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Abstract

The work presented in this thesis can be broadly divided into two
parts: In the first part, we study asymptotic symmetry groups using
(1) Gauge-fixing approach and (ii) Geometric approach. The gauge-
fixing approach has been studied extensively for Bondi-Metzner-Sachs
(BMS) group as well as some extended definitions, including how to
construct symmetry group near event horizon. We have also pre-
sented a derivation for Barnich-Troessaert group for asymptotically
AdS; space-times and a possible extended BMS group using Geomet-
ric approach. Using such symmetry groups as boundary conditions,
we present a general recipe to construct perturbative shock waves
on a background curved space-time. In the second part, we implant
such shock wave on Schwarzschild and Rindler horizon and look at
their classical and semi-classical memory effects. For semi-classical
case, we have considered a free mass-less scalar quantum field on
Rindler space-time. As noted in previous work [1], super-translation
produced by shock-waves can produce mode mixing and particle cre-
ation. In this work, we find that super-rotation sub-group can only
affect mode-mixing and does not contribute to particle creation. Con-
sequently, the entanglement production between positive frequency
modes in right wedge of Rindler space-time is not affected by super-
rotation.
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Chapter 1

Introduction

Symmetry is a powerful tool to understand the fundamental laws of nature. For
instance, the action for relativistic free particle in flat space-time can be derived by
starting from the definition of Poincare invariance of line element in special relativity
as well as locality [2]. Essentially, the lagrangian has the expression:

L(v*) =a+ V1 —v? (1.1)

where «, [ are arbitrary constant. For a particle, § is taken to be its mass. Given such
a lagrangian, we can derive the relativistic equation of motion using Euler-Lagrange
equations. The construction can be generalized to a curved space-time, where we will

have
Sta*() (7)) = | \/ (9l P ar (12)

T dr

Similar arguments can be made in classical field theory, where our definition of field el-
evates from z(7) to ¢, (z) and we have quadratic terms in derivatives of the fields(such
as 0,0,0"¢, instead of %dd% ). In this thesis, we place our attention to the Einstein-

Hilbert action
S = /d4x\/|g|R (1.3)

where, metric g, acts as our dynamical field. In this theory, the condition for
Poincare invariance of the particle "field” x(7) is generalized to isometry invariance
of our metric field. Isometry transformation z — 2’ means that the line-element

should be preserved:

, . 02'¢ 02"
@) = gl 2 0 (L4

If ' = x + €, then (1.4) implies the Lie-derivative of g,, with respect to £ is zero
(see chapter 4). Such ¢’s are called Killing vector field Given some matter-field with
stress-energy tensor T}, it is possible to define conserved charges associated to each
of these Killing fields. However, as it turns out, a generic solution for ¢ vector field
need not exist, being severely restricted by the form of Weyl curvature. The non-
triviality of (1.4) can exist if we define this transformation only in some appropriate
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limit of space-time where the geometry (metric) has a very simple, well behaved form.
In chapter 3, we have discussed Asymptotically Simple space-times using Conformal-
Methods and looked extensively at Asymptotically flat space-times where space-time
becomes Minkowskian in the limit » — oo. In this limit, it is reasonable to impose (4)
and ask how should our ¢ vector field look like and what are the associated conserved
charges? This is essentially one of the motivation for studying Asymptotic Symme-
try group (ASG), which we have discussed extensively in chapter 4. As it will turn
out, even if space-time is Minkowskian near infinity, the symmetry group is far larger
than the conventional Poincare group, thus it will have a much larger set of conserved
charges compared to just 10 Poincare charges in 3+1 dimensional Minkowski space.
This is the Bondi-Metzner-Sachs (BMS) group.

Historically, the idea of BMS symmetry was developed accidentally by H.Bondi, van
der Burg and Metzner [3] while studying gravitational waves in Axis-symmetric space-
times. In Part C, section 1 of their article, the authors found certain asymptotic
co-ordinate transformation (4.33),(4.34),(4.35) which behaves as Lorentz boost along
the axis of symmetry. Later R.K.Sachs extends and give a gauge-fixing approach to
construct the symmetry group [4]. At the same time R.Penrose came up with his
Conformal method to derive the BMS group [5], which came to be known as the Ge-
ometric approach. The flexibility of the gauge fixing approach allows us to define the
symmetry transformation for a generic boundary conditions and in the mean time, a
number of extended symmetry group has been constructed using this method (see a
review of these constructions in [6]) The geometric approach, even though restrictive,
gives a very clear visualization of the symmetry transformation. A comparison for
each of these methods have been done in chapter 4. We have used the geometric
approach to define asymptotic isometry group of space-times which are only locally
Minkowskian. Further we have derived the Barnich-Troessaert group for asymptoti-
cally AdS,,; space-times using this approach.

Given an ASG, we can ask if there are any physical events, which can induce such
symmetry transformation. This is essentially one of the topic of Chapter 5. We
can construct space-time models where we stitch two diffeomorphically similar space-
times along a hyper-surface N (junction), on which the metric is continuous , while
the curvature tensor comes with a delta function. Such models have been considered,
example in [7],[8], where it is possible to choose coordinate system where the coor-
dinates on two patch of the space-time are related by super-translation map (super-
translation is Abelian subgroup of the ASG). Later Hawking,Perry,Strominger [9]
considered shock waves of the form

ds® = (gap + 0(u — uo) Legap)da*da’ (1.5)

and implants it on Schwarzschild horizon. (£ is the BMS super-translation vector
field). Ome of our aim is to ask whether (1.5) is the most general shock wave that
can be implanted on the horizon. Recently, [10],[11] have constructed near horizon
symmetry group using gauge fixing approach. We have extended the definition (1.5)
to include a general vector field V' which simultaneously behaves as generator of BMS
group near 7 — oo and near horizon symmetry group as r — rpy.

In final part of chapter 5, we have considered classical and semi-classical Memory



effect produced by these shock waves. Memory effect essentially means that there
is a permanent change in some configuration of fields as it crosses the shock-waves.
In gravitational memory effect, we consider trajectories of test observers which gets
permanently displaced on crossing the junction/shock wave (see [12]). The amount of
change will depend on the conditions we want to preserve before and after scattering
(experimental constraints) as well as the expression of V. We consider the Letaw-
Frenet condition [13] to be preserved near Schwarzschild event horizon. It turns out,
if an observer is hovering close to the Schwarzschild event horizon maintaining a fixed
distance with no transverse motion, then (i) super-rotation of the shock wave can’t
affect the observer, (ii) the observer will keep on maintaining the fixed distance if
super-translation is independent of time. In the semi-classical case, we consider a
test free mass-less scalar field ¢ and consider it’s scattering with the shock wave in
the right wedge of the Rindler space-time. As the scalar field crosses the junction, it
will undergo mode-mixing and particle creation. Note, mode-mixing is attributed to
Bogoluibov coefficients «;; (i.e. a state defined on a given wedge will interfere with
rest of the modes in the same wedge). Particle creation is due to the coefficients 3;;

(N)=> I8P (1.6)

We have essentially extended the construction considered in [1]. We find that super-
rotation induced by the shock wave doesn’t contribute to f;;, only super-translation
does. This particular observation can be relevant in the context of information para-
dox [14].

In chapter 2 , we have discussed the essential mathematical preliminaries needed for
later chapters. We have introduced the 2-spinor formalism in GR. The construction is
particularly useful in 3+1 dimensional space-times, due to three accidental isometries
(see section 2 of [15]). We have used this formalism to derive the Peeling theorem in
chapter 3. In few sections, we have also invoked the concept of twistors (for example,
in BMS charge construction in chapter 4). By a n — twistor, we mean a symmetric
spinor field wAB L which satisfy

VA EGAB-L) — (1.7)

In general we can have both primed and unprimed indices (both as upper and lower
indices). Twistors can be useful for our purpose, since a twistor of the form €AY are
essentially the spinor version of conformal Killing field:

A B I .
VEA’fB’)) - O H ngab = Z‘:v £Cgab (18>
In this thesis we are simply considering constructions in asymptotically flat space-

times. We hope to pursue construction in presence of cosmological constant in later
works.






Chapter 2

Mathematical Preliminaries

2.1 2-spinors in General Relativity

2.1.1 Intuitive picture: Stereographic projection of Riemann
sphere

abstract sphere
of past null
directions

Figure 2.1: Celestial Mapping in M (diagram obtained from [16] )

We begin by considering a scenario as depicted in the diagram above. Imagine



there is an observer O in a Minkowski space-time M (or locally Minkowskian around
the neighborhood of O). Consider the two null cones originating from this point
which extend all the way upto infinity both in the future and past direction. For
the time being, lets assume the observer is stationary, so that the family of his/her
plane of simultaneity are given by T" =constant surfaces. The observer is situated at
T = 0 plane. Consider two hyper-surfaces 7' = 41 intersecting the light cones to form
corss-sections S*. These cross-sections are unit sphere, because on the light cone we

have
T°—X*-Y*-27°=0 (2.1)

with T2 = 1, giving
X*P+Yi+ 22 =1 (2.2)

Let’s look at the unit sphere S*. Consider the diagram (). The unit sphere is centered
at the spatial point C' = (0, 0,0). The convention taken here is to take the point z = 1
as the North Pole N and z = —1 as the south pole S. The Argand Plane ¥ is the
z = 0 plane. To geometrically construct spinors, the first step will be to represent
any point P = (X,Y,Z) € ST by a complex number (. It should be possible as
equation (2.2) contains two real degrees of freedom (as it represents a two-dimenional

P(l,x, y,2)

P, XY 0)
(=X"+1Y’

Fig. 1-3. Stereographic projection of S* to the Argand plane.
Figure 2.2: Stereographic Projection of Celestial sphere (diagram obtained from [16] )

surface) just as a complex number is composed of two real numbers. The idea is to
represent each point P € St by an unique complex number ¢ on Argand Plane .
The procedure is to connect the points P with north pole N and extend the line till
it meets 3. Represent this point of intersection as P’ = (X', Y’ Z'). From the figure
2.2, it can be shown using elementary geometry that

X +1iY

(= 23)

¢ is called the stereographic coordinate. We can express (X,Y, Z) in terms of ¢ and



:CJFE_ Y:C;é_ Z:CC:_1
1+ ¢C i(1 +¢¢) (C+1

with 7" = 1. However, it is clear from construction that the north pole N can’t be
assigned a finite (. To circumvent this problem, we will need to extend the complex
plane ¥ by also including the point at infinity {co}. Handling with infinities is not
very convenient, so we ask whether we can assign finite number(s) to a point at
infinity. For that, let us write

(2.4)

¢=* (25)

with N = (&,17) = (1,0). We can now express X,Y, Z in terms of &, 1. Written this
way, we see that any rescahng (&,m) — (A, An) for any non-zero A preserves the form
(2.5). To break the scale invariance, define a new set of coordinates K = (T, X,Y, Z)
as

T =

(I€1* + [nl*) X = (€n+€77) (2.6)

s|~

7
Y:m Z:E

As we shall see, the pair of complex numbers (£, 7) is our desired spinors. To prove
that, we need to look at their transformation properties. From (2.6),(2.7) we can
write each of the combinations &£, €7, n,€&, nf as linear combinations of T, XY, Z
and represent them in the form of a matrix:

L (T+7Z X+iY €€ &N & = -
i 2.8
\/§(X—ZY T - Z> (n&nn n) (€ ) (2:8)
Thus, any linear transformation of 7', X, Y, Z will correspond to a linear transforma-
tion of &, 1. Notice that the determinant of the left matrix is precisely the invariant
line element (2.1). Thus, any transformation which will preserve this determinant will

be our Lorentz transformation. For a Lorentz transformation T, X, Y, Z to T, X, Y, Z,
let the desired transformation of (£,7) be

(9 =1(9

where A is 2 matrix with complex entries. Substituting in () yields the unitary condi-
tion AAT = I. Choosing det A = 1, we obtain that A € SL(2,C). Because there are
two A’s in (2.8), for each Lorentz transformation there can be two spinor transfor-
mation (2.9), one being the negative of other. This essentially reflects the fact that
SL(2,C) forms double cover of SO*(1, 3), the orthochronous Lorentz group. Indeed,
double cover of any SO(p, q) is the spin group Spin(p,q). Thus SL(2,C) is the spin
group for SO*(1,3).

(&7 =€) (1€1* = Inl*) (2.7)



So far we have only represented the position vector K = (T, X,Y,Z) on the null
cone (thus 3 real degrees of freedom) with a pair of complex numbers (£, n) (which has
4 real degrees of freedom). Thus the spinor representation carries more information
than just the coordinate on a null cone. Consider the diagram (), where we look

at the tangent vector L of ST at P. Following the convention in [16], we write L

(a) (b)
One spatial dimension suppressed. Time dimension suppressed.

Fig. 2. (a) The spinor £ 4 defines a “null flag”. This may be pictured as a polarisation vector tangent to the *“‘celestial sphere” S.
(b) shows how p? is rotated when the phase of ¢ 4 is altered.

