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Synopsis

In the early 1960s Bondi, Van der Burg, Metzner, and Sachs [1,2] discovered that asymp-
totic symmetry group of four dimensional asymptotically flat spacetimes is not the finite
dimensional Poincare group but an infinite dimensional symmetry group which is known
as BMS group. In recent years there have been several interesting developments in the
studies of asymptotic symmetries in relation to soft theorems following the seminal works
by Strominger [3]. Strominger and his collaborators discovered that soft graviton theo-
rem can be realized from asymptotic symmetries associated with large diffeomorphisms
of asymptotically flat spacetimes at null infinity. Infrared properties of scattering am-
plitudes involving gravitons and photons were investigated by Weinberg [4, 5] in 1960s
which paved the way for important developments of soft theorems in Quantum Field The-
ory and String Theory. Since then soft theorems have been studied extensively in various
theories of scalars, gauge and also higher spin particles. Contemporary developments of
the sophisticated techniques like BCFW recursion relations [6] and CHY formalism [7]
for finding scattering amplitudes have led to the discoveries of new soft theorems and
have deepened the understanding of many important properties of them. On the other
hand understanding the relationships between the newly discovered soft theorems and the

associated symmetries is extremely interesting from the perspective of flatspace hologra-

phy .

In this thesis we probe further into the understanding of soft graviton theorems and asymp-

totic symmetries of asymptotically flat spacetimes in higher dimensions. In the first part of

Xix
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the thesis we derive double soft limit to graviton scattering amplitude from the formalism
developed by Cachazo, He and Yuan. In the second part of the thesis we study the relation
between Weinberg’s soft graviton theorem and asymptotic symmetries for asymptotically

flat spacetimes of dimensions greater than four.

0.1 Soft graviton theorem

In a graviton scattering process if the energy of any external graviton becomes infinites-
imally small then the scattering amplitude can be expressed as a product of soft factor
and amplitude of remaining particles of finite energy. This is the statement of single soft
graviton theorem. In 2014 Cachazo and Strominger, using Britto-Cachazo-Feng-Witten
recursion relation, found that the soft factor can be perturbatively expanded in powers of
energy of the soft graviton. For pure gravity this soft factorization holds to the sub-sub-

leading order which can be expressed as

hngMnH (ki, €5k, 5. .. 5 ky, €,57G, €)
T

= (S + M@ +SPP) M, (ki €1 ks, €. Ky €) + O,

where M, is the (n + 1)-point scattering amplitude including the soft graviton with mo-
mentum 7¢q and polarization € and M, is the n-point amplitude for finite energy external
particles whose momenta and polarizations are denoted by k, and €, witha € {1,2,...,n}.
The soft factors are functions of kinematic variables like momenta and polarizations of

both soft particle and particles of finite energy and can be given by

1 & €nq"q" "\ ewklq, JY €0 q(,./p“]”
SO = - m , S(g) = wkadpla e Gwdpdota Ja_
(q) =~ E ok (@) § Tk (@) =7 §

a=1 a=1

J¥ denotes the angular momentum operator of the a-th hard particle and has two parts -

orbital angular momentum and a spin part. It should be noted that conservation of total
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momentum (i.e. sum of all the external hard momenta) of the scattering amplitude implies
gauge invariance of leading soft factor, gauge invariance of sub-leading soft factor follows
from the conservation of total angular momentum and sub-sub-leading soft factors are

gauge invariant in individual finite energy external state.

Sen used covariantization method [8] to prove universality of leading soft graviton theo-
rem with arbitrary number of soft gravitons and sub-leading soft graviton theorem with
single soft graviton and any number of finite energy external states with arbitrary masses
and spins to all orders in perturbation theory of S-matrix in any generic theory of quantum
gravity. Recent work by Laddha and Sen [9] have established that soft graviton theorem
is universal to sub-leading order for any generic theory of quantum gravity and the sub-
sub-leading factor has a universal part and a non-universal part that depends on details of

the specific theory.

0.2 Cachazo-He-Yuan formalism

In 2013 Cachazo, He and Yuan [7] developed an ingenious technique of calculating scat-
tering amplitude for a variety of theories in Quantum Field Theory that include gravity,
Yang-Mills, bi-adjoint cubic scalar, non-linear sigma model and many others using inte-
grals over moduli space of punctured Riemann spheres. The punctures on the Riemann
sphere correspond to the external scattering states. The underlying principle behind this
formalism is to map the singularity structures of the kinematic space to the singularities of
an auxiliary space where they can be better understood. This method of studying S-matrix
has many advantages over conventional techniques of computing Feynman diagrams and
helps to bring out several important features of scattering amplitude which otherwise are

not manifested in the Lagrangian descriptions.

In this formalism a tree level scattering amplitude for n massless particles in any arbitrary
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spacetime dimensions is given in the following way

d"o ’ ka-kb
M= | SOELa.O) L({k, &, 0}).
" f VoISL2,0) | 5(2 (,a_(,b] ({k, €, 7))

b#a

where the form of /,, which is particular function of kinematic variables like momenta
and polarizations of external states and also the punctures, depends on the specific theory.
o;s are the locations of punctures and the arguments of delta functions are polynomial
equations in o;s, called scattering equations. Because of the SL (2, C) redundancies, only
n — 3 out of n scattering equations are independent, and there are (n — 3)! solutions for the

o;S.

The integrand 7, has SL (2, C) weight 4 and the measure transforms accordingly such that
the scattering amplitude is SL (2, C) invariant. There are several building blocks formed

out of the kinematic variables and the punctures which give rise to I,,.

Factorization properties of scattering amplitude arising from soft and collinear limits can
be studied very conveniently in the CHY formalism. Soft graviton theorem for one soft
graviton scattering has been derived using CHY formalism in earlier literatures. In this
thesis we derive soft graviton theorem for two soft graviton scattering process from the
CHY formalism. In this process we encounter some intricate technicalities that will be

explained in detail.

0.3 Double soft graviton theorem

In the soft limits the moduli space integrations in the CHY formalism become contour
integrals. For single soft particle the contour of integration is wrapped around the solu-
tions of the punctures corresponding to finite energy external particles. In case of double
soft limits, depending on the separation of the soft punctures contour integrals have to

be evaluated. In [10] we calculated the contribution coming from the so called degener-
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ate solutions, when the two soft punctures come infinitesimally close to each other. In
this case we can make a change of variables for the soft punctures, 0,,; = p — g and
Opi2 = P+ % Using the scattering equations, solutions for & can be expressed in terms
of p. Now effectively we are left with a single contour integration corresponding to the
variable p. Applying Cauchy’s residue theorem one can compute the value of this contour
integration. The result thus obtained was compared with the Feynman diagram computa-
tion where it was noticed that the leading order term, which is the product of two single
soft factors, was missed in the obtained result. To account for the missing term, contri-
butions from the non-degenerate solutions were analyzed in [11]. In this case we have to
consider two contour integrals corresponding to o,,; and o,,, independently. Residues
of these contour integrals give the required result. Along with the leading term, we also
obtain two more terms at sub-leading order. However to do this analysis an explicit gauge
choice has been made in which polarization tensors (€, €,,,) Of the two soft particles
are orthogonal to momenta (7p,, 7q,) of each other. This result matches with earlier one
obtained by Klose et al [12] using BCFW analysis in four dimensions. In later works by
Chakrabarti et al [13, 14] using covariantization method developed by Sen, it is shown

that the result is valid for any generic theory of quantum gravity.

The next part of the thesis focuses on the supertranslation symmetries for asymptotically

flat spacetime in dimensions greater than four.

0.4 Supertranslation symmetries and soft graviton the-

orem

The asymptotic symmetry group of asymptotically flat spacetimes in four dimension is
an infinite dimensional group, popularly known as BMS group which consists of an-
gle dependent translations along the null directions, called supertranslations acting semi-

directly on the Lorentz group. Supertranslations form an infinite dimensional Abelian nor-
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mal subgroup of BMS group. Recently Strominger and his collaborators have shown that
Weinberg’s soft graviton theorem is related to Ward identity derived from supertranslation
invariance of gravitational S-matrix. Subsequent works by Campiglia and Laddha [15]
have led to extension of BMS group, which is a semidirect product of supertranslation
and Diff(S?), to obtain Ward identities associated with sub-leading soft graviton theorem.
With the generalization of soft graviton theorems in higher dimensions a pertinent ques-
tion is - like in four dimension can the soft graviton theorems be related to asymptotic

symmetries of asymptotically flat spacetime in higher dimensions also?

The relation between soft graviton theorem and supertranslation symmetries have been
explored in higher even dimensions by Kapec et al in [16]. In this paper it was shown that
Weinberg’s soft graviton theorem can be recast as a Ward identity at null infinity in higher
even dimensions. In this thesis we try to compute the asymptotic conserved charge from
the covariant phase space methods [17] at null infinity and derive the supertranslation

Ward identity in higher dimensions.

We consider perturbative gravity with linearized metric fluctuations around Minkowski
spacetime, g,, = M + kh,y, kK = V321Gy is the gravitational coupling constant. However
we show there are subtleties with the existence of infinite dimensional supertranslation
symmetries in higher spacetime dimensions (D > 4), mainly because of the boundary
fall-off conditions of the metric perturbations. The null infinity of the asymptotically
flat spacetime is understood as the limit of radial coordinate, r going to infinity while
u and angular coordinates are held fixed, such that topologically the space is given by
R x SP~2. We can also expand the metric perturbations in orders of the radial components
off the null infinity. Solving linearized Einstein’s equation in vacuum we determine the
free radiative data of the gravitational radiation. In D dimension the free radiative data
has a fall-off behavior of #~"2* and supertranslation acts on the metric perturbation which

falls off linear in r in any arbitrary dimensions. Therefore only in four dimension these

two powers in r are equal and the radiative data is shifted under supertranslation. In four
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dimension, because of the presence of supertranslation, there is an enhancement of the
asymptotic symmetry group from Poincare to infinite dimensional BMS group. Since
the radiative component appears at different order in radial coordinate, the only allowed
symmetries are Poincare symmetries. Now we want to explore whether it is possible
to have supertranslation symmetries in D > 4 if we relax the boundary conditions and

eventually derive Ward identities relating infrared behavior of graviton amplitude.

The asymptotic conserved charge at null infinity consists of two parts: soft charge which
is linear in gravitational radiation and the quadratic part, called hard charge which also
contains matter radiation. We consider scalar field minimally coupled to gravity as the

matter contribution. Trace-reversed metric perturbations satisfy the equation
Dl_zﬂv = —16nGT),.

Metric perturbations consist of two parts - hfg) which corresponds to the gravitational

wave and satisfies homogeneous equation Dﬁf,? = 0 and hfﬁ) which is determined by the

matter content. Thus we can write h,, = hflcv) + h,(f’v). The sourced metric perturbations,
hL'/f,) typically has faster fall-off conditions than the free metric perturbations, h,(f,) For the
supertranslation charge only free metric perturbations contribute. Now we consider the

expansion of angular components of metric perturbations to be /45 = rhﬁ(B1 )+ hfé + }h% +

...and A, B are the D — 2 angular coordinates. In four dimension hg}:) constitute the free
data and the expression of soft charge at null infinity is given by

dud®, f (z) D*DPiS,),

Qe = 162G

I+

where dot represents derivative with respect to the retarded time u. f(z) is any uncon-
strained arbitrary function of angular coordinates. In higher dimensions we consider the

vector field

E= [ Qb+ 5T5Af i, ~ DM o+ ...

D
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and derive the asymptotic covariant phase charge. In D > 4, hg_Bl) is non-radiative and gets

shifted under 5,

6§h,(4_31) = Yapdf(z) — (DaDp + DgD,) f(2).

D-2

For this reason if we restrict h;_Bl ) to be zero then f(z) 1s constrained and there can not exist

supertranslation symmetries in higher dimension. So we have to allow for non-radiative

modes to be present and relax the boundary conditions.

Then the problem is the covariant phase space charge at null infinity diverges. The finite
part of the charge also does not reproduce the soft graviton theorem. The only resolution
seems to be to restrict the boundary conditions. In that case the divergent terms vanish
and also the only allowed symmetries are global translations. The asymptotic charge also

vanishes. This result is consistent with the analysis of [18].

In odd dimensions there are additional subtleties because of the fractional power fall-off
of the metric perturbations in radial coordinate. Mode expansion of gravitons contain
half-integer powers of frequency in odd spacetime dimensions. This is another difficulty
for understanding soft graviton theorem from asymptotic symmetry analysis for odd di-

mensions.

We have shown that there is no consistent way of relaxing the boundary conditions such
that supertranslation symmetries are allowed in higher spacetime dimensions and at the
same time Weinberg’s soft graviton theorem can be expressed as Ward identities of gravi-
tational S-matrix following from the supertranslation symmetries. Our results are consis-

tent with the analysis of [19].



Introduction

In Quantum Field Theory soft theorems play an important role in understanding deep
intricate structures about scattering amplitudes and various other aspects. Soft theorems,
as we understand them today, were first studied by Weinberg [4, 5] and by Gross and
Jackiw [20, 21] in the context of photon and graviton scattering processes . Since then
there have been incredibly huge amount of explorations to understand soft theorems for

variety of theories in Quantum Field Theory and String Theory.

What are soft theorems? In any scattering processes if one or more external particles
have infinitesimal small momenta as compared to other external states with finite mo-
menta, we call them soft particles and the particles carrying finite energies are known as
hard particles. In general this classification of hard and soft particles depend on some
energy scales but for our purpose we will refer to the soft particles as having almost van-
ishing energies and momenta. For many theories scattering amplitudes involving the soft
and hard particles can be expressed as product of soft factor, which include kinematics
of soft and hard particles, and scattering amplitude involving the hard particles only and
excluding the soft particles. These are known as soft theorems. Typically the factorization
of the amplitudes can be expanded in powers of soft momenta and soft theorems are valid

only to certain orders in the expansion.

Scattering amplitudes involving soft gravitons have been shown to factorize beyond lead-

ing order. Modern techniques in the scattering amplitudes have been particularly helpful



2 Introduction

in this context. Using Britto-Cachazo-Feng-Witten (BCFW) recursion relations [6] Cac-
hazo and Strominger [22] found out soft factorization of pure gravity amplitude with one
soft graviton to sub-sub-leading order. Soft graviton theorems in specific theories beyond
leading order have also been studied in [23-28] from Feynman diagrammatic as well as

using modern amplitude methods.

Sen used covariantization method [8,29] to prove universality of leading soft graviton
theorem with arbitrary number of soft gravitons and sub-leading soft graviton theorem
with single soft graviton and any number of finite energy external states with arbitrary
masses and spins to all orders in perturbation theory of S-matrix in any generic theory of
quantum gravity. In [9] Laddha and Sen showed that in any theory of quantum gravity
scattering amplitude for single soft graviton and any number of finite energy external
states with arbitrary spins and masses to sub-sub-leading order in the momentum of the
soft graviton can be expressed as sum of two parts: a universal part that depends only
on the amplitude without the soft graviton and a non-universal part that depends on the
amplitude without the soft graviton as well as details of the theory, in particular the two

and three point functions of the theory.

In recent years there has been increasingly growing interest in the studies of various
aspects of soft theorems [30-55] following the remarkable observation by Strominger
[3] that Weinberg’s soft graviton theorem are related to asymptotic symmetry group of
asymptotically flat spacetimes. In [3,56] it was shown that leading soft graviton theorem
can be expressed as Ward identities related to supertranslation symmetries and there are

infinitely many conserved charges corresponding to these symmetries.

What are supertranslations? In early sixties Bondi, Van der Burg, Metzner and Sachs
[1,2] discovered that the asymptotic symmetry group of any four dimensional flat space-
times is not just the finite dimensional Poincare group but an infinite dimensional group

which is now known as BMS group. Using Penrose compactification the asymptotic null



infinity of asymptotically flat geometries can be topologically given by R x S? and there
are two such null infinities, one at future which is denoted by .#* and one at past which
is denoted by .# ~. BMS group comprises of supertranslations which act semi-directly on
the Lorentz group. Supertranslations are angle dependent translations acting at the null
infinities and can be arbitrary functions of the coordinates on S?. Supertranslation vector

fields form the infinite dimensional abelian sub-group of the BMS group.

Using the covariant phase space formalism [17] one can calculate conserved charges for
the symmetries at asymptotic null infinity. The charges associated to supertranslation
symmetries come from the gravitational radiation and contain zero modes of gravitons.
These are called soft charges and act on the Fock states at future and past null infinities to
produce soft graviton insertions in the S-matrix elements. These soft mode insertions give
rise to Weinberg’s soft graviton theorem. There are also hard part of the charges which
come from the matter contents. Total asymptotic conserved charges can be given by Q =
Q4 Qhard - Classically these conserved charges commute with the gravitational S-matrix
such that [Q,S] = 0. These charges generate supertranslations on the radiative phase
space at null infinities. Using the in and out scattering states at .# ~ and .#* respectively

we can obtain the Ward identities (out|Q*S — S Q" |in) = 0.

Asymptotic symmetries for soft graviton theorems when external finite energy states are
massive have been studied in [57]. In [15, 58-60] Campiglia and Laddha found out Ward
identities related to the asymptotic symmetries corresponding to sub-leading soft graviton
theorem by considering a particular extension of BMS group which is called generalized
BMS group. They considered this generalized BMS group as semi direct product of super-
translations with smooth diffeomorphisms of the conformal sphere [Diff (Sz)]. Charges
associated with the [Diﬁ (Sz)] symmetries give rise to Ward identities which are in one to

one correspondence with sub-leading soft graviton theorem.



1.1 Outline

Discovery of relations between soft graviton theorems and asymptotic symmetries of
asymptotically flat spacetimes have made the studies of soft graviton theorems partic-
ularly interesting from the perspective of both Field Theories and General Relativity.
Motivated by the contemporary developments we have explored a particular case of soft
graviton theorems when two of the scattered gravitons are taken to be soft simultaneously.
As mentioned earlier, inventions of new techniques for amplitudes have paved the way for

studying these soft theorems much more conveniently.

Here we have used Cachazo-He-Yuan formalism [7,61-63] to find double soft limit to
graviton amplitude for pure gravity. Cachazo, He and Yuan (CHY) discovered an out-
standing formalism of calculating many Quantum Field Theory scattering amplitudes us-
ing integrations over moduli space of punctured complex spheres. In CHY formalism
various field theory amplitudes involving massless particles can be computed at tree level
in arbitrary spacetime dimensions without requiring Feynman diagrammatic. From this
method many underlying features and relations between different theories like Kawai-
Lewellen-Tye orthogonality, color-kinematic duality, double-copy relations etc. emerge
which are otherwise not very manifest in the conventional Lagrangian descriptions. Stud-
ies of soft theorems and factorization properties of scattering amplitudes become ex-
tremely simpler in CHY formalism. One primary objective of this thesis is to study simul-
taneous double soft limit of graviton scattering amplitude to sub-leading order in powers
of the momenta of soft gravitons [10, 1 1]. In the simulataneous soft limit scaling of both
the soft momenta are taken to be same (7p and 7q with T — 0). We find that at leading or-
der double soft factor is given as product of two leading single soft factors (S @ (p)S ©(g)).
Sub-leading double soft factor has three terms - two of which are symmetric combination
of products of leading and sub-leading soft factors (S @ (p)S V(g) + S @ (¢)S V(p)) and the

third term is a contact term which can not be expressed as product form of single soft



factors. We have also verified the result obtained from CHY formalism with that from

Feynman diagrammatic.

In the second part of the thesis we study supertranslation symmetries and Weinberg’s soft
graviton theorem for asymptotically flat spacetimes in higher dimensions. In four dimen-
sion leading soft graviton theorem can be interpreted as Ward identities of gravitational
S-matrix related to supertranslation symmetries, our goal is to find out how much of such
correspondence between asymptotic symmetries and leading soft graviton theorem can
be achieved. Due to the fall-off conditions of the metric perturbations, in [19, 64, 65] it
is claimed that supertranslation symmetries can not exist in spacetime dimensions greater
than four. This is because of the fact that supertranslations always shift the components
of metric perturbations falling off with inverse power in radial coordinate in all spacetime
dimensions and radiative modes appear in higher powers of radial coordinate in higher
dimensions. Only in four dimension the two powers happen to be the same which leads
to the enhancement of the asymptotic symmetry group. Therefore in order to preserve
supertranslation symmetries in dimensions greater than four we have to relax the bound-
ary conditions. However there is no straightforward way to set the boundary conditions
compatible with the existence of supertranslations in higher dimensions, so we have to
find out the appropriate fall-off conditions of the metric perturbations by trial and error
and check their consistencies using linearized Einstein’s equations and gauge conditions.
Relaxing the boundary conditions lead to the presence of non-propagating modes in the
metric perturbations in addition to the propagating modes. The non-propagating compo-
nents do not have time dependence and therefore can not be expanded in terms of plane
waves. Because of these extra modes which have slower fall-off behavior than the graviton
modes, computation of the conserved charge at asymptotic null infinity from the covari-
ant phase space formalism [17] is complicated. The main problem is the appearance of
divergent terms in the charge calculation when the limit of radial coordinate is taken to
infinity. It remains a challenge to show that the divergent terms are canceled and the finite

contribution to the asymptotic charge produces Weinberg’s soft graviton theorem.



6 Introduction

This thesis is organized as follows: in chapter 2 we review soft graviton theorem for
single soft graviton scattering. We will mainly review the analysis of Cachazo and Stro-
minger to derive soft graviton theorem to sub-sub-leading order in the momentum of the
soft graviton. In chapter 3 we give an elementary introduction to Cachazo-He-Yuan for-
malism. We will see some basic examples of scalar, gluon and graviton amplitudes and
methods of taking soft limits for these scattering amplitudes. We present the main results
of this thesis in chapter 4. We study double soft limit of graviton scattering amplitude for
pure gravity using both Cachazo-He-Yuan formalism and Feynman diagrammatic. In this
chapter we also analyze double soft limit of pure Yang-Mills theory. In chapter 5 we study
asymptotic symmetries related to Weinberg’s soft graviton theorem in higher spacetime
dimensions. We first review the supertranslation Ward identities and leading soft graviton
theorem in four dimension and then comment on the difficulties involved in deriving such

Ward identities in higher dimensions.



Soft graviton theorem

Soft graviton theorems in Quantum Field Theory have been studied over several decades
since early sixties by Weinberg followed by many authors in recent years [4,5,8,9,20-29].
In this chapter we will review soft limit of graviton scattering amplitude when energy of
one of the external particles in the scattering process, which is a graviton, is taken to be
extremely small compared to the energies of other scattered particles. In Sec.(2.1) we
will present the result for leading soft graviton theorem. In Sec.(2.2) we will show soft

graviton theorems beyond leading order for pure graviton amplitude.

2.1 Weinberg's soft graviton theorem

In a scattering process involving graviton, when energy of one external graviton state
goes to significantly small compared to that of other external states, then the scattering
amplitude can be expressed as a product of soft factor, which involves momenta and
polarizations of both soft and hard external particles and amplitude consisting of only
hard particles to leading order in the energy of the soft graviton. This is the statement of

Weinberg’s soft graviton theorem.

If there are n external hard particles of momenta denoted by k;, V i € {1,...n} and a
soft graviton of momentum 7q with 7 — 0 then Weinberg’s soft graviton theorem can be

written as

lim M1 (7q, (ki) = %s“’)(q)Mn ({kh +0(7°). 2.1.1)

7



8 Soft graviton theorem

Here S© (g) is the soft graviton factor. The finite energy external particles can be mass-
less or massive and of arbitrary spins. From the Feynman diagrams leading order factor-
ization can be understood when the soft graviton is attached to one of the finite energy
external legs through a three-point vertex. Leading soft factor contains a pole of the form
(t ¢ - ki)' which comes from the propagator of the external line to which the soft graviton

is attached.

