N)4p = diag(—, +, ...

A=0,---,d+1. Considering two vectors in the embedding space as X*, W4 and R as the AdS
radius, the hypersurface X? = —R? describes the AdS manifold and the dual boundary CFT lies
on the null cone defined by W2 = 0”. In this space, the AdS isometry generators are linear and

are given by,

d d
My =X -X ) 6.1
a8 =Xa555 ~ XB5xa (6.1)
Similarly, the conformal symmetry generators are given by,
. 0 d
Mpp =Wp——5 —Wp—-. 6.2
AB ASWE BoWA (6.2)

Note that the structure of the two sets of generators are precisely identical, owing to the fact

that the two manifolds possess the same isometry group, i.e., the rotation group SO(d,2).

We now look at the Fourier transform of position-dependent correlation functions defined
on the AdS manifold. We require that the Fourier dual function is defined only over the AdS
manifold and has no contribution from the region of the embedding space beyond AdS. For
this, we will demand that the Fourier integral over the entire embedding space has support only
over the AdS manifold such that contribution to the Fourier integral due to regions away from

the AdS vanishes.

We put such a restriction mathematically by introducing a §(X? 4+ R?) in the integral. For

an n-point position space correlation function F (X, ---X;, -+, X,,), we define its Fourier trans-

2CFTs are better understood by transforming to a space where the conformal group is realized as the group of
linear isometries [398, 399]. This is accomplished by formulating CFTs on the projective null cone in two higher
dimensions where it is only the action of the Lorentz group [400—402]. Consider a d + 2 dimensional embedding
space R%? with flat metric ds> = NuvdXH*dXY = —dXtdX~ + dx?, where X* = (Xt X" ,x%),a=0,--- ,d—1.
The null cone defined by X? = 0, is a SO(d, 2)-invariant subspace of R??, and the projective null cone PN is

obtained by quotienting by the scale I' = X .dx. Hence, PN = {X cR¥?x? = 0} JT.
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form F (P1,-++Pi,--+ ,Pn), where X;’s represents the position space vector insertions in the

embedding space and P;’s are the Fourier dual variables for X;. We have
F(Py,- Py Pa) = /Hdd+2x,- §(XF+R*) TN (X, Xy, Xn) (6.3)
i=1

In the given expression, the integration is carried out over the AdS hyperboloid. Here, we
use the shorthand notations for the correlations in position and momentum space as F(X;) and
F (P;) respectively, which are functions of d + 2 variables. Note that the action of the symmetry

generators is linear in nature, which means,
n
MgF (P;) = / [ 2X; (X2 + RA)F (X;) My P 6.4)
i=1

Here, the generator has bypassed the measure, the delta function, and the correlation function in

position space because the measure must be invariant under symmetry transformation. Hence

[Mag, X?] = [Map, F(X;)] =0, (6.5)

where the first commutator defines AdS isometry, and the second manifests the demand that

the correlation functions must be invariant under symmetry transformations.

Substituting Eq. (6.1) in Eq. (6.4) we get,

i=1

d d 0 ,
= dX; s(X? +ROF (X)) (P —P iPiXi
/H,-l (X + R)F(X) (P g~ Pags )e

6.6)
_ a a - ) 2 2 NP X
_ (pB_aPA _pA_aPB> /ilzlldx, 5(X2 +R?) F(Xi)e
0 d \ ~
- (PBapA —Pa 8733> F(P)

Hence, the symmetry generators in momentum space up to an overall negative sign are given

by,

o o ) (6.7)

Mup = <PA IPs Ps 9P,

Substituting the Fourier transformed correlator of Eq 2.3 in the LHS of the above relation, one
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can also check that the momentum space correlation function satisfies the property,

Jd d 2\ ~
— —R°|F(P;))=0 6.8
This is a constraint on the momentum space correlators, which is used to reduce the degrees
of freedom from d +2 to d + 1. This can be incorporated by fixing P; 441 = 0.° Then F
is an unconstrained function of the d + 1 variables P;,, a = 0,1,...,d. This momentum is
now unconstrained and will henceforth be denoted by P,. We will refer to this as the “AdS

momentum". The momentum space symmetry generators can now be written as,

o 9 9 o [ 9 9

Mo =Fagpn = Pgpar Madt =Fagpass = PanGpa =\ =55 5

Notice that, in the flat space limit (R — o), M, 441 become translation symmetry generators
(or momentum F,) up to a factor of R. Moreover M, behave as generators of rotation in the
X, — X, plane and since a,b =0, 1,...,d, we have (d + 1)d/2 such generators. We refer the
readers to Appendix D.2 for the algebra of the AdS symmetry group in the large R limit. Thus,
we recover the Poincaré group from the AdS isometry group in the flat space limit of AdS. This
was expected because in the flat space limit of AdS, we must be able to recover all the features
and physics of a flat space from equivalent features of AdS.

In 3+ 1 dimensions, the Poincaré group has two Casimirs, namely, mass and spin, which
have two distinct eigenvalues. However, in the presence of AdS potential, there exists only one
physically relevant Casimir whose eigenvalues can be written as M?>R> = A(A—d) + (I +d —
2), where A(A — d) corresponds to the mass and /(I +d — 2) as the spin part of the Casimir in
Poincaré group. Hence, AdS Casimir has information about both mass and spin, which was

expected as translation symmetry breaks down due to the AdS potential.

6.2.1 Momentum Space CFT Correlation in flat space limit

Here our objective is to retrieve the flat spacetime momentum signature. To accomplish this,
it is essential to constrain the results on AdS hyperboloid at the slice P; 411 = 0. By doing so,
we can precisely capture and analyze the momentum vector signature in the context of the flat
Space momentum.

In the large R limit, we have the coordinates defined in the local patch around C as X,,

3There can be other such choices, but this seems to be the simplest one and works well for our purpose [236].
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Chapter 6. Massive Vector Particles Scattering in AdS spacetime

a=0,---,d, and the local momentum defined to be F,. The embedding space coordinates are
X = (X, (R* + X,X%)'/2). After integrating out the X, | integral in Eq. (6.3), the bulk n-point

correlation function can be written as,

dd_HXa,i

n
F(P) = / _ g fad
¢ ,11 VRZ+ X XE

eiFuiXaiF (X, (R? + X0 X0)'/?) (6.9)

This transformation is defined for the off-shell momenta P,. Here, we need to define a Fourier
transform for the on-shell momenta such that the CFT operator insertions behave as the on-shell
asymptotic states for scattering in AdS. On account of this, we call this momentum space CFT

correlation to be the “AdS S-matrix".

In AdS/CFT, using the “extrapolate” dictionary [403, 404], we can relate the bulk field ¢ (X)

in AdS to the boundary CFT operator O(W) with conformal dimension A as,

Oa(W) = lim o’ (X = aw +0(a)). (6.10)
Here W is the embedding space vector labeling a point at the boundary such that W? = 0, and X
is a point in AdS satisfying X* +R?> = 0. O(a”) can be a vector in AdS hyperboloid orthogonal
to the lightcone vector W [236].

Now, the Fourier transform of the boundary CFT correlation function G(W;) following the

above dictionary can be written as,
o~ n .,
G(P) = / [Td" Wi 8(W2) ¢ Vi G(W) 6.11)
i=1

This Fourier integral looks the same as in Eq.(6.3) except the support, which is only over the
CFT manifold, which is the projective null cone, Wi2 = 0 other than the AdS hyperboloid. This

function G(P;) satisfies,

Jd 0J =~
57, 3p 0P =0. (6.12)

As we have seen, this condition imposes a constraint on P, which allows us to set Py =0

and P = (P,,0) like in AdS.

Let’s define a scale covariant function @(75,) in momentum space, which is a function of

the unit momentum vector P; = P;/|P;|. The conformal covariance of the CFT correlation
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function in Fourier space implies
A~ ~ d—A;
G(Pi) =G(P) <|Pi| ) (6.13)

It’s clear that as long as A # d, i.e., for massive particles in the bulk of AdS, this new function

depends only on the unit vector P;.

We have to fix the gauge’ |73\2 =-M?= |Pa|2, such that the correlation function will be a
function of only on-shell AdS momenta P,. Hence, we can construct the on-shell asymptotic

states with the support of the Fourier transform only over the boundary.

This analysis implies that the on-shell asymptotic states are constructed by the Fourier
transform of the boundary data of the AdS space [236]. So, whenever we compute correlation
functions with the conformal momenta constraint P2 = —M?2, they will be “on-shell”, and in the
flat space limit of these AdS/CFT correlation functions, we should be able to retrieve flat space
S-matrix elements. It has been shown explicitly for some scalar Witten diagrams [236]. We
have extended this to massive vector fields. In momentum space, the boundary n-point function
is characterized as the Fourier transform of the corresponding position space n function. In the
limit R — oo, this correlation gives us the conformal momentum space observables in the flat
space.

To see the effect of the large R, we have to scale the vector W; — RW; in Eq (6.11), and
fix the gauge by using the condition, P, = 0. Here, the integration support for both W and
W, are on the future null cone’. The explicit derivation of this correlation is given in Appendix

[236, A.1].

6.3 Proca theory in AdS,, |

In this section, we will consider a massive vector field in AdS and derive its bulk-to-boundary
and bulk-to-bulk propagators in momentum space. The AdS,;,; spacetime can be described
by embedding it in (d 4+ 2) dimensional Minkowski spacetime nsp = diag(—,+,---,—). The

coordinates of AdS, of length R is a set of points X = (X°,X! ... X9) and the spacetime

4Since this function does not depend on the norm of 7P;, we can gauge fix the momenta using the condition,
|P;|* = —M? = |P,|*. Proper justification for this choice of gauge is given using conformal Casimir and from the
boundary to bulk propagator in [236, Section 3.1]

) (le) in the integrand tells us that we restrict the non-zero contributions of the Fourier integral over the null
cone.
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Chapter 6. Massive Vector Particles Scattering in AdS spacetime

interval is given by,
2 2
ds? = — (dX°)+ (ax")" -4 (ax?) "= (ax+) (6.14)

In embedding coordinates, AdS, 1 is a hyperboloid satisfying X4 X = —R? with its boundary
given by the projective null cone WAW, = 0. To distinguish the AdS,, | spacetime metric, we

define W = X“*! such that Eq.(6.14) takes the form
ds* = nyydx*dx"¥ —dw? (6.15)

The hyperboloid constraint condition further implies that W? = R* + X2, with X? = X, X".
Since we are interested treating 1/R as a perturbative parameter and studying corrections up to
1/ R? order, we will consider the metric and inverse metric as,

X, Xy XHXV
_ _ uv _ UV
gHV_n[JV R2+X27 8 (X)_n + Rz

+0O(R?) (6.16)
The covariant derivatives and the affine connection are given by

1
——X"g4p. (6.17)

_ Y _
Vy=ox—T, Tlz=—07

We note that the connection in Eq.(6.17) is exact to all orders in R~!. We will now consider a
massive vector field A# with mass M in AdS, 1, which is described by the Proca action on the

AdS background [405, 406],

1 1

where F;y = Vi Ay — VyAy. The action provides the following equation of motion for A,

V,F*Y —M*AY =0, (6.19)
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which on using Eq.(6.16) and (6.17) gives o
1 _
[guv(Vy —M?*) =V, V,]AY = 9yAY — FX"nvap +OR3) =0. (6.20)

This equation of motion will be used to derive the bulk-to-bulk and bulk-to-boundary propa-
gators for the massive vector field. Lastly, we note that the Proca field by virtue of Eq.(6.20)
further satisfies the condition

VAR =0. (6.21)

6.3.1 Bulk-to-boundary propagator

In general for AdS spacetimes in the embedding formalism, the bulk-to-boundary propagator
between two fields inserted at a local bulk point X" and a point on boundary W is proportional

to(W-X )_A. For vector fields, we have [398, 406—408].

vp (g WP 1
ENP (X, W) = (n (W_X>> ST (6.22)

The corresponding expression in momentum space can be derived by performing an appro-

priate Fourier transform on the boundary coordinate, i.e.

8 (P, x) = / AWS(W?)ePWEYE (2, W) (6.23)

We now recall some salient properties of (6.23) that will provide for external states in
the AdS S-matrix with fixed momenta. These are identical to properties noted in [236] for

the bulk-to-boundary propagator for massive scalar fields. From the homogeneity property

(AW-X) ™A =21"2(W-X)74, it follows that

EXP(x aw) =A22EXF (x, W) = 1P (AP, x) = A2 41VF (P, X)
=P (P, x) =[P4 211 (P, X) (6.24)

The last transformation in (6.24) ensures that we can derive vector bulk-to-boundary prop-

This also follows from the group theoretic point of view when one considers that the AdS Casimir M?R? =
A(A—d)+1(I+d—?2) acts as the Laplacian in embedding space coordinates whose eigenvalue is the mass of the
field.
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agators as a function of the orientation P = |77§—| while fixing the magnitude |P|. In the case of
massive fields setting ;.| = 0 such that P? = —M? = P2. We note that this property follows
from the leading contribution of (6.23) coming from W = (W, 1), with WH = ipﬁ” in the large
R limit as noted in [223]. In this way, the formal Fourier transform to “momentum" space in
embedding coordinates can be restricted to fixed on-shell momenta states.

Let us here discuss the massless limit briefly. Generically the massless limit is defined as
A — J+d —2 for any spin-J particle [406]. Thus for spin 1 massless limit we have A — 1,d — 1.
In this case, the above scaling relation still holds with P being the direction of the mull vector
that also has magnitude zero.

In setting P, = 0, the embedding position takes the form X = (X ) \/m> and this
provides a perturbative expansion in R~! about a flat spacetime patch in the strict R — oo limit.
Henceforth, we will consider this case and denote the relevant bulk-to-boundary propagator of
(6.23) by ITVA (P, X). We can recover asymptotic plane wave states from (6.23) in the flat patch
to leading order in R~! by working in the limit of large A = MR >> 0. On rescaling VW — RW
and using W = (W, 1) in (6.23) we get

N RA—d i ) )
Hvﬁ (P,X) _ o /dW/d)»elRl(W —l)elRPW

v yvp -
(nvﬁ_ WX )(_2)—MR (W-X— X2+R2) " (6.25)

(W-X)

with a A integral representation for the Dirac delta function. In the large R limit, the integrand

contribution from the second line of (6.25) is approximated by

(W X — VX2 +R2> M (—R) MR MW.X (6.26)

which notably is not exponential in R, unlike the integrand contribution in the first line of (6.25).
The exponential terms provide the saddle contribution W} = i% in the large R limit. Using

this saddle contribution in 6.25 and using 6.26, we get

YA (P X) < a¥BePX . (6.27)

Hence in the large R limit, the leading contribution from the Fourier transformed bulk-to-

boundary propagator are plane wave states. However, the derivation of perturbative corrections
132



6.3. Proca theory in AdS;

in R~! from the Fourier transform, which will come from expanding X', is more involved using
the saddle approximation about large R to the Fourier transform.

