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Abstract

The quest for the correct theory of quantum gravity has occupied many minds for
the last few decades. Recently, it was realised by Strominger and his collaborators
that diverse aspects of infrared physics are related to one another. These relations,
well-known as the infrared (IR) triangle have successfully predicted new symmetries
of asymptotically flat spacetimes. These predictions may prove to be the pillars
of establishing the holographic dual to flat spacetime. In that context, this thesis
explores the theory of asymptotic symmetries of asymptotically flat spacetimes and
the spin memory effect in D = 4 dimensions.

The thesis starts by exploring the supertranslations at timelike infinity where,
we propose a definition of asymptotic flatness at timelike infinity in four spacetime
dimensions. We present a detailed study of the asymptotic equations of motion and
the action of supertranslations on asymptotic fields. We show that the Lee-Wald
symplectic form (g, d1g, 02g) does not get contributions from future timelike infinity
with our boundary conditions. As a result, the “future charges” can be computed on
any two-dimensional surface surrounding the sources at timelike infinity. We present
expressions for supertranslation and Lorentz charges.

In a separate attempt to explore the asymptotic symmetries of asymptotically
flat spacetimes, we study the dynamics of a probe Maxwell field on the extreme
Reissner-Nordstrom solution. The extreme Reissner-Nordstrém solution has a dis-
crete conformal isometry that maps the future event horizon to future null infinity
and vice versa, the Couch-Torrence inversion isometry. We present a gauge fixing
that is compatible with the inversion symmetry. The gauge fixing allows us to re-
late the gauge parameter at the future horizon to future null infinity, which further
allows us to study global charges for large gauge symmetries in the exterior of the ex-
treme Reissner-Nordstrom black hole. Along the way, we construct Newman-Penrose

and Aretakis like conserved quantities along future null infinity and the future event
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horizon, respectively, and relate them via the Couch-Torrence inversion symmetry.
Finally, we explore the other corner of Strominger’s IR triangle, the memory
effect. We derive the leading spin-dependent gravitational tail memory, which appears
at the second post-Minkowskian (2 PM) order and behaves as u =2 for large retarded
time w. This result follows from classical soft graviton theorem at order wInw as a low-
frequency expansion of gravitational waveform with frequency w. First, we conjecture
the gravitational waveform from the classical limit of quantum soft graviton theorem
up to sub-subleading order in soft expansion and then we derive it for a classical
scattering process without any reference to the soft graviton theorem. We show that
the final result of the gravitational waveform in the direct derivation completely agrees

with the conjectured waveform.
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CHAPTER 1

Introduction

Diverse studies of infrared physics namely, asymptotic symmetries, memory effects,
and soft theorems form a triangular relation, known as the infrared triangle [1], shown
in Fig. 1.1. These relations have successfully illuminated symmetries of asymptotically
flat spacetimes. The three main ideas of infrared physics reside at the three corners of
the infrared triangle. This thesis explores few technical questions at various corners
of the infrared triangle.

The infrared triangle is as follows. The lower left corner is represented by soft
theorems. Soft theorems are well established in quantum electrodynamics (QED)
[2,3] which were later been generalised to gravity by Weinberg [4]. Soft theorems in
quantum field theories are the exact statement of the factorisation property of (n+1)-
particle to n-particle scattering amplitudes in gauge and gravity theories, when one
of the particles are taken to be soft (energy taken to be zero).

The lower right corner represents asymptotic symmetries. The theory of asymp-
totic symmetries concerns symmetries and the related conserved charges of any system
that has an asymptotic boundary. An important example of such asymptotic sym-
metries is the BMS supertranslations of asymptotically flat spacetimes explored by
Bondi, Van der Burg, Metznar and Sachs (BMS) [5,6] in the 1960’s.

The top corner represents the memory effect, first introduced by Zel’dovich and
Polnarev [7] in the context of gravity, where they studied gravitational scattering and
later generalised to gauge theories [8,9]. Gravitational-wave memory is the perma-
nent changes in the relative position of the pair of inertial detectors in space due
to the passing of a gravitational wave. The permanent displacement carries infor-
mation about the net gravitational flux detected over some time interval and maybe

potentially be detected in LIGO experiments in the future.
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FIGURE 1.1: The infrared triangle [1].

The three corners of the triangle are connected to one another by mathematical
relations. The soft graviton theorem is equivalent to the Ward identity associated
with supertranslations; the gravitational memory is the Fourier transform of the
classical limit of the soft graviton factor, and the gravitational memory effect can be
understood as a vacuum transition of two inequivalent vacua of the gravitational field
that are related by specific supertranslation.

In this thesis, we focus on certain technical problems at the three corners of
the infrared triangle. We attempt to make the corners and the connections between
the corners of the IR triangle richer and larger. In chapters 2 and 3, we explore
the asymptotic symmetry corner. We study the BMS supertranslation symmetry at
timelike infinity in chapter 2, and the large gauge symmetries for a U(1) gauge field
in a specific spacetime with horizon in chapter 3. In chapter 4, we explore the soft
theorem and the memory effect corner and connection between these corners. The
connection to the asymptotic symmetries corner is not the subject of this thesis. A

more detailed synopsis of the three chapters is as follows.

Supertranslations at timelike infinity

In electromagnetic theory, we study the properties of isolated charge contributions by
studying the asymptotic fall-off conditions of the charge density j* and the electro-
magnetic field tensor F'*¥ at large values of the spatial coordinate r. More precisely, in
the stationary case, the coefficients of the multipole expansion of the electromagnetic

field at large distances determines the structure of the charge-current distribution. In
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the non-stationary case, the multipole expansion coefficients determines the energy
radiated to infinity. One aims at obtaining similar results for an isolated system in
general relativity.

Unlike electrodynamics, the study of isolated systems in general relativity is not
straightforward as the metric g,5 is not flat everywhere in space. Thus, one can-
not specify the fall-off rates of the “curvature” of spacetime in terms of a preferred
coordinate r as the inertial coordinate system is not “global”.

The motivation of the first chapter starts from the simple question that was asked
by Bondi, Metznar and Sachs in 1960’s: Is the symmetry group of asymptotically flat
spacetimes Poincaré? As it turns out, the answer that they found was something more
than a Poincaré which they themselves found somewhat surprising. The asymptotic
symmetries group they found in known as the Bondi-Metznar-Sachs (BMS) symme-
tries. These symmetries are exact symmetries of general relativity, in the sense that
they leave the action invariant up to a surface term. This strongly suggests that
they should be visible in any description, in particular at spatial infinity and timelike
infinity, provided boundary conditions at spatial and timelike infinity are compatible
with boundary conditions at null infinity.

In chapter 2 of the thesis, we propose a definition of asymptotic flatness at timelike
infinity in four spacetime dimensions. We present a detailed study of the asymptotic
equations of motion and the action of supertranslations on asymptotic fields. We
show that the Lee-Wald symplectic form (g, d19,029) does not get contributions
from future timelike infinity with our boundary conditions. As a result, the “future
charges” can be computed on any two-dimensional surface surrounding the sources

at timelike infinity. We present expressions for supertranslation and Lorentz charges.

Horizon hair from inversion symmetry

The asymptotic symmetries of quantum electrodynamics unlike the gravity have been
discussed systematically only recently by Strominger and collaborators [10]. In gen-
eral, when we study a gauge theory in some spacetime and impose boundary condi-
tions that specify the behaviour of fields near the boundary, the asymptotic symmetry
group (ASG) is defined as,

Asq _ Alowed gange symmetries (1.0.1)

trivial gauge symmetries

The “allowed gauge symmetries” are the ones that respect the boundary conditions
and “trivial gauge symmetries” are the ones with vanishing gauge charges.

In Minkowski space electrodynamics, we are interested in boundary conditions
at Jt or J~. The asymptotic behaviour is then derived from the fall-off conditions

and the field equations. If we consider a sphere at large r, its surface area grows like
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r2, so for the energy flux at any moment to be finite, T}, must fall off as
Ty = O(1/77).

It follows from the energy flux condition that the components of the field fall-off in a

certain way near J T,
F.. ~0O(1), Eur, For ~ O(1)17%), (1.0.2)
which in turn suggests that the boundary fall-off conditions for the gauge fields to be

A, ~O(1), A~ O(1)r?), Ay~ O(1)7). (1.0.3)

FIGURE 1.2: Penrose diagram of flat spacetime as discussed in [1].

In recent years, it has been shown that there are infinite-dimensional symmetries
consisting of large gauge transformations for quantum electrodynamics (QED) in
Minkowski spacetime [10]. Roughly speaking, the boundary conditions Eq. (1.0.3)
are consistent with the gauge parameter,

e=¢(z,2)+0 (1> . (1.0.4)

r

The transformations related to gauge parameter of the form Eq. (1.0.4) are the exact

analog of the BMS transformations that were perviously well known for gravity.
The charges related to these symmetries are soft electric charges (soft electric

hair). Recently Hawking, Perry, and Strominger [11] argued that non-extremal sta-

tionary black holes also exhibit infinite-dimensional supertranslation symmetries in
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the near horizon region, and can carry soft supertranslation hair. It is believed that
global charges associated with supertranslations receive contributions from the hori-
zon as well as from null infinity. Thus, a complete discussion of conservation laws
associated with supertranslations requires a detailed understanding of how the sym-
metries at the horizon relate to the symmetries at null infinity. It is natural to wonder
if these ideas be made more explicit in the context of electrodynamics on a black hole
background?

We take some preliminary steps in this direction in the chapter 3. We work with
a probe Maxwell field in the background of an extreme Reissner-Nordstrom (ERN)
black hole spacetime. The ERN spacetime has a discrete conformal isometry known
as Couch-Torrence (CT) inversion isometry which maps the future event horizon to
future null infinity and vice versa. We use this symmetry to study the dynamics of
probe Maxwell field on ERN background metric. We study the dynamics of a probe
Maxwell field on the extreme Reissner-Nordstrom solution in light of this symmetry.
We present a gauge fixing that is compatible with the inversion symmetry. The gauge
fixing allows us to relate the gauge parameter at the future horizon to future null
infinity, which further allows us to study global charges for large gauge symmetries
in the exterior of the extreme Reissner-Nordstrom black hole. Along the way, we
construct Newman-Penrose and Aretakis like conserved quantities along future null
infinity and the future event horizon, respectively, and relate them via the Couch-

Torrence inversion symmetry.

Spin memory effect

The observation of gravitational waves is one of the most important event in the
history of physics. The first direct observation of gravitational waves [12] was made
in 2015, when a signal generated by the merger of two black holes was received by the
LIGO gravitational wave detectors in Livingston and in Hanford. In gravitational-
wave astronomy, observations of gravitational waves are used to infer data about the
sources of gravitational waves.

Gravitational-wave memory effects are predicted persistent changes in the rela-
tive position of pairs of points in space due to the passing of a gravitational wave
(GW). Detection of gravitational memory effects has been suggested as a way of vali-
dating Einstein’s Theory of General Relativity. These memory effects can be “linear”
or “non-linear” depending upon the system. The linear memory is linear in the sense
that it is present in the gravitational waveform obtained from solving linearised Ein-
stein’s equations. It is generated for the GW signal produced by unbounded sources
that escape to infinity; e.g. the hyperbolic binary encounter of compact objects, core

collapse supernovae etc.
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It was then shown by Christodoulou [13] that the gravitational waveform accom-
panies a permanent strain offset. It can be realised as the non-linear effects that is
produced by the stress-energy tensor of the linearised theory while acting as a source
to the spacetime metric perturbations. Omne of the most important systems that
generate non-linear memory is the compact-binary-coalescences (CBCs) that are ob-
served by LIGO/VIRGO. Apart from these memory effects, there has been a proposal
by Laddha and Sen [14] of another kind of gravitational memory, known as the “tail
memory” which describes how the gravitational-wave memory builds up, i.e., how the
mirrors of gravity wave detector behaves at large retarded time before reaching to
their permanent displaced position. This kind of memory is realised for scattering
systems where some of the final state light particles (mass less than the scatterer’s
mass) are massive, e.g. in the merger of two neutron stars.

The late and early time gravitational waveforms responsible for the tail mem-
ory effects can be explicitly derived for a classical scattering process [15, 16], also
known as the classical soft graviton theorem . The waveforms are also related to
the low frequency GW radiation via a Fourier transformation. In chapter 4, we
study tail memory effects for such low frequency gravitational radiation. We mainly
focus on the gravitational tail memory generated from the scattering of spinning
particles. We show that the leading spin dependent tail memory appears at second
post-Minkowskian (2PM) order O(G?) and behaves as u~2 for large retarded time .
At this iterative order, the spin dependent memory can be predicted from classical
soft graviton theorem at order wlnw as a low frequency expansion of gravitational
waveform with frequency w. In consecutive sections of this chapter, we predict the
low frequency gravitational waveform at the order wlnw by taking classical limit
to quantum soft graviton theorem up to sub-subleading order in the soft expansion.
Then, we derive the gravitational waveform for a classical scattering process with-
out any consideration to the soft graviton theorem, and show that it matches with
the predicted one from soft graviton theorem at sub-subleading order for spinning

particles.
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Supertranslations at timelike infinity

2.1 Introduction

The asymptotic properties of gravity have been studied for decades [17-20] in the
context of asymptotically flat spacetimes at null infinity, see [1, 21-25] for recent
reviews. Much of these studies are rightly motivated by the need to understand the
intricate nature of gravitational radiation. One remarkable outcome of these studies
was the discovery of the infinite-dimensional Bondi-Metzner-Sachs (BMS) group of
asymptotic symmetries in asymptotically flat spacetimes at null infinity. Recent works
have shown that the BMS group is related to the infrared properties of gravity, namely
soft-theorems and memory effects [1]. See references [26—28] for earlier works on these
issues and the reviews [1,24] for further references. The exploration of the connections
between the BMS group, soft-theorems, and memory effects have led to enormous
activity. Further enlargements of the BMS group [25,29-33] have also been argued
to be relevant.

The BMS symmetries are exact symmetries of General Relativity, in the sense
that they leave the action invariant up to a surface term. This strongly suggests that
they should be visible in any description, in particular at spatial infinity and timelike
infinity, provided boundary conditions at spatial and timelike infinity are compatible
with boundary conditions at null infinity. This poses the dynamical question: how
to relate boundary conditions at null, spatial, and timelike infinity? The answer to
this question remains poorly understood, and therein lies the key to many unresolved
issues. The importance of understanding these issues has been stressed by Friedrich

in a recent article [34].
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On the specific question of BMS symmetries at spatial infinity there has been a lot
of progress in recent years, motivated in part by the need to understand the relation
between the BMS group, soft-theorems, and memory effects. Earlier investigations
of the asymptotic symmetries at spatial infinity [35-38] successfully found boundary
conditions that gave Poincaré group as asymptotic symmetries.

This situation was exhilarating on one hand and disappointing on the other. Ex-
hilarating because at least at spatial infinity there are consistent boundary conditions
that lead to Poincaré group as asymptotic symmetries whereas at null-infinity this
does not seem desirable. Disappointing because the lack of understanding of the BMS
symmetries at spatial infinity means that the relation between boundary conditions
at null and spatial infinity is incomplete. This had remained a deep puzzle for many
years.

Henneaux and Troessaert [39-41] in a series of paper have resolved this tension,
both in the cylindrical representation and the hyperbolic representation of spatial
infinity. They have proposed boundary conditions at spatial infinity that are invariant
under BMS symmetries. The BMS symmetries have non-trivial action on the fields
and have generically non-zero charges. They have also related BMS generators at
spatial infinity to BMS generators at past and future null infinity. Other works in
this direction include [42,43].

The situation at timelike infinity remains much less developed. Following works
at spatial infinity [37, 38], earlier work [44—46] had proposed boundary conditions
that gave Poincaré group as asymptotic symmetries. To the best of our knowledge,
no attempt has been made to realise BMS symmetries at timelike infinity in the non-
linear theory. Motivated by the relation between the BMS group and soft-theorems,
these issues were addressed in the linearised gravity in [47, 48], though the main
focus in these papers is somewhat different. The main aim of this chapter is to
present boundary conditions in non-linear general relativity at timelike infinity that
realise BMS symmetries in the sense that BMS symmetries have non-trivial action
on the fields and have generically non-zero charges. Our work in motivated by the
corresponding developments at spatial infinity [39-43].

Such a study is important for several reasons. Over the last two decades, it
has been argued in a variety of contexts that stationary black holes also possess an
infinite number of symmetries in the near horizon region [11,49—53].1 Typically a
class of these symmetries is similar to supertranslations at null infinity. It is believed
that global charges associated with supertranslations receive contributions from the
horizon as well as from null infinity. Clearly, a complete discussion of conservation

laws associated with supertranslations requires a detailed understanding of how the

!The symmetry groups in these papers do not coincide. This is so because different authors
preserve different structures: some prefer to preserve a particular geometric structure on the null
surface, whereas others preserve the near horizon geometry.
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symmetries at the horizon relate to the symmetries at null infinity. However, this has
not been understood.? Toy model studies include [54,55]. It has been suggested by
several authors, specifically by Chandrasekaran, Flanagan, and Prabhu in [53] that
timelike infinity can be used to relate symmetries at the horizon to symmetries at
null infinity.

In this chapter we only focus on timelike infinity with perhaps the simplest bound-
ary conditions that allow for the BMS symmetries. The dynamical questions on the
relationship of our boundary conditions to null and spatial infinity is beyond the scope
of this work. Issues related to further enlargement of BMS symmetries [29-31,33] are
also beyond the scope of this work. We hope to return to these questions in future
works.

The rest of the chapter is organised as follows. In section 2.3, we introduce
our notion of asymptotic flatness at timelike infinity. Many of the calculations here
are direct translations of those at spatial infinity. Having said so, we must add
that the literature at spatial infinity is fairly large and confusing. Therefore, it is
absolutely essential to work-out things from the start to the end for timelike infinity
separately. In section 2.4, a detailed study of the asymptotic equations of motion is
presented. In section 2.5, expressions for supertranslation and Lorentz charges are
proposed. In section 2.6, the Schwarzschild solution is written in a form such that it
manifestly satisfies our boundary conditions. In section 2.7, some general remarks on
supertranslations are made. We close with a brief discussion in section 2.8. Dynamical
questions regarding the non-triviality of our construction, i.e., whether non-trivial
radiative spacetimes exist that satisfy our boundary conditions at timelike infinity

requires a separate investigation.

2.2 Notations and Conventions

In this chapter, we use the sign convention (—,+, +, +) throughout. We list some of

the conventions related to this chapter below

e Tensors indices on 4 dimensional spacetimes are denoted by lowercase Greek

letters p, v etc.

e Tensors indices on constant time three-dimensional hypersurfaces are denoted
by lowercase Roman indices a, b, c etc. The Christoffel symbol I'?, is constructed

from the induced metric hyp on constant time three-dimensional hypersurfaces.

o The Ricci tensor, Ry, is defined by Ry, = R°

ach*

2To some extent these issues were explored in [11,51]. In these references, advanced Bondi co-
ordinates are used; however, since advanced Bondi coordinates do not cover future null infinity,
the relation between symmetries at future null infinity and the future horizon remains unexplored.
These points were recently emphasised in [54,55]. More broadly, in recent years several studies of
null boundaries have advanced our knowledge of fluxes along null surfaces [56—60].
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¢ We have used boldface quantities e.g., w to denote differential forms in this

chapter.

2.3 Asymptotic flatness at timelike infinity

In this section we introduce our notion of asymptotic flatness at timelike infinity.
It is based on the corresponding notion introduced by Beig and Schmidt [61,62] at
spatial infinity, which has been extensively studied over the years [63-67]. We work
with a coordinate based definition. If needed, our results can be readily translated
to geometric frameworks. A mnotion of asymptotic flatness at timelike infinity in
the geometrical framework of Ashtekar-Hansen [37] was introduced by Cutler [44]
and Porrill [45]. A closely related notion in the geometrical framework of Ashtekar-
Romano [38] was discussed by Gen and Shiromizu [46]. Our notion is different from all
these previous works, as we allow a class of spi-supertranslations to act as asymptotic

symmetries at timelike infinity.

2.3.1 Asymptotic metric

To introduce our notion of asymptotic flatness at timelike infinity we start by intro-

ducing a set of “polar coordinates” for Minkowski spacetime {7, p, 8, ¢} as follows

Muwats” = =72, % =2 (2.3.1)

V14 p?

where 7, = diag{—1,1,1,1} and z* are a standard set of cartesian coordinates and

r? = (z1)? + (22)% + (2®)2. In these coordinates flat spacetime metric takes the form

dp?

2 _ 32, .2 2 102 | i 2 2

ds®* = —dr°+r <1 e + p*(df* + sin” fdy )) ; (2.3.2)
= —dr? + 7200 d¢tdg’ (2.3.3)

where we denote coordinates {p, 6, p} collectively as ¢*. Metric h((l%) is the unit metric
on Euclidean AdS3 hyperboloid H.

We start by considering a general class of spacetime admitting an expansion at
timelike infinity of the form

G =My + D T +o(m), (2.3.4)

n=1
where E,(ﬁ,), for each n, is a function of % Following Beig and Schmidt [62], this

metric can be put in the following more convenient form

ds® = —=N%dr? + hgdd®dg?, (2.3.5)
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where
N=1+ U((fa), (2.3.6)
1 1 1
b =72 006+ 1 + S+ 0 ()] an)

A derivation of the form of the metric Eq. (2.3.5)-Eq. (2.3.7) starting from Eq. (2.3.4)
is given in appendix 2.A. We define asymptotically flat spacetimes at timelike infinity
as spacetimes admitting an asymptotic expansion as in Eq. (2.3.5)-Eq. (2.3.7). Fur-
ther boundary conditions will be specified below. We will comment on the smoothness

of fields o, h(%), h? ete. on EAdS3 hyperboloid H at a later stage.

ab

2.3.2 Supertranslation at timelike infinity

A natural question to ask is what is the set of diffeomorphisms preserving the form
of the metric Eq. (2.3.5)-Eq. (2.3.7).% In particular, if supertranslations are genuine
symmetries of general relativity then they should also be realisable at timelike infinity.
In order to spell out our boundary conditions explicitly, we start by looking at the

action of supertranslations on asymptotic fields.

First order

As shown in detail in appendix 2.8, the diffeomorphism

F=F_ w(d_)a) + O (71—) , (238)
_ 1 - 1
% = ¢° + ;h(O)ababw(ng) +0 (72> , (2.3.9)

preserves the asymptotic form of the metric to order % Here w(¢®) is an arbitrary
function on H that determines the higher order terms in the diffeomorphism uniquely.

When w(¢?) is in the four-parameter class of solutions of

DyDyw — wh =0, (2.3.10)

with D, being the covariant derivative on H compatible with metric hgl))), the trans-

formation Eq.(2.3.8)-Eq.(2.3.9) correspond to a translation. More generally, the
above diffeomorphism corresponds to a supertranslation. The four functions satisfy-
ing (Eq.(2.3.10)) are

{\/1 + p2, pcos b, psin @ sin ¢, psin O cos gb} , (2.3.11)

3In the context of spatial infinity this question has been analysed in great detail by many authors
over the years; see [64,65] for a concise summary of the earlier results.
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representing respectively, the time-translation and three-spatial translations.
Under general supertranslation Eq. (2.3.8)-Eq. (2.3.9), the zeroth order field hg;)

does not transform,

h® = nl0), (2.3.12)
whereas the first order fields transform as,
o — o, (2.3.13)
h) = b)) + 2D, Dyw — 2wh . (2.3.14)
We define,
kab = &) + 20n. (2.3.15)
It follows from Eq. (2.3.14) that under general supertranslation,
Kab — kap + 2DaDyw — 2wh ). (2.3.16)

Now, there are two natural set of boundary conditions to consider. First, one can

dispose of all the supertranslations by demanding
kap = 0. (2.3.17)

These are the boundary conditions used in [44-46]. As is clear from Eq.(2.3.16)
that with these boundary conditions, supertranslations are not allowed asymptotic
symmetries. In the class of diffeomorphisms Eq. (2.3.8)—Eq. (2.3.9) only translations
(cf. Eq. (2.3.10)) are allowed asymptotic symmetries.

Second, motivated by the work on spatial infinity [66] and [39,40] one can choose,
k= hOabg , — 0. (2.3.18)

The requirement that the trace of k,;, vanishes should be invariant under supertrans-
lations. From Eq. (2.3.16) we therefore deduce that the following differential equation

for the function w,
(O0-3)w=0. (2.3.19)

This is the class of supertranslations we work with in this chapter. Here O is the
Laplacian on ‘H: U = D,D°.

There can be other classes of transformations with appropriately modified notions
of asymptotic flatness, e.g., logarithmic translations, superrotations, more general su-

pertranslations, that one can explore. We do not study them in this work. Very likely,
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our considerations can be extended to include a study of logarithmic translations fol-
lowing, say, [66]. However, how superrotations at timelike infinity [47,48, 68] can
feature in such an analysis is not clear to us. Naively, the introduction of superrota-
tions does not look compatible with the zeroth order equations of motion in the 1/7

expansion.4

Second order

It is of interest to study the action of supertranslations on the second order fields. At

second order the diffeomorphism presented in Eq. (2.3.8)-Eq. (2.3.9) generalises to,

r— w(qga) + %F(Q)(qga) +0 (7__12 , (2.3.20)
¢ = 6% + ;h(o)ababw(éc) + %G(Z)a(éc) +0 (7_-13) , (2.3.21)

where the functions F()(¢%) and G®%(¢¢) are uniquely fixed in terms of the function
w(4®) by the requirement that the form of the metric should remain the same to
order 7—12 We apply the above transformations and expand the metric in Eq. (2.3.5)—
Eq. (2.3.7) upto second order. Using the boundary condition k£ = 0, we find,
B2 5 B2 ko + Do kap + —f kae + 2 Rpe — ~0 (Do kye) — 20 (Dp k
ab ab ab w c vab + 2wb ac + 2wa be 2W ( a bc) 2W ( b ac)
+ 20whgz) + O (qWh) — OWapb — Uc(awg) — 0w (ap) + (0 & w)

+ w2l 20wy, + wlwpe - (2.3.22)

Here 0, = D,0,DyDpo = 0pa, DeDpDeo = 0pg €tc. and similarly for w. A detailed
derivation is given in appendix 2.B.

A non-trivial consistency check on this expression is presented in appendix 2.D.
There we consider doing a supertranslation on flat spacetime. We begin with (for flat
spacetime)

o=0, hY =0 n? =0 (2.3.23)

We note that ¢ does not change under supertranslations. Thus for the supertrans-
lated spacetime too o = 0. From Eq. (2.3.14), it follows that for the supertranslated
spacetime
W) = kg = —2wh(Y) + 2
b = Fab = W+ 2Wab, (2.3.24)

and from Eq. (2.3.22), it follows that

h(i) = wzh((l(l))) — 2WWa + WeWpe- (2.3.25)

a

4We thank the anonymous referee for suggesting us to add these comments.
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In appendix 2.D, we check that the expression in Eq. (2.3.24) for k,, and Eq. (2.3.25)

for h[(li) are consistent with the second order equations of motion.”