Figure 2.3: Flag pole and Flag plane of a 2-spinor (diagram obtained from R.Penrose and M.A.H.Callum, Twistor
theory: an approach to quantisation of fields and space-time ). Here the vector field p'is essentially our tangent vector

L

in terms of ¢, and require that they are invariant under spin transformation (2.9).
One possible representation of such a vector is

(L0, 0
L= (g ) 210

An infinitesimally close point P’ € S* will have the form

, 1
P =P+ eL(P) :P—E% (2.11)

Notice the non-trivial fact that if we consider transformation (£,n) — (€€, e¥n) for

0 € [0, ], the tip of L will make a complete rotation and return to its initial point
P’. However, (§,n) reverses it’s sign. We can represent this pictorially using the idea
of flag planes. By that we mean the set

(P) = {aK + bL|a,b € RT} (2.12)

If we know K , we can find the pair (£,7) upto a phase factor, while knowing L gives
us information about 1? and therefore n and £ upto an overall sign. Thus, apart from
the position P on a null cone (3 d.o.f.), the spinor representation also tells us about

the flag plane orientation e? upto an overall sign (1 d.o.f.). The vector K is called
the flag pole

2.1.2 Constructing tensor algebra from spinors

In § we found the quantity ¢ = (£,7) € C? which transform as a spinor when null
vector K undergoes Lorentz transformation. If V@ = (VO V1 V2 V3) denotes a

8



generic null vector, then we can re-write relation (2.8) in the form
aa_(VOVOUN L (VO VE VIV L e A
Ve = (VIO’ v ) = E Vi v vo_y3 )T EV o, =V, (2.13)

where the capital indices A, A’ takes binary value 0,1 each. The ¢® are the Pauli-
matrices. Defining v4 = (£,7) and using (2.8), we see that the left most matrix in the
above expression can be written as tensor product of v and it’s complex conjugate:

VAL = A (2.14)

Note that we can only identify v4 upto a phase factor. Given that null vectors V¢ form
complete basis in M, we should be able to associate any element V* € TpM =,,, M
with set of 2-spinors {v!} C S (space of all un-primed spinors) identified upto a phase
factor. Similar argument also holds for spinors in a curved space-time M. Thus we
have the isomorphism

TM =, S® S (2.15)

The spin space S can be equipped with three basic operations:

o scalar multiplication: Y\ € G and v* € S4, At € §4
o addition: Vv, w4 € SA, v +wd € $4
e inner product: an anti-symmetric bi-linear map {-,-} : S x S — G defined as

{v,w} = det[v w] (2.16)

o Complex conjugation: Yv* € S* we have v4 = 74 € §.

The anti-symmetric nature of inner-product is clear since on interchange of columns in
determinant changes the overall sign. Also notice that when both v and w undergoes
the spinor transformation (2.9), the inner-product is preserved, i.e. the value is
Lorentz invariant. This motivates us to define the epsilon spinors:

eapvw®? = {v, w} (2.17)

In fact, since RHS is index free (i.e. just an element of G), we can use the above
relation to define contraction of spinor indices.

eapviw? = vgw®? & vg = viesn (2.18)
In general, we have the relation
w@A — 6ABw(?B — _wCBeBA (219)

C being an arbitrary combination of spinor indices. We have used the fact the under-
lying module G is Grassmann even, so the relative position of each individual spinor
is not relevant. We can also have epsilon spinors with mixed indices:

eape’t = —€Bepy = —€¥ 4 = €4 (2.20)



Using above two identities, one can show the general ’see-saw’ symmetry of a spinor
X:
e A o A
X A o =X L a (2.21)

Another intermediate result which follows from the above definition (and will be
relevant in later discussions) is

eAleng? — egCes” = eage’? (2.22)
Transvecting with a spinor of the form ¢pep yields

Gpap — PpBA = O €an (2.23)
Complex conjugation can be used to derive all of the above relations for primed-
spinors.

Given such a primed and un-primed spin space, equipped with operations considered
above, we can now try to construct the tangent vector space, and in general some

tensor-space of rank (1; ) In fact, the identification has been defined in (2.13).

VALY = yag, AN (2.24)

The 0,44"s are called Infeld-van der Waerden symbols which allow us to go from
tensor representation to spinor representation. In fact, these symbols satisfy the
"Clifford identity’. Let’s start with two null vectors V, W. The inner-product between
these two gives

gabVaWb = gabO'aAA/O'bBB/VAA/WBB/ = EABEA/B/VAA,WBB/ (225)
which allow us to associate
Jab = EABEA/B/O'GAA/O'bBB/ (226)

We can interchange a and b and add it to the original equation. On transvecting with
€ spinors we can obtain the Clifford relation

/

A Al A A A
Oa A0pB +0p 4048 = —€B Jab (2.27)

Since, we already have the isomorphism for vectors, we can extend it to a generic

(g ) tensor. It is primarily due to the fact that a tensor can be defined as

T =Y POQW ... SO AL By, -+ DY, (2.28)
for some vectors P,Q,S,---. This particular representation is isomorphic to the

multi-linear map definition of a tensor, which is true when G is totally reflexive (i.e.

finite basis for S and §') (see [16])

Since S is complex 2 dimensional, we can define a spinor basis 04

.1 satisfying some

10



condition f(o?,:4) = 0. We can write v* = v%4 + vLA. If f =0 + 040 = 1 then
(04,t™) is called a spin frame. Now for any null vector, we can use (2.14) to write

Ve = gaa%0" 028”4+ o4u%M 000" + oan® oM v + oan @A o'oY
T %/a_/ 5{1_/ wa
(2.29)
— VOO’la + VOl’ma + le’ — a Vll (2 30)
1
:E{VO(Z“—I—n“)—Q—Vl(ma—l—m )+ V3H(m® —m®) +V3I©—nY)}  (2.31)
=V + Via® + Vs + V220 (2.32)

We have represented V¢, first in orthonormal null tetrads ({,n,m,m) (2.29) and then
in Minkowski tetrad (¢, z,y, 2). If {114} represents Infeld van der Waerden symbols
with respect to (,,y, z) then we readily see that 4" = \%(I, —0):

1
— V%, 2.33
v (2:33)
The reason why we have this relation with Pauli matrices in the first place is due to
the definition of ¢ we started with. Now, inverting the re-arrangements in (2.31) we
can obtain the corresponding symbols for (I,n,m,m):

ValuaAA’ _ (VOta + lea + V2ya + VQZa)luaAA’ _

0,P" = 656 (2.34)

. . . o). / o,
For notational convenience, henceforth, we shall avoid writing 0,44 when writing
tensors in terms of spinors.

2.1.3 Covariant derivatives and Curvatures

Let Gb- F, be space of all spinor fields of the form x4 %, with under-lying module G.
A covariant deriwvative operator can be defined by the map

Vo:Shid — S (2.35)

satisfying the properties

o linearity condition : V(A5 % + péh3)) = AVaxh 3 + uvagg,':;fi,
e Leibniz property : Va(xgj]gf;:g,) = Va B F/ +§ xBTS

e Real operator: V,x57%, = Vaf(g'.'f.%

VxhoS, €b8 e GES and YA, p € C.

Given such a definition, we can restrict attention to space of tensor fields f Let

11



us consider two consecutive action of covariant derivative operators on some element
of 95:::;. Does the ordering of covariant derivative matters? Define the commutator
Ay as the operator

Ay =V, Vy—VV, (2.36)

We observe from the definition of covariant derivative that VAe, Be € Ge and Qp €
Gp, the conditions

e linearity condition : Ag(Ae + Be) = AwAe + AwBe
o Leibniz property : Ap(AeQp) = AcAuQp + QpAuAe

are automatically satisfied. While the first condition follows since composition of lin-
ear operator is linear. The second condition holds because the cross terms essentially
cancel out. If we now consider the tensor field X® € G%, then the operator

XAy :G—G (2.37)

satisfies both linearity condition and Leibniz condition. Same is true if we consider
vector field Y*V, : § — G. The isomorphism is achieved between these two maps by
defining the torsion field T,,° € G,°, i.e. for each such X, there exists an unique Y
such that XT,,© = Y. This amounts to saying

Awf =T Vef (2.38)

Vf € G. The anti-symmetry of a,b implies T, = —T},°. Thus, if we define a new
commutator

Dy = Ay — Tep Ve (2.39)

then it follows naturally that Vf € G, D, f = 0. Since both A,, and V, acting on
a vector-field G are linear and satisfies Leibniz property, the same should be true for
Dyy,. Thus, D,V must be linear combinations of V'’s. The coefficients are called
curvature tensor:

DupVi= (Aap — TV )V = Ryps' V7 (2.40)

We can extend the above identity for a general element of H” Jf e 9’;:.'; using the
definition () and exploiting the linearity condition.

DapH?3 = Ry PHP' 7 4+ — Ry T HY ™, — (2.41)

We can comment about symmetry properties of curvature tensors. Anti-symmetry of
a,b means Rgf' = —Ryep'. Further, if VI = V/fa, then for torsion-free case

Ripn'Via < Vi, VyVga =0 (2.42)

thus R[abﬁi = 0. Similar calculation for tensors of the form V,a” gives the Bianchi
identity
ViR =0 (2.43)
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Are covariant derivative operators unique? If we had two such operators Va,@a
satisfying the conditions (2.35), so should their linear combinations. In fact we can
write 3

(Vo= Va) : S5l = Giiipep (2.44)

We can now try to impose set of conditions and check how these two operators are
related to one another:

i vfe 97 6af:vaf

If we define .
Vof€ =Vof 40,58 (2.45)
V1€ e 6% and ©,5° € G%%, Then Vgc € S¢, f99c € G. Thus we will obtain
6a(fcgc) = Va(fcgc) (2'46)
— Vage = Vage — Oac’ g5 (2.47)

In general we can have the relation

= p...s’ P--.s' Y p...s’ AY’ p...s’
VaXB...F/ = VQXB...F/ — @aB Xy...F/ — s = ®aF1X3~--Y’
!

— 4 Oy T XY (:)g;lXB._‘F,P"'Y 4.

e Both @a, V. are covariantly constant, meaning that @a = V.ege = 0, which
amounts to

Ousc = Oucn (2.48)
e The torsion free condition leads to
€O apc + c.c. = €xcOppac + c.c. (2.49)
Symmetrize over A, B,C and contract with €%’ to get

Oaac) =0 (2.50)

The last condition allows us to write
Oupc = Aeepe + Tarpeac (2.51)
Performing symmetrization over A, C' and A’, C" allow us to obtain
Ao+ Ay =0 A, =ill, (2.52)
for real II,. While, symmetrization over A, C' and B’, C" gives
Y, =7, (2.53)

Thus, the two covariant derivatives are unique upto the connection term ©,5° =
iHQEBC + TA/BEAC.
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2.1.4 Curvatures in (pseudo-)Riemannian Manifold

The purpose of this section is to come up with spinor version of curvature tensors by
considering all of it’s symmetries. Consider the expression

Rapeda = RaarBpcc'pp (2.54)

Because Riemann tensor is anti-symmetric in a, b and ¢, d separately, we can use (2.23)
for the two pairs separately to write in terms of symmetric spinors. For simplicity, if
we had an anti-symmetric tensor F,, = Fapap , then we could write it in the form

1 1
Fo, = §(FABA’B/ — Fappa) + §(FABA’B/ + Fappar) (2.55)
1 1
= §(FABA’B’ — Fappa) + §(FABB’A’ — Fpaprar) (2.56)
1 / 1
= §FABC’C €ap + §FA’B’CC €AB (2.57)
— —

¢AB ’l[)A/B/

where in (256) we used FABA’B’ = _FBAB’A’ and (223) in (256) ¢AB and wA’B’
are symmetric spinors (which follows since Fj, and €45 are anti-symmetric). Similar
argument for Rgp.q will yield:

Raved = Xapepearpecrp + Paporpeapecn (2.58)
+ Xapcorpeapecp + Papepeapecp (2.59)
where
1 i Y’ ]_ / Y
X X
Xapcp = ZRAX’B cY'D D porpr = ZRAX’B Yo p (2.60)

with symmetries Xapop = Xap)cp) and ®apcrpr = Papycrpy- The interchange
symmetry Ropeq = Reqap further leads to Xapep = Xepap and ®aperpr = Papcerpr
This essentially puts the reality condition on ®,, = ®4p45. The cyclic property
Riapga = 0 implies (after an long calculation) that

XABBCEA/C/ = XE/IB/C/EAC — A= /_\ (261)
where A = %X A5 . Contracting with ¢4'¢" in above equation, we can write
XABCB = 3A€AC’ (262)

It is now possible to express Ricci tensor Rae = Rapeqg?® in terms of A and ®,.. The
final expression for Ricci tensor will look like

Rab = 6A€AB€A’B’ - 2q)ab (263)

Due to symmetry of AB indices, ®,; is traceless. Thus on contracting with g%, we
get Ricci scalar R in terms of A as
R 1 1
A= — Sy =— | R — g R 2.64
24 b 5 ( b 49 b ) ( )
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Thus ®,, is related to trace-less part of Ricci tensor, hence @ pa/p is also called
Ricci spinor.