A simpler alternative towards perturbative R~! corrections in the bulk-to-boundary prop-
agator comes directly from the source-free equations of motion that it satisfies in embedding
space. We will solve the propagator in the large R limit with an iterative treatment to derive
R~! perturbations about the leading flat space limit. From Eq.(6.20), the bulk-to-boundary

propagator ITVP (P; X) satisfies the following differential equation’,
[guv (V% —M*) =V, V| TP (P;X) = 0. (6.28)

After a bit of simplification using the relation in D.11, we have

X9,
RZ

X, X
Knuv_ Y >(V)2(—M2)_auav+ + 0,

@+ 2Mav ) g, XPTpodullP®
X2+ R?

R? R?
(6.29)

with the embedding space, Laplacian has the following expansion

1
VI = gPov, Vv, I1YF = 9?11vP — = —XPX%9pd6I1"P 4-211YF  2XV 9, 11%F

+2XP O ITV* — (d+1)X %0, I1"P | .

As noted previously, the bulk-to-boundary propagator can be derived as a function of the mo-
mentum direction. We accordingly define n = iP- X, with the unit momentum vector P, = ‘%'

and derive the solution for ITV#(1)). The perturbative solution of Eq.(6.29) then takes the form
ﬁVﬁ __ iMn VB 1 Vﬁ O R73 6 30
() =™ A7+ 25" +O(R7)]. (6.30)

It is evident from Eq.(6.29) that the propagator has two solutions depending on the choice
P = +iMP. On physical grounds, we discard the negative energy solution from the onset.
Therefore we set ¢MM = ¢/P"X We have provided the detailed derivations of the leading and
subleading contributions of 6.30 in Appendix D.3. In the following, we summarize the main

steps and quote the results.

"Traditionally, there is a delta function on the R.H.S. of the above Green’s function equation given in Eq.(6.28).
However, the boundary field operator is in the momentum space, so one should have expected it to contain a e/”X
term. Notice that the two field insertions lie on different manifolds, meaning their positions never coincide. As a
result, the delta function becomes redundant, and there is no phase factor.
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Substituting Eq.(6.30) in Eq.(6.29), we obtain the leading order equation,
[Muv (93 — M%) — 9,9, M £1P = 0. (6.31)
Eq.(6.31) can be readily solved to get

VBB pVBP. M =d,  PfP=o0 (6.32)

To next order, we have an equation with a 1/R? correction, which follows the perturbative

expansion of Eq.(6.29)

Muv(9% = M2) = 9y | 5P e™ M 1P [y (a4 (X 90+ (d+ DX - 95 ) + Xy [ 7
- {znuv (va]aﬁaa +Xﬁffw8a> —dXBau}eiMn —0

(6.33)

We can solve this equation by substituting the leading order solution for f]vﬁ , which acts as
an effective source for the first order perturbed solution fzv P, Additionally, we assume a gen-
eral ansatz for f2v P as a linear combination of all possible two-index tensor quantities, i.e.
nvB pvPB xvxB PvXB XVPP. The solution for f2v Pin Eq.(6.33) then follows from solutions

for the coefficients in the linear combination ansatz, and we find

v [ (d+2)(P-X) d(IS‘X)erM(If’-X)3 vB
2 T 4M 4 6 ! 6.34)
(d+1) 1

. o d oapa
_ T xBpvy —xvpB L = _pBpv.
M Ty T

Hence, the bulk-to-boundary propagator as a function of (P,X) up to the first subleading cor-

rection in R 2 takes the form

"8 (P, x) :eiP'X[ vp, L <i(d+2) (P~X)+L(P‘X)2+L(P'X)3) P

R2\ 4M2 4M> 6M> 6.35)
1 [i(d+1) i d '
3 ( - xPpv— WX"PB - WPﬁP")]

While a direct M — O limit results in a divergence in (6.34), it is interesting to note a
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possible double scaling approach that could address the massless limit. If we take R — oo and
M — 0, keeping the product MR = 7y as a large fixed number while also retaining the orientation

P fixed,
d

FYB _ giPX [ P ?ﬁﬁﬁv] | (6.36)

However, we would now require the scaling dimension of the boundary field to satisfy
AA—d) =7y —(d—1), (6.37)
which implies A has two solutions. By imposing unitarity we get,

A=

[\SIRSW

+% (d—2)2+4y2. (6.38)

Hence, the case of setting MR = 7y and allowing for a simultaneous massless and flat spacetime
limit differs from the conventional assumption for massless vector fields in AdS, namely that
they are dual to CFT operators with conformal dimensions either 1 or d — 1. Next, we consider

the derivation of the bulk-to-bulk propagator for massive vector fields.

6.3.2 Bulk-to-Bulk propagator

The bulk-to-bulk propagator is a two-point correlation function of a given field theory, inter-
preted physically as the amplitude for its propagation between any two points X and Y in the
bulk of AdS. We will be interested in the propagators for massive vector and scalar fields, which

are defined using the time-ordered product (T-product).

G(Xl ,Xz) = <T{CI)<X1 )CI)(X2>}>

X X
H v
Xy X, T (X1, Xp) = (T {A" (X1)AY (X2)}).

Figure 6.1: Definition of vector and scalar propagators in Bulk AdS.

The momentum space bulk-to-bulk vector propagator, with one of the positions Fourier
transformed to momentum space, will be important in our consideration of Witten diagrams.
The bulk-to-bulk propagator ggg(P,X) for a scalar field in AdS involving R~2 corrections was

derived in [236]. While P is defined about a locally flat region within AdS in the large R limit,
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it need not be on-shell as in the bulk-to-boundary propagator case. To derive Ggg (P,X) for
the massive vector field, we work with the equations of motion satisfied by the position space

bulk-to-bulk propagator

[guv(V§ ~MP) - VVVu] Gy x)=— sEs(v . x), (6.39)

1
V&(X)

and Fourier transform Y to momentum space to find

1 .
[guv(v,% M) — VVV“} G (P X) = ————5PeiPX (6.40)

Vex) "

As in the derivation of the bulk-to-boundary propagator, we consider Gl‘ég perturbatively

expanded in powers of R~2 such that

VB iP-X /3 vp
Gyb —e ()—i—RzGBB( e (6.41)

The leading contribution can be derived using the ansatz

Gty (P.X) = (A(P.X)n"P + B(P,X)PYPP) X,

On substituting this in the leading term of Eq. 6.40, we find the solution

(6.42)

v pB iPX
Gy (PX) = (n”B+P - ) .

M2 P2+M2’

which is the leading contribution of the bulk-to-bulk massive vector propagator in a locally flat
region of the AdS spacetime. The equation to solve for its subleading R~2 correction follows

from using Eq. 6.41 in Eq.(6.40), which provides

[ﬁw(az M) - 8”84 eip.xGl\;g(z) _ 2n“vXV(aaeiP~X>Ggg(l)

n [—Xﬂxv(a2 — M) 41y <d+ (X -9x)? +dX - 8X> +Xv8u] e"XGyh (6.43)
iP- iP- X-X

—XP (20X G )+ MpoXP (34 X\ G ) = — Sl el

We can solve this equation by introducing an ansatz for G vh BB(2) &5 @ linear combination of all

possible two index tensors (X“XV, P*PY, X*PY, XVPH* and n*V). The coefficients are scalar
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functions of (X, P), which include X 2 X.P, P? and their powers. On account of the source
terms, from X2 and those from the leading solution ng(l), the most general ansatz for Ggg(z)

needed to solve Eq. (6.43) takes the form

GVB eiP-X
P2+ M?

BB(2) (P.X) =

(C(P,X)nvﬁ +Xx"xP +D(P,X) X" PP
(6.44)

X-X pVpP
B pv vpB | XA (VB
+E(PX)XPPY +F(PX)P'PP + 5 (n +a5 ))

with C(P,X), D(P,X), E(P,X) and F(P,X) the coefficients. Using Eq.(6.43), we find the fol-

lowing coefficient solutions

(P-X)* i(P-X)((2+d)M*+ (-3 +d)M*P* — P*)

CEX) =) M2(P2 4+ M2)? (6.45)

(—8M2P*+d(M* — P*)) |

(P24 M?2)3
_(Px)? P X)((THAM? + (3+d)P?)

FEX) = inm ey * M2(P? 4 M2)? (6.46)

(8 +3d)M* + 4dM>P* + dP* .

M2(P2 4+ M?)3

e o4

Substituting Eqgs.(6.45-6.47) in Eq.(6.44), we get the desired bulk-to-bulk vector propagator
solution up to subleading R~2 corrections. In the following section, we will use the propagators

in the computation of Witten diagrams and

6.4 AdS S-matrix

In the previous two sections, we computed the two propagators needed to compute correlation
functions in the boundary CFT. Following the prescription given in [236] for massive scalar
fields, in this section, we will define an “AdS S-matrix" for massive vector fields from the

correlation functions.

In flat space QFTs, the protocol for computing the S-matrix for vector fields consists of
applying LSZ prescription on the momentum space correlation functions and contracting them

with polarization vector to get the final S-matrix element. In doing so, one keeps in mind the
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transversality of the external momenta and the polarization vector. Here, we follow the same
prescription considering a theory of a massive vector field with a perturbation to a flat space

with a small negative cosmological constant.

We have the bulk S-matrix defined as the n-point correlation,
A(Pl,Pz, . 7Pn) = 8”1 (Pl)ellz (Pz) e Sun (Pn) F’ul‘uz'”‘u” (Pl,Pz .. .Pn) (648)

where &;(P;) is the polarization corresponding to external momenta P; and F* (P;) is the cor-
relation function that is computed using the Witten diagrams and the propagators in Eq.(6.34)
and Eq.(6.44). Notice that we haven’t defined an LSZ prescription in this procedure as the
external particles are already on-shell, P> = —M?. Now, using the shorthand notation A(P;),
the quantity in Eq.(6.48) has complete information about the scattering process. As in [236]
and as mentioned before, this “S-matrix" is invariant under the action of symmetry generators
Myp.

After contracting the correlation function with polarization vectors, the resultant quantity

A(P;) can be expanded as,

A(P,) = /dXd+1 [A(o)(Pi,Si) +[Aq) (P &) Xy, + [A) (P, €)]F5 X0, Xy +} fl efiX
(6.49)
where A ) (P;, &) generates k derivative terms acting on the momentum-conserving delta func-
tion in the momentum space. The first term in the above expression is proportional to a delta
function of momenta, while the other terms are proportional to the derivatives of the delta
function.

Here, one can see the explicit dependence of X factors in the amplitude. These terms are
expected as compared to the flat space QFT results. In the flat space case, the delta function
of momentum is the manifestation of space-time translation symmetry. In the case of AdS, the
same is broken, and hence, in our result, these factors show up at O(1 /Rz).

The X* in this expression can be replaced with —idp, acting on the exponential.

J
op;"

AR) = [ ax ) (Poe) + APl (= isog )+ [T " 650
i
In principle, one could use any external momenta to get the same result; however, this choice

for n-th momenta is more convenient. Substituting B, = Y/ P, — Z;?_l Pj,and P =Y} P, we get
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the following identity,

/dd+1X (P-X) &PX — —i/dd“XX“ au oiPX
X 6.51)
:i(d+1)/dd+lx ¢PX — i (d+1)5(P)

Here, the total derivative terms vanishes by choosing the appropriate boundary conditions.
Using this identity, one can remove the ambiguity of X dependence from Eq.(6.50) and the

momentum space n-point correlation thus can be written as,

AP) = Ay (B + Ay (B (— i)+ ]8(ER)  ©65)

i

Following the arguments given in [236], we identify the leading order S-Matrix A g) as the
“AdS S-matrix". As has been explicitly shown in [236], this expression is related to the higher
order S-matrix terms via Ward identities or the conformal covariance of the correlation function
A(P;) under the action of the symmetry generators M,. Hence, A(o) as the AdS S-matrix is
the only independent data needed to compute the momentum space correlator A(P;) in the
1 /R perturbation theory. In our work ([409]: in preparation), we have used this procedure to

compute the four-point exchange diagram.

6.5 Conclusion

Building upon the formalism used in [236], we have studied the properties of conformally
covariant momentum space representations of the CFT correlators, alternatively referred to as
“AdS S-Matrix" in the presence of massive vector fields. Under the flat space limit, where
we keep the masses of the particles fixed under AdS radius R — oo, we have constructed the
bulk-to-boundary propagator, and the bulk-to-bulk propagators for the massive vector fields
perturbatively up to the sub-leading order in large R limit. To compute the n-point function of
the currents in the boundary CFT, we need to compute the Witten diagrams [228], where the

boundary of AdS is sketched as a circle, and the wavy lines are the gauge boson propagators.

To find the amplitude corresponding to these diagrams, we need to have the bulk vertices
and the AdS propagators for the bulk fields. The simplest one of such diagrams is the contact
diagram, which is an integrated diagram over a n-point vertex [410]. For massive vector fields,
the bulk-to-bulk propagator is found in Eq.(6.44). Due to translational symmetry breaking in

AdS, we must compute the Witten diagrams in the AdS momentum space for 1/R perturbation
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theory [236]. We expect the result to reduce back to the flat space Feynman diagrams compu-
tation in R — oo limit. Our next goal is dedicated to finding the four-point Witten diagram in an
effective theoretical model in AdS,;, | spacetime.

The results of our findings are consistent with the analysis for massive scalar fields done
by the authors in [236]. In this direction, our work will help us to understand the properties
of the S-matrices in curved spacetimes. To do this, we are required to compute all the n-point
diagrams up to O(1/ Rz). This can be done in principle using the propagators we have com-
puted; however, that would be a tedious task. One way to simplify this would be to reconcile
our analysis with the large gauge ward identity methods to deal with soft limits. A consequence
of this would be the extension of the Infrared (IR) Triangle (which is well-known in flat space)
to AdS field theories.

In the next chapter, I will conclude this thesis with the conclusions of and outlooks from
each of the chapters separately and will highlight our biggest motivation for all these studies in

line with holography.
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CHAPTER 7
CONCLUSION

In this thesis, I put some recent updates on the modernized techniques used to understand flat
space holography. Among many others, we were focused on the recently developed technique
of celestial holography. Our focus is on finding the symmetries of asymptotically flat space-
times. In Chapter 2, I illuminated the Celestial conformal field theoretic techniques, where
I defined the celestial map at the level of wavefunctions, which helps us to map the scatter-
ing amplitude into the conformal fields correlators which transforms as primary fields under
SL(2,C) conformal symmetry group of the boundary CFT.