2.4 Asymptotic expansion of the equation of motion

Einstein’s equations can be split into 3+1 form, providing a set of three equations
appropriately projected along normal direction to constant 7 hypersurface. The split
provides the Hamiltonian and momentum constraints, and the evolution equation for

the metric on the 3-dimensional 7 = constant hypersurface. These equations read,

1 1

H= N&K + K K — Nh“bDanN =0, (2.4.1)

H, = DyK’ — D,K =0, (2.4.2)
1 1

Hyp=Rap + N&—Kab - 2Kach + KKg — NDanN =0. (2.4.3)

Here D is the covariant derivative compatible with metric h,, and K, = ﬁ&hab is
the extrinsic curvature of the constant 7 hypersurface.

These equations can be expanded in inverse powers of T as,

gO g1 g©@ 1
H = - + 3 + - +O(T5>, (2.4.4)
(0) (1) (2)
Ha Ha Ha 1
H, = - + 2 + -3 + 0 (7_4> s (245)
1 1 1
Hy=HY ;ng + ﬁHg) +0 (73> . (2.4.6)

The expansion coefficients at zeroth, first, and second order are summarised in the

following subsections. A detailed derivation of these results is given in appendix 2.C.

2.4.1 Zeroth and first order

At zeroth order, the Hamiltonian and the momentum constraints are identically sat-
isfied. The evolution equation implies that the three-dimensional metric hg;) on H
must satisfy,

7Y = RO 4+ 9p© — ¢, (2.4.7)

a

5 An expression for corresponding transformation of hfb) at spatial infinity was reported in equation
(4.111) of [66]. All the w-w-terms, the analog of the third line in Eq. (2.3.22), are missing there. We
note that the action of supertranslations at the second order has not been much discussed in the
literature; comments appear in [66,67], though neither of these papers present any details on this
specific calculation. We hope that the reader will find our appendices 2.B and 2.D useful. The action
of translations was discussed in [62].
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This condition implies that # is maximally symmetric with R(®) = —6 and the

Riemann tensor is given by,

0 RO 0 0), (0 0 0), (0
szb)cd = (hg%)hl()d) - hgd)hl()c)) = —h(o)héd) +h d)h,(,c) : (2.4.8)

6 ac a

Thus H is Euclidean AdS3 space, as noted earlier.

At first order, the Hamiltonian constraint gives,
HY = (-0+3)0 =0. (2.4.9)

The momentum constraint gives,

Dk = Dyk. (2.4.10)
The evolution equations H (5117) = 0 gives,
(0 + 3) kap = DaDypk + khY. (2.4.11)

Boundary conditions presented in Eq. (2.3.18) further simplify these equations to
Dkqy = 0, (O + 3) gy = 0. (2.4.12)

2.4.2 Second order

At second order, the Hamiltonian constraint takes the form,
1
h?) =120% + Zk“b kap — k%D, Dyo — Deo Deo, (2.4.13)

where h(?) is the trace of hﬁ), h? = h(o)abhgi). In arriving at this equation we have
used the boundary condition k£ = 0 cf. Eq. (2.3.18) and the first order equations of

motion. The momentum constraint reads,

1 1
D2t = ikbp (Dp kpa) + Da (—8 kb kye + 802 — k%D, Dyo — DCUDCU) . (2.4.14)

The evolution equation H éi) = 0 yields,
(O+2) 12 = gk | glho) | gloo), (2.4.15)
where the non-linear source terms have the following expressions,

S = (De koo Dy k) - %Da KDyt + (D k) (Do) — (D kua) (D ki)

— P kpp + B (DC Dakay — DDy kb)d) , (2.4.16)
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S%9) — _p,D, (deDC Dda) 1 4D% (—Dckab +D, kb)c) — doky

a

+ (=2h{) kD, Dyo + 4k Dy Do) (2.4.17)

S45? =Dy Dy (507 = DeoD o) + hly) (1802 + 4D°0D.0) +40DeDyor . (2.4.18)

The second order equations of motion, in the form presented above, with more
restrictive boundary condition ky,, = 0 take a particularly nice form and can be
concisely presented in terms of the electric and magnetic parts of the Weyl tensors,
as is the case at spatial infinity [65,69,70]. These results are presented in appendix
2.E.

2.5 Charges at timelike infinity

Next we would like to understand contributions from timelike infinity to the Iyer-Wald
global charges [71,72] (see also [53]) for supertranslations and Lorentz symmetries. To
this end, we compute contributions from timelike infinity to the Lee-Wald symplectic
form. This computation is presented in section 2.5.1. We find that with our boundary
conditions this contribution vanishes. It has been suggested by several authors® that
this should be the case with appropriate boundary conditions at timelike infinity. As
a result, “future charges” can be computed on any two-dimensional topologically-
spherical surface surrounding the “sources” at timelike infinity. We present charge
expressions in section 2.5.2. Some further properties of these charges are studied in
section 2.5.3.

What are these sources at timelike infinity? Note that bound objects (and fields)
reach timelike infinity. Fields close to these bound objects do not become weak and
cannot be regarded as asymptotic fields in the usual sense. In the 7 — oo limit, it is
convenient to regard individual bound systems, gravitationally unbound relative to
each other, as finite number of points on the timelike infinity hyperboloid H. These
points serve as sources for the charge integrals. This picture will become more clear

in section 2.6 where we discuss the Schwarzschild solution in the 7 — oo limit.

2.5.1 Contributions to the Lee-Wald symplectic form

Consider a spacetime with no horizons. The components of the boundary are the
past and future null infinity 7, J*+ and the points (in the Penrose diagram in
Fig. 2.1) past and future timelike infinity i~, i+, and spatial infinity i®. Since the
global charge variation is invariant under local deformations of the Cauchy surface

¥, one can deform ¥ in the far future to ™ U J+. Then, the first variation of the

5See for example section 7 of [53].
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FI1GURE 2.1: Consider a spacetime with no horizons. The components of
the boundary are 7—, J1 and the points at infinity i~, i°, and i*. Since
the first variation of global charges is invariant under local deformations
of the Cauchy surface &, one can deform X in the far future to it U J .
Then, the first variation of the lyer-Wald global charges satisfies 6Q¢(X) =
8Qe(JT ™) +0Qe(i1). With our boundary conditions 6Q¢(it) = 0.

Iyer-Wald global charges satisfies
0Qe(%) = 6Qe(T ) + 0Qe(i™). (2.5.1)

With our boundary conditions we now show that 6Q¢ (i) = 0. This is schematically
shown in Fig. 2.1. Recall that

0Q¢(X) = Q(g, 09, £¢g). (2.5.2)
The computation proceeds as follows. The Lee-Wald symplectic form [71,72] is
Q(g, 019, 029) = /Ew(g,cﬁg, d2g) = Eoﬂn7 Vhdiz, (2.5.3)

where

WY = prvabus (02900 Vg01gus — (1 <> 2)],

1 1 1 1
prvabus gwgévgaﬁ -5 gvﬁ gvugM -5 g'wgaﬁ gu5 -5 gl/agwgw + §gvagvf3 gué ,
(2.5.4)
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and where n” is the unit normal to the hypersurface X,
n = —Ndr, (2.5.5)

and V, is the covariant derivative compatible with the spacetime metric g,,. We
choose the hypersurface ¥ to be a 7 = constant surface. The volume factor Vhd3z
grows as 75 in the 7 — oo limit. The aim, therefore, is to determine how win,

behaves in the 7 — oo limit. On 7 = constant hypersurface,
—winy =Nw" =w" (14+0(1/7)). (2.5.6)

As aresult, the problem simply reduces to analysing the behaviour of w™ in the 7 — oo
limit. For our purposes, the w? expression can be written in a more convenient form

as follows,

1 1
w? = "% g% (82910 V 5019u5) — 59759'/”9@ (02900 V3019us) — 5971'9@[39”6 (02900 V3019u5)

1 ro 1 ro
-39 9" 9% (029,0V 5019,5) + 39 929" (029,0V 5019,s) — (1 ¢ 2)

1 1
= 9" (9°" 9°%629u0) V01045 — 5 (9" 9°“02gu0) V781G — 5 (97 9*%62900) V5 (9"°019,5)

1 1
—3 (9"“0290a) (97" 9°°V 3019pu5) + §9w (9"%629va) (9"°V5019.5) — (1 4> 2)

1
=5 62g0‘6 (V761ga8) +d2lng (V/;Jlg'm) + 52975 (Vgdilng) +d2lng (V761 1ng)
— 2059as (V¥01977) — (1 ¢ 2) (2.5.7)

where we have simply raised and lowered the indices in a convenient form and have
converted some terms to the determinant g of the metric. In this form, each of the

terms in w” can be easily evaluated. The following expressions are useful:

2 2
" poim), o =27 (1), (2.5.8)

1

8Gap = T(Sh((l? + o(7), 5g® = 3

Sgrr = — 2
.

shMab 4 o(1/7%), (2.5.9)

and for the four-dimensional Christoffel symbols the following expressions are useful:

1 1
re, = itharhad = =45+ o(1/7), (2.5.10)
T
T 1 T g 2
7 = §h Orhrr = —=+ o(1/7%), (2.5.11)
r L (0)

Using these expressions, the first term in Eq. (2.5.7) for v = 7 becomes,

029°% (V7 819ap) = 629" (V7 8107r) + 029 (V7 1ap)
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(2050 2010 o h(1)ab 1)
__(T+...><T2_|_...)_<_ 3 +"'><51h¢zb+"')

_ ! (8208, — 4610650 ) + o(1/7%)

3
1
3

(52kab51kab — 209001k — 201002k + 8(510’(520’) + 0(1/7’3)
(2.5.13)

The second term becomes,

26520 h{) Gah(Dab 4615 h s pMb
20+ ab 72 +>( 10_ ab 71 _|_>

T T

52 lng(V55lgT’8) = (

T2 72

1
== < — 40610620 + 461kdo0 + 1002kd10 — 51]€52]€> + 0(1/7’3)

T

(2.5.14)
The third term becomes,

(5297’3 (V551 In g) = (52977— (97— ((51 In g)
2650 26,0 K95 nMab
T T T
= %(8510520 — 2(520’(51%) + 0(1/7'3) (2.5.15)

The fourth term becomes

a

(0) ¢ 7 (1)ab (0) ¢ 7 (1)ab
521ngV7511ng:_<2620+hab52h +...>8T<2610+hb61h +)

T T T T

1
== <16510(520 — 461069k — 461kdo0 + 51k52k> + 0(1/7’3) (2.5.16)
T
The fifth term becomes

0290 (VO‘51975) = 02977 (V7019™7) + 629ap (VafslgTb)
= <2520_ _|_> <_26120 _|_> 4 23(51052}1%)}1(0)@_’_...)
T T T

1
= 7_3<2(51052k' — 16510(520) + O(l/TS) (2.5.17)

Most of these terms cancel out upon (1 <> 2) anti-symmetrisation. The final expres-

sion for w” reads,

w' = %(510(52](7 — (51/6(520) + 0(1/7’3> (2.5.18)
T
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Using the boundary condition, k& = 0, the O(1/73) term in Eq.(2.5.18) vanishes.
Hence, in the 7 — oo limit
Q(g,019,029) = 0. (2.5.19)

This implies,
5Q¢(iT) = 0. (2.5.20)

To summarise: we have shown that with our notion of asymptotic flatness, timelike
infinity does not contribute to the Lee-Wald symplectic form. Hence, the contribution
to the first variations of the Iyer-Wald charges from timelike infinity is zero. It has
been suggested by several authors that this should be the case. The result is entirely
expected on physical grounds. Fq. (2.5.1) simplifies to

5Qe(X) = 0Qe(TT). (2.5.21)

The contribution from null infinity, 6Q¢(J ), is well studied; for a review see [21].
One of key ideas in the subject is that the integral over null infinity can be written

as the difference of localised charges [53]
Qe(T*) = QE(TH) — QE°( ), (25.2)

where Ji are respectively the future and past 2-sphere limits of null infinity J .
In the following we will be interested in ngoc(jjf), which is what we call “future

charges”. Timelike infinity hyperboloid H reaches jj_r in the p — oo limit.

2.5.2 Charges

Since the contributions to the Lee-Wald symplectic form from timelike infinity van-
ishes, it follows that “future charges” can be computed on any two-dimensional
topologically-spherical surface surrounding the “sources” at timelike infinity. To keep
the notation simple, we denote future charges by simply Q)¢, instead of ngoc(j_ff).

Motivated by the corresponding expressions at spatial infinity [66], we propose
expressions for supertranslation and Lorentz charges at timelike infinity and show ap-
propriate conservation properties. We do not present a first principal derivation for
these expressions. Such a derivation can be given, for example, by relating the expres-
sions below to the corresponding expressions to null infinity, but such a calculation
is not attempted in this work.

We begin by observing some elementary properties of the 1/7 expansion of the
Weyl tensor projected on 7 = constant hypersurface. In four spacetime dimensions,

the Weyl tensor expressed in terms of the Riemann tensor, Ricci tensor and Ricci



2.5. Charges at timelike infinity 21

scalar takes the form,

1 R
Wapuw = Rapuw — 3 (goapLtsy + Rapgpy — Jav Ry — Ravgpyu) + 6 (9an9py — Jav9ppu) -
(2.5.23)

Let (7, ¢%) be the four-dimensional spacetime coordinates associated to the 341 split.

Then, for a general spacetime coordinates =¥ = z# (7, %) we define

oxH
0o’

el = (2.5.24)

The vectors e/ with {a = 1,2,3} are tangent to 7 = constant hypersurface. The

projected electric part of the Weyl tensor on 7 = constant hypersurface is defined as,
Ey = Wagw,egnﬁe’lfn”. (2.5.25)

For vacuum spacetimes, with R,g = 0 = R, Gauss-Codazzi equations give,
Eap = Rapuein’eln’ = — £, Koy + Koo Kf + N"'DuDyN | (2.5.26)

where £, is the Lie-derivative with respect to the unit normal n*.
Given the expansions for the extrinsic curvature components and the lapse func-
tion N in powers of 1/7, we can obtain the expansion of the electric part of the Weyl

tensor. A calculation gives,

1

_ 1w 2)
Ey = ;Eab + ?Eab +oee, (2.5.27)

where the zeroth order expansion coefficient identically vanishes and the first order

expansion coefficient is,
EY) =04 — o9 (2.5.28)

The first order electric part of the Weyl tensor satisfies the following properties on

H,

Ec(dl,) = Eé(ll), (symmetric) (2.5.29)
EWM* = 0o — 30 = 0, (traceless) (2.5.30)
DyEM? =0, (divergence-free) (2.5.31)

upon using the first order equations of motion. It then follows that for conformal
Killing vectors £¢ on H, E((l}))fa is a conserved current. The four translations induce

four conformal Killing vectors £* = D% on ‘H (recall when w represents a translation
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for wep — h((l%)w = 0), and this conserved current can be used to construct “future

charges” [45,46],
1

871G

where C' is a two dimensional topologically-spherical surface surrounding sources on

Qe = fdszab ghrb (2.5.32)

H. The induced metric on C' is g and r® is the unit outward normal to C' in H.
These charges are “conserved” in the sense that the integral can be done on any
topologically-spherical surface C' of H surrounding the sources, and the answer is
independent of the choice of C.

Clearly for supertranslations, such a construction does not work as D% is not a
conformal Killing vector on H. Fortunately, a slight modification of this construction
works [66]. We have,

EWer = B w® = g0 — 0wy, (2.5.33)

0)

Next consider 2D(w(,04)) for translations wep, — h((lb w=0,ie.,

2D (wieoy) = Dwaop) — D*(wpoa) = 3wop + Wa0p" — Wy oq — wy(30)
= 3wop + woey — wop — 3wyo

= ouw® + 2wop — 3owy, (2.5.34)
Hence, for translations,
E)er — 2D%(wp0y) = 2(0wy — woy). (2.5.35)

The key point is that the term D (w04 )€Y when integrated over C only contributes

a total divergence and therefore is zero. Hence,

/\fd2 ( —2D%(wiq0y)))E T —/ \fdeE(l)§arb—2/ Vi d*x (owp—wop)r?.
(2.5.36)
This last expression admits generalisation for supertranslations. The current (owy —

woy) is conserved for supertranslations as well, since (0 — 3)w = 0, implying
D (owy, — woy,) = 0. (2.5.37)
Hence, we can define a charge for supertranslation w as

Qu = 47rG/ \fd x (owy — wop)r. (2.5.38)

For translations this expression reduces to the previous expressions [45,46].
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Expression for Lorentz charges is relativity easier to propose. One of the second

order equation of motion, namely Eq. (2.4.14), automatically gives a conserved tensor,
1 1
Jaop = -0 4 S hakne + % (—Skcdkcd + 802 — kgD Do — DCJDCU> (2.5.39)

with D%J,;, = 0. For a Killing vector £* on H representing a four-dimensional rotation

or boost we define,

_ i 2 a,.b
Qe=g = /C\/ad x Jap§r”. (2.5.40)

These charges match with [45,46] upon setting kq, = 0 and noting the fact that the
second order magnetic part of the Weyl tensor is related to J,; by the curl operation

defined in appendix 2.E.

2.5.3 Commutator of charges

In the previous section, we wrote expressions for supertranslation and Lorentz charges.

The Poisson bracket between two charges is defined as (see e.g., [53,73]),

{Qx7Qx’} = _5xQx’ (2.5.41)

where the variation d, acts on the fields as the transformation induced by the asymp-
totic symmetry. Supertranslation charges defined in Eq. (2.5.38) can also be written

as
Q. = 1 / d2m\/§ (0w — owg) r® = L / d3x 0, { —h(0) (UGWUWQ)}
Y 4nG Jo “ “ drG Jy ¢ ’
(2.5.42)

where V is the part of H surrounded by C. Now, we wish to compute the Poisson
bracket between Lorentz charges and supertranslation charges. Identifying x = £ (a

Lorentz transformation) and x’ = w (a supertranslation), Eq. (2.5.41) becomes,

{Q&Qw} = _5§Qw . (2.5.43)

Using which the Poisson bracket becomes,

Q0@ =g [ a0, {oc [V=RO) (00— 0]}

= —ﬁ ; d*z 0, {m {€"Dy (0°w — ow®) — (0%w — ow?) Dbga}]
= e | 0 [ VRO 0" (€Dw) +wE Do — (€Di0) " — o (£'D?)
G Jy
- (wa — O'U.)b) Dbf‘lH
1

o 4G v
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4; = | do, {\/ —h(o){wfbDba“ — (&Dyo) w — abwDbgaH

_ ﬁ/‘)d% o \/ﬂ{aa (£-g) D" (£_cw) }]
- E / @z 9, [V =0 {we"Dyo" — (€Dyo) w® — o'wDye? }]
= Qu +— / @z \/=hOD, [we Dy — ('Dyor) w” - o*wDye?]
= Q. +—/ e m[wEbD Dyo® — (Do) D — 0 wD, Dy ]
= Qu + —/ @5 /=) [wE[Da, Dyl + Bwelo, — 3 (€Dy0) w — o'w[Dy, DiJe?]
= Qu+ ﬁ d*x /=hO [0 B0 + 3ug’a, — 3 (£"Dyo) w — o' wR ¢

= Qu (2.5.44)

where w’ = £_¢w. We have used the result, d¢v/—h(©0) = (1/2)mh(0)“b55h£) =0.

One could attempt the calculation the other way round, i.e., identifying x’ = £ (a Lorentz
transformation) and x = w (a supertranslation). That calculation is more involved. We expect
to recover @), possibly with terms that only contribute to a total divergence on C. At spatial
infinity the technology for identifying total divergence on the cuts of de Sitter hyperboloid is

fairly well developed, see e.g., [70]; at timelike infinity some further technical work is required.

2.6 The Schwarzschild solution near timelike infinity

In this section, we write the Schwarzschild solution near timelike infinity in the Beig-Schmidt
form Eq.(2.3.5)-Eq. (2.3.7). The Schwarzschild metric in standard static coordinates takes

2GM 2GM\
ds? = — (1 — i) dt* + (1 - Gr> dr? +r2d9?, (2.6.1)

where dQ? = (df? + sin? 0dp?) is the round metric on the unit two-sphere. We begin by

the form

introducing (79, po) coordinates defined as follows:

t=101/1+ pZ, (2.6.2)

T = pPoTo- (2.6.3)

These coordinates do not bring the Schwarzschild solution near timelike infinity in the Beig-
Schmidt form as in Eq.(2.3.5)-Eq.(2.3.7). A chain of further coordinate transformations
outlined in appendix 2.A are required (as expected). In coordinates (79, p) the non-zero

components of the metric takes the form to leading order in 1/7¢:

1

Groro = —1+ (2GM) (pg ' + 2po) —+ O(15?) (2.6.4)
0

Gporo = 4GM + O(75 ") (2.6.5)

oopo =76 (L+p0) ™"+ GM)(1+ p5) " (pg " + 200) 70 + O(1) (2.6.6)

goo = pg7o +O(1) (2.6.7)

Gop = poTg sin? 0 + O(1). (2.6.8)
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Since g,,-, term does not fall-off as O(7; '), the metric is not in the Beig-Schmidt form at

O(7y ). To fix this, following appendix 2.A we do the transformation,

G
Lo = pP1 + Ma (269)
T1
G(p1) = AGM (1 + p?), (2.6.10)
T0 = T1- (2611)

In the new coordinates (71, p1) the non-zero metric components take the form,

1
Grir = —1+ (2GM) (7" +2p1) —+ O(1,?) (2.6.12)
1
Gpim = O(T7 1) (2.6.13)
Goron = T2 (L4+p1) "+ GM)(1+p1) ™ (pr +6p1) 71+ O(1) (2.6.14)
900 = P17 +8GMpi (1 + pT)m + O(1) (2.6.15)
Gop = piTisin® 0 + 8GMpy (1 + p?) sin® 071 + O(1). (2.6.16)

The above metric is in the Beig-Schmidt form, though it does not satisfy our boundary
condition k = 0. To bring the metric in the requisite form, we do a general supertranslation

and call the final coordinates (7, p):

m=1—F(p), (2.6.17)
1+ p?

pr=p+ —-0,F (p), (2.6.18)

Fp) = —GM (p+2y/T+ psinh ™ p) . (2.6.19)

F(p) does not satisfy OF = 3F. The resulting metric is in the requisite Beig-Schmidt form

at first order in the expansion in inverse powers of 7, and
h) = —20n(9). (2.6.20)
That is, not only k = 0, but the full kg is zero. The field o takes the value,
c=—(GM)(p"+2p), Oo=30. (2.6.21)

From these transformations, we see that as 7 goes to oo for fixed 7, p goes to 0. Thus,
the horizon r = 2G M intersects the timelike infinity hyperboloid H at the origin p = 0. Note
that the function o is singular at p = 0.

The four functions satisfying
DyDyw — hiDw =0, (2.6.22)

are { V14 p?, pcosf, psinfsin ¢, psin 6 cos (25} representing respectively, the time-translation

and three-spatial translations. The charge integral

1
Qu=-17 ; Vad2z (owy — waop)r?, (2.6.23)
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H+

FIGURE 2.2: Horizon H7 intersecting the timelike infinity hyperboloid
H. In the limit 7 — oo the intersection shrinks to a point.

on p = constant spherical surface C' for time-translation w = /1 4 p? gives M.

2.7 Some final remarks

In the previous section we saw that for the Schwarzschild solution the fields o and hg)) =

—QUh((I%) are singular at p = 0. The singularity is such that the charge integral is finite even
on a p = € surface C'. Thus, for the region r > 2GM of the Schwarzschild solution, timelike
infinity is the hyperboloid A minus the origin. This indicates that for a system composed of
individually bound systems, gravitationally unbound relative to each other, timelike infinity
for the spacetime region describing outside the world-tubes of these system can be taken to
be H minus one point each for the individually bound system. These points act as sources
for the charge integrals.

For simplicity we focus on only one bound system, represented as a black hole, and take
the horizon to intersect the timelike infinity hyperboloid H at the origin p = 0. We excise the
point p = 0: it = H\{p = 0}. The horizon is a blow up of the point p = 0 as schematically
shown in Fig. 2.2. Having excised the point p = 0, the fields are all smooth at timelike infinity.

The considerations of section 2.5 can be carried over. The first variation of the Iyer-Wald

charges at timelike infinity vanishes
§Qe(it) = 0. (2.7.1)

This is schematically shown in figure Fig. 2.3.
Let us comment on the general form of the solutions for w, o and relate it to the Green’s
function discussion of [68]. The supertranslation function w and the field o both satisfy the

equation (O — 3)f = 0. Expanding in spherical harmonics, we have

0o l

Fp:0,0) =Y > fi(p)Yim(6, ). (2.7.2)

=0 m=—1
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FI1GURE 2.3: For a black hole formed by gravitational collapse, compo-

nents of the boundary are 7=, 7+, H* and the points at infinity i ~, i°,

and iT. Since the first variation of global charges is invariant under local

deformations of the Cauchy surface ¥, one can deform X to J T UiT U H™T

in the far future. Then, §Q¢(X) = 0Qe (T ) +0Q¢(i™)+0Qe(H ). With
our boundary conditions dQ¢(i") = 0.

The equation for functions f;(p) admits two classes of solutions. The first set takes the form,

1
(1) :&F 1713+l.§ I: —p2 2.7.3
100 =2on (5 2 i) (2.73)
. . . r(1+2) . .
where 5 F} is the standard hypergeometric function where ¢; = HCTRES) is a convenient
2
10

normalisation. In the p — 0 limit these solutions go as fl(I)(p) ~ 2p'. In the p — oo limit

they behave as fl(l) (p) ~ p. These functions correspond to supertranslations:

-y Zcszl P)Yim (0, 0). (2.7.4)

=0 m=—1

This can be seen as follows. For Minkowski space, in outgoing coordinates (u,r,0,p) =

(t —r,70,0), the time-translation takes the form,

0 0 py/1
Ou=01= 00+ Lo, = T+ 70, :” 9, (2.7.5)
In the 7 — oo limit and then p — oo limit, 3, ~ pd;. Thus the expected behaviour of
f(0,0)0, is indeed the one captured by the supertranslations Eq. (2.3.8)-Eq.(2.3.9) with
w(p,d,p) given in Eq. (2.7.4). A general null infinity supertranslation f(6,p)d, correspond
to

9] l
=33 i Yim(0,9)0u. (2.7.6)

=0 m=—1
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This construction, from the function f(6,¢) to w(p, 8, ) via Eq. (2.7.4), is the same as the
Green’s function construction of reference [68].”

The second independent set of solutions for the functions f;(p) takes the form

l 1
() = p 1o R (1 +5l-gig pz) : (2.7.7)
In the p — 0 limit these solutions go as f ( ) ~ p~t=1. Explicitly first few of these functions
are
S0 = prv2p (2.7.8)
1) = p72( =201+ 2, (2.7.9)
IT _
) = o2 (2.7.10)

etc. For [ > 2, in the p — oo limit they behave as fl(H) (p) ~ const p~3. Our o for the
Schwarzschild solution matches with féH) (p). Motivated by the corresponding discussion at
spatial infinity, it is natural to speculate that the most general o consists of the linear sum
of the functions fl(H)(p)Ylm(G, ©)

) l

=33 A (0)Yim (0, ). (2.7.11)

=0 m=—1

Note that such a o is singular at p = 0.