Finally, for X spcp we may write it in the form

1 1 1
Xapep = g(XABCD + Xacps + Xapes) + g(XABC’D — XacpB) + g(XABCD — Xapcs)
(2.65)
1 E 1 E
= X(aBcp) + gGBCXAE p+ §€BDXAEC (2.66)
= Vapcp + A €acepp + €apepc) (2.67)

where in (2.65) we used the symmetries of X spcp and the definition of A. V¥ pcp =
X(apcp) is called gravitational spinor or Weyl curvature spinor. Substituting (2.63)
and (2.67) in (2.54) we obtain

Raveda = VY apcep €apecrp +Varpicrp €apécp (2.68)
+ @ upcrp €arprecp + Parpiep €aBecp (2.69)
+ 2\ (eaceacr€ppeR D — €ADEA DEBCERICY) (2.70)

Combination (2.68) is the Weyl tensor Copeq, (2.69) is the contains the traceless part
of Ricci tensor , denote this as Fypq while (2.70) is 2A(gacGpd — GadGne)

2.1.5 Field equations and NP equations

Using equations (2.64), we may write
1
Gap = Rap — EgabR = —6Aga — 2Py (2.71)
Thus the Einstein’s field equation

Gap + Nap = —8TG Ty, (2.72)

can be written in terms of ®,, and A as
1
Dy + (3A — 5A)gab = 4nGT,, (2.73)

For vacuum space-times, both ®,, and A vanish identically, though the Weyl part
W agcp. Thus it is desirable to express Einstein’s field equations in terms of the Weyl
curvature. Written this way, we shall see the vacuum field equations closely resembles
the free Maxwell’s or free spin-1/2 field equations. For that we begin with the Bianchi
identity

VieRpgae = 0 (2.74)

Now we need to substitute (2.58), (2.59) in above equation. After much simplification,
we are left with
VaXapep = Vs Pepap (2.75)
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Next we write use (2.67) and Levi-Civita definition of V to write
VaWagen = Vi ®opap — 2epcVpys A (2.76)
If we take symmetrization over B, C, D we get
Ve Vagep = VEA];(I)CD)A’B’ (2.77)

Further we could contract both sides with ¢ in (2.76). The Weyl part in LHS will
vanish identically and we will obtain

VAYepap +3VppA =0 (2.78)

Using (2.64), we see that the above expression is essentially the spinor equivalent of
divergence free condition of Einstein tensor. From the field equation (2.72), this is
equivalent to conservation equation VT, = 0. In (2.77), we can write ® in terms of
stress-energy tensor 7' to obtain

Vg/\IJABCD = 4WGVZ4éTCD)A’B’ (279)
In lambda-vacuum scenario, we can set T,, =0

VAW ypep = 0 ¢ VCipeq = 0 (2.80)

2.1.5.1 Anti-commutation relations in spinor notation

Before going into Newman-Penrose equations, it is necessary to comment about the
commutation relations in spinor notations. We will let torsion to be zero, so that
Dy = Agp. Following (2.55)-(2.57), we can decompose

Aab = EA’B’DAB + GABDA’B’ (281)

where [yp = Vx4V B)X/. Now consider the commutation relation for a bi-vector
ke in (2.41). If we let k% = kAkBeAP’| then commutation relation gives

KCAGkD) = {ean Xapp'© + €ap®ap s O kD KE (2.82)
which can be simplified to give
Aapk® = {ean Xape® + eap®ap e k" (2.83)
On comparing the coefficients of €4p and €4 g we get
Oask® = Xpsk? Oupk® = ®0p kP (2.84)
We can express X in terms of W and A. On taking appropriate symmetries we find:

Owske) = Yapepk” (2.85)
Oapk? = —3Aky, (2.86)
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2.1.5.2 Newman-Penrose equations

Newman-Penrose equations are essentially the commutator identities (2.83) expressed
in terms of set of first order differential equations involving complex scalar fields.
These complex scalar fields are defined with respect to the spin frame {04, :4}. Refer
to the section (2.1.2) where we wrote 4-vectors in terms of spin frame. Further,
equation (2.28) allows us to extend this relation for arbitrary tensors and in general
spinors. Let there be a spinor field Z4p...par..n' = E(aB...L)(mr-.n7). We can expand
it in polynomials of 04,t4 and it’s complex conjugates:

— § § + +q1)=
_A LM/ N/ pq) pl ql)_plqlOA...OPLQ...LLOM,...OS,LT,...
M 0<p1<p 0<q1<q P s “ —a
(2.87)

where the complex scalar field
Ep1q1:51...10...01’...1’0’...0’ (2.88)
P1 q1 1
pP—p1 q9—q

likewise, the covariant derivative operator can be written as
Va :OAOA/D/—OALAlfsl—LAOA/é‘FLALA/D (289)

where D, D’ §,6" are directional derivatives along null tetrads [*, n®, m®, m® respec-
tively. Further, if we expand covariant derivative of a spinor , we will come across
combinations such as 0*Doy, 14004, - - - etc. These combinations or scalar functions
are called spin-coefficients

k= 0"Doy e =1"Doy v = —0"Duy = —1"Duy (2.90)
p=0"0, a =140, B =—040"14 o = 14814 (2.91)
o =080, B = 14604 o = =00, o= =144 (2.92)
r=0%Doy v =1"Doy e =—0'D'iy K =—14D'1y (2.93)

With these definitions, one can express directional derivatives of the spinor dyads in
the form

Do® = co® — k1t DAt =" — 7ot (2.94)
8o = ao® — pt 5" = A — oot (2.95)

S0 = o — o ot =it — plot (2.96)
D'o* = 4o — 114 DA =it — K o? (2.97)

along with their complex conjugates. For completeness, let us also define the curvature
scalars. The Ricci scalars (not to be confused with R) are defined by

P =P 100110 -0 (2.98)
— N

Pl 2-p1 q1 2-q1
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Likewise, the Weyl scalars are given by

v, =¥1...10...0 (2.99)
—
P1 4-p
The Newman-Penrose equations are obtained by setting k4 = (04,:4), so that the

commutator in (2.83) becomes a first-order relation with respect to the spin-coefficients
as defined above. The complete set of equations are

Dp—¥8k=p"+06 —Rr — k(T +2a+ B — )+ ple + &) + Poo (2.100)
Dp =6k =p?+0'6 — R —K(T+2d + 3 —B)+p (g +&)+ Py (2.101)

Do—6Sk=0c(p+p+7 =7 +2) —k(r+7 +a—a +28)+ ¥, (2.102)
Do =6k =d(p+p +57—7+2)— KT +7+ad —a+28)+ ¥, (2.103)

Dr—Dr=p(t—7)+o(F—7)+7(7 +e) —r(7+ 2y —¢€") + V1 + D¢y
(2.104)

D't"—Dk'=p (7 =7 )+d(7 —1)+7(F+&) =k (F +29 —¢) + U3+ Dy
(2.105)

dp—8o=1(p—p)+ k(P —p)+pla+p)—oc(@+2a—p)— T+ Py (2.106)
§p =o' =7 —=p)+K(p—p) +p @ +pF)—d(a+2d —B)— ¥y + <I>2(1 )
2.107

or—Do=—po—cp+m*+ri +7(B+B) — 02y —¢ +&)+ Doy (2.108)
87 — Do’ = —po’ —6p +7*+KE+T (B +B) -0 2y —e+&)+ Py (2.109)

D'p—¥8§r1=pp+00" =77 — k' + p(y+7) —T(a+ &) — ¥y — 2A (2.110)
Do =" =pp+oo—77 — K+ +7) -7 +a) -V, —2A (2.111)

DB—0y=1p —Ko—Fe+tad +8(0 +& +7)—v(f +a' +7)—Pp (2.112)
DB =8y =7p—ko' —ke' + o+ Bp+e+) =V (B+a+7)— Py (2.113)

e —Da=7p—ro' +ky—Bs—alp+é+7)+e(B+a+7)—dp (2.114)

6’ —D'd/ =1p —Ko+ Ry - —d(p+E+7)+ B +d +7)— Py
(2.115)

DB —de=k(p=7)—o(r =)+ B(p+7)—c(@+a)+ T, (2.116)
D'B -8 =r(p—7)—d(r-a)+p (7 +7) —(F+a)+ V3 (2.117)
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dyv—Da=r(p+e)—d(r+8)—al@ +7)+v(T+a)+v6 —a+ V3 (2.118)
0y = Da' =k(p' +&) —o(r"+ 8) = (p+7) + (T +a) +9'B—ea’ + ¥,
(2.119)

Dy—De=ki' =77 =8(7 =) —a(F —7) —c(v+3) + (Y +7) + Uy — &1, — A
(2.120)

DY —De' =rk—7'71=p(r—7) = (F—-7) -0 +7)+7Y(y+7) + ¥y — P — A
(2.121)

0B —da=pp —o0' —aa+ B +a(B—a)+y(p—p)+e(p) =)+ Py — iy — A
(2.122)

603 —dad =pp—oo’ —dd +fa+d(B—a)+v (@ —p)+E(p—p)+ ¥y — Py — A
(2.123)
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Chapter 3

Conformal Methods in General
Relativity

Conformal transformations refers to (local) angle-preserving transformation. The
conformal methods in general relativity is originally due to the seminal work by Sir
R. Penrose in 1963 [5]. The primary motivation for such a technique was to address
the following questions:

1. A co-ordinate free, geometrical definition of Asymptotically flat space-times
2. Covariant definition of incoming and outgoing radiation for spinor fields

3. Conditions for Peeling properties of Riemann tensor and various spinor fields
4. Causality and Cauchy problem in general relativity

5. Understanding the Bondi-Sachs mass loss due to outgoing radiation

6. A geometrical definition of Bondi-Metzner-Sachs group

The basic idea here is that, given a physical space-time M, we can perform certain
conformal transformations such that the ”point at infinity” can be given a ”finite
description” and is regular. We ”squash” the infinity of M, making it an ordinary
3-dimensional boundary (denoted J) of M. The unphysical metric g4, is finite on J
and smooth (to some degree). This allows us to look at behaviour of Einstein’s field
equations in the neighborhood of this boundary. A number of important concepts in
general relativity enjoys conformal invariance; such as transformation of a generic free
mass-less spinor field (Weyl curvature being a particular example), null congruence,
causal structure of space-time etc. We can study these ideas near the boundary using
this technique. In general, conformal method serves as an important tool to study
asymptotic properties in general relativity.

In this chapter, we are going to look at the conformal treatment to address the
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questions (1), (2) and (3). In §3.1 and §3.2, we will introduce some basic definitions
related to the conformal method and look at transformation properties of curvature
spinors. We will also consider the conformal extensions of some simple solutions of
Einstein’s field equations (i.e. we will construct M and boundary J from some exact
solutions M).

In §3.3 we will introduce the concept of asymptotic simplicity and its consequence. A
co-ordinate free definition of asymptotically flat space-time will be introduced (this is
the definition used by R. Penrose and by H. Bondi et al. and R. K. Sachs, although
there are minute variations in this definition in other literatures™) and the integrability
conditions will be considered near the boundary. Finally in §3.4, we will address the
Peeling theorem.

3.1 Basics of Conformal Geometry

As preliminaries, it is necessary that we define conformal transformations. We will
use the Greek alphabets «, 3, 7,--- to represent the co-ordinate indices and lower
latin characters a, b, c,--- to represent the abstract indices.

3.1.1 Conformal Rescaling and Transformation

Conformal rescaling or Weyl transformation refers to the replacement:
gaﬁ — Gap = Q2§aﬁ (31)

where  is a positive definite smooth function in M. The scalar Q2 is called the
conformal factor. This is not a point-wise transformation (i.e. % = z%), so the
infinitesimal line element changes by ds — ds. The generators of this transformation
forms an infinite-dimensional Abelian Lie group.

We can define conformal class of a metric [g] to be the set of all metrices g, which
are related to g, following equation (3.1). Note that (3.1) is required to preserve the
identity relation:

gaﬁgﬁ’y =Ja gaﬁgﬁ'y =o' (3.2)
Thus, the inverse metric should satisfy
G = gop = Q725" (3.3)

In contrast, a conformal transformation or conformal mapping refers to the dif-
feomorphism transformation p : M — M such that the pull-back of ¢ is conformally
related to g for some scalar 2 > 0:

1 Gap = PGus (3.4)
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Note that definitions (3.1) and (3.4) can be written compactly using the abstract
indices as

Jab = P Gab (3.5)

For that, we use the relation between abstract and coordinate indices [16] The epsilon
spinors will therefore transform as

€AB — QgAB GAB = Q_lgAB (36)

As an illustration, let us look at conformal mapping of Minkowski space-time M to
itself. We note that the general rule of transformation of co-ordinates in this case to
be given by (see [17])

Figure 3.1: Compactified Minkowski space-time where we identify J* with J—

X, = P.+ Mya’ + Az, + (2By2’z, — B.a'ry) (3.7)

defined by 15-parameter Lie group: P, and My, constitutes the usual 10-parameter
Poincare group; A denotes the dilation and B, corresponds to special conformal
transformation. Note that, even if we just consider the integral curves for non-zero
B,, the transformation is not well-defined at all points:

2%(0) — sB®(0)a3(0)

Xa — a —
) = T 25 B (0) + 2B By (0)0)

(3.8)

X reaches infinity for finite s and it is not even a point of M. Thus, with regards to
the mapping u considered above, we see that M = M but p(M) C M. In this case,
we say that M is a conformal extension of M. To make sense of transformation
(3.8), we will somehow need to incorporate the point at infinity by giving it a finite
co-ordinate description. The details will be discussed in the later sections, but the
solution for the above problem is to define M = M# (the compactified Minkowski
space-time). We can visualize M# consisting of two null cones joined base to base.
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The interior is the standard Minkowski space-time. The null cones themselves define
the boundary J , while the top and bottom vertices along with the equator representing
the three points at infinity (denoted by i+, i~, i® respectively). Compactification,
here, is done by identifying the bottom cone (J7) with the top cone (J*) and replace
the three points i*,i% by a single interior point I (see the diagrams below). The
result is a compact conformal manifold. In general, a conformal compactification
of (M, §) refers to the conformal transformation p : M — U, where U is relatively
compact (closure of U is compact), connected, open set of a manifold M such that

1y =% (3.9)

where (1) Q> 0 and (2) Q|ayso (9U is the conformal boundary of M)

3.2 Asymptotic Simplicty

Having looked at some very special cases of solutions, we now turn to a more wider
class of space-times which can allow a smooth conformal boundary. Let us begin
with the Schwarzschild solution. The line element in Eddington-Finkelstein outgoing
co-ordinate system is given as

2
ds* = (1 — _m) du® + 2dudr — r*(d6? + sin” §d¢?) (3.10)
r

Choose conformal factor Q = r—1!

form

= w, so that the unphysical line-element has the

ds* = (w* — 2mw®)du® — 2dudw — (d6? + sin® 0d¢?) (3.11)

Note that the metric and its determinant are finite and non-zero on w = 0. In this
case, the surface w = 0 defines J* and the physical space-time is defined by w > 0.