I stated the rules for finding the asymptotic symmetries and corresponding symmetry al-
gebra in any theory using this technique, given the two most important ingredients, like the
soft and collinear limits of the celestial scattering amplitudes. In certain theories, this tech-
nique turned out to be very helpful. Another motivation was the simplicity of the techniques,
provided we have all the symmetries in theory. It is simpler than the usual killing vector ap-
proach. ence, computationally, it is desirable to develop a general algorithm for constructing
the extensions of BMS algebra using the CCFT technique.

In the subsequent chapters of this thesis, I list the case studies that we did in the case of the
bosonic Einstein- Yang-Mills theory and in supergravity theory. Along with this, we highlighted
some use of the known double copy formalism as a requirement for our studies, which helps
in computing quantum gravity amplitudes from gauge theory. Then, to conclude this thesis,
I will light up our recent developments in understanding flat space from the perspective of an
observer sitting in AdS spacetime itself.

Here is a summary of the conclusions from each chapter.

* In Chapter 3, we discussed the case of Einstein Yang-Mills theory, where our primary
job was to construct the celestial conformal operators corresponding to the symmetry
currents corresponding to the gravitons and gauge bosons in the theory. Due to the non-
abelian nature of the symmetry generators, there was a demand to construct the soft
limit independent composite current conformal operator. The shadow transformation
helps us to construct the energy-momentum tensor (quasi-primary conformal operator of

dimension A = 0) of our CCFT from the shadow A = 2 conformal primary operator. The
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CCFT OPEs between the gauge boson operators with our defined energy-momentum
tensor results in the correct Virasoro primaries. The structure of these celestial OPEs
of the symmetry operators generating BMS put forth the relation to the extended BMS

algebra bms, and in our case of EYM, the extension, eymbmsy:

eymbms, = Superrotations & [Supertranslations & u(N)-gauge transformations] .

Hence, the above algebraic statement showed our usual bms,4 with a symmetry extension
of u(N)-gauge transformation. Similarly, for Einstein-Maxwell, we needed to switch off
the color degrees of freedom to result in the extended algebra of embms, corresponding

to u(1) gauge-symmetry:

embms, = Superrotations & [Supertranslations @ u(1)-gauge transformations] .

The upshot of this analysis is that Henneaux and Troessaert’s methods of constructing
the algebra give us the global Lorentz transformations; however, in our prescription, we

have recovered the complete local superrotation algebra.

* In Chapter 4, we have made use of the famous formalism of double copy (DC), which re-
lates a gravity scattering amplitude to gauge theory amplitude. However, we constructed
the relation only in soft and collinear sectors of super Yang-Mills and N = 8 supergravity
theory. The important consideration in our work that helped in successful double copy
relation is the unique self-duality condition. Based on the factorization of the states,
we properly fixed the R-symmetry indices on both the gauge and gravity sides of the

amplitudes.

The goal of this work is twofold: first, we would like to construct the dual celestial CFT
corresponding to the bulk N' = 8 supergravity in four dimensions. This requires the
collinear limits of bulk amplitudes as they imply the OPEs of (super)conformal operators
in the CCFT. Second, we would like to determine the asymptotic symmetries of N =
8 supergravity using celestial holography. As discussed in [411], our final goal is to
determine the contribution of BMS hairs to black hole entropy. The first step to such an
analysis would be to understand the extension of the BMS group to super BMS group

in A/ = 8 supergravity. The corresponding N = 1 supergravity case has already been
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worked out in [7]. Both these goals have been addressed in the work [392].

* In Chapter 5, CCFT techniques have been used to show the extension of the supersymme-
try and non-extension of the R-symmetry algebra at the null infinities in our supergravity

case study of A/ = 8 theory.

Let us briefly discuss the importance of the study of asymptotic symmetry algebra for
higher N supergravity theories. Firstly, in the context of flat space holography', they
can be used to find a field theory dual of the bulk theories. Supersymmetry gives us a
more technical handle to address such questions. Secondly, it is conjectured [333, 416,
417] that the BMS hairs are responsible for Black Hole entropy. The conjecture has
also been shown to be only partially correct in [418, 419], where the authors showed
that the BMS hair could only partially incorporate some part of the Black Hole entropy.
In the context of a class of black holes, namely extremal black holes in (super)string
theories, the microscopic counting of black hole states is known in great detail. It would
be interesting to find how much of this entropy is captured by the (super)bms, hairs. This

project remains one of our prime goals to study in the future.

It is instructive to note that our results are consistent with the usual expectation of sym-
metry enhancement at the boundary for gauge symmetries. In the case of ordinary gravity
and minimal supergravity theories, the corresponding symmetries are local in nature, and
hence, they have a natural infinite extension at the boundary. For extended supergrav-
ity, the R-symmetry is primarily a global symmetry, and in our study, we find that the
symmetry group is not extended at the asymptotic boundary. In the CCFT language, this
result comes from the regularity of the OPEs between the R-symmetry charges and the
supersymmetry, which signifies the absence of collinear divergences. It would be nice
to check the fate of R-symmetry in the context of gauged supergravity theories (where
the R-symmetries are also local) by performing a direct asymptotic symmetry analysis of
those theories. On the other hand, global non-compact symmetries, such as translation,
also have a local counterpart in the theory of dynamical gravity, and hence, it does get an

infinite extension at the asymptotic null boundary.

* In Chapter 6, we showcased some recent advancements in relation to the scattering in

AdS spacetimes. One can object here to the obscurity in defining the scattering pro-

'In the context of 3-dimensional (super)gravity, the duals have been constructed in [337, 411-415].
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cess, considering the closeness of the spacetime manifold. However, our analysis holds
specific to the flat space limit of AdS spacetime. The S—matrices of flat space can be
derived by taking the dimension of the conformal field A in the CFT correlator to be large
when the dual AdS length scale, R — . In the embedding space, the AdS S-matrix is
defined as the Fourier transform of the position space correlator that asserts complete in-
formation of the bulk physics in the conformal correlators in 1/R? perturbations theory.

We pursued the momentum Space prescription introduced in [236].

This chapter is attributed to our recent ongoing work [409]. The scattering, in our case,
involves massive vector particles, and the results so far include the successful construc-
tion of the bulk-to-boundary propagator and the bulk-to-bulk propagators for the massive
vector fields perturbatively up to the subleading order of 1/R?. This aims to explore In-
frared sectors of ‘Scattering amplitudes’ in AdS spacetime. In addition, we want to relate
it to more classical results or soft theorems in the 1/R perturbation theory. This momen-
tum space analysis helps in the higher spin theories where the consistent formulation of

the scattering is still missing.

Flat space IR behavior of massless particles becomes finite in AdS, which makes the AdS
amplitudes more well-behaved than Minkowski spacetime to construct IR-safe observ-
ables by using AdS length to be the IR regulator. In the end, one can take this radius too
large to get back to the flat space scattering rates and cross-sections. There are subtleties
involved in studying massless particles in AdS and soft particles upon mass going zero
limits. These are two different limits in AdS. The first one has been well explored in the
literature [398, 406]; however, the notion of taking a soft limit is a bit obscure. This can
be understood in the simultaneous double scaling limit, which is the soft limit in AdS.

This was our prior motivation for studying scattering in AdS.

Again, the universal sectors of soft and collinear limits can be explored using the Mellin
representations in the flat limit of AdS [420], unlike the momentum space formalism in
our case. Hence, understanding this in the momentum space formalism could be one of
the future aspects of this work. Another recently explored direction is to construct the
Carrolian CFT Correlation functions from the AdS Witten diagrams, which is completely
motivated by the 4D flat space celestial holography [195]; this could be a better explo-
ration considering the mathematical simplicity of flat space holography and the relation

of CCFT correlation function to Witten diagrams in the flat limit of AdS.
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Finally, in this thesis, we presented some applications of asymptotic symmetry analysis,
which relies on suitable celestial OPEs in the CCFT, connecting bulk and boundary physics,
thus developing the holographic principle in flat spacetime. The case studies have been in
the case of EYM and maximally supersymmetric N' = 8 Supergravity theory. This analysis
strengthens our motivations to study this holography on or near the black hole horizons, con-
tributing to the studies of soft hairs. Additionally, we are hopeful about understanding the flat
space scattering from the perspective of the AdS observer, which will lead us to understand
the universalities of the scattering amplitudes in the non-trivial background spacetimes. In our

upcoming work, we will update the reader on this line of studies.

Feedback Request

Dear Reader,

Your feedback on my thesis would greatly benefit me. If you notice any errors, omissions,
or missing references, I would be grateful if you could inform me.

Please feel free to contact me at tabasumi9@iiserb.ac.in or trahnuma03 @ gmail.com.

Thank you.
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APPENDIX A
SOME REQUIRED INTEGRALS

A.1 Evaluation of Useful Integrals

We show that certain integrals vanish as a result of the global conformal invariance of celestial
correlators. These results are used in the computations presented in the main draft.

A.1.1 Evaluation of Integral I
We have,

G“(Z)G”()fv[o (202 Ly e [
w Aol (205 Zn) zﬂ;;f /dz1(

n=2

1 1
w—z1)22—%

bi=b - - b =
X <(’)171_1 (z1,21) - - OR, 4, (2i,Zi) - "OA:;.,&, (zn,zn)> )

Now using the global conformal invariance of <(9[1"_:1b (z1,21) - .- OZi 0 (ziyZi) - - OZ’; 0 (zn,zn)>,
we will show that the first integral vanishes and the only nontrivial terms which exist are the
regular ones.

Putting W =w —z1, Z = 7—z; we have,

1 - _ _ -
/d221 Wz <O?’l_1b(21721)-~-02hgi (z,21)... 0%, (zn,zn)>

1 — _ c _ -
— _aw/d2Z1 W <(’)1177'_1b (Zl ,Zl) .. OAi,[i (Zi,Zi) - Oi’;’én (Zn,Zn)> .

We use the following identity:

1 1 1 1 1 1
WZ z—w\w—z1 z—z21) z—-w\W Z

We get,

1 - _ _ _

1 1 1 bi—=b _ _ by _
= /dzZl (W - 2) <01}f1 (ZI,ZI)---OZZ.,@. (ZiaZi>---0An,4n (Zn,Zn)>-

—w

We change z; — z —w+z; in the second term of this integral:

1 — _ _ -
[ — (O (@1.20)- Oy n7) - O, (o)) —

1 _ _ X _ _
/dzzl — <Of}_f’(Z1,Z1)-..OZi7@ (Zi,Zi)~-~OZl:“gn (zmzn)>

By global conformal invariance of

(O (@12 08, (@07) - OR1, (ens0))
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Appendix A. Some Required Integrals

I z—w
under € SL(2,C), we get (cf. [185, Eq. (3.2)]),

0 1

<(911’}_f’(z —w+2z1,Z2=W+2Z1)... Oy, 0 (2,Zi) - - (9227&1(Zn,2n)>
— (00 ar7)-2- O (05O a) ),
which implies

1
d’z) (911:1 (21,21) - O 4, (21,70) - O, (z0,Z0) ) =0
WZ ™1 nstn

Thus we get

1 _
/dzZl o (01 (21,21) 05, (07) - Ol (ann) ) = —u(0) =0

A.1.2 Evaluation of Integral I1

‘We show that

: S ! T o _
%/dzzl <z—wWZ a WZZ) <O?,—1 (z1,20) [TO% 4, (zn,zn)> =0.

n=2

It suffices to prove that

1 1 M _
ﬁ/dzZIW_Z <(’)‘1’7_1 (z1,21) HOZ’;,& (Zn,Zn)> =0,

n=2

since the second term is given by

la /d2 Lot e TIO%, ()
= —— A5 1,—1 21,41 il \S1s%n
Py wz LAt

=0
Using the global conformal invariance of the correlator as in A.1.1, the proof is complete.
A.2 Conformal Dimension of G*(z,7)

In this appendix, we explicitly compute the OPE of G%(z,7) with T(z) and T (Z) and conclude
that the conformal dimension of G%(z,7) is (h,h) = (1,1). This justifies the mode expansion
of G%(z,7) in Eq. (5.88). We have

<T(z)gab(w,w)> - <T(z) L GA(w)G () : >— <T(z) LG ()G (w) : >
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A.2. Conformal Dimension of G%(z,7)

which is the difference of two three point correlation functions. We can use generalised Wick’s
theorem (see [58, Appendix 6.B]) to simplify this. Since the normal ordering ‘: :” removes the

singular terms from the OPE, we can use the expression [58, Appendix B, Eq. (6.206)]. Then
we have

1 [ dx I B
= —% [(z—x)z :GYx)G (W) : +Z—_x 1 G (x)G (W) 1 + regular.]

1 . Vol . 1 . a by
: e G (W)G (W) :,

where we used the OPE of Eq. (3.28) and Eq. (3.31). Similarly

<T(z) LG ()G (w) : >

| dx
:%fx—w
—=b, _\ ~a . 1 . Ab - a .
o O MG+ = G (MAGW) ]

T(z) : G (W)G*x): +: G ()T (2) G*(x) :
= L 7{ dxw {regular. +
1

= 2 16 DG W) 4 G (9)AG ()

where we again used the OPE of Eq. (3.28). Thus we get

(TR (ww)) = (z—lw)z [6°(w). 6" (9) :+Z_1wawz (G(w),G"()
1

" (z-w)

ab - 1 ab -
5G (w,w) + p— Wawg (w,w).