2.8 Conclusions

In this chapter, we have initiated the study of supertranslations at timelike infinity. Largely
developing on the previous works at spatial infinity, we have proposed a definition of asymp-
totic flatness at timelike infinity in four spacetime dimensions. We presented a thorough study
of the asymptotic equations of motion and the action of supertranslations on asymptotic fields.
We showed that the Lee-Wald symplectic form (g, 019, d2g) does not get contributions from
the future timelike infinity with our boundary conditions. As a result, the “future charges”
can be computed on any two-dimensional surface surrounding the sources at timelike infinity.
We presented expressions for supertranslation and Lorentz charges. For general spacetimes

we expect

u——+oo

future charges <——- Bondi charges at 7+ “=—> spatial infinity charges.  (2.8.1)

Whether radiative spacetimes with non-trivial supertranslation charges exist that satisfy this

hierarchy is open to argument [24].

"A proof can be explicitly written using the addition theorem of spherical harmonics.
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2.A Asymptotic form of the metric

We begin by considering a general class of spacetimes admitting an expansion at timelike

infinity of the form

1
gp‘y_mw+zél“/(7-)7-n+”.’ (ZAl)

n=1

where
% = etz (2.A.2)

and where z# are a set of Cartesian coordinates on flat spacetime at infinity. This class of the
spacetimes can be put in a more convenient form as in Eq. (2.3.5)-Eq. (2.3.7). In this appendix
we do so explicitly, following Beig and Schmidt [61]. The form Eq. (2.3.5)-Eq. (2.3.7) is our
starting point for defining asymptotically flat spacetimes at timelike infinity.

The ten functions in EEIL) at any given order n are functions of the dimensionless coordi-
nate (z° /7). To avoid cumbersome notation, henceforth in all the expressions we shall simply
write ﬁfw without mentioning its dependence on (z?/7).

Instead of the Cartesian coordinates z*, it is more convenient to use (7, ¢%) as a new set
of coordinates, with 7 defined in Eq. (2.A.2) and ¢* are coordinates on hyperboloid H. For

any set of ¢ we define functions w*(¢$%), such that,

m

Wh(¢) = ”37 (2.A.3)

Using this relation we get,
dat = whdr 4 7(Oqw")de®. (2.A.4)

Inserting the above equation in Eq.(2.A.1) we obtain the following expression for the line

element,
u 1
2 v n n v
ds” = g datda’ = | + ;E’(‘”)TT + drtdx
N + Z E(") (whdT + T(Ogw)dd®) (w”dT + T(@bw”)d¢b)
= | + Z ¢ ”’— +-
x [whw’dr? + 1w (Oew!)de dT + TwH (Daw” )d¢™dT + T2(Daw) (Dpw" ) dd*dg"]
v - n L,V 1 2
=— [—nﬂyw”w - Zlffw)w‘ iy +---|dr
v = n v 1 a
+ 27 | npw! (Oqw") + nz_:lﬁl(w)w“(@aw )T—n + - | drde
1
4+ 72 0y (D) (Do) + Z (9 (aw") (Dp) — + dedg®. (2.A.5)
n=1
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Using nuwhw” = —1 and n,,w"(0aw”) = (1/2)0.(w,w”) = 0, along with the following
definitions,

5 (4°) = — | (2.A6)

A(")(¢“) —f(")w“(8 W), (2.A.7)

M (6) = £0) (9, (Bys”) (2.4.8)

h(0><¢°> Dy (at®) (D) (2.A.9)

the asymptotic form of the line element at timelike infinity takes the form,

AR
2__ | g —m— 1 9
ds l +§ pr +0(r dr® +2r

m (,

i+ 1 o

f () (T—m—l)] drdg®

do®de® | (2.A.10)

m (n)/ e
> Lﬂiqﬁ ) +0 (T_7'L_1)] drdg®
n=1

(n) ( He 2
- — |}‘+Z g Ti(b ) +O(T—77L—1)] dT2+2T

h(")

™ |hgy +Z Par (7

o(r—™m 1)1 dg*dg’ . (2.A.11)

Here, 0(™)(¢) are functions of @™ (¢°), e.g., ¢ = (6(V) /2).
Next we show that there exist a coordinate transformation that brings the metric in
Eq. (2.A.11) to a form where,

o™ ¢y =0, forn>2, (2.A.12)
A (¢¢) =0, forn>1. (2.A.13)

We achieve this order by order. At first order, we take

g
pr—ges © %(fﬁ ) (2.A.14)
- (2.A.15)
This yields,
_ G(l

d® = do® — d7 + = <0bG 1>a) e, (2.A.16)

and (Da( 7
o) () = o) (37 + G?W)aa(,(n) + O, (2.A.17)

In these new coordinates, line element Eq. (2.A.11) takes the form (keeping track of all the
first order terms),

dr? + 27

ds? = — [1 + 26(11@6) +0(772)

7

GHa

(1) 7¢
A L o (7 }dma
hiy (3)
-

>
+72 Do (72)} drdg®

W
h$) (e _
() 4 —ab 2 @) 1o (72)} dg®dg® — 272 [h“’)

=2 | 1(0) hglb)(‘gc) R ()a\ 77¢77b
+ 27 hab+?+0(‘r ) ;(acc: ) d¢cde
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(1) (Ac - "
= - {1 + 220 4o (72) |4 12 (4@ = nQ6W + 0 (+1) | arag
hey (6) | 2 5043
7 |1 B 2D (0,6) 0 (%) asadt A
T T
Thus setting,
Agl) _ h(%)G(l)b ’ (2.A.19)

the line element takes the requisite form at the first order in the inverse powers of 7.

Keeping track of the second order terms, we have

2(1) c 1\2 2(2)
dszz_[H ) | 4 2

3 +O (7_3)} dr? + 27

(2)( ¢
Aa’rg(b ) + O (T—S)] denga

-
WD) B (g
2R 4+ (‘75 ) 4 (¢ )4 O (r7%) | d¢de” . (2.A.20)
72
The following coordinate transformation,
F@ (pe
PR el Ca ) (2.A.21)
=
% = ¢%, (2.A.22)
yields
@ 1y2 ) @) A @)
gs? = — (14222 L @) 22" —22 +0(77%) | dr® v 27 7SF +0 (773) | drdg®
T T T
) (2) (2)
+7: (0) + ab +h‘7L2b+ 252 ht(l(;,) +O(T3):| dd)ad(f)b . (2.A.23)
T T

Thus, no (1/7) term has been generated in the coefficient of the d7d¢® term and hence the

condition AS}’ = 0 continues to hold. Furthermore, if we choose,

F® =952 (2.A.24)

then the (1/72) term in the coefficient of the d72 in the metric can be set to (o!)2. Thus the
modified metric has only [(0!)?/72] term in the coefficient of the d7? and no (1/7) term in

the coefficient of the d7d¢®. We can now use,

u G(Z)a ¢b
¢t = ¢" + 772() (2.A.25)

=", (2.A.26)

and choose the function G(?%(¢"), such that AP p©ab = G@P and hence the (1/72) term in

the coeflicient of the d7d¢® can be made to vanishes. Next, setting

FO ()

7—-2

=7+ (2.A.27)

we can eliminate (1/73) term in the coefficient of the d72.
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Proceeding in an identical manner, we can eliminate all terms in the coefficient of d7d¢®
and all terms beyond 7~2 in the coefficient of d72. Thus, metric Eq. (2.A.11) can be reduced
to the one satisfying conditions Eq. (2.A.12)-Eq. (2.A.13). Thereby, we arrive at our final
form Eq. (2.3.5)-Eq. (2.3.7).

2.B Action of supertranslation on asymptotic fields

We apply the following transformation,

_ “a 1 ~a 1
r=7-w(é )+;F(2)(¢ )+@<7__2> , (2.B.1)
-1 - 1 - 1
6% = 4% + ;h(o)“babw(df) + 5G(2) a(¢c) +0 (7_3> . (2.B.2)
We obtain,
dT = ]. — TF + O - dT + —3aw + :(%F + O - d¢ s (2B3)
72 73 7 72
1 1 1 -
a _ |ga - (0)ab - (2)a - c
do [5C+%ac (hO ) + = (0.6 )+(9(%3)}d¢
L (n©sbg 260 (L) ar 2.B.4
+ oz (O0w) - 56 o () far (2.8.4)

The following relations are also obtained,

a(¢7) = o(9") + éh@’ababwaao +0 (;) 7 (2.B.5)

1
1) = K@) + T (213)

o (009) + (0mae) (4050,0) ] w0 ()
(2.B.6)

- 1 1
B (6%) = b (69) + —h 000 (9.0)) + O <2> . (2.B.7)
T T
Inserting these expressions in the full metric we can read the changes in the first order fields,

oo (2.B.8)
By = by = 20nl) + RO (0.05)) + 1 0u (ROP0,0) + 1, (hOM10,0)
(2.B.9)

This last expression can be more conveniently written as,
h) = n) + 2D, Dyw — 20k (2.B.10)
In order to preserve the original form of the metric, we must choose,

1
FO) = 0w+ WO 9ywd,0 — Shl) (n@ct.w) (B 0), (2.B.11)
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2G2) = ~0,F + 200, — (04) 0 (RO 0y) + 20,0 — B0 — PPwdrw (0.h5)) .
(2.B.12)

This results in the transformation for hﬁ) as

B = b = DowDyw + [~whl}) + DWDhS) + 20Dy Desw] + (2P + w2 ) Y
+ 2D, G} — 4w DaDyw + Dy Dw DyDew + 2D, Dw D% T}

b Yed

+ D%w Dl (D), + TP

(0)p1~(0)
(ba)d (ba)p — F(ac Fb ) ; (2.B.13)

)dp

where we have used the following notation

©0:p©) (2.B.14)

cr - pqi

0) ._ 0 0)i(0) 0)i(0)
DI = 9.0 — 1O i — T I, —T

and the following results

I R (2.B.15)
Loy + Do, = ahly), (2.B.16)
Bpw ah P 4+ h 0,0, = D,Dw — D% T ). (2.B.17)

Next we simplify Eq. (2.B.13). Defining ¢, = D, ¢, for any scalar function ¢, we obtain,

O h((fb) = — wewp — wkgp + 20wh$)) + WD kap + wi kae + Wi kpe — QOchhg%) — 4owgy

+ (2aw + 2w.0¢ — wew® + w2) h‘(l%) — dwwap + wWiWpe + wgwdrggﬁl + wlfwdl"[(l(?d

1
— 5 (Dan + DbDa) F(2) + oqwp + 20wap + Tpwg

1 1 1 1
- §wc (D kpe) + oqwp — ikbcwg + 20Wap — §wc (Dy kge) + opwe — B kacwy

1
- OJacwlg - iwc (Dan + Dbpa) w® + 2wawb + 2wwab

1
— §wpoﬂ (Daf(o) + Db]."fg,)q) — wgwqrf) ) _ wi)wa—‘(o)

0
bpq Pq apq

+ wcwd (DCF(O) + Fgg) p F(O) _ F(O) p F(O)

(ba)d (ba)p (ac b)dp) . (2B18)

We further obtain,

(Dan -+ DbDa) F(z) = 20w + 2wa0p + 204w + 20w4p
+ we (DyDy + DpDy) 0 + 200wy + 200wy + 0c (Do Dy + DpDy) w€
- Wacwlg - wbcwg — We (Dan + DbDa) we. (2.B.19)
Combining these expressions we obtain,
1 1 1 1
5,h2) = — Wkap + W Do kay + 5Wbkac + 506 ko — 50° (Da kue) = 50" (Db kac)
+ ZUwhg%) + 0 (qWp) — OWab — ac(aw,f) - Ucw(cab) + (0 & w)
+ wawp + (—wcwc + w2) hg%) — 2Wwep + WeWhe

1 .
+ sww! | (Derfy = Dalfoy — T PTG + 1 1))
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0 0 0 0 0 0
+ (Dr gy = DT+ TP TS, T T ) . (2.B.20)
Using
Dol = Dalyoy = TP iy + TP T4, = Ryl = —hyd by +higlhg . (2B.21)
D~ TR P, RO, — DN Y, 2

we obtain our final form for 4, hﬁ),

1 1 1 1
6,02 = — Wkap + W Do kg + 506 Kac + 506 koo — 50 (Da ki) — 5 (Do hac)
+ 2awhfl%) + O(aWh) — OWab — Uc(awlf) — 0w (ap) + (0 & w)

+ thg%) — 2Wwap + WEWhe. (2.B.23)

2.C Expansion of the equations of motion

Given the previous series of coordinate transformations, we arrive at the following form of

the asymptotic metric, near timelike infinity,

ds®> = —N2dr? + hapd¢®de®, (2.C.1)
where
N—1479Y (2.C.2)
T
1 1 1
b =7 1D+ TH )+ e ro (%) ey

The future directed unit normal vector to a 7 = constant surface is,

1
n, =—NV,T, nt = Néﬁ . (2.C.4)
The induced metric on 7 = constant hypersurface is hqp, while the inverse spatial metric has

the following expansion,

1 1 1 1
ab 0)ab 1)ab 2)ab 1)ay, (1)cdb

T T 75

)

For any spatial tensor Té; at order n in the expansion, we raise and lower indices with hg;)),

for example,
T(mab — pOacpObdp(), (2.C.6)

For a general spatial tensor Ty, we have Tab — pacpbdy .

The extrinsic curvature K,

The extrinsic curvature of 7 = constant hypersurface takes the form,

_ L _ oo, (Lo o), 1 0 g, 1
Kap = 53:0rhay = Th +<2hab ohS +T(0 h® 2hab>+(9 . (2.0

T2
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Upon raising one and two indices respectively we have
a ac 1 a 1 1 1a a
Kb =h ch :;617 +§ <_2h’l()) _U(Sb)
+ L (o20p 4+ Tpe — p@e e, Lo (L (2.C.8)
73 0 0y 2 b b 2 pb ! L.
Kub _ hach _ih(o)ab + i _§h(1)ab o h(O)ab
N © 73 T4 2 7
L[ op@ab on(Mapp (b 3Jh(1)ab 2,0\ L o2 9.C.9
+ 2 (anee ¢ rol))+o( ) . @)

The trace of the extrinsic curvature becomes,

3 1/ 1 1
K=Kt =24 = (=2n® —30) + = (302 + Zp0 — p® 4 h“)abh V) +o :
T T2 2 T3 2 74

(2.C.10)
Asymptotic expansion of intrinsic geometry
For any perturbed symmetric, spatial tensor Sab , we note the following identity
—04Sy) + 9SS + 085 = ~DaSi + DySGY + DSy + 2P S, (2.C.11)

where D denotes covariant derivative compatible with hfl%) on H. Using the above identity,

the asymptotic expansion of the Christoffel symbol takes the form,

1
be = ihad (—0ahpe + Ophae + Ochpa) (2.C.12)
a 1 a
= 10y —phe 4 —F@ +0 ( ) : (2.C.13)
T T
where
i — _pDap©@d h<0>ad (=Dahfy) + Doy + Dohfy) + 20507 n) ) (2.C.14)

a a 1
Fl(;i) — (h((iz) _ h:(nl)ahg) )Fl(;(c))d+ 5h(O)ad( D hl()i) +Dbh(2) —I-D h(2) +2F(O)Ph(2))

1
— 5hV (=Dafy) + Dyhly) + Dohy) + 20000 (2.C.15)

Here, FI()(C),)G is the non-tensorial Christoffel symbol associated with the zeroth order spatial

metric hg;). The other expansion coefficients are tensors and have the following simplified

expressions,
a 1 a
D = 5 (-0 hY + Db + D) (2.C.16)
a_ 1 a 1
03" = 5 (-D°hiy) + Doh®? + Dehf?*) = ShO (=Dahfy) + Dyhly) +Dehly)) -

(2.C.17)

The three-dimensional Ricci tensor takes the form,

Rap = 0.1¢, — 0T, +T¢, T4 —T¢ I
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a a

_ 50 1o 1 e 1
=Ry + R + Ry +0 (T3> . (2.C.18)

Here, Rs;,) is the Ricci tensor associated with the spatial metric hi%), while the other two

expansion coefficients are,

R = % (DD + DDV~ DDRG) — DD ™M) (2.C.19)
R = % (DD + DDRPe ~ DR — DD

+ %Db (nVp,nly)) - %Dc (O (=Dahl}) + Dyhl) + Dahfy) )|

+ iDCh“) (~Denfy) + DohDe + DunfY*)

- ipahgﬂpbhgw + %D%éﬁ}pch,ﬁ”d - %DChfjd)Ddhg? : (2.C.20)

These expressions will be used extensively in what follows.

The Hamiltonian constraint

The Hamiltonian constraint takes the form,

1
H=_—0,K+ KuzK»® — Nh“bDanN =0, (2.C.21)

1
N

where D, is the covariant derivative compatible with h,;. Expanding out each of these terms

we obtain,
HO O g2 1
H = = + =3 + o +0 (75) . (2.C.22)
where
HY = (-0+3)0 =0, (2.C.24)

H® = @ _ 952 — ih“)“bhfﬁ) - %oh(l) +hMPD, Dyo + oo + O VD 5 = 0.
(2.C.25)

Using, ke = h((llb) + QO'hEI%), cf. Eq.(2.3.15), the second order coefficient can be simplified,
yielding,

1
H® = p® 1242 — Zk“bkab + kD, Dyo + D,oD

1 1
+ §Uk —o(d—-3)o — §DCU (D°k) + D.oDyk* . (2.C.26)

Now upon using our boundary condition £ = 0 and lower order equations of motion it sim-

plifies to

1
H® =p® —125% - zk“bkab + k™D, Dyo + D.oD c = 0. (2.C.27)
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The momentum constraint

The momentum constraint H, = 0 takes the form,

H,=DyK’ - D,K =0. (2.C.28)
This can be expanded as,
lyo g Lyoe
H,=-H,” + H,)+—=H) +... (2.C.29)
T 7—2 7—3
where
HO® =0 (2.C.30)
1
HY =— 5D (kb — k6?) (2.C.31)

1 1 1
H® = —Dyh?b 1 51&’? (Dykpa) + 51% (Dpk") — ga (Dyk?) — Zk; (D.k) + % (Do)

3
+ D, [P — gkb%bc + ok — 40—2] . (2.C.32)

Using second order Hamiltonian constraint H? = 0 and boundary condition k = 0, together

with first order equations of motion, we get

1 1
H® = —Dyhb 4 kap (Dokpa) + Do (—8kb%bc + 802 — k®D,Dyo — DCUDCJ) =0.

(2.C.33)
Asymptotic expansion of the evolution equation
The evolution equation of the spatial metric hyp takes the following form,
1 . 1
Hap = Rap + 50-Kap = 2KaeK§ + K Koy = =DuDyN = 0. (2.C.34)
Expanding in powers of % we have,
_go 1w 1o
Hu = Hy) + ~Hy) + SHG + .. (2.C.35)
where
(0) (0) (0)
H, =R, +2h, =0, (2.C.36)
1
H) = —5 (O+3)kay =0, (2.C.37)
1 o oo
Hy = =5 @+ 2)hG) + 15" + 157 + 1577 =0, (2.C.38)

and where the non-linear terms are

1 1
Tk — 3 (Deka(a Dy k) — §Dak“’dDbkcd + (D%kaq) (Dekfl) — (Dkaa) (Dse)

— K2k + kY (DeDakay — DeD(aknya) |, (2.C.39)
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o 1
Téf )= 5|~ DDy (deDcha) + 4D (—'Dckab + 'D(akb)c) —dokgp
+ (~2h KD Dao + 4K Dy Do) |, (2.C.40)
1
T = 5 | PaDs (502 — D.oD°0) + b (180 + 4D°0D,0) + 40DQD50] . (2.C41)

where we have used the boundary condition k = 0 and the first order equations of motion.

2.D A consistency check

In this appendix we perform a non-trivial consistency check on our asymptotic equations of
motion and expression Eq. (2.B.23) for 5wh((j)). We consider doing a supertranslation on flat

spacetime. Thus to begin with we have (for flat spacetime)

o=0, B =0, n¥=o. (2.D.1)

We note that ¢ = 0 does not change under supertranslations. Thus for the supertranslated

spacetime too o = 0 and from Eq. (2.B.10) it follows that
W) = 5,0 = ko = =209 + 20, (2.D.2)
From Eq. (2.B.23) it follows that
hﬁ) = w2ht(lob) — 2Wwap + WEWpe- (2.D.3)

We check that expression Eq. (2.D.2) for kqp and Eq. (2.D.3) for hﬁ) are consistent with second
order equations of motion.

Recall that Ow = 3w, and also we note the following useful relation,

Ow, = DyD’Dyw = DyDyDPw = [Dy, Dy DPw + D, Cw
_ R(O)bDCoJ + 3wa _ _thg)wc + 3Wa = Wq- (2D4)

cba

Hamiltonian constraint

The Hamiltonian constraint Eq. (2.C.27) becomes,
@ _ L, o aw
S Zkabk . (2.D.5)

Given expression Eq. (2.D.2) for kq, we have

1
Zkabk“b = 3w? — 20w 4 wepw™® = —3w? + wepw?®, (2.D.6)

which matches with the trace of Eq. (2.D.3), viz.,

A = 3w? — 200w + WPwep = —3w? + WPwyy. (2.D.7)
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Momentum constraint

The momentum constraint presented in Eq. (2.C.33) becomes,
i@ = Ly Lypep g 2.D.8
ab7§ bpafz alvbe- ()
On the one hand, the right hand side of Eq. (2.D.8) is

1 1
§k;bp Dypkpe — zk‘bc Dokpe = —2wbwg + WDy Dow, + Bww, — wbcRgg)abwd

= —2wpw’ + WDy Dewy + Bww, — whe (—hé%)hl()g) + hz()g) hfg}) w?
= —wbwg + WDy Do, (2.D.9)
On the other hand, the divergence of Eq. (2.D.3) yields for the left hand side of Eq. (2.D.8)
D'h) =D (W?h() — 2ewas + wiwer)

= 2ww, — 2wlwap — 2w0w, + wad’wcb + wiOw,

= —wlwap + (,‘Ja‘:l’cucl77 (2.D.10)

which matches with Eq. (2.D.9).

Evolution equation

The evolution equation as presented in Eq. (2.C.38) is decomposed into several terms,

1 1
(O+2)h2) = Z | DekgaDy k4 + Dok Dy K ~5Da k' Dy keq
—_— —

2
Term 1 Term 2 Term 3
+ (D kaa) (De ki) — (D kaq) (D kie) — KE kipp
——
Term 4 Term 5 Term 6
cd 1 cd 1 cd
+ | kD Dykay | — | = kDeDy kipg += kD Dy kaq | . (2D.11)
—_—— 2 2
Term 7 Term 8 Term 9

We first evaluate the right hand side using Eq. (2.D.2) and then evaluate the left hand side
using Eq. (2.D.3) and show the match.
We obtain the following expression for various terms on the right hand side. For “Term

1” we have,

%Dc kaaDpkd = 2D.. (—whgo) + wda) Dy (—wh(O)Cd + w“l)

= —2w Dy, Dc]wa — 2w Wabe + 2wWade[Dh, Dc]wd + 2wadcwbdc

= Zhg%) (Wew®) — 4w wWape + 2Wadewy™ (2.D.12)
while “Term 2” follows from interchange of (a,b) in “Term 1”. For “Term 3” we have,

%Dak“dDb ea = 2D (~wh(©% 4+ w?) Dy (—why) + wea )

= —6wawp + 2 {[Da, Dc]wd + wadc} {[Dp, DeJwa + wpdc}
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= 2wcwchg%) — 4w Wape + 2wadcwbdc . (2.D.13)
For “Term 4” we have,
0
(D kaa) (Dek) = 4D° (—whll) + waa ) DL (bl + )
= 4wcwchfl%) — 8w wape + 4wadcwbdc. (2.D.14)
For “Term 5” we have,
(D° kaa) (D k) = 4D (_whff; + wad) D (-mff? T wbc>
= dwqwp — 4w [Dp, De|wa — 8w wape — 4w [Da, De]wp + 4[De, Dd]wawad + 4wacdwb°d
= —dwqwp + 8wcwch$)) — 120 %wape + 4wacdwbed + 4w wpeq

= —dwqwp + chwchfzob) — 8w Wabe + 4wacdwb6d + 4w¢[Dq, De]wp

= 4wcwchg;> — 8w wape + 4wacdwb°d . (2.D.15)
For “Term 6” we have,

kR kpp =4 (—w&ﬁ + wg) (—whz()(;) + wpb)

= 4w2h$7) — Bwwgp + dwhwpp . (2.D.16)

For “Term 7” we have,

K Do Dakap = 4 (~wh©* + ) DDy (—whly) +wap )

= 120°h) — 40°%wegh?) — 40Twap + 40 Wapge (2.D.17)

a

and finally for “Term 8” we have,

1
55 De D by = 2 (—wh®! 4+ w) D, D, (—whly) +wia)
= wap — 2waewf — 2w0h VD, {[Dy, Dglws} — 2whway + 2w whade + 20D, {[Dq, Dalws }

= GthEL%) — 200wap + 20 Wpade — 2wcdw0dh(%) . (2.D.18)

a

“Term 9” is obtained by interchanging (a,b) in “Term 8”. Collecting all these expressions we

get,
(O+2) hﬁ) = —4w2h$}) + wwap + 2hg%) (Wew®) — dwswep — 4w Wape + QdeCwbdc (2.D.19)

On the other hand, using expression Eq. (2.D.3) for hﬁ) we obtain,

(O+2)h = 2020 — dwwap + 2wiwe + B DD w? — 2D° D, (wwap) + D° D (wlwap)
= Sthg%) — 10wwgp + Zhg%) (Wew®) + 2wwep — 4w wape + 2wacdwad

+ wepOws + wiOwep — 2w0wgy, - (2.D.20)
We now have the following identity,

Dwab =D° DC Da wa
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= D° (R{))," ) + De Dy Dy
_ (_hg? O + hORO ) WP 4 [Dy, Do) Dy + Dy Do Dy

= —wap + by Ow + R w + RO wl + D, [De, DpJw + Dy Dy Ow

= —way + 3hl§) + (=B + BB ) P — 2y + B wE + B

— —3wgp + 6wh ) . (2.D.21)
Thus we obtain,

(O+2) hg)) = 8w2h((1%) — 10wwgp + Qhé%) (wew®) + 2whwep — 4w Wape + 2wacdwb6d
+ wep (—3w§ + 6wds) + w (73wcb + Gwhgg)) — 2w (73wab + 6wh$}))
= — 4w2h£3)) + Swwap + th%) (Wew®) — dwiwep — 4w wWape + 2wacdwb6d ,

(2.D.22)

which matches with Eq. (2.D.19). A similar calculation at spatial infinity was done in [67].