If we had started with the incoming coordinate system, the physical line element
would look like

2
ds* = (1 - _m) dv?® — 2dvdr — r*(d6? + sin® §d¢?) (3.12)

r

while the unphysical line element has the form
ds* = (w* — 2mw®)dv? + dvdw — (d? + sin® 0d¢?) (3.13)

In this case, w = 0 defines J~. Notice that, if we replace w — —w and m — —m in
the advanced line element (3.13), we readily obtain the retarded line element (3.11).
Since the sign of mass flips as we go from w > 0 to w < 0, we can not canonically
identify J* with J~. This is related to the fact that the mass aspect depends on the
unphysical Weyl curvature at infinity. However, the Weyl curvature is divergent at
i*,i°. Secondly, following Penrose’s argument (Twistor Newsletter (TN30-02)) the
Strong Null Convergence Condition doesn’t seem to allow a well-defined negative
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mass at i°. Therefore, for our discussion we will exclude the points 7%, i*.

Now consider a general line element of the form
ds® = r2Adr® + 2B;dx'dr + TQCijdl'idfﬁj (3.14)

where 7% = (r,z!, 2%, 23) = (r,2%). x! could represent either advanced or retarded
time co-ordinate while 22, 22 could be the angular coordinates. For Q = r~!, the
unphysical line element will look like

ds? = Adx°dx’ — 2B;dx'da® + Cyjda'da’ (3.15)

where 2° = 771, Note that the metric and its determinant is well-defined and finite
on x° = 0 if the functions A, B;, Cj; are Taylor expandable about 2° = 0. This is
true for Schwarzschild space-time, Bondi-Sachs formalism, Robinson-Trautman space-
times etc. For all of these cases, the surface 2° = 0 can be treated as the ”conformal
infinity”.

We now state the definition of asymptotic simplicity. The following definition is
adapted from R. Penrose and W. Rindler (1984):

(Asymptotic Simplicity) A space-time (M, §qp) is called k-asymptotically sim-

ple if a €** manifold (M, gup) exists with the conformal boundary J = M and the
scalar field €2 such that

(

(b
(c
(d
(e

Q and gg are €F smooth throughout M
Q>0inMandQ=0,V,Q=00n7

~— N N~ N~

Every null geodesics in M acquires a past and future end-points on J

o= o

Figure 3.2: Caption

In addition to the above five conditions, if Ry = O(0?) in some neighborhood of J
in M, then (M, gu) is said to be asymptotically flat. If R, = 0, then space-time
is said to be asymptotically empty.

insert image
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The question stands as of now is how generic is the above definition. It is a delicate
and open problem as of now*. However, it should be pointed out that the conditions
(a)-(d) can be satisfied trivially by any manifold: simply choose M = M, Q =1
and J = (). However, there are subtleties with condition (e): it is very restrictive,
in fact many of the known standard examples need not satisfy this condition. For
example, helical null trajectories at r = 3m in Schwarzschild space-time need not
reach J. Moreover, there are null rays which falls into the black-hole. The reason for
this is that the Cauchy surface for astro-physical schwarzschild black-holes is JU H ™.
We need a weaker version of the above asymptotic simplicity, by incorporating other
possible end points. As of now, all examples of asymptotically simple space-times
turns out to be time independent and it is not known whether there exists any time
dependent solution of vacuum Einstein’s equations which will satisfy the criterion (a)-
(e). Some notable dynamical solutions exists, albeit with some pathology : e.g. Bicak
and Schmidt (1989), Bicak (2000), Griffiths and Podolsky (1981), Ashtekar and Dray
(1981). (weakly asymptotically simple space-times:) A space-time (M, gyp) is
said to be weakly asymptotically simple if there exists an asymptotically simple
space-time (M’ g!,) and a neighborhood U’ of I = OM’ such that p=*(U') N M’
is isometric to the open subspace U of M Although this is just a mathematical
definition, the extent to which this is physically reasonable remains to be verified.
Geroch and Horowitz argues that no physical constraints have been imposed on M.
Other approaches have been proposed *, however, as of now there is no universally
applicable prescription known for this. We will assume Einstein’s field equations to

be satisfied in the neighborhood of J in M.

3.2.1 Geometry of J

The purpose of this section is to look at certain geometrical properties of the boundary
assuming some weaker version of asymptotic simplicity to be defined for the manifold
and that Einstein’s field equations is satisfied near the boundary. To begin with, con-
sider some conformally invariant mass-less fields in the neighborhood of J. Conformal
invariance mandates T = 0 so that the Ricci scalar is given by

R =4\ (3.16)

Now following the calculations in [18], we can express the physical Schouten tensor
in terms of the unphysical one as

1
Py =Py +Q'V,V,Q — 59’2gabVCQVCQ (3.17)

Taking the trace and using the definition of Schouten tensor, we obtain

_gx = QP + QV,VQ — 2V,QVQ (3.18)
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When restricted on J, we have €2 = 0. Thus the vector field
N, = -V, ,Q (3.19)

is orthogonal to the boundary J and satisfies

NN, ~ =\ (3.20)

Wl =

The symbol ~ refers to equality on J. Thus the conformal boundary is space-like,
time-like or null provided A > 0, < 0 or = 0. Asymptotic flatness mandates A = 0,
making J a null surface. Similar to the discussion for Schwarzschild space-time, we
will ignore the points i*,i°. Thus, pictorially we can visualize our space-time as
composed of two inverted cones (J%) without the vertices and almost touching base

to base.
insert diagram
Following (3.20), we have for the case of nullJ (Topology of Conformal Infinity) :
If J=J%UJ" is null everywhere, then
J* 2 S x R (3.21)

Let us look at further consequences of Einstein’s field equations near J. Recall
that the trace-free part of Ricci curvature given by equation([18]). Apart from the
cosmological constant, if we allow T, = O(9?) (like free Maxwell’s equations), then
we notice that ®,, = O(2?). Now, we have the relation

éab == (I)ab + Q_lvA/(AVB)B/Q (322)

For G23 space-times, we get ®,, to be at least continuous, therefore, finite when
) = 0. Thus the second term Q_lvA/(AVB)B/Q must be well defined, which is true
only when V44V pyp €2 = O(2). The weak aymptotic Einstein condition refers
to the restriction

VA/(AVB)B/Q ~ 0 (323)

In tensor indices, this corresponds to ()
1 (&
VaVbQ =~ Z—lgabV VCQ (324)
which in terms of vector field N, reads

1
VaNb ~ Zgabchc (325)

Thus the vector field N, on J is (1) twist free (since it is hyper-surface orthogonal
from definition) and (2) shear free from the weak asymptotic Einstein condition.

For the asymptotically flat case, using the relation

Ray = Rap — 207V, Vi — gup(Q71V.VQ — 3072V, V) (3.26)
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and null condition for N, on J we get
2V Vil + gV .VQ = 0 (3.27)
On taking the trace, it yields
V.VQ=0 (3.28)

or, from asymptotic condition, this reads
VaVbQ ~ 0 (329)

Thus for asymptotic flat case, N, is also divergence free on J. Say, if we are considering
only null J*, we can write

N~ AB P (3.30)

where A is some positive function on J*. Using (3.29) we can show that

o' =0 K =0 o= (3.31)

3.2.2 Condition on Weyl curvature

Consider asymptotically empty space-times. This means the vacuum Einstein’s equa-

tions is satisfied near J:

VAW 4 pep =0 (3.32)

Now, recall the conformal invariance property of free mass-less field equations: VA bup. =
0 <> VAp 5. = 0 which is true provided ¢ap... = dap.. = Q@ 'pap.... This means

we also have the relation

VAY( QW4 5ep) = 0 (3.33)

However, the Weyl curvature spinor is invariant under conformal transformations.
Thus:

Uapep VA0 = QVAT e (3.34)
—— ——
—NAA ~0

If cosmological constant A #£ 0, then the Hermitian matrix N4 is obtainable from
condition (3.20) and (3.19). For arbitrary N4’ this would imply ¥ zcp = 0.

If A =0, we had N4 ~ 444", Thus the Weyl curvature is of Petrov Type-N:
Vapep ~ YLatpiolp (3.35)

where ¢ = ¥y = ¥ 50p0?0P0%0" has a spin weight 2. Following the directions in
[18], first we differentiate (3.33) to obtain:

Nep VA% apop ~ NV 5 apop + VY apopVpe NAY (3.36)

Next we lower A’ and symmetrize with E’ and invoke the weak asymptotic Einstein
condition (3.29):

NE(E'VAA’)‘IJABCD - NA(A/VE/)E\I’ABCD ~ 0 (3.37)
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Contracting with e4”, and using the expression for N44" we obtain:

LAVAEI‘I/EBCD ~0 (338)
Contracting with o 0F0P0% 0" we obtain
3~ 0 (3.39)

which implies ¢ = 0. Thus all asymptotically empty space-times admit ¥V, pcp ~ 0
or Cupeq = 0. This is also known as strong asymptotic Einstein’s condition.

3.3 Peeling theorem

Intuitively, the Peeling theorem states that a spinor field will appear more and
more algebraically special as we go further away from its source. Mathematically, we
shall see shortly that the weak asymptotic Einstein’s condition will guarantee
such spinor fields ¢ 4p..;, in physical space-time to be represented as polynomials of
1/7:

Gaper = Y Sup.pF +o(F ") (3.40)
i=1

Here (b(j?”L has at least n — 7 4+ 1 PNDs, and is constant along null rays 7. The
radial coordinate 7 is an affine parameter on these trajectories. On the right hand
side, the symbol o(r™") has the definition that limj, | 7"0(r™™) = 0. In contrast,
the big O means that limj,|_, [r"O(r~")| < C for some number C'. The aim of this
section is to derive this result and look at the peeling property of Weyl curvature
(Sachs peeling effect) (see [19]). We outline the proof as given in [18] and [20]:

Lets consider a geodetic null congruence € in (M, g) whose tangent vector field is
l = %. Following the definition of asymptotic simplicity, we have that the end points

of the integral curves v will (almost) touch the boundary J. Since [ is null, define

[* = 646", Likewise, in the unphysical space-time (M, g), we have I = %. Let

04 =04 o =71t (3.41)
The normalisation condition
1°Vyr = Dr =1 1"V, 7 =1 (3.42)

First we note how asymptotic simplicity condition imposes restriction on the form of
conformal factor €. Using definition N, ~ Atat4, we can write

—I°N, ~ — Ao 0™ L q1y = —A (3.43)
Further, we have the definition N, = —V,(2, so that

o0
—I°N, = [°V, () = == A4
I°N, = 1°V, o (3.44)
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Thus % ~ —A. According to the definition of asymptotic simplicity, € is a C¥ smooth
function. Thus we may write

Q= —Ar — Apr? — Asr® — - — Apr® +o(r") (3.45)

For asymptotically flat space-times, recall that we obtained V,V;2 ~ 0. So the
coefficient —A, can be written as

—Ay = D*Q = 1"V, (I'V,Q) = 11"V, V,Q 2~ 0 (3.46)

where we used the geodetic and affine property of [* vector field: 1°V,l* = 0. Thus
the weak asymptotic Einstein condition in an asymptotically flat space-time means
As = 0. What is its significance? Note that

Dif = 19V ,7 = Q72[*V 7 = Q2 (3.47)
This can be integrated to express r in terms of 7, and therefore () in terms of 7:

Ay A A -
~ -2, -2 412 A3 2 . ko k-1 k-1
r—/A r <1+A7’+AT—|— + T +o(r )> dr (3.48)

where we have used the expression for 2. The aim now is to look at this integral in
the limit where r is small, which means we can do a binomial expansion of the terms
in the brackets, only upto o(r*~1):

T = /A_Qr_2 (L4 Cir+ Cor® + - 4 G+ 0(7“’7‘3_1))_2 dr (3.49)

The new coefficients C;’s are obtained by expanding the integral (3.49) and collecting
all terms order by order in powers of r. It can be verified that the C term can be
contributed by A, terms only. This is important: if we allow Ay # 0, then we will get

C C
F=—A"%"1 4 A—; logr + A—gr + o o(rF?) (3.50)

Note that the logarithmic terms are associated with C or A, factors only. Let Ay = 0,
then we can make an ansatz that

r=>Y Bi (3.51)

and substitute in the (3.52) to obtain:
r=—A%"" 4+ ByF 2+ By P + - (3.52)

where B;’s are some combination of C;’s. Finally, we substitute this in (3.45) to
obtain the asymptotic form of the scalar field Q:

Q= A"+ By 4 By e o(FF) (3.53)
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To complete the derivation of Peeling expression, it is necessary to comment about the
fall-off behavior of the physical spin frame (64, 7). We already had the transformation
between 04 and 64 (). Now define:

A=t (3.54)
Note that it satisfies the normality condition
oat =0, =1 (3.55)
The transformation and spin frames are defined such that we have
Do* =0 DA =0 D& =0 Di* =0 (3.56)
Now if we start with the condition Dé4 = 0, then
Doy = Q72,04 = Q72 (Vyo4 — Tapop) = Q2Do, =0 (3.57)
Further, if we impose D¢ = 0 and Di* = 0, we get:
Dv = Q725Q (3.58)