Similarly we can compute the OPE of G%(z,7) with T (Z). We get

(TG (.9)) = ez "0 + 206G (0.7,
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APPENDIX B
ALL COLLINEAR SPLIT FACTORS

B.1 Split Factors

Here, we list all of the split factors corresponding to both like and unlike spins in our super-
gravity theory.
Gravi-photons splits:

12] . [12]
S lt 11+0 21+0 _ [ S ltSG 11+0 20+1 - _
pl ( ) <12>7 pia <Z7 9 ) <12>
12 12
Splg” (5,17+1,24+4) = _<[12]>’ Splits (,119,2710) = —(1 _Z)2<[12]>
(12) (12 B
165G (z, 1140, 27140y — 2 S l-tSG< 1-3—1 2%+%> —_(1—2)?
Split>5 (z, )=-z2 2]’ phit=; { 2, ) (1-2) 2]
12]
li SG( 1722 2%+%> __p2l2
Splity5 | z, , Z (12)
Gravi-photinos splits:
1 12] . 1 1 [12]
I ( 1240 2%+0) S e L0 B ltSG< 1z+°,20+z) Y G W i
Sp 1t ) ( Z)<12>7 pliyy <y Z( Z)<12>
i 1 [12] ) 1 _1 (12)
splitS (2,1370,27570) = —fa(1 =25, spliet (2,1770,27570) — - /B3 (1 - 7)1
plit’ z2(1—2) ) plit™; (z 2(1—-2) 2
. 11 12] ) 1.1 A1 (12)
ltSG( 1! ;2;+1>:_ 1— [12] ltSG( 13 122+1>:_ 1— 3
SP11 e ) Z( Z)<12>7 SPI—Z 2, ) Z( Z) [12]
12]
i SG( 131 2—%+1> — /A1 [ ‘
Sp 1t+2 <y ) < ( )<12>
(B.2)
Scalars Splits:
12 12
Split>§ (z,1°10,2070) —z(1 - z)u, SplitS5 (z,1°10,2910) = —z(1 —z)u
[12] (12)
12 12
Split§ (z, 1711 27171 = (1 —z)u, SplitSG (z, 17112717 = —z(1 —z)u
[12] (12)
. 1111 12) . Sly1 i1 [12]
]SG< 1"2%1.2%3 é):_ 1— < ]SG( 17 2T2.2%2 2):_ 1 —z)—=.
Split™3 | z, , Z(1 —z)— DR Split75 ( z, , zZ( z)<12>
(B.3)
Graviton-Gravitino Splits:
, 1 1 [12] . 1 1 12
SplitSG (z,lHl,ZHé) _ 7 SplitSG <z,11+1,22+1) _
P 2/1-2(12) P z/(1—2)(12)
. i1 1—2)3 [12] : 1 (1—2)° [12]
1SS (2,111,278 ) = - ( splitSS (z,1'1,2777) = -
Sp1+% <, 9 z <12>7 P1+% <y 3 - <12>
(B.4)
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Appendix B. All Collinear Split Factors

All other Splits can be written via the helicity flipping relation in Eq. (4.25).

Graviton-Graviphoton splits:

. 1 [12] . 1 [12]
SplitSC (7. 11+1 2140y — _ 2 SplitSC (7. 1141 20+ — _ 2
ph —1 (Z7 ’ ) z <12>7 pl —1 (Z7 9 ) z <12>
. B 1—2)% [12] . _ (1—2)* [12]
SplitSG (7. 11+ 90-1 :_(__ SplitSG (. 1141 p—1+0y = 272" 114)
p1+1 (Z’ ) ) z <12>7 pl—I—I (Z7 ) ) z <12>
. 141 1 [12] : 11 (1—-2)?[12]
Split>S (z,11+1,2£+5) =——— S htSG( 711+1,2 2 2) - %~ =
P 2 (12) PTAS 2 (12)
(B.5)
Rest are summarised in Eq. (4.25).
Graviton-Graviphotino splits:
V(1=2) [12 1—2)3 [12
Split>§ (z,11+1,2%+0> - _Mu, SplitSC <Z711+172—%+0> _ V(1 —z)’ [12]
2 b4 (12) 2 Z (12)
1—-z2) [12 1—7)3
SplitSS (2,141,204 = V=2 s (111,204 = - (1—27 [12]
2 Z (12) 2 < (12)
V(1—2) [12 1—-z2)3[12
Split>§ (z,ll“,zl—%) — _MQ7 Splite (z,ll“,Z_H%) _ V(-2 [12]
2 z  (12) 2 z (12)
V(1=2) [12 1—2)3 [12
Split>S (z,ll“,z—%“) = _Mu’ SplitSC <z, 11+1’2%—1> __V(=zP [12]
2 Z (12) 7 Z (12)
(B.6)
Graviton-Scalar Splits:
. 1—-2z) (12
Spht(s)G (Z,11+1720+0) — _( - ) <[12]>
: _ 1—-2z) (12
Splitg© (z, 111, 2! 1):—< - )% (B.7)
1— 12
SplitgC (z,11+1,244) = _( : 2 <[1_2]>
Gravitino-Graviphoton Splits:
: 1 1 [12] : 1 1 [12]
SpIitS (z,1371,201) = —— 20 spliG (2,1371,210) = - — %
N Vi PR VE(12)
- [ 1 [12] : 1 1 [12]
SplitSS ( ,15+1,25+5) = L2 SpliSS ( ,11+z,20+1> 4
P \Z Vz (12) P Z Vz (12)
. 1 1 [12] . 111 1 [12]
S ltS ( ,11—0—%,214-0) = S 1tSG ( ,11—0—2 22+2) N Gt
AN Vz (12) PR_\& 5 vz (12)
: 1 _ 1—2)% [12] . 1 (1—2)%[12]
SltSG< 13+1 20 1>:_( SltSG( 1143 2 1+0>:_
pl+% <, ) \/z <12>a P1+% <y ) \/E <12>
(B.8)
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B.1. Split Factors

Gravitino-Graviphotino Splits:

. 1 1 1—2) [12] . ) [12]
S htSG( ’1;+1,20+;> _ ( il SplitSS < 12+1 22+0
plitg™ {2 z (12) P 1>
1 1—z) [12] . 1 (1 [12]
S 1tSG< 13+ ol ;) _ S ltSG< 1341 2 2+1
Pt ’ : (127 P (12)
. _1 1—2)3 [12] . (1—z )3 [12]
splitS§ (=, 1371,2078) = - U=a7 2] g sa (z,1341,274+0)
AN z (12 P (12)
. NS 1—2)° [12] : 1oosd (1-2z) [12]
S ltSG< 1;+l 25 l) — (—_ S ltSG< 11+2 20+2) — A St
P 1 +1 Z, ) Z <12>7 P 1 0 e ] <12>
. 1) 1—2z) [12] : S| (1—z) [12]
S lltSG< ,11+;,2é+0) — ( = S lltSG( ’11+2,21 2) - o
U : (12) Pio ™ \2 z (12)
, L [(1=2) [12] . 1 ood (1-2)° [12]
S ltSG< 11+£ 2 é+1> — _ ( R i S ltSG( 1l+2 20 2) - L=l
plO Z, ) z <12>, P1+1 Z, ’ <12>
. 1) 1—2)° [12] : 1oiyd (1-2)° [12]
S ltSG< 1143 2 §+0) _ ( S 1tSG< 1143 2 1+2) _
phtiy 13, ’ z <12>7 plit g {3, ) <12>
(B.9)
Gravitino-Scalar Splits:
, 1 1-2) [12] . Lo a1 (1-2z) [12]
S htSG( ,1§+1’20+0> :_(__7 S htSG( RERAIpY 1) _ U=zl
P S vz (12) P vz (12)
: I | 1—2z) [12] : 1 (1—z) [12]
S htSG( 71;+1,25 ;) :_( e S lltSG< ,11+2,20+0> _ e
P Ve oy PR vz (12)
(B.10)
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Similarly for other factorisations of Gravitino we have the same split factors.
Graviphoton-Graviphotino Splits:

12 12
SplitSS <z, 1°+1,2°+%> — /0 —z)%, SplitSS (z, 10+1,2%+°) (1—2) <[ 1 2]>
2 2
12 12
Split3© <z, 10+1 2! %> — _Z)%, SpntﬁG( 1242, +‘> (1—2) <[1 ]>
2 2
12 12
Split3S (z, 1%+%,2%+°) -/ —z)%, SplitSC (z, 1%+%,21—%> -/ —z)%
2
SG (L 13+ -1y — [12] .SG (1140 H0+} [12]
Splltl <Z,12 2,2 2 >:— (I—Z)@, Splltl (Z,l ,2 2>:— (1—Z)@
2 2
SG [ 1140 140 [12] - SG (1140 A4l [12]
Split$ <z,1 23 ):— (1—2)+=,  splitS (z,l 2 ):—\/(1—z)—
2 (12) 2 (12)
: 1 3 [12] . 1 3 [12]
S ltSG( 10+1 20 £>: 1— ;[_ S ltSG< 10+1 23 1):_ 1—27)2
plit; e 9 ( ) <12>7 P1% <y 3 ( Z) <12>
12 12
SplitS6 <z, 1%+%,2O—%> — (1-2)? <[12]>, SplitSS <z, 1%+%,2—%+O> — (1-2)? <[12]>
2 2
12 12
SplitSC <z,11+0,2*%+0> (1 )3<[12]>, Split ( (1140 o1+ ):—(1—z)3<[12]>
2
(B.11)
Graviphoton-Scalar Splits:
12] . - [12]
S ltSG 10+1 20+0 —(1— [ S ltSG 10+1 21 ny 1—
plity” (z, ) =—( )iy plity? (z,1941,2171) = —( 1)
12] , [12]
Slt < 10+1 >:_ 1— [_7 SltSG 11+0 20+0 — (1 -2
plty <, ( Z) <12> pliy (Zv ) ) ( Z) <12>
[12] ..SG 1,1 1 1 [12]
SplitS ( ):—1— DA split (,12*2,22 z):—l— 122
12 12
SplitS§ (z, 171102171 = —(1—z)<[1—2]>, Split>§ (z,r”o,z%*%) =—(1 —z)%
12
SplitS <z,l ~1 0%~ ‘) :—(1—@%
(B.12)
Graviphotino-Scalar Splits:
1 12] . L1 1 [12]
snSG( 10+3 20+°) ] snSG( 1043 2 z):—zl— )
plits ™ (z, 22( Z)<12>, plits™ (2, 1772, 22( Z)<12>
. SG 140 A040) _ 1oy [12] SG( “lyo l—l> e (12)
Split} ( 1210 2 ) A= S (5174020 ) =~ (12
12 12
Sphtscg <Z71_1+%721_1> - _Z%(l _Z)u7 SphtSG3 <Z71_1+%72%_%> = _Z%(l _Z>u
-3 [12] -3 [12]
(B.13)
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B.2 Explicit computations of Amplitudes

In this appendix, we explicitly calculate the collinear limits of states various spin combinations.

B.2.1 Like spins

The collinear limits of gravitons is calculated in Section B.2.1 in detail. So we start with
collinear limit of gravitinos.

Gravitinos
The factorisation of R-symmetry indices has the form

(@:3) = (@
(n3)=1@
‘We then have

Mn (la;+%,2b;+%,"' ,n) :Mn (1(&;%)@1,2(1?;%)@1,'” ,l’l)

= Split%S (z, 1%+172%+1> xM, | <pab;+1’... ,n> (B.14)

(D 212 .
14 b;+1
R — M—1<Pa +7"'7”)

T Voo,
Mn <1a;+%’21’;+%7... ,n) :Mn <1(a;%>®1,21®(}’§%),.” ,n>

= Split®S <z, 1%“,2”%> X My_y (p™*,-- n) (B.15)

0] 212 1
== 2 —M,1 (par’_._ 7"'7”)
V0102 212
The collinear limits remains the same under (a,b) — (r,s). All these can be combined and we
can write

. . ) 74 .
M, (lA,+%,2B,+%,... ,n) — —le_z M, <pAB,+17... 7n) (B.16)

V01 212

For opposite helicities, we have

3

M, (1“*2 2.7 >:555p11t§§ (z,l%“,z*%*l)Mn_l(p“,-..,n)

s opsptic§ (15127 My (2 )
3 3

W, 12 - 212

l2 —M),— (p z ) +5b —M,_ (p+2, s 7I’l) .

o} 0} 12 o; w2 Z12

=5

(B.17)

The collinear limit remains the same under (a,b) — (r,s). Infact since there are no other
nontrivial split factors for other factorisations, the above collinear limit is true for any 1 <
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A,B<8:

[NS1IS]

23—
M, (1Av+z,23

Graviphotons
The factorizations of R-symmetry indices are as follows,

(ab;1) = (ab;0)® 1
(ar:1) = (a,3) ® (r33)
(rs;1) = 1®(rs;0)

Using the split factors from Appendix B.1 we have
M, <1ab;+1 peditl | n) — M, <1ab;(1®0) ed(180) n)
— SplltgG (Z, 11+0721+0) X Mn,1 <pabcd;07 Ce ,n)

212 d:
=— XM, (pabcd’ov' e 7”)

<12
Similarly _
M, <1rs;+l,2lu;+l’_“ 1) = 212 X M, | (prsm;o,... n)
212
Next
M, (lrs;+1 nabi+1 n> =M, <1V5§(1®0) nab;(021) I’l)
— Z£ X Mn,1 (prsab;ov T ,I’l)
212
Similarly B
Mn (lab;+1 2rS;+1 . n) — Zl_z X Mn_1 <pabrs;0 cee n)
Y Y ) le ) 9
Next

M, <1ar;—|—1,2bs;+l’”' ,I’l) =M, (107;(%@)7),25‘;(%@%), R ,n)

212 -
=— XM, <parbs,07. o ,l’l)
<12

These can be combined to write the collinear limit uniformly as

AB:+1 ACD:+1 212 ABCD:0
Mn<1 +72 +7"'7n>:Z_XMn—1<p 7"'7”)
12
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n): 2 =M, (p 2, n) + O —— =M, (pT2,

(B.18)

(B.19)

(B.20)

(B.21)

(B.22)



B.2. Explicit computations of Amplitudes

where 1 < A, B < 8. For opposite helicities we have,

1,1 1_1

= _556; |:Spht§C2} <Z7 1§+7>2_j_§> XMn,I (p+27" : ,l’l)

1

+Splits+’(2} (z, 1%%,2*%*7) X M, (szf" 7”)}

2 5 2
W5 212 _ W7 212
_ 2 2 1 +2
__5,;*5;[0)2Z2><Mn_1(p ,...,n)+—m2—zlzxM,,_1(p n)}
1
P iz

(B.23)

Note that the negative sign in the first comes from the negative sign in the factorisation of
negative helicity graviphotons.
Similarly,

M, <1ab;+1’20—dl’ . ’n> — M, <1ab;(1®0)’2£;1®0), . 7n>
1 . _
= 2—!a4ecdef8“bef [Sphtsfg (z, 179,270 s M,y (pT2,- -+ ,n)
4 SpISG (2, 1770,2750) s M,y (p 2o )|

2= 2
W5 212 _ 5 712
:oc45§’[f,’[—22—><Mn,1 (p 2,---,n)+—1—an,l(p”,---,n)]

W5 212 (O[% 212
(B.24)
where the generalised Kronecker delta 6;11.’_;’”" is defined as
: do As(n
8 =Y sign(0)8,""...5,7", (B.25)

oES,

and we used the self-duality condition Eq.(4.21). This collinear limit remains the same under
(a,b,c,d) — (r,s,t,u) with ay replaced by @y. Thus if we pick oy = @y = —1, then using
the fact that 6 = 0, we can write the collinear limit of two opposite helicity gauge bosons
collectively as

2_
ABi1 A—1 AB[ @5 212 -2
Mn<1 + ,2CD7..-,n>:— CD[EZZXMM(’) oo n)
7
12212 . (B.26)
+ == XMy ) )1
w%ZIZ n l(p )

Our choice of the parameters o4 and @&y is purely motivated by our desire to combine the
collinear limits for different factorisations of the gauge bosons in supergravity. Other choices
of the parameters will introduce some extra negative signs in some of the collinear limits.