We will give a pedagogical derivation of the leading soft graviton theorem for a simple
case of scattering amplitude when the external finite energy states are massless scalars

[56]. The action for Einstein gravity coupled to free massless scalar is given by

S = f d*xv—g [ ERo g’“” 30,9, (2.1.2)

where the coupling constant « is given by «* = 327G. In the weak field approximation g,

can be perturbatively expanded around flat metric as
uv = N t Kh/lV +... (2.1.3)

Feynman rules for pure gravity are given in Sec.(B.1.2). In the harmonic gauge the Feyn-

man rules are

L .
OB ENOTTRRST s _ i (el + MeaTlsy — Tgra)
S22 p*—ie ’
k
- _ 1
> R —i€
uv
lp
/‘ kl \ kz

iK
= 5 (kiukay + ko = muvks - ko). (2.1.4)



We will consider the scattering amplitude involving m; incoming scalars with momenta
ki, ...k, and m, outgoing scalars with momenta ki, ...k,  such that m; + my = n. The
soft graviton of momentum 7¢q can be attached either to the incoming hard external line or
to an outgoing hard line. The polarization tensor of the soft graviton is denoted by €,,(q)
which satisfies the constraint g*¢,, — %qye“ x = 0. In the limit 7 — 0 at leading order we

get the following Feynman diagrams

Feynman diagrams with external soft graviton attached to any internal lines contribute at
sub-leading order in 7. Hence evaluation of the above Feynman diagrams yield

My (tq. K1, K KK

< ’ ’ ’ —i

= > MK K TG KKKy ) ————

i=1 (kl’ + Tq) — i€
iK ’ ’ ’ ’ ’ 7
3 |k, (K; +7q), + K}, (K} +7q), — muki - (K, + 7q)]
—i

(k; - Tq)2 — i€

iK
5 [k (i = 70), + kiy (ki + 79), = ki - (ki = 7)|

+ iM(k’l,...,k;n;kl,...ki+Tq,...,kml)

T— S kl’ kz,v S ki kiV ’ ’

+0 (TO) . (2.1.5)

Therefore contracting the above expression with polarization tensor of the soft graviton
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Weinberg’s soft graviton theorem (modulo the constant numerical factor) follows

1 enkik] 0
M(Tq,kl,...kn):;;ni . Mk, k) +O(7"), (2.1.6)

where 17; = +1 depending on whether the soft graviton is attached to outgoing state or

incoming state respectively.

Weinberg’s soft graviton theorem holds for any generic quantum theory of gravity. The
leading soft factor is universal and is valid for arbitrary spins and masses of the external
finite energy states. Equivalence principle says at low energies gravity couples to all
forms of momenta with the same strength, implying the fact that the gravitational coupling

constant is same for all particles.

Gauge invariance Under gauge transformation polarization tensor of graviton changes
as

€,(q) = €y + quA, + q, A, 2.1.7)

where A is any vector field satisfying A¥g,, = 0.

Then from Eq.(2.1.6) we obtain

5 My = A (Z nikiﬂ]M = 0. (2.1.8)

i=1

The last equality follows from the conservation of total momentum of the scattered parti-

cles.

2.2 Subleading soft graviton theorems

Almost fifty years after the discovery of Weinberg’s soft graviton theorem, Cachazo and

Strominger [22] found that factorization of the graviton amplitude in the soft limit can be
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extended beyond the leading order to sub-sub-leading order in the the energy of the soft
graviton. Cachazo and Strominger used spinor helicity variables to derive the factorization
of an (n + 1)-point graviton amplitude for pure gravity from Britto-Cachazo-Feng-Witten

recursion relations [6]. Factorization of the (n + 1)-point amplitude can be given by

Mo (kt, k) = (S@ + 50+ SPYM, +0(q?). (2.2.1)

In this section we review the analysis of Cachazo and Strominger [22] to derive the soft
factorization of pure graviton amplitude at tree level. In spinor helicity variables we
will use {A;y, A5} for hard particles’ momenta k; and (/lm, ;lm) for soft momentum ¢ with

a, & = 1,2. Therefore we can write

kiozd = ﬂi(t;ll'd/’ i€{1523'~'7n}

Qoc = /lsa/;lsd- (2.2.2)

Momentum conservation implies

N

AigAig + Asqdsa = 0. (2.2.3)

i=1

Since we are considering gravitons only, helicity of i-th particle is given by h; = 2. Then

(n + 1)-point full amplitude can be expressed as

n

Mn+1 = Mn+1 ({/ll, ii’ hi}a cee {/lm ina hn}’ {/ls’ ;ls’ hs}) 54 [ /lioz;lid + ﬂsaisd) . (224)

i=1

Here M, is the momentum stripped amplitude and delta function imposes the momen-

tum conservation constraint.

To take the soft limit to M,,,; we will use a small parameter € to rescale the soft momen-

tum as

Ay = Ve, A = Vel (2.2.5)
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so that

Qoa = 6/15(1/1&(1- (226)
We can make an expansion of the (n + 1)-point amplitude in € in the limit € — 0.

Little group for massless particle is S O(2) which allows the spinor variables to scale as
Ao = t7'2, and A; — tA,. Under this scaling amplitude should transform with the little
group weights as

M@%@:WM@@. (2.2.7)

Taking t = €2 fora positive helicity soft graviton we can write M, as
Mot ((Ved, Vel +2) = €My (€4, 25, +2). (22.8)

Eq.(2.2.8)implies that we can take A,(€) — 0 keeping the antiholomorphic one A, remains

finite. We will derive the factorization of M, under this holomorphic soft limit.

Now let us consider the following complex deformations in the soft momenta and n-th
hard momentum

A(2) = A5 + 24, 1.(2) = A, — zd,. (2.2.9)

Then the stripped (n + 1)-point is a rational function of the deformation parameter z given
by M, 1(z). The original amplitude can be obtained by calculating the residue at z = 0 in

the following contour integration

1 d Mn+1 (Z)
= . —.
27l Z

[z]—=0

M, = (2.2.10)
We can evaluate the above integration by deforming the contour away from the original
one to infinity, then there will be other poles which have to be considered. In general

M,.1(2) = % as 7 — oo, therefore there are no poles at infinity. Hence the only poles will



13

come from the poles of the integrand arising when the propagators go on-shell

K= (qQR) + ko +...+ky ) =0, (2.2.11)

for any non-empty subset {a,a,...,a,} € {1,2,...,n—1}.

From Eq.(2.2.11) we can obtain location of the poles at z = z* and the amplitude factorizes

on these residues. Therefore we obtain

1 M, (z
My = — dZ+—]()
27 Z
l2I—0
_ L D 95 dz My (52) a1, - - G tkas Bi)) Mg ({=kp, =i}, @1, G 00(2)
2mi F4 Ki(2)?
{ai,..., a’”}z—>z*
. 1
= = ) MG@)an, ) .
{Ll[ ~~~~~ am} (q + kal +...+ kam)
Mg ({=kr, —hi}, ar, S am, a,(27),  (2.2.12)
2
where 7" = —M and r is a null momentum orthogonal to both g and k,,. Here
2(q+ka +.thay ) 1
{ai,. .., a,} denotes the complementary set of {a,,...,a,} but does not contain the n-th

particle. We have to consider opposite signs for the momentum of the internal propagator
because if it is incoming for left amplitude it will be outgoing for the right amplitude
and vice versa. Also we have to take sum over all the helicities, 4; of the virtual particle

corresponding to the internal momentum.

We will have to consider the following two types of diagram:

5(2) n(z) 5(2) n(z)

(a) Diagram: 1 (b) Diagram: 2
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In the first type of diagram there is a single hard particle on the left amplitude which is
labeled by a € {1,...,n — 1}. M can have either MHV or anti-MHYV configuration. We
will assume the soft graviton is of positive helicity, then the helicities of the virtual particle
will be opposite to that of the hard external particle. Contribution from this diagram can

be given by

n—1

. 1
Anr = D0 DT MLUEDY, a, e ) T M (i), 2, AE). (2213

a=1 hj=+2 a
From Eq.(2.2.11) we obtain

, A=A, A=, + @Z (2.2.14)
(an)

a (an) s-

If the helicity of the hard particle a is positive then

a13 \2 2 2
ML:( [$a] ) _ Lsalan)y” (2.2.15)

lal[15] (sn)?

It can be checked that above expression for M, holds for negative helicity of a-th particle

also. Therefore Eq.(2.2.13) becomes

—Mn({/l]’;ll’hl}7---,{/la’za+ @is’h }""7{/ln’;ln+ @2 hn})7

{any”> (any™™
(2.2.16)

1 _ 1

where we have used the expression of the propagator as E = Gana

We can write the momentum conserving delta function as

n n—1

Lo+ Ay | = 6" 1 1, + 0 7, + 395

54(2:‘ ﬂaﬂamsﬂs)-(s ;amua (ﬂa+ <an>ﬁs)+an (/ln+ <an>/ls) . (217)
b#a
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Then combining Eq.(2.2.16) and Eq.(2.2.17) we obtain

[sa] (na)2 ~ ~  {sn)« (as}
n+l Z (sa)(ns)2 ({/lla/llahl},-. .,{/la’ /10 + @ls, ha},-..,{/l /l ( >/15,h } .

(2.2.18)

Now we can take a holomorphic soft limit by employing the scaling 1; — €A, for small

€. From Taylor series expansion of M, around € = 0 we get

=\ 1 [sal{na)?

Huwt = _3< sayns)?

BNk

M(ml,al,hl} oy + €303 1 <"S>“h})

Sa ha}7 L] {/lna An + 6_/1
a=1 < >

{an)" """
, “ywwz R e R e [
B e’ (sa){ns)? (nay " 9A%  {an)y *9A¢ 2 \(na) " 912  (an) *9a¢

a=

o M (0, A0 A A b, A Ay ) (2.2.19)

Let us now calculate each of these terms in Eq.(2.2.19) separately.

[sal{na)’

n—1
First term We consider the expression E] ()"

In spinor helicity notations polariza-
tion tensor of the soft graviton with positive helicity is given by € = € 45 ()" (oﬁﬁ)v,

where
1[ A oAss
oo = 3 | Ces)ys)

+(x eyl (2.2.20)
Here x and y are the reference spinors such that € ,45547 = 0 and € 44434y = 0. To make
our computation simpler we can choose these reference spinors to be

xX=y=n. (2.2.21)
This means the momentum of the n-th particle is orthogonal to the polarization tensor of

the soft graviton. With this choice it can be seen

€ kakay  (nay*[sal
q-ke  (ns)X(sa)’

(2.2.22)
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Then we can immediately recover leading soft graviton factor

$O(q) = Z d k“"k“” Z (na) Lsal (2.223)

— ka (ns)*(sa)’

The term with a = n in the sum vanishes because of the particular choice of the reference

spinors in Eq.(2.2.21).

Second term The angular momentum operator acting on the a-th hard particle is given

by
. 9 |
JH =kt -k
CT Ok Oy

+ J1, (2.2.24)
where J4” is the spin angular momentum part defined as
()0 € = €, — OL€", + Olie,” — Ole b (2.2.25)
Using spinor helicity variables we can write
Jaw Tty 07 = =20 o€ — 2€apduaps (2.2.26)

ad ﬁﬁ

where holomorphic and anti-holomorphic parts of the angular momentum operator can be

given by
i 0 0 - i~ 0 ~ 0
Joag = = dso—= + A=+ ooz = = | dvo— + Ag—1- 2.2.27
R S L T
Here €,s and €,; are anti-symmetric 2 X 2 matrices
0 1
€p = = € (2.2.28)

-1 0
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From the second term inside parentheses in Eq.(2.2.19) we get

S [sal(na)? {{ns) ~. (as)~, 0
(sa){ns)? ((na)/l oae " (an>/ls 5;12')

IS}
(Il
—_ =

_ [Sa]<”a>/~lai’ (2.2.29)

(sa)lns] ™ o

a=1

n—1
where we have used the conservation of momentum ), [sa]{an) = 0. It can be checked
a=1

that Eq.(2.2.29) gives the sub-leading soft graviton factor

S _ Z M _ Z [S“]<”“>~' (2.2.30)

in the particular choice of reference spinor of Eq.(2.2.21).

Gauge invariance Using the gauge transformation €,,(q) — €, + q.A, + g,A, it is
easy to verify the sub-leading soft graviton factor is invariant due to conservation of total

angular momentum
n

Z v =0. (2.2.31)

a=1

Third term Now we consider the third term in the parentheses which can be given by

1 & [sal(na)> ((ns)~. 0 las)~., 0 )
— AL — A —
2;<sa><ns>2 (nay o " (any" ol
n—1 ] 2 2 2
_ lZ [sa];l.;lﬁ 0 _ +2[sa] ~8 _ 4 [sa](s;z) N(’i _
24| (say " T paeppt  ns)ppegt  (ns) giapib
= [sa] . 0%
= = AP -, (2.2.32)
244 say 7 g0

where the second term vanishes due to conservation of angular momentum and the third

term vanishes because of linear momentum conservation. Then the last expression gives
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the sub-sub-leading soft graviton factor

oV n-1
g0 = Z Gsuv%q(r-]pﬂ-] _ lz [sa] ;l(y;lﬁ’ A (2.2.33)
2 24 (sa) " prepit B

in the particular choice of reference spinor of Eq.(2.2.21).

From Eq.(2.2.33) it is immediately obvious that if €, is replaced by g,A, + g,A, the
expression vanishes because indices are symmetric in g but anti-symmetric in J,. Hence
gauge invariance of the sub-sub-leading soft graviton factor does not require any conser-

vation law.

It has been shown in [22] that second type of diagram does not contain any pole and re-
mains finite as € — 0. Therefore using Eq.(2.2.8) and Eq.(2.2.19) we obtain factorization

of gravity amplitude in the holomorphic soft limit to sub-sub-leading order as

1

1 1
Mn+1 = (_3S(O> +
€

;S“) + ZS@)) M, + 0(60) . (2.2.34)

2.2.1 Comments on gauge invariance

Although the soft factors for gravitational amplitudes given in Eq.(2.2.23), Eq.(2.2.29)
and Eq.(2.2.33) are written in a particular choice of gauge by fixing the reference spinors
of the polarization tensor of the soft graviton, they can be expressed in a gauge invariant

way in spinor helicity language in the following way

0 _ C [sal{xa)ya)
S Z<Sa><xs><ys>

m _ [sa] ({xa) (ya>)~d 0
> 2 Z (sa) ((xs) (ys) A o
1 <0 [sal 545 &

2 (sa) " gqeant

(2.2.35)

Here x and y are arbitrary reference spinors.
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To check for explicit gauge invariance we can vary the terms in Eq.(2.2.35) with respect

to x or y. Then we get

1
5,80 = EZ

sal{ya) {{(xs){0x a) — (xa){dx §)
saxys) (xs)?

sal{ya)(x 6x)
(xs)X(ys)

—
— N[

(2.2.36)

To obtain the second equality we have used Schouten identity and the last equality follows

from the conservation of momentum.

Similarly
55(1) — 1 C <.X (S)C)[Sd]»«d ?
: 244 (xsy o
=0 (2.2.37)

follows from conservation of angular momentum.

The expression of S is independent of any reference spinor and hence S @ is gauge

invariant term by term.

2.2.2 Remarks

Sen used covariantization method [8, 29] to derive soft graviton theorem to sub-leading
order for one soft graviton and arbitrary number of finite energy external states of any
masses and spins for any generic theory of quantum gravity for which perturbative anal-
ysis of S-matrix holds. In dimensions greater than or equal to five the graviton soft the-
orems are universal and do not receive any loop corrections. In lower dimensions there
are issues of IR divergences [9]. Laddha and Sen [9] showed that sub-sub-leading soft

graviton theorem is not universal. The amplitude with one soft graviton and other fi-
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nite energy particles to sub-sub-leading order in soft momentum contains two parts: one
universal part that depends only on the amplitude without the soft graviton and another
non-universal part that depends on the details of the theory, particularly on the two and

three point functions of the theory.



Cachazo He Yuan formalism

In a series of seminal papers [7, 61, 62, 66,67] Cachazo, He and Yuan came up with a
novel technique of calculating tree-level scattering amplitudes involving massless parti-
cles for a wide variety of theories in Quantum Field Theory. Inspired from String Theory,
in this formalism scattering amplitudes can be expressed as integrals over moduli space
of punctured complex Riemann spheres. In the conventional method of computing scat-
tering amplitudes we generally have to take into account inconveniently huge number of
Feynman diagrams, also Feynman rules are not unique because using field redefinitions
one can write different Lagrangians for same theories. CHY formalism is lot simpler
because we do not need Lagrangians and hence nor Feynman diagrams to calculate scat-
tering amplitudes. Scattering amplitudes calculated in this method are valid for any arbi-
trary number of spacetime dimensions. This elegant formulation is likely to have serious
ramifications for our understanding of Quantum Field Theory and their dependence on

spacetime structures.

Many underlying relations between various theories, for example double-copy relations,
Kawai-Lewellen-Tye orthogonality, color-kinematic dualities, etc which are difficult to
see in the Lagrangian descriptions, become manifest in this formulation. Kawai, Lewellen
and Tye [68] discovered that tree-level amplitudes of closed strings can be expressed as
square of open string amplitudes. In the field theory limit these relations reduce to pure
gravity amplitudes as "square" of Yang-Mills amplitudes [69, 70]. Cachazo, He and Yuan

made this statement more precise by showing that the coefficient of the field-theory limit

21
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of KLT expansions are given by inverse of a matrix whose components are amplitudes of

a particular type of cubic scalar theory called bi-adjoint scalar [66,71]. Schematically this

Yang-Mills?

can be expressed as Gravity = Badjoint scalar”

These type of relations have also been found

among different other theories.

Soft theorems and factorization properties of scattering amplitudes can be studied very
easily using CHY formalism. Single soft theorems [7,23,24,27,28,61] as well as multiple
soft theorems [14,63,72] have been studied for different theories. KLT orthogonality and
double copy relations among soft factorizations of various theories have been explored

in [42].

Although CHY formulation is most well developed for tree-level amplitudes for massless

particles, loop-level extensions for scalars and gauge bosons have been done in [73, 74].

We organize this chapter as follows: in Sec.(3.1) we give a brief review, mainly the es-
sential construction of the Cachazo-He-Yuan formalism. In Sec.(3.2) we present some
important examples of scattering amplitudes for scalar, gauge and gravity theories. Soft
theorems and their derivations are given in Sec.(3.3). In Sec.(3.4) we describe the double

copy relations between amplitudes using CHY formulation.

3.1 Basic ingredients

The essential feature of the formalism is to map the singularities of the scattering ampli-
tude in the kinematic space of say, n massless particles to the singularity structure of an
auxiliary space which is better understood. In this case Cachazo et al consider the mod-
uli space of all n-punctured Riemann sphere, CP'. Let {k|, K}, ...ky} are the momenta of

n massless particles in D dimension forming the kinematic space. The kinematic space
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configuration can be defined by

K = {(kf;,kg,...,kg)|zn:kg = 0.k2=0,Ya e {1,...,n}}/S(O)(1,D— . Gl
a=1

We consider {07, 03,...0,} to be holomorphic variables which parametrize the moduli
space, My ,. The holomorphic variables specify the locations of punctures on the Riemann

sphere. The mapping of the singularities is given by [75]

1 41"

= — - , Yae{l,2,...n} (3.1.2)
2 Jeoie [l -ay)
b=1

where f#(z) is a D degree n — 2 polynomials.

Clarification: Here f*(z) is a D dimensional vector with 4 = 1,2,...D and each of

f*(2) is an — 2 degree polynomial in z. Eq.(3.1.2) can be written more suggestively as

: 5 ] (3.1.3)

k= — dZ
a X
27l lz—0al=¢ b=l Z—0p

Now the expression inside the square brackets can be expanded

K kY /o
L 2 4. . +—2
Z— 0 — 0 I— 0y

z"‘l(k’f+k§+...+kfj)+z"‘2(...)+...

(z=o)(z=02)...(z—0%)
(@)

(z=01)(z=02)...(z—0)

(3.1.4)

Due to momentum conservation coefficient of z*~! vanishes. Hence f*(z) is a polynomial

of degree n — 2 in z.

SL (2,C) invariance Moduli space of all n-punctured Riemann spheres, My, isan — 3

dimensional complex space and is invariant under SL (2, C) transformations given by
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ao, +
Yo, +6’

o, oY (o) = a,B,y,0 €C, ad —Bo = 1. (3.1.5)

Because of this SL (2, C) redundancies we can fix any of the three punctures. Typically

we will set -y = 0,0, = 1 and 03 = 0.

3.1.1 Scattering equations

n
Imposing the conservation of momentum }; k, = 0 and the fact that particles are massless,
a=1

k> =0, Ya € {1,2,...,n} one gets the following set of equations [7,67]

k- k
A ) Vae{l,2,...n}. (3.1.6)

=1 Oq—0y

b+a

These scattering equations can be checked to be invariant under SL (2, C) transformations

of Eq.(3.1.2)

:?: ka' kb
Y () =¥ (o)

b=1

b#a
=~ k, -k
= D T+ ) (o, +9)
=1 Oq—0)p
b#a
) n k@ 'kb n
= (o +0) ) = = (o + )y ) ka- Ky
b1 Ta = Ob b=1
b+a b+#a
- 0. (3.1.7)

Out of the n equations in Eq.(3.1.6) not all are independent. There are three constraints

satisfied by the following equations

n n kﬁ Tk
A * =0, m=0,1,2 (3.1.8)
a=1 b= Ta = 0b

b+a
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for any arbitrary values of o

For m = 0 it is easy to see that LHS of Eq.(3.1.8) is antisymmetric in a and b and hence

vanishes. For m = 1 we get

kg k n n n n ka' k
az;o-azﬁa—ob'b - sza.kb-i_ Zo-bo'a—ob'b
b#a

a=1 b=1 a=1 b=1
b+a b+a

n n n n

1 k, - ky
= — (o = ka kb
=1 =1 TaT O a=1 b=1
b#a b#a
=0 (3.1.9)

because of momentum conservation. For m = 2 we get
kg -k
Z ) M
b#a

O bky - Kk
ZO'aZk kb+zzo-o_oa-b_o_bh
b#a

a=1 a=1 b=1
b#a

= 0. (3.1.10)

Because of these constraints we have n — 3 number of independent scattering equations.

There are (n — 3)! set of solutions for {o7y, 0, ...,0,}.

3.1.2 Scattering amplitude

Taking into account that scattering amplitude in quantum field theory is translation in-
variant, we can write the full scattering amplitude for n-particle scattering process in D

spacetime dimension as

M, (k, €})) = M, ({k, e})éD[ kﬁf). (3.1.11)

a=1
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Conservation of total momentum is imposed through the D-dimensional delta function.
Here M,, is called the momentum-stripped amplitude and depends on the kinematic data -
momenta and polarizations. Cachazo-He-Yuan formalism provides an integral represen-

tation of this stripped amplitude M,, on the moduli space of n-punctured Riemann spheres.

For scattering of n particles M, is given by

_ d'o ’ ka-kb
M, = f WSLE.C) ﬂ 5 (Z — Gb]ln«k, e, o). (3.1.12)

b#a

The measure of n o variables are written as wedge products

d"oc=doy Adoy A ... Adoy,. (3.1.13)

Because of the SL (2, C) redundancies we have to mod out volSL(2, C) which is given by

do,dopdo,
(Ca—0p)oTp=0c)NTc—04)

for any a, b, ¢ from the integration measure.

The delta functions are holomorphic delta functions whose arguments are the scattering
equations. Due to the presence of these delta functions integrals are localized on the
solutions of the scattering equations. Again because of the SL (2, C) redundancies we

need n—3 delta functions to localize the integrals. Therefore the primed product is defined

as
’ ko k ko k
1—[5(2 . ]::(‘Ti‘o'j)(ffj—ffk)((Tk—(Ti)1—[5(2 i ) (3.1.14)
Oa=0p L Oy, — 0
a b#a a#i, j,k b#a
for any i, j, k.

The integrand /,, contains information about particular theories to be considered. Cac-
hazo, He and Yuan have constructed a wide class of integrands for large varieties of the-
ories including scalars, photons, gluons and gravitons. Before giving examples of 1, for
some theories we can find some elementary properties of /, in general from the SL(2, C)

invariance of M, in Eq.(3.1.12).
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We will use convenient notation to express scattering amplitude as M,, = f du,I,. From

the transformations given in Eq.(3.1.5) we find

do,
do, — —
(yoa+9)
. 1 »
51> ko 1 L > ks | (3.1.15)
t=2 0a = O (you+06) \$0a—0»

Therefore under SL (2, C) transformations measure changes as

duy = | | o + ) dpt. (3.1.16)

a=1

This implies that integrand must transforms as

I, — 1—[ (yoa +0)* I, (3.1.17)

to keep the scattering amplitude M, invariant under SL (2, C) transformations.