On J, we want the natural identification o4 ~ 64 and 4 ~ 4

1, we have Qv — 0. From (3,58), we have

, so from definition of

Q*Dv = §'Q (3.59)
Further, using (3.47), we have
vDO? = 20vD0 ~ —2A00 = 0 (3.60)

Adding the two relations above, we get

'Oy 2.\
50 ~ D(Q) = DA). Qz; + QO D(w) (3.61)
— ~

LHS is simply —o4:4" N44. Thus, if one express N, as linear combinations of null-
tetrads on J, we find that N, should only be a linear combination of [, = 0404 and
Na = tata. Recall the inner-product (3.20) and the expression for N, when A = 0.
Keeping these special cases in mind, we can write

1~
N~ An® + EAA_llb (3.62)

Thus, in the neighborhood of J, we may write N® — An® — %S\A_llb = O(9). Recalling
that © is C* smooth, let @, be a €*~2 smooth co-vector field defined by

1~
QQ, = N, — Any, — 6AA-lzb (3.63)
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Take derivative V, on both sides and contract with 0 [° to get
AQyo” = 0 (3.64)

where we have invoked the asymptotic Einstein condition. Thus, if we define a C*~3
scalar p such that

—Qym’ = Qu (3.65)
then it follows that
Dv =p (3.66)
So, we can now express i as
A= (P e B (DY) A (3.67)

For the derivation of the Peeling relation, let us assume that there is a symmetric
spinor field @4..p7nv...; Wwhich is €"* smooth in M. Here the smoothness applies to
each component of the spinor field separately. Further, assume that it is a conformal
density of weight —w, i.e. § = Q0. To begin with, define

9q:9,4...DE...MN’...P’Q/...L/OA"'ODLE"'LMOM/“'OP/LQ"“LL' (3.68)
S————

a1 r1 q2 P2
where ¢; + g2 = ¢q. The smoothness condition here means that
Oy =00 + 00 + 0207 o 4 oMt 4 o(r) (3.69)

As a conformal density, we have

é:QweA‘__DE.‘.MN,,_‘P,Q,__,L,aA---5D2E---zMaM’---ap’zQ’---zL’
—— S — S — ,
a1 P1 a2 P
(3.70)
Expressing (64,74) in terms of (04, ¢4) along with (3.69) and (3.70) yields expression
of the form

0= ) Wi 4 o(i(wrath) (3.71)

For Weyl curvature, it is the special case where w = 1 and number of indices n = 4.
In this case we assume the € condition on the unphysical Weyl curvature ¥ apcp =
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Q"W pep. Thus we have the Sachs peeling theorem:

h+5

By =D 0y i 4 o(i ") (3.72)
=5

~ h+4 o

N e Gy (3.73)
i=4

~ h+3 o

Uy =D Wi 4 o) (3.74)
=3

~ h+2 o

Uy =Y Ui 4 o) (3.75)
1=2
h+1

¥, = Z PUDF—i g (1) (3.76)

If we set A = 1, then one can verify that 1, =~ @2 Also note that ¥, ~ 0 which,
again, follows from the strong asymptotic Einstein condition. However, there exists
sharp k, value, which is a positive integer, such that even if ¥ 5cp is C* smooth at
J, the Peeling condition will still be satisfied [20]
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Chapter 4

Asymptotic Symmetries of
Spacetime

4.1 Introduction

Highly symmetric space-times such as Minkowski space-time M or Friedmann-Walker
space-times admit class of co-ordinate transformations which preserves line element
exactly. These transformations have a special name, they are called the isometry
transformation. Given a coordinate system {z®}, we want to move to a new coordi-
nate system {y®} such that

Jap(2)dzdr” = gap(y)dy™dy” (4.1)
If we look at only the infinitesimal transformations, i.e. of the form
y* =2 + K*(x) + O(K?) (4.2)

we can substitute this expression in the line element and expand till linear order in
K. The RHS of (4.1) is

(9ap (%) + K0,9ap + 9ar 05 K + 95,0, K7) dada” + O(K?) (4.3)

LKgap

which is easy to check, since

dy® = dr® + 03 K*da” + O(K?)
9as(y) = gap(¥) + 0, gapdz” + O(K?)

The vector field K is called the Killing Vector-field and it constitutes the isometry group.
Thus the isometry condition implies that

LKgaﬁ = O (46)
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This is called the Killing field equation.

We can also consider coordinate transformations which preserve the line element upto
a scale factor. This is precisely the conformal transformations, we considered in the
previous chapter. The generators of such transformation satisfy

LKgaﬂ X Gap (47)
The scale factor k is given by

1 1
k= Zga%Kgaﬁ = ZVQK“ (4.8)

In the RHS, we have written the Lie derivative expression as covariant derivative of
co-vector components K,

VoKs+ VK, =0 (4.9)

The isometry transformation is just that special case where kK = 0. As an example,
let us consider the explicit solution for Minkowski space-time M. In this case, we will
consider the procedure outlined in [17].

To begin with let us take covariant derivative of (4.7)
V., VoK 4+ V, VK, =V, kgas (4.10)
For M, the Riemann curvature tensor is trivial. This means
VoVeK, = VgV, K, =0 (4.11)
This simplification allows us to write
VaVsK, = & (Vakgs, + Vakga — Vihdas) (4.12)
Let us take one more derivative of the above equation
VpVaVs K, = %(vaakgﬁv + V,Vskgya = V,Vikgag) (4.13)
Anti-symmetrizing over p and « gives
ViV pkgapy — Vo Vipkga)s = 0 (4.14)
Next we take trace over o and . After some manipulation, we get
9,0k +2V, V. k=0 (4.15)
On taking trace over p and v, we get [Jk = 0. Thus
V,V k=0 (4.16)
Since V, = 0,, the solution for the scale factor is simply

k =24+ 4B,a° (4.17)
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Substitute this expression in (4.12) to get
VaVsK, =2B.gsy + 2B3gya — 2B gas (4.18)
Integrating twice w.r.t. x yields
K., (v) = P, + Mp,2° + Az, + (2Bsa°r, — B,a’z5) = K () (4.19)

This is the Conformal Killing vector for M. If £k = 0, then A =0 and B, = 0 so that
the expression simplifies to give just the Poincare vector.

Note that the above expression was dependent on the fact that the Riemann curvature
tensor is trivial, Just by looking at the isometry transformation, we see that there
are four translations (generated by P,) and six Lorentz rotation generated by My,.
Thus the group is essentially a ten parameter Lie group. We can think of it as
following: given any point p € M, we can define four axis along which one can do
translation. This gives us four translation parameters P,. We can also do rotation of
any axis about any other axis, which can be done in *Cy = 6 ways. Thus there are
4 + 6 = 10 parameter group. Can space-time with non-trivial curvature still admit
ten parameter Lie group? The answer is yes and such space-times are said to be
Maximally symmetric. The Riemann curvature tensor for such space-times have
the form

R
Rpop = E(gpugov — Gpv9ou) (4.20)

To get the intuition why this should be the form of curvature, let us define coordi-
nates in a small neighborhood U centered around point p € M such that the metric
evaluated at point p gives the standard Minkowski metric. The 10 parameter Lie
group as defined above will preserve the form of g.s|, = 743, but not its derivative.
By maximal symmetry, we mean that the Riemann tensor should also be invariant
under the action of this group. This implies that the curvature can be written as
sum of terms containing only the metric and none of its derivative. Considering the
symmetry of Riemann tensor and its relation to Ricci tensor and Ricci scalar, the
only possible expression is

R
Rpa;w|p = E(npunau - npvnau) (4.21)

For Maximal space-times, this should be true for all p € M, which leads us to the
form (4.20). Comparing with the Ricci decomposition form, we see that

Cpauu = Epo’uu =0 (422)

Thus, while Ricci tensor need not be zero, the Weyl curvature should be zero. The
Weyl curvature carries the gravitational degrees of freedom, and a generic vacuum
Einstein equation is given by

VPC oy =0 (4.23)

so one could ask whether it is possible to define Killing fields in presence of non-zero
Weyl curvature. It turns out that the Killing fields, or more generically the Conformal
Killing fields puts severe restriction on possible solution of Weyl curvature. Note that
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the CKVFs can be considered as the primary part of Hermitian twistor (). In general,
for a symmetric n—twistor w8 % we have the consistency condition:

Y (ABC,DE-LIF — () (4.24)

The Weyl curvature spinor ¥ 4gop shares same PNDs with that of twistor w, in fact we
have the following result due to B. Jeffryes: If w5 L is a symmetric n(< 4) twistor,
then W 4pcp is proportional to (wap...)*™ It should be noted that the Killing fields
have great importance with regards to the conservation laws in curved space-time.
Consider a free falling particle travelling with velocity field u*. For affine parameter,
the equation of motion is simply

u’Vau® =0 (4.25)

Let K be a KVF. Let us define the quantity Qx = K%u,. Then it is easy to check
that Qi is conserved along the trajectories of the particles:

DQk

e V.Qx = K, ubVyus +uu’Vy K, = 0 (4.26)
7’ N ~~ g N ~~ g

=0 =0

For mass-less particles, it suffices that K be just the CKVF, since the second term
uubV, K, will vanish as u is a null vector. In M, the KVFs P, generates translation
motion, thus ()p’s are the associated conserved momentum of the system. Likewise
there are six conserved angular momentums ).

For fields, we have the conservation equation
VT, =0 (4.27)

Similar to the point particle case, we find that the quantity

JE =T, sK" (4.28)
behaves as a conserved current
V(Jg)a = K'VTy + Ty VOK® = 0 (4.29)
=0 =0

For conformally invariant fields, we have T = 0, thus it suffices that K is a CKVF.
Given such a conserved current, we can define conserved charges by integrating over
arbitrary 3-surface X:

Q[k] = /E T.sK*do” (4.30)

The above definition of conserved quantities in a curved space-time faces some am-
biguities, and it primarily has to do with nature of Weyl curvature and equivalence
principle. It should be noted that gravitational field has no canonical stress-energy
tensor and this is due to the fact that there always exist a local inertial frame where
space-time looks like a patch of M. Consequently, a frame independent definition of
gravitational stress energy tensor will mean that if the field is zero in one frame , it
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should be true for all frames. Thus the very definition of conserved momentum and
conserved angular-momentum for an isolated gravitating system becomes quasi-local
rather than local (as considered above). Apart from that, the condition () makes life
difficult to define KVFs on M, at least in the bulk. However, life becomes simpler
when we look at the asymptotics of space-time. Take for instance, the Sachs peeling
effect we discussed in the previous chapter. For asymptotically simple space-times
(and some weaker definition of that), the peeling theorem implies that the Weyl cur-
vature should vanish asymptotically. To what extent can the consistency conditions
be satisfied in this limit?

4.2 Isometry near infinity

Take the simpler case of M. So far we have considered isometry of the full space-time
and we have noted that M admits a non-trivial ten parameter lie group. We can ask,
how the isometry group will look like if we carry out our discussion only near infinity.
Let us consider the line element in Eddington-Finkelstein coordinates (see chapter 3
for Schwarzschild case):

ds® = du® + 2dudr — r*dQ? (4.31)

We now choose new co-ordinates (i, 7, 0, ¢) such that isometry is satisfied asymptot-
ically:
ds® = du® + 2dudr — (FdQ* + O(F)) + O(F 1) (4.32)

For that, we make the following ansatz:
u=a’(a,z%) + a' (@, z")F ' + OF ) (4.33)
r= R,z + p°(a,z%) + O(F ) (4.34)
a, 7+ O(F ) (4.35)

Note that the asymptotic Einstein condition allows us to define functions as poly-
nomial of 1/7. To find the coefficients, we can begin with the equation (4.1) and
equate the coefficients order by order. The isometry condition

Ox Ox?

G = gug o 9T 4.36
Jab = Jed 570 b (4.36)

is evaluated for all values of a,b. However, for asymptotic behavior, it suffices to look
at the leading order expansions only (i.e. a°, R, gOA). We have the following results:

For a = b = 1, the coefficient of 72 is

agOA 890B
ou Ou

R%qap =0 (4.37)

39



and the coefficient of 7 is

it 2
2 s\ 50

OR da° 0g°* 9gt”?
ou Ot

+ (Ao B)) =0 (4.38)

For a = u, b =7, the order O(1) term in the expansion is

da’ 09°" 14
R— + R? =1 4.39
g T Y (4.39)
For a = @ and b = B, the leading coefficient of 72 is
8900 8goD
R? =0 4.40
P9 P (4.40)

The above condition, along with (4.37) suggests that ag;:_f = 0. Substitute this
relation in (4.41) to obtain

IR da°

——— =0 4.41

ou Ou (4.41)
We can’t take %—”5 to be zero, because line element () tells that « mimics u near

infinity, therefore should be linearly dependent on one another in this limit. Thus we
have
oR

e
Given only the angular dependence of R, we can now use (4.42) in (4.39) to get a°:

0> R = R(z") (4.42)

a®(a,z%) = R~ (u + B(z™)) (4.43)

The unknown function R is essentially the scale-factor associated with conformal
motion of unit sphere. For that , assume a = A and b = B. The 7 term in this
expansion is

9g°¢ 9g°"
R*qop DA opB _ I4B (4.44)
Thus, in the limit ¥ — oo, we have
ot =" gt A (4.45)

where in the RHS, f is the conformal Killing vector of 2-sphere. The above equation
can be subtituted in (4.44) and calculated till linear order in f. It may be shown that

R = ePal” (4.46)
Thus in the asymptotic limit, we have the following infinitesimal transformations:

u=ePas" [@ 4+ o(z?)] et =74+ f4 (4.47)
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where f4 is a CKVF on 2-sphere. Inverting this relation we get
i =e P u+ alz?) A =t 4 A (4.48)

It is known that Lorentz transformation is isomorphic to Mobius transformation of a
Riemann sphere. Thus we can regard f4 as generator of Lorentz transformation at
infinity. If we take a = 0, the transformation

u=e Paly (4.49)

also has a special geometric interpretation. As we shall see later, the transformation
(4.48) corresponds to conformal motion of infinity J. The condition (4.49) ensures
that the retarded time co-ordinate always remain as the affine parameter for the or-
thogonal vector N, at infinity. This is corollary to the strong conformal geometry
on J. Another consequence of this condition is that it preserves null angle at infinity.
In general, transformation (4.48) where a = 0 is called super-rotation.

a(z?) is an arbitrary function on 2-sphere which appeared as an ”integration con-
stant”. Any such functions on a sphere can be expanded in terms of spherical har-
monics :

a(@) = > anYim(a?) (4.50)

=0 m=—I

Lets take f4 = 0, then [ < 2 harmonics gives us the familiar translation motion:
o =¢€,+ €15infdcos ¢+ ez sinfsin ¢ + €3 cos d (4.51)

For a general [, this is known as super-translation motion. Thus unlike in the
Poincare group, which had just four translation parameter, the super-translation «
is an arbitrary function and is defined by infinitely many parameters {ay,}. Thus
isometry condition defined only for a subspace of Minkowksi space can be consider-
ably larger than the usual transformation (4.19). The transformations (4.48) gen-
erates the symmetry group called Bondi-Mentzner-Sachs group. The derivation
we have considered in this section is just a simplified version of the analysis done by
H.Bondi et al [3] for axis-symmetric space-times. The original analysis by H. Bondi
[3] and R.K.Sachs [21] involved a number of assumptions on the behavior of metric
components.