Graviphotinos
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The factorisation R-symmetry indices is given by
abr; %) = (ab;0)® (r; 1)
) = ( 1)@ (r5:0)

(
(

{(rst,%) —er(16 (15 -3)
(

abes}) — —eabed(d;—1) 2 1) (sum over u,d)

Using this factoriation and the split factors in Appendix B.1 the collinear limits of various
combination of R-symmetry indices is calculated below. We have

M, <1ars;+% 217“‘3% n) =M, <1ars;(%®0) 2btu;(%®0) n)

_ 8rstu£abcd Split?G (Z, 1%+0,2%+0> XM, (pc_dlf" ,I’l) (B27)

W 212 _
— 8rstugabca' x M, | (p | O l’l)
cd )
Wp 212

Here the £""" factor appears because of the collinear split factor between two scalars in N' = 4
SYM.
Similarly for other non-trivial factorisation we have,

Mn<1ars;+% pbetity . ,,) :Mn(lars;<%®0> bets(023) . ,,)

e (B.28)
:eabcdgrstu 10)2Z1_2 X M,_1 (pd*ul’...’n)
W, Z12

AL1<1”u+% abeity n) :=A£1<1’“*1®‘5) gabei(=381) .. ")

_ B.29)
\/ (01 (
_ grstugabed VIR 212 M, (p;l,--- 1)
W, 212 d

-1 1
= &€ 8 [Splits_g <Z, 1%+0,2—%+0> X My_y (p*2,- 1)

+SplitS§ (z, 1%+°,2—%+°> X M1 (p~2,+ ,n) ]

3 1

0 05 7
152 <12 2
:gmvwgrsvw(sba[ 22 ><Mn—1(1?+7"‘7”)
W, 212

3 b

a5 0 Z12 .

221 X My —1 (P 27"'7”)]

W, 212

(B.30)

Scalars
The three possible channels are 0 =0® 0, 0 = +£1 ® F1 and 0 = j:% ® :F%- We have the
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non-trivial splits are given in Appendix B.3. The factorization of R-symmetry indices are,
(abrs;0) = (ab;0) @ (rs;0)

(abed;0) = —e?d(—1®1)
(rstu;0) = —e™(1® —1)

(abcr;0) = —gbed (d;—l) ® (r;
(arst;0) = —e™(a; %)

®
—

S

|
o=
— Ol

The collinear amplitudes are then given by

M <1abrs;0 yedtu0 n> - M (1abrs;(0®0) 2cdm;(0®0) n)
n 9 ) ) - n 7 7 9

_ Sabcdgrstu [SplltS;Gz (Z, 10+0, 20+0) X M, (p+2’ - ,l’l)

+Split3G (2,199,297 x M,y (p72,- - ,n)] (B.31)
Q)]
(l)p 212
W1 712

(l)g a X My (P_2>"' ,l’l):|

M, <1abcd;0,2rstu;0’ L ,n) — M, <1ab0d;(*1®1),2"SW§(+1®*1), . ,n>
— gabcdgrslu [Sphts_cz} (Z; 1—1+172+1—1) XMn—l (p+2,. .. 7n)

+SplitS5 (z, 17 27 M,y (p72, - ,n)}

bed rstu | @201 212 +2
abed grstu - XMn—l(p ,"-,I’l>
a)2 Z12
W 712

—_ _2 DEEY
COI% 2 X My (P ) 7”)]

=E€

M, <1abcu;0’2drst;0, L ,I’l) _ 8abce£rstan <1(e,f%)®(u,%),2(d,+%)®(v,*j), .. ,I’l)

1 1 1
_ 8abce8rstv66d§u |:SphtSG ( +§72§ §> X M,_ 1 —0—27 ce 7n)

+ SplitsS (z,1_7+2 23- %> x M,y (P2 )]
()]
:gabcdgrstu[wzzléﬁxj\/[n 1( ,l’l)
a)p <12

W 712 )
5 _XMn—l(p ,"'7n)i|
wp 212

(B.33)

191



Appendix B. All Collinear Split Factors

Similarly,

2
wp 212

W 212 )
D2y ()]
(Dp 212

; ; 007 212
M, <1arst,0’2bcdu,0’ . 7n> — grstugabcd|: 22w M,y (p—0—27 . ’n)

B.2.2 For Unlike Spins

We now use the splits for mixed helicities listed in Appendix B.1 and the factorisation of R-
symmetry indices mentioned in the calculation of collinear limit for like spins.

Graviton-Gravitino
We have

M, (172,255 ) = M, (1090 2190 )

. (B.34)
o, 212 43
lp I XM}’!—I <pr’+2,... ,n>
w; an 12
M, (1“,2,3,--- n) =M, (1(1®1>,2—1®(r;—%),... n)
_ Qnl(SG 1+1 A—1—1 -3
%
Q) 212 _3
§2 - XMy (Pr e ,”l>
wp o *12

Similarly we have

3

j -
+2 ait3 _ Y 2 +3
Mn(l ,2¢ 2,---,n>— T Z—XM,,,I phT o n
o] o 12

5
_3 W 7 _3
2 o) 12
My (1752,%,- n) = —*—"SXMy_1 | pa?,+sn
wgwlzlz

Other helicity combination of graviton and gravitino can be obtained by flipping the indices
along with z12 <> Z12.

Graviton-Graviphoton

M, (1+272ab;+1,_” n) —M, <1<1®1>72<ab;0>®17... n)

= Split>§ (z,1'71,29%1) x M, (p“b;“, o n) (B.36)
w, 7 .

— _pZE XM}’[—I <pab’+l’... ’n>
01 212
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M}’l (1+2,2rs;+1,'” ,f’l) :Mn <1(1®1)721®(VS;0),' .. 7n>

= Split®§ (z, 1", 2149) s M,y (p™5 1, () (B.37)
= O T2
o1 212 X Mp—1 (P ’ 7n)

M, (1+2,2ar;+17 T 7n) =M, (1(1®1)’2(a;%)®(r;%)7 Tt ;n)

= Split>§ (z, 11+1,2%+%) X My (p 1, n) (B.38)
a)p 212 .

— P M. ar,+1,_._7n
o1 212 n—1 (p )

My (172,25} n) = My (1080 200871 )
= SplitS] (z, 141,207 M,y (p}, -+ n) (B.39)

_ ©F In
wpwl 212

M, (1+2,2rsl7 e ,I’l) =M, (1(1®1)7271®(m;0)7“' ,I’l)
= SplitS§ (2, 11,2740 x M,y (ps}, -+ 1) (B.40)
_ ®5 In
a)pa)l 212

M, (12,251 n) = M, (1(1@)1)72(&_%)@(,;_

y=ar

X M 1(pab’ -+,n)

X M, l(prs ) ”7”)

. 11 —
= Split5§ (z,11+1,2 2 2) X Myt (Pay s+ 1) (B.41)
W10y 212

o=

X My (p;rlf" ,I’l)

Similarly we can calculate the collinear helicity combinations of Graviphotons with negative
helicity Gravitons.
Hence

2 —
_ Wy 712 _
M,(12 270 o0 =—2-2 M, L oeen B.42
n( AB ) 010, 212 n l(PAB ) ( )

Graviton-Graviphotino
M, (1+272abr;+%7 L. 7n) =M, (1(1®1)72(ab;0)®(r;%)7 . ,I’l>

= Split™ <z, 11“,20*%) X My_1 (p“”“*%,--- n) (B.43)
_ v wpzl2 M, (pabrﬁ% n)

] 212
Similarly,

M, (1+2,zars;+%,... ,n> _ VOO, <pars;+%,... ,n>

;212
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M, <1+2’2abc;+%7 o ’n> — _gabedpyy <1(1®1)’2(d;—%)®1,”_ 7n>

S —gtedg,, gSphtSG (z, 11“,2_%“) x M, 1 (pefg;Jr%,m ,n>

3|
. abe V2 Z12 efgiti
3156f§ le My <p 2"”’”)
\/ ZIZ g1
M, (pabc’+27"' ,l’l)
w Z12
(B.44)
Here we are using change of basis as a redefinition for the fields in SYM:
LI S
a = 3| abced
Similarly,
M, <1+272rst;+%,‘” ’n> _ \/wzwp@ x M, 1 <prst;+%7.” ,n>
O 212
M (1+2’2ab2r’ o ,I’l) :Mn <1(1®1)’2(Gb;0)®(1’;—%)’ T ,l’l)
1
_ - SG 1+1 ~0-— -2 ...
= splic (= ( 11+ 2 ) X M1 (pabr, n) (B.45)
3
®; Z12 -3
% EXMH—I (pabia"'ﬂ/l)
Similarly,
5
1 W, Z ]
M, <1+272ar§7 7") = 12 €2 M, (pars 7n>
w; o) “12
1
M (1+2 zabzc‘" © ,I’l> = 8adeMn (1(1®1)72(d;%)®717'“ 7n)
1 d -.SG 141 411 3
— agabcdg efgspht% <Z71 722 ) XMn—l pefi’ IRLC
3
- 315;bcg I — XMy | Pogyom
3
®; Z12 -3
= - l2 — XM l(pabzc,"'7n>
0)560 <12
Similarly
3
1 [0) z _1
M, <1+2 2r¥tz7 T 7”) - 12 £ X My (prstza"' 7”) :

) o °
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B.2. Explicit computations of Amplitudes

Graviton-Scalar
Since the split factors corresponding to all factorisations of the R-symmetry indices is the same,
the collinear limit can be uniformly written as

M, (1+2,2ABCD;0, . n> _ D2 <pABCD;O, . n> (B.47)
W 212

Gravitino-Graviphoton

M, <1a;+%,2bc;+l,”_ ,n) =M, (1(0;%)@91,2(%?0)@1, .. ,n)

Similarly,

3 . oy 712 1
Mn (161,4‘2,27’&4’1,“. 7n) — _P_ XMn—] <pars,+2’__ . ’n>

.3 . W, Z12 1
-+ b;+1 _ b+
M,,(lr 2,24 +,---,n>— —LE M, <pm 2,---,n>

In conclusion, we can write

. . () P4 .
M, (1*‘*%,230“,.-. n) — 22y (pABC’+%,~'- n) (B.49)
W1 212

M, <1a+ 2bcl’ e ,I’l) =M, <l(a;%)®172(bc;0)®17"' ,l’l)

1 3
51 Eede) Split3® (z 1241 20~ 1> M, <pf2,... n>

27
O 7 -3 B.50
@) O
2
0) 3
:%222'5[ X M- l(p}2 ",ﬂ)
Wy Of

2
o 3
M, (1r+2 21 ’n> _ 32 2122,6[ M, 1<pt]z

=
N———

wp w12 <12
Hence forany 1 <A, B < 8 we have,
Ad3 Ae @ 212, -3
M (1 2 ZBC’ “ﬂ’l) = g 1 2'6[ n 1 pc} Y (3 I (BSI)
wp (D]Z <12

195



Appendix B. All Collinear Split Factors

Gravitino-Graviphotino
M, <1a;+%72brs;+%7_” ,n) =M, (1(a;%)®1 2(b;%)®(rs;0)’ L ,n)
= Sphts ( <, 12+172é+0) X Mn— (pabrs;o’ e 7”) (B52)

[0 212 :
=i M, abrs,O)U_,n)
W1 212

Similarly for all other factorisations the split factors will remain the same for two same helicity
Gravitino and Graviphotino pair,

43 1 Z .
(18,2874 = [P (e

43 Asrat ) ™z 1a;0
(172 ) = [REE ey

1 212
.43 ] Z )
M. (172 2005+3 ... ) = @ZﬁxM_ abrs0 .
n ’ ’ ’ n—1 p 9 )
@1 212
+3 1 w212 .
M, <1a,+2,2bcd,+27... ,n> =, =22 X M,_ <pabcd,07. ,n>
W1 212

.3 1 712 0
N 2 1+ — 1]
1‘4n<1(1+27 rs 2,"',”) __XMn ](pars 7“.,n)

Collecting all of them, we can write

M, (1A;+%,2BCD;+%,--- n> N e N T <pABCD?0,--- n) (B.53)

M (la +2 2 2 . 7n) :M}’l <1(a;%)®l’2([76;0)@(}’;—%)’_” ,n>

ber?”
1
= _Egbcde deaf SphtSG <Z, 12+1 20 £> X n—1 (pfr T 7n>

3

W, 712
Y U BNV 1<pjr, . n)

Z
w,0f 12
%
CO
_ _2!—Z125[b ( n)
wpa)lz <12
3
OJ
= 3! 2 Z125[b><Mn ]( cr]’ : ,I’l)
2 <12
(B.54)
where we used the fact that 6% = 0 to write
26a -1 —§¢ _§ 71_|_6a 71_501 71_|_6a 71_551 -1
[ cr bpcr b Pre cprb cpbr rpbc rpcb (B 55)
_ -1 ’
=3! 5[‘,’71)”}
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B.2. Explicit computations of Amplitudes

M (10“— 21,,.?7"';”) :Mi’l (1(“%)@)1 2(b ) (rso)’...7n)

= & Split§ <z, 1%+172—%+0> x My (pril, e o)

(B.56)
%
Wy Z12
p)
- Z126b (p” o ’n)'
2
Wp O
Similarly we have
3
_1 1 ®, Z
3 o) 12
M, (1r+272avtz7 7n> - _Eesl‘uvguvrw 1 - Mn 1 (pwa7 Jn)
. wpmlz <12
3
Wy 212
2
=312 B8 My (- )
w,0f 12

1 ()
M <1[+2 2 12? .. I’l) = —2 21261‘ }’l ](pab’ ..,n)
W, wz <12

M, (1“ +2 2bcd’ o ,l’l) = EpcdeMn (1(61;%)@172(6;"»%)@71; Tt ,l’l>
1 . 1 1_ _
_ —2—!8bcde8aefg Splltsfl} (Z, 12+1’22 1) x M, 1 (pfgl’ ... ,n>

1 @) Z12 -
= _5£bcde8afge 222 % My, (pfgly' e 7”)

O] 712 _
— __5555 2 2y <pfg17... n)

2! 2 212
3
(027 212 a -1
3 D2, ()
wpa)lz 212

(B.57)

Note that the second £9¢/¢ comes from the fact that we are lowering the index of he scalar in
N =4 SYM in the factorisation of the negative helicity gluon. The factorisation looks as

1
B Gt (B.58)

1
Eaefgq)ae ®G! Y

-1 _ -1 _
Grg =Ppg®GC DY
where G, is the gluon in N = 8 supergravity and G is the gluon in A" =4 SYM.