In principle M, can be expressed as sum over the (n — 3)! solutions of scattering equations

as
3
) ({k,e,0})

M Z J (k 6 z —th solution (3118)

where J, is the Jacobian factor. To calculate the Jacobian we define the following matrix

T a#b
(@n)ab = n (3119)
I a=b.
Za
Then the Jacobian can be given by
det[@,177%
Jo ({k, €}) = det' @, = , (3.1.20)

O-a’b’ O-b/c" O-c’a’ O'a//b// O-b//cl/ O'C//a//

where we have used the notation o, = 0-,—0, and [®, %2 " denotes the minor of ®,, ob-

//b// 7
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tained by removing the rows labeled by {a’, b’, ¢’} and the columns labeled by {a”, b, ¢"'}.

3.2 Examples

We will give some simpler examples of scattering amplitudes which can be expressed by
Cachazo-He-Yuan formalism. There are several building blocks from which one can con-
struct the integrand 7,. Various combinations of these building blocks make up different

I,, which then correspond to specific theories of interest [61,62].

3.2.1 Scalar

Let us consider the following quantity [61]

1

T a(1)a2)0 a2)a@B) * - - T an)a(l) '

C, (a/) =

(3.2.1)

Here a denotes the ordering of the punctures. C, (@) is referred to as Parke-Taylor factor

with « ordering. It can be checked that under SL (2, C) transformations

Co(@) = [ [roa+ 6 Cu@). (32.2)
a=1

Therefore if we consider product of two such Parke-Taylor factors then it will have the
desired transformation weight as /,. Indeed this integrand corresponds to cubic scalar

interaction theory given by

I¥ (alB) = C. (@) C, (B). (3.2.3)

These amplitudes have two copies of orderings and summing over all the orderings pro-

duce the full amplitude. We can refer to

m, (@|B) = f du 12 (a|B) (3.2.4)
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as partial amplitudes.

More generalized cubic scalar interactions can be considered called bi-adjoint cubic scalar

theory whose Lagrangian is given by
@ 1 aa’ A F aa’ 4bb’ ycc’
L7 = -3 i Baa '™ — ;fabcfa’b’c’QS ¢ (3.2.5)

where the scalar fields live in the adjoint representation of two unitary groups, U (N) X
U (N) Jfave and f;/b/d are structure constants of U (N) and U (N) respectively. Tree level

scattering amplitude for this theory can be given by

M, = Z Z Tr (Tba. Tbar Tb"”)Tr (T T% ... T ) m, (a|B). (3.2.6)

aesn/zn ﬁesn/zn

Here cyclic permutations given by Z, have been excluded. 7¢ and 7 are the generators

of U(N) and U (N) respectively.

Furthermore an alternative color basis can be used to replace the traces by [76]

C(I = Z falaazcl . .fc,l,3a(,(,,_])a,l’ (3_27)
-3

C1,€25--.5Cn

where @ € §,,. In this basis one can fix any two elements in the color ordering and
permute the rest of them. Then using the Jacobian factor of Eq.(3.1.20) the scattering

amplitude can be expressed as

1 >
M= > Calp . (3.2.8)

’

{o}esol det ¢” a,BES 2 (O-alaz cee O-llnal) (0-[31,32 s O-,Bn,BI)
3.2.2 Gluon

To describe scattering amplitudes for particles with polarizations new building block has

to be introduced. We have to consider the reduced pfaffian of the following 2n X 2n
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anti-symmetric matrix
A, -CT
Vo=|---1---- (3.2.9)
c"\ B

where each of A, B and C is n X n matrix and the components are:

delea#b St a#b Sl a#b
A = ‘ By, = ‘ Cap =
0, a=b 0, a=b —Z% a=hb.
cFa
(3.2.10)
Pfaffian of an anti-symmetric matrix is defined as
Pf(E,) := Z sgn(@)(En)a(1).02)(En)aB).a@) - - - (En)am-1).a0)» (3.2.11)

aeP.M.

where P.M. denotes perfect matchings for all possible decompositions into pairs. Here

+1, a € even permutations
sgn (@) = (3.2.12)

-1, a € odd permutations.

For anti-symmetric matrix Pfaffian is square root of its determinant

Pf(E,) = +/detE,. (3.2.13)

The n X n matrix A, has a nontrivial kernel of dimension two spanned by the vectors

(ol o5, ... ,o"")T , m=0,1. (3.2.14)

n

For m = 0 the kernel satisfies scattering equations. For m = 1 it can be verified

n

Zka'kbO'b :O_az kaky k, -k, = 0. (3.2.15)
1

=1 Ta = Ob =1 Ta = O0b 4
b#a b+a b+a
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Hence ¥, also has the nontrivial kernel spanned by (o'g’, oy,...,0,,0,0,... O) form =
0, 1. Therefore determinant and hence pfaffian of ¥, vanishes on the support of the scat-
tering equations. So we can define an invariant quantity called reduced Pfaffian as

~ (_ l)a+b

O, — 0y

PfY, := P[], » (3.2.16)

where [¥,]; is the minor of ¥, obtained after removing a-th row and b-th column with

the condition that 1 < a,b < n.

It can be checked that the matrix elements transform under SL (2, C) as

(YD — (Yo, +0) (yo, +06)(¥P,),, except the diagonal components of C which trans-
form as C,, — (yo, + 6)% C,,. Therefore it can be checked, under SL (2, C) transforma-
tions

PrY, — | |y + 67 P, (3.2.17)

a=1

The integrand for color ordered n-point amplitude, A, (a1, @z, @,) for Yang-Mills theory
is given by
1

"™ (a) = P{'¥, = C, (@) PI'P,. (3.2.18)
To(DHa(2)0 a2)a@3) - - - O am)a(l)

Therefore

Ay (ay,ay,...,¢y) = fdynCn (o) PI'Y, (3.2.19)

and the full tree level n gluon amplitude for pure Yang-Mills theory
1 uva
Ly = —gtr (FuvaF™) (3.2.20)
is given by sum of the color ordered amplitudes as

Ap(1,2,.,m) =" 2 Y w(T7T7 . T7) Ay (@, an, ., ), (3.2.21)
SnlZn
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where g is the coupling constant.

3.2.3 Graviton

Gravitons are spin-2 particles whose polarizations can be given as direct product of two

spin-1 polarization vectors. In general we can write
€ = €46y. (3.2.22)
In CHY formalism tree level S-matrix for gravity is proposed to be

M, = fd,un Pf'¥, ({k,e,0}) Pt' P, ({k, .0} (3.2.23)

In the simplest case we can take €,, = €,€, with the constraints
€ (k) K =0, e =0. (3.2.24)

Then the integrand corresponding to tree level n-point graviton amplitude for pure gravity

1
Lgr = ) V—¢R (3.2.25)

is given by
ISR = (Pf'Y¥, ({k, €, 0'}))* = det' ¥, (3.2.26)

) ..
where det' ¥, = 4 (0',~ - O'j) det [‘Pn]g..



3.3 Soft limits 33

3.3 Soft limits

A remarkable aspect of CHY formalism is that soft limits of various scattering amplitudes
can be studied very efficiently [7, 23, 24,27,28,42,61]. Many new soft theorems have
been found out using this new technique of finding amplitudes. Also soft limits help us to
verify the consistencies of several proposed formulas of scattering amplitudes for various
theories in this formalism which otherwise are difficult to prove directly. In this section
we will study behavior of scalar, gluon and graviton amplitudes under single soft limit, i.e.
when one of the scattered particles in the scattering process is taken to be of infinitesimal

energy compared to other particles.

Let us assume in n-point amplitude n-th particle is taken to be soft, its momentum scales

as 7p in the limit 7 — 0. In this limit the scattering equations (3.1.6) can be expressed as

n—1
k, -k k, -
fo= Y P (12, -
b1 Oa—0p Oq — Oy
b+a
n—1 ‘k
fi= Ty 252 (3.3.1)
o1 In " Ob

As 7 goes to zero there n — 4 independent scattering equations for n — 1 variables o,
and out of which three can be fixed due to SL (2, C) redundancies. Therefore there are
(n — 4)! number of solutions for the set {0, 07,...,0,-1}. We have not yet specified o,.
As 7 tends to zero but as long as it does not exactly vanish the last equation of (3.3.1)

becomes

—_

n—1 n—

p-ky| |(cp—0)=0. (3.3.2)

b=1

S
S -

+

[

So this is an equation in o, of order n — 2. But due to momentum conservation the

coeflicient of leading order in o, is zero

Dk, =0. (3.3.3)
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Therefore Eq.(3.3.2) is actually of order n — 3 in 0,. Hence for every solution out of
(n —4)! solutions of {o,03,...,0,-1} there are n — 3 number of solution to o,. This

counting also implies that total number of solutions is (n — 3) (n — 4)! = (n — 3)!.

The delta functions for the hard scattering equations can be expanded as

s(f)=6(f")+ (f ié{ﬂlyuﬂ ), (33.4)

=

where we denote ! = Z k% “Then the product of delta functions can be expanded as
b=1 7¢

b#a
n—l/ n—l, n—l n—1
§(f) = 5(fj“)+r n 5 - ‘ —6’(f” ‘)+O(T)
On-1
a=1 a=1 a=1 b=1
b#a
= 09+ 16"+ 0. (3.3.5)

Now we can write Eq.(3.1.12) as

n 1 n—1
k 'kb p kb
Mn = d . ] k
fvolS]L(Z c)f 7 1_1[ i o, — 0y M [T 21, - ] ({k, e, 0})
b#a -

= 1f gg do, 5(°)+Td(”+0(72))1,,. (33.6)
VOISL(Z ©) ok
2_:1 Op=0p

Here delta function supported at the n-th scattering equation deforms the o, integral to a

n—1
closed contour integral which encloses the zeros of )’ U_” _k(’; - denoted by {A;}.
h:l n

In the soft limit if the integrand factorizes as a soft part and the integrand of n — 1 hard
particles then soft factorization of scattering amplitude follows. We will show soft factor-

ization for some particular theories.
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3.3.1 Scalar

We will consider soft limit of the bi-adjoint cubic scalar amplitude studied in Sec.(3.2.1).

The n-point amplitude with one soft scalar can be expressed as

1 f dlo do
M, =~ —5(‘»95 TN G (@) G (B). (337
r J VoISL(2,C) nzl ok o g: g
op—0p

Here we will calculate the soft factorization to leading order in 7 only. For the @ and 8
ordering we can fix @; = 8; = 1 and @, = 8, = n and permute rest for S,_,. Then we can

write
O-Q,,_| — 0

) = G ) )

Cnoi (@). (3.3.8)

Let us denote «,_; := i and similarly 8, := j. (n — 2)! permutations of the integrand in

Eq.(3.3.7) can be expressed as

- _ =L 0'1)( 0'1) . ; ,
mf;‘iz caCpCp (@) C, (B) = Z:: B ( - O'n) P aiﬁjze;n} CaiCpiCh (a ) C, ( J)
= (oi— o) (o= o)

_ ) calpl? (@ i:B, ).

i,j=2 (O-i - O-n) (O-j - O-n) (O-n - 0-1) i pieS, 3

(3.3.9)
Now we can get the (n — 1)-point amplitude
"o © 7 ¢
VoISL(2,C) ’J) = / 3.1
fvolSL(z C)5 (“ A ) M, 1(04 B). (3.3.10)

Then from Eq.(3.3.7) we obtain

196 do, & (o — 0'1)( 0‘1) ) o
Mn: - o jMn_ l’ J .
T - 0 (o) =) (0~ o)’ L e ()

{4} TR0

(3.3.11)
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To evaluate the integral of o, we will deform the contour of integration to infinity and
apply Cauchy’s residue theorem. From Eq.(3.3.11) we can see that there are simple poles
at o, = 0y and 0, = o; only when i = j. There are no poles at infinity. Therefore, to

leading order in 7, we get

n—1 n—1

1 1 . . 1 -

M, =—-- Z B Z Jeasay S b, Mn-1 (l “, Jb’d) + Z — feaan Javip, Mn-1 (l d)
T p-ki ij=2 = pk

(3.3.12)

It can be shown that the first term in the parentheses is exactly equal i-th term in the

second summation with i = 1 (this calculation is similar to that involved in Eq.(3.3.24)).

Hence these terms combine to give

n-1
M, = —% Zd: ; ﬁﬁaianﬂbibnMn—l (iCd)- (3.3.13)

This is the soft theorem for bi-adjoint cubic scalar theory.

3.3.2 Yang-Mills

Color ordered partial amplitudes for pure gluon scattering is given by Eq.(3.2.19). In

terms of the partial amplitudes full amplitude for n-point gluon scattering can be given by

A, = gn—z Z Tr (T%0T%  T%m)A [a(l)...a(n)]. (3.3.14)

a€S, /Z,

We will assume (n + 1)-th gluon to be soft and its momentum will be denoted 7k,,.;. We

can write (n + 1)-point gluon amplitude as

n

Aper = g™ Z Z Te (T TT"0 .. . T )A, . [n+ 1,,a(l)...a(n-1)].
i=1 aeS,_\i

(3.3.15)

In the sum over n — 1 permutations i-th label has been excluded.



3.3 Soft limits 37

Let us first find out soft limit of A,,. Parke-Taylor factor can be written as

O_Q,,,l —0;

Coi(n+1,i,a) =
H (Oni1 =) (O, — Tus1)

C.(G, ). (3.3.16)

We can use the Pfaffian expansion given in (4.4.22) for any even dimensional matrix to

write
€1k
Pf'(¥,,,) = Pf'(¥,) Z L 0>, (3.3.17)
=1 Opt1 —Op
Therefore to leading order in T we obtain
1 do, Oy  — O N €01k
A ln+ Lisay..ap] = —95 — - el
T Z kns1-kp (O_n+l _O_i) (O-(y,,,l _O—n+1) = Op+1 —Op
{Ai} Op+1—0p

b=1
A li,ap...ap1].  (3.3.18)

Deforming the contour of integration to infinity we find that there are poles at 0,1 = 0
and 0,,; = 0,,_, and there are no poles at infinity. Evaluating residues at these poles we

get

. 1 (€1 ki €n+1 - ka(n—l) .
A, +1,i,a...q,-1] = —— — A ll,ap...q, 3.3.19
+1n 1, a Ap-1] \koot ki k- k [i, a; p-1] ( )

(1(,,_1)

Full amplitude Using the color basis given in [76,77] (n + 1)-point gluon amplitude

can be expressed as

Ay =(ig)" Y Y fut et prta®A ey apa]. (3320)

€S ;-2 X1...Xp-3

In the single soft limit we can write

n—1
Ay = (l-g)n—l Z Z fan+1u,'x1fx1ualx2 o fX/z—la{ynizanAn_Fl [n+ 1,0, ...ap0,n],
i=1 a€S,o\i

(3.3.21)
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where A, [n+ 1,i,a;...a,-»,n] is given in Eq.(3.3.19). Then we obtain

—TAp1 = ngZfan+.a, 6:: k ( )

n—1

(i )n 1 €n+1 ki,

k k Z fan+laix1 fxlaa] X2 L. fx"‘la"n—Za”An [i, ay...Uyo, n] i
n+l ”

i=1 aeS,o\i

(3.3.22)
Now we use the fact i fé+1%*1 = Ty ([T, T%] T*') and

Z Tr ([T, T T Tr (T T ... T%) = Te (T T“T% ... T)=Tr (T T% .. T“T%).
X1

(3.3.23)

Let us consider

n

i T ([T T TY) T (TP T T ) Ay Ty . @ ]

i=1 aeS,-1\i b
n

Z Z {Tr(T“"“T“fT““l L T%n1) = Tr (T T ...T“”an“f)}A,, [y ... Q]

i=1 aeS,1\i

Summing over S,_; permutations along with i = 1...n produce summation over S, per-
mutations. Both the terms in the braces give same expression and hence the sum vanishes.

Therefore second term in Eq.(3.3.22) is equal to

lgz f""““"b + 1 i A, (n*). (3.3.25)

which together with the first term in Eq.(3.3.22) gives the factorization
_ = dny1aib €n+1 b
A1 = ngZf s G bi gy (). (3.3.26)

This is the leading order soft theorem for pure gluon amplitude. In Sec.(A.1) Feynman

diagram analysis for soft factorization of Yang-Mills amplitude is given in Eq.(A.1.3)

0 (3.3.24)
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which matches with this result.

3.3.3 Gravity

For pure gravity amplitude for (n + 1) graviton scattering in CHY formalism is expressed
by

M., = f dptpardet’ (1) (3327)

In the soft limit given by k,,; = 7g with T — 0 reduced Pfaffian can be expanded to

leading order

" ek
PF (V1) = P (V) Y %L o) (3.3.28)
=1 Op+1 — Op
which implies
" 2
1k
det’ (P,.,) = [Z &) det’ (%) + O (). (3.3.29)
=1 On+1 — 0O

Then leading order soft factorization can be given by

n 2
1 do, o1k ,
M, = _95 Tl [Z Ent1- X ) fd,u,,det () +0(7). (3.3.30)
T b

q'ka O-I’H—l - O-b
__9"a =1
{A} Z On+1=0q

We can deform the contour of the integration for o,,; away from the original contour to
infinity, then we get poles at 0,1 = 03, Vb € {1,2,...,n}. It can be checked that there are

no poles at infinity. Evaluating the residues at the poles we get

1 - (n 'ka)2
My = —— D E;-—kaM” +0(?). (3.3.31)

a=1
This is Weinberg’s soft theorem for gravity amplitude.

Sub-leading soft graviton theorem using CHY formulation has been derived in [23, 24]

and sub-sub-leading soft graviton theorem has been derived in [27,28].
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3.4 Double copy relations

In 1986 Kawai, Lewellen and Tye (KLT) [68] discovered that tree-level amplitudes of
closed strings can be expressed as square of the open string amplitudes. Later these double
copy relations have been shown to hold in Quantum Field Theories also such as pure
gravity amplitudes can be constructed from two copies of pure Yang Mills theory [69,70]
at tree level. Cachazo, He and Yuan [7,61, 62, 66] made these relations mathematically
more precise by interpreting the coefficients of the field theory limit of KLT expansion as
inverse of a matrix whose elements are scattering amplitudes of bi-adjoint scalar theory

described in Sec.(3.2.1).

In terms of CHY representations relation between gravity and Yang-Mills amplitudes can

be given by

KLT
MR = AM e AM

AM @By m™ (BB) A (B). (3.4.1)

Here A™ (B) is a Yang-Mills partial amplitude with the color ordering 8 explained in
Sec.(3.2.2) and m(ﬁlﬁ) is the n-point bi-adjoint scalar partial amplitude explained in
Sec.(3.2.1). m™! (ﬁl,é) denotes the inverse of the matrix whose rows and columns are
labeled by bi-adjoint scalar amplitudes with the permutations 3 and f3 respectively. Each
of 8 and /3 span over (n — 3)! permutations forming a BCJ basis [69] and hence the matrix

m (8|5 has dimension (n — 3)! x (n = 3)!.

Let us consider an example of five point amplitudes to illustrate the KLT relations de-
scribed above. We choose the orderings to be 8 € {(12345), (12435)} and 3 € {(13254), (14253)}.

It can be checked the non-zero elements of the KLT matrix are m(12345|13254) = —.

$23545
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and m(12435|14253) = ——. Then we obtain the five-point gravity amplitude

-1
0 | |A™M(13254)

1
MSR = [AYM(12345) AYM(12435)|| ™™
—_ |AYM(14253)

$24.835

$2354sATM(12345)AY™(13254) + $24535AY™M(12435)A™(14253). (3.4.2)

3.4.1 Softlimit

KLT orthogonality relation between gravity and Yang-Mills scattering amplitudes can be
extended in the soft limits of the amplitudes also. Calculations become simpler if we

choose the bases for n-point partial Yang-Mills amplitudes [42] as

B=1,w,n-1,n), B=(1,&,n—1,n,b), with w,®€S,.4, a,bef2,3,...,n-3}.
(3.4.3)

S 1-4 1s the (n — 4) permutations which exclude a and b for w and @ respectively. We will

take the n-th particle to be soft and denotes its momentum by 7k,. In this choice of basis

KLT matrix becomes orthogonal to leading order:

16,
m,(1,w,n—1,a,n|l1,0,n—1,n,b) = ——bmn 1(L,w,n—=1,a|1,o,n — 1,a)+O(TO).
T

an

(3.4.4)

An n-point graviton amplitude can be given by

n—2
Z > AMUwn—1amm AM (1, 0,1 1,n,b)

b=2 w,wES ;,_4

GR
M,

n-2
-k, -k
= g ( —E 1)AYM(la)n 1,a)
k -k, k -k

a,b=2 w,0EeS ;-4

X Tﬁanéabmn—l (17w7n - laallaa)’n - laa)_l

1 (En . kn—l €, - kb
X —

- - - AM1,0,n-1,b)+0(1°)(3.4.5
T kn'kn—l kn'kb) : ( )( )
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Summing over w and & permutations give (n — 1)-point graviton amplitude. Then we use

momentum conservation to get

GR
Mn

ln_ZA En'ka_en'kl en'kn—l_en'kb GR 0
Tzsan(A : ]2n'k1)(]%n'kn—l ]}n'kb)Mn_l-'_O(T)
_ ——Z Euvkﬂk MGR1 +O( ) (3.4.6)

which produces the soft graviton theorem to leading order.

KLT relations for various theories like NLSM, DBI and special Galilean theories in single
soft limit have been studied in [42]. Double copy relations between gravity and Yang-

Mills soft theorems at sub-leading order have been explored in [35].



4 Double soft graviton theorem

Recently double soft limits of scattering amplitudes have been explored for large variety
of theories. In [72] double soft theorems for Yang Mills, supersymmetric gauge theories
and open superstring theory have been studied. simultaneous and consecutive double soft
limits of gluon and graviton amplitudes have been analyzed in [12]. Double soft theorems
have also been studied in supergravity theories in [78,79]. In [80] it has been shown that
double soft theorems in nonlinear sigma model follow from a shift symmetry. Current-
current algebra for double soft gluon amplitude at null infinity has been studied in [81,82]

where it was shown to produce a level zero Kac-Moody current.

In [10, 11] we have studied double soft graviton theorem for simultaneous soft graviton
scattering to sub-leading order using CHY formalism. Multiple soft graviton theorem for
any generic theories of quantum gravity have been derived using Sen’s covariantization
method in [13] and using CHY formulation in [14]. Ward identities from BMS sym-
metries related to consecutive double soft graviton theorem have been derived in [83].

Classical limits of multiple soft graviton theorem have been studied in [84—86].

In this chapter we will use CHY formulation to study simultaneous double soft limits of
some amplitudes in field theories. In Sec.(4.1) we review the analysis of taking double
soft limits of amplitudes in CHY formalism. In [63] degenerate solutions of the scattering
equations are considered in the double soft limit, here we analyze both non-degenerate
solutions [11] and degenerate solutions of the scattering equations for taking double soft

limit. In Sec.(4.2) we consider double soft theorem for Einstein-Maxwell theory. We de-

43
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rive double soft theorem to leading order for Yang-Mills theory in Sec.(4.3). In Sec.(4.4)

we calculate double soft theorem for pure gravity to sub-leading order [10, 11].

4.1 Double soft limit from CHY formalism

In this section we will explain the method of taking soft limit to a scattering amplitude
when the momenta of two of the scattered particles become infinitesimally small using
the Cachazo-He-Yuan formalism. Our starting point is n + 2 point amplitude which can

be written as

n

_ an'dO',H_ 1 dO-n+2 4
Mz = f VOISL(Z, C) n 6(fa)6(fn+l)6(fn+2) In+2({k, €, O'}) (4.1.1)

Here we have separated out (n + 1)th and (n + 2)th integrals for reasons that will be clear
shortly. In the soft limits where two of the particles’ momenta tend to zero at the same
rate (let us denote the soft momenta by k,,; = 7p and k., = 7g with T — 0) the scattering

equations f, can be written as

n
kq kp Tka.p Tka.q
+ + ae{l,2,---n
bgl Ta—0p Ta=0n+l1 Ta—0ns2’ { (. }
b#a
n
fa = Tkp.p + 2p.q a=n+1 (412)
— On+1—0p Ont1=0n42”
b=1
thp.p ?pq
- =n+2.
=1 On+2=0) Tnsl —Ony2’ @ n

Thus effectively in the vanishing limit of 7 there are n scattering equations for n hard
particles. Solving these n equations one obtains solutions for o, 05, -+ ,0, and there
are (n — 3)! such solution sets. The last two scattering equations do not provide any so-
lution, rather they are used to transform the o,;; and o0,,, integrals to contour integrals.
As we will see there are subtleties in performing these contour integrals depending on the

behavior of |07,;1 — 07,12|. In the seminal paper [63] the authors classified the behavior
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in two categories: 1) non-degenerate solutions - when |0, — 0 s ~ O(7°) and 2) de-
generate solutions - when |01 — 0 ,42] ~ O(7). It was shown that for theories like sGal,
DBI, EMS, NLSM and YMS the leading order contribution come from the degenerate
one. However in case of pure gravity (which is given by Einstein-Hilbert action) we find
the opposite feature, non-degenerate contribution dominates over the degenerate one. We

will elaborate on this issue in more details as we proceed.