2.E Expansion of the Weyl tensor

In four spacetime dimensions, the Weyl tensor expressed in terms of the Riemann tensor,

Ricci tensor and Ricci scalar takes the form,

1 R
WQBMV = Ra,@,u,l/ - 5 (gauRﬂy + Rozugﬁu - goa/Rﬂu, - Ral/gﬂu) + g (gapgﬁu - g(xugﬂu) .
(2.E.1)

Let (7, ¢*) be the four-dimensional spacetime coordinates associated to the 3+1 split. Then,

for a general set of spacetime coordinates z# = z# (7, ¢*) we define

ox#

dge

no_
e, =

(2.E.2)

The vectors e with {a = 1,2, 3} are tangent to the 7 = constant hypersurface. The projected

electric part of the Weyl tensor on 7 = constant hypersurface is defined as,
E., = Wamue;"nﬁegn”. (2.E.3)
For vacuum spacetimes, with R,g = 0 = R, it simplifies to,
Eap = RopuveinPeln’ = —£, Ko + Ko Kg + N"'D,DyN | (2.E.4)

where £, is the Lie-derivative with respect to the unit normal Eq. (2.C.4). We have used the
fact that 7 = constant surface is spacelike.

The projected magnetic part of the Weyl tensor is defined as,

Bab — (eaﬁp(erg p.u) egnﬁegnl’

N = N =

4
(egnﬁ 504,8/)(7) 9"g° W’yélwegny
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(egnﬁea/;pg) (h*Y + enfnY) (h‘”s + en"n‘s) Wosuveyn”

(egnﬂeagpg) (h””’h"‘szguyegn”) ) (2.E.5)
For vacuum spacetimes,

(egnﬁeagm) (h’”’h”‘sR,yg,weZn”) = fleacd (DCKgl — DdK,f) = feacchKg .

Bab = 9
(2.E.6)

Note that we have used the result, €,ag,n" = eabcege%eﬁ, where €4 is the three-dimensional
Levi-Civita tensor. In what follows we will expand both the electric and magnetic parts of

the Weyl tensor.

Expansion of the electric part of the Weyl tensor

Given the expansions for the extrinsic curvature components and the lapse function N in
powers of 1/7, we can obtain the expansion of the electric part of the Weyl tensor. A

calculation giVGS,
ab - ab 2 ab e ( e )

where the zeroth order expansion coefficient identically vanishes and the first order expansion

coefficient is,
EY = —onl® + D,D 2.E
ab T ab b0, ( . 8)
while the second order expansion coefficient is,

1 .
B = 30%h{y) — b3 + hPh) — oD, Dyo — ) Dec — ZhY)

1
= — b3 +50°h(y) + Tk — ok — %kab — 6D Dyo
1
— 5 (=D kap + Dk + Do) Do + 2D 00 Dyo - W9D.oDo. (2.E.9)

For the first order term, we have the following properties,

Ey) =B, (symmetric) (2.E.10)
E((ll)a = —30+Uo =0, (traceless) (2.E.11)
DbEt(ll)b =0. (divergence-free) (2.E.12)

We consider the following combination at the second order

E® —6E) = —h +60°h) — 20D, Dyo + 2D,0Dyo — b9 D.oD0
1 1 3
— 5 (=D%kap + Dk + Do) Dec + L k2kyy gkab (2.E.13)
For kab = 0,

ED —6ES) = —n?) 1+ 66211 — 26D, Dyo + 2D,0Dyo — b9 D.0D0 (2.E.14)
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is also symmetric, traceless, and divergence free upon using second order equations of motion.

The trace and divergence equations for hflzb) can equivalently be thought of as tracefree and

divergence free conditions for Eﬁ) — O'EE(L? .
Expansion of the magnetic part of the Weyl tensor

We now compute the expansion of the magnetic part of the Weyl tensor starting from
Eq. (2.E.6),
Bap = —€aegh®™ Dy Kt = Bgu —B® ... (2.E.15)

The first order expansion coefficient is,

1
B{) =0 (D%g”d + 53@00)

acd
= fm)d{ D¢ (k — 206Y) +5gDCa] —; © (pekg), (2.E.16)

while the second order expansion coefficient is,

€acd

C 1 C (& m 1 cm
B = O { [D W24 —250D° (o )} — 5 (ki +005,) DEG + Sh O IO

mb

1
h(o)cmf(l)”kd De (%k?) _pe <2kdp kpb) + e (Qng) } (2.E.17)

where, we have used the result, h(V%h}) = (k% —20h %) (kyy, —20h()) = k% kyy, — 40kg +

40265 . These expressions become much simpler for k,;, = 0, in which case, we have,

BY =, (2.E.18)
BY) = {0y (nP -~ 2000?). (2.E.19)

acd
B[(j) in Eq. (2.E.19) is symmetric,
eOetr gl — (Oatrel)) pe (37— 250?) (2.E.20)
— (557 — 8507) D° (hf” - 25302)
= (D'hP7) +4(D'0%) - D (n®)
= D" (80> — D.oD0) + 4 (D’0?) — DP (120* — D.oD°c) =0, (2.E.21)
where we have used the second order equations of motion. B(ﬁ) is traceless,

B®a — () pe (hm)ad _ 2h<0)ad02) —0, (2.E.22)

furthermore Bﬁ) is divergence-free,

DaB[EQ)a _ 6(O)acd Da |:Dc (hl()z) o th()g)o_2):|

= 0t p, [p, () 207 0?)]



44 Chapter 2. Supertranslations at timelike infinity

1 (0)ac 2 0) (0)ac
- §e<°> UD,, DJhY — 20D ©%d D, D, 52

1 .
— ,E(O)acd (Rbpachg)p + deachl()2)p)

2
1 (0)acd (0) (0) (2) (0) (0) (2)
— et [(hSOnD + mD 0 ) 0+ (<nG 0 + ) hPr] < o.

(2.E.23)

The trace and divergence equations for hffb) can equivalently be thought of as tracefree and

divergence free conditions for Blﬁ).

Evolution of the electric and magnetic parts of the Weyl tensor

Here we describe the evolution equation for the electric and magnetic parts of the Weyl tensor.

It will be advantageous to define,

curl Ty, = €0 DT (2.E.24)

acd

It follows that,

curl (curl Typ) = eg?d De (e(o)dpq Dqub)
= ¢\ (Odrapep T, = (6769 — 5967) DD, Ty
= DD, T, — 0¥ T,y
= [D°, Dy|Tet + Do (D°Tip) — OB T,
= RO ¢ T+ RO T + D, (DTy) —OPT,,
= 2T + (=667 + WRO™) Ty 4+ D, (DT) — OO,

= —(O+3) Tup + Da (DT) + WO T . (2.E.25)
Thus, if the tensor T,y is traceless and divergence free, the above expression yields,
curl (curl Typ) = — (O 4 3) Tp - (2.E.26)

Since the combination (E((j) — O’E((l}))) and ij) are both traceless and divergence free, both

of them satisfy the above identity. A calculation then shows that

“(D.o) EV)

ot (B9 o) =5 10 0

a

( (2.E.27)

On the other hand,
curl B = ¢© cdp, gt
= e(O)QCch {6&% DP (hl(f)q - 25302”

= -1 4+ 60°0) — b9 (Do D) + 2D,0Dyo — 20D, Dyo
—EY —6E"). (2.E.28)
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As a result, the evolution equation in terms of the electric part of the Weyl tensor takes the

form
(0+2) (BS = o)) =4 cunl [ (Do) EL)] (2.B.29)
and equivalently in terms of the magnetic part of the Weyl tensor takes the form

(O+2) B = 4¢ly) B} 'Deo. (2.E.30)
Eq. (2.C.38) can equivalently be thought of as Eq. (2.E.29) or Eq. (2.E.30). In terms of the
electric and magnetic parts of the Weyl tensor, the second order equations take much simpler
forms. The above analysis is inspired by the corresponding results at spacelike infinity [65,
69, 70].
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CHAPTER 3

Horizon hair from Inversion symmetry

3.1 Introduction

In general relativity, diffeomorphisms that preserve fall-off conditions near null infinity give
rise to the infinite-dimensional BMS group [17,18,74]. In recent years, it has been shown
that there are closely related infinite-dimensional symmetries consisting of large gauge trans-
formations for quantum electrodynamics (QED) [10,75] in Minkowski spacetime. The gauge
parameter is an arbitrary function on the sphere ez+(z, Z) at future null infinity. These sym-
metries enable one to view soft photon theorems in QED as associated Ward identities [1].
Related developments have found that stationary black holes also possess an infinite
number of symmetries in the near horizon region [11,49-53,76-84]%2. Often, the symmetries
are diffeomorphisms that preserve a notion of the near horizon geometry or diffeomorphisms
that preserve a particular geometric structure on the horizon. Typically, a class of these
symmetries is similar to supertranslations at null infinity. It is believed that global charges
associated with supertranslations receive contributions from the horizon as well as from null
infinity. A complete discussion of conservation laws associated with supertranslations requires
a detailed understanding of how the symmetries at the horizon relate to the symmetries at
null infinity. However, the precise relation between the horizon and null infinity symmetries
has not been sufficiently understood. It is therefore of considerable interest to understand,
say, even in a toy model, the relation between the horizon and null infinity symmetries. The
aim of this work is to make progress on this issue in the context of the dynamics of a probe

Maxwell field on the extreme Reissner-Nordstréom (ERN) black hole spacetime.

!The references are representative of the very large literature on the subject.

2The symmetry groups in the referenced papers do not necessarily coincide. This is so because
different authors preserve different structures: some prefer to preserve a particular geometric structure
on the null surface, whereas others preserve the near horizon geometry. Reference [81] performs the
near-horizon asymptotic symmetry analysis for the Reissner-Nordstrom black hole in the Einstein-
Maxwell theory.
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To some extent these issues were explored in [1, 11], where electromagnetic soft-hair
shockwaves into the Schwarzschild black hole were considered.? In these references, the
gauge A, = 0 in advanced Bondi coordinates was used. This gauge is natural in analysing
how excitations from past null infinity relate to excitations near the future horizon. However,
since the advanced Bondi coordinates do not cover future null infinity, the relation between
gauge parameters at future null infinity and the future horizon remains unexplored (at best
indirect).*

The aim of this work is to overcome this shortcoming in a toy model. We hope that the
fundamental ideas will find broader applicability. Our toy model is the dynamics of a probe
Maxwell field on the exterior of the ERN black hole. The ERN background enjoys a discrete
conformal symmetry. The symmetry acts as a spatial inversion interchanging the future event
horizon H* and future null infinity Z*: the Couch-Torrence (CT) inversion symmetry [36].°
This inversion symmetry is the key property of the ERN spacetime used in this work.

The organisation of the rest of the chapter is as follows. The CT symmetry and its action
on a probe Maxwell field is presented in section 3.3. In section 3.4 we present a study of a CT
invariant gauge fixing for the probe Maxwell field on the ERN background. We show that the
CT invariant gauge fixing is closely related to the harmonic gauge in an asymptotic expansion
near null infinity. Specifically, we show that in an asymptotic expansion, the harmonic gauge
condition is compatible with the CT invariant gauge condition. We then analyse the CT
invariant gauge condition near the horizon in an asymptotic expansion. We conclude that at
the future horizon too, the gauge parameter is an arbitrary function on the sphere €3+ (z, 2)
independent of the ingoing Eddington-Finkelstein coordinate v.

How are the two functions ey+(z, Z) and ez+(z, Z) related to each other? The CT invariant
gauge condition leads to a fourth order differential equation for the residual gauge parameter.
The fourth order equation is difficult to analyse. Motivated by the results of the previous
sections, namely the usefulness of the harmonic gauge and conformal transformations, we solve
a simpler problem that captures the essential ideas in section 3.5. We study the residual gauge
parameter in the harmonic gauge on a spacetime obtained by a conformal rescaling of the
ERN spacetime. This spacetime has two asymptotically flat ends (two future null infinities):
one representing the future null infinity of the ERN spacetime and the other representing
the horizon. The spacetime has the inversion symmetry. We show that the gauge parameter
smoothly extends from an arbitrary function on the sphere from one null infinity to the other
null infinity in such a way that e+ (z,2) = ez+(2, 2).

In section 3.6 we present an expression for the global charge (often called the Iyer-Wald
charge) for the probe Maxwell field on the ERN spacetime. The charge integral is well defined
when we push the Cauchy surface to Z UH ™. The answer is written as a sum of two terms:
one at ZT and the other at H+. We argue that soft electric hairs on the horizon of the ERN

3In a gravitational setting, references [51,85] consider throwing a soft-hair shockwave into the
Schwarzschild black hole; reference [81] considers soft-hair shockwaves in the Reissner-Nordstrom
black hole.

4The importance of understanding this relation is emphasised by Chandrasekaran-Flanagan-
Prabhu in [53].

5The CT inversion also interchanges the past event horizon H~ and past null infinity Z~. However,
for most of the chaper we will be only concerned with the mapping between the future event horizon
and future null infinity.
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FIGURE 3.1: Under the Couch-Torrence (CT) mapping, a purely ingoing
configuration of a probe Maxwell field on the extreme Reissner-Nordstrém
(ERN) background (left) is transformed to a purely outgoing configuration
(right) and vice versa. Later in the chapter we show that if the right
configuration carries soft charges at future null infinity, the ingoing left
configuration carries soft charges at the horizon.

spacetime follows from the CT transformation of configurations that have soft electric hairs
at null infinity, and vice versa. This is schematically shown in figure Fig. 3.1.

Finally, in section 3.7 we construct Newman-Penrose and Aretakis like conserved quan-
tities along future null infinity and the future event horizon, respectively. These constants
are related via the CT inversion symmetry. This section is an extension of the corresponding

mapping understood for the massless scalar field on the ERN spacetime.

3.2 Notations and Conventions
In this chapter we use the sign convention (—,+,+,+) throughout. We list some of the
conventions related to this chapter below

e Tensors indices on 4 dimensional spacetimes are denoted by lowercase Roman letters

a, b, c etc.

o The pull back of the Couch-Torrence (CT) map will be denoted by 7. Tildes, like A,

denote conformally transformed objects.

e The Ricci tensor, Ry is defined by Ry, = RS

acb*

3.3 A probe Maxwell field on the extreme RN back-

ground

The ERN solution has a discrete conformal symmetry [86], which acts as a spatial inversion
interchanging the future event horizon H* and future null infinity Z+. The significance of

this inversion map for scalar dynamics has been explored by several authors in the physics



50 Chapter 3. Horizon hair from Inversion symmetry

literature [87-93] and in the mathematical general relativity literature [94]. In this chapter,
we are interested in the significance of this inversion map on the dynamics of a probe Maxwell
field. We are especially interested in the transformation of the probe Maxwell field under this
symmetry.

Let us consider the metric of the 4-dimensional ERN spacetime in static coordinates
M2 M\ 2
ds? = — (1 — ) dt* + (1 - ) dr? +r2dQZ, (3.3.1)
r r

where dQ3 is the line element of the 2-sphere. Throughout the chapter, we will describe the

metric of the 2-sphere in terms of the complex stereographic coordinates (z, z),

4
dQ3 = 2v.:dzdz = ———— dzdz . (3.3.2)
(14 2%)

The ERN metric in static coordinates admits a discrete conformal symmetry under the CT

transformation,

W

M2
1 (2 zZ t,M . 3.3.3
Tittrz) o (r0r s 2 ) (333

The pull-back of this transformation on the metric acts as a conformal transformation

M
2
«(9) = hy = . 34
T(g) =w’9  where w — (3.3.4)
The transformation equation (Eq.(3.3.3)) is an involution, i.e. 72 = 1. On the tortoise
coordinate r,(r), defined by,
M? Ir — M|
) =r— M- 2Mlog (| ——— | , 3.3.5
() = e (P (335)

it acts as T : r, — —r,. This, in particular, implies that it interchanges the ingoing and

outgoing Eddington-Finkelstein coordinates v =t + r, and u =1t — r,:
T:u+ew. (3.3.6)

Hence, it can be concluded that the CT transformation through its action as a spatial inversion
interchanges the future event horizon H* with future null infinity Z+.

Let us now consider a probe Mazwell field on the ERN background. The probe field is
different from the Maxwell field under which the ERN black hole is charged. Let us denote
the probe field by A,, with the corresponding field strength written as

fab = 8av4b - abAac (337)
The field satisfies the source-free Maxwell equations
g“*VeFap =0, (3.3.8)

where V, is the covariant derivative. Let us now consider a general conformal transformation
of the spacetime metric gqp

Gab = Jab = P gan (3.3.9)
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with Q being the conformal factor. In four spacetime dimensions Maxwell’s equations are

known to be conformally invariant
VeFap = QY Fu, VieFog = VieFog (3.3.10)

with conformal weight zero.
Using equation (Eq. (3.3.4)) in equation (Eq. (3.3.8)), it follows that,

0=VFup = To(V'Fu) = V5. () (TeFap) = Voo (TeFar) = w2 (VHTeFw)).  (3.3.11)

Thus, if Fgp is a solution of Maxwell’s equations, then so is 7. Fqp. Specifically, in coordinates,

if Fup(x) is a given solution in static coordinates x* = {t,r, 2, Z}, then

ozx¢ Oz
T Fa) = (5 ) (55 ) Foato) (3312
is a different solution in static coordinates where y* = {t, M + %, z, 2} . Since the coor-
dinate transformation only changes the radial coordinate, only the radial components of the

two-form field pick up additional factors. That is, if F;. and F;; for ¢ = ¢, 2, Z is a solution,

then so is
_ M? M2 _
fir(t,r,z,z) = 7m/—'.ﬁn <t,M + 77‘ — M,Z,Z) y (3313)
M2
fij(t,r,z,é) = -Fij (t,M+ 7“—]\4’sz> . (3314)

In terms of ingoing and outgoing coordinates, if F.(v,r, z,z) and F,z(v,r, z, Z) are com-

ponents of a given solution in the ingoing Eddington-Finkelstein coordinates then,

M? M2
]:u’r‘(uy'ryz72):—m]:’ur (U7M+T_M,Z,Z) s (3315)
and
M2
Foz(u,r,2,2) = F.z <u,M ‘o Z) , (3.3.16)

are the components of a different solution in outgoing Eddington-Finkelstein coordinates.

3.4 Eastwood-Singer Couch-Torrence invariant gauge con-
dition

While solutions of Maxwell’s equations are invariant under conformal transformations, this

property does not extend to arbitrary gauge fixings of the Maxwell field. For instance, as is

well known the harmonic gauge V*A, = 0 is not conformally invariant [95]. Under conformal

transformations Gop = 92%gas,
VoA, = VOA, = Q72 (VP A, +2T°A,) (3.4.1)

where T, = V,1In Q. Tildes will be used to denote all conformally transformed objects.
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A conformally invariant gauge choice for the source-free Maxwell equations was intro-
duced by Eastwood and Singer [96]:

DA, =V, (VIV* = S%) 4, =0, (3.4.2)

where )
5 = _9R® 4 gRgab. (3.4.3)

The invariance of equation (Eq. (3.4.2)) under conformal transformations for the source-
free Maxwell equations can be established via a straightforward, if somewhat, tedious calcu-
lation. Consider V®V®A, and S% terms separately. The conformal transformation of the
tensor S defined in equation (Eq. (3.4.3)) is:

gab = o4 (S“b +ovierh) _ggabyer, - 4rarb) . (3.4.4)
The conformal transformation of the term V?V®A, is:
VEVIA, = VP (Q72(V* +2Y9) A,) = Q7% (VP = 27P) (V* +27%) A, (3.4.5)
Combining the above two results, the transformation of D*A, is,
DA, = T, (V09 - §) A, = ¥, (29, (3.4.6)
where
Vo= (VPV® — §9%) A, + 2 [(T2VP — TPV?) A, + APV, T — A, VTP (3.4.7)
Next we observe that for an arbitrary vector V¢,
Ve (Q74V) =V, VP (3.4.8)

To demonstrate the conformal invariance of the Eastwood-Singer gauge, we use equation
(Eq. (3.4.8)) in the last expression of equation (Eq.(3.4.6)) to find

DA, = Q7V V" = Q7 (DA, + 2TV F ) = QD A,. (3.4.9)

In arriving at the last equality, we made use of the source-free Maxwell equations V*®F,;, = 0.
Thus equation (Eq.(3.4.2)) is invariant under conformal transformations.
This gauge condition is also invariant under the CT transformation on the ERN space-

time. Denoting the CT transformed gauge field as 7..4,, we have,
T (DA = VI (V5 () V5 () = To(5™)) Toda =w™*D* (T AL) =0, (3.4.10)

where we have used T.(g) = w?g from equation (Eq.(3.3.4)). Hence, if A, is gauge fixed
by equation (Eq.(3.4.2)), then the CT transformed gauge field T..4, also satisfies the same

gauge condition.
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We are now in position to discuss the residual gauge transformations for the Eastwood-
Singer gauge. Under the gauge transformations .4, — A,+V ¢, the expression in (Eq. (3.4.2))

provides the equation satisfied by the residual gauge parameter ¢,
2
DVae =V, (vbm + <2Rab - 3Rg“b) va) e=0, (3.4.11)

where 0 = ¢V, V;, = g% (9,0, — I'¢,0..) is the D’Alembertian operator on curved space-
times. Equation (Eq.(3.4.11)) simplifies on the ERN spacetime, for which R = 0 and
V,R® = 0 (from Einstein’s equations). As a result, equation (Eq.(3.4.11)) on the ERN

spacetime becomes
(B9 + 2R™) V,Vye = O0e + 2R™9, 0pe — 2R™T,0.¢ = 0. (3.4.12)

This is a fourth-order equation for € in the exterior of the ERN spacetime. Our interest
in residual gauge transformations is largely in the context of soft charges at the asymptotic
boundaries of the spacetime, namely at future null infinity ZT and the future event horizon
HT. We also note that if € is a function satisfying (Eq. (3.4.12)) then so is Txe.

To investigate possible solutions for € near Z+ we use the ERN metric in outgoing

Eddington-Finkelstein coordinates

M 2
ds? = — (1 - T) du® — 2dudr + r2dQ3. (3.4.13)

Let us quickly recall the discussion for the harmonic gauge. Inserting the ansatz [1],
) = O NG 24 Lo z v
e(ryu,z,2) = € Nu,2,2)+ - (u,2,2) + = f(u, 2, 2) log 5
T T T

1 1
+ﬁ€(2)(u’ z,Z) + T—Qf(z) (u, 2, 2)log 2% +0(r™%), (3.4.14)

in the scalar equation (e = 0, and expanding in powers of large r, we find the following

equations order-by-order in inverse powers of r,

e = 0, (3.4.15)
1
OufV = —§D2e(0), (3.4.16)
Ouf® = —%DQf(l), (3.4.17)
1 1 1 1
@ — Ip2e) _ Ip2.0) _ ) _ L@
Oy 2D f 2D € 2f uf , (3.4.18)

where D? denotes the Laplacian on the 2-sphere. The first of these equations tells us that
€O (u, 2, %) is independent of u: € (u, z,2) =: ez+ (2, 2).

Using expansion (Eq. (3.4.14)) and equations (Eq. (3.4.15))—(Eq. (3.4.18)), a calculation
shows that the gauge condition (Eq.(3.4.12)) is satisfied in an expansion in inverse pow-
ers of r. Let us demonstrate how this works. Inserting expansion (Eq.(3.4.14)) in equa-
tion (Eq.(3.4.12)), the leading order term is O(r~3), whereas the last two terms of equa-
tion (Eq.(3.4.12)) start at O(r=%) and O(r=5) respectively. Hence, the last two terms do

not contribute at order O(r=3) and O(r~*). As a result, at these orders, the gauge fixing
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equation simply becomes
OCe = 0. (3.4.19)

At order O(r—3) equation (Eq. (3.4.19)) gives,
oz =0, (3.4.20)

which is consistent with equations (Eq. (3.4.15))—(Eq. (3.4.18)), in this sense that if those
equations are satisfied then (Eq. (3.4.20)) is also satisfied:

D0 (0 f) =0, <—;D2(6(0))) = —%D%auew)) =0. (3.4.21)
At order O (r~*log #) equation (Eq. (3.4.12)) or (Eq. (3.4.19)) gives,
D2 fP 4 %DZ(% Fy =o. (3.4.22)
This is also consistent with equations (Eq. (3.4.15))—(Eq. (3.4.18)) as,
2 f3 4 %DQ(au f0)y =0, (au @+ %DQ f<1)) =0. (3.4.23)
At order O (r‘4) the details are a little more cumbersome. One finds,

4
D?D?e® 4202 L 4M8, e + =DM 480, fV) + 4D? (0, fV) + 4D*(D,eM)
u

16 8
1202f® + =0, @ — — f® + 8023 = 0. (3.4.24)
u u
Again, one can check that this equation is consistent with equations (Eq. (3.4.15))—(Eq. (3.4.18)).°
As argued above, if € is a solution to the gauge condition then so is T.e. The expansion
of

e(r,v,2,2) = Tu(e(r, u, 2, 2)), (3.4.25)

near the horizon takes the form, cf. (Eq. (3.3.3)),

f(r,2,8) = @00, ,7) + T2 {g(%,z, 2+ 70,2, 2)log [(Q_M)] }

r—M)? | - F _|v(r—M
+7( = M2) {e<2> (v,2,2) + fP (v, 2,2) [(QTM)] } +O((r— M)?). (3.4.26)
Using ingoing Eddington-Finkelstein coordinates,
M2
ds* = — (1 - 7") dv? + 2dvdr + r*dQ3, (3.4.27)

and substituting the series expansion (Eq. (3.4.26)) in gauge condition (Eq. (3.4.12)) we find

that the first non-trivial term appears at order (r—M)~!. The conditions at orders (r—M)~1,

5The easiest way to confirm this is to substitute 8,6 in (Eq. (3.4.24)) from (Eq. (3.4.18)).
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log [U(;;N]y)], and O(1) respectively give,

o, f =0, (3.4.28)

N 1 N
OLF® + 2D, FV) =0, (3.4.29)

and

4 - . _
D?D?E® 4 2D%®) 4 4M5,e® + D2 489, fY) + 4D?(8, f1)) 4+ 4D?(9,e™M)
v

. 16 . - 8 .
12023 4 —9,f® — = @ 18522 = . 3.4.30
v v2

These equations are identical to the ones obtained earlier in the expansion near null infinity.
Thus, we conclude that tilde variables satisfying equations (Eq. (3.4.15))—(Eq. (3.4.18)) (with
u replaced with v at all places) determine the gauge parameter for é(r, v, z, Z) near the horizon
as well. At the horizon lim,_, ys &(7, v, 2, 2) = €9 (2, 2) =: €y+ (2, Z): an arbitrary function on
the sphere.

To summarise: near null infinity we take the ansatz (Eq. (3.4.14)) for the gauge parame-
ter. The various functions entering the expansion are taken to satisfy equations (Eq. (3.4.15))—
(Eq. (3.4.18)), which are those for the harmonic gauge choice at null infinity. Such a choice is
consistent with the Eastwood-Singer gauge fixing (Eq. (3.4.12)). Next, using the CT inversion
symmetry of the Eastwood-Singer gauge fixing condition, we obtain expansion (Eq. (3.4.26))
near the horizon. The same functions enter the expansion as near null infinity, except that
at all places u is replaced by v. We conclude that CT inversion allows us to consider gauge
fixing such that at the future horizon too, the gauge parameter is an an arbitrary function on
the sphere independent of v. At this stage the two arbitrary functions on the sphere e+ (2, 2)
and ez+(z, Z) are not related. In next section we conjecture that it is natural to expect that
they are the same.

Note that the gauge parameter in the Eastwood-Singer gauge has conformal weight zero.
This is related to it satisfying a specific fourth order differential equation. The gauge param-
eter in the harmonic gauge on the other hand satisfies a second order differential equation. If
we require this equation to be conformally invariant, then the conformal weight of the scalar

should be one.