3

wf
M, <1d+272ab20’ '-,I’l) =-3 21Z12 la X M, l(pbc]a "7”)
W, (1)2 <12

197



Appendix B. All Collinear Split Factors

Thus we have the collinear limit

3

R ®; Z12 -1
M, <1u’+272rstz,"'>n>:_3 22Z125[r (psl}f"?n)
Wy 0y
Hence
5
W, Z12 _
M (1A+2 2BCD’ ..’n):_ 21 |:5gMn—1(pCé7”‘7n)
(Opwf 212 (B.59)

+ 3My1 (P n) + Moot (Pl m) |
Similarly we get the same splitting factors for all other factorisation channels.

Gravitino-Scalar

M, <1a;+%72bm:0’ .. 7n> =M, (1(61;%)@1’2(1)620)@(”:0), ... ’n>
1

. 1 2
_ grsmgadeSphtS%G <Z, 12+172O+0> X My_1 (pdnia e 7”) (B.60)

= 1
tu sabed @2 212 -3
= grtugabed = T2 5 M, (pdri,--- n)

A/ 010y 212
M, <1a;+%72rstu;0, . 7I’l> =M, (1(“?%)@)172’““2(1@1), ce 7n>

_SrstugabcdsplitS%G (Z» 1%"’1 , 21_1> X My, (pb

|
Q_ e
B
N———

bed rstu . @2 212 -3
— _gabc grsu—_an 1<pbci17"'7n

/W10y 212

where we lowered the index on gluino in the SYM theory.
M, <1r;+% 2abcd;0 o I’l) =M, <1(r;%)®1 2abcd;(1®1) n>
_1
— —gabedgrstugpit$C (z, 1%“,2*1“) X My <pm§ . ,n)
2
z 1
— _gabcderstu 0 Zﬁ X M,,_ <Psn% I’l>

\/ 01Dy 212

Hence we can write the above in simplified form as
A+3 ABCDE:0 _ U _apcperen @ 712 -3
M, (1 272 yrrr ) = —— € ———— XM, Prgy> 1 (B63)

3' \/ 010y 212

Similarly we can have the relations for opposite helicity collinear pair.

Graviphoton-Graviphotino
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B.2. Explicit computations of Amplitudes

Mn <1ab;+1,26dr;+% P ,I’l) = Mn <1(ab;0)®172(Cd;0)®(r;%)7 e ,I’l)

1 1
— 3'8abcd erstu Sp]ltSG (Z, 10+1 20+ > X M,_ (pstz .. n)

1 (1)2212 -1
Sabcdgrstu ><]‘4 pS 2 RN /)
3' @,z 2
. p <1

This is true for all other factorisation channels of both positive helicity Graviphoton and Graviphotino
collinear pair. Similarly we can have the amplitude for negative helicity collinear pairs.

M, <1ab;+1,26dr; _%,. . ,n) — M, <1(ab;0)®1,2(cd;0)®(r;%), L ,n>
)

(B.65)

(B.64)

I\)\w

1
= =5 €" €caer Splity” (z, 10“720‘%) X My (p

All other factorisation channels also correspond to the same collinear divergence factor and we
get the other amplitudes in the usual way by flipping the helicity and z;5 <> Z12.

Graviphoton-Scalar

M, <1ab;+l yedrs0 I’l) — M, <l(ab;0)®l 2(cd;0)®(rs;0) . n)

= eedem Splitf© (2,1%71,2°40) x My (pr' -+ on)  (B.66)

m 712 —
_ 8abcd8rstu o sl2 XMn—l (pml,... ,l’l)
a)p 212

M, (1rs;+172abtu;0’ . ,I’l> =M, (11®(”5§0)72(ab;0)®(t“;0), S ,n)

= el Splig® (2,170,290 x My (py - on) - (B.6T)

)] 212
8rsm8ab0d ©, 212 X My (pcd7 e >n)
14

M, <1ar;+172bcsz;o,._, 7,1) —M, <1<a;%>®(r;%>,2<bc;0>®<st;0>,... ,n)

= gabed grsiu gplit§S <27 1%+%;20+0) XMyt (Pg>++1)  (B.68)

(0) 212
eabcdsrstu % Mn ] (pd Lo 7n)
Oy 212 !

M, <1ab;+l,2cdef;0’._' ﬂ?) —_M, (1(ab;0)®172cdef;(—l®l),.__ ’n)
—gedel g8 Spli} S (2,191 27141 x M, (pg‘h’ o n)
i w712 -
:_gcdefsabgh Lt M. < 1,~'-,I’l>

(B.69)
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My (1754120060, ) = g, (119050, pedefi100) )
_ _gcdefgrstu Split?G (Z, 11+072—1+1) X M,_1 (pt_u17 ... ,n)
_ _gcdefgrstu Ezﬁ X M, (pt;l?"' 7n)

Wy 212
(B.70)

M, <1ar;+1’2bcds;0, . ,n> =M, (1(&%)@(";7)’2deS§(*%+%)’ ce ,n>
_ _gabcdgrstu Spllt?G <Z, 1%+%,2*%+%) X M, (p&lﬂ ... ,n)

2 712 _
— _eabcdgrsm =2 M, (ptu17"' ’n)
Wp 212

(B.71)
Similarly we can write for other remaining factorisation channels.
M, <1a—b172cdef;07 " n) — M, (1(ab;0)®7172cdef;(*1®1), " n)
= — &% g0, SPLST (2,171,271 x M, (Pgh;ﬂ; e Jl)
= —&“ g D222 M, (Pgh;H,"' »”)

Wp 212
(B.72)

o=
—
S
N———

M, (1;r1,2bcds;o, . n) — M, <1<a;—%>®<r;—%>,2bcds;<—%®

_ _gbcdes;v Eacfs SplitS,Cf (Z, 1_%_%’2_%4‘%) X M,_1 <pfg;+1’ . ’n>

r Caefg 0,2
(B.73)
M, (1;;’1 : 2bcsl;07 e ’n> =—-M, (1(a;%)®(r;%)72(bc;0)®(st;0)’ o 7n>
= [_ 656: Sphtﬁ(l} <Z7 1_%_%720+0) X M1 (pct;—l—l,_ o ,I’l)
+8¢8! SplitSS (z, 1*%*%,2%0) « M, (pbs;ﬂ, - n)
(B.74)

+ 656; Sphts—(]} (Zv 1_%_%720_‘—0) X Mn—l (pcs;—‘—la e 7”)
- 5066; Splltgcl} <Z7 1_%_%7204_0) X Mn,I <pbt;+l [ 7n> :|

- _%@4'5(?55 Mn—l (pth_lf o ,l’l)

Wp 212

Note that the above expression contains 16 terms but only four terms are nonzero since 67 = 0.

Graviphotino-Scalar
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1

M, <1abr;+%’2cdst;0’ . n) — M, (1<ab;o>®<r;7>72<cd;0>®<sr;0>, " n)

[\ST%]

. 1
— gabcdgrstu Sp]ltgG <Z, 10+2’20+0> X M,_1 (pu o ’n)
1

OF 0 712 -3
:Sabcdgrslu 13 —XMn_l pu2,...,n

wg <12
(B.75)

M, <1abr;+%’2cstu;0’ o ’n> — M, (1(ab;0)®(r;%),205tu;(%®—%)’ . 7n>

. L1 -3
_ _gabcd grstu SplltéG <Z, 10"‘2722 2) X Mp—1 (pd 2 .. ,n)

1
)

02w 7 -
abcdgrstu 1 (0222 X My (pd
M, <1ars;+% 7 2bctu;0’ L ,n) =M, (l(a;%)®(m;0),2(196;0)@([14;0)7 . ,I’l)

3
2 Z12
. . 1 -3
_ gabcderstu SplltgG (Z, 1 2+0, 20+0) x M, (pd 2 o ,I’L)

2
wp
)

[SS1IH]

=—€

(B.76)

1
OF 0 712 -
_ Sabcdgrstu 1 —— XMn,1 Py
wg <12

[\S11S8]

(B.77)

M, (Lzré 7 zbcm;O’ .. ’n) =M, <1(a;%)®(rs;0),z(bc;0)®(z‘u;0), L ’n>

1 3
__gtuvwngrsmaib Splits;% (Z, 1—%+0720+0> x M, | <pc],+%’ e 7n>

21
3
Wf 212 b 3
= _2'5;? ! 3 Z_SLE XMn,I (pC},+27"' ,l’l)
3 212
wp

(B.78)

. _1 1.1 .3
= —afgmvwgwrsx Spllt§% <271 2+072 2+2> XMnfl (px"'_z’... ,I’l)
1

OO R4 43

_ _(ngmvwewrsx 1 . Z_ X M, 1 <pX,+27. .. 7n)
2 12

@p

(B.79)
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. 1l 11 43
= —Srsmsvwxy(s; SphtSf; (z,l H'2’22 2) X M,_1 <p“’+2’... ,n>
2
|

02w, z 3
vwxu “°1 12 a,+x
= —&r5ru€ 3 z ><Mn—l (p CERRRIN
2 12
14

(B.80)

_1 . ) | .
M, <1mrz’2uvwx,07 ... 7n) = —M, <1rst,(—1®§)’2uvwx,(1®—1), L ,n>
- 1+l _ 43
= — gy €™ SplitSS (z,l 143 9l 1) M, <py,+2,... n)
2
%
Wy z 3
— gy € l_3¥ xM, | <py,+2’.__ ,n)
(Di <12
i/
(B.81)
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APPENDIX C
OPES OF COMPONENT FIELDS IN SUGRA

C.1 OPE:s of like and unlike spins

Using (5.7), we can extract the rest of the OPEs from the collinear singularities of the ampli-
tudes calculated in [392]. In the following, the zero, one, two, three, and four index operators
are, respectively, graviton, gravitino, graviphoton, gravitino, and scalar operators.

C.1.1 Same spin OPEs

A -\ B _ 212 1 1 B B
0A1,+% (Z17Z1)0A2,+% (22,22) ~ EB <A1 — E,Az — E) 021+A27+1 (z2,22)
5

—> Op+0y,-2(22,22)

A - 22 ¢a 1
OA1,+3 (Z“Zl)OBAZ,—% (z2,22) ~— 63 B (Al - E,Az—l— 5

<12

z 5 1 -
—1—2 53 (A] +—,A2——> OA1+A2,+2 (12722)

<12 2 2
(C.1)
ORP 1 (21,21) 052, (22.22) ~ aB (A1,80) OAPCR (22,%2)
021137“ (21,21) Ocp: ay—1(22.22) ~ —O8H [Z—ZB(AhAz +2) Opy+4y,-2 (22, 22) (C.2)
I %B (A1 +2,A0) Op, 14,42 (22,22)

In the following, the notation is a,b,c,--- € {1,2,3,4} and r,s,1,--- € {5,6,7,8}. See [392] for
details.

5 = Z 1
O 1 (21.21) O (z222) ~ €™/ 2B (Al +5,00+
1,773 >

1
= | Oca:n+n,.—1(22,22)
A27+§ 212 21 25 ’

2

) 212 1 1 5
OZS.,+% (Z1721)OZ 1 1 (z2.22) ~ s”’”e“bC[laB ( §,A2+ 5) Oud:ri+45.-1(22,22)

rst = abc rstu pabed <12 1 1 -
OAWL% (21,21) OF¢ 1 1 (22.22) ~ €™M 53 Ay +§7A2+§> Oud:A +4y,—1(22,22)
_ 212 3 1 _
OZ:S_,_% (Z17Z1)Obm Ay, — (ZZ ZZ) ~ &€ 5[2123 <A1 + = ok Ao+ 2) OA1+A2,+2 (Z2,ZZ)
Z12 1 3 _
+-Bp <A1 + ,A2+—> Opj+49,—2 (Zz,zz)}
212 2 2
(C.3)
= ¢ = C u <
(’)“bm (z1,21) OA‘% (22.72) ~ €U B (A] +1,A5 4+ 1) [ 12 Oa +0,.+2 (22,22)
i <12
(C4)

ZIZ
Z0A1+A2 — (Z27 ZZ)]
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C.1.2 Different spins

_ _ 212 1 -
0A17+2 (Zl,Z]) 0227_’_% (Z2722) ~ aB (AI — 1,A2 — E) 021+A2,+% (Z2,Z2) (C 5)

_ 212 5 _
Opy,+2(21,21) Oy, 3 (zz Z2) ~ ZEB (A1 —1,A0+ 5) OA;AIJFA%% (z2,22)

Op42(21,20) O 1 (22.22) ~ g (A —1,4) Ol i a1 (22,22)

2 (C.6)

Oa,+2(21,21) Oappy —1(22,22) ~ Z?B (A1 = 1,A04+2) Opp; A +9,—1 (22,22)

212 r _
On 42 (21,2 0471 (22.22) ~ P (A1 — LA+ )OZ”M 41 (22:22)

_ _ Z _
Opy 42 (ZI’ZI)OZ,C+1 (22,22) ~ ﬁB (A1 —1,A0+ = )(’)Z”iA ! 1 (22,22) (C.7)

_ 3 _
Oni42(21,21) Ogpen, 1 (22.22) ~ —53 (AI 1A+ 5) Obes A a9,- 1 (22:22)

Ony 42 (21,21) Oprg” (22,22) ~ 58 (A1 =1, + 1) OFR o (22,22) (C.8)

_ 1 _
Oy 1) Ol s a2 ~ 128 (31300 ) O, (%)

(C.9)

212 1
(92 (Zl,Zl)OBC Ay—1(20,22) ~ 2! 5[A s (Al — §,A2> Oct; ay+a— (Zz,Zz)

1 1

A - BCD - 712 BCD -
OA1,+% (Z17Z1)0A2,+% (ZZ,ZZ) ~ aB (AI — §,A2+ 5) OAA1+A2,O (ZZ,ZZ)

- Z12 1 3 B
021,+% (21,21) Opepa, — 1 (22.22) ~ 33 ( §,A2+§) 5§;OCD];A1+A2,—1 (22,22)
(C.10)

1 712 1
= BCDE = ABCDEFGH =
0217+§ (ZbZl) OAZ,O (ZZ,ZZ) ~ _68 53 Al — E,Az + 1 OFGH; A1+A2,—% (ZZ,ZZ)

le 1 _
(9/2 (21711>OBCDEA20(Z2722) N3’5[A - (Al _§’A2+1> Ocp); ay+aq,-1 (22:22)
(C.11)
ab = cdr = 1 rstu nabcd 212 1 =
O/ 1 (@120 Oy ) (@222) ~ 3 €™ EEB | ABo 5 ) O sy - (22 22)
' \ (C.12)
B = A3212
021,+1 (z1,21) Ocpp. a, — (ZZ ) ~ =6¢p D~ (A1>A2Jr 5) Op. a1+, -3 3 (22,22)
_ . _ 212 _
O 41 (21,21) 085 (22.22) ~ gmugabmaB (A1, 80 + 1) Oy 485,-1 (22, 22)
_ (C.13)
_\ ed _ 212 _
OR) 41 (21,21) (’)Zz‘f-of (22.22) ~ _SCdef‘c’abghaB (A1, 80+ 1) Ogp; Ay 42,1 (22, 22)
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C.2. Soft graviton and soft gravitino operators

. 7 212 1 Z
05 ) O ) e 228 (10 1) 0,y 3 (28
(C.14)

Z 1 _
OZ?;Z (z1,21) OZS;% (22.22) ~ SrsmeadeﬁB (A1 + E,Az + 1) Od; Aty 3 (z2,22)

Similarly, all other OPEs can be extracted from the amplitudes given in [392].