1. The Sommerfeld condition on metric components ~:

9(ry)
li u=const = 0 4.52
e Or t (4.52)
which is an ad-hoc condition implying that the functions can be written as
polynomials of 1/r and that one could go to the limit » — oo for a fixed value

of u.

2. Boundary conditions, which essentially amounts to space-time being Minkowskian
at infinity.

41



Using the Conformal methods discussed in previous chapter we obtained the Peeling
theorem, which gives geometric justification for the ad-hoc assumption (i). We will
assume the boundary conditions for asymptotically flat space-times while deriving
the BMS group using gauge-fixing approach. Justification for such a condition will
be given using the conformal methods in section (4.4).

4.3 Gauge-Fixing Approach

In our previous section we saw that the isometry group at infinity is much larger
than the conventional Poincare group, primarily due to the arbitrary function a. The
condition we imposed was that the transformation should preserve line element in the
limit » — oo. The boundary conditions we want to preserve can be more abitrary,
and need not necessarily correspond to isometry transformation. In this section we
are going to discuss the BMS group in the framework of gauge-fixing approach. More
generically, if some boundary conditions are specified near infinity, the weak version
of definition of asymptotic symmetry group is defined as

Guear = |Residual gauge diffeomorphism preserving boundary conditions]  (4.53)

The stronger definition further requires the associated charge to be non-trivial. The
symmetry group can be defined in the following steps. We are essentially going to
follow the procedure outlined in [6]. However, before we dig into the procedure of
the gauge-fixing approach, it is necessary to define the framework and the underlying
assumptions.

We begin by considering the jet-bundle (J, 7, M). The base space M is our usual
Lorentzian manifold. On each point p € M, we can define the tangent space
TyM =, M. And this vector space admits a natural Hamel’s basis {0,}. Like-
wise, the dual space T M will admit basis {dz#} defined such that dz* (%) = 4.
For sake of completeness, let us also define the space of k—forms as Q2%(M). k—forms
are essentially (0, k) alternating tensor fields defined on M. The d operator takes
elements of the space QF to Q1. Note that d> = 0. This is due to the fact that
for any k— form L, d’L = % A dz® A dx® = 0. In this construction, the exterior
derivatives are more important as relevant quantities of interest that we are going to
consider are these k—forms.

Each point of total space J corresponds to collections of abstract quantities {®?, CI>Z, (I)Lw S
The indices u,v,--- are all symmetrized. We can as well define co-tangent space at

a given point in J, and for a given such space, let us denote the co-tangent basis by
the collection {§®°,6®!, 09! ,---}. Thus the exterior derivative which can act on
O0—forms are given by the variational operator

i 0 i 0 i 9
6 = 00 g + 0, g + 0

- (4.54)

The 6> = 0 condition mandates that the abstract variations 6®!, are Grassmann
odd numbers.
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The map 7 : J — M is called the projection map. The fibres at a given point p € M
is the space 77! ({p}) = {®*(p), ®!,(p), P/, (p), - - - }. The fibres represent the collection
of fields ®%(x) and its symmetrized derivatives evaluated at z = p. Note that exterior
derivative d acts on the base manifold only, while ¢ acts along a given fibre.

Definition [Gauge transformation and Gauge symmetry] Let us now define the
gauge transformation, by which we mean transformations of the fields ®* induced by
parameters F' = {f*}, where f*’s are some arbitrary functions. We write

0r®’ = Rof* + REDLf + RI0,0,f + -+ (4.55)

The coefficients R¥* are functions of x, ®* and its derivatives. Gauge symmetry is
defined with respect to a given lagrangian. We know that the classical physics of fields
are all encoded in the lagrangian L, which is a 4-form. The gauge transformation
(4.55) is a symmetry of our theory, if it preserves L upto a surface term (a 3-form):

SpL = dBp (4.56)

The surface terms are important as we shall see later that they contribute to the
definition of charge.

As an example, consider the free Maxwell field Fy, = 20,,%y). This can be considered
as components of the 2-form F' = d®, for some smooth 1-form ®. Since F' is ezxact,
transformation ® — ® + da keeps F' invariant: F' = d® — d® + @ . The last term

=0

is zero due to the identity d® = 0. Since F is preserved, the Lagrangian L ~ F? is
preserved as well. Thus ® — ®+da is a gauge transformation and is also a symmetry
of the free Maxwell theory.

Definition [Gauge fixing] The symmetry of our theory is generated by the set of
parameters {f*}, and we may want to study this theory for some particular choice
of these parameters. This is called gauge fizing. More precisely, we have a set of
algebraic or differential constraints on the field.

G[®] = 0 (4.57)

These constraints should be obtainable by some gauge transformation. Further the
transformation should use all the freedom of arbitrary parameters f¢. Thus the num-
ber of gauge fixing conditions should be equal to number of arbitrary parameters
defining the gauge transformation.

Definition [Residual gauge transformation] The gauge fixing conditions (4.57) may
itself possess some symmetry, i.e.

dpG[@] =0 (4.58)

The transformations (4.58) are called residual gauge transformations.

Definition [Background conditions| The explicit solution of the field ® for a given
gauge fixing condition and residual condition will depend on the choice of boundary
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conditions The choice of boundary conditions will determine the asymptotic symme-
try group. Too severe conditions can make the symmetry group trivial. The exact
choice will depend on the particular problem we want to consider.

To demonstrate examples for each of these definitions, let us consider the case for
electro-magnetic field. Begin with the gauge transformation ®, — @/ = &, + .. If
our gauge firing condition is Ay = 0, then it suffices that 5970‘ = 0. In other words,
a(r) = a(z!, ). However, this function is still arbitrary. We can fix a by speci-
fying a boundary condition on some surface S = S(z!,z4) : let’s say A;(x)|s = 0.
Now, even if a is completely specified, there still exists the residual freedom As4 —
Az g+ 0340(2%, 2*). Note that the choice of 8, even though arbitrary at this point,
does not affect the gauge As = 0, nor the boundary condition. This function g can
be fixed by additional boundary conditions such that the solution for the Maxwell

equations is well-posed.

In the next section we are going to look at a very similar setting, but for gravitational
field. The metric g, will be our relevant field of interest. For the construction of
BMS group in a more general setting, we will first introduce the Bondi-Sachs for-
malism briefly (though we have already used a simplified version of it in the previous
section). We will also briefly comment about the symmetry group for other boundary
conditions.

4.3.1 The Bondi-Mentzner-Sachs Group
4.3.1.1 The Bondi Sachs co-ordinate system and conventions

The basic consideration here is to start with a scalar field v (or v) such that the
u =constant hypersurfaces are outgoing of future light cones (similarly v =constant
represents incoming or past light cones). We further assume that the generator (rep-
resented by the null tetrad I = [%0,) of null surfaces u =constant is geodetic, i.e.

1oV 17 o 1P (4.59)

Define (* = #= = §=. Thus, (°V, =D = % when acting on scalars. Choose 7 to be

an affine parameter on the integral curves of (. Thus we have

DI*=0 (4.60)
The angular co-ordinates z* = (6, ¢) are defined such that they are constant along
the flow of vector field [*:

Dz =0 (4.61)

The Bondi-Sachs coordinate % = (u, 7, 7*) if we are considering outgoing congruence,
or (v,r,2?) for incoming. The outgoing coordinate system is relevant when we are
studying radiations from isolated system, which will be considered here as well. The
incoming coordinate is important in the case of cosmology, since all astro-physical

observables are essentially defined on observer’s past light cone. In this case, the r
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U= CONST
R= CONST

U= CONST

“RAY": U=CONST
¢=CONST

COORDINATE SINGULARITIES
R=Rg

Figure 4.1: Outgoing null cone in Bondi-Sachs coordinates (figure obtained from [4])

coordinate could represent the correxted luminosity distance, or the observed redshift
parameter as the relevant problem may be.

Given such a co-ordinate system we can comment about the general form of metric
Jap: We can observe that the null condition on [* implies that

1%y = 0 = gopd%6? = gy, (4.62)
Likewise, the angular relations (4.61) means
1°047% = gapdtdPz? = 0 (4.63)
which would imply g.4 = 0. Thus the generic form of metric can be written as
(0% /B UA
Jgw=106 0 0 (4.64)
Us 0 gas

for some functions o, 3, U4, gap.

Following the convention used in [21], we write the line-element in the form:
V
ds? = —e*du? + 2e*’ dudr — r®hsp(de® — UAdu)(da® — UPdu) (4.65)
r
The angular part of the line element are written in terms of two functions v(u, r, z*)
and 0(u,r,24) as

hapdz?dz® = (e27d0* 4 e~ sin’ Odp?) cosh(20) + 2sin @ sinh(26)dfde  (4.66)
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The two functions reflects the fact that gravitational field carries two degrees of
freedom, or in perturbative gravitational wave analysis, as the + and x polarizations
[22].

It’s worth noting that the determinant of hup is simply sin?@. Thus, the set of
conditions

Grr =0 Gra=0 det[hap] = sin® 0 (4.67)

represents our gauge fizing conditions. Thus, the residual gauge symmetry can be
given by transformatons which will preserve (4.67) :

5,97"7‘ =0 5gr,4 =0 5det[gAB] =0 (468)

The functions in line element are all polynomials in 1/7, as also stated in the previous
section. To obtain the expression for the metric functions, we will need to solve the
vacuum Einstein’s field equations R, = 0. Similar to the discussion in §, we make
ansatz that

V=1 —2M(u,z%) + O@r™") (
hap = qap + cap(u, gcA)r*1 +O(r 2 (4.70
B = Po(u,a*)r= + O(r~?) (
U = UM (u, 2)r™t + O(r2) (
To solve the field equations, we impose the boundary conditions [21],[4]:
lim V/r =1 lim(rU4) = lim 8 = limhyp = 0 (4.73)

where lim is the limit at » — co. The asymptotic forms satisfying field equations and
respecting the boundary conditions are given by:

V =r—2M(u,z) + O(r~') (4.74)
hag = qaB + O(?”_l) (475)
1
8= Jle(w,a)Pr 2+ 0() (476)
U4 =0 (4.77)
4.3.1.2 Explicit construction due to Sachs
Let us first solve the residual gauge symmetries (4.68).
The expression (4.68)(i) implies that
0gr =0 V.6 =0 (4.78)

All the required Christoffel symbols for this calculation are mentioned towards the
end of this chapter. The RHS of the above expression can be wriiten as

0,& =T &, = 20,56, (4.79)
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& = e%f(u, xA) (4.80)

where f is an arbitrary function. Likewise (4.68)(ii) implies

5gr,4 =0 = @TSA + 6A§T = QFZT&L
argA + 28Aﬁ€r + 62,88./4]0 = 2F?4r€a

On substituting the expression for I'Y,, we obtain:
O,6a + 20458, + ¥ 04 f = 2T, & + 2T &p
= 20,406, + [1?hapd,U” + 2% 1 (0, hac)h e

On RHS, we do some re-arranging of derivatives followed by transvection with g*”:

048 f0.U° — 2 4 o, (W) = —0uf] x "

2§A hAD 8r (gA hAD)
3 - r2
D fAhAD 28 AD
0.(107) =0, (5=) = ~(@ane¥s
O (fUP + €4g*P) = —(0af)e* g*P

ng™ = 7~ fUP ~ [ g0, ar

fo.UP + = —(0af)e*’g"?

Thus, the angular part of diffeomorphism vector field £ is given by

62’BhAD

éo = fo— U+ Phpedaf / T (4.81)

7ﬂ/2

In this case, we obtain an arbitrary vector field f4. Finally for (4.68)(iii) we shall get
the &, component:

5detg =0 = gABﬁggAB =0
g8 X [Valp +Vpéa] =0
9P X [04€p + Op&a — 25 5] = 0

On RHS, let us just consider the expression for I' 5, so that we can express &, in
terms of &, and &4 as follows:

4e

—28
Eu+ (2056 — 205 50) g™ = 0

9P (26a5) + .