3.5 Hyperboloidal slicing and a toy model problem

In the previous section we showed that large gauge transformations on ERN spacetime consists
of the union of two types of transformations. First, where the gauge parameter is an arbitrary
function on the sphere independent of v at the horizon. Second, where the gauge parameter is
an arbitrary function on the sphere independent of u at null infinity. The two sets are related
by the CT inversion symmetry. It is natural to ask if there exists a smooth interpolation
between the two.

The Eastwood-Singer residual gauge parameter satisfies a fourth order differential equa-
tion. It is difficult to analyse that equation. As we saw in the previous section, in an
expansion near null infinity the Eastwood-Singer gauge condition is compatible with the har-

monic gauge condition. For this reason, in this section, we study the residual gauge parameter
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FIGURE 3.2: Schematic drawing of constant s spacelike surfaces in the

ERN background. The surfaces reach future null infinity along u = s out-

going null lines. At the future horizon the surfaces intersect at advanced
time v = s, however, the normal there is timelike.

in the harmonic gauge on a spacetime conformal related to ERN spacetime as a toy model
problem. We do so in a convenient ‘hyperboloidal’ slicing and show that ey +(z, 2) = ez+(z, 2)
. We conjecture that the same is true for the Eastwood-Singer gauge parameter in the ERN
spacetime.

The hyperboloidal slices [97,98] parameterised by coordinate s (introduced below) inter-
sect future null infinity along an outgoing null line at the retarded time u = s. They intersect
the future horizon at the advanced time v = s, however, the normal to the s = constant
surfaces at the future horizon is not null; it is timelike. The key point being that the slices
intersect both the future null infinity and the future horizon.

To set up these coordinates, we begin by introducing,

- t T
in terms of which the metric takes the form,
1602 x
2 _ 2 4 2 2

In contrast to the exterior of the ERN, the spacetime described by the line element in the

brackets in equation (Eq. (3.5.2)),
=2 72 4 (T 2 2
ds* = —dt* + cosh (5) (dz® + dQ3), (3.5.3)

is geodesically complete with (£, ) € R2. The Ricci scalar of this spacetime is zero.

This spacetime has two asymptotically flat ends: x — oo. Asymptotic flatness at these
ends can be seen by introducing, say, p = cosh? (%) and taking p — oo limit. The reflection
symmetry x <> —x is an isometry of the metric d§2. The z <> —z is a conformal symmetry
of the metric ds?. This symmetry is precisely the CT symmetry discussed in the previous

sections.
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Next we introduce,
-1
s=t— 3 (coshz + In(2 cosh x)), (3.5.4)

and foliate the spacetime by hyperboloidal surfaces of constant s. These surfaces are called
hyperboloidal as their asymptotic behavior is similar to standard hyperboloids in Minkowski

spacetime [98]. These surfaces are spacelike. The ERN metric in coordinates (s, z, 6, ¢) takes

the form,
.
Jss = —G, Jus = —ig(smhm + tanh z), (3.5.5)
4 (T 2 29
Juw = g cosh <§> sech”(x), oz = (Fr5E (3.5.6)
where we denote the conformal factor as,
16M*
_ . 3.5.7
g(.’L') (1 + E,I)Q ( )
The inverse metric components take the form
g** = —g~ 'sech?(x), g = —2¢~ 'sech x tanh (g) , (3.5.8)
xxr _ —1 4% 227171 =\2
g*% = g~ “sech 5 97 =39 (14 z2)=. (3.5.9)

From the component ¢°* it follows that the normal to the constant s surface n, has the
norm,
1 (1+e%)°
n-n=g* :——L)Q. (3.5.10)
4AM? (1 + e2v)
The norm goes to zero as z — oco. Let us calculate the value of u where s = const hypersurface

intersects future null infinity as x — oc:

M? r
u = t—r*—4MT—<r—M— _M+2M1n(M—1>>, (3.5.11)
2 cosh
— oM <25 +e"+1n { cos ID . (3.5.12)
ew
Thus,
u— 4Ms as T — 00. (3.5.13)

The s = const hypersurface approaches a finite point at null infinity as * — co. A similar
calculation shows,
v=t+r,=2M (2s+e” +In[2coshze”]). (3.5.14)

Thus,
v — 4Ms as xr — —o0. (3.5.15)

i.e., along the s = const hypersurface we approach a finite point at the future horizon x —
—o00. The norm of the normal n - n approaches —1/(4M?) as x — —oo. The slices are
schematically shown in figure Fig. 3.2. In the unphysical spacetime d3? the slices become

symmetrical with respect to the left and right null infinities. This is shown in figure Fig. 3.3.
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HT It

—

FIGURE 3.3: Schematic drawing of constant s spacelike surfaces in

the conformally rescaled ERN background described by the line element

(Eq. (3.5.3)). A constant s surface reaches the right future null infinity

along the outgoing null line © = s and the left future null infinity along
the ingoing null line v = s.

We consider the toy model problem (the residual gauge transformations for the harmonic
gauge),

Oe =0, (3.5.16)

on the spacetime conformally related to the ERN spacetime described by metric (Eq. (3.5.3)).

Introducing 7 € (—o0, 00) such that,

7= /cosh2 (g) do = = + sinh(e) (3.5.17)

and then p € (—o0,00) such that,

t = 71+ p?), (3.5.18)
Fo— (3.5.19)
metric (Eq. (3.5.3)) takes the form,
d3? = —dr? + 12 dp* +772f(p,7)%dQ3 ) . (3.5.20)
1+ p? ’

The function f(p,7) is an implicit function of coordinates p, 7,

£(p,7) = cosh? (x(’;’ T)> . (3.5.21)

Consider the constant 7 slice, say, 7 = 1. The metric induced on the slice is

2

d
ds3ice = 7 prQ + f(p, T = 1)2d02. (3.5.22)

A graph of f(p,7) as a function of p on the 7 = 1 slice is shown in figure Fig. 3.4. In
the limit p — o0, function f(p,7 = 1) behaves as lim,_,+ f(p,7 = 1) = |p|. Thus, in the
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FIGURE 3.4: A graph of f(p,7) as a function of p on the 7 = 1 slice.

p — Foo limit the slice is asymptotically Euclidean AdS3. The slice has two asymptotically

AdS; ends.” On the 7 = 1 slice consider

oo

€(p,0,6) = _ €1(p)Yim. (3.5.23)

=0

The resulting equation for the function € (p) for a fixed [ is,

(L+ %) ()%l (p) + F(P) 2L+ p*) f'(p) + pf(p))er(p) — (L + D)er(p) = 0. (3.5.24)

In the asymptotic region p — oo, the “non-normalisable” solution goes as,

e(p) ~ ploFy (1 + %l, %l; I+ %; —p2> , (3.5.25)
which becomes a constant in the p — oo limit. With a numerical integration, it can be
readily seen that as p goes from negative to positive values a symmetric ¢, (p) can be found to
smoothly interpolate between the same constant values as p — £oo. Thus, by summing over
spherical harmonics it follows that for this toy model problem, the gauge parameter functions
€(z,Z) at the two null infinities can be taken to be identical. We conjecture that the same
can be done for the Eastwood-Singer gauge condition at the future horizon and future null
infinity in the ERN spacetime.

Two comments are in order here. First, we have presented the above discussion on the
7 =1 slice, but in fact the discussion is independent of any fixed value of 7. To see this note

that for any fixed 7, the induced metric on the constant 7 slice is

2
ds? =12 <1ij)p2 +772f(p, T)Qdﬁg) , (3.5.26)

where the function f(p,7) is given in equation (Eq. (3.5.21)). Apart from an overall scaling,

the relevant property to understand is the behavior of 771 f(p, 7) as a function of p. In terms

7 Additional motivation for working with such a slicing and harmonic gauge fixing comes from the
success of such an approach at timelike infinity in flat space [99]. Working in the harmonic gauge,
Campiglia and Laddha showed that the angle-dependent large gauge transformations introduced at
future null infinity have a natural extension in the interior. The slices then can be pushed to timelike
infinity. The gauge transformations at timelike infinity have a well defined action on the asymptotic
phase space of massive particles, and the resulting Ward identities are found to be equivalent to
Weinberg’s soft photon theorem.
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of the variable z it is clear that

{p, 7 f(p7)} = {i (”23 n Sin2($)> L cosn? (;)} . (3.5.27)

T

Figure Fig. 3.4 is precisely the parametric plot for 7 = 1 of {% (% + %) ,%COShQ (%) }
For 7 # 1 both the z and y axes of the graph get rescaled by a factor of % In particular,
for any 7 in the limit p — 400, 7= f(p, ) goes as p. Thus, 7 = constant slices all have two
asymptotically AdS3 ends.

Second, in the 7 — oo limit the metric

dp?
14 p2?

ds?, = +772f(p, 7)%d3, (3.5.28)
can be thought of as the blow up of the point it for the spacetime described by metric
(Eq. (3.5.3)).% Tt can be readily checked that for any finite p # 0, 771 f(p, 7) behaves as p in
the 7 — oo limit. In the neighbourhood of p = 0 it smoothly interpolates between the p > 0
and the p < 0 AdS; regions.

Studies on interpolating asymptotic dynamics between two different asymptotic regions
include [100,101]. The toy model example studied in this section calls for a corresponding

study in four-dimensional asymptotically flat settings.

3.6 Horizon hair and soft charges

For the Maxwell field on flat spacetime, it is now well appreciated that there exists large gauge
transformations parametrised by arbitrary non-vanishing gauge parameters on the asymptotic
sphere at null infinity [1,10,102]. As a consequence, there exist an infinite number of boundary
symmetry charges [53,72]. In this section we present an expression for the global charge (often
called the Iyer-Wald charge) for the probe Maxwell field on the ERN spacetime.

For the electromagnetic field, with Lagrangian,

1
L= -1 / V—gFap Fld*z, (3.6.1)

the symplectic form as an integral over an arbitrary Cauchy surface X is,

Q(A,61A4,5A) = — / (01402 F o — 02 A%01 Fop) n*VhidPz, (3.6.2)

=

where n® is the future pointing unit normal to 3. The total charge as the generator of gauge
transformations is given as,

5Qc = (A, 5A,5.A). (3.6.3)

One finds,
Qg:/vb (efab)n“\/ﬁd?’x. (3.6.4)
b

On black hole spacetimes and in the absence of massive particles, a choice of Cauchy
surface is Z+ UH*. The Cauchy surface ZT UH™T can be reached by taking the t — oo limit

8The blow-up in the sense of Ashtekar-Hansen [37]. For a recent discussion of this blow-up in the
context of BMS-supertranslations at spacelike infinity see [42].
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of constant ¢t Cauchy surfaces X; for the exterior of the ERN black hole. In previous sections,
we argued that ey+(z,2) = ez+ (2 Z): the gauge parameter is the same function of the sphere
coordinates at Z and at H'. As a result, the charge integral (Eq.(3.6.4)) is well defined
when we push the Cauchy surface to Z U H ™. The total integral splits into two parts,

Q. = / V (eFap) nVids (3.6.5)

{Et—>I+UH+}
= [V (eFu) nVadEe + / VP (eFup) noVAdPe (3.6.6)
It H+
= QI +QM. (3.6.7)

In outgoing Eddington-Finkelstein coordinates (Eq. (3.4.13)), n®Vhd®z = 6%~ zdudzdz.
With boundary conditions,

1
Fij(u,r,2,2) = Fi(;)) (w,z,2)+ 0O <r) , (3.6.8)
Fir (w,r,2,2) = iFA(O) (u,z,2)+ O 1 (3.6.9)
ir s sy P2 I 3

where 7, j collectively stand for (u, z, Z), the integrand at Z* becomes
V? (eFup) nVh = —v.z €0 (2,2) 0, FY + 0, (e (2,2) F ) + 0z (eo (z,2) F,Sg)) . (3.6.10)
Hence the QX" contribution in equation (Eq. (3.6.7)) takes the form,

Qez+ =- /. dudzdz .z €0 (2,2) 0, FD (u,2,%) , (3.6.11)
z
where €g (2, 2) is the limiting value of ¢ on approaching Z+. Equation (Eq.(3.6.11)) is the
known expression for the soft charge on asymptotically flat spacetimes in terms of a volume
integral over Z [1,10].
In ingoing Eddington-Finkelstein coordinates, the integrand of equation (Eq. (3.6.4)) at
Ht (r = M), becomes n®vhd*z = 6§ M?~,zdvdzdz. With the boundary conditions,

Fij (v,r,z,2) = F(O) (v,2,2) + O(r — M), (3.6.12)
1
Fir,r,2,2) = MQF(O) (v,z,2)+ O@r — M), (3.6.13)

where 7, j now collectively stand for (v, z, Z), the integrand at H™ becomes
VO (€Fap) n*Vh = 2560 (2,2) 0, F + 0, <e (2,2) F ) + 0 (60 (z,2) Fv(g)) . (3.6.14)
Hence, QZ# contribution to equation (Eq. (3.6.7)) takes the form,

QN = | dvdedzvzeo(2,2)0,F (v,2,7) (3.6.15)
H+
in terms of a volume integral over HT.
Now we can see that the horizon soft charges follow from the CT dual of the null in-

finity soft charges. We first note from equation (Eq. (3.6.9)) that the CT transformation of
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P2 Fpu (U, 7,2, 2) is,

T (FPFeu(w,r,2,2) =Ts (F<0> (u,z,2)+ O <1>> (3.6.16)

r

At leading order in (r — M), this becomes, via equation (Eq. (3.3.15)),

M?*Fpy(v,r,2,2) =—F9 (v,2,2)+ O <TR4M> . (3.6.17)

Note that after the transformation, the function F(*) has arguments (v, z, Z), but it is oth-

erwise the same function. As a result,

Qzﬁ —/ dvdzdz .z € (2,2) 0,F O (v, 2, %) (3.6.18)
H+

= T. { dudzdz .z eo (2, Z) Oy F© (u,z,Z)} = T. (QF) . (3.6.19)

It
Hence soft electric hair on the horizon of the ERN spacetime follow from the CT transforma-
tion on the soft electric hair at null infinity. This is schematically shown in figure Fig. 3.1.

It is natural to expect that the conservation law in the present setting takes the form
+ + - -
QF +QI =Qf +Q . (3.6.20)

If not on the ERN spacetime, it should be possible to make precise the conservation law

following [103] on the spacetime with two asymptotic flat ends considered in section 3.5.

3.7 Aretakis and Newman-Penrose constants

In this section, we write expressions for Aretakis and Newman-Penrose constants for a probe
Maxwell field in an ERN background and relate them via the inversion symmetry. This
discussion is an extension of the scalar analysis of refs. [88-92]; and is largely independent of
the discussion of the previous sections.

We start with the spherical harmonics decomposition of the Maxwell field A, in the
outgoing Eddington-Finkelstein coordinates cf. (Eq. (3.4.13)). Expanding various components
of the Maxwell field in appropriate scalar and vector spherical harmonics we have both even
(—1)! and odd (—1)"*! parity terms, A,dz® = AS4ddz® + ASVendx?, as

Ao dz® =" o (0:Y'™dz — 0:Y'™dz) (3.7.1)
lm

A = (frn Y A A+ By YA + K (0.Y Az + 0:Y 7)) (3.7.2)
lm

where Y}, are the standard scalar spherical harmonics satisfying,
2v*%0,0; V'™ = —1(1 + 1)Y'™. (3.7.3)

The coefficients in the decomposition, oy, , fim , him and kg, are functions of r, u. For now

we restrict ourselves to [ > 1, we comment on the I = 0 case separately below. Even and
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odd parity perturbations can be fully described by one gauge invariant variable each. These

variables satisfy a decoupled wave equation [104] of the form,

I(1
204,01 — 0y (g™ Orit) + ( ;Uzpl =0, (3.7.4)

in outgoing Eddington-Finkelstein coordinates, and of the form,

r I(1+1
20,00+ 0, (9" 0,) — Dy =0, (3.7.5)
in ingoing Eddington-Finkelstein coordinates. For the odd parity perturbation ¥; = ay,, and
for the even parity perturbation ; = mrz(auhlm — O fim). A small calculation shows
that,
}—fgd = _2almazafylma (376)
]_‘3;’611 = (auhlm - arflm) Ylm- (377)

Thus the 1; entering in the above equations are essentially (upto numerical factors) the
magnetic component F,; for the odd parity field and 72 times the electric field component
Fur for the even parity field. Let us denote the even and odd parity fields as wf and ¢, . In
situations where the distinction is not relevant, we simply denote the two fields collectively
as ;.

We first demonstrate that the wave equation (Eq. (3.7.5)) in ingoing Eddington-Finkelstein
coordinates admits an infinite tower of Aretakis constants, one for each { at H*. Our con-
struction parallels the corresponding discussion in section 6.2 of [89]. Let f(r) be a smooth
function that is non-vanishing at the horizon, and without loss of generality we set the func-
tion f(r)|T:M = 1. Multiplying equation (Eq.(3.7.5)) by 7?f(r) and differentiating [ times
with respect to r and evaluating at r = M we deduce that,

-1

Al =

: (3.7.8)
r=M

AL

is conserved along H* for [ > 0, provided the derivatives of the function f(r) at r = M are
related by the following set of equations,
2(1 — k)

(k) _ LR 1.\ k-1
A R el G

o (3.7.9)

for 1 < k < 1. BEquations (Eq.(3.7.9)) determine the constants f*) recursively. The

Aretakis constants (Eq. (3.7.8)) only depend on these derivatives and are independent of the

specific choice of the function f(r). A rich class of configurations can be described by an

expansion in powers of (r — M) near the horizon as,

o _ k
Yi(v,r) = Zak(v)%. (3.7.10)
k=0
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We can readily calculate the form of the Aretakis charges for the solution of the form
(Eq. (3.7.10)). Tt gives,
Ap=a;+ a4 for [ >1. (3.7.11)

We now construct the Newman-Penrose constants. A rich class of configurations can be

described as an expansion in inverse powers of r near null infinity in outgoing coordinates as,
[e%S) k
M
)= b =) . 3.7.12
o) =3 () (3712)

Inserting this expansion into equation (Eq.(3.7.4)) and looking at successive inverse powers
of r gives a set of linear equations. These equations can be expressed concisely in terms of
Pascal matrices as first discussed in [92]. We follow the same strategy. For a given [ we look
at the set of equations in powers of r coming from the first [ + 2 terms in the expansion
(Eq. (3.7.12)), i.e., the first { + 1 equations involving bg, b1,...,b;,b+1. We organise these
equations using (I + 1) x (I + 1) matrices whose components are labelled by i = 0,1,...,1.
‘We consider the vector b whose components are b;, and the vector B+ whose components are

(B+)z’ = Oubi+1. The equations of motion can then be summarised as
MN;by = [31(1 +1) — P/]b, (3.7.13)

where N; is the diagonal matrix (N;);; = (i + 1)d;; and P; is a lower triangular matrix with
entries (Pl)ij = %Z(Z + 1)61',]' — (iQ — 1)6i,j+1 + %(Z — 2)(2 + 1)6i,j+2-

The matrix P; can be diagonalised as
P =LTL ", (3.7.14)

where T; is a diagonal matrix with entries (T;);; = %Z(Z—I— 1)6i,j. The matrix L; can be written

as a product of two matrices J; and [l, L, = Jl[l. The matrix J; has components

(Jo)ij = (i +1)di; , (3.7.15)
while El has components,
~ 1 0 .
L, = _ , for 1<id,5<I, (3.7.16)
0 zflcj_l

where PC), are the binomial coefficients. The ([l)ij components for i, j > 1 are those of the
Pascal matrices [105]. The inverse of L; is thus Lz_l = ([l)’lJl_l, where Jl_1 has components

7 h)y = i-«%l(sivj’ while (L;)~! has components

~ 1 0
L= e i , for 1<ij<l, (3.7.17)
0 (=1)™=2 7105

It follows that
ML 'Nby = [31(1+1) — T;]L; 'b. (3.7.18)

Since, the last component of the matrix T; is %l(l + 1), the right hand side of the last
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component of this matrix equation is zero. It implies conservation of (Lleler)l. A short

calculation shows that this quantity is,

!

Ny = Z(*l)lﬁﬂ'lil@qbiﬂ, for 1>1, (3.7.19)
i=1

BN, = 0. (3.7.20)

The constants INV; at null infinity are called the Newman-Penrose constants. Newman and
Penrose in [106] wrote their expressions as surface integrals over Z* for arbitrary {. They can
be seen to be related to the constants derived above.

Let us now comment on the [ = 0 mode. For [ = 0 we only have the even field component,
AN = (foo((u, 1), hoo(u,7), 0, 0) (3.7.21)
This provides only one Maxwell field component,
Fur = (Ouhoo — 9r foo) =1 Poo- (3.7.22)
Maxwell’s equations simply become,

Oy (r*Boo) =0,
O (Boo) = 0. (3.7.23)

These equations have the solution
Boo = T% (3.7.24)
where c is a constant — the electric charge. A similar analysis holds for the ingoing Eddington-
Finkelstein coordinates. Thus, the [ = 0 Aretakis constant and the [ = 0 Newman-Penrose
can be taken to be the electric charge.

We now discuss how the Aretakis charges map to Newman-Penrose charges under the
CT transformation. To do so, we recall that a solution of the probe Maxwell field near Z
can be determined from a known solution at H* and vice-versa. The CT transformation on

Fru acts as, cf. (Eq.(3.3.15)),
T. (TZ.Frudrdu) — —T. (r2]:m) drdv, (3.7.25)

and the other non-radial components of the electromagnetic field are unaffected. As a result,
the even parity field 1/Jl+ picks up an additional minus sign and the odd parity field remains
the same. With this understanding, let us now work out the CT transformation of the class

of configurations described by equation (Eq. (3.7.10)). We have,

Ui(u,r) = Tab(v,7) = Ta <i“’“(”) (T ;4M>k>
oo o AN
=S () (1-7)
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3

M M\? M
= |ag + a17 + (a1 + a2) <’I"> + (a1 + 2a2 + as) (’I“) + - (3.7.26)

Comparing equation (Eq.(3.7.26)) with equation (Eq. (3.7.12)), we find the transformation

between coefficients a; and b;,

b=La, (3.7.27)
which implies,
b+ = Lla+, (3728)

where L; is simply the lower triangular Pascal matrix. In the discussion after equation
(Eq. (3.7.18)) we noted that the (I+1)-th component of the column matrix L; *N;b provides
the Newman-Penrose constants. It then follows that the Newman-Penrose constants for the

transformed solutions are the (I + 1)-th component of the vector,
L, NiLay (3.7.29)

A short calculation gives the Newman-Penrose constants for the transformed configuration
as
Ny =a;+ aj41, (3730)

which are nothing but the Aretakis constants.

Finally, let us discuss the time-independent solutions of the scalar wave equation. We
consider the wave equation in {¢,r,z,z} coordinates. For | > 1, the odd and even parity
equations both take the form,

(=07 + 07 Jwn(t.r) = g””lr—tmw, r). (3.7.31)

The [ # 0 time independent solutions of equation (Eq. (3.7.31)) are

W) = (r_% (L +1)r - M), (3.7.32)
Yi(r) = (r — M)Y(M +1r). (3.7.33)

Under the CT transformation, one static solution goes to the other,

M2[+1

T ((r = M)'(M +1r)) = W((

I+1)r—M). (3.7.34)

3.8 Conclusions

In this chapter, we have investigated certain properties of solutions of a probe Maxwell field
on the exterior of the extreme Reissner-Nordstrom (ERN) black hole spacetime. We demon-
strated in section 3.3 that Maxwell’s equations are invariant under the Couch-Torrence (CT)
transformation of the spacetime, which maps the future null infinity to the future event
horizon and vice versa. This in particular implies that asymptotic solutions of Maxwell’s

equations at null infinity can be mapped to analogous solutions near the event horizon.
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In section 3.4, we showed that the Eastwood-Singer conformally invariant gauge fixing [96]
is invariant under the CT symmetry of the spacetime. In Eddington-Finkelstein coordinates,
using the known asymptotic solutions of the residual gauge parameters at null infinity [1,10],
we demonstrated that solutions of the residual gauge parameters near the future event horizon
have the same exact form as the solutions at null infinity.

This raises the interesting question on whether there exists a smooth interpolation in the
bulk between solutions of the residual gauge parameters at the future event horizon and at
future null infinity. We argued in the affirmative for the existence of such an interpolation
through our analysis in section 3.5. In this section, we mostly studied a toy model problem.
It will be interesting to further understand these bulk interpolating solutions. More gener-
ally, it will be interesting to understand asymptotic symmetries for spacetimes with two (or
more) asymptotically flat ends. Studies on interpolating asymptotic dynamics between two
different asymptotic regions in the context of AdSs spacetimes include [100, 101]. The toy
model example studied in this chapter calls for a corresponding study in four-dimensional
asymptotically flat settings.

We investigated conserved charges for the probe Maxwell field on the ERN spacetime
in section 3.6. We used the expression for the Iyer-Wald charge to define globally conserved
charges for the probe Maxwell field on arbitrary Cauchy slices of the spacetime. One such
slice is the union of the future null infinity and the future event horizon. We argued that, soft
electric charges on the horizon of the ERN spacetime follow from the CT transformation on
the soft electric charges at null infinity. Soft electric charges on the event horizon are often
called soft horizon hair. This is schematically shown in figure Fig. 3.1.

Finally, in section 3.7 we constructed Newman-Penrose and Aretakis like constants along
future null infinity and the future event horizon, respectively. We showed that these constants

are related via the CT inversion symmetry.
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CHAPTER 4

Spin dependent Gravitational tail memory in D =4

4.1 Introduction

The observation of the permanent displacement between the mirrors of the gravitational
wave detector relative to their initial distance after the passage of full gravitational radiation
produced from an astrophysical scattering event is known as gravitational memory. Non-
oscillatory sources, e.g. scattering of two un-bounded compact objects in hyperbolic orbit
contributes to ”"linear memory”, which can be read off from the matter energy-momentum
tensor determined in terms of the trajectories of the scattered objects [7,107,108]. In com-
panion with this, there will also be "non-linear memory” due to gravitational radiation from
the gravitational waves produced during the scattering process, which can be read off study-
ing gravitational energy-momentum tensor [109-113]. The nonlinear memory effect is always
present for any gravitational scattering process whether it is bounded or not. In the recent fu-
ture there is a hope of direct detection of gravitational memory in the upcoming gravitational
wave detectors [114,115].

In recent years, there has been a proposal of another kind of gravitational memory known
as "tail memory”, which describes how the mirrors of a gravitational wave detector behaves
at large retarded time before reaching their permanent displaced position [116-120]. The late
and early time gravitational waveforms responsible for gravitational tail memories are first
conjectured from the classical limit of soft graviton theorem with some infrared regulator
prescription [117,121,122], and then derived explicitly in the name of classical soft graviton
theorem [118,119]. It has also been shown that these late and early time behaviours of gravi-
tational waveform are related to the radiative mode of low frequency gravitational waveform
via Fourier transformation in the frequency variable. In [118,119], the setup considered for
the scattering event is schematically described in Fig. 4.1. Consider M number of objects are
coming in from asymptotic past with masses {m/, }, momenta {p/,}, spins {3/} going through
some unspecified interaction within region R of spacetime size L and disperse to N number of

objects with masses {m,}, momenta {p,}, spins {3,}. These incoming and outgoing objects
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can also be massless radiations. We choose the origin of coordinate system (i.e. scattering
centre) well inside this region R and we place the gravitational wave detector at a distance

R from this origin, along the direction 7.