4.1.1 Non-degenerate solutions

Here we consider the situation when |07,41 — 02| ~ O(TO). This implies that the two
soft punctures never overlap each other. The delta functions corresponding to the last two
scattering equations, f,.+; and f,,, now transform the integrations of o, and o, vari-
ables to independent contour integrals where o, and 0,,, enclose around the solutions

of the scattering equations f,.; and f,,, respectively.

In this case the scattering amplitude (4.1.1) takes the form

n

do—n+1 dO—n+2 ’
Moo [ oo Z 56 o 56 22 [ 60 haik ..

j= a=1
4.1.3)

t

Here {A;} and {B;} are the zeros of f,,; and f,., respectively. From here onwards we will

drop the summation signs and assume sum over the contour integrals is implied.

Both the measure and the integrand can be expanded in orders of 7 parameter as follows.

pPq pPq

1 1 1 1 Op+1—0n+2 1 1 + Op+1—0n+2
= J— — o e _— T—— -
1 1 I 1 1 1 pP-q 0
= — — | —+—"—+0 4.1.4
TZCICZ TClcz [Cl CZ]O-n+1_O-n+2 ™) ( )



46 Double soft graviton theorem

and C, := i —ah_

o) On2—0p "

where we define C; := i

Opt1—0q
=1

Product of the delta functions can be expanded as

n

~ | 71 kq. kq. .
[[o0+ X [T 00| (720 + et um o
- | bra

5 4 150 1 O 4.1.5)

ﬁ' 5(f2)
a=1

n
where fI' = 3, Uk k”b Prime denotes exclusion of any three delta functions due to SL(2, C)
b=1"*

b#a
redundancy.

Similarly we can write the integrand as a Taylor series expansion

Lo =1, + 71 +

n+2 n+2

(4.1.6)

Therefore using Eq.(4.1.4), Eq.(4.1.5) and Eq.(4.1.6) expansion of M, in Eq.(4.1.3) is

given by

1 d0-n+l do—n+2
M, 5O 10 _(ik,
27 rzf VOISL(2. c>56 C, w2k, € 07)

1 d0_n+1 é do 1 (0 1
+— é‘( )I( ) 5(0)[( )
fVOlSL(Z C) 9€ ne2 T n+2

11 P-q
= - = | ——L— 691k, e, 0))
(Cl Cz)O'n+1 — Ons2 2

+ 0" 4.1.7)

In this approximation {A;} and {B;} are the zeros of C; and C, respectively.
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4.1.2 Degenerate solutions

The case when |07,,; — 0,42] ~ O(7) has been studied in great detail in [63,87]. A new

pair of variables is defined

Op2 =P+ =

2

Opy1 =P — 57

In terms of the new variables the scattering equations (4.1.2) now become

n
. Ka. Ka.
Z(k“k" L0 T“"f), a#+n+1,n+2
b=1 0q=0p Ta—p+35 Oa—pP—3
b+a
fao=9 s (_ter_ _ Prg
a Z I3 - D) a:I’l+1
b=1 \P7277 d
n
k. 2
Z(Tf”p +qu), a=n+2.
b=1 pt3—0p 13

We can expand ¢ perturbatively in 7 as

E=1E+TEH+O0)

and using the last two scattering equations we get

1 1 < kp 1 <

kb.q

& pq&p-oy  pgp-oy

(4.1.8)

(4.1.9)

(4.1.10)

(4.1.11)

With the change of variables in (4.1.8) the 0,4 and o, integrals can be transformed as

follows:

fdo-n+ld0-n+26(ﬁ1+l)6(ﬁ1+2)
S22 f Apd£6(fonr + fos2)Ofos — for2)
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1
fsolutlons f f(f”"'] + f""'Z) 5§(fn+l ﬁl+2)

dp 26— &)
_256 Z fdf i ( kep o kg )+472p-q

{-‘ﬂolutlom )
p-5-04 p+— oo ) 2 \o=-5-00)  (p+5-0)? &

4.1.12)

-2 dp

where the first delta constraint is expressed as a contour integral for p wrapping around
the solutions to the scattering equations and the second delta constraint localizes the &

variable.

For finite p contour the CHY expression for the scattering amplitude at tree level in the

double soft limit as an expansion in the order of 7 is given by [87]

1 d 2 ~ (p—0p)
MN=——56—p.fdun—,,§l 1= T 38 o), (@.113)
T J 2ni 3 o+ 2 5 klrto) &1
{Ci} =1 pP—0p =1 pP—0p
where C; are the zeros of Z kfo %9 Here we have use the notation dy,, = #?(2@ ‘s ( > %
b=1 a b#a “
If the integrand can be written as a product like
In(k, 0, p,&) = F(k, o, p,&)1,(k, o) + (sub-leading order) 4.1.14)
then the previous expression at leading order simplifies to
d 2
my=|-LE¥ 5 rgopen|u, (4.1.15)
2mi < k. (ptq)
{C,-} rq E‘l P

The term in the square bracket gives the leading order double soft factor S *(0).

We will now compute examples of the double soft limit to scattering amplitudes for some

specific theories before deriving the result for graviton scattering.

)
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4.2 Double Soft Limit for Einstein Maxwell Theory

Now we will like to show how the double soft theorem follows from Feynman diagrams.
As an example we consider Einstein Maxwell theory. In [87] the authors have investigated
scattering amplitudes in Born Infeld and Einstein Maxwell theories in the double soft limit

with two soft photons. The integrand for this class of theories is given by

Iy = (PtXy) "(Pf'Ay)*""Pf' Py 4.2.1)

where m = 0, —1 denote BI and EM respectively. The result for EM theory with two soft

photon emission is

P9 €nt1-€p42 — €42.D €py 1.4
4(p-9)

(kp-(p = @) = €ns1.DF €nsn-q
4.2.2)

*(0)
Z ky,. (P +q)

which can be further simplified to'

€n+1-q €nv2-kp DKy + €111.kp €12.p q.Ky — 1116040 Ky K
rq

*(O)
Z ky. (p +q)
(4.2.3)

In the following subsection we show that from Feynman diagrams we can reproduce the

above expression modulo an overall constant factor.

4.2.1 Feynman Diagrams

The Einstein Maxwell action in four dimension is given by

+ O(1).

kp.(p+q)

n n
'Here we have used Y ko p=) _ _4 2
b=1 k (p+q)

— €pe1-kp €010k |
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1 2
Sem = fd“x (_4_1 V=888 FFor + = v—gR) (4.2.4)
K
where F,,, = d,A,—9,A, and R is the Ricci scalar given by R = g"” (F,ﬁ P P Y F/‘jvl“j_l).

In the linearized perturbative theory of gravity a small deviation £, around flat Minkowski

spacetime is considered such as

uv = N + Kh;zv' 4.2.5)

The Feynman rules for EM are given in sec(B.1.1). At leading order two soft photons can
be emitted from either an external graviton leg through an internal graviton propagator or
from an external photon leg through a graviton propagator. Both the processes involve
two three-point AAg vertices. These give terms of O (é) There also exists a four-point
AAgg vertex through which two soft photons can come from an external graviton leg.
This vertex comes from a term in Lagrangian of the form ~ hh0AOA and thus lead to the
order of O(7) in the scattering amplitude. Therefore for our purpose of interest it suffices

to compute the following Feynman diagrams:

e photons emitted from an external graviton
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e photons emitted from an external photon

Both of these diagrams give exactly the same soft factor as in Eq.(4.2.3). The above
analysis demonstrates the correspondence between the CHY integrand (4.2.1) with m =

—1 and the Lagrangian description of EM theory (4.2.4) in the double soft limit.

4.3 Double soft limit in Yang Mills theory

Let us now find the double soft limit to Yang Mills amplitude. Scattering amplitude for
Yang Mills theory can be expressed in terms of sum over colored ordered amplitudes,
called partial amplitudes. In CHY representation the partial amplitude of a particular

color ordering (1,2, ... N) can be given by

AYM(1’2’~"’N) = fd/JN CN(1’25'"aN)Pf,yjN({O-i’pri}) (431)

where

1
Cy(1,2,...,N)= ——,  with oy,=0, -0 4.3.2)
012023 ...0N1

is the color ordered Parke-Taylor factor.

Because of the color ordering there are two ways of taking double soft limit to gluon
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amplitudes - 1) the soft gluons can be adjacent to each other in the color ordering, and
2) soft limits can be taken in non-adjacent external states. Soft limits in the non-adjacent
legs are straightforward to calculate while soft limits in the adjacent legs are more non

trivial. In this section we will deal with each of the two cases separately.

4.3.1 Double soft limit in adjacent legs

First let us consider the case when two soft gluons are adjacent in the color ordering. We

will denote the momenta and polarizations of soft gluons by

{Tkn+1’ 6n+1}; {Tkn+2a 6n+2} (433)

where the parameter 7 — co.

As we will see in detail, both the contributions of non-degenerate and degenerate solutions

to double soft limit are at same order in 7 in this case.

4.3.1.1 Non-degenerate solutions

Factorization of integrand at leading order can be given by

Con(1,2,.. . nn+1,n+2) = In = 91 C,(1,2.....n)
(O-n - 0-n+1) (0-n+1 - 0-n+2) (O-n+2 - 0-1)

3 (Z €n+1 " Pa ](Z €n+2 " Pb )Pf’&”n (4.3.4)
Opt1 — Oy Opt2 —O0p

a=1 b=1

PF¥,.,

Therefore using Eq.(4.1.7) at leading order we obtain

-1 -1
1 - kn * Pa - kn 2 DPb
B, = —— 5(°)In56dn E ] Pa 9§dn § s
0 = fZ)O' O ntl SP— O n+2 T — O

(A7) a (B} b=1

(O-n - 0-1) i €n+1 " Pa i €n+2 * Pb
(00 = On1) (Tt = Oi2) (T2 — 071) Tnet = Oa J\ 4 Oniz = 0

a=1
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(4.3.5)

First we will deform the contour of 0, away from the zeros contained in {B;} to infinity.
In doing so we will encounter poles at 0,,,, = 01,0,,;. Contour of o,,, encloses these
poles in clockwise direction and hence give negative residues. It can be checked that there
is no pole at infinity. Then we get

n “l/n
1 kn 1 Pa €n+l " Pa
By = = | D 5<°>1n56d g - —
0 72 f 7 Tl Z Ont1 —0q Z On+l —0q

(A} a=1 a=1

(0 —01) €142 * D1
(O-n - O-n+1) (0-n+1 - 0-1) kn+2 *P1

n -1/ n -1/ n
1 kn 1° Pa kn+2 * Db €142 De
— | 6(0)In56d : ot Pa ne2 Db 2 Pe
72 f (T 7| 2, Tuel — T 2, Tl — T 2, Tusl — O

(A7) a=1 b=1 c=1

(4.3.6)

n
> €n+1 * Pd (O-n _0-1)
p Opi1 —0g ) (0 = Opi1) (O — 071)

=1

To evaluate the first contour integration we deform the contour of o,,; away from the
zeros of {A;} to infinity. Then the poles will be at o,;; = 0, 01 and it can be checked that
there is no pole at infinity. For the second contour integration we can similarly deform
the contour, but along with the poles at o,,,; = 0, 0| there will be poles at the zeros of
(bil %).The last residues are hard to calculate and we will leave the expression as it

is. Then we get

B, = l[€n+l "Pn Ensl 'Pl} €n+2'P1Mn

72 kni1 - Pn kns1 - p1 | knso - P

n _1 n _1 n n
1 95 kps1 * Pa kni2 * Db €ns2 * Pe €ns1 " Pd
- Qdoa| ), ———— =
72 v (Z Ont1 — 0y Z Ont1 —0p Zl Ont1 —O0¢ dZ On+1 — 0y

1A} a=1 b=1 =1

(O-n - O-l)
(O-n - 0-n+1) (O-n+1 - 0-1) "

(4.3.7)

This is the only term at O (T_z) coming from the non-degenerate solutions.
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4.3.1.2 Degenerate solutions

Factorization of the building blocks in the integrand in this case can be given by

_(O-n_a-l)

61 (0, —p)(p—01)

) N €t Pa [0 €2 Py 1 { N €112 Pa
PPy, = |- + e -k,
2 { (Zp—aa)[zp—%) £ ! +2(Zp—%

1

C,in(1,2,....,n,n+1,n+2)

C,(1,2,....n),

a=1 b=1 a=1
N €pel - P € €2 k k
n+1 * b n+l * Cn+2 Rp+l ° Kpy2
ez K | D b+ - Pf'¥,
=1 pP—0p 61

(4.3.8)

Calculation of leading soft factorization:

_ng)O'(s(O)I fdpé i(knﬂ"‘kmz)-}’b & [ — (o —0o1)
T ! — p=0p 2 kst - knso | 761 (00 — p) (0 — 071)

N €1 Pa |[ X0 sz - Do 1{ N €142 Pa
_ - = + — . kn e =
l [ZP—%)[ZP—%] & N +2(ZP—%]

a=1 b=1 a=1
- €141 ° Db €nt1 * €ns2 Kns1 * knio
~eus2 ket | ) + ; (43.9)
b1 P00 &

where

-1

n -1 n -1 n
kn *Pa kn *Pa (kn - kn ) *Pa
& = Knr ks (Z pl—(j’) = —kusr ke (Z pf—(f] = 2 ke ko (Z S —

a=1 a=1 a=1

(4.3.10)

Using the delta function integration over p is converted to a contour integration

-1
- (kn+l + kn+2) : Pb) § ( - (kn+l + kn+2) ' Pb]
do o - (pdp 4.3.11)
f [; P—0p ; P—0p

(Ci}

where {C;} contain the zeros of the argument of the delta function.

Let us expand the expression in the second square bracket and evaluate each term sepa-

rately.



4.3 Double soft limit in Yang Mills theory 55

First term

-1 n -1 n n
Z (kn+1 + kn+2) * Db Z kn+l * Pa (O-n - O-l) Z €1+1 * Pa Z €nt+2 * Pb
P =0 Hp-o, ) (n=—p)p-—o)\& p-0s )\ p—0p

{c,}
(4.3.12)

Deforming the contour of p away from {C;} to infinity we encounter poles as p = 0, 0
n
and at the zeros of k*_;p which are same as {A;}. Therefore residues on these poles
p=0, P
a=1 “

are

-1 -1
n - kn * Pa (O-n_o-l) - €n+1 ° Pa - €142 * Db
d Kn+2 " Pb +1 M,
725}6'0(,,1 p =0y ;p—aa (0 —p)o—01) ;p—aa ;p—crb

€+l * P1 €42 ° D1 €+l ° Pn €n42 ° DPn
M, (4.3.13)
[(kn+1 + kn+2) P1 n+1 P1 (kn+1 + kn+2) * Pn kn+1 : pn]

A
1

+ —_
2

Second term

-1
1 (kn+1 + kn+2) * Pb (O-n - O-l) { - €142 * Pa
T2 kn+l kn+2 § [Z pP—0p ] (O-n _P)(P_O'l) ! 2 HZ:; P —0yq

s K (Z M]}M (4.3.14)
b=

1 P~ 0

Deforming the contour and evaluating residues at the poles p = 0, 01 we get

l 1 €n+l - kn+2 €142 Pn — Ent2 ° kn+1 €n+1 * Pn _ €n+l - kn+2 €2 " P1 — Eny2 kn+1 €+l " D1
T2 kn+1 : kn+2 (kn+1 + kn+2) *DPn (kn+1 + kn+2) - D1
(4.3.15)
Third term
(Kot + k) - Py ) ) (Kns1 — knsa)
Z n+1 n+2) * Pb (O8] Z n+1 n+2) * Pa Mn
{C p—0p (Gn p)(p 1) p—0a

(4.3.16)

|

M,
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Deforming the contour and evaluating residues at the poles p = 0, 07y we get

1 €n+l * €42 (kn+1 - kn+2) *DPn _ (kn+1 - kn+2) D1

272 kn+1

Pole at infinity

. kn+2 (kn+1 + kn+2) *DPn

M,

(k1 + kpi2) - 1

(4.3.17)

If we use the same &, of Eq.(4.3.10) and take the contour of p to infinity

it can be checked that there cannot be any pole at infinity. This can be seen from the

following argument: in the limit p — oo, we can make a change of variable

Then

(4.3.18)

(4.3.19)

It can be seen that taking p — oo the expressions (4.3.12), (4.3.14) and (4.3.16) behave as

2—’; ~ d¢, hence there is no pole at = 0 or p = co.

4.3.1.3 Result

Adding all the contributions coming from equations (4.3.7), (4.3.13), (4.3.15) and (4.3.17)

we obtain the double Soft YM amplitude at leading order for adjacent soft legs can be

expressed as

Ayy (pr, € pr, €. ..

€n+

s Pns €ns Tkn+l > €Ent1s Tkn+27 En+2)

€2 * P1

— l €+l * Pn _
Tz kn+1 *DPn

€1 " D

1'P1)
kns1 - P

kni2 + D1

1 €42 * P1 €1+1 " Pn €n+2 * DPn

(kn+l + kn+2) * P1 kn+l * P1 (kn+l + kn+2) * Pn kn+l * Pn
€n+l - kn+2 €1+2 " Pn — Ent2 ° kn+l €n+1 * Pn

}k + lk +2 {
+
n n

(kn+1 + kn+2) * DPn

€nr1 * kni2 €442 - D1 — €42 ¢ knt1 €n41 * P1

1 €nt1 * Ens2

(kns1 + kni2) - pi }

E kn+1 ' kn+2

{(kn+l - kn+2) * Pn _ (kn+] - kn+2) * P1
(kn+l + kn+2) * Pn (kn+1 + kn+2) * P1

}] Ayy (p1, €13 p2, €5 ...

9p}’l7 En) .
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(4.3.20)

43.14 Comments

In the analysis of double soft limit to YM amplitude [72] , gauge choices have been made

which in our notation translate to
€1 Pn =0, €2 P1 = 0. 4.3.21)

With this choice first line in Eq.(4.3.7), which is a part of the contribution from non-
degenerate solutions, vanishes. Also some contributions from degenerate solutions be-
come zero in this gauge. But the term

n _1 n _1 n n
1 kn+2 * pb kn+1 * Pa (op—01) €1+1 * Da €1+2 * Db
—]d e 22 == 1M,
= p(zp—ab] [Zp—va (0n—p)(p—01) Zp—aa Zp—ffb

=1 =1 =1 =1
1A} b a a b

(4.3.22)

can not vanish in this gauge. This term is missed in the result presented in this paper.

This term actually plays a crucial role in maintaining gauge invariance of the contribu-
tions from non-degenerate and degenerate solutions separately. To illustrate this point,
let us consider the contribution from non-degenerate solutions, given in Eq.(4.3.7). Sub-

stituting €,.; — k,1 we see the first line vanishes. The second line becomes

1 N Knyso D L €142 D (o, —o01)
=5 Qdoy | Y S| |y A M,. (4.3.23)
T e oy =0 )\ Tnet =0 ) (00 = Opi) (O — 071)
{Ai}
This contour integration vanishes because the poles which were contained in {A;} as zeros
& ko1 -Pa . . o
of ( > ﬁ) have canceled with the numerator. Again substituting €,,, — k., we get

a=1

2

1 [€n+l P Enrl -pl]Mn
kn+l *Pn kn+1 *Pi1
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n -1 n
1 kn+1 * Pa €n+1° Pd (O-n - 0-1)
- dO’n 1 —— M”'
72 : (Z Oni1 = O ; Tnit = 0a ) (Tn = 0ni1) (O — 1)

a=1

(4.3.24)

Deforming the contour of integration away from {A;} to infinity, poles come at 0,;; =
o, 01. Evaluating the residues gives same expression as in the first line but with negative
sign. Hence the term vanishes. Similar check for gauge invariance can be shown for

contribution from degenerate solutions also.

This gauge invariance at each stage (individually for the contributions from non-degenerate
and degenerate solutions) is expected as well as important. At the level of integral expres-
sions it can be checked that CHY representations of the amplitudes are gauge invariant
on both non-degenerate and degenerate solutions of ¢ separately. So even after evaluating

the integrals gauge invariance should be preserved at every step.

4.3.2 Double soft limit in non-adjacent legs

In case of the soft gluons are in the non-adjacent legs of the color ordered partial ampli-
tude the analysis becomes much easier. At leading order of the factorization we have to

consider the contributions of non-degenerate solutions only.
We will denote the soft particles by i and j, where i, j ¢ {1,2,...,n}.
Factorization of the building blocks in the double soft limit have been given in Sec.(B.2)

Then the leading order soft factorization for non-adjacent soft legs can be expressed as

l(fi "Pir1 Ei'Pi—l)(fj'Pj—l _ Gj'PJH)
72 ki-piv1 ki pia kj'pj—l kj'pj+l

XAyym (P15 €155 Pns €0) - (4.3.25)

lin&AYM(pl,fl;...Tk[,fi;...;Tkj,fj;...;pn,fn) =
T

Here we find that the double soft factor is the product of two single soft factor.
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The integrand for pure gravity theory is given in terms of reduced Pfaffian of an antisym-

metric matrix in the following way
1, = (Pf'¥,({k, e, o}))* . (4.4.1)

In this section we will derive soft limit to the pure graviton scattering amplitude when
two external gravitons are taken to be infinitesimally small energy. We will compute the

double soft factor of this amplitude to sub-leading order in the energy of the soft particles.

In the calculation of double soft factorization of Yang Mills amplitude given in Sec.(4.3),
particularly when adjacent legs are taken to be soft, we have seen how there are can-
cellation of terms coming from non-degenerate and degenerate solutions. We will see
that similar type of analysis happen for double soft factorization of graviton from CHY

prescription.

First we will compute the contribution from non-degenerate solutions followed by degen-

erate ones. Let us label the soft momenta as k,,,; = 7p and k,,., = 7q.

4.41 Non-degenerate solutions

The building block ¥,,, in the gravity integrand can be expressed as
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‘ T ka-P ‘ T ka~q T ‘ —€ntl ka ‘ _€n+2-k(z
Aa L _Ta=Om1 | Ca=Owa _ CCa 1 F050n 1 Tamen
|
|
| | | |
2
Tpkp ! 0 I 1T pg —T€&.p | C | —Té&s2.p
CTwimop | o= | gpmon | D o
|
|
| | | |
tgky | _Tpg | 0 &g | _Tamq |-
Ops2—0)h 1 On+2—0n+1 l Tp—0nt2 l On+1—0n+2 ! n+2,n+2
_ |
Yoo = | 4.4.2)
| | ! '
‘ Té€.p ‘ Té€-q ‘ €a-Entl ‘ €a-€n+2
a1+ 55 G | Bde TS Tien
|
|
| | | |
Enstkp ! C I Té&s1.q €ni1.€ | 0 I &lE2
ooy | o | ooy T L On T
|
|
| |
€2kp ' TE&s2.p | C €n+2.€p | €nt2-Entl | O
L O Tns2=0p+1
At leading order the gravity integrand, Pf’ (¥,.,)* becomes
kY k)
0 €nt1 " Ka €nt2 " Kp
I,(Hr)2 = E _ — I, 4.4.3)
P Op+1 — Oy > Opt2 — 0Oy
Therefore the leading order double soft factor is
2 2
Z €41k Z €nr2-kp
(0) 1 a Op+1—0q b On+2—0b
S = — do, ——— do,,—m—
(p’ Q) T2 n+1 P‘ka' n+2 q’kb’
lons1=07i1—0 a’ Tnt1=0a |0-n+2_0'j|—)0 b On+2=0p
n n v
_ Z : €n+1,,uvkgkz % z : 6n+2,uvk§kb
a=1 ko p b=1 ka-q
= SOmMSO) (4.4.4)

which is product of two leading order single soft factors [5] as expected. Here o-; are the

solutions of scattering equations corresponding to the n number of finite energy external

particles.
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To compute Eq.(4.4.4) we have to deform the contour of integrations for the variables
0 ,.+1 and 0,4, independently away from their original contours (which enclose the zeros
of A; and B; respectively) to infinity. In doing this there will be residues from the poles
at infinity. Therefore in addition to the answer given in Eq.(4.4.4) the contour integration

will give the following term

a=1
-3 SOp)———+5%g)
Z q- ka ;1 D ka

a=1

1
= — [S Op) (€12 - P)* + SV(@) (€441 - q)2] , 4.45)
Tpq

. 2
(Z €ntl - ka)

a=1
n

" 2
1 (Z €2 ka)

where the last equality follows from conservation of total momentum of the scattered

particles.