Thus, we have the following final expression

1
£ = §T62’8(—§A,B + T g& + FgBSC)gAB (4.82)
128 . c AB
= —57(—@1,3 + Ip& + Tapéo)h (4.83)
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Note that (f, f4) obtained as integration constants, are arbitrary. In contrast, the
calculation for asymptotic Minkowski case had a specific expression for f in terms of
f4, and we also had f# as CKVF on unit 2-sphere. To obtain this particular form,
Sachs considers a set of additional conditions:

8Guu = O(r™1) dgua = O(1) (4.84)
5Gur = O(r?) dgap = O(r) (4.85)

Lets begin with (4.85)(ii). The aim will be to expand the metric coefficients following
the asymptotic forms () and compare order-by-order in powers of r. For this condition
we obtain

Oalp + 0péa — 2% g&y — 217, g — 2T péc = O(r) (4.86)

After some thorough inspection, we find that the r? term in the LHS of (4.86) has
the form

—2f(a,B) + 4a0c [ + V5raapd”" fo +2955fc =0 (4.87)

where 4. is the Christoffel symbol w.r.t. the unit sphere metric gap. After some
manipulation it can be shown that

Dafp + Dpfa = qapDcfC (4.88)

which agrees with (4.44).

Lets repeat the same procedure for ()(ii). We have
Oula + 0a&, — 2T 6. = O(1) (4.89)

The only 7% term in LHS is
Oufa=0 (4.90)

Likewise, the r terms can be collectively written as
1
O |Ouf = 70p(aprf7)g"" | =0 (4.91)
For (4.85)(i), we note that the order of 1 term is essentially

1
8uf - Zap(qEFfD)qEF =0 (492)
This we can integrate to obtain

f(u, ) = a(xA) + gDAfA (4.93)

Note that this particular form of f and f4 will automatically satisfy the remaining
conditions.
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We can try to find the expression for £¢ = ¢%¢,. Here, is the following asymptotic
forms of each component:

& = flu,z%) (4.94)
§'=—rd.f+ %Dchf +0(r ™) (4.95)
4= fA— @ + 0™ (4.96)

This completes the derivation of the Bondi-Metzner-Sachs group using the gauge
fixing approach.

4.3.1.3 The group structure

The infinitesimal transformations of (u,z*) under the action of f, f4 near r — oo

has the form
u%u—kg(u):u—i-&“:u—i-[Oz—i-gDAfA] (4.97)
2 = at +E(a?) =2t + A (4.98)
Let us define vector fields
§r = ad, (4.99)
&r = 404+ 5D fC0, (4.100)

Then, any element of BMS group B can be written as & = & + €g. Note that the
expression for & automatically suggest that

[€T17€T2] =0 (4101)

for all &, and &p,. We say that {p generates super-translation motion. We shall
denote § as the super-translation group.

The commutation relation for £z’s is a bit more involved:
u u
[$r1, Ere) = [f1104 + §Dcf108u, 5104 + §DCf208u] (4.102)
u
= (fi'0afs — (1 2))0c + §(ff‘8ADcf§ — (14 2))0u (4.103)

We first manipulate the 9, term. Note that on expanding the D4 operator, we can
re-arrange it in the form

u u
YDA~ (1 2)) + @)~ (15 2) (4104)
where &5 = loga— Vzc}getq = cot §0%. However, that makes 9475z = — csc?009%0%, i.e.

symmetric in A and B. Since the term in bracket is anti-symmetric in A and B, this
makes the entire second term to be zero. Denoting

FC = (floaf — (1< 2) (4.105)
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we see that the commutator relation simplifies to just

[Er1,€Ra] = &5 (4.106)

We say that &g is the generator of super-rotation group R.

Finally, we may look at the commutation relation between £x and &p:
u Q@
(6. €2] = [f40a+ 5 Def 00 a0,) = (f40a0 = SDef) 0 =& (4.107)

This, relation along with () suggests that for any £ € B and for any {r € 8, we have

§,6r] =& €8 (4.108)

Thus, we have the following theorem:

[Theorem :] The super-translation group 8 forms an Abelian Normal subgroup of
the total BMS group B

Let us take r € R and s € 8. Let 2% = (u,z) (note that these are co-ordinates on
the null infinity J*). We may write

rs(u, z) = r(u + a,z) = (K Y (u + a), r(z?)) = b(u, z?) (4.109)

where b € B. This particular identification implies that we can write B as the semi-
direct product of § and R:
B =RS (4.110)

Note that, (4.107) suggests that for any b € B
b8 2, 8 (4.111)
So, if we just restrict to the case of R followed by some re-arranging, we will have
sIRs 2, R (4.112)

This is important as it suggests that there is no unique rotation subgroup of the total
BMS group.

Recall that the [ < 2 modes of the super-translation parameter a corresponds to the
translation group T . In fact, following from above Theorem, we see that T form the
unique normal 4-dimensional subgroup of the total super-translation group. Thus, if
we wish to find the Poincare subgroup P from B, then there will be arbitrariness in
the choice of Lorentz group, due to the isomorphism (4.112).

4.3.1.4 Few comments about Poincare group at infinity

Although, there is no unique way one can select out a Poincare group from B, in
practice, we can choose a particular rotation group R near infinity using the idea of
good cuts. A good cut is the cross-section on J formed by its intersection with a null
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cone originating from an interior point p € M. If there is no such interior point, then
it is called a bad cut. The convention is that we choose the rotation group R as the
generator of conformal motion of these good cuts. Let us consider the example for
Minkowski space-time.

Consider the flat space line element:
ds? = du® + 2dudr — r*qapdz*ds® (4.113)

To define the Lorentz group at infinity, we need to choose an origin, similar to the
consideration in §2.1. We let » = 0 to be our axis. The null surfaces originating from
each point p on the axis defines our outgoing surfaces u =const, and these surfaces
will intersect the boundary forming a 2-sphere. Thus r = 0 forms the set of all
interior points for the good cuts. While this is very convenient in a flat space-time,
such a construction need not hold for a general asymptotically flat space-tmes. The
intricate structure of the bulk can modify these definitions of good cuts. One way to
circumvent this problem is to look at the optical scalars, or any of it’s combinations
associated with the outgoing null congruence, which do not change under the influence
of curvature. The asymptotic shear o of the outgoing null surfaces is a convenient
choice. The peeling theorem mandates that

o= Z o (4.114)
i=0

For good cuts, we have oy, = 0. Thus, the standard choice is to look at all those
cross-sections on J, which have o ~ 0.

Note that ¢ is a complex number, while the identification of good cuts involves only
one real condition. Thus, in general it is not true that good cuts defined this way
will always exist. In fact, existence of gravitational radiation need not preserve the
good cuts. Details of this calculation will not pursued here, but has been explained in
[18]. To summarize, for a Bondi system 7 & 0, the evolution of shear ¢ follows this

particular relation B
0o = — Ay (4.115)

We can model shock waves, in general, which can induce a generic BM S transfor-
mation near null infinity (this will be discussed in the next chapter). If we simply
consider the super-translation effect, we will see that the asymptotic shear will change

following the relation
1

09 R 01 + 532()[ (4.116)
Note that solution for 8%a = 0 is true if and only if & € T. Thus, only the translation
group is invariant. Since o changes, these cross-sections are now bad cuts and we
will now need to choose a new set of good cuts. This essentially reflects the fact
that the rotation group R is not preserved under the conjugate action of the super-
translation group. Since, the concept of rotation shifts in this process, we say that
super-translation changes the angular-momentum of the system. In other words, the
charges associated to (higher modes of ) super-translation are essentially the angular-
momentum.
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4.3.2 Other asymptotic definitions

The arbitrariness in the choice of gauge fixing condition makes this particular ap-
proach highly generic. Let us consider a couple of other symmetry groups which has
been constructed using this approach:

4.3.2.1 Barnich-Troessaert group

Let us consider the case for null infinity: Note that in the BMS derivation, we had

defined the determinant of the angular part of the metric as r*sin®?6 = det gap.

In general, let us write det gap = b, where b = b(u,z*) = 1e'? is some arbitrary

function. The consequence is that the leading term of the angular part of line element
is only conformal to a unit sphere line element. On top of that, let us modify the
fall-off conditions on metric coefficients:

B=0(r?) U =02 V/ir=—2rd,¢+ Ag+ O™ (4.117)
The associated residual symmetries should satisfy
(Sgrr =0 5g7~A =0 5det[gAB] = 4w (4118)

The determinant condition shows that we are only preserving the angular part upto
a scale factor, where w(u, x?) is an arbitrary function. The additional conditions on
other metric components are

5gur = O(r?) 5gra = O(1) 5945 = O(r) (4.119)

0Guu = —2r0,w — 2wA@ + Aw + O(r™Y) (4.120)

The exact solution for such a diffeomorphism vector field is given by

= (4.121)
&= fp / " (@) (4.122)
&= —%T(DAgA — fUP +2f0,p — 2w) (4.123)

where f = f(u,24) satisfies
1 -
Ouf = fOup + §DAfA —w (4.124)
Here Dy and f# are the covariant derivatives and conformal Killing field for the
metric €2?gap. The arbitrariness of w also makes f4 to be an element of infinite-

dimensional Virasoro algebra rather than 6-dimensional Lorentz algebra as was in
the case of BMS. Therefore, the transformation as defined above generates a group
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which is isomorphic to (VirxVir) x 8.

For asymptotically AdS space-times, we could start with line element written in
Fefferman-Graham form:

l2
ds* = ﬁer + gap(r,29)dz?, da® (4.125)

where gap = r2e*®v45 + O(1). yapdz?dx? is the flat space-time line element.
The residual conditions are

(Sgrr =0 597“14 =0 (SgAB = O(l) (4126)

The solution for such a vector field is given as

¢ = —%TDAfA (4.127)
2 00 /
=1t - %3B(Dcfc)/ i—ngB (4.128)

Similar arguments hold for asymptotically dS space-times as well.

4.3.2.2 Campiglia-Laddha group

For a line element of the form
ds® = O(1)du® + (2+ O(r~1))dudr — (r*qap + O(r))dz*dz” + O(1)dudz” (4.129)
we simply look at the condition
rli_glo Vs — 0 (4.130)
The residual symmetries in this case are:
0gur = O(r™") 0gua = O(r) 0guu = O(1) (4.131)

Upon solving, we obtain the following expression for &:

€4 = a(zt) + gDAfA +O@rY (4.132)
-~ )

"= —ro.f+0O(1) (4.133)

¢h=rr+0o0 (4.134)

Here f4 and f are arbitrary. The symmetry group in this case is Diff(S?) x 8
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4.4 Geometric Approach

The Geometric approach was originally proposed by Penrose in his seminal paper [5].
The lengthy calculation for the BM S group can be elegantly and intuitively derived
as conformal motion of the boundary J . In fact, this is what we are going to discuss in
this section and also comment about its relation to include Barnich-Troessaert group
(both asymptotically flat or (A)dS) and beyond.

4.4.0.1 BMS group

In the previous chapter, we talked about properties of infinity: the divergence free and
shear free condition on N, vector field. Let us now choose 2 =1 = % as our conformal
factor. It is easy to see for standard examples that N, vector field does satisfy the
necessary conditions for this particular choice. For our physical line element, let us
choose the Bondi-Sachs form. The unphysical line element will therefore look like

ds® = Q%d3? = BVe*du?® — 2¢* dudl — hp(dz® — UAdu)(de® — UPdu)  (4.135)

However, for now let’s just assume that each of the metric functions are Taylor ex-
pandable about [ = 0. Now, let us consider the solutions for Einstein’s equations on
the unphysical line-element [22]:

hap = Hap(u,2°) + O(1) (4.136)

B = H(u,z%) + O(I?) (4.137)
UA = HYu, %) + O(1) ( )
I’V = DoAH* + O(]) ( )

ehre D, is covariant derivative w.r.t. H,g. The N® vector field will look like
N = (—e™2H 0,72 g4 (4.140)
If we impose that z* are constants along N¢, we get H* =0 :
NQuz? ~0 = H* =0 (4.141)
Furthermore, the strong conformal geometry , implies H = 0:
NQu~1 = H=0 (4.142)

Finally, V,V,Q ~ 0 implies 0,Hp = 0. If we consider H4p as metric on the cross-
section of JT, then it can only be conformal to a unit sphere metric. Then 0,Hp = 0
implies that Hp = w?(2“)gap. On suitable rescaling and redefinition we finally have

0 -1 0
Jw~|—1 0 0 (4.143)
0 0 —qaB
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BMS group is precisely the diffeomorphism transformation which will preserve the
above form of metric upto a scale-factor. The scale factor is such that the transfor-
mation is well defined under the conformal map. To prove this, let us start with the
physical line element If £ — 7’ is the required transformation, we have

I _ . 0%° 0%
gab<w ) = gcd(w) 97a 9l

(4.144)

Say © — 2’ is the induced transformation in M, then it preserves the space-time
interval in M upto a scale factor:

N Q% (x) Ox¢ Ox?
g“b(x ) o 02 (ZL”) ng(‘T) ox'e Hx'd

(4.145)

Since (4.145) holds at r — oo, we should regard the above relation to hold on J. If
' = x + €€, then

da'® = (6} + €0p&™)da® (4.146)
Jab(2") = gap() + €€°0cgan() (4.147)
Q2(2') = Q7 2(2)(1 — 26Q71€°0.Q) (4.148)

We see that condition (4.145) is true upto O(e?) if
(Lfgab - QQ_lfcacanb)h =0 (4149)

Since 2|5 = 0, we need 0.2 = O(Q2) so that the scale factor is finite. Let’s Taylor
expand ¢ about J w.r.t. the coordinate system x = (u, [, z):

=&+ &1+ 01

Choosing Q = [, €9, = & = O(l), or [Ty = €& = §;¢!]y. Lets denote each
expression in () as Qg = 0. Upon substituting the expression for g,, we obtain the
following form (all equalities are defined on | = 0)

Quu=0 = 8, =0 (4.150)
Qap =0 = Daty + Dnts = 20€'qap = 0 = 3 Dag’ (4.151)
Qu=0 = 0 +0,"—20' =0 = 0,6" = 9,¢! (4.152)
Qua =0 = 948 +qapdu” =0 (4.153)
Qu=0= 9&"=0 (4.154)
Qua=0 = 048" + qup0£” =0 (4.155)

While (4.151) implies & = £D4&g!, the condition (4.152) can be integrated to obtain
& =a+ %DA@)A. (4.154) implies & = 0, while (4.153) leads to 9,68 = 0. Equation
(4.155) gives £ = —qABOpEY. Thus, we obtain the following asymptotic expression
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for &:

€ = a(z?) + gDAfA +O(12) (4.156)
7

¢ = %DAfAl + 0% (4.157)

¢ = A — ¢*Bopfl+ 0P (4.158)

where « is arbitrary and f4 is CKVF on unit sphere. This proves our claim.