C.2 Soft graviton and soft gravitino operators

We will use the soft limit of superamplitude and then perform an expansion in the Grassmann
odd coordinate of the superspace to obtain the soft graviton and gravitino limits in an amplitude.

The leading and sub-leading soft factors in a superamplitude corresponding to ®, I and a)l(,)
were calculated in [392] using double copy relations. Here we only present relevant results
and refer the readers to [392] for further details. In the celestial basis, the leading soft factor is
given by

2 52
: .. ;=0 i1 Zj-1
MN("'7]_17]7]+17' e Z(Dlzjlzjl j 12 + 2] _12 64(17])
Jz 1 j 1,j ij Z/ IZj,i (CIS)

i#]
XMN*I("' 7]_17]+17)

One can now get the soft limit in terms of celestial superamplitude in a straightforward way.
We have

N N o
(Aj—1 = do, o> | 1i / doi(A;i— 1o
<l;l OA (ZmZnarl > nl;[l/ n Wy A;E;ll 0 J( ] ) j
oy

N
Z(Dqu l,...,n,...,N)
=

Aj—1

N N
-1
= | I1 ] e li 5 My(,...n,....N
n#j

k=1
k#j
(C.16)
Using the fact that
d : Aj—1 d
— 1 - = 0(w o(; C.17
do; (A;glle ) de( j) = o)) 17

where 0(w) is the Heaviside step function, we see that the integral on @; on the right-hand side
gives us

N
_ — A=l | 5(4)
<H ljlg1 (Aj—1)O4, (zn,20,M" )> g/dwn " |8 Z O
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Using the soft limit (C.15) we get

N N 72 Zii .
<I—I _1 OA (Zn,Zn,n > Zwl{ Jj— lzZ]l Zé llZJ 64(17])}

i=1 j ljZ]l Z/ ljZJl
i#]

N
H/ dogap" | 6% Y owgr | My—i(1,...i,...,N)

k=1
= ki
n N o
— j-1i%i Z/ 1,i%Ji g Ap—1 A;
N { i Z Zﬂ6 ( J)}[I_Il/o day o* / dw; o
i; Lj-1,j% j—1,j ,Zl;i
N
SW | Y oxqr | My—1 (1, i N)
k=1
k#j
n 52
1Zﬂ i1,k ; _ .
Z{ — é l 5 (nj)}<OA1 (Z];Z],n]),"'OAH,l (Zi,Zi,TIl),-~~>
;} i1, R0 - l]Z]l

The Super-Ward identity that we get from the conformally supersoft theorem is
<J (Z z, n)OA1 <Z17Z1;n]) o 'OAN (ZNaZanN)>
N (/= N2 N (z. =32
X:{Z o e a>6ﬂn>} (C.19)
—1 <j

) (v —2)*  (E—2) (av—2)
x {On, (z1,21,1m") -+ On1 (zinZm') -+, Oay (zvs2vsm™Y))

where
Jl (275771) = iE(A_ 1>OA(Z527TI)

is the A — 1 soft operator. In the above soft factor, we chose the reference vector for polar-
ization of the soft particle to be the momentum vector of nth particle. We leave this reference
vector arbitrary which corresponds to a point & € CS?. The super-Ward identity then takes the
form

J1(2,2,1)O0n, (21,21,m") - Ony (zv,2v.1"))

X fEn G- W (E-m)

— Z{(Z—Zi> o - ) (2 6°(n) (C.20)
x (O, (z1,21,0") - Oa1 (z6,20m") -+, Ony (2w Zv, M)

P

When we expand both sides in the Grassmann variables 1’ and compare coefficients, we get
the Ward identity for the soft graviton operator:

N N (5_ =. Y
<Jl(z,2)goAn,en(ZnaZ")>:i_zig o Zl)z (Oare (1,21); (C.21)

—3i) (£ ~2)

< Op1,0(2isZi) 5 s Oagty (28, 28))
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C.2. Soft graviton and soft gravitino operators

and

N : )2
<J1 2,2 HOA 0, (Zn:Zn >=Z - %) (6=%) 5 (O, (21,21),

S E-2) E-z)] (C22)

o OAH-LE;‘ (Zi,Zi) s 7OAN7€N (ZN?ZN»

where
J1(z,Z) = lim (A — 1)0A7+2(z,2), fl(z,Z) = lim (A — 1)0A7_2(Z,Z) (C.23)
A—1 A—1

are the A = 1 soft graviton operators. The subleading soft factor was also calculated in [392].
It turns out that it is the same as the subleading soft factor for positive and negative helicity
graviton in pure gravity [113, Eq. (2.9)]. We then write the super Ward identity following the
calculations in [354]:

<JO(275777)0A1(Z=_an])"'OAN(ZN:ZNWN»

o ) () e Cluet/) P VARVPIN
_Z ( 3 ( ((z Zz)azl' 2hz>+( )(5 ) (n)((z Zl)aZi Zhl)}
x (Oy, (zl,Zl,nl) -On, (zi,Zi,M ) ; Ony (ZNvZanN)>

(C.24)

where

Jo(z.2,m) = lim A[O4 12(2.2) + 8%()Oa _2(z,2)).

only contains the A = 0 soft graviton operators. This immediately gives us the subleading soft
graviton limit:

& W\ v E-w -, . 3
<J0(Z,Z)J:[]OA,”€” (vazn)> = ; (z—z) (5 —2) ((Z_Zl)azi —2hi) (C.25)

X <..'0Ai7€i (Ziazi)"'>

and

N N (,_.\(E_5=
<J_°(Z’ PO (Z"’Z")> = ((éé —Zz)) oo (C26)

X (Ot (@) )

where
Jo(z,2) = im AOp 42(z,2), Jo(z,Z) = lim AO4 —2(z,2) (C.27)
A—0 A—0

Ai+4; Ijll' _ Ai—Y;

are the A = 0O soft graviton operators and h; = > are the conformal weights of the

operator Oy, ¢,(z,2).

Next, we move on to the soft gravitino operator. The leading soft gravitino limit for super-
amplitudes is given by

N [sil(ri
Myl dpen'hdpv ™) = X S My((pn' ) oD, €29



Appendix C. OPEs of component fields in SUGRA

where r is the reference vector corresponding to point & € CS?. The negative helicity soft
gravitino limit can be obtained by conjugating the soft factor. We can expand both sides in 7’
and get the soft theorem in terms of component fields. Note that because of d/dy,,, the soft
gravitino operator changes the spin of the particle ¢; — ¢ = {; — % Thus we can only have

t;e{-3/2,—1,—-1/2,0,+1/2,+1,43/2,42}. (C.29)
For negative helicity gravitino £{ — ¢; and clearly
€{-2,-3/2,-1,-1/2,0,+1/2,+1,+3/2}. (C.30)

The explicit soft theorem in terms of celestial amplitudes is given by

N N 5__ 5. .
< 1/2 Z Z U vazn)> = ;f(A’gi’*i’*;)(_l)Gi g-z; (é _ZZI;

| (C.31)
SRCNEPACEINEY
and
N N ) (E-2
<J1/2 Alz Z)nl;IlOA €‘ (Zn=fn>> = i_Zlf(A’ch’*” ) (=17 gi; (é —ZZ)) (C.32)
SRR
where

1 _ . 1 _
Jl/z(z 7) = lim (A— 2) OA+ (2,2), Ji24(2,2) = lim (A—§> OAﬁ%’A(Z,Z) (C.33)

A3 A}
are the soft gravitino operators.
C.3 OPE of the composite current G$2 (z,7)
We begin by calculating the OPEs GG. We have'
—CD N
GAB(Z Z)G AV HOZ’Z [ Zn,Zn)
n=3

A1A2 /d2 1 1 1
@—2)"z-2) w—2)" (w—2)" (€34)

A] —)0
Ary—0

<OABA1,1(217Z1)OA2 +1(227Z2 HOA A (Zn;Zn>>

n=3

!'Since there is also overlap as there in case of soft gravitino currents in section 5.3.1 we do not separate the
. . . . / . .
operators in the correlator according to their spins ¢,/ and keep the spins to be arbitrary here as well.
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C.3. OPE of the composite current ggg (z,2)

By taking the soft limit of the first operator A; — 0,

A 1 1 1 1
= lim —;/dzzl/dzm A 7 5
M—0T —2)" z-2)" w—2)" (w—2)

N
cp<l — X2
X [—5AB P <0A2 +2(22,22) | | (20,2 >
1 :

/

k. _ _
= T <0A2 +1(z2,22) - OAJj,Ej—H(Zj?Zj)'"OZ],\G7(N(ZN7ZN)>]
]:

(C.35)

Now doing the first integral using (5.61), we get

<GAB< )G (w) HOA . zn,zn>>
= lim —/d2 ! =
A—0 T (W —2)" (w—2)

1

—5— Opy,42(22,22) HOA 0, (@ns7n)
(22-2)

n_

X [— 8$PCy(b,a)
2—2)

N
1
+ZfAB£J,*J, J)Cl(b a) —
=3 (zi—2)" " (z—2)
x <0§£+1<zz,z2>---OA’]'.,@,.H(zj?z,-)---Ozx,gN<zN,zN>>]
(C.36)

We now use the collinear limits of the graviton operator with other fields in the first term and
take the conformally soft limit Ay — 0 in the second term.
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Appendix C. OPEs of component fields in SUGRA

The first term becomes

A 1 1
lim —2 /d2Z2 a b 5A DCl (b (l) a—2 /= =\b
A0 TT (w—22)" (w—22) 2-2)" " (22-2)

n=3

1 1
5ADC1 b,a) lim —/d2Z2 ;
A—0 T W ZZ (

~2)" (-2 (222

(C.37)
N Zj *3 *; — * =
x Y B(Ay—1, f(A ))—<OA3 0 (23,23) OAli,Ei(Zi’Zi).”OAll\\,J>£N(ZN’ZN)>
i=3

<j

/ /

w—2)" (z2—2)" (22 —2)"

1 1
= —85PC|(b,a) /d222

N —Z *3 — *; = *N =
X« ¥ (1 - F(A)) 25 <0A3,43 (3,53) ++ 0% (30.2)++ OX 4 (2w, 2n) )

i=3 27

where we used

Aim Ay B(Ag =1, f(A) = 1= f(A)
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C.3. OPE of the composite current ggg (z,2)

In the second term in (C.36) now we can take A, — 0 limit,

I AZ]ZV;f(ABK AN : /dz : :
m — y D,y %,k _ DR 7
w0 Do G- P wma

«!.

CD . - -
x <OA27+1(Z2’Z2) ' "OAjj-,éj+1(Zj7Zj) ‘ "OZ]X,,eN(ZN»ZN)>
N

1 _
Zf(A B,lj,*;, J)f(C D, + 1,*J,*;/)C1(b,a)

TS 5i—2)" " (z-2)"

1 1 -7 "
2 ] — * _
x /d . W=2)" (w—2)" 222 <0A3 6(@3:28) O, (2):2)) Oy gy (ZN’ZN)>

4 Z F(A,B,Lj,%j,%;) f(C,D, i, %;,+)Ci (b,a) a2 b
71# 3 (zi—2)" " (zi—2)
i#)

1 1 ZZ —Z *’A *{
2 14 — - -
< | -2 ) 22— < O gy41(@027) - O g (30070) "OZ%,KN(ZN>ZN>>

N
_ 1 1
= 3 By FCD L O — L
= (zj—2)" " (zj—2)
1 1 . _ S i . )
e (O O 02 O e
Zj_ Zj—w
_ 1 1
+ Z f(A,B, L}, %, ])f(aDvgi,*ia*;)Cl(b,a)Cl(b”a’) L
i (zj—2)" " (z—-2)
1 1 O*/J _ O*; _ O*N B
X (Zi_w)b/ (Zi_w)a/—Z Aj7€j+l(zj>zj)”' Ai7£i_1(ziazi>"' AN7£N(ZN’ZN)

(C.38)
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Appendix C. OPEs of component fields in SUGRA

Combining the two integrals we get

N
<GAB(Z, Z)ECD(W, w) H OZ,,,Z (Zn,Zn)>

1
= —85PCy(b,a) /d2zz ; / :
2)" (w—2)" (-2 (22-2)
N 27 “ ) N ) o )
i=3 i
y 7 1 r 1 1
+ Y F(AB, %) ) F(C.D, 4+ 1,45, )0y (8 ) L o
PR
1 I I ]
(zj=w)" (z—)" <OA§’Z3(Z3’Z3)”'OAIJ-IJ(ZJ"ZJ')'"OA%,ZN(ZNJN)>
j j
y f ! 1o 1 1
+ Z f A B gﬁ*]ﬂ ])f(caDagia*i7*l’)C1(b7a)C1(b ’a) o N
i}éé:j3 (Zj _Z) (Z §i —Z)
1 1 *; - *; = XN —
" (zi—w)” @—w)" 7 Ox041(@5520) O g1 (@ 2i) - O, (v 2)

Here when we take the normal order of this composite current we only need to care about
the non-singular terms in the above OPE. The non-singular term in the integral above can be
obtained by taking z — w limit in the integral. The integral can then be evaluated as

/d Vé) ! 1 1 1 -7 ﬂ
W—2)" w—2)" (-2 (22—2) 22—

1 1 22—

= (—1)atb- 2/d2Z2 _ _
1 1
— a+b / /
= (—1)**"Ci (a+b'—2,d +b) L Y
1 1
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C.3. OPE of the composite current ggg (z,2)