Let us now consider the terms in Eq.(4.1.7) which are combinations 5(1)12(1)2 and 6(0)17(!1)2.

We can compute these terms in the following way.

Sub-leading soft factor for gravity is given by [22]

n j)o,v n j)o,v

€ns1vka DpJl €ns2vkadpJa
S(l)(p):Z”/;.—kP’ S(l)(q)zz +zﬂq.kp (4.4.6)

a=1 a=1
where J is a first order differential operator which acts on both momenta and polarizations.

In the subsequent steps we will closely follow the analysis of [24]. Acting S V(p) on M,

we get

d"o ’ ’ S 1
sO(pM, = f ——— > ] stmn|oeun), 26041 K €ne1 - Ki
b=1

volSL(2,C) & u — 01— 0)
a#l b#l
_(En+1 'kb)zp -k _ (€r+1 'kl)zp - kp I
p -k Pk "

d"o ’ 2 o (D)
+ f Lo C)]:[ s () SV(p),. (4.4.7)
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Let us now focus on the 6(1)15332 term of Eq.(4.1.7) and compare with the first term of

Eq.(4.4.7).

f d'o 9§ Lo 56 doy.a 50O
voISL(2, C) $ m g 2

lon+1—01|—0 1 Op+1—0q |ons2=0m|—0 P} Op+2—0p
a= =

— f d"o § do—n+1 é dO—n+2 Z €n+l 'ka’ ’
~J voISL(2,C) $ _thep ¢ _thia |\ %A Onet — 0w
=1

lont1—0|—=0 !t Oni1 =0 [ont2=0m| >0 4
= J

2
€ns2 - ki ’ ’ kq.p kq.q )
X — T o(fy) + o (fH,
(Z Ony2 — O-b’) Z n (fb) (O-a — On+l Oq = Ony2 (fa)

v a b
b#a
(4.4.8)
Now using
2
Z 6rHrl'kg’ )
ka. (a, Op+1 =0y
§ d0-n+l P n
O4q — Op+l Tki.p
o +1—07| =0 S oo
— l Zn: [_ ka - p (6n+l : kb)2 + 2€n+1 : ka €ntl ° kb _ (6n+1 : ka)2 kb - p (4 4 9)
1| ou=0, ko p Ta =T (Ca—0p)ka-p|
b#a
and comparing with Eq.(4.4.7) it is evident that Eq.(4.4.8) becomes
) d'o M 'S
s | wsras @ eun||n+ v oo (4.4.10)

In the rest of the analysis to make our calculations easier we will choose the following

gauge fixing conditions

€+1°4d = 0
€2 P = 0
€&-q = 0, Yae({l,2,--- ,n}. (4.4.11)
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Now our task is to find Ifl]+)2 and calculate the remaining term in Eq.(4.1.7). Taking deriva-

tive of the determinant and using Eq.(4.4.11) we get

al, - wearl Kk P .
+2|‘r:0 = Z[(_1)++1—OI_} n+1+( 1)+—q n+2+( 1) —T

n+a
s — Ta = Opel Ta = Oni2 Ta = Opel

€, - - €, -

n+l1 a" P n+2+a a+1 a" P n+2+a

+(_1) —yla +(_1) —&Un+l
(o On+l (o On+l

D | Costnit BT + Crnand B8 (4.4.12)

where ‘Z’If denotes determinant of the reduced matrix with ath row and bth column re-

moved. After expanding the reduced determinants the above equation can be written as

1 _
In+2
b1 €+l kp b+l Entl
(Cos2ni2)’ Covinn ZZ[ ((—1)‘” g (<1t —%)
a=1 b=1 — O+l On+1 —O0p On+1 —O0p
P kb at+b+1 En+l” ka a n+a+b €a En+l n+a
L (et Sntl R ey pyeash _Sal Sl g
On+l —O0p Ont1l — 0y 04 — Op+l
€ €11 - kg €, €nsl
+ p ((_1)n+a+b n+ yya n + ( 1)a+b+l a  tn+ ::;)
Op = Opyl On+l — 0y Oa = Onyi
€, (S kb €1+1 ° €p
+ " P ((_1)n+a+b+l n+ ng&a + (_1)a+b+1 n+ ’:l_:—lgl
Oa = Opyl Onsl —O0p Onsl —O0p
+( 1) (Cn+l n+l) (Cn+2 n+2) Z — o ( n+a WL:H—G)
n+l
bil €ns2 * ki b+1_En+2 " €
+ (Costan)’ CMMZZ[ (( it < Gl D bl
=1 bol a — Op42 Ons2 —0p On+2 —0p
q 'kb a+b+1 €nt2 k a n+a+b € Ent2 n+a
L (et 2R ey qyearh S0l S g
Op+2 —0p Opt2 — 0y Oq — Opy2
(4.4.13)

Substituting Ifli)z into the relevant term in Eq.(4.1.7) and doing the contour integrals over

01 and 0,4 We get

() €ns1 ko €nv1 - Ky k Tk 1a+b¥/a
S (Q)ZZ%_% [(p.ka P )(p &) (1 ) (1)

a=1 b=1
b+a
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€l “ka  €r1 -k arb
(“ - b)(en+1-ea)(eb-p>(—1> by

p -k, p -k
€y k En k

+ ( S > b){(p ka) (€s1 - €) = (& - p) (€nr1 - ka)}
p -k, D ky

X(— 1 )n+a+b pa

n+b

il - kg el k

+ {(E” Sl ”)(ea P) (1 - k)
p'ka D kb

€1k (p-kp) (€nr1 - ko)
+(p~ka (k) ) a1 ]
S(O) En+2'ka _ En+2'kb) 'ka - k -1 a+byja

b#a

€2 ko €2 kp n+a
( q_'-‘ka q+ kb )(q ka)(€n+2 Gb)( 1)++b n+b

(€n+2 ky (g - kp) (€nv2 - ka)
q- ka ((] . ka)2

)( a) (6n+2 éa)( l)n ;11+a:| .
(4.4.14)

Details of the above calculations are provided in Sec.(B.3.1). Finally it can be shown that

Eq.(4.4.14) is equal to
© d"—O' ! n (1) o
s (q)f VOISL(Z,C)U SN [SVDL]+(p o 9 (4.4.15)

Adding together Eq.(4.4.10) and Eq.(4.4.15) we obtain

SOP)SVig) + SP(g)S P (p). (4.4.16)

Now we will consider the first term in the last line of Eq.(4.1.7) which is of the form

-2 -1
1 d"o q-k
—— —(5(0)1(0)56(1 \ Sgd : _ 9K
rf VOISL(2,C)° " T P Zm -, ;am—aa

{Ai}

2
P q €n+l - ka €2 ka
—1 . 44.17)
On+1 — Opt2 [; Op+l — O-a) (; Op+2 — O-a)
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We can first do the contour integral for o,.; by deforming the contour away from the
zeros contained in {A;} to infinity. Then there are poles at 0,y = 0,42, ©o. Therefore

from Eq.(4.4.17) we obtain

-2 -1
1 d'o q-k
— | —————=601" 95 do, _Prfa _4 K
T f vwIsL2,0)° " P Z rrol I V3 sers

{B:}

n+1 - Ka ’ w2 * Ka - a2+ Ky ’
Xp'q[Z(:n:zl—aa] (Z(:n:;_ ] (Z(TMZ_%] (;Lﬂ)

a
P n+2

Xp - q(zu: P ka)_z (Z €nt1 kaﬂ

a

-2 -1
1 d"o p-k q-k
T f VOISL(Z’ C) T2 Opny2 — 0y ; One2 — 0y

{B;}
kY kY
€nt1 " Kg €42 Kg
X . —_— —_—
P q(ZO-rHZ_O-u] (; 0-n+2_0-a)
S(O)( )MMH, (4.4.18)
p-q

where in the last line we have calculated residues at o,,,, = 0, and used total momentum

conservation.
Similarly from the last term in Eq.(4.1.7) we get

1 d'o B
Z _ 5(0)1(0) %d ;
T f VO]SL(Z, C) Tt Z Ont1 —0q Z On+1 — 0y

{Ai}
2 2
Xp - q Z €ny2 ka Z €ntl * ka
P On+1 — 0y P Opnt1 — Oy

1 2 D)
g0, &P, (4.4.19)
T P-q

-1

It is to be noted that the last terms of Eq.(4.4.18) and Eq.(4.4.19) and also the the term
in Eq.(4.4.5) vanish because of the gauge conditions chosen in Eq.(4.4.11). Therefore
adding together the results obtained in Eq.(4.4.4), Eq.(4.4.16), Eq.(4.4.18) and Eq.(4.4.19)

total contribution coming from the non-degenerate solutions in the particular gauge con-
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ditions used can be given by

5SSO+ {S V(S Vi) + S<°><q>s<”<p)}] M
T T

1

fd/'tﬂ %do—n'ﬂ (Z Op+2 — O-a) (Z Op+2 — O-a) pa
ke ) ke )
€n+l  Kqg €nt2 - Kg
X - T -
(Z Ony2 — O-a) (Za: Opy2 — O-a]
1

1
+— | du,l, Q do, .
Tfﬂ G”(ZGM—%) [Zan+1—<fa) b
i}
k, Y k, Y
€n+2 " Ky €nt+l " Kg
_— —1 . (4420
[Zal Op+l — O-a) (Za: Op+l — O-aJ ( )

=

4.4.2 Degenerate solutions

In this subsection we will derive the contribution coming from the degenerate solutions.

At leading order in 7 the structure of matrix ¥, is [87]

I Tky.p I Tky.q T I —€41-kp I —€,42.kp
A a a _ n+ n+
Anay R I 7 R = =
[
[
| | | |
Tpky ! 0 e | “T&p ! ! €n12-P
LTy R R A
[
[
| | | |
Tgky ' Tpg ! 0 —Té.q ! €19 : C
= 1 & [ Ta—p & \ n+2,n+2
o [
(7 | (4.4.21)
| | | 1
I T1e.p | T €44 I €,.€1+1 I €4-€n42
C a a B a-€n+ a-En+t
Gy R I 7 A = N =
[
[
\ | | |
€nt1-kp C €n+1-94 €n+1-€p ‘ 0 ! €En+1-€n+2
,,P:‘Zb,L,"fl,"fl,‘,,f ,,,,, L oo _TE
[
[
[
€nky ' &s2.p €42.€p | Entl-Eni2
=0y | &1 ‘ Chsze2 p=0p Té) 0
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Pfaffian of any 2km X 2m matrix can be expanded as follows

2m
PE(E) = ) (=17, PR(ELY), (4.4.22)
q=1

where e, is the element of the matrix E at the pth row and gth column.

First we make an expansion of the Pfaffian of ¥,,, along the (n+2)th row to leading order

inTt

Pf ¥z = - 5 Lpr (w0500 - E”;‘ DPE (W22 = CriapaaPE (P22

| n+2,n+1 , n+2,n+3 - n+2.2n+4"
(4.4.23)
Again each of the reduced Pfaffians can be further expanded as
PE/(7,) 2 = S ppry 1 o)
| &
4 n n €nt2. /
PE/(7,0) 2200 = - ; Pptry, + O(1)
1
P (Ppao)iioomry = —CoarnntPT'¥, + O(1). (4.4.24)
The two diagonal terms of the matrix C,., can be approximated as
: 6n+l-p,+
Cn n = -
+1,n+1 ; 0 -0
N 642G
Croomr = =), — (4.4.25)
ot P~ 00
SR L fo— 2k
where p:- = k; a4 and g; = k; v P

In this case the integrand takes the form

2
(Pf'Z)* + O(1). (4.4.26)

n 1 1
_ | €n+1-9 €442-P — €ns1-€042 P-q €n+1-P; €n+2-9;

Lyir =
’ & G o—odp-o)
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Using Eq.(4.1.15) and Eq.(4.4.26) we get

2

n 1 n
Myir = —l fd,unln 96‘dp nflz €n+1-9 €nt2-P _2€n+1~En+2 pq + €n+1-D; €n+2-9;
’ {Ci} pq k&;).(_p;—q) é:l ij=1 (o—0o)p - O-j)
a=1 “
(4.4.27)

To perform the integration over p we have to deform the contour away from the original
contour of integration to infinity. Then we will get simple poles atp = o0,,V a € {1,...n}

along with other poles. Residues at the simple poles at p = o, give the following result

1 ¢ 1 (€141 €142-P — €ns1.€032 P-q) ka-D kuq
- Z _ .
T k. (p+q) (p-9)
N 2(6n+1-q €042-D ~ €nt1-€042 D-q) €nv1-Dy €nr2-Gy
pq
_ (€ns1-Py 611+2-CI$)2 p-q M
ko.p kq.q "
1 ¢ 1 { 5
= =) |7 (&n1-6s2) ka-p kg
T Z:; [ka.(p +q pgl

+2 €n+1-€n42 (6n+1~q 6n+2-ka ka-p + 6n+l~ka €nt2.P ka-q)

— 2 €419 €132-D Ens1-Ka €nika + (6001.9)° (€n2.ka)* + (€n11.Ka)* (En+2-p)2}

1

+ m{—z €n+1-€n+2 G,H_],ka 6}’l+2'ka

€nv1-9 En+2-ka €n+l -ka €ns2.P
ka.q kq.p

_ (En+1 -ka)2 (En+2-ka)2 PCI}
ka-p ka.q

+2 6n+1~ka 6n+2~ka (

M,. (4.4.28)

Here we have used the solutions of &, of Eq.(4.1.11) and used their product to substitute

for &.

In Sec.(B.3.2) that there is also a pole at infinity but the contribution coming from that

pole is at sub-sub-leading order in 7 and hence is not relevant for our analysis.
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There are other terms coming from the degenerate solutions which can be given by

- fdun 9§dp pr;l:a ) quja _zp'q[ ;lffk] (Z ;z‘fk)
(A} “ ‘

.\ %fd,unln dp ZPP_-]Z:Q -1 qu_.];: _16n+2 p[ Zwl aa] (Z zﬁzoi)
e “ ‘

) %fd,unln a pr_-]ja -2 qu_.]:a ‘1p-q( E:loi] (Zzﬁzoi)
(B} “ ‘

. %fd,unln a pr_-];: -1 qu_.];ua _16n+1 q( Zwl %J[Z Z+zoi] .
(B} “ ‘

(4.4.29)

The first and third line of the expression (4.4.29) cancel with the extra terms (given
in the last two lines of (4.4.20)) in the contribution from non-degenerate solutions. In
Sec.(4.4.1) we have calculated the contribution from the non-degenerate solutions using
a specific gauge choice. On further analysis it can be seen that in general without fixing
any gauge condition there are more terms in the contribution from the non-degenerate

solutions which precisely cancel all the terms of the above expression (4.4.29) [14].

4.4.3 Total contribution

Adding together the total contributions from non-degenerate and degenerate solutions we
obtain the final expression for the double soft limit limit of graviton scattering amplitude

to sub-leading order in the energy of the soft particles which can be given by

1
M, = ;S“”(p)S Og)

+2 {505 V(g + S<°><q>s<“(p)}] M

1 ¢ 1 5
+— ———————— 8 (€41-€142) ka.p k.
T;[ka.(p+q)p.q{ (€r+1-€142) P Ka-q
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+2 €nt1-€Ent2 (En+1-q e_n+2-ka kap + 6_n+1-ka €ni2-P ka-CI)

— 2 €1411.9 €132.D Ens1-Ka €niaka + (6001.9)° (€n2.ka)* + (€n11.Ka)? (€n+2-p)2}

1

+ ————1-2 €141-€142 €nr1-Ku €ni2-Ky
kg-(P"'(]){ €nt1-€n12 €Env1-Kg €442

€n+1-9 €n+2-ka €n+1 -ka €142.D
+2 En+1-ka 6_n+2-ka (

k..q ky.p

_ (6n+1~ka)2 (6n+2~ka)2 PCI}

M, 4.4.30
ka.p kaq ( )

4.4.4 Feynman diagrams

Here we will present some analysis for double soft limit of gravity amplitude from Feyn-

man diagrams and compare with the result obtained in the previous subsection.

The action for Einstein Hilbert gravity in four dimension is
— 2 4
SEH = Z d*x ‘\/—gR. (4431)

The Feynman rules for linearized gravity (4.2.5) are given in [88] where the conventions
of [89] are used. Every three-point vertex is of O(x) and four-point vertex is of O(k?).
When looking for scattering amplitude in the double soft limit it is sufficient for our pur-
pose to consider only three and four point vertices because they are the ones to contribute
at the leading order. Given n external legs there can not be any higher than four-point ver-
tex in each leg from where two soft gravitons can be emitted because in that case number
of hard particles will exceed n. In the perturbative linearized gravity in the double soft
limit there are two parameters, coupling constant, « and energy scale of soft gravitons, T

and the dominating term, as we will see below, is of O (KT—Z)

Following are the relevant Feynman diagrams (we will use the convention that momenta
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at all external legs are outgoing):

e The leading order term in the double soft factorization which is the product of two

single soft factors comes from this diagram

2 & Ka 2 n+2 - g 1
_ K_2 (€n+1-ka) (€ns2.kp) M, + O(_) (4.4.32)
T abol ka-p kbq T
a#b

Therefore we find that leading order term coming from this diagram gives the factor
T1—25 O(p)S ©(g). Taylor series expansion of this digram also produce the subleading

terms of the form % (S Op)s D(q) + S(o)(q)S“)(p)) M,.

¢ 4 point vertex
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n n n k n k

T = ka.(p +q)

(En+1~€n+2)2ka-p ka-q + (En+1~(Z)2(En+2~ka)2 + (En+1-ka)2(6n+2-p)2

Q

_quk (p+q)[

- 26n+1-€n+2{€n+1-ka €ns2.P kap + €119 €n+2-ka kaQ}

-2 €n+1-9 €n42.P €yl ka €n+2-ka (Mn)pO'EZU

n
K €n+1-€En42 €t k €nt2- k
+2—

o 2
P+ ) (Mn)p(,e'O + k*0(1) (4.4.34)

e 3 point vertex (II)

We consider the subleading order term from this diagram because the leading term

has already been accounted in (4.4.32). Therefore we obtain
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oy + (symp < q)

2 €nt1-9 6n+l-ka(6n+2~ka)2 + 2 (En+l'ka)2 €n42-P 6n+2~ka
k..q ka.p

&

K < 1
T Z:; ka-(p +q)

_ (€n+1 -ka)2(€n+2 ka)zpq
ka.p ka.q

(M,)pr€?” + K*O(1) (4.4.35)

The last term comes from the expansion of the propagator in the denominator

1 1

~

(ks +Tp+792  Thao(p+q)

Tp.q 2
- o+ ) + O(t )] . (4.4.36)

Adding together the expressions (4.4.32), (4.4.33), (4.4.34) and (4.4.35) we recover the

CHY expression for the double soft factor (4.4.30).

4.4.5 Gauge invariance

Gauge invariance of the double soft graviton factor can be checked by making suitable

transformations of the polarization tensors of the soft gravitons. We can make following

shifts

€nt+1uv - gl,ypv + é:l,vp,u or €n+2.uv - gZ,yQV + ‘f2,vq;u (4437)
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with & - p = 0and &, - g = 0. Because of the diffeomorphism invariance under the above

transformations the result in Eq.(4.4.30) should not change.

To check for the gauge invariance we have to consider the full amplitude including the
momentum conserving delta function. We can multiply both sides of Eq.(4.4.30) by
0P (ky + ko + ...k, + Tp + 7g) and then expand the delta function around any of the hard
momenta k, to obtain scattering amplitude M, on the right hand side of Eq.(4.4.30). How-
ever it is easier to start with the full n-point amplitude M,, instead on M,, on the RHS of

Eq.(4.4.30) and show gauge invariance.

Let us consider the transformation of € ,,. Then S©(p) will become 2 zn‘,l & - k,. Due to
the momentum conserving delta function 6 (k; + k, + ... k,), first terar_n in Eq.(4.4.30)
vanishes. Also second term in the second line vanishes by angular momentum conserva-
tion: zn]l J"M, = 0. There is subtlety involved with the first term in the second line of
Eq.(4:30). S @(g) contains angular momentum operator J, which acts on the full mo-
mentum M, which includes the delta function. Therefore S ®(p) can not gauge invariant
by itself as the momentum conserving delta function has to pass through the angular mo-

mentum operators contained in S V(g). After substituting €, — &,p, + & p,, first term

in the second line of Eq.(4.4.30) becomes

. - En+2,ykaQp 0 0
2 -k, k! -k M,6P (ki +ky + ...+ k). (4.4.38
;@1 ); T (bak,,,, g | M0 e+t )} (4438)

We consider only the orbital angular momentum part here because it contains the deriva-
tive operators, spin angular momentum part does not have any derivative operator acting
on the delta function and is thus trivial to handle. Second term in the parentheses in

expression (4.4.38) vanishes because of

n

w20k 0
Z Ens2p q"kg P Uy +ky+...+k)=0 (4.4.39)
ka : q 6ka,y

a=1

which is a consequence of tracelessness of polarization tensor, en+2#" = (. Using the
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result (%k; = Oyl We then obtain from the expression (4.4.38)

. n ngkv
‘2251 'qh,j“—_q“Mné(D) ki +hy+ ...+ k). (4.4.40)

a=1

It can be checked that under the transformation €,.1,, — & ,py+&1,p, the contact term in
Eq.(4.4.30) changes as exactly with the opposite sign of the expression given in (4.4.40).
Hence the full amplitude in Eq.(4.4.30) is invariant under €,.1,, — &1upy + §1ypu. In
the same way one can show invariance of Eq.(4.4.30) under the transformation €,,, —
&gy + €2,q,. Thus we have shown the gauge invariance of gravity amplitude in the

double soft limit.

4.5 Discussion

In [63] double soft limits of scattering amplitudes involving soft scalars have been stud-
ied. It was found that leading order contributions for scalar double soft theorems come
from degenerate solutions of the scattering equations. From our analysis of double soft
limits of Yang-Mills and gravity amplitudes we can see that non-degenerate solutions
also contribute to leading order. Moreover our calculations show that to obtain physically
meaningful results (refer to Eq.(4.3.20) and Eq.(4.4.30)) there have to be cancellations

among some terms coming from non-degenerate and degenerate solutions separately.

As we see from Eq.(4.4.30) double soft factor of gravity amplitude has three terms at
the sub-leading order - two of the terms can be expressed as products of leading and
sub-leading soft factors, S© and S respectively and a third term, called contact term,
whose expression is given in Eq.(4.4.28). Presence of the contact term is due to the fact
that leading and sub-leading soft factors do not commute. Also the term {S Op)s D(q) +
SO(g)§ D( p)}M,, in Eq.(4.4.30) is not gauge invariant, the contact term is needed to main-

tain gauge invariance of the amplitude to sub-leading order in the double soft limit.






5 Supertranslation symmetries and

soft graviton theorem

In early sixties Bondi, Metzner, Sachs and Van der Burg [1,2] discovered that the asymp-
totic symmetry group of asymptotically flat spacetimes in four dimension is not just the
Poincaré group but an infinite dimensional group, popularly known as BMS group which
consists of angle dependent translations along the null directions, called supertranslations
acting semi-directly on the Lorentz group. Supertranslations form an infinite dimensional
normal subgroup of BMS group. Recently Strominger and his collaborators [3, 56] have
established that Weinberg’s soft graviton theorem [4, 5] can be expressed as Ward identi-
ties derived from supertranslation invariance of gravitational S-matrix. Since then there
have been progressively growing interests in the studies of asymptotic symmetries for
asymptotically flat spacetimes mainly in four dimension in the context of soft graviton
theorems. Asymptotic symmetries related to sub-leading and sub-sub-leading soft gravi-
ton theorems [22-28] have been explored in [15, 58—60]. Asymptotic symmetries for
massive scalars coupled to gravity have been considered in [57]. Connection between
soft graviton theorem, Ward identity and gravitational memory effect [90] can be beauti-

fully depicted in the form of a "infra-red triangle" in four dimension.