4.4.0.2 Extended BMS group

The derivation of BMS group required a very particular form of g, at infinity. Al-
though, it is always possible to arrange for such a simplistic form in Bondi-Sachs
formalism, we see that the BMS transformation only preserve the metric upto a scale
factor. Now, there exists other exact solutions for Einstein’s field equations, which
do not satisfy the above mentioned boundary conditions. Consider the Robinson-
Trautman space-times, which have the form:

2 or2 _
ds? — (A log P — 2rd, log P — m(“)> du? + 2dudr — %d{dg (4.159)
r
where P = P(u,(, () satisfies
AAlog P + 12mad, log P — 40,m =0 (4.160)

The operator A = 2P?0.0;. This is a vacuum solution and involves outgoing gravi-
tational radiation, signified by the non-zero Weyl curvature Wy:

U, = r_28<[P28C{%A log P — ro, log P}] (4.161)

In fact it can be shown using Lyapunov-functional argument that for any general
initial data on u =const , the solution will emit gravitational radiation and asymp-
totically reach Schwarzschild solution. If we now take 2 = [ = 1/r and look at
unphysical metric, then at [ = 0, it takes the form:

| 1
¢ O

0

0 0

0 0

0 _po (4.162)
o

o OO

2

Since we have outgoing gravitational radiation, d,P # 0, hence we can’t allow any
transformation so that the angular part reduces to a unit-sphere metric. Thus, while
the usual BMS symmetry group can’t be used in this example, we can still use the
definition (4.149) to construct diffeomorphism which will preserve the line element
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upto a scale factor. For the time being, let’s assume g,; = —W (u, %) (some arbitrary
function)

&= f+0@ (4.163)
g = <%ZDAfA + %f@u log m) 1+ O(?) (4.164)
= fA—WHPDpf 1+ 0% (4.165)
where f and f4 satisfies:
0uf = §Daf* + 510,108 \/TH] ~ 0,108 |IW| — [0, Tog 17| (1.166)
Diafp) — %@C fCHAp + % F(OuHap — Hapdylog /|H|) =0 (4.167)

Note that the solution space is much larger than usual BMS group, as both (f, f4) are
infinite-dimensional.For Robinson-Trautman metric, W = —1 and Hyp = —P 2qap
is the angular part. Since the angular part of metric is conformal to unit sphere, it
may be shown that

8uHAB = HABﬁu log \ |H| (4168)

which makes f4 as the CKVF on the cross-sections. If we let 0,f* = 0, then with
the condition w = 0, it is possible to show that (4.166) agrees with the Barnich-
Troessaert form. Thus the ¢ diffeomorphism field we have constructed generates
asymptotic isometry of space-times which are asymptotically flat locally.

4.4.0.3 For asymptotically AdS space-times

To end this section, let us also comment about symmetry group of asymptotically
(A)dSs41 space-times. Consider the line element in Fefferman-Graham form:

l2
ds* = ——2dr2 + gap(r,2°) detdx® (4.169)
r —_—
r2e2nap
where napdrdr? = dt?> — ---. Once again, let Q = 1/r so that the unphysical line
element takes the form:
21\’
ds* — —d (—) + *n pda’dz® (4.170)
r r

The metric on the boundary is given by

Gabls = (0 0 ) (4.171)

0 Yam
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where v15 = €2’n45. It may be verified that the solution for asymptotic relation by
taking the above form of metric is given by

1-
¢ = 5DCYCZ +O(1?) (4.172)
=Y+ 017 (4.173)
In physical co-ordinates we get
1 -
&= —ErDCYC +0O(1) (4.174)
=Y44+0(r?) (4.175)

where Y4 is a CKVF w.r.t. 2-metric 4 with D as the corresponding covariant deriva-
tive. The leading terms exactly matches with the asymptotic expression discussed
in [6], thereby validating the usefull-ness of geometric approach. It should be noted

that the definition (4.149) which followed from isometry condition of physical space-
time only determines the leading two terms of the asymptotic expansion, while the
gauge fixing approach provided an wunique vector field with all higher order terms
pre-determined from metric coefficients. Thus, in this sense the vector-field obtained
from the geometric approach is more generic. It is therefore, more meaningful to
consider the conformal motion of boundary J if we want to look at isometry near
infinity in physical space-time. However, such transformation need not extend into
the bulk in any meaningful way.

In general, an asymptotic symmetry group in geometric approach is defined as the
quotient group:

Gauge transformations preserving boundary conditions

G —

4.176
Trivial gauge transformations ( )

The trivial transformations are the one which has a vanishing surface charge. The
weak point of this construction is that the boundary conditions are defined in a
particular way, and it is not trivial to fiddle with them. Thus the construction is
much more rigid compared to the flexible nature of gauge fixing approach

4.5 Asymptotic Symmetry group near Null sur-
faces in the Bulk

4.5.0.1 Coordinate conventions

As of now, all of our constructions were defined near infinity, where for a particular
choice of coordinates, the metric assumed a very simple form for which we are able to
construct the symmetry transformations. We now ask, whether similar construction
can also be defined in the bulk, near some family of hypersurfaces. In fact, it is
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always possible to find co-ordinates 2% = (u, p, z*) such that line element near any
hyper-surface takes the simplified form:

ds? = 2C,du® + 2dudp + 2p0 sdzdu — (Qap + prap)da?ds® + O(p?)  (4.177)

The resemblance with the asymptotic line element (4.135) makes the analysis for
asymptotic symmetry group convenient. To begin with, let us consider family of 2-
dimensional hypersurfaces {S} with co-ordinates Z%(z*). If g, is the total space-time
metric , the induced metric on the 2-surface S will be given by

4AB = €4€39ab (4.178)
where ¢4 = 9Z;. Also note that the 2-surface S will admit two orthogonal transverse
null directions, denoted by [ and n. Transverse condition implies that [-n = 1. There
is a gauge freedom associated to the choice of these null directions: i.e. the rescaling

I—=1=X\ (4.179)

n—n=\1n (4.180)

preserves the normality condition. The total space-time metric g,;, can now be written

as
Gab = lanb + lbna — qab (4181)

In Newman-Penrose formalism we may write g, = 2mqmy).

Let us assume that the null surface H is foliated by these family of 2-surfaces {S, },
where we choose scalar field u to parameterize each member of this family. Now, it
may be shown that for any H, there exists an unique vector-field ¥V € T'H such that

1. V is normal to S,
2.V is tangent to H

3. the Lie derivative Lyu =1

The vector field V = a% defines the evolution from one cross-section S, to other. Just
like in ADM formalism we may write

o .
Ge=V+Y (4.182)

where V is tangent to S, (analogue to ”shift vector” in 3+1 case). V can be thought
of as the null vector field, whose integral curves pass through all the cross-sections
having the same z# co-ordinates. This means

Lyzt =0 (4.183)

Thus we have V4 = —Ly,2. Since, for a given null surface we already have an unique
vector V satisfying the above properties, let us choose

o -
[=V=o--V (4.184)
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This of course fixes the gauge freedom in the choice of transverse null vectors discussed
earlier. To completely fix the gauge freedom in NP tetrad, let us also impose the
condition

VA g =0 (4.185)
Now, define the other null vector
0
~Op
where p is an affine parameter on the null rays generated by n®. So, if we work with
co-ordinate system z¢ = (u, p, ), its easy to guess the form of null tetrads on H:
14y = (1, B(u,2),0), n®| i = (0,1,0). We can compute g?° (using ()) and therefore
the line element has the form:

n (4.186)

ds? = 2kpdu’® + 2dudp + 2p0 adx*du — (Qap + Aapp)de?dz® + O(p?)  (4.187)

for some functions k, 04, A4p. Similar construction can be carried out near space-like
or time-like surfaces, and is a generic result (see [23])

4.5.0.2 Extended symmetry near null surface H

Let us consider a particular construction of a symmetry group which is defined near
a null surface H. The extended symmetry group by L. Donnay et al essentially corre-
sponds to diffeomorphism transformation which preserves the co-ordinate convention
as defined above. That is, the residual symmetry should satisfy:

09pp = 0gpa = 0gup =0 (4.188)
Lets denote the diffeomorphism vector field near H as x. The first condition implies
L3Gpp =0 29,,0,X" =0 (4.189)

or x* = f(u,z?). The second condition can be written as:
L Gpa =04 Oax" + gau0pX" + gapdpx” =0 (4.190)

The second term is zero due to (4.189). Thus

p
xB=Y" —/ dp' g Posf (4.191)
0

Finally, the third condition yields
Lxgup = 0 A apo + auXu + guAapXA = 0 (4192)

Substituting the expression for Y4, we get

p
X' =27 — po,f +/ dp' guag Pos f (4.193)
0
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The asymptotic form of this vector field is therefore:

X" = flu,z?) (4.194)
X’ = Z(u,x) — 0ufp+ O(p?) (4.195)
XA = YA 4+ Qapdpfp+ O(p) (4.196)

The higher order terms in O(p?) can be determined exactly, if the complete asymptotic
expansion of g, is known. Let us now compute the Lie derivative of rest of the metric
components:

Ly9aB = X°0cgap + 9ac0X" + gpcOax” (4.197)

The first term in the RHS can be expanded as: x%0ugap = —(f0.Qap + ZAap +
YC0cQup) + O(p). Likewise, gac0pX° = —QucdpY“ + O(p). Thus

LXQAB :\—(fauQAB-f—Z)\AB+LyQAB)J+O(p) (4.198)

TV
Q4B

Similarly for g, , we have

The first term is x°Ocguy = 2Z + O(p), while the second term 2¢,.0,x¢ = 20,7 +
O(p). Thus

L Guu = 20,2 + 26Z +O(p) (4.200)
=0
Similar calculations for £, g,4 yields
Ly Gua = (204 +0aZ — Qap0,Y ") +O(p) (4.201)
-0

We will assume that Z = 0 (this will be important later for definition of charge) and
0,Y? = 0. Note that

LGuplar =0 Lygapln = —(f0uQap + Ly Q) # 0 (4.202)

4.6 Charge construction

For flat space-time, we noted that for a given matter field T,,, we can construct
ten conserved charges associated to each Killing field. The situation in presence of
gravitational field is ambiguous for two reasons - non-local nature of gravitational
energy and non-existent of a generic Killing field. If we look at the expression for
charge in (4.30), we note that its an integral over a 3-dimensional surface. If we can
express it as an integral on the boundary of this surface, then the Killing field on
the boundary can be naively identified with an element of the asymptotic symmetry
group. However, there is still an issue with the 7,,: how do we take into account
gravitational energy? In this section, we are going to briefly outline the original
Penrose’s quasi-local charge construction and its expression on cross-section & C J.
Using L.Mason’s argument, we will show how this construction will agree with the
one obtained from Covariant Phase space formalism. Finally we will look at charges
for extended symmetries.
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4.6.0.1 Penrose’s Quasi-local charge motivation

The motivation stems from the fact that the total Riemann curvature in the weak
field limit on a background M space-time has the structure of Weyl curvature:

Kaped = apepenpecp + c.c. (4.203)
which is also very similar to the expression for Maxwell tensor:
Fop = papean +c.c. (4.204)

The charge in Maxwell theory can be written in terms of Hodge dual % F};, as:

1
= F 4.2
1= 59 74 ; (4.205)

The question is whether we can write Fy; in terms of K.q and what will the corre-
sponding ¢ physically represent. So, for a given symmetric 2-twistor o2, it follows
that the spinor

XaB = apcpo’’ (4.206)

will satisfy free Maxwell’s equations if ¢ 4 gop satisfies the vacuum Einstein’s equation.
We can also write the above equation in tensor notation: for that, we define skew
tensor Qq = i02BeA'P" 4+ c.c.. Then it may be shown that

1
* ab — — & abchCd (4207)

2
where P, is the Maxwell tensor associated to xap. Also note that £* = %Vbe“ is
a Killing field. Now, since we started with the vacuum solution for K.4, it may be
shown that Kupeq = K.y [16]. Using this alteration and Einstein’s equations, we can
write (4.205) in the form

1 * C a 1 a ‘
" 390G fav Kopea® Yz A dab = G /\7 eabchdefdx A dxb A dx (4.208)

q:

For the asymptotic case, we take § C J, where space-time is vacuum. So we may
simply write