Hence

N
<xaa@a6”@jy[103ﬂcma»
n=3

(_1)a+b+l N
= —————8FCi(b,a)C (a+b —2,d' +b) Y (1- f(A))
& i=3
! 1 * > i = * _
" (zi—2) 2 E -7 <0Az¢’3 (23,23)+ Oy, (@0,%) - O <ZN’ZN)>
N
+ ng(A Bl *j,+)f(C,D, €+ 17*,,*/]/)Cl(b,a)Cl(b’,a’)(_l)“+b+a +b
Jj=
1 1 0*3 4 O*/J/ = O*N —
(z . )a+b’72 (Z : )a’+b72 A3,€3(237Z3)"' Aj,ej(zjvzj)"' AN,EN(ZszN)
—z; —z
r / / 1
+ Z F(AB,Lj 5, %,) F(C,D, b, xi, %) C1 (b, a)Cy (b ,a) (—1)*TPH4+P ——
o (z—2)" " (2-%)
1 1 */J = *; = *N —
X (Z—Zj)bl (Z_Zi)a’—2 o OAj7€j+1(Zj7Zj> T OAifi—l (ZiaZi) s OAN,ZN (ZN7ZN)
(C.40)
Similarly, we have,
—CD N
:G 7 (2,2)Gap(2:.2) - [ OF 4, (20:20)
n=3
(_1)a/+hl+l CD ol / / N
= —————8FC(V,d)C(d +b—-2,a+b) Y (1-f(A))
& i=3
! ! * 5 * = * _
X (Gi— )72 (5 —2) P <0A§,€3(Z3’Z3)'"OA,«,éi(Zi’Zi>'"OAI,\\[,7€N(ZN7ZN)>
N
Zf(C D EJ,*], j)f(A B, E 1’*j>*])Cl(bl,a/)cl(b,a)(—l)a+b+a +b
j=3
1 1 0*3 = O*/J/ = O*N —
X (Z z >a/+b—2 (_ _ >a+b’—2 A37€3<Z37Z3)”' Aﬁgj(Zj,Zj)"' AN»ZN<ZN’ZN)
—z; —z
y atbtd b 1 1
+ Y, F(C,D, ), %, %) f(A, B, i, xi, ) C1 (b,a)Cr (B ,d) (—1) — _
gt (2-2)" " (z-2)
1 1 *3 = *; = *N -
X (Z—Zi)b (Z—Zi)a_z "'OAj,ijl(ZJ‘?Zj)'"OAi,giH(ZiyZi)"'OAN[N(ZN,ZN)
(C41)
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Appendix C. OPEs of component fields in SUGRA

We have the correlator of the normalized current with any conformal primary as,

N
<g,§1?(z,2) H OZZ”[” (Znazn)>

oD (_1)a+b , , 1
_6A Z 1_ Cl(baa)c (a+b —2,a +b) a+b-2 a+b' -2
(zi—2) (zi—2)
< (O3 (z2,28) 0% (1) O, (o))
SN (b,d)Cy (d +b—2,a+b) :
T ) ’ (Zi . Z)a+b -2 (Zz . Z)a +b-2

X <OZ33,£3(Z3ﬂZ3)"'OA 2 (zi,Zi) - OZ\C,(N(ZN,ZN»]

+ (=) ey (ba)Cy (B, a )[f(A B, %}, %)) F(C.D,0;+1,%, )

"

1 1 * — * - * =
( ) b — ( Z')a/+b_2 <0A§743<Z37Z3)"'OAjjjj(Zj’Zj)'”OAIX],ZN(ZNuzN)>
J

— F(C,D, €}, %, %) f(A,B,Lj—1,%,%7)
1

)a+b/_2 <OZ743 (23,23) -+ OA_j;-,gj (zj,Zj) 02x7g,v (ZN,ZN)>]

(C.42)

X

1
X
(=) (2=

The last term in both (C.40) and (C.41) cancels when we take the commutator. Now in the
above OPE, we can see that the first term which has the graviton soft limits, does not satisfy our
requirement explained in (5.58). Hence we require that the two terms in the first expression be
the same so that they cancel once we take the commutator. This is equivalent to the requirement

Ci (V,d) C (d +b—2,a+b) (=1) = Cy(b,a)Cy (a+b —2,d +b) (~1)7F  (C43)
and
d+b—2=a+b -2 (C.44)
Now in (C.43) by substituting the explicit expression from (5.62) we have
(=d' —b+1)(=d —b+2) (—a+1)(—a+2)=(—d +1) (—d'+2) (~a—b'+1) (~a—b' +2).
which after using (C.44) gives

(—a+1)(—a+2)=(—d' +1) (-d +2) (C.45)
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C.3. OPE of the composite current ggg (z,2)

which clearly has solutions. Hence correlator corresponding to this normal order current is,
CD al
= * =
Gin (.2 [ 1O 4 (2ns2n)
n=3

= (— 1)y (b,a)Cy (8, d) | F(A,B L) %, %7) F(C,D, 0+ 1,5, %)

LAVERY/

"

1 _ *j _ -
a'+b-2 <OZ§,z3 (23,23) OAJJ',ZJ- (2:2)) - OZMN (ZN,ZN)>

)f(AB€ 1,*1,*])

1
X
(z—z)"" 7 (z-z
*

- (C7D7£j7*j7
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APPENDIX D
SOME REQUIREMENTS FOR ADS SPACETIMES

D.1 Some requirements to work in AdS

The AdS,.1 space is described by embedding it in d + 2 dimensional Minkowski space de-
scribed by (R%?2, g,). The coordinates of AdSy| of length R is a set of points X = (X, X!,... x9).
The spacetime interval is given by,

ds? = — (dx®) 4 (ax") 4 (ax 1) (ax)”

We eliminate X¢ using the equation of the space to arrive at the metric. Let W = X¢ and
X?=XX= nabX“Xb;a =0,1,...,d—2,d—1,n, follows the mostly positive signature [421].
Hence, W2 = R + X2, which implies,

ds® = NapdX*dX" — dw?

xAxp D.1
cds? = (rlab_ %) dxedx® @©.L

So, the metric and inverse metric for AdS space are,

Naa Mop X+ XP

ab | ﬂampr’lX”
R+x2

8ab(X) = Nap — g”(X)=n 2 (D.2)
We have the local coordinates X defined on the bulk of AdS. The covariant derivatives and the

metric in this space are given by

. 1 .
Va=9a—Ta, T = -3 X%uw(X). (D.3)

All of the above equations are exact in R.

D.2 AdS Casimir in the flat space limit

In this appendix, we will explicitly see that the AdS Symmetry Group (SO(d,2)) reduces to the
Poincaré group in the flat space limit of AdS (R — o). As a consequence of this, one can also
see that under this limit, the eigenvalue of the AdS Casimir can be written as the sum of the
eigenvalues of the two Casimirs of the Poincaré group, namely, spin and momentum.

To prove that the AdS symmetry group reduces to the Poincaré group, we will look at the
algebra of the generators of a Special Orthogonal group and then use the symmetry generators
we have defined in our formalism to show that indeed the SO(d,2) group reduces to Poincaré
group in d + 1 dimensions. We can start with identifying the SO(d + 1) part of the Poincaré
group. Consider the symmetry generators we defined earlier in Eq.(6.1),

Mpp = Xpdp — Xpda
Using the definition X = (X, ...,Xy,R) and P = (Ry,...,P;,0) fora,b=0,1,...,d, we have,

My, = X9, — X0,
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Appendix D. Some Requirements For AdS Spacetimes

Clearly, for the d 4+ 1 dimensional vector X,, M, are the position space generators of the group
SO(d+1).

We can further investigate the momentum space generators, which can be written as

d 0 d o . d 0
Mab:Pam_Pbﬁ7 Ma,d+1=PaW—7’d+1ﬁ=lPa R2—ﬁ~ﬁ (D.4)

For large R, Taylor expanding the above expression in orders of 1/R? gives,
My g1 = iRP,+O(1/R?) (D.5)

This expression tells us that at leading order, M, 4,1 resembles the momentum of the particle
(generator of translation) up to a constant. This gets a correction at O(1/R?) due to the AdS
potential which changes the form of these generators such that they are no longer generators of
translation. This is expected as the AdS manifold is not invariant under translation.

Let us find the algebra of the generators corresponding to SO(d + 1) and translations in our
notation. We can start with computing (M, M, 4+1], a,b,c =0,1,...,d.

0 d /. [ 92 ' 02 0 d
[Mab7Mc,d+1] - (Paﬁ —Pbﬁ) <ZPCR 1-— Ié) — <ZPCR 1-— Ié) (Pam _Pbﬁ)

(D.6)
As before, we can Taylor expand the terms for large R. At leading order, we have
[Map Me.a1] = i(Pa My — iPy Mac)R+O(1/R?) (D.7)

Here, 1,y is the flat space metric in d 4 1 dimensions. This expression at leading order matches
the commutation relations of a rotation generator J,;, and the translation generator K, in flat
space up to an overall negative sign.

[JabaKc] = i(Kbnac - Kanbc)

This semi-direct product structure will break down at higher orders of 1/ R?. The consequence
of this is seen in terms of the eigenvalues of the AdS and Poincaré Casimirs.

The Poincaré group has two Casimirs as mass and spin, which is a result of the structure of
the group. However, the AdS symmetry group has only one physically relevant Casimir whose
eigenvalue is a sum of two quantities, i.e., M?R> = A(A—d) +1(1+d —2). Here, [(I+d —2)
corresponds to the spin part of the Casimir in Poincaré group (this can be easily seen for d = 3)
while the other part A(A —d) corresponds to the mass Casimir as this is the only term that
survives when spin is zero.

The key observation of this discussion is that the structure of the Poincaré group allows
for two separate Casimirs for mass and spin; however, if we perturb the flat space with an
AdS potential, this structure breaks down, and the AdS Casimir has information about both the
mass and the spin, which was expected as translation symmetry breaks down due to the AdS
potential. This understanding serves as a small step in understanding the bigger question of
how AdS behaves in the large R or the flat space limit and how the mathematical underpinnings
can verify our approach, formalism, and understanding of the problem.
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D.3. Bulk to boundary

D.3 Bulk to boundary

The result presented in the main text can also be derived from a more tedious and traditional
method using the “complete” equation of motion for the massive vector field as derived from
the lagrangian, which is really a combined statement about both transversality and the on-shell
condition.

In the first step, in terms of covariant derivatives, the EOM for massive vector field AY(v =
0,1,..,d) is given by,
[guv(Vy —M?*) =V, V,]AY =0 (D.8)

Unlike flat space([d,,dy] = 0), [V > Vvl# 0, this commutator is precisely the Riemann curva-
ture tensor. Here, M2R?> = A(A—d) + (d — 1), where [ = 1 for the spinning vector field.

As we have seen, the AdS Casimir splits into mass and spin term in the flat space limit.
Hence we can make the gauge choice, P> = —m? = _A(i;d)

M? = m? + % and the propagator [TV (P;X) must satisfy this equation of motion for the

vector field.

. As a result of which, we have

Note that, here, we have used the homogenous function that is dependent on P* /|P|. Using
the EOM in terms of covariant derivatives, one would compute its action on the propagator.
The propagator must satisty,

[guv (V¥ —M?) =V, V[ TT17P =0 (D.9)

The correct equation can be directly derived from first principles using the free Lagrangian for
a massive vector field. The ambiguity in the order of covariant derivatives is subtle. If one had
to naively promote the partial derivatives to covariant derivatives in the equation of motion for
a massive vector field, they would end up with Eq.(D.9). However, in deriving the equation of
motion for a massive vector field in flat space, one uses the fact that partial derivatives commute
and that’s how we end up with the equation of motion as we know it to be. However, covariant
derivatives do not commute; hence, when deriving the equation of motion for a massive vector
field in AdS, we must take care of this fact, and so, we end up with Eq.(D.9). We have

Vy(VI1YP) = 9,9, 11"F + (avnaﬁ)rgm n (&vrgm)n“ﬁ 4+ (avnva)r/g;# + (TP gy )TV

+ (PO + (9,110 TH, — (9, T1PYID,
(D.10)

After some simplifications, we can write

(d+2)nupT1PP X, 9uI1PP XPnpo0u11P° XPrypy 0,11V
R? R R? B R?

Vy(VuI1YP) = 90,1 —
(D.11)

In the above expression, one must be careful about the last term. One can explicitly check that
for the Bulk to Boundary propagator, the last terms will vanish explicitly. However, this term
will be important when considering the Bulk-to-Bulk propagator equation of motion.
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Substituting the expression of Eq.(D.11) in Eq.(D.9), we get

X9
RZ

(d+2)Nuv

R? I’

X X
[(nuv—)ﬁ)w%wz)—aum +

(D.12)

R? R? 0

Here,
1
ViIT'P = gPov, v, I1YF = 9?11¥P — = —XPX%9pd6I1"P 4-201YF  2XV 9, 11%F
+2XP 9,11V — (d +1)X %9, 11YP

We will use the definition used in section 6.2 and write the scale covariant function in momen-

tum space as a function of unit momentum vector P, = ‘%, and we define the scalar n = iP.X,
1

and some useful relations in terms of 7 are,

Oy =iPydy, Oun =ib,, x*oym=mn, P*=-M* |P*=PRPn®. (D.13)

Now, one can consider an ansatz order-by-order to solve the equations for the propagator
as a function of unit vector P,

TP — oMn VP (D.14)
N 1 .

i, = " (D.15)

~vB L v B
I}, = ¢ e (D.16)

Up to subleading order, we can write,

~ : 1

"B (n) = &Mn { fﬁﬁf;ﬂ (D.17)

The EOM from Eq.(D.12) at leading and subleading order takes the form as follows:
At leading Order:

[Nuv(0F — M?) — 3ua,] ™ 1P =0, (D.18)

This equation matches the EOM for a massive vector field in flat space, and the solution matches
the well-known result for the flat space. The solution of the leading order equation in (D.18)
leads to

P=nB_pvpP Tefi=d, PP =0 (D.19)
At subleading Order:
[rluv(aZ _MZ) . auav} eiMT]fzvﬁ + [Thw <d+ (X . ax)2 + (d+ I)X . 8X> _|_Xva“] eiManVB

2y (Xv(aaeiM'")ffxﬁ +Xﬁ(9ae"M'”)ffW> +d XPayeMn =0
(D.20)
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D.3. Bulk to boundary

Using the parametrization in Eq.(D.13) we can write,

My (d = (d+ DMX.P) +M*(XP) ;P —MXPRy(d + 1)+ M(X P)PﬁPu D21
g .

1y (= 2M(P.2) +02) £3P — (33 + M*BuPy — M (Budy + Bdy)) £
Of course, this is the positive energy solution, and on physical grounds, we discard the

negative energy solution.
The solution of the subleading order equation in (ID.21) is given by,

w_ [ [d+2(P-X) d(P-XP?  MEP-X)]
2 AM 4 6 ! (D.22)
(d+)ﬁv1vﬁ dAﬁAv
P
XPPY+ —XVPP 4 P
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