Since soft graviton theorems [8—11,13,14,23,24,27-29] are valid in any spacetime dimen-
sions it is an obvious question to ask whether the relations between soft graviton theorems

and asymptotic symmetries exist for asymptotically flat spacetimes beyond four dimen-

77
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sion. To answer this question one should in principle first study the asymptotic symmetry
group for asymptotically flat spacetime in higher dimensions [91] in full generality, how-
ever such analysis is highly nontrivial. Due to our lack of understanding of full symmetry
group in higher dimensions (analogous to BMS group in four dimension), we will address
a much smaller subset of the question: can we relate Weinberg’s soft graviton theorem to

supertranslation symmetries in arbitrary dimensions?

There have been some studies in this context. In [16] Weinberg’s soft graviton theorem
has been recast as supertranslation Ward identity in higher even dimensions. Gravita-
tional memory effects in higher dimensions have been studied in [19,92,93]. Asymp-
totic charges from scalar soft theorems in higher even dimensions have been constructed
in [94]. In odd spacetime dimensions the analysis is subtle; the main problem is the
non-existence of conformal null infinity for spacetime with radiation in odd dimensions
[64,95-97]. Due to the fractional power fall-off of metric perturbations in radial coordi-
nates one can not show smoothness of Einstein’s equations at null infinity. Our analysis
will be in linearized perturbative gravity and hence we will not have to worry about such

non-smoothness issues of conformal null infinity.

In this chapter our goal is to understand the subtleties associated with supertranslation
symmetries and soft graviton theorem for asymptotically flat spacetimes in higher dimen-
sions. Here we follow the approach of [60] to study large diffeomorphisms related to
supertranslation symmetries in higher spacetime dimensions. Using the covariant phase
space methods [17,98,99] (a concise review of covariant phase space formalism can be
found in [100]) we calculate the conserved charges for large gauge transformations at
asymptotic null infinity. In Bondi coordinates we consider the null infinity in the limit
radial coordinate is taken to infinity while keeping retarded time coordinate and angular
coordinates held fixed. Topologically in D dimension null infinity is described as RxSP~2.
The conserved charges have two parts: the gravitational radiation part - which contains

radiative data for free metric perturbations and the matter part - which contains radiative
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data for matter fields. In four dimensions radiative modes of graviton have fall-off be-
havior at null infinity such that shift due to supertranslation vector fields occur at same
order in the radial coordinate. In higher dimensions radiative modes and shift of metric
perturbations due to supertranslations occur at different orders in the radial coordinate.
This is a main reason of inconsistencies in the description of supertranslation symmetries
in higher dimensions. Most of the analyses in the literature [18, 19, 64,65,90,93,95,101]
have ruled out the existence of supertranslation symmetries and BMS in higher dimen-
sional asymptotically flat spacetimes based on the fall-off behavior of metric components
at null infinity. Here we try to explore the possibility of recovering supertranslation Ward
identities for soft graviton theorem by considering different boundary conditions on met-
ric perturbations. Fall-off behavior of radiative modes of the metric perturbations can be
obtained from saddle-point analysis at null infinity. These fall-off behavior are too re-
strictive and one needs to relax the boundary conditions in order to have supertranslations
in higher dimensions. However we find that relaxing these fall-off conditions leads to
the appearance of divergent terms in the asymptotic conserved charge at null infinity. At
this stage it is not clear to us how to show that divergent terms in the charge vanish and
the finite part of the asymptotic charge gives rise to Weinberg’s soft graviton theorem.
Another possibility is to impose the restrictive boundary conditions and this leads to van-
ishing of the gravitational part of the charge. This result is in agreement with the analysis
of [18]. The only possible gauge transformations at null infinity in this case are that of
spacetime translations which give rise to finite matter part of the charge implying global

energy-momentum conservation.

This chapter is organized as follows: in Sec.(5.1) we present basic details of perturba-
tive gravity coupled to massless scalar field for flat spacetime in Bondi coordinates. We
use de Dender gauge choice to obtain the linearized gravity equations. In Sec.(5.2) we
derive the conserved charges at asymptotic null infinity from covariant phase space meth-
ods. In Sec.(5.3) we review the analysis of Ward identities from supertranslation sym-

metries related to Weinberg’s soft graviton theorem in four dimension. In Sec.(5.4) we
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present some basic calculations involving supertranslation symmetries in higher dimen-
sional spacetimes. We show the subtleties with restricted boundary conditions following
from saddle point analysis and try to find appropriate fall-off behavior of the metric per-

turbations compatible with supertranslations.

5.1 Linearized gravity

Let us consider metric perturbations given by A, around flat spacetime metric 7,, such
that

uv = NMw + h,uv- (5.1.1)

At this stage we will consider the flat metric of the form 7, = diag(-1,1,...,1). But as
we will see later flat spacetime can be given in different coordinate systems. For any arbi-
trary metric representation of Minkowski spacetime we have to replace partial derivatives

with covariant derivatives.

Christoffel symbols to linear order in the metric fluctuations can be expressed as

1

Iy 1) = 517 (9uhg, + 8,y = i) (5.12)
Ricci tensors are given by
Ry = 0T, = 0,5, + T T, =TIl (5.1.3)

The last two terms are quadratic in 4 and so can be neglected at linearized order. Therefore

Eq.(5.1.3) takes the form

1
~8,0,h. (5.14)

1 1
Rﬂv [h] = Eaa (aﬂhav + avhau) - Eaaaahﬂv - 2

Here h is the trace of A, .
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We now define trace-reversed metric perturbations as

- 1
hpv =y - Enuvh (515)

which implies in D dimensions

1 -

s M. (5.1.6)

h D2

uv

We can choose harmonic gauge which is an off-shell gauge condition and is given by
dhy, = 0. (5.1.7)

There are D number of such gauge conditions.

In this gauge choice Einstein’s equations
1
R, — ERg”V = 8nGTy, (5.1.8)
at linearized order can be expressed as

0°Oohyy = —167GT,,. (5.1.9)

5.1.1 Residual gauge symmetries

Under diffeomorphism induced by a vector field .g? metric perturbations transform as fol-

lows

hyy = hyy + 0,&, + 0,€, (5.1.10)

which implies

Py = Py + 0py + 0,6y — Da My (5.1.11)
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Since Einstein’s equation is diffeomorphism invariant, harmonic gauge condition of Eq.(5.1.7)

then imposes the following constraints
00,8 = 0. (5.1.12)

These provide us with additional D gauge fixing choices for the metric perturbations 4,

which we call residual gauge conditions.

It is to be noted that total number of components of a rank 2 symmetric tensor in D

D(D+1)

dimensions is 5

and total number of gauge fixing conditions are 2D. Hence there are

D(D-3)

>— number of independent components which are correspond to the polarizations of

the metric perturbations.

5.1.2 Bondi coordinates

For the rest of our analysis we will work in a particular coordinate system, called Bondi
coordinates. The studies of asymptotically flat spacetimes become much simpler in these
coordinates. Here u = ¢ — r is the retarded time, r is the radial coordinate and y,p are the

metric components on the (D — 2) dimensional sphere.

In terms of the Bondi coordinates Minkowski metric written can be expressed as
ds® = —du* — 2dudr + r*y pdz’dz®. (5.1.13)

It is easy to compute the inverse metric components are

1
nrr — 1’ nur — nru - _1, nAB — ﬁ,}/AB (5114)

and the non-zero Christoffel symbols are

1
r, = ;5/*, "s = —TYap,  Tig=ryss  and I (5.1.15)
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Trace of metric perturbations in these coordinates is

1
h =Ry = 2hy + =y Php. (5.1.16)
T

A similar analysis can be done using the advanced time coordinate v = ¢ + r. In this case

the flat metric is given by

ds® = —dv* + 2dvdr + r*y pdz’dzP. (5.1.17)

For any asymptotically flat spacetimes one can take the limit » — oo, t — oo such that u
is constant to reach the future asymptotic null infinity denoted by .# *. The null infinity is
topologically R x SP~2 and is parametrized by (u, z!) coordinates. Similarly by taking the
limit t — —oo, r — oo with constant v one will reach past null infinity, .#~. Geodesics
of any massless particles will begin at .#~ and end at .#*. We can expand the fields in
inverse powers of the radial coordinate with suitable boundary conditions of the fields

specified at null infinity.

5.1.3 Equations of motion

We can write the harmonic gauge condition of Eq.(5.1.7) in a covariant way as VA, = 0.

Therefore we obtain the following set of equations [92]:

- - _ - D-2) . I 4-
vﬂh/lv = _auhur - arhuu + arhur - ( ’ ) (huu - hur) + ﬁDAhuA’
- _ - - D-2) . - | R 1 -
Vﬂh,ur = _0uhrr - arhur + arhrr - ( - ) (hur hrr) + ﬁDAhrA - ﬁyABhABa
- - - - D-2) . - | R
Vil = =0 — Ohup + 0,hp — ( - ) (s = Pra) + = D%l (5.1.18)

Here D* denotes the covariant derivative with respect to the sphere metric y*2. Harmonic

gauge condition imposes the following constraint on the residual diffeomorphisms 5 given
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by O0&" = 0. Thus we get

1
roé' = 9ré") = 20,0,(r€") + (D = 4)(0, — 9,)E" + 2Dad" + P [48“ + (D -2)¢"] = 0,
1
roé’ = Gré) = 20,0,(r€") + (D = 4)(0, = 0)E — 2Daé" + ~ 4= (D-2)] & =0,
2
roét = 9NrEY) - 20,0,(rPEN + (D - Hr@d, — 0,)E + =D'E +[4+ (D -5)]& = 0.
r
(5.1.19)
Here 4 is the Laplacian on the (D — 2) sphere.
In any coordinate systems the linearized gravity equation can be expressed
oh,, = —16aGT,, (5.1.20)

In the presence of gravity, metric perturbations consist of two parts - hﬁ) which corre-

sponds to the gravitational wave and satisfies homogeneous equation
-0
oh) =0 (5.1.21)

and hg’f,) which is determined by the matter content. Thus we can write A, = h,(ﬁ) + hf,"i).
The matter part typically has faster fall-off conditions than the gravitational wave part.
In later part of our analysis we will consider massless scalar field minimally coupled to

gravity and calculate stress energy tensor from it.

The linearized gravity equation in vacuum satisfied by the homogeneous part of metric

perturbations can be written as (we omit the superscript C for convenience)

- D-2 1 \-
Oy = (02 -20,0, - ( ) (0, — 0,) + ﬁd) R,
- I \- D-2) - - D-2 - 2 .-
I:Ihur = 6% - 28rau + =4 hur + ( ) (huu - hur) + ( ) (au - ar) hur - _DAhuAa
r? r? r r3
- I \- 4 .- D-2 - - 2(D-2) (- -
Ijhrr = 53 - 2arau + =4 hrr - _DAhAr - ( ) (auhrr - 8rhrr) + ¥ (hur - hrr)
r? r? r r?
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CBY,
+—=7 "hcs,
.

G-Dy

D-4
( ) 1"2 huA ’

- I \- _ 2 - -
I:'huA = (az - 2(‘arau + _2A) huA - (au - ar) huA - _DA (huu - hur) +
r r

_ 1\ D-4 2 20 22
DhrA = (812* - zarau + —2A) ]’er _ ( ) (au - ar) hrA - _3DChCA - _DA (hru - hrr)
r r r
D - - 1. (D-2)-
+ﬁ (hAu - hAr) + ﬁhrA - —l"z hya,
B 1 _ 2 _ _ 2 - - 2(D-4)-
r r r r
D-6 .. (D-6), - L
D=6, _( )auhAB4—27AB(huu-2hur+'hw)-(5j*22)

From the above equations it can be concluded that not all the components of the metric
perturbations can be solved independently. We can perturbatively expand the metric fluc-
tuations in terms of radial coordinate off the null infinity. Then some components will
specify the free data and other components can be determined in terms of these free data.

We will see some examples later.

5.1.4 Massless scalar field

For the matter contribution we will consider massless scalar field minimally coupled to

gravity whose action is given by
S = ——1 d”x+/- v oV, D 5.1.23
matter 2 gg M Vv E. ( et )

The scalar field will satisfy Klein Gordon equation given by 0@ = 0 which can be ex-

pressed as

P—wa+w_m
r uvr r

1
(0, —0y) + ﬁA @ =0. (5.1.24)

From this action (5.1.23) we can calculate the stress energy tensor to be

2 65 matter

T, = ———oomir
g V=g 8"
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1
= v,0v,® - 5 88V, DV D. (5.1.25)
Components of T, for the scalar field @ are then given by

1 1
T = (Du®) + 5 |=20,00,D + (0, D) + 4" 0, PIpP|,
r

1 1
T, = =|0,9)?+—=¢"20,00,P]|,
2 r2
TuA = 8ud58A(D,
Trr = (0r¢)2,
TrA = 6r¢6A§D,
1 1
Tip = 8A@03@—EFZ(IAB l—zaucba,@+(ar¢)2+—ZqABaAqsaB@. (5.1.26)
T

It can be checked that in D dimension free data has a fall off behavior of =" at asymp-

totic null infinity. Therefore we can make an expansion of the scalar field as

+... (5.1.27)

where ¢ specifies the free data. Therefore the fall off conditions of the components of

stress energy tenor can be given by

—2m —(2m+2 —(2m+2
Tuu"’r s Tur"’r( )» Trr"’r( )»

Top ~r ", T ~ @D, Tag ~ r m D, (5.1.28)

Here we have denoted the dimension of spacetime as D = 2 + 2m for convenience. This
convention will be helpful for later sections where we will mainly focus on even spacetime

dimensions.



87
5.2 Asymptotic conserved charges

Given a vector field & we can derive a conserved charge O at asymptotic null infinity us-
ing the covariant phase space formalism. We will consider massless scalar field minimally
coupled to gravity in D = 2 + 2m dimension. The radiative phase space at null infinity is
of the form I'" = I'yr,y + I'g. The covariant charge will consist of two parts - 1) soft charge
which is due to the gravitational radiation and corresponds to the metric fluctuations that
satisfy homogeneous linearized gravity equation, and 2) hard charge which comes from

the matter contribution, massless scalar in this case.

5.2.1 Gravitational charge

We will follow the approach of [60] to derive the gravitational contribution to the asymp-
totic conserved charge. In [60] soft charge for large gauge transformations corresponding
to supertranslation and superroation vector fields in four dimensional have been derived.
Here we will consider only supertranslation vector fields and generalize the analysis to

arbitrary dimensions.

Einstein-Hilbert action in D dimension is given by

1

= — Dx+=gR 2.1
SEn e d”xv—gR, (5.2.1)

where R is the Ricci scalar.
Variation of this action (5.2.1) is given by

1

1
= —— | d®’xv=g||R.» — =g R|5g" + &R, |. 2.2
oS EH 167G d"x 8 [( uv 2guv ) 5g +g [ uv] (5 )

The first term of Eq.(5.2.2) inside the parentheses yields Einstein’s field equation. Varia-
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tion of Ricci tensor is given by
R,y = V0T, — 9,61 ). (5.2.3)

Therefore the remaining term in Eq.(5.2.2) produces a boundary term which can be ex-

pressed as

1
[6S prlay = T f dPxy=gg" (vaol), - v,0T)
_ D v A A v
B 1671Gfd SR (/‘51“W_gﬂ 5Fw)
1
= o= G ) P x g, (8"o1%, - 8*'617). (5.2.4)

where 2, is the induced metric on the X" hypersurface and n, is normal to the hypersur-

face.

From the boundary term we can define a symplectic potential density as follows

1
¢ (6) = 1 Vial (g"sr*, - gsr7)). (5.2.5)

We can then define a covariant phase space charge for the vector field & on the 2 hyper-

surface as

5Q; = f ds,, |66" (6¢) - 6.6 (9) . (5.2.6)

x

Here ¢ is any arbitrary variation while J; is the variation induced by the vector field &-.

We will choose 2 to be a constant time hypersurface and then take the limit t — co while
keeping u to be constant. In this way we can define the phase space structure at future

null infinity .# 7.

Keeping terms to linear order in metric perturbations, variation of Christoffel symbols can
be expressed as

1
0T,y = 311" (Vs0hos + 9 10hay = T 0hy2) (5.2.7)
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Using Eq.(5.2.7) we can show

50 (5;) = e |=0R" 6., + 5119, (V£
(I I
0t () = —T— [%6§h“10,16h+6§h”51“’;ﬂ]. (5.2.8)

To obtain these equations we have used 617, = %6 0hand h = —mh.

Now if we substitute Eq.(5.2.8) in Eq.(5.2.6) and neglect terms beyond linear order in

variations then we obtain an expression which is a total variation in 6. We can eventually

derive the covariant charge at null infinity which is given by

1 - - | .
Qgrav — tll)rg e fdudQZm r2m [I-v‘t//l(sfhv/l _ hwl(sé:r:d + %(%hma,}h + htxla/l (vafa) )

g+
(5.2.9)
With appropriate fall off conditions imposed on the metric perturbations there will be a
grav

finite contribution to Q" which will then give the desired gravitational charge at asymp-

totic null infinity.

Large gauge transformation The diffeomorphisms which induce non-trivial transfor-
mations at null infinity are called large gauge transformations. The covariant phase space
charges at null infinity vanishes for residual diffeomorphisms implying the fact these
gauge transformations are pure and physically irrelevant. On the contrary large gauge
transformations, if exist, will contribute to non trivial conserved charges at asymptotic
null infinity. Such transformations are physical because they relate one space time to

another which are physically distinct.

5.2.2 Matter charge

We will calculate the conserved Noether’s charge for the matter content. Let us denote

the matter action by S aer, then the stress energy tensor is given by
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T _ 2 65 matter
=
g 9§

Under diffeomorphism metric transforms as

(5.2.10)

0e8uv = Vuéy + Y, 6. (5.2.11)

Therefore variation of the action gives a boundary term of the form

1
OS matter = _Edex V_géfg#vT#v
1
-5 f dPx V=g (V'€ + VE) Ty
—dex\/—gV“ (f"Tw)

- f dP~xn, \18ITH £ (5.2.12)

x

In the third step we have used conservation of stress energy tensor, v, 7*" = 0. Choosing
a constant time hypersurface and taking the limit 1 — co we can derive conserved charge

at asymptotic null infinity as

OP = —lim | dud@Qy,r™"T"&". (5.2.13)
7 t—o00
I
It can be checked easily
T, =T+T", =-T,. (5.2.14)

Given the form of the vector field & and using the expressions of stress energy tensors
for massless scalar field in Eq.(5.1.26) we can then calculate matter contribution to the

asymptotic charge.
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5.3 Supertranslation symmetries in four dimension

In addition to the space time translations there are also infinite number of supertranslation
symmetries present in four dimensional asymptotically flat spacetimes. These supertrans-
lation vector fields are arbitrary functions of S? coordinates and produce angle dependent

translations at null infinity.

A two dimensional sphere is parametrized by angular coordinates (6, ¢). Using stereo-
graphic projections one can map any point on S? to a corresponding point on complex

plane parametrized by (z, 7) coordinates. The mapping can be given by

0 . .
Z = tan Ee’¢ and Z=tan—e . (5.3.1)

The mapping between the Euclidean coordinates (x', x?, x*) and (z, Z) can be expressed as

x+ix® = 212 X = rd-z) (5.3.2)
1+z7 1+2z ° o

such that ¥- ¥ = r2.

Having set this parametrization we will use (u, z, Z) coordinates for .7 *.

5.3.1 Gravitational radiation

We can use the residual gauge conditions to fix some components of the metric pertur-
bations. Since our goal is to derive the covariant phase space charge which is gauge
independent so residual gauge fixing does not affect our result and eventually simplifies
the computations. In particular we will choose radiation gauge for the free metric pertur-

bations h,(fv) (we will drop the superscript C for convenience). Radiation gauge choice can
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be expressed by the following conditions

hw =0, peirz,z} and n"h,, = 0. (5.3.3)

It can be checked that from the equation' Oh,, = 0 it also follows that &, = 0.

We can consistently solve the linearized gravity equations (5.1.22) in vacuum by imposing

the following fall off conditions

hag = rhiy +h+...  ABe(z2)
Lo, 1o
ha = ;hAr+ﬁhAr+"'
1 1
By = —3h§?+ﬁh§‘:)+... (5.3.4)
Then we obtain
1
o _ =1
a,h) = (—§A+1)hAB,
1 1
Ouhlyy = =745 = 5 (Daliy) + Dghly)).
o) = DR,

1 1
) = 3G = DA+ 5D e

1
8.h = D). (5.3.5)

From the above equations it can be inferred that free data can be specified by the compo-
nents h;_Bl ) and all other components of metric fluctuations can be determined in terms of
hi_B”. Therefore hﬁ;Bl) correspond to the graviton modes at .#* which we will denote by

CZZ and sz.

'oh, = [83 -20,0, — % 0, -0, + r%A] hy, = 0. So h,, can not be expressed in terms of radiative data

(=D
hyp'-
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Saddle point analysis We can also determine the radiative data from the gravitational
radiative phase space defined at null infinity. Let us consider the mode expansions of

graviton in terms of creation and annihilation operators given by

d367 @ * (=2\ _out [ 2\ _ig-x @ (=) ,0u 2\ _—iq-x
hHV(x):ZfM[gyv (q)aa't(q)eq +8yv(q)aatT(Q)e e ]a (536)

where a denotes the helicity of the graviton and wj, is the energy. Since we are interested
in the phase space at null infinity we have to do a stationary phase approximation of this
mode expansion as r — oo. In the retarded time coordinate g - x = —w,u — w,r (1 — cos 6),
therefore saddle points are at 6 = 0 and x. But at 6 = & the integrand is oscillating and
therefore vanishes at large r. Dominant contribution to the saddle point approximation

comes from 6 = 0 and is given by

: I a koA u A\ —iwu a (A ui ~\ iwu
lim 7, (x) = ~3ar Z f dw, [3W (@) a2 (wqq) e =gl () ad"" (wqq) e ] :
a=t
(5.3.7)
Therefore it is immediately obvious that radiative data falls off as 7~! in four dimension

and should be identified with A, .

Now taking the projections of /,, on the S* at null infinity we can write
= . 1 v ,out
Cy (u,2,2) = klim =0, X"0.x"h,,,; (x) . (5.3.8)
r—oo

Here « is the gravitational coupling constant and is given by k = V327G.

We can parametrize the null vectors in terms of the S? coordinates as

¥ (z,2) =

| z+7 —-i(z—-2) 1-2%
"1+zz20 1+22 1+zz)°

wtow —-l(w-0) 1-wd
NM+wd 1+wow "1+’

7" (w,0) = wy (1

1 .
er(q) = ;6“*L4"@L e () =¢ (7). (5.3.9)



94 Supertranslation symmetries and soft graviton theorem

1 1 1 1 (02 — @ O a (0%
Here the graviton polarizations are given by &;, = &,&,. Then we get &7 = d.x"¢,.

Therefore
V2rz (0 - 2) V2r (1 + w3)

7 (q) = (@ = 3.1
&; (9) 1+ &; (§) 0+ (5.3.10)

In the large r limit w — z, hence & vanishes. Therefore we can express C,, as

C.(u,z,2) = _47r2(1i—K+zZ)2 fdwq [aﬂ’r”t (wqfc) e iwat _ gt (cuqfc) ei“’q“] ) (5.3.11)
0

Similarly we can find out the mode expansions of C:: at .#*. At past null infinity .#~ the

graviton modes will be denoted by D,, and Ds;.

Next we will study how these radiative data transform under large diffeomorphisms, par-
ticularly under supertranslations. It is to be noted that the global Poincare transformations
which include space time translations and Lorentz transformations do not shift the radia-

tive data.

5.3.2 Supertranslations

Here we will derive the solution for & which induces large diffeomorphisms at .#*. Like
the components of metric perturbations we can expand & in orders of radial components

as follows

1
u o _ u (0) u (1)
= + — +...,
&= 04 ¢
1
ro_ r (0) r (1)
= + — +...,
£ = &0

1 1
4 =;#m+ﬁ$m#n, A€ (z,2) (5.3.12)

With this ansatz we will solve for Eq.(5.1.19) under the gauge fixing conditions chosen in

Eq.(5.3.3).