(p1, 29

(P2 e R

(Pass Zp) (Pn» Zy)

FIGURE 4.1: The setup of the gravitational scattering event.

Now we define the deviation of metric from Minkowski background as:

huw (@) = 5 (g (%) = 1) ) e () = hyw(x) — %nﬂynaﬁhag(x) (4.1.1)

N =

The time Fourier transform of the trace reversed metric is defined as:
0 .
(w0, F) = / dt it (¢, ) (4.1.2)
—00

With this scattering setup the goal is to determine the radiative mode of e*”(w, Rii) in the
frequency range R~ << w << L™L. In [118,119] the first three non-analytic contribution in
w — 0 limit has been evaluated which behave like w™!, Inw and w(lnw)? and the coefficients
depend only on the incoming and outgoing momenta and 7. These low-frequency gravita-
tional waveforms contribute to DC gravitation memory, v~! tail memory, and =2 Inu tail
memory respectively. To derive these results the authors developed an iterative prescription
of solving the geodesic equation of scattered objects and Einstein equation treating gravita-
tional constant G as an iterative parameter. Since GMw is a dimensionless quantity in the
unit where speed of light is unity, expansion in the power of w is equivalent to expansion in
the power of GG, where M represents the mass or momentum of scattered objects. Generaliz-
ing this prescription the structure of leading non-analytic contribution in each iterative order
has been conjectured in [119], which has been summarized in the second column of the table

given in Fig. 4.2.
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O-loop (tree) w -1 ) 0 (4)

e Ow) | o(u) 6'(u)

Spin dependent

0(G?) he o |oheo| © @ o'he
u! 5(u) u? 5'(u) u=>

1-loop

2000 | @(lnw)? wlnw| ® 0’ (Inw)? o’he

3
o(G") ulnu | u? 0'(u) u3lnu u3

n-loop (Dn_l(ln o) | o" (Inw)*!

O(G™Y) | u=n(Inuy™! w="(In uy"2

FIGURE 4.2: This table summarizes different orders of low frequency

gravitational waveform é*”(w, R,n) in w — 0 limit [written in green]

and their relations to post-Minkowskian (PM) expansion. It also de-

scribe how the late and early time gravitational waveform e (u, Rf)

behaves at large retarded time u [written in blue]. The spin dependent

order wln w gravitational waveform indicated inside the blue cell is the
primary interest of this chapter.

If the scattered objects carry spin X, along with GMw there will be another dimensionless
quantity GXw?. This simple dimensional analysis tells us that the spin dependence of grav-
itational waveform at any iterative order in G will carry an extra factor of w relative to
the spin-independent leading non-analytic contribution at that order. With this observation,
from the table in Fig. 4.2 we see that at the order G of the gravitational waveform, spin
dependence appears at order w®. Since the order w° term is analytic in w — 0 limit it does
not contribute to displacement kind of memory [123]. Now in the next iterative order i.e. in
the order G2 of the gravitational waveform the spin dependence comes at order w Inw, which
is non-analytic in w — 0 limit and contributes to order v =2 tail memory'. The existence of
spin-dependent u~2 tail memory was first pointed out in the subsection-(5.3) of [119], using
some naive analysis of matter and gravitational energy-momentum tensor, indicated within
the blue cell in the table of Fig. 4.2. From the table, it is also clear that the spin-dependent
order wIn w waveform is not exact, but receives corrections from order G as well. The order
G? correction to wlnw gravitational waveform is expected to be spin-independent.

In this chapter, our main goal is to derive the wlnw gravitational waveform at order G2
and the gravitational tail memory it predicts. The main result of the chapter is summarised
in Eq. (4.3.9) and Eq.(4.3.10). In section 4.3 we make a conjecture on the wlnw gravita-
tional waveform from the classical limit of sub-subleading soft graviton theorem and discuss

various applications of the result in different limits. Then in section 4.4 we derive the wInw

'Here we want to emphasize that the order =2 tail memory is there even for the scattering of
non-spinning objects as GLw? for L being the orbital angular momentum of the scattered object, is
also a dimensionless quantity like GXw?. Hence in our final result of order u™2 tail memory, setting
the spins of the scattered objects to zero, one can read off the result of the gravitational waveform
for non-spinning object’s scattering.
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gravitational waveform directly for a classical scattering process without any reference to soft
graviton theorem. Various appendices discuss intermediate steps required in the analysis of
section 4.4. Finally, in section 4.5 we conclude the chapter by discussing the novel features
of our result, its theoretical and observational importance, and possibility of re-derivation of

our result with other available prescriptions in the literature.

4.2 Notations and Conventions

In this chapter we use the sign convention (—,+,+,+) throughout. We list some of the

conventions related to this chapter below

e Tensor indices on 4 dimensional spacetimes are denoted by lowercase Greek letters

v, o, 3 ete.

o G, (k) denotes the momentum space retarded Green’s function for the scalar d’Alembertian

in Minkowski spacetime.

4.3 Prediction of spin dependent gravitational waveform

from classical limit of soft graviton theorem

Emboldened by the success of predicting long wavelength gravitational waveform and gravi-
tational tail memory from classical limit of quantum soft graviton theorem at subleading and
sub-subleading orders [117,118], here we proceed to conjecture the leading spin dependent
gravitational tail memory in D = 4 spacetime dimensions.

In spacetime dimensions D > 4, the universal piece of quantum soft graviton operator

up to sub-subleading order takes the following form [124]:

M+N ~ o
- i € PiPa 4 EuPakpds” | 1ewkokoJgHIG" (4.3.1)
une o Dok Dok 2 Da-k '

Note that we have not included the non-universal piece in the sub-subleading soft factor
which is determined in terms of non-minimal coupling of hard particle field to soft graviton
field via Riemann tensor along with the three point 1PI vertex involving two hard particles
and a soft graviton [124]. In the above expression of soft graviton operator ¢ represents the
polarization tensor of the soft graviton with momentum k& = wn, where w is the energy of the
outgoing soft graviton. The scattering process involves M number of ingoing hard particles
and N number of outgoing hard particles. Momentum of hard particle-a is denoted by p,

and angular momentum operator is given by:

0
OPay

Auu: v
J =py

R >/ 4.3.2
Pag,— b (4.3.2)
where EA)Z“’ represents the quantum spin generator of Lorentz group for hard particle-a. We are
following the convention that the outgoing particles carry positive energy and the incoming
particles carry negative energy.
From the classical limit of quantum soft graviton theorem up to sub-subleading order

in D=4, we get the following radiative mode of gravitational waveform with frequency w at
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distance R = |Z| from the scattering centre [117,121,122]:

N
2G
wn = (9% e“Rexp [ - 2GIn{(w + i) R} pk]
b=1
Sl Y L A N (4.3.3)
= [Pk pack 2 pak

where J#" is the classical angular momentum of particle-a expressed in terms of trajectory

X, and classical spin X, of particle-a by the following relation:
J5" = Xipg — XipG + 30" (4.34)

In Eq.(4.3.3), the symmetrization convention we are following is: A®B# = l(4°BF +
APB®). Tt is well known that in four spacetime dimensions the asymptotic trajectories of the
scattered particles receive logarithmic correction due to long range gravitational force [117,
122] (e.g. if the asymptotic trajectory of particle-a is represented by X4 (o) = rt+vko+Y (o)
for proper time o, then Y, (o) behaves like In |o| for 0 — £00 ). So following the prescription
of [117,122], if we replace In|o| by —In(w + den,) in the classical angular momentum of
Eq. (4.3.3), it predicts the correct gravitational waveform, which has been independently
verified in [118,119] up to sub-subleading order non-spinning particle scattering. Here once

again using the same prescription, from Eq. (4.3.3) we get,

e (w, T)

N
= (=) % e exp { — 2iGIn{(w + i) R} Zpbff}
b=1

MAN v MAN (u) 9 P
X[ > > ”{(p”) phg— | Ko —i(rtm) = rwh+ 220)

a—1 Pa-k a—1 Pa-k ¢ apap B 8pau)
M+N
1Y ) 0
5 > e e — —ph— K — i (vt — vl + T2
2 z::l pﬂf{( OPap OWap ) *

6 a - o, .V v, o ov
X{ (pZap —pZap )Kgcf. - Z(rapa —rapl + X7 )} ] (4.3.5)

where the expression of K. is given by [119]:

1

. L_l 4
d*/ 1 1
K o= -2 ) \ Pe)? — =pp?
ar 2 (87G) — /w (2m)4 ¢ (e)pb.é—l—iepc.f—ie {(pbp ) 2pbpc}

b;:éc
. 2 1,22
= 500 Y m{Lw+iam)} ) it (4.3.6)

be (Pb-pe)? — Pyp?

b#c
Mne=1

In the above expression 7, = +1 if the particle-b is outgoing and 7, = —1 if the particle-b is
ingoing in the scattering event. In the expression of Kgi, L~! denotes the UV energy scale

and for the value of w below this UV scale our result for the gravitational waveform can be



74 Chapter 4. Spin dependent Gravitational tail memory in D = 4

trusted. Roughly, the length scale L ~ |r, — rp| is of the order of the impact parameters for
a scattering event involving un-bounded hyperbolic orbits of compact objects.
Now expanding the exponential in small w limit we find the following order O(w Inw)

contribution of the gravitational waveform at order G2:

N N
(whnw) ~yp — o . 2G . . .
Agey " (w, ) = (—1) & oxP {szQzGlnR;pb.k} fZGln{erze}bZ;pb.k
M+N (u
Pa Kp kp ( p V) V) P v)
X T r/ph + XF )
;1 Pak P

M+N
2 Z k ;: {< al?(w _pg a]?(LN)Kgi 8 (Tgp _Tapa +ZUU)
a=1

B) B
v —pf T | K x (rPpH — phpP 4 YR 4.3.7
+ (pa oo Va 8%) or (Tapa Thph + X )H (4.3.7)

Explicitly the above equation can be written in terms of incoming scattering data {p}, %!, r.}

and outgoing scattering data {p,, X4, 7.} in the following way:

A (o, R

¢ exp {in 2iGwlnR§:p n}
= — - b
R b=1

; ; = Np‘(lﬂnp(pV)_V)p pV))
X [4iw In(w + i€) ;pb.n{ ;::1 oon ript) —rtph + %0
Zpa np( ‘p,) ) /”)p:{’—s—Z:{’”))}
a=1 Pa:
iw 1n(w+z‘e)ZN:ZN: Do P {2pa-p)? = 3p20F} L0
= = [(pa-po)? — p2P3P? Pa:n)
ba

{(péfpﬁ — oy ) (rapl —rape +257) + (Papi — popy)(rhpk — rhph + EZ“)}
M M

p _p/ n,n
+iwIn(w — ie ZZ a_ b,2 ,2]3/2{2(pf1-pf,)2 b} —
a=1b=1 (P PaPy
b#a

{(pa“pb” —p L)l — S S + 0w — eI ) e — il + 8 ”")}]
(4.3.8)
where k#* = wn* = w(1,7) with 7 being the unit vector denoting the direction of gravita-

tional radiation. For the scattering of non-spinning objects, we can read off the order wlnw

gravitational waveform after setting ¥, = 0 and X/ = 0 in the above relation.

4.3.1 Spin dependent tail memory

Performing Fourier transform in w variable of expression in Eq. (4.3.8), we find the following
expressions for late and early time gravitational waveforms:

AEgzu)Q) e (u, T = Rn)
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graviton theorem

G? 1 ZN ZN pd'n, ) _») pv)
— = Fa ~7p pPV) V)P v
= R u? 4 Pp-n1 Panl (Tu.pa Tq Pa + X )

b=1 a=1

(1
n
-y - (rf{’p;”’ — ! pf E&”’”) }

p— pa
N N
Pa-Pb 2 2 2y phs w, p PN O, U v, o ov
+ {2(pa-py) —31017}7{(1)17 —papy ) (rape —raprs +2g7)
N bg_éa
+ (phpy — popy)(raph — rhvl + ZZ“)}} ) for u — +oo (4.3.9)

AQL®) g (% — R

(@2)
g MM o non
_ - - a-p {2(//2_3/2/2 piio
= Py-Pp) Do Py f———
R u? ((phpy)? — P2p2]3/2 e ¢ phn
a=1 b=1
b#a
{(pff‘ pl — Pl (o — TP + ) 4+ (e — ey ) pdt = rd'pd + SE “)} ,

for u — —oo (4.3.10)

N

where retarded time w is given by u =t — R+ 2GIn R > p, -n . The above expressions
b=1

predict the order v 2 tail memory along with the known order v~! and v =2 In u tail memories.

For non-spinning object scattering the order O(u~2) tail memory is non-vanishing and can
be read off by setting 3, = 0 and ¥/, = 0 in the above expressions. At this stage the order
O(u~?) gravitational tail memory seems to be non-universal even at order G?, as the result
depends not only on the asymptotic data i.e. incoming and outgoing momenta and spins of
scattered objects but also on the choice of the region R through r,. Let us fix two particular
time slices before and after the scattering event such that before and after this time, the value
of the kinetic energy of all the particles exceeds the value of their potential energy due to
interaction among themselves. This way we can fix the boundary of the region R. In our
notation this boundary corresponds to o = 0 for the particle’s trajectory i.e. X,(0 =0) = r,.
Now if we want to change our definition of region R to a different time slice say o = oy, it
would not affect our result above as under this choice r, will be shifted by r, + %00 and that
does not affect (r@p? — rp®) combination. Hence this property suggests that in principle, it
is possible to write the result only in terms of the asymptotic data. As a piece of evidence,
consider a special case of 2 — 2 scattering event where object-1 is very heavy and object-2 is
a probe of small mass and suppose they scatter with a large impact parameter. Now for this
process, if we choose the scattering centre at the origin of object-1, then r; = 0 and r5 is the

impact parameter which can be determined in terms of asymptotic scattering data.

4.3.2 Spin dependent tail memory rewritten

Consider a classical scattering process where out of N outgoing objects N number of objects
are massive and rest are massless radiation including gravitational wave. For this process
in [120], it has been shown that the late time gravitational memory at order u=! and u=2Inu
can be fully expressed in terms of the momenta of incoming massive objects, incoming massless

radiation and outgoing massive objects only. So the information about outgoing massless
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L and

v~ 2Inwu. In this subsection, we show that the late time gravitational memory at order u =2,

radiation is not needed to compute the late time gravitational memory at order u~

given in Eq. (4.3.9) can also be rewritten in such a way that it would not carry any information
of outgoing massless radiation.

We denote the momenta of outgoing massive objects by p,, the spins of outgoing massive
objects by 3, and the coordinates of the intersection points with the boundary of region R
of outgoing massive objects by 7, for a = 1,--- ,]V . Then after some manipulation using
conservation of asymptotic momenta and asymptotic angular momenta the expression in

Eq. (4.3.9) can be rewritten as:

(G?)
G2 1 Y ~ z ii(lun ~p-v ~V) S pv
- S S )
b=1 a=1
M ey
AP m)S S P (vl — Ol + )
a1 Palt
N N Da-Pi n,n
a-Pb =~ ~\2 22 p-To SUSP SPSH (oS Vo Sov
+ —— {2(Pa-p)” — 3Papyp} = {(p“p — Pap, )(To P, — Taby +277)
2.2 (G e 2P PO G VPP PR T

+ (L — Py (Pt — T+ S0}

N
Y S CTART AR

a=1
M

+4P' n, Z (r;pp;”) —rplP 4 Z;”V)ﬂ , for uw — 400 (4.3.11)
a=1

where P'* = % pi* and Pr = g: pH. The above expression does not carry any information
about nruaussle;‘ls= é)utgoing radiatioznl.

Now consider binary blackhole merger process, where there is only one incoming object
(i.e. M = 1) which is the bound state of two blackholes and in the final state there are one
massive blackhole (i.e. N = 1) and lots of gravitational radiation. Hence for this process the
third and fourth lines after the equality vanishes in Eq. (4.3.11). Also the first term within
the square bracket cancels the second last term as well as the second term within the square
bracket cancels the last term in Eq. (4.3.11). Hence the late time gravitational memory at
order G?u~2 given in Eq. (4.3.11) vanishes for blackhole merger process. But as discussed in
the introduction, the u~2 tail memory receives correction at order G2, which has not been
derived or conjectured yet. So we do not know whether order G3u~2 memory also vanishes
or not for blackhole merger process.

Now let us consider a gravitational scattering process where all the incoming and outgoing
objects are massless particles/radiation. For this event after using conservation of asymptotic

momenta and asymptotic angular momenta, the expression in Eq. (4.3.9) and Eq. (4.3.10)
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takes the following simple form:

Agé/;;?) e (u — 400, = RA) = — Agg;;rz) e’ (u — —oo, & = RA)
4G?% 1 M p;(“np

P, (T;pp;v) e E;pu)) —(P'-n) (rg’p;;) ey E;pv))]

(4.3.12)

2 /
R u = pom

From the above expression it is clear that for massless particle scattering the order O(G?u=2)
gravitational tail memory is completely determined in terms of the scattering data of ingoing
particles only. So the result is independent of scattering angles even if the ingoing massless
particles/radiation form a blackhole along with some massless gravitational radiation in the
final state. In [120] this feature has been established for u=! and u=?Inu tail memories as

well.

4.4 Derivation of spin dependent gravitational waveform

We consider a classical scattering process where M number of spinning macroscopic objects
come in from asymptotic past, go through some complicated process involving fusion, split-
ting etc. within a finite region of spacetime R, and finally disperse to N number of objects
including finite energy radiation flux as shown in Fig. 4.1. For this kind of scattering event,
we are interested in determining the late and early time gravitational waveform, which is also
related to the radiative mode of low-frequency gravitational waveform via Fourier transfor-
mation in the time variable. We choose the region R to be sufficiently large so that outside
this region only long-range gravitational interaction is present. Let us consider the size of
the spacetime region R to be L. Now we choose the scattering centre well inside the region
R and place the gravitational wave detector at a distance R from the scattering centre along
the direction 7. With this setup we want to determine the % component of the gravitational
waveform with frequency w within the range R™! << w << L1,

We proceed by defining the deviation of the metric from flat background and it’s trace

reversed component in the following way,

(g;w(x) - 77#!/) ) e;w(x) = h/w(x) - %nuvnaﬁhaﬁ(x) (4.4.1)

N | =

huw(z) =

In the above expression 7 represents the Minkowski metric in mostly positive signature. In
several literatures including [118,121,122,125,126] the following relation between the radiative
mode of gravitational waveform and the Fourier transform of the total energy-momentum

tensor has been derived in four spacetime dimensions:

2 ) ~
e (w, R,A) ~ fG el (k) (4.4.2)

where under ~ sign, we are neglecting the terms with higher powers of R~!. In the relation
above & = RA, k = w(1,7) = wn and the gravitational radiation is considered to be outgoing.

The expressions of e"” and TH” are given by,

(w0, F) = / dt ¢t e (1, 7) (4.4.3)
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T (k) = /d4:v e~ k® T (2) 4 boundary terms at oo (4.4.4)

where T#¥(x) is the total (matter + gravitational) energy-momentum tensor which appears
in the RHS of linearised Einstein’s equation. In the above relation the Fourier transform of
energy-momentum tensor is defined inside the region |Z| << R or equivalently we may need

to add appropriate boundary terms at co to make the integral well defined [118,121,122,126].

4.4.1 General setup and strategy

Consider the incoming particles have masses {m/ }, velocities {v/}, momenta {p/, = m/v.}
and spins {X/} at asymptotic past for a = 1,2,--- ;M and the outgoing particles have
masses {m,}, velocities {v,}, momenta {p, = myv,} and spins {X,} at asymptotic future
fora=1,2,---,N. Let X/ (o) denotes the trajectory of the incoming particles in the affine
parameter range —oco < o < 0 for a = 1,2,--- ;M and X, (o) denotes the trajectory of the
outgoing particles in the affine parameter range 0 < o < oo for a =1,2,--- , N. Now to treat
incoming and outgoing particles uniformly, we treat the incoming particles as extra outgoing

particles under the following identifications:

MN+a = miz ) U]p;/+a = 71}:1!‘ ’ pl]</+a = 7p;'u ) Elﬁ;—a = 72;“/ ’ XII\L/'—i-a(U) = Xap’(io')
fora=1,2,--- ,Mand 0 <o < o0 (4.4.5)

The trajectories and spins of the scattered objects satisfy the following boundary conditions,

dXH(o)

XH(g=0) = rH
dlo=0) =g, —=

a

= of (4.4.6)

T — 00

:EZV fOI‘CLZl,27"'aM+N' (447)

and (o)

with r, being the coordinate on the boundary of region R, where the trajectory of a’th
particle intersects. Now outside the region R, the movement of the scattered objects can be

well captured by the following matter energy-momentum tensor [126-137]%,

M+N
* dX%(o) dXB (o)
TXaB _ / d “ a a 5(4) _ Xa
(x) Z:l o | ma—g = (z (0))
M+N i~ (o ) (0 _
dXa 0 X

+ Z V/—det g(x) V, / do dXa () 297 (o) M

a=1 0 do —det g(x)
+ .- (4.4.9)

where unspecified “- - -” terms contain two or more covariant derivatives derivatives operating

on the o integral containing delta function and carry the information of the internal structures

of the macroscopic objects in terms of gravitational multipole moments and tidal responses,

2We are using the following definition of energy-momentum tensor for the world-line action Sy :

5Sx
TXP(g) = 222X 4.4.8
(z) =25 7o () (4.4.8)

which differs from the canonical definition of energy-momentum tensor by a multiplicative factor of

v —det g.
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which will not affect our result to the order we are working in. The symmetrization convention
used above is defined as: A(®*Bf) = %(AO‘BB + AﬂB“). Now using the definition of covariant
derivative on a rank-3 tensor and the property I s = ————03s(v/=det g ), the above matter

\/—det g

energy-momentum tensor simplifies to:

M+N o) afqg B o
Tonﬁ(l,) _ Z /0 do [maCl)i}LOQ(i)i}la-() 5(4)(17—Xa(0'))
(o
) ) 0,50 (2 - (o)
+ T o) DD 50150 (o - Xa(a))] (4.4.10)

With the above matter energy-momentum tensor, we have to solve Einstein equation to derive

the background metric,

\/—detg (Raﬁ - %R gaﬂ> = 8rG TXP (4.4.11)

We also have to solve geodesic equation and the equation for the time evolution of spin as
given below [133,134, 136, 138-141]:

2 yva o B o Yo vy
R 1 (o) T D - R (o) 200
(4.4.12)
nv o B . B -
T+ (ue)m () T ey P <oy

The above equations follow from Mathisson-Papapetrou equations with some correction terms,
which are explicitly derived in appendix-4.A. Also in appendix-4.A the above equations has
beed derived demanding the covariant conservation of the canonical version of the matter
energy-momentum tensor in Eq. (4.4.10).

Now in terms of trace reversed metric fluctuation the Einstein’s equation Eq. (4.4.11)

takes the following form:
0P 0,0,e*" () = —8rG (TXaﬁ (x) + Th (x)) = 871G TP(z) (4.4.14)
where Th*#(x) is the gravitational energy-momentum tensor defined as,

The = _

\/—detyg (Raﬂ - %R gaﬂ> + npaapageaﬁ] (4.4.15)

1
81G
Now we briefly sketch the strategy of our computation:

o We solve the equations Eq. (4.4.14), Eq. (4.4.12) and Eq. (4.4.13) iteratively considering

gravitational constant G as an iterative parameter, in post-Minkowskian(PM) sense.

o At zeroth iterative order we set the initial value of the metric fluctuation e (xz) = 0
and consider the scattered objects travel in asymptotic linearised trajectory X4 (o) =

r# + v#o with constant value of spin L#¥ (o) = LY.
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Next, the Fourier transform of matter energy-momentum tensor given in Eq. (4.4.10)
is computed keeping the terms up to subleading order in w expansion. We divide the
integration region in Eq. (4.4.4) into two parts: one the inside of region R denoted by
|Z] < L, where we only need to use the conservation of energy-momentum tensor, and
another the outside of region R denoted by |Z| > L, where we only need to use the

linearized trajectory approximation of scattered objects [126].

Now using Eq. (4.4.2) we can read off order O(G) gravitational waveform up to sublead-
ing order in small w. Here the leading contribution in small w expansion contributes
to gravitational DC memory after Fourier transformation in time variable. But the
subleading terms in w expansion which depends on spin, does not contribute to dis-

placement kind of memory as it is analytic in w — 0 limit.

In the first iterative order we use the O(G) metric fluctuation as background metric
and solve geodesic equation Eq. (4.4.12) with boundary condition Eq. (4.4.6) to find the
correction to linearised trajectory. At this order we also need to solve the spin evolution
equation Eq. (4.4.13) with boundary condition Eq. (4.4.7).

Now using this corrected trajectory, spin correction and order O(G) background metric
we compute the first iterative correction to the matter and gravitational energy mo-
mentum tensor outside region R3. This first iterative correction to energy-momentum
tensor contributes to non-analytic terms as w — 0 at order O(w™ Inw) for n > 0 along

with analytic terms.

Using Eq. (4.4.2) with the corrected energy-momentum tensor we get the order O(G?)
gravitational waveform. At this order the leading non-analytic contribution in small w
expansion behaves like Inw and this has been evaluated in [118], which contributes to
v~ ! tail memory. So in this article our main goal is to systematically evaluate the order
w In w contribution to the gravitational waveform which turns out to be spin dependent
and after Fourier transform contributes to w2 tail memory as first time pointed out
in [119).

Now if we do the analysis in the next iterative order i.e. at order O(G?) of gravitational
waveform, we see that it corrects the order w Inw gravitational waveform [119]. Possibly
there might be corrections also from order O(G™) for n > 4 to order w In w gravitational
waveform, which seems to be absent by naive dimensional analysis (e.g. see table in
Fig. 4.2). Hence in our analysis we are only able to derive the order wInw contribution
of gravitational waveform at order O(G?). So our result should be thought of as 2PM
contribution of order wlnw gravitational waveform, which is also equivalent to 2PM

contribution of order w2 gravitational tail memory.

3Since at this order we are only interested to extract the non-analytic terms in w for w™! >> L,

Fourier transform of energy-momentum tensor inside the region R does not contribute to non-analytic
terms in w.
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4.4.2 Order O(G) gravitational waveform

In this subsection we review the analysis of [126] in four spacetime dimensions®, which is
necessary for our analysis of next subsection. Following the strategy, let A(O)T< denotes
the contribution of Fourier transform of Eq. (4.4.10) inside region R and A(O)Tf denotes the
contribution of Fourier transform of Eq. (4.4.10) outside region R at order O(G°).