5.3 Supertranslation symmetries in four dimension 95

Since the trace of the metric perturbations, 4 is set to zero therefore we have
U T 2 T A
V=0 = 0" + 0,8 + =& + Dy&" = 0. (5.3.13)
r

This implies 9, @ = 0. Therefore we see £ © is an arbitrary function of S? coordinates

and can be expressed as

&0=f(72). (5.3.14)

Now from the fall off condition A4, ~ O (r“) we can determine that
Legar = Pyacd, &€ =Dy = &0 =-D'f(z32). (5.3.15)
Again from the equation 0O&* = 0 we can obtain

$@=%U@a. (5.3.16)

Therefore the vector field producing large gauge transformations can be given by
> _ 1 _ 1 -
E=f(z,20,+ EAf(Z,Z)G, - ;D f(z2,2)04 + ... (5.3.17)

The ellipses denote the subleading components which can be determined by the residual

gauge conditions, but will not be required for our analysis.

It can be checked that the vector field obtained in Eq.(5.3.17) acts at .#* and transforms

the null coordinates as follows
u—u+f(z2)), 77z 7>z (5.3.18)

So these are angle dependent translations along retarded time coordinates keeping the

angular coordinates fixed and are called supertranslations.
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Global Poincare translations of the form x* — x* + [ can be realized at .#* by the

following functional form of f (z,7)

(0 =P)= ("= iP)z— (' +iP)z+(I°+ P) 2z
1+77 '

f(z,2) =

(5.3.19)

Now let us find out how the free data C,, and C:: shift under supertranslations given in

Eq.(5.3.17). From the relation

Legas = r (YacDp + )’BCDA)fc + 2ryasé’, A,B€(z,2) (5.3.20)

it is easy to see that

6;C; = _2D§f(Z,Z),

§;C= = -2D’f(z.2). (5.3.21)

Therefore under supertranslations vacuum of one asymptotically flat spacetime which is
characterized by the radiative data is mapped to the vacuum of another asymptotically
flat spacetime. This is the reason of enhanced infinite dimensional asymptotic symmetry
group for asymptotically flat spacetimes in four dimensions. It can be easily checked that

for Poincare translations there is no shift in the radiative data of the gravitational radiation.

5.3.3 Weinberg’s soft graviton theorem from supertranslations

We will now study how Weinberg’s soft graviton theorem is related to supertranslation
symmetries in four dimension. Here we review the analysis of [3,56]. In Sec.(5.2.1) we
have derived the covariant phase space charge at asymptotic null infinity in D = 2 + 2m
dimensions. Here we will use the expression of the asymptotic charge given in Eq.(5.2.9)
to calculate the charges corresponding to supertranslation symmetries in four dimension.

This charge acts on the Fock states of gravitational radiative phase space at null infinity
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and creates a soft graviton. However it is to be remembered that there are infinite number

of asymptotic charges giving rise to infinite number of soft gravitons at null infinity.

Soft charge We will use the radiation gauge condition given in Eq.(5.3.3). Then last

two terms in Eq.(5.2.9) vanish and we get

1
A T f dudQ; r* |, 6™ ~ 6T, ©.3.22)
]1’

Let us now calculate each of these terms separately.
e First term:

1 — u r
r, = I,+I,
= @7+ (vﬂhm + Vyhoy — vgh,w)

5
L
7 Vil

1

S0l (5.3.23)

So the non zero components are

1 -3
r, = Eauh,,~0(r )
1
F;A = 2(9uhrA O(r_l) 5
1
I = 26hAB ~0(r). (5.3.24)

Again we have

Seh” = 28, -0 E,

1
Seh' = (0r =0 &'+ 5 DE,

S:h'E 1(DAg + DP¢ ) ;/‘B . (5.3.25)
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Therefore combining Eq.(5.3.24) and Eq.(5.3.25) we can obtain

P 0eh™ = 0,5, DD f + O (1) (5.3.26)

e Second term:

W= p = i = hrr ~ 0(7_3),

1 _
WA = A = ﬁ)’ABhrB - O(r 1)’
R = %yAMyBNhMN ~0(r7). (5.3.27)

Variation of Christoffel symbols are given by

Sl = 0,0, +¢&),
6l = 0, +&),
6:00, = Dpd, (&' +&),
5l = E +&),

1
6y, = 10, (;DA (" + fr)) ,

0ely = DaDp(E + &) +ryap(0, —0,) (€ + ). (5.3.28)

Combining Eq.(5.3.27) and Eq.(5.3.28) we find there is no finite contribution to the

term r*h"5I" | in the limit r — oo.

Finally we find the soft part of the asymptotic conserved charge at .#* to be given by

rav + _ 1 2 5 22 =
08" =~ | udzF DD (D 0Ce+ DD DALz (5329)
N

Here 7 is the determinant of the metric on S> whose components are given by

2 . (+z2)7

T+ 7 2

. (5.3.30)
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Similarly we can derive the asymptotic conserved gravitational charge at past null infinity

I

Soft graviton theorem We now consider S-matrix with the soft charge inserted in it.

Q™" acts on the asymptotic scattering out-states at .#* and Q5" ™ acts on the in-states

at .#~. We will now calculate the quantity {out| [Q?av, S ] lin).

Let us recall that at .#* graviton mode expansion can be given by
5\ — _ IK out s\ ,—iwqu _ out 2\ Jiwgu
Co(u,2,2) = (Lt 27 deq [a+ (a)qx)e " —a (a)qx)e “ ] (5.3.31)

which implies

_ K . out a out T A~
fdu 0,C,, = —m 3)12}) 0 dw, [wqa+ (a)qx) 6(a)q — w) +wga’ (wqx)é(wq + w)] .
(5.3.32)
We now define News tensor as
N®(z,7) := f due"9,C... (5.3.33)
In the limit w — 0 the News tensor can be defined in a hermitian way as
1
N2 (z.2) = lim = (N2 +NZ%),  with w>0. (5.3.34)
So the zero mode of the News tensor can be expressed as
N2(2.2) = ————— lim w[a? (w5) + a7 (w3)]. (5.3.35)
4r (1 + zZ)” «=0

Annihilation operator a acting on the radiative phase space annihilates the vacuum, a|0) =
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0. Therefore we get the soft mode insertion from

. Pepren, (@) p“pk (q)
out out n _ . e _ yv out

hmw<z o atS ) = Ll_r% 5 Lezm;t—pk p ; ST

K 1+22)(Z-2Z 1+22)(Z -2

_ X ZEk( A ( k)_ZEk, (1+29) = %)

2| U+az)@-) & (+zwz) @ -z)

LS.
(5.3.36)

To get the last equality we have used the parametrization of finite-energy momentum

vector as

G+ —i(e—) 1- Zka)

) , — . 5.3.37
l+zize 1+zze 1+ ( )

DPi (z, 7)) = Ex [ 1,

Eq.(5.3.36) is the statement of Weinberg’s soft graviton theorem for a single soft outgoing
graviton with positive helicity. Negative helicity soft graviton theorem will follow from
considering C::. Because of Christodolou-Klainerman constraints [102] S-matrix with a
soft graviton of positive helicity insertion is same as that with a soft graviton of negative
helicity insertion. As we will see later this condition ensures that same Ward identities

hold for both positive and negative helicities of soft graviton.

Therefore we get

Out |le‘aV+ | in

.

= _167rG Coa Ifdudzzx/_[DzDZf(z,z)a C..+D'Df(z,2) 0, CZZ]S|Z )

= (ZO‘“...I fd2z\/§DZsz(z,Z)NZ°Z S|z ..

S2

_ _< | fdzzwDZDZf<z,z>4
SZ

_ .« fdzzf(z Z)Dg[ZEk A+DE-2) $p (+DE-%)

647G oo +ai)@-w) A I +eze) @—z)

li
7 (1 + zZ)? 00

mw [a?" (ws) + & (D] | S
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X(z" LIS Ty )

1 .
= -5 [ Y EfGez- )y Ekff(zk,,zkf)] @ ISIER ), (5.3.38)

k=eout k’€in

where we have used the identity [57] (see Sec.(C.1) for details)

(I+z0) @ -7
(I + z4Ze) (2 — z1)

2
Z

] =216? (z - 7). (5.3.39)

A similar construction for the asymptotic charge erav_ acting on the ingoing scattering
states, using metric component D,, in the advanced coordinate (v = ¢ + r) can be done on
past null infinity .# ~. Taking the time ordered product of the soft charge with S -matrix we

can show that gravitational part of the asymptotic charge satisfies the following identity

(outlQE™ *S =S 0 liny = = | 3" Eif o) — Y| Ewf (@, Ze) | (outlSfin). (5.3.40)

keout k’eout

Therefore we see that the soft charge acts of the asymptotic scattering states at null infinity
to insert a soft graviton in the S-matrix. Soft factor appearing due to insertion of the soft
graviton is related to the supertranslation symmetries.

5.3.4 Supertranslation Ward identity

We will consider the matter part of the asymptotic charge at null infinity and calculate the
its effect on the Fock states at null infinity. As stated earlier we will consider massless

scalar field minimally coupled to gravity. For massless scalar the action is

1
S matter = _5 fd4x —gg”VV,J¢Vy@ (5341)
Then the symplectic potential for matter field can be expressed as

ngnatter (5) == _ggﬂ\'av@é‘@ (5342)
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where g is the induced metric on the three dimensional hypersurface of four dimensional
space. We will choose constant time slice, 2; and then take r — oo keeping u constant to

reach null infinity.

We consider the scalar field @ to be a function of u and r. @ has a fall off behavior of the

form ﬂr”). The free data at .#* can be calculated from saddle point approximation as

¢ (1,2,2) = —8%2 f dE, [a™ (E,%) e 7" — a™ (E, %) ™| (5.3.43)
0

Then symplectic structure of the matter phase space at null infinity is given by
Qumater (6,6") = lim f Pdud’z vy [606' & - & Do | (5.3.44)

where dot means derivative with respect to . Then ¢ and ¢ satisfy the following classical

Poisson bracket

{p(u,2,2), ¢ (W,7,7)pg = %5@ ~u)6? (z-7) (5.3.45)

Creation and annihilation operators corresponding to the scalar field can be expressed in
terms of these conjugate variables as

[

ag(z,2) = 4mi f du ¢ (u,z,7) €™,

i [ |
az (z,2) —Eﬂ fdu & (u,z,7) e, (5.3.46)

and they satisfy the classical Poisson bracket relation compatible with Eq.(5.3.45)

=/

i 4(2n)’
lag (z.2),aL, (7, 7))pp = —i (27)

i FE S(E-ENé®(z-7). (5.3.47)

The normal ordered number operator, constructed from these creation and annihilation
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operators, acting on the Fock states is given by

(9]

fdmbz (u,z,2) = 2 5 de E’d (2,9 ag (z,2). (5.3.48)
(872)° +

—00

On .#* hard charge acts on the asymptotic outgoing scattering states. From Eq.(5.2.13)
we can derive the expression of matter charge at null infinity corresponding to the super-

translation vector field. The matter part of the charge at .#* is then given by

ot = f dudQ; f(z,2) ¢°, (5.3.49)

T+

where dot represents derivative with respect to u.

Therefore we get

Gl [ eV e 98wz DS
y+

21
(872)°

f dzVYf (2.2) f dE E* | [(Olag, (20 af (2.2 ap (2,2 SIE.)
2 0 kein

D Ef @z & ISR, (5.3.50)

keout

where we have used the commutation relation

4 (2n)?
VE

|as, (.70 4} (2.9)] = §(E—E)o6® (z—20). (5.351)

Similarly we can find the hard charge Qg“"‘“er ~ acting on the ingoing scattering states at
#~. Then matter part of the asymptotic charge satisfies the following relation with S -

matrix

@ AQF TS =S QF TR ) = | Y Ef G Z) = ) Eef G B0 [ ISIET ).

k=eout k’e€in

(5.3.52)
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Therefore we find the same factorization of the S-matrix without soft graviton from the

matter part of the asymptotic charge.

The total covariant phase space charge at null infinity for the radiative phase space of
Fgay X Iy can be given by Q; = Q?rav + Q. From Eq.(5.3.40) and Eq.(5.3.52) we

obtain the following Ward identity at null infinity
(out|Q;S — S Qlin) = 0. (5.3.53)

This is the supertranslation Ward identity relating S -matrix with and without insertion of
a soft graviton. There are infinite number of asymptotic charges related to the supertrans-
lation symmetries at null infinity of asymptotically flat spacetimes and hence there are
infinite such Ward identities associated to such symmetries. This establishes the fact that
gravitational S -matrix is invariant under supertranslation symmetries (more generally un-
der BMS transformations). The gravitational part of the charge generates supertranslation
on the radiative phase space Iy, and inserts a soft graviton with polarization D2 f (z, 2).
This soft graviton can be interpreted as the Goldstone mode which arises when one vac-
uum is shifted to another vacuum under supertranslation. It should be noted that the four
spacetime translations do not generate any nontrivial gauge transformations on the radia-
tive phase space at null infinity and eventually leads to vanishing of the gravitational part
of asymptotic conserved charge, however there will be finite matter charge which corre-
sponds to the conservation of energy and momenta. Therefore we see supertranslation

symmetries are related to the infrared divergence properties of gravitational scattering.

5.4 Comments on higher dimensions

In dimensions greater than four the existence of infinite dimensional supertranslation sym-
metries for asymptotically flat spacetimes is debatable. In a number of contemporary lit-

eratures [64,65,93,95,97,101] it has been claimed that supertranslation symmetries exist
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only in four dimensional asymptotically flat spacetimes and that the asymptotic symmetry
group in higher dimensions is the Poincare group. In this section we will try to understand
the subtleties that are involved with the infinite dimensional asymptotic symmetry group

in higher dimensions.

Motivation We have seen in Sec.(5.3.3) that infrared properties of gravitational scat-
tering are related to the infinite dimensional asymptotic symmetries in four dimensional
asymptotically Minkowskian spacetimes. On the other hand we have also learnt that soft
graviton theorems exist in all spacetime dimensions (D > 4). So obviously it is a natural
question to ask if the infrared properties in higher dimensions also have any relations to
spacetime symmetries. This is the main motivation behind our exploration presented in

the remaining part of this chapter.

5.4.1 Radiative data at null infinity

Let us find out the fall-off behavior of the free radiative modes of graviton at asymptotic

null infinity. In D = 2 + 2m dimension mode expansion of graviton can be given by

dl+2m g

ot = 3 [ Gz [ @a @+, @ @

Zmdwq

Zf(zﬂ)uzmzw fdgzm [8:(3(@’)aa(q))e—iwqu—iwqr(l_q.;)

(C[)a (q) elwqu+lwqr(1 qr)]

(5.4.1)

D(D-3)

Here the index « runs over the 5

number of polarization degrees of freedom. In the
limit » — oo we need to do the integration over S*" using saddle point approximation.

Around the saddle point § = 7 one can expand g - 7 in terms of the angular coordinates
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as [103]

\>
II

l\.)l'—k

Zm: (5.4.2)
i=1

where 6; parametrizes the 2m angular coordinates of S*". There is another saddle at
q = -7, but in the limit r — oo this gives oscillatory value and hence is neglected. To

evaluate the first saddle we can use the integration

m)r 2 2
f doe4" ( z ) (5.4.3)
iwr

to obtain

Am Ry (x) = Z f ((2 l)al)zjm gwq -~ (W P)ag(wy e " + Epy (a)q?) a (wqff) ei‘“qu] )

(5.44)
Using the embedding coordinates we can find the projection of 4,,(x) on S*" at null infin-
ity will give the components of free radiative data

R 2(z) = lim rzaAfc“@chth(x)

r—o00

1 N (—iw)" dw . i
= manﬂaB Zf q V(a)qr)aa(a)qr)e q

(27T)1+2m 20)
+e,, (wqr) a (a)qf”) ei“"?“] .

(5.4.5)

Here z* represents the embedding coordinates on $>".

Therefore we find that in D = 2 + 2m dimensions the radiative modes are determined by

the A% > components which have fall-off condition of 7"~ at null infinity.
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5.4.2 Boundary conditions from saddle

We can adopt the following fall off conditions for the metric perturbations in the large

radial coordinate limit

h ~ O™, he~O(F"),  ha~ O™,

ey ~O(r™ ),y ~O(™), 5 ~O0(rm?). (5.4.6)

These fall-off conditions are compatible with the saddle point analysis at large r. Using
these boundary conditions we can consistently solve for the components of the metric
perturbations from the linearized gravity equations (5.1.22) in terms of the free radiative
data hﬁfgz). To see this let us expand the components in terms of radial coordinate as

follows

00 (n) 00 (n) o (n)
hunu hur; _ huA
}"" 9 huA - }"” ’
n=2m

n= n=m+2
*© h(n) °° (n) 00 (n)
rr AB
Z hs= ), (5.4.7)
n=m-+ n=m n=m-2

From linearized Einstein’s equations and using the de Donder gauge condition given by

V#h,, = 0 we can obtain the following equations

hy +y*Ph? = 0, (5.4.8)
(4 = (n = 2m)> = n) K + 2 (m — n) y*Ph5?
~2(m-n+1)D'W5" = 0, (5.4.9)
A—-Qm—-n—1)2m—n)+2n-1)) D*r""

+2 (n —m) DADBR? + 240" = 0, (5.4.10)

wherem <n <2m-1.
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From the above set of equations it is evident the radiative modes hi‘";_z) are the free radia-

tive data and all other metric components can be specified in terms of hX'gz).

Residual gauge It can be checked that if we choose radiation gauge condition given in
Eq.(5.3.3) to fix residual gauge degrees of freedom the above set of equations are still
satisfied. The traceless condition of metric perturbations, i.e. 7"h,, = 0 together with
hy, = 0 immediately implies Eq.(5.4.8). The other two equations (5.4.9) and (5.4.10) also

follow from this gauge choice.

5.4.3 Large gauge transformations

In this subsection we will explore the possibility of having large diffeomorphisms for the
asymptotically flat spacetimes in higher dimensions under the boundary conditions chosen
in Eq.(5.4.6). In particular we are interested in finding out if supertranslation symmetries
exist in higher dimensions then what will be the corresponding transformations of the

metric perturbations at null infinity.

We can generalize the expression of the vector field given in Eq.(5.3.17) for higher di-

mensions (D = 2 + 2m) as
5=f(z)(9u+—1 Af(z)ar—lDAf(z)8A+... (5.4.11)
2m r

Here z are the 2m angular coordinates on S*". It can be checked that this vector field

satisfies the residual gauge condition, O&* = 0.

We can calculate shift in 43 components under 5 (variations of metric perturbations under

any arbitrary vector fields are given in Sec.(C.2)) and we find

1
Sehy) = —yasAf (2) — (DaDp + DgDy) f (2). (5.4.12)
m
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Therefore we notice that the components hi‘_Bl ) which are not radiative data in higher di-
mensions are shifted under the diffeomorphisms induced by the vector field in Eq.(5.4.11).
In fact in higher dimensions (m > 1) the boundary conditions of Eq.(5.4.6) imply that
components of i, at O (r) should vanish, hence right hand side of Eq.(5.4.12) should be
zero. This imposes a constraint on the functional form of f, which now can not be any
arbitrary function of 2m-sphere coordinates. The only allowed solutions of the vector field

5 are those of D number of Poincare translations.

So we find that supertranslation symmetries are not compatible because of the bound-
ary conditions specified in Eq.(5.4.6) for higher dimensions. In four dimension the order
of the radial coordinate at which radiative modes occur and supertranslation vector field
acts on the radiative phase space at null infinity are exactly same. This is the reason for
the existence of enhanced asymptotic symmetry group in four dimensional asymptoti-
cally flat spacetimes. Clearly in higher dimensions existence of supertranslation symme-
tries depend on the boundary conditions specified - usual fall-off conditions that follow
from saddle point analysis rule out supertranslation symmetries but there may be other
boundary conditions that can allow supertranslation symmetries to exist. We explore such

possibilities in the next sub-section.

5.4.4 Relaxed boundary conditions

For supertranslations to exist in higher dimensions we have to relax the boundary condi-
tions specified in Eq.(5.4.6) and choose less restrictive fall off conditions of metric per-

turbations. Here we show how to obtain the appropriate boundary conditions to meet the
purpose.
From the analysis in the previous sub-section it is understood that we can not set the

components hg_Bl ) 1o zero. Therefore our first try will be to keep the O (r) components of

hap non-zero in higher dimensions while keeping the fall-off conditions of the other metric
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perturbations same as in Eq.(5.4.6). We present the calculations of linearized gravity

. . . . . . . . . -1
equations in six dimension in Sec.(C.3). In six dimensions we find hg B) components are

0

independent of u and /1,

contain the free propagating modes of graviton as expected from

the saddle point analysis. But there are problems coming from the equations satisfied by
(=D :

h, " which are

1

h) = ZAhg‘B‘), D) = 0. (5.4.13)

These equation imply that hg‘;) can have only particular solutions of sphere coordinates
and hence the functional form of f in Eq.(5.4.11) can not be arbitrary. Therefore super-

translations can again be ruled out in this case’.

Hence we find that in any dimesnions keeping only hg_Bl) non vanishing without relaxing

the fall off conditions of other metric perturbations is not helpful because we get the

following constraint on f (z)

Dy (ZLAf (2) + f(z)) =0 (5.4.14)
m

which follows from the divergence-free condition, DAhg_Bl) = 0. Therefore we need to

look for the boundary conditions that will remove the constraint given in Eq.(5.4.14) on

f@.

Supertranslations in higher dimensions

The above constraint can be avoided by modifying the fall off behavior of hy, as hy, ~
(@) (r‘l) in higher dimensions. This removes the divergence-free condition of DAhZ_;) =0
and we get

D) - o,h) = 0. (5.4.15)

©0)

.4 but because of covariant

20One may think of modifying the equations (5.4.13) by allowing O (ro) term h
gauge condition, v*‘i_zHA = 0 we get back equations (5.4.13).
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In this way we can continue to find the suitable fall off conditions of the metric perturba-
tions, mostly by trial and error method, without spoiling the supertranslation symmetries

in higher dimensions. In general we can adopt the fall-off conditions as
ha~O(r"), hye~O(r),  has~O@). (5.4.16)

Some details of this calculation have been presented in Sec.(C.4.1). It is evident that to
have supertranslation symmetries in higher dimensions boundary conditions should be
such that along with the propagating modes of graviton (which are u dependent) many

non-propagating metric fluctuations also need to be present.

Covariant phase space charge Let us calculate the covariant phase space charge from
the vector field described in Eq.(5.4.11) at the asymptotic null infinity. We can still choose
radiation gauge given in Eq.(5.3.3) to fix the residual gauge degrees of freedom, but there

is a subtlety involved here. We have to keep hfz) non-zero because otherwise we will get

ot =0 = (1—m)[DA(ﬁAf+f)+auA<2>}:0, (5.4.17)

Liga=0 at 0() = DA(ﬁAerf)—yAcaugC@:o. (5.4.18)

Eq.(5.4.17) and Eq.(5.4.18) combined together give back Eq.(5.4.14), D4 (ﬁAf @+ f (z)) =

0 for m # 1. It can be checked that the components hSX can not be expressed in terms of

(=D

the radiative modes hﬁ(’;‘z) and hence are also non-propagating like &, ;"

Details of calculation of the gravitational part of the covariant phase space charge at null
infinity for higher dimensions have been given in Sec.(C.4.2). Because of the presence of
non-propagating modes of metric perturbations calculation of gravitational contribution to
the asymptotic charge at null infinity is more complicated in higher dimensions than that
in four dimension. One major problem is many divergent terms appear in the computation

of the charge. It is expected that divergent terms vanish to give finite asymptotic charge



112 Supertranslation symmetries and soft graviton theorem

and the finite charge should then give rise to soft graviton theorem. In Sec.(C.4.3) we
have made an attempt to compute the asymptotic soft charge in six dimension. At this
stage we are unable to derive the expected expression of the charge corresponding to the

soft graviton theorem and leave it for further investigation.

Hard charge Calculation of matter contribution to the asymptotic covariant charge is
straightforward. For massless scalar coupled to gravity described in Sec.(5.2.2) the hard

charge at .#* can be given by

QP = f dudQ,,,f (z) ¢°. (5.4.19)

I+

Similar expression can be obtained at past null infinity, .# ™ also.

Note If we choose the stringent boundary conditions (5.4.6) following from saddle point
analysis then we obtain the trivial result that gravitational part of the asymptotic charge
vanishes [18]. This is expected because the allowed translations at null infinity are only

rigid Poincare translations which satisfy the following equations

1 1
D’ —Yapdf (@) = (DaDp + DpDa) f (z)] =Dy [%Z’f @)+ f (z)] =0. (5420

Under the rigid spacetime translations radiative data remain unaffected in higher dimen-
sions, hence there is no physical gauge transformations happening in the radiative phase

space at null infinity.

However we will still get hard part of the asymptotic charge coming from the matter
contribution. These conserved charges satisfy the trivial Ward identities at asymptotic
null infinity

(out|QI™er *S — § QI “Jin) = 0 (5.4.21)

which imply the conservation of total energy and momenta.
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5.4.5 Discussion

In this section we have explored the possibilities of having supertranslation symmetries
for asymptotically flat spacetimes in dimensions greater than four. From the analysis in
Sec.(5.4.2) it is clear that with the boundary conditions adopted from the saddle point
approximation near null infinity supertranslation symmetries can be shown to be incon-
sistent in higher dimensions. To allow for the existence of supertranslations we have
to specify alternative boundary conditions. In higher dimensions free radiative compo-
nents of metric fluctuations are given by the spherical components, h%_z) which fall off
as r™=2 as r — oo but supertranslations act on hix_B]) which are linear in r. Therefore the
boundary conditions be such that hE;Bl) should be present although these components do
not depend on the retarded time u and hence are not dynamical. Then we see in Sec.(5.4.4)
that for consistencies we also need to relax fall-off behavior of other components of met-
ric perturbations. Relaxed boundary conditions lead to appearance of divergent terms in
the asymptotic conserved charges at null infinity. It is expected that divergent part of the

charges vanishes and the finite contribution in the limit » — oo matches with the soft

charges [16].

In our analysis we have considered Laurent series expansions of metric perturbations in
radial coordinates. However the fall-off conditions may also involve transcendental func-
tions. We leave it for future study to show if it is possible to obtain the correct expression

of the soft charges using any transcendental functional form of metric perturbations.

In principle our analysis is valid for odd dimensions also. Although the are subtleties
with the conformal null infinity in odd dimensions [64,95-97] but in perturbative gravity
we can consider asymptotic null infinity as the limit » — oco. In odd dimensions met-
ric perturbations will have half-integer fall-off in radial coordinate. In the large r limit
there is a (D — 2)-dimensional sphere integral which contains 7P~ because of this it

is hard to obtain any finite expression for soft charge as r — oo. If we consider only
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spacetime translations then there are finite asymptotic hard charges which correspond to

conservation of energy and momenta.



6 Conclusion

In this thesis we have studied some aspects of soft graviton theorems in arbitrary dimen-
sions. Modern techniques of calculating scattering amplitudes in Quantum Field Theory
have played significant roles in the development and better understanding of soft theorems
in general. We have focused on one such remarkable formalism pioneered by Cachazo,
He and Yuan to compute scattering amplitudes for several massless theories containing
scalars, gluons and gravitons using mathematics of moduli spaces and complex analysis.
Cachazo-He-Yuan (CHY) formalism provides a sophisticated tool for studying scattering
amplitudes without going through the cumbersome computations of Feynman diagrams.
On the other hand several important aspects of scattering amplitudes have become mani-
fest from this formalism. Dualities and double-copy relations among theories like gravity
and Yang-Mills can be made more precise, Kawai-Lewellen-Tye (KLT) orthogonality re-
lations which were originally discovered in the context of open and closed string ampli-
tudes can be shown to hold in the field theory limit in CHY representations. In the field
theory limit elements of KLT matrix is related to S-matrix elements of a particular type
of scalar theory with cubic interactions known as bi-adjoint ¢* where the scalar fields,
¢ live in the adjoint representations of two unitary groups U(N) x U(N). Scattering
equations and building blocks are the essential ingredients of CHY formulation. Punc-
tures on the Riemann sphere correspond to external massless states, using the scattering
equations one can solve for the location of the punctures in terms of kinematic variables
of the external states. Building blocks are expressed in terms of the punctures and kine-

matic variables of the external particles. These building blocks are different for different
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theories.

Another remarkable outcome of CHY formalism is that soft factorization properties of
scattering amplitudes can be studied with great convenience. In the soft limits integrations
on the moduli space become contour integrals in the complex plane. In chapter 4 we
have studied double soft limits of scattering amplitudes for Yang-Mills and pure gravity.
Punctures on the complex spheres are denoted by o, for n external particles carrying
finite energies a € {1,2,...,n} and for soft particles a € {n + 1,n + 2}. Here we consider
simultaneous soft limits where both the soft momenta k,,,; and k,,., scale as T and we take

the limit = — 0. Then we have to consider two situations:

e non-degenerate case - when |07,,1 — 042| ~ O (TO), then contour integrals for o,

and 0,,, can be calculated independently of each other,

e degenerate case - when |01 — 0,42] ~ O(7), then the two punctures coalesce.

There is now effectively one contour integration.

In case of double soft scalar theorems contributions from degenerate solutions of scat-
tering equations dominate over that from non-degenerate solutions. But for Yang-Mills
and gravity we find contributions from non-degenerate solutions appear at leading order.
In fact many terms coming from non-degenerate and degenerate contributions mutually

cancel each other.

We obtain the double soft factorization of gravity amplitude to sub-leading order as

1
lim M,.» (koh 7p.7q) = | 587 (p)S@ (9)
Kl T

+%{S © (p) S(l) (Q) + S(O) (CI) S(l) (P) + Scontact}] Mn ({ka})

(6.0.1)

S© and SO are the leading and sub-leading single soft factors respectively. At sub-

leading order of double soft factor there is a contact term whose expression is given in
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Eq.(4.4.28). This third term appears because S and S " factors do not commute, S coniact
is required to maintain gauge invariance of the sub-leading double soft factor. We have
also given interpretations of the terms in the double soft factor for gravity from Feynman
diagrammatic. It will be interesting to derive Ward identities of gravitational S-matrix for
the double soft theorem in the simultaneous soft limit from asymptotic symmetries at null

infinity of asymptotically flat spacetimes.

In the next part of the thesis we have explored some issues related to asymptotic sym-
metries, particularly supertranslations, for asymptotically flat spacetimes in dimensions
greater than four. In four dimension due to the existence of supertranslations there is an
enhancement of asymptotic symmetry group acting at null infinity. Under supertransla-

tions hi‘_Bl) components of metric perturbations are shifted as

2
5hs’ = =5 YanAf = (DaDs + DsDy) £, 6.0.2)

where D is the dimension of spacetime, y4p is the metric on (D — 2)-dimensional sphere,
A and D* are laplacian and covariant derivative compatible with v, and f is any arbitrary
function of sphere coordinates corresponding to supertranslations. In four dimension hE{Bl)
are the free unconstrained data representing graviton modes. One can construct conserved
charges at asymptotic null infinity from the supertranslation symmetries using covariant
phase space formalism. These charges act on the incoming and outgoing scattering states
at £~ and #* respectively and insert soft graviton mode in the S-matrix elements. In
this way Weinberg’s soft graviton theorem and supertranslation symmetries are related to

each other in four dimension.

In chapter 5 we have tried to obtain asymptotic charges from supertranslation symmetries
in higher dimensions. In dimensions greater than four h;_BI) are not the radiative com-
ponents, they do not depend on retarded time u; free radiative data are given by h%—Z)
which have asymptotic fall-off behavior of r~™~2 with m > 1. It is evident that if we

adopt boundary conditions compatible with fall-off behavior following from saddle point
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analysis at large r then supertranslation symmetries can be ruled out. To allow for su-
pertranslations in higher dimensions hXBl) components have to unconstrained. However
we find boundary conditions of other components of metric perturbations also have to be

relaxed, otherwise we get a constraint on hf;Bl) given by
Ap(=1) _
D"h, " =0, (6.0.3)

which will again rule out existence of supertranslations.

With the restricted boundary conditions following from saddle point analysis, Poincare
symmetries are the only allowed asymptotic symmetries. Then it can be checked 6 fh;_Bl) =
0 follow from rigid translations. Since there is non-trivial diffeomorphisms therefore grav-
itational charges vanish at null infinity. If we relax the boundary conditions consistently
then we recover supertranslation symmetries but then there are many non-propagating
components of metric perturbations which are u independent. The problem with relaxing
the fall-off conditions is that while calculating asymptotic charges there appear divergent
terms. It is expected that divergent part of the charges will vanish and finite contribution
will produce the correct expression of the gravitational charges at null infinity which will
match with leading soft graviton theorem in higher dimensions. It will be an interesting
future study to obtain such finite gravitational asymptotic charges from supertranslation

symmetries.



A Appendix of chapter 2

A.1 Soft gluon theorem from Feynman diagram

We will need following Feynman rules

£
a, L b, v = —i6 3
a,
Lk
= gf" " k-pr+u” (p-q)
P/ N +17 (q = k)]
b,v c;p
a,d b,v
— _ lg2 [fabefcde (n,upnwr _ 77/40'771/,0)
+facefbde (Truvnpa _ )Tucrnvp)
+fadefbce (nyvnpo' _ nppnvcr)]
Gp , O

In the single soft limit the relevant Feynman diagram is
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A11 Feynman diagram

limk,.; — 0:

Vit = gf P [ kst + P + 07 (=2p; = kst + 1 (i = k)]

g fomiba [nyvpf — 2Pt + npupl?] +O0 k). (A.1.1)

The above diagram can be evaluated as

b (_l) 6b,b77 ’ a a; v v, \
A (lb )V ng b [ﬁu P =207 p + Tf#pi] Ent1u€ip

. a. Ent1 * Pi .
= zgfb“’“”*1 T .gfﬂn (zb)
1

n+l °

ig P g (i), (A.12)

n+l ° Pi

v

The last term in the square bracket vanishes due to Ward identity. Therefore soft factor-

ization is given by

Apsr = ZZzgfb”’“”” ol P, (). (A.1.3)

n+l Pi
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B.1 Feynman rules

B.1.1 Feynman Rules for EM

The Feynman rules for Yang-Mills theory coupled to gravity have been derived in [104].

In the same way Feynman rules for Einstein Maxwell theory coupled to gravity can be

derived.

k

- i Ty
| L Ea VaVaVaVAVAVAVAVaR Y — i
u v

\ ki Sk
-l K [(Uuanvﬂ + NupMlva — nyvnaﬂ)kl -k2 + nyv(kla/kZ,B + klﬁkZa)
- klkaynaﬁ - klv(nuakZ,B + Uyﬂkm) - kZu(nvaklﬁ + nvﬁkla)]
1 ks
af

B.1.2 Feynman Rules for Gravity

The Feynman rules for three and four point vertices are given in [88]. Using Eq.(4.2.5)

we can write
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g =" — kI + iPHh,) + O() (B.1.1)

and

2
Vg=1+ gh + % (12 = 2 1%hap) + OGP (B.12)

where h = h“,. The Ricci scalar can be expanded as

R = «(0h-d,0,h")
1 3
+ 7 (Zc’)ﬂhﬁ“h = Out" 0 h + Ol F iy = 20 Y
1
+50uhp 0 WO + 2 10, hyy — WOy | + O(«*).(B.1.3)

We work in harmonic (de Donder) gauge, where

L =0. (B.1.4)

Then the resulting graviton propagator, three and four point vertices are:

k

H
SV -yo _ 1 NayTlgs + TasTlpy ~ MapTlys
2 k2 —ie
Ha 174
N ki " ky
1 k3

gy
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1 1 1
= sym —§P3(k1 ko Muatlvplory) — §P6(klvklﬂnpa770'y) + §P3(kl ko My NapNery)
+ P6(k] -k2 nuanva'nﬁy) + 2P3(klvkly77ua77,&7) - P3(k1,8k2;177av770'y)
+ P3(klo—k2777uvnaﬁ) + P6(k10'kly77,uv77aﬁ) + 2P6(k1vk2777,3unaa)

+ 2P3(kiykayTgonya) = 2P3 (k1 kallatipoiya) |

Ha VB
N\ ki /" ky
ks N Ky
gy pA
1 1 1
= sym _ZPG(kl-kZ Ny o) — ZPIZ(klvkl,BnuanUynp/l) - §P6(klvk2y77aﬁ770'ynp/1)

+ %P 6(k1.-k2 M MapNoyTpa) + %P 6(k1-k2 MuaTlyplopty) + %P 12(k1ykogMualopTlya)
+ Pe(k1ykounapnoptlyr) — %P 6(k1.k2 Mo MapTlopliyd) + %P 24(k1-k2 Tuatlvo Ty Tpa)
+ %P24(klvklﬁnuanaynp/l) + %Plz(klo—kanuvnaﬁnp/l) + Poy(kiykagTigullaylpa)

— Pro(ki.ka Noymipottyutipd) + PraCkivkaumgolyatlpn) + Pra(KivKio gy Muallpn)

— Pou(ki ko muanipetyetiay) — 2P1a(kikigac lyoa) — 2P1o(kiockoyapaviip.)

= 2Pou(kivkoo Mo auMlay) — 2P 12(Kiokopyiputlan) + 2Pe(ki-ky ooy Tlgonan)

= 2Ppa(kivkioNuaipoay) — Pra(ki .k MuoTayvpnipa) — 2P12(kiyKio gy MupNa)

— Pia(kickoptyatintap) — 2P2a(kivkaoNgutlapay) — 2P12(kiyvkoumpoTlyplaa)

+ 4P6(k1 .k2 Tlavnﬁanﬁ’ﬂmﬂ)]
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where “sym” stands for symmetrization between (u, @); (v, 8); (o, v); (p, 4) and the symbol

P,, denotes m number of distinct permutations between the indices (ki, u, @); (kz, v, B); (k3, 0, y); (ks, p, A).

B.2 Yang Mills

Tn+2(1529"'

slyeiayjou,n) =

In the double soft limit Pfaffian can be expressed as

Pf’ yjn+2 = —CiiijPf’ Tn

|
0 ko Tovk peen _ & _ &P _ &P
g1—0; o1—0j g1—0p : 11 gi—01 gj—0] Op—01]
|
|
2 \
7 ki*p) 0 7" kikj Tkip, ' Terk —C; _TEki Tk
o~ Ti-0; Ti—on | o1 u o= o0
\
\
\
2
Tkjp1 T kjk; L 0 Tkjpy | T €1k _TE,"kj —C.. _Te,1~k_,~
=0 o= =0y : o1-0; =0 JJ o0
\
\
\
PnD1 T puki TPn k/ 0 I €1 Pn €i'Pn €j'Pn _C
N WL T LTI T« oo M
1
C]l T €k Te k] €1-pn_ | O €1°€i €1°€) €1€n
o1-0; o1-0; T1—0n : o1-0; o1-0; T1—0n
\
\
\
&P C. T €°kj &pn | &€ 0 €€ €€
o= u oi—0; oi—0, : oi—0| oi—0; Ti—0,
|
|
|
€Dl Tek C.. €Pn | €€ €j°€; 0 €j€n
! =0 JJ Tj=0n : -0 o0 0 j=0n
|
|
\
P Tak ., I&k c. | o_aea G e 0
L 0,0 o= o= nn 1 o=y o0 op—0;j

(B.2.1_)
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- El"ka ¢ Gj'kh
= - Pf’¥,. B.2.2
(ZO'i—O'a)(ZO'j—O'b) ( )

a=1 b=1

The Park-Taylor factor can be factorized as

(Ti-1 — Tiv1) (O'j—l - 0'j+1)
Cn+2 =

C,. (B.2.3)
(o1 —O'i)(O'i—O'i+1)(0'j—1 —O'j)(o'j—O'jH)

B.3 Details of double soft factorization for gravity

B.3.1 Non-degenerate solutions

The reduced determinants in Eq.(4.4.12) are given by

g ‘ €1 ky ey Entl €
Py = (1) (Coanea) Coviner ) [(—1)”—“ W+ (- m]
=1 Op+1 — Op On+1 —0Op

. €2 kp . wih En+2 € .
7, = (- (cn+1,n+1)2cn+z,n+zz[(—N’LW +(-1) +”#m]

= Opt2 — Oy Op+2 —0p

k n 'ka a " €n
P = (Cuvannd)’ ZZ[ — ((—1)"”*”“—6 2 gy (pyerb Sl g

n+1
a=1 b=1 On+1 —Op Opy1 — Oy 04— Opyl

+ ( 1)n+u+b+1 € * En+l
n+b
On+l — 0y Oa —

+ € P (( 1)a+b €nv1 - Ko pa

Op — Opyl

2n+4  _ q- kh nta+b+1 En+2” k a at+b €a* En+2 n+a
P2t = (Coinnr)” § Z (—lyrerhl 2y (g
alblo-n+2_0-b On+2 — 0y Oq = Opy2

Opny1 —O0p Opny1 —O0p

€n k n+a n €n n+a
T::12+a = (_l)ncn+l,n+l (Cn+2,n+2)2 Z [( 1)17#?/ * +( 1) +bLTn:h:|

ijria = (Cn+1n+1) (Cn+2n+2) n+a

T2 = (Crint)’ (Curzn)” V0
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Plugging back these expressions we obtain Eq.(4.4.13).Now using the relation ¥}/ = — po

which holds because of the antisymmetric property and the following result

E)Hl'kc
On+1=0¢ 1
c=1
Iab = édo-rwl n
phs_ (Ope1 = Ta) (Tpa1 — 07p)
=1 Op+1—04d
€nt1ky 1 Eni1kp 1
pka oa—0p + pky opb—0q’ a#b
! (B.3.2)
1 €n+1ka _ (p-ka)(€n+1°ka) a= b
_ & )2 ’ -
d=1 Oq—0q PKa (pka)
d+a

we get the first part in Eq.(4.4.14) multiplying S ¥(g) factor. Similarly one can obtain the

other part.

Now we consider the action of SV factor on the determinant 7,,.

q

a—0p

n n 1

sOp, = 2) (85" Gk - ko) (D™ + S50 (e - €) (- D)Ly
a=1
a#b

4 [SD (6 ko) + 5 (ky - )] (-1t

n+b

+[S0 Uy )+ SO (e k)| (1w, | (B33

The action of S Zl) on the momentum part and polarization part are given by

€n+1,avkzpp [u akﬁ
p- k}, b ak;,,,,]

6n+1, avklc:pp B
———— (P - 5) ) €7 (B.3.4)
Pk (TI ) b

SV

SP(p)e
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The gauge fixing conditions reduce Eq.(B.3.3) to the first term of Eq.(4.4.14). The other

term can be calculated in analogous way.

B.3.2 Soft Factor from Pole at Infinity

Deforming the contour around the pole at infinity, the leading order expression can be

derived to be

do -2p73
(My)e = 95% fdﬂnw (IN|§:2ip + IN|§:—2ip)- (B.3.5)

In case of gravity there exists a simple pole at p = co. The equation f,,; — f,+2 = 0 leads

to & = £2ip + O(1). Then the Pfaffian of ¥,,, can be expanded as

2
T P.q €p+1-€p42

P(P) = ——

Pf'(¥,) + O (%) . (B.3.6)

Then from Eq.(B.3.5) we get

1
(Mp42)e0 = _§(€n+1-en+2)2Mn (B.3.7)

which is clearly sub-leading in order 7 as compared to Eq.(4.4.28).
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C.1 Derivation of delta function in Eq.(5.3.39)

u integration over the charge gives a tensor structure of the form

1 Z—2Z)

S (2,25 2k, 2k) = — — . C.1.1
= (6520 %) A +z5)(1+22) (-2 €11
Covariant derivatives act on this tensor as
DD%s;. = y*y Dis,. = 0. (v 0:sz). (C.12)
The only non-zero Christoffel is I';, = y#d:y.;. Now using 8;—— = 216® (z - z) we
obtain
- 1({1+2zZ
0- (y%d:s.,) = = 216% (72— 7). C.1.3
z(y ZSZZ) 2 (1 +Zkzk) 4 (Z Zk) ( )

C.2 Metric variations

For any general vector fields, 5 = &0, + £0, + &40, variations of metric perturbations

under 5 can be given by the following equations:

L:gap = > (YacDg + YscDa) fc + 2ryasé’
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L:gar =
Legr =
-Efguu =
Lfgur =

-LéguA =

r*yac0,£° — Dag"
~20,&"

=20, (" +¢&")

=0, (" +¢&) - 9,¢"

PYac0.EC — Dy (€ + &)

Here A denotes the spherical coordinates.

(C.2.1)

C.3 Calculations of linearized gravity equations

In six dimension we can expand the metric perturbations as

1
4
= th,r)'F...
1 1
(@) 3
ﬁhAr + ﬁhAr +...

1
_ -1 (0) €))
= rhy,, +hAB+;hAB+...

(C3.1)

Then from the linearized gravity equations (5.1.22) we get the following relations

° D]’lAB =0
o) : a4 =0
1
OC™) + hgy' = Jahiy
1
O™ & Quliyy = (=50 + Dl
1 1
= 2 1 ()]
o)+ 94 = ——anl)+ =h

4

1 @ @
5 "AB - 5 (DAhB + DBhAr)

(C3.2)

r
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e Ohy, =0
- . =D _
o) : DPh,’ =0
- . @ _ 0)
oGy : a,h) = D°h,)
1 1
O™+ Qi) = 27 = Mg + 5D Hyy (C3.3)
e Oh, =0
1
OC™) = 0} = D R - Sq"hiy, (C3.4)

From the above equations it is evident that hE;BD is independent of u and no other compo-

(=D

nents of metric perturbations depend on /4, ..

C.4 Perturbative gravity in higher dimensions

We assume the fall off conditions are

(9 [Se] [

hu= Y R = 3 R R = R,
n=1 n=1 n=1
hee= Y R, = R, hag= ) H) (C4.1)
rr — rroo rA — rA AB — AB* T
n=1 n=1 n=-—1

C.4.1 Leading order computation

Matter part of stress energy tensor has faster fall-off in r. Therefore from linearized gravity

equations (5.1.22) we obtain

I
o

(1 -m)a,hh

1-mah = 0
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22 -m)ah? + 2 - 6m+ NHRY +4mhl) + 2yPhC, = 0
2—-m)dh)) - 0a (R - RY) = 0
2= m) )} - 04 (R — YY) - DR = 0

(1-m)d,hS = 0. (C.4.2)

Harmonic gauge condition yields

a,n = 0
oY = 0
7D AGIY .
d.h,,) — D°hy) = 0. (C4.3)

Since h = *h,, = hyy — 2h,, + r2y*Phyp, so combining above equations we can show
form# 1
d,h" =0 = a,h"" = 0. (C.4.4)

This in turn implies hfdlu), hi,]r), hﬁ‘) and h;_Bl) are independent of u.

C.4.2 Charge in higher dimensions (m > 2)

We will use the radiation gauge fixing condition, however in higher dimensions hi(l) can
not be set to zero which otherwise rules out the existence of supertranslation symmetry.

Equation of motion implies 6uhl(21) =0form # 1.

Expression of asymptotic conserved charge in D = 2 + 2m dimension is

1
0= i [[dude P [ - sy
j+
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Non-zero components of I"!, [h] are

1
r' = -d,h,
rr 2
1 1
r', = =0, +—h"
Ar ) A uA
'y, L s - l(DAh(O) + Dgh}}). (C.4.5)
2 2

and

0 (o]

rr T 2n r (n 2 r (n
i = 20008 == 3, 2005 2o

n=1 n=1
2 1 =1
dthr — ((9 _au)f DAé: — 2DA (%Af_i_f) _Z o [I’l A (n) +6u§A(n+1)]
n=2
> 1
DA r(n)
’ n=1 r g
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n+2
n=2 r

Variation of Christoffel symbols in the second term of the charge can be calculated to be

ST, = 00, +E)= Y 0,8 e "),

n=1
(o8]
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n=1
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1 1 1
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Selhy = DaDy(E + &)+ ryap (9, — 0,) (€' +€") = DyDy (f + —Af)
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= 1
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Appendix of chapter 4

Again we know

(C.4.7)
W o= B = = hrr’
1
hrA — _huA — ﬁ’}/‘BhrB,
1
e = FyAMyBNhMN. (C.4.8)

C.4.3 Charge in 6 dimension

The finite contribution is

Qf, finite —
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There are other divergent terms also.

If we restrict the fall-off conditions on the metric perturbations such that h,, ~ O(r“‘)

and hy, ~ O (r‘z) we find the terms containing subleading vector fields vanish and this

also forces supetranslation symmetries to be killed. The other finite terms which contain
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| become zero because of the condition

DA (%A f+ f) = 0. (C.4.10)
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