After using integration by parts the Fourier transform of Eq. (4.4.10) outside region R

becomes,
M+N N (@
~Xa i dX% (o) dXB (o) = dXs"(0)
T2 (k) = Z/ do e~ k-Xa [ ma— T Sk,
(a dX(S( ) 8)
' ( X, ¥
(X (0) Z i P (o)
M+N
_ Z / da/d% 5(|17) — L)6W (2 — X, (o)) e~ k-Xa(@)
(a
X Mzg)Vﬁ’y (4416)
do

where n® ~ (0, %) is the outward unit vector on the boundary OR. In the last two lines we get
the boundary contribution using fl > d*z 8,A°P (z) = — [ d*x §(|7| — L)#i, A*PV(x). Now
to evaluate the boundary contribution(last two lines) of the above expression with trajectory
X,(0) = 14 +va0, we first do the integration over z using the delta function 6™ (z — X, (o)),
which substitutes x = r, 4+ v,0 everywhere inside the integrand. Now we do the o integral
using the delta function 6(|7, +,0|— L), which contributes to 1/(v,.fiq) where g = (0, %)
There is no modulus sign in the contribution from delta function as for outgoing particles

V.M is positive. Hence from Eq. (4.4.16) we get®,

M+N a, B (a B)y
~Xap B ik, | TMaVg U, X ky
AT (k) = Z e l i(vg-k — i€) + vo.k — i€ 1
M+N
Z e—zk: Tq _ (Oézﬁ)’)’n
a=1 Ma-Ya

M+N
_ . A L U Pavs
= (=) Y, .y, ke, :
Dok — i€ Pa-k — i€ Pa-k — i€

a=1
M+N

—~ s n, 4.4.1
ana Py + Ow) (4.417)

where in the last two lines we only kept the terms up to subleading order in w expansion and
used p, = myv,. The ie prescription is fixed demanding the finiteness of TX from the oo

range of o integration.

4There are some sign differences relative to [126] due to the fact that we are considering the
velocities of outgoing particles to be positive, where as there the velocities of outgoing particles were
considered to be negative.

SHere we ignore the term containing Christoffel connection inside the square bracket of
Eq. (4.4.16), as it will not contribute at order O(G?).
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Now to derive the Fourier transform of matter energy-momentum tensor inside the region
R, let us start with:

—ika T2 (k)

o .
4, Y | —ikx XafB
/mng e ] T @)

/d4x 5(|@ — L) e” ™7 7, Tir () (4.4.18)

where Iﬁfaﬂ () represent the matter energy-momentum tensor inside region R which is not
same as Eq.(4.4.10) in general. To get the second line from the first line above, we use
integration by parts and consider the conservation law of matter energy-momentum tensor
O, TX @% — (0 at linearized order. Since the full contribution is written as just a boundary
term on OR, T;X will match with the expression in Eq. (4.4.10) at the boundary. So in the last

line above we substitute the expression Eq. (4.4.10) in place of T;X and then do integration

in
by parts to remove the derivative over the delta function. Finally after performing the x

integration using the delta function, we get®

M+N
L AXa kX (o > dXe dXP
—ik T2 (k) = E / do e Xalo) f o|0(|Xa(o)| = L)mq daa daa
. ax® dX(‘"
—iiyd (| Xa(0)] — L) — = SO ik, 8 (|Xa(0)| — L) 58
(4.4.19)

Now we want to evaluate the above expression using asymptotic linearized trajectory X, (o) =
rq + v40. To do that we have to use the following two identities of delta function:
1 1

6(|'Fa +'l_)'a0—| - L) = P (5(0’) 5 5’('7?& +17a0'| - L) = m(gl(g) (4420)

Hence using these properties and performing the o integration we get,

—ika Do) T2 *P (k)

_ & ik |8 L Ka BY 4, B = sy

= ; e [pa 7 az Tlary + 22 Ky +§na'va Raa Xk,

_ R ; &) i k:pa By, By pB > oy 2

- ; [_zk.ra P55 z Ty + 22 ke L T faa Sk | + O(w?)
(4.4.21)

Now from the above expression after stripping out the k, and using total angular momentum

conservation relation ) (22‘5 +7roph — rfpg) =0 we get’,
a

M+N «

R oL
ApTZP (k) = > [(a By L shi, |+ Ow) (4.4.22)

(1 a

a=1

6 Again here we are ignoring the term containing Christoffel connection as it will not contribute
at order O(G®) in the analysis of X8 (k).
"The stripping out of k, is unique up to this order as illustrated in [126].
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Summing over the contributions of Eq. (4.4.17) and Eq. (4.4.22) we find the following order

O(GP) Fourier transformed energy-momentum tensor:

M+N
AT*P(k) = (=) > ook —io) poph + ipffJf”kv} + O(w) (44.23)
a=1 ar

where J57 = rBp7 — r7p? + 387 is the total classical angular momentum tensor of particle-a.
Here we can see that neither r# nor ¥#¥ are unambiguously defined as there exists transfor-
mation r# — r# + ¢t and XHY — BHY — chpl + chpk, under which total angular momentum
JE remains invariant. So to give an unambiguous covariant definition of spin angular mo-
mentum we are using p,,>4" = 0 from the beginning, which is known as Tulczyjew-Dixon
spin supplementary condition [131,142].

Now using the relation Eq. (4.4.2) we get the radiative mode of gravitational waveform

at order O(G) up to subleading order in w expansion,
2G pex 1
A" (w, R, ) = —ip et Y k=i [prZ + ip(a”Ja”)”kp} (4.4.24)

a=1 o ’L€)

Now performing Fourier transform in time variable we get,

(k v)
pd Ja "1, 5

ny A _
Aqye"” (u, R, n) P H(u) P (u)

M+N
2 o
| lpapa (4.4.25)

a=1

where u = t— R is the retarded time and H (u) is the Heaviside theta function. Above the first
term within the square bracket contributes to gravitational DC memory [7,107,108,110-113,
116,118,123,143,144]. On the other hand the second term which depends on spin angular
momenta does not contribute to displacement gravitational memory as it is localized near
u = 0%. Hence to derive the leading spin dependent memory we need to go to next iterative
order and hope to get a spin dependent non-analytic contribution in small w from the Fourier

transform of energy-momentum tensor.

4.4.3 Order O(G?*) gravitational waveform

Due to the asymptotic linearized trajectory of scattered object-b, the metric fluctuation can
be read off from the solution of linearized Einstein equation Eq. (4.4.11) with the momentum

space energy-momentum tensor Eq. (4.4.23),

4
(b) o d*t . 1 1,
hos(x) = —(87G) /(%)4 e Gr(l) ol —i0) {pbapbﬁ 5 PbTls
. 7
+ ipy(ady,gyy T — §ngb,§7£ﬂ{7’]aB:| (4.4.26)

where G,.(¢) is the momentum space retarded Greens function given as G,.(£) = {(¢° +i€)? —

6_2}*1. We should denote the above metric fluctuation as A(O)hfxbg following our convention,

8But this angular momenta dependent term can contribute to a different kind of ‘spin memory’
induced by radiative angular momentum flux [123, 145, 146]. This order O(w®) term in the grav-
itational waveform receives corrections from order O(G™) for n > 2 which turns out to be theory
dependent and depends on the structures of scattered objects. So the full (all PM order) contribution
of order O(w") gravitational waveform is non-universal [118,119].
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but just to reduce notational complexity we remove the A g piece. The Christoffel connection

for the metric above is given by,

b
Ik (x)
d4£ il.x 1 12 1 o2 % 1 w2
= - (87TG)/ (27r)4 e Gr(é) m VV (pbppb - Eéppb) + Ep(pbl/pb - iéupb)
1
— (pbypbp - §p§nyp>]
. d* il.x L o m o
~i876) [ o €7 Gl (o o+ L T o = DTyl
1
-5 (euag + 0,00 — eﬂnup) 2 Jb,g,yw} (4.4.27)

Now due to the non-flat background metric, consider the leading correction to the asymptotic

straight-line trajectory of particle-a outside the region R to be,

XHt(o) = rk+oko +YF(0) (4.4.28)
with boundary conditions:
dyr
YiE@)| =0 : and y () =0 (4.4.29)
o
o=0 o—00

Similarly due to the non-flat background metric, there will also be a correction of spin outside

the region R, which is given by,
Shv(o) = ZEY + SHY(o) (4.4.30)
with boundary condition:

St (o) =0, for |o] = o0 (4.4.31)

Now the order O(G) contribution of Y (o) and S*” (o) satisfies the equations below, which
follows from Eq. (4.4.12) and Eq. (4.4.13).

2YF (o) ) 1 _
=  —IY,(ra +vao)vivh — 0T (Ta +va0) — 0o, (1o + va0) | SET VY
do? 2mq
dSt” (o
3 J( ) T (ra + va0)SE 4 T (ra + va0) S0 G (4.4.32)

M+N
where T ,(r, +va0) = 3 FS;;)M(TG + v,0) . After doing integration with the specified
1

b=
b#a
boundary conditions of Eq. (4.4.29) and Eq. (4.4.31), we get

dyd' (o)
do

o0
1
= / do’ |:F‘1L/Lp(7”a, + UaU,)'UZUg + ﬁ (8p1—‘ﬁa(7’a + Uao',) - agFfjp(T‘a + UGUI)) Zgg");}
o a
(4.4.33)

o0
St (o) = / do’ [ng(ra +va0" )L v — T ,(ra + vaa/)Eg“Ug] (4.4.34)
(o8



4.4. Derivation of spin dependent gravitational waveform 85

Analysis of matter energy-momentum tensor

In this section we compute the order O(G) correction of the Fourier transformation of matter
energy-momentum tensor due to the corrected trajectory and spin of the particle. Since only
the non-analytic terms in w contributes to gravitational memory, it is sufficient to analyze
the Fourier transformation of matter energy-momentum tensor outside region R without the
boundary contribution as given in Eq. (4.4.16). Contributions from the boundary terms and
inside the region R always reproduce terms, which are analytic in w. Hence neglecting the

last two lines of Eq. (4.4.16) and substituting the corrected trajectory and spin we get,

M+N

N o0 . ayy
TEM (k) ~ Z /0 doetk-(vao+Ta) {1 — kY, (o) +--- } [ma (’Ug’UZ + vfl‘#
a=1
l/lelH (0) S (pyw)a (1 qv)a dYa(#(O') V)
+Ua70_> +Z(Ua Ea +'Ua Sa (U)+ Tza )ka
+ TV (o + va0)S00f ] (4.4.35)

The order O(G) correction to the matter energy momentum tensor,

A T*™ (k)
M+N
—_— dyY
- Z / doe~ k- (Vao+7a) [—ik.Ya(U) mavtol + mgv « ()
— J do

YH (n
—l—mavgd (o) n idYa (o)
do do

Y% + k.Y, (o) ugﬂzg)%a]

M4N .00
+ Z /0 doe™ k- (ratvac) [ivff‘S;’)a(a)ka + ny’%(rn + UQU)EZ)QU(’?} (4.4.36)
a=1

Now performing integration by parts and using the boundary conditions of Eq. (4.4.29) we

get,
~ M N . pHpY k
AT () = Y e [— Pl ks + plidy + ol + 0045 ke — i pgﬂzzmka]
) Pa- -Pa
X /OO do e—ik.vaa dYaﬁ(U)
0 dU

M+N .00 '
+ / dore 8- t00) [0 ()b + T (o + v00) 20 |
a=1

(4.4.37)

We evaluate the above integrations using the results of Eq.(4.4.33), Eq.(4.4.34) and
Eq. (4.4.27) and get,

Iﬁ /00 do e*ik.v,,,cr dYaﬁ(g)
0
M+N

do

d*¢ 1 1 1

_ il.rg
= (87G) /(2w)4 O T i pal e pall—F) e

(]
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—

1 1
X [2pa-15(pa 2oy — sPepl) — P {(papy)? — Sp2p}}

2 2
M+N 4
. & 1 1 1
+i(8rG) ; / P I S vy ey pruleany g pre
b#a

« (0% (03 1
x [pa-fpa.pr;f’ oo+ Dol Pap Il — 0P Pa-PoPap T e — 5{2pa-€p5 — Pp2}

ngJb’g,Y[Y}

N ode 1 1 1
(837G iraqy (0
+il8rG) ; /(27r)4e (O oo —ic paitic pall—F) Tic
by_éa
1
[pa.ﬂ 0,50 propl) — PPy Sh = 0 papul T i (4.4.38)

The leading non-analytic contribution in small w expansion from Eq. (4.4.37) is of the order
of Inw which is determined in [118]. Our goal in this sub-section is to extract the O(wlnw)
contribution from Eq. (4.4.37) in the integration region w << |¢*| << L~!. In turn this
demands that, we have to extract the order O(lnw) and order O(wInw) contributions from

the integral expression in Eq. (4.4.38) which we denote by I 15 and Ig respectively.

5 NN LT gy 1 1
I = 87 / Gt - .
L (87G) bz::l w (2m) ( )pb.ﬁ—ze (pa-l + i€)?
b#a
1 1
x [2pa-1f(pa-pbpf —~ 51)5;05 ) = 0%{(pa-p)? — Papi}
0
= 5 ﬁKng, (4.4.39)
where [119],
. L*l 4
i d4e 1 1 1
Kt — _Ll(&rG G.(t { .2—7“}
ar 5 (87 )bc/w amt OO e pet —ie \PoPe)” — 5Pipe
b;:éc
i . (po-pe)? — 53D
= 120 ln{L(w+16nb)} . (4.4.40)
2 ; (Po-pe)® — pip2
b#c
Npne=1
M+N L, 1
s 4t 1 1
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1 1
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M+N L1
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M+N L1
d*e 1 1
i(87G Gr(£ ok
Hee ; / (2m)* ® ol —ic (pat+ic)? ¥
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1
o O e R A S (4.4.41)

The integral expression of Ig above contributes at order wlnw and has been explicitly
evaluated using contour integration in the complex ¢° plane. The compact form of the result
after integration becomes:

M+N

1
B 6 ek tienI) 7 ¢ 7 [5areonrart — tpeppiperas
P [(pa-pb)? — P2P7]
b#a
NaMp=1
2 8 228 1 2,8
—2p2pa-popb-rapls + 2(0})*Pa-raplh — (Pa-pb) Pirh — §papbpb rapl + pa(pb) a
+(pa o) 202re — 5(pa-pb)2Py-ropl + Apa-PyPEPa-TDL + 2Da-PoPb-TEPEPE — 2(p2)*Pa.TePh
1
+ papbpb ropl — 5pa(pb)2rb — Pa. pbpbzfapaa}
M+N L
—3iG (pmk) ln{(w + iﬂ?a)L} Z 375/2 |:(Pa~pbpb-Ta *ngafa)
prt [(Pa-b)? — P2D}]
b#a
Nanp=1

1 1
X{(pa.pb)3pf — (Pa.py)?Pipl — SD2DEPa-PLP) + 5p§(pb)2 5}

2
1 1
+(Pa-pb)*PEpa-r6) + (Pa-y)>DEPL-THPE — Epi(pi)%a.pbpa.mpf - 5p§(p§)2pa.pbpb-rbp5
1 1
—(pa-py) pyropy) + g(pa-pb)zpipﬁpb-rbpf — (Pa-pb)*(92)*pa-Topls + §p§(p§)3pa-rbz)5 -
(4.4.42)

Above n, = +1 if particle-b is outgoing and 7, = —1 if particle-b is ingoing. We also need to
evaluate the last line of Eq. (4.4.37), which contributes at order O(wInw) in the integration
region w << |[#] << L7Y

M+N
Z / doe=tk-(ratvac) [w(”S”)‘X( Vo + T (rq + va0) 5% }

M+N M+N 1

+iG ln (w+ien,)L
azl z_: } — p2pi]?/?

b7’:a
NaMp=1

[{(pa D) — Pap Pop Sl ko (DD + Piph) — Pe{(Pa-pb)® — Papi  (PEEL ke + DL S k)
—{(Pa-po)® — Papi 0ok (DEPopSE + DipbpXt) + Pa-poDipbpSh kDl Dl
+(pa-k){(Pa-pb)® — P2PE} (PhDLaES” + prbaE;‘“")} (4.4.43)

1R

Now using these results of integrations, the order O(w Inw) contribution to matter energy-

momentum tensor from Eq. (4.4.37) becomes,

Agf)lnw)fX/u/(k)
M+N
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= — Z papaka a Kc,lr‘_fpg a Ci_ipZiKc’f“
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M+N M+N

. ) 1
+iG Z Z In {(w + Zeﬂa)L} [(Pa-pb)? — pgpg}s/z

a=1 b=1
b#a
Nanp=1
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—{(Pa-pv)? — P2DL Y 0ok (PLDL 2" + DipupSit) + Pa-Popipep 20" koDl

+(pakH{(Pa-p)? = PEPEH (P Pra TS + DY PraTa")] (4.4.44)

Analysis of gravitational energy-momentum tensor

Here we will compute the spin dependent gravitational energy-momentum tensor for the

metric fluctuation given in Eq. (4.4.26). Fourier transform of the order G gravitational energy-

momentum tensor takes the following form:

. M+N d4£ 1 1
AT (k) = —(87G /7@1@—40% : .
T (k) (87G) ;1 (2m)* (k—=£) ()pb.éﬂe Pa-(k — €) — i€

1 - i IZNe’ led
X{pbapbﬁ - ipgnaﬁ + ippade,pyy T — 5%@2?2%,5%”} FHnabone (0

1 . i K T
X {pappacr - ipznpa + Zpa(pJa,a)é(k - 6)6 - 577papa=]a,m(k - 1) }
(4.4.45)
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where [118,119],

}—-;J,u,aﬁ,pa(k,’ E)
1
= oGl — O (k= 0 — £ — (= 0 ( — O
—(k = 0"k = 000" + (k= 0)*(k = 000" + (k = £).Ln" P
1
=0 (k= O = S (k= O 0P+ (k — 0)?
3
+ 0Pt (k — 5)2] — [5(1@ — 0007 + 2(k — £)*n*Pn°°
1
£ (= 0% 0?°] — Pk = 07 W 4 P~ £ (4.4.46)
follows from the quadratic part of gravitational energy-momentum tensor defined in Eq. (4.4.15).

In the integration region R~! << |f#| << w, at leading order F(k,¢) approximates in the

following form up to gauge equivalence,
FreBire ( 0) ~o —2kP ko0 P + 2k K o (4.4.47)

Hence in the integration region B! << |f#| << w the order O(wInw) contribution from
Eq. (4.4.45) turns out to be,

wlnw) Shuv
AL (k)
M+N
1 1
= *(8’/TG) Z ﬂ{pbo&pb[ﬁ7ipgnaﬁ}[*Qkﬁkoﬂapnmj+2]€ak677up7]yg}
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x{zp (pYa,0)s 2% Pada.r o1 (2m)% ( )pb.ﬁ—ie 2k.0 + ice

(4.4.48)

Now after using the result of the integration [118]

w d4€ 1 1 1 1
r( - == — 1 ' 4.4.4
/R_l L R ey n{(w+ioR} (4.4.49)

we get,
wlnw)phuv
AT (k)
N M+N ook
= =G (o ORYYD | =0k + P (T2 pZJé‘”kp)]
b=1 a=1 ar
(4.4.50)
M+N
After using the total angular momentum conservation relation ». JP7 =0 we get,
a=1
N MAN
wlnw)phuv . . ”
AEl) )Tlh“ (k) = -—-2G ln{(w+ze)R}Zpb.k Z ﬁpg“Ja)aka
b=1 a=1 7%
(4.4.51)

Next we analyze the expression in Eq. (4.4.45) in the integration region w << [¢#| << L1
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and extract the order O(wInw) contribution. First let us substitute the following identity in
Eq. (4.4.45),

Golk = DG (f) = Gk — 0)Gp(—£) — 2mid (%) [H((0) — H(—L°)] Gy (k — 0)
(4.4.52)

and focus on the contribution coming from G,.(k — €)G,.(—¢) part. As described in appendix-
4.C, the gravitational energy-momentum tensor with 6(¢2)[H (¢°) — H(—(°)]

x Gp(k — £) part does not contribute to order O(wlnw) in the integration region w <<
|#| << L~!. Following the discussion of appendix-B in [118], a part of this contribution
can be identified with the soft radiation from the finite energy real gravitational radiation,
which is already taken care of in the hard particle sums of the earlier expressions. So in the
integration region w << |¢#| << L7!, the order O(wlnw) contribution from gravitational

energy-momentum tensor with G,.(k — ¢)G,(—{) part turns out to be,
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In the above expression, A ) F(k, £) and A g F(k, £) corresponds to the order O(££) and or-
der O(k() contributions of F(k, ) respectively, which can be easily extractable from Eq. (4.4.46).
The expression in Eq. (4.4.53) is explicitly evaluated in Appendix-4.B and the final result of
order O(wInw) contribution is written in Eq. (4.B.18).
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Total energy-momentum tensor and gravitational waveform at order O(w Inw)

Summing over the contributions of Eq.(4.4.44), Eq. (4.B.18) and Eq. (4.4.51), we get the

Fourier transform the total energy-momentum tensor at order O(G wlnw):

( ) N M+N 1
wlnw) fApy Y - (1 gv)
AGTIT () = 206G ln{(w—f—ze)R}bz_;pb.k ; e P T,
M+N
1 k ko 0 B l
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+ | p 9 —p7 g K x (rpp” —rkpf + 2”“) (4.4.54)
aapao’ aapay gar at”a al”~a a

Using the relation in Eq.(4.4.2), the radiative mode of gravitational waveform at order

O(G?wInw) for the above derived energy-momentum tensor takes the following form:

A 20,2

N
2G
= 5 exp{iwR} 2iGln{(w+i€)R}Zpb.k
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v 9 o 9 cl Pyt Ko P pH
TP tpe, P, )N (vl =i +221) (4.4.55)

Now if we compare the above expression with the conjectured result given in Eq.(4.3.7),
we observe that our result in the direct derivation completely agrees with the conjectured

waveform.

4.5 Conclusion

In this chapter, we derive the leading spin-dependent gravitational tail memory which behaves
like u~2 for retarded time v — +o0o. First, we predict the result from the classical limit of the
soft graviton theorem, then derive it for a general gravitational scattering process involving
spinning objects. The final result of leading spin-dependent gravitational tail memory has
been summarized in sec.4.3.1 and sec.4.3.2. Here we are pointing out the novel features of
our result, its theoretical and observational importance and possible way of re-deriving our

result with other available prescriptions:

1. Even when the scattered objects do not carry any intrinsic spins still a large part of the
order O(G?wInw) gravitational waveform is non-vanishing and can be read off from
Eq. (4.3.8) by setting ¥, = X/ = 0. This result is fully determined in terms of the
asymptotic momenta, asymptotic orbital angular momenta, and the direction cosine

and frequency of gravitational wave emission.
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2. Our result of order u~2 gravitational memory as given in Eq. (4.3.9) and Eq. (4.3.10)
has several theoretical and observational importance in the current era of gravitational
wave physics. First of all, from the observation of this tail memory one can read off
the intrinsic spins of the scattered objects, which is not possible from the earlier results
on displacement memory, u~! tail memory, and u~2Inu tail memory. Secondly, for
a black hole binary merger process even if the blackholes carry spin, still in sec.4.3.2
we have shown that gravitational tail memory at this order vanishes, which is another
non-trivial prediction from general relativity. In sec.4.3.2 we also have shown that if the
scattering event carries some massless particles or radiation along with high-frequency
gravitational wave in the final state, still the waveform can be rewritten in such a
way that it does not carry any information about the outgoing massless particles or

radiation.

4.A Review of geodesic equation and spin evolution of
spinning object

In this appendix we review the geodesic equation for spinning object as well as the time
evolution of the spin. These equations are known as Mathisson-Papapetrou equations [138,
139] in general relativity and the covariant form of those are discovered by Tulczyjew and

Dixon [131,132]. The Mathisson-Papapetrou-Dixon equations take the following form:

DPH 1

oy —iR’* vpot” EP° (4.A.1)
Dxmv

Do = Pty — PYut (4.A.2)

where P* is the kinematical momentum and X#" is the spin angular momentum of the object
measured along the world line as a function of affine parameter o. The four velocity is denoted
by u* and defined as u* = %, for z# (o) representing the world line and w*u, = —1if o is
the proper time. % represents the covariant derivative along the world line. Let us define
the kinematic mass m = —P - u, which is in general not a constant of motion [151]. Now

contracting with u, from Eq. (4.A.2) we get,
Pt =mu" — ——u, (4.A.3)
To understand how the kinematical mass evolves along the trajectory, let us take derivative

over m w.r.t. o,

dm Dm DP# Du Du,, DXHY
dm _Dm __ DPF -~ p,Duy  Duy , 4AA
do Do Do “* Do Do Do (4-A-4)

where to get the last expression after equality, we substituted the results of Eq. (4.A.1) and
Eq. (4.A.2). Now we substitute the expression of P* in Eq. (4.A.1) and use the expressions in

Eq. (4.A.4) and Eq. (4.A.2). After this substitutions we simplify Eq. (4.A.1) using u, %“: =0

and get the following simplified trajectory equation,

Dut D 1 e
m Do’ — 7D0‘2 Uy = 7§RM upa-u EP (4A5)
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Note that to derive the above trajectory equation we do not have to use any spin supplemen-
tarity condition(SSC).

Now let us focus on the simplification of the spin evolution equation given in Eq. (4.A.2),
using the trajectory equation Eq. (4.A.5) and spin supplementarity condition u,¥"*" = 0. We

start by substituting the expression of P* in Eq. (4.A.2) and get,

DX# DY#e DY«

= — U U
O‘JFDU

Do Do

Ugu! (4.A.6)

Now using the definition of covariant derivative on the spin tensor, moving the o derivatives
from ¥ to u and simplifying using spin supplementary condition u,X*” = 07, the above

equation takes the following form:

dxHv
do

d d
T VLTS VO L E”O‘%u" - E”a%u“

g g
—T5eE P uugu” + 0, X" Puugu’

(4.A.7)
Substituting the trajectory equation, Eq. (4.A.5) in the RHS of the above equation, we get

axm 1 D%y, 1
—— T T = — (E““u” — zmu“) (Dgfuﬂ — 2Ra5p0u52p0>

(4.A.8)

In the above equation the LHS is basically DE:V, which is equal to terms quadratic in spin

as written in RHS. This above result also implies that % in Eq. (4.A.5) is also quadratic
in spin. Hence if we are interested in the trajectory and spin evolution equations which are
linear in spin'®, Eq. (4.A.5) and Eq. (4.A.8) simplifies to

d?z# dx? dx° 1 dx”
r = RM re 2 4.A.
do? % do do QmR YP7 do + 0% ( 9)
and,
v dzP dxP
[T —— + TS —— = 0+ O(%? 4.A.10
do thas do tlag do + 0% ( )

Now we show that the above equations also follow from the covariant conservation of
the canonical version of the matter energy-momentum tensor in Eq.(4.4.10). For a given
world-line action Sx of a moving object in gravitational background with metric g, (), the

canonical matter energy-momentum tensor is defined by:

2 §Sy
V=9 0gap(x)

In the literatures, we find two kinds of spin supplementarity conditions(SSC), which are u, X** =
0 and P,¥*" = 0. Different choices of SSC, will modify the O(X?) terms in the RHS of Eq. (4.A.9)
and Eq. (4.A.10), which are irrelevant for our analysis.

0Here we want emphasize that we are not making any small spin approximation while ignoring
terms quadratic in spin. We are ignoring those terms as those contribute at order O(G?) to the
correction of trajectory and spin in our analysis of 4.4.3 and would not affect our O(G?) gravitational
waveform.

TXP(z) = (4.A.11)
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which satisfies the following conservation equation,
VT (2) =0 (4.A.12)

In the above expressions, g = det(g,,) and V, represents the covariant derivative with
background metric g, (). Let ¢g(x) be an arbitrary rank-1 tensor with a sufficient fall off at
the boundary of spacetime, such that [/=g T;X*?(z)¢g(z)] = 0 will be satisfied. Now

|z| =00

let us start with the following identity,

/ dtay/=gVa (TX @)6a(2)) = / dl /=g | (VT (@) 65 @) + T )V (a5 a)]

é/d‘lz —g TCXD‘B(:C)V(aqﬁB)(x) =0 (4.A.13)

Above to get the last line we used the fact that LHS of first line is a boundary term
which vanishes and the first term in the RHS of the first line vanishes due to the conser-
vation of matter energy-momentum tensor. In our convention, the relation between matter
energy-momentum tensor given in Eq.(4.4.10) and the canonical energy-momentum tensor
is: TXB(x) = \/—g TX*?(z). Now after substituting the matter energy-momentum tensor
of Eq. (4.4.10) for a single particle in the above relation, we get

/do /d4x[dea(J)dXﬁ(J) 6(4)(x—X(J)) + M 2’6)7(0)

do do do

x 9,0W (z — X(0)) + rf;;(X)zﬂW(a)id)Z;(”) W (z - X(0))
x{a(aaéa)(w) - FZB(:c)cbp(:c)} =0 (4.A.14)

In the above expression, we first perform integration by parts to remove the derivative over

delta function and then do the spacetime integration using the delta function. Next, after

dxX* 8 _ d
do 0X* = do

using the identity and integration by parts for the derivatives w.r.t. o we get,

dX(o) dX5 (o)

/da qﬁp(X)l— de%:(U) —mI 5(X)

do? do do
o g
vo,02,(0) P g 0) 10 ) %(xﬂ{l(f)zﬁwa)]
(o B(a B(a
+5 [ do 2,0,0) [dzdg() 12,00 D 50 0) 1,00 P P son
S (4.A.15)

Since ¢,(x) is an arbitrary rank-1 tensor, in the above expression the coefficients of ¢,(X)
and 0,¢,(X) will vanish individually. Hence replacing p — p and v — v and using the

antisymmetry property of (o) we get the following two equations from the above expression:

X)L, dX (o) dX5 (o) 1, dX*(0) 5y

Cdo? + FQB(X) do do _%R agy(X) do 27(o)

dXH (o) " dX%(o) v 5 dX*(o) B _

0 + FQB(X)idU P (o) + F""B(X>7da HP(e) = 0 (4.A.16)
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where,
% oy (X) = 0T (X) = 0,1 4(X) + T8 (X)Ty (X) = Th,(X)TE (X)  (4.A.17)

Now if we compare the above equations with Eq. (4.A.9) and Eq. (4.A.10), we observe that
they are identical. This also proves that the geodesic equation and spin evolution equation

are consistent with our matter energy-momentum tensor.

4.B Detail analysis of the gravitational energy momen-

tum tensor

To evaluate the expression in Eq. (4.4.53) we need to use the results of the following three

integrals:
L™
d*? 2 1 1
P = G (—f 4P
! /w (2m)4 [G(=0)] Dol + i€ pp.l — ic
_ 1[aa+a6+a5}/L”d4£G(€) 1 1
B 9 [Pa Opag Po Opps 1 . (@2mr T Dol + i€ pp.l — 1€
1 - 1 a, B « 2 «, 3
= ganam,l In {L(w + ZET]a)} [(pa-pb)2 — pgp%]g/g [pa'pb{papb + pbpaﬂ} — PpPo Py
—p20w) = 0 {(pa-pe)® — D203} (4.B.1)
L= 4
d*/ 2 1 1
J(XﬂV — GT ¢ é”fﬂﬁ
2 /w (2m)* [Gr(=0)] ppl — i€ (pg.L + i€)?
1 0 0 0 0
— Y Y ay By
= 5|P + DPa +(77 a— tn 7)
2 [ b OPba apaﬁ OPaa apaﬁ apaﬁ OPaa
L= 4
d*e 1 1
y / e _ .
v  (2m)* Da-l + i€ pp.l — i€
1 . 1 2 «a B v 2 a, B,y
= 876%%,1 In { L(w + ien,) } Toemn)? = 20372 {3(pa~pb) PPy Py — 3PaPa-PuPy Py Py
— 302 Pa-PoPSDE DY + SP2DEDEDEDY + 3(Da.Db) D5 Py DY — 3DEDa-PLPLP, Y
— 3D} Pa-PoDy PADY + 3(p§)2p3pfpl}
1 . 1 a, B, 7 o, By afB, ¥
et 0 L SN s PR 20 v
PP, Pl — PIn“PPY + P oDy ™" — PRI + pa-pepgn® — pipin” ”} (4B.2)
L™
d*/ 1 1
J¥ = —— G (-4 A
3 /w (2m)4 (=0 Pyl — i€ (pg.l + i€)?
1 . 1 a 2
= Eérlanb,l 1n{L(w+Z€na)}[(pa.pb)2 7p§pg]3/2 pa'pbpb _pbpa:| (4B3)

To evaluate the expression in Eq. (4.4.53), we divide it into sum over four integrals:

AT () = L8 L L+ L (4B.4)
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The first three lines after the equality in Eq. (4.4.53) takes the following form after removing

the terms containing p,.¢ and py.¢ in the numerator'!,

M+N .11

i d*e 3 1 1
LY = —(87G — G (4 —2k.4
! 2( T )agl/w (2m)* { ( )} ( )pb.ﬁfiepa.ﬁJrie
014" JP0s — 0200V pyo TP Ug + 202D DY Do TP U 5 + 202 v ke
Pa-PbPacy B Dq Pvady B + Py PaPacy B + DPa-PbPg a

1

2pinliyﬁ2pbanﬂfﬁ - 252P5pgpbaz7:ﬂ€ﬁ

_77,uu£2pa -PbPaa J:ﬂgﬁ +

M+N

7
—§ (87TG) bzl

L™' :
d*e 3 1 1
G (-4 —2k.0
~ /w (2m)4 { ( )} ( )pb.ﬂfiepa.ﬁJrie
1
(2080 D iy T2 O = DR D 87 o+ SDREN ap T2 Ly — DRI

—Cpipl L by + 20%pa . poply JL7 o + 20° DD} Dop T L by — oot Pop L7 Lo
(4.B.5)

In the above expression the particle indices a,b are dummy, so we can exchange a <> b
in the second integral above. In doing so we observe that many terms are same within the
square bracket of the first and second integrands, but there is relative sign between the two
integrals, hence those terms will cancel each other'?. After cancelling those terms we combine

the two integrals into one and get the following expression,

M+N .11

o = —g(st) 3 /

a,b=1"%

d*e

oy {GT(—E)}Q (—2k.0)— 1

Pyl — i€ pg.l + i€

[2p2‘p5paa<ff‘ s — 201 pipradi s + 2Pl TE by + P2DYTL b — 2D P pap T Lo

+2pa~pprJém€a - 2pa~pbp5~]1;’a€a} (4B6)

Fourth to sixth lines after the equality in Eq. (4.4.53) takes the following form after removing
the terms containing (p,.¢)? and py.¢ in the numerator,

M+N
1 1

. i LT g 2
L5 = 5(87TG) ;1[0 (2m)4 {GT(_Z)} (pa‘k)pb.f — i€ (pa £ + i€)?

[%“e”pa.pbpaa T3P — Dol poa Iy g + 2] Dlpaa Ty Us + 207 pa-popl T o

1
" pa pypaady’ls + EPZWWEQPbaJ{fﬂEﬁ — 20 P! poa Iy g + 204 P pa Lppa I g

i T 2 1 1
3879 Z/w (2m)* {G*(_Z)} k) i a2

1
{%W”pa-pbpprf& — PP Pap BT s + 5p§€2n“”papJ50€a — Cpiph Y by

—Opepl JET o + 20°pa.poplt JE Lo + 202Dl plipyp T Lo — 0 pa.pun™ Py JE Lo

+p§éﬂpa.wgaea] (4.B.7)

"We do not keep the terms containing p,.¢ or py.f in the numerator as they cancel with the
denominator of the integrand and then it can be shown that the integration result for those terms
vanishes after the £° contour integration.

20bviously for the cancelled terms between the two integrals there will be a sign difference in
front of ie in {p,.£ & i}~ and {py.£ £ic} " but the contribution turns out to be the same as only
the relative signs in front of ie between the two denominator matter.
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Seventh to nineth lines after the equality in Eq. (4.4.53) takes the following form after re-
moving the terms containing p,.¢ and pp.¢ in the numerator,

M+N

Ly = L(snG) Z/ T(—e)}Q;, -

ol — i€ pg .l + ie

[ — 20k Pa-PopaaTy g + Dak” O poa Ty g — AKFL pa-prpac Ty b
F2p2 kM oo I s + 2pa puphl” ka TSP 05 + 2py kDY Paa I3 g
—2pa kph ¥ poa I s — pRpL € ka IR U — P2y kY T Ly
+2pa‘PbPZWkQJ°‘ﬁ€B + 2py. kpZZ“Panaﬁﬁﬁ — 2pa.- kpzf“pbaa]aﬁfﬁ
+6k.Lph P! po Iy s — fk: 20" Py JE P g — 2k Lpa.pypht Ty Lo

— 2kl P Pac I Ug + klp2pl TY “lo + kAp2pl T L
—4k.Lp} phpaa J;l L3 — 4k Lpa.pepy i Lo + 5kAMY pa.pypac J?BZﬁ

ﬂ(sﬂG)Z/ e

ppl — i€ pa.l + i€

[ — 2pa-PLl K Poa ISP s + PR kY Paa J& Lg — AR papupra i’ s

F2p2 K Paa ST bg + 2py kpa.pyl” JE bo + 2pp-kpht” Py Jo ls

—2py kpl € paa ISP s — pEpa kl” T b — P20V Phka Jo g

+2pa Dy -kOH TX Lo + 2p1 0 py . kppe Jo f[g 7p2pa |40 St O

—pEH P ko Jaﬁég + 2p} Py klpaa Jg 55 - 7p2k " paa g ZB

—4k Lpa pypl JE % o — 4k LD} DY Py IS s — 24D Pa.py JE o

— 2k pY PEpra JSP g + 3k LpRpl T bo + 3k.LpIPH Yy

+50"" pa-pok-Lppa Ji‘ﬁég} (4.B.8)
In the above expression the particle indices a, b are dummy, so we can exchange a <+ b in the
second integral above. In doing so we observe that many terms are same within the square

bracket of the first and second integrands, but there is relative sign between the two integrals,
hence those terms will cancel each other and we get'?,

M+N

£ = 87TG) Z /

[2pa PPl ke, “Bﬂg + 2pp. kph £ paa Jy 5 + 2pa-pppiikal Bf,e + 2pb-kpZ€”panb“ﬁ€ﬁ

2 1 1
Gr(— Z)} —
Pyl — i€ pa .l + i€

—2pa.kpl#poo Ty bg + Ak LDk DY Dbe Ty 0g + 2K.pa PuPl Ty Lo + 2k APy Dlipan Ty s
—2k Lp2plt Ty b — 2k.bp2py T}l — 2k. fpgpgpanaﬁfg — 2k.lpa.pppl i o
72pa-kpa~pbzy‘]5aea — 2pa. k'pbé pan ZB — 2pa-kpa. pbg#JbVﬂga - 2171,6”1711 kpan Eﬁ

+p2py- kb Ty bo + pLOH Py ko Ty zﬁ} (4.B.9)

The last two lines in Eq. (4.4.53) represents £, which takes the following form after con-
tracting the indices of the last line of Eq. (4.4.53) and removing the terms containing p,.¢ and

pp-£ in the numerator, as they give vanishing contribution when we perform the ¢ integration.

2 1 1
r(_é)} Pyl — i€ pg.L + i€

13Here also the same logic holds as described in footnote-(12).
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1
ZZ“EVpa.pbpprf;akg +p§pZ€“£pJ£”k‘g —p%ﬁ“ﬁ”pap.]flmkg + §p§€27]’wpapJ£0kg
—Cpipl JY ke — Cpipt JE ke + 202D popl JE ko + 20201 Dl pp J 07 ki

a

— L0 oo pop I ko (4.B.10)
Let us first evaluate the sum of the contributions in Eq. (4.B.6) and Eq. (4.B.9) ,

pv g
LY+ L5
M+N -1

i ! ’
= 5(67G) Z/ (%4{@(_@} pb.el—z'epa.€1+ie

ab=1"%

[2k.€p§p§panfﬂ£ﬁ — 2 Py Pap T by + 20 Pup Y K TP L + 2py kg Pan TP U
+2pa.pbpgf”kaJ§ﬂ€5 + 2pb.kpZ€“panbaBZB — 2pa.k:pZ€“pbanaB£5 — 2k Lpg.pepit Iy L,
+2k Lpg.pppaJi la — 2pa-kpa.ppl” T o — 2pa.kpg€”paa<]§‘5€5 — 2pg kpa-pplt JY %Ly
—2pY P kPaa I s + PRpy kO T g + D2 P ko PP U (4.B.11)

Now using the result of the integral given in Eq. (4.B.1) we get,

Elfl/ +£gl/
. M+N
e 1
= — E In {L(w + ien,) }
3/2
2 52 [(papn)? — p202]”
b#a
NaMp=1

[2pa-pbpa-/€p2‘ PPaa s’ Pus — 4Pa-PoPa- kDY D Pac Ty Py

—Ap2py- kD PeDaa Ty Pos — A(pa-p) P Pipaa Ty ks + 202DEDL P Daa Ty ks

—P2DEPE DY Daa Ty ks — A(Da-po) DEDY Db Ty ks + ADa-PePRDED Y Pac Ty ks

+Pa-Pop2P Py Dba Ty kg + 20 DoD2 DL DD Ty ks + A(pa-pb) o kP Pha I

+4Pa PoPy-kPED:Dac Ty Pus + 3D kD2PEPEPaa T — APy-k(Pa.b)*PiPac Tt

20y kp2DEDEPac Ti + 200 kDEDED!Pra Ty Dap — 3D2Pa-DbDY-KDE Db TE

+2p2Pa-PoPs-kPipoa s — APa-PeDiPa- kDl Dac J5 + ADa-Po{ (Pa-Pb)” — oD DT “ka

+4Pa k(Do) Dy Pac Ty — 2P0 kDiDEDY Daa Ty — 2Pa-kDa- PP, Pty

+4Pa-k(pa-06)°Ph Paads” — 2Da-kDADDY Pac s — 2Pa-kpa-DoPaP) Poa i

+4pa kPP DY Pac Ty Pos — P2Da-PPy-kDl Paa J5 + () Dokl poa JL

0oy k{(Pa-p)® = Depi Iy + P2l (Pa-py)? — D20t} DY Ky

— 2P0 Py Paa Ty ks + (02)*P Py prads ks + 2D k{ (Da-Db)? — PEDE}PLDO T
(4.B.12)

In the above expression we substitute J{" = ri'pl — rypj + 24" and simplify using SSC,
pou 2y’ = 0. Since a,b are dummy indices we interchange them and then the full expression

can be written in terms of r, and X,. After all these steps finally we get,

oy Ly
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iG MZ*’:N 1
- = In {L(w + ieng) }
2 52 [pape)? —p2p?]*"”
b#a
NaMp=1
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(4.B.13)

From Eq. (4.B.10) using the result of the integration Eq. (4.B.1), we get

. M+N
v lG § 1 . 2 o v v
EZ = 7 5 2 o 3/2 hl {L(w + 267711)} {2(17@]?17) pprg kU(pgpb + papg)
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Now substituting J&¥ = rkpl — ript + X in the above expression and using SSC :
Dap2h’ =0, we get

a
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iG 1 .
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100 Chapter 4. Spin dependent Gravitational tail memory in D = 4

—Pa-PoDiPa-TaPa-kPhDY + Pa-PoP2DETa-kDLDY + P2DEPa-TaPa kDl DY — (D2)*Dira kD)D)
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Contribution from Eq. (4.B.7) after using the results of integrations Eq. (4.B.1), Eq. (4.B.2)
and Eq. (4.B.3) takes the following form,
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Now in the above expression we substitute total angular momenta in terms of orbital and

spin and interchange a <> b in appropriate places to make the result r, and >, dependent.
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Then the above expression finally reduces to,
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After summing over the contributions of Eq. (4.B.13), Eq. (4.B.17) and Eq. (4.B.15) we
find the following order O(w Inw) contribution from the gravitational energy-momentum ten-

sor expression Eq. (4.4.53):
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4.C Soft radiation from high frequency gravitational wave

emission

Let us first write down the expression of Eq. (4.4.45) with the replacement of G,.(k — ¢)G,.(¢)
by —2mi6((%)[H(£°) — H(—°)] G, (k - 0),

M+N

Tila(k) = (87G)(2mi) Z / Tt [H() — H(—)] G, (k — ) — L

ppl — i€ po.(k—0) —

1 . v,af3,po
X {Pbapbﬂ - ipgﬂaﬁ + ipy(ady, gyt — 277aﬂPbe MW} Frsabor (kg
1 . i K T
X {pappaa - ipinpa + 7'pa(pJa,a')6(k - E)é - inpapaJa,fvr(k - E) } (4C1)

We want to analyze the above expression in the integration region w << |[##| << L~1.
Due to the presence of [H(éo) — H(fﬁo)] inside the integrand, the part of the integrand
containing even number of ¢ vanishes. On the other hand to produce a Inw factor we need
an integrand with four power of ¢ in the denominator, which will vanish due to the presence
of [H({°) — H(—(°)]. Hence just from this argument it is clear that we can not receive any
non-vanishing Inw or wlnw contribution from the above expression. Still for completeness,
let us analysze the non-vanishing contribution of the above expression up to order O(w®) in
the integration range w << [¢#| << L™

Hhuv
ATPJCF;Ta(k)
M+N 1 1 1
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a 1

1 1 A i
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2

1 vaBipo . i .
—{pbapb@ - 51?5%;3} A gy FHPop (k,e){lpa@Ja,o)sZé - 577pap'§Ja,mf }

‘ i 1
+{2pb(a‘]bﬁ)ww - 5%61053%,67”} A(k(f)]:#l/,aﬁ,pg(kvz){pappaa - QPZT]PU}:|

M-+N 1 1 k
—(87G)(2 H(O) — H(—° Pa-
mG) (2mi) Z/ (27r o) [H ) (=] 2k.0 —ie py.l —ic (pa.l+ ic)?
a,b=1

1 . i
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+{zpb(an’@)W£“/ — 577(15ng5,57€7} A(M)]-‘M aB,p (k,f){pappao - 2p37]p0}:| (4.C.2)

Now in the above expression after contraction of various terms within the square bracket,
we find some terms containing ¢?, which will vanish due to the presence of §(¢?). On the other
hand if we get p,.£ (or p,.£) then it cancels with the denominator {p,.0—ie} =1 (or{p,.l+ie}~1)
and if only one such denominator present then after cancellation of it the rest of the coefficient
vanishes after using Z py = 0 or Z JQB =0 (or Zpa =0 or Z JoP = 0). Hence after

eliminating those terms and mterchanglng a <> b in some plaucesM the above expression
simplifies to:

ATV ()

extra

M Though the signs of ie are different for denominators between p,.£ and py.4, still a < b interchange
makes sense as the integrals have to evaluate with 6([2). Hence we can set € = 0 from the beginning.
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M+N
orpv 1 1 1
= —(87G)(2mi) H (O {a. 27722}
(87G)(2mi) ;/ OV H ) e o oo | Pem)’ — gt
a 1
oy et 1 1
812G S(2YH(° {wzv ) JP kg
+(8m )Z/ VH( ) k.l —ie ppl —ie pg.l+ic Pa-PbPapy

a,b=1
P20 Dy JE ko + 2pa oDl € ka TSP Ug + 2y KDl Dac TSP 05 + 2pa.pypt ke I g
+2py ksl pac E@ — 2pa-kpa-pol” J{' la — 2pa -kpl €’ paa Ty ZB — 2pa.kpa.pplt Jj Lo

—2pY 0D kpa T eg}

&= 1 1 k
+(872G H(L° Pa
4 )bZ/ (2r )4 C)H( )k.é—iepb.f—k (pa £ + i€)?
a 1

[we Pa-PoPac % PR Do T Uy — U i ppp T L +p§e“£”papJ£“ea}

M+N
1 1
Her'6) D / HEO) T o (ke il Rt

a,b=1
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The first line in the above expression has been identified with leading order soft radiation
from real hard gravitational radiation in appendix-B of [118]. So here generalizing appendix-
B of [118] to the next order, we try to understand whether the rest of the terms above
can be understood as subleading order soft radiation from real hard gravitational radiation.
Taking care of gravitational flux up to subleading order, the energy-momentum tensor for

soft gravitational radiation with momentum k becomes,

TR (k)
M+N ao) P . (k T
_ i: /d4f 5 52 60) Phpg — Zpa (k E) Ja PyDy — ZP[S Eﬂjz? )
7r2ab ) Pa-(L — k) + i€ pp-L — i€
v T Tk . v)
oy eh e — il gy 3] |-
X - (4.C.4)

i(0.k — ie)

where polarisation sum and spin tensor of soft gravitational field are given by,

E T T _
Epagnf -

r

(npnna‘r + NprNow — 77po'77:<n-) (4.C.5)

N | =
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(3] - - [npﬁ(ag@ — 6L67) + mpr (676% — 6L6Y) + 1o (5367 — 8467) + 1o (6767 — 6567

pPO,RT

(4.C.6)

Substituting the above results in Eq.(4.C.4) and analyzing in the integration region

w << |[#] << L7, we get the following non-vanishing contribution up to order w®:
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Now if we compare the above expression with Eq. (4.C.3), we observe that leaving the last

two lines of Eq. (4.C.3), rest of the terms matches. But we do not need to worry about these
extra terms as they don’t contribute at order wlnw.
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CHAPTER D

Conclusions and Outlook

In this thesis, we have initiated the study of asymptotic symmetries at timelike infinity in non-
linear general relativity. We studied the dynamics of a probe Maxwell field on the extreme
Reissner-Nordstrom solution in light of a discrete conformal isometry that maps the future
event horizon to future null infinity and vice versa, the Couch-Torrence inversion isometry.
Finally, we studied the leading spin-dependent gravitational tail memories. The thesis aims
to build a better understanding of the relation between the diverse aspects of infrared physics.

The study of supertranslations at timelike infinity in chapter 2 offers several opportunities
for future research. These future directions will help us expand the IR physics dictionary. We
list few of them.

It is very much desirable to understand the relation between timelike infinity and null
infinity. We expect our charge expressions can be matched with appropriate expressions for
supertranslation and Lorentz charges at Jj (the future endpoint of the future null infinity)
following [39,42].

Can our boundary conditions we used to give a prescription for relating supertranslations
at future null infinity to supertranslations at the horizon, thereby making the general idea
mentioned in section 7 of [53] more precise? Note that this viewpoint differs from that of [51]
where global Bondi coordinates were used to link generators at the past null infinity J~ and
the future horizon HT.

Finally, there are other classes of transformations, e.g., logarithmic translations, super-
rotations, more general spi-supertranslations etc. that we have not considered in this work.
One would like to understand their action/role at timelike infinity. For much of our non-linear
analysis we used the boundary condition k¥ = 0. Is it desirable to relax this condition? We
hope to return to some of these problems in our future work.

In chapter 3, we have studied the dynamics of a probe Maxwell field in the ERN back-
ground in light of the Couch-Torrence (CT) symmetry. A natural question to ask is: Are
there other spacetimes which exhibits the CT conformal inversion symmetry? In rotating gen-
eralisation, the Kerr-Newman metric does not exhibit a conformal inversion symmetry [86].

However, a study by Cveti¢ et al. [147] argues that a useful notion of CT inversion can
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be introduced for a class of rotating extremal 4-charge solutions. It can be interesting to
understand this better.

In section 3.4, we have introduced Eastwood-Singer (ES) gauge which remains invariant
under the CT transformation. We show that the asymptotic expansion of the gauge parameter
is similar to the expansion of harmonic gauge parameter. It is an important question to explore
how the solutions for the gauge parameter are consistent with the decay results for scalars in
black hole spacetimes. Equally important is to explore the asymptotic dynamics of Maxwell’s
equation in terms of the gauge field A, in the Eastwood-Singer gauge on the ERN spacetime.
We leave these questions for future work.

Also in section 3.4 we show that the ES residual gauge parameters have the same form
near future null infinity and the future horizon. This motivates us to show section 3.5 for
a toy model that there is a smooth interpolation between the residual gauge parameters at
the future event horizon and at the future null infinity. The study of these bulk interpolating
solutions can be interesting and remains to be further explored. The toy model example
studied in section 3.5 calls for a corresponding study in four-dimensional asymptotically flat
settings.

Finally in section 3.6 we have made the claim of [11] precise for an ERN black hole
by proving that the soft electric charges remain conserved. Our results follow from the CT
transformation. If not on the ERN spacetime, it should be possible to make precise the
conservation law following [103] on the spacetime with two asymptotic flat ends considered
in section 3.5.

In chapter 4, we have derived leading spin-dependent gravitational tail memory which
behaves like =2 for retarded time uw — #o0o0. The late and early time gravitational wave-
forms derived from sub-subleading soft graviton theorem are shown to agree the gravitational
waveforms derived from classical scattering process. Other than a baby step towards finding
another copy of the IR triangle, our work has theoretical and observational implications. Here
we list some of them.

The observation of the leading spin-dependent tail memory will enable us to determine the
spins of the scattered objects given the data of scattered momenta of the outgoing particles,
impact parameters, and the angular frequency distribution of the emitted gravitational waves.

We have shown in section 4.3.2 that for a black hole binary merger process, even when the
black holes carry spin, the gravitational tail memory at =2 order vanishes. This is another
non-trivial prediction from general relativity. The w2 tail memory receives correction at
order G® as shown in Fig. 4.2, which has not been explored yet. Whether order G3u~2
memory also vanishes for binary black hole merger processes is a subject of future research.

In the recent past there has been a lot of progress in deriving various classical observ-
ables including gravitational radiation for 2 — 2 scattering of spinning bodies under weak
gravitational interaction [127,128,148,149]. There are two differences between our analysis
and the analysis done in the papers cited above. The first one is about setting the bound-
ary conditions: to derive the low-frequency gravitational waveform, we give both initial and
final data for the scattered objects. This has the advantage that we do not have to specify
the kind of interaction and strength within the region R. On the other hand in the refer-
ences [127,128,148,149], one specifies only the initial data for the scattered objects and derive
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various classical observables assuming weak gravitational interaction responsible for the scat-
tering event. Another difference is that in the references [127,128,148,149] the gravitational
radiation has been expressed as an integral form without the evaluation of the integrals in
low-frequency limit (soft region), as done here. But recently in [150] an attempt has been
taken to relate these two approaches for non-spinning 2 — 2 particle scattering event un-
der weak gravitational interaction. It is possible to generalize this idea for spinning particle

scattering and re-derive our result.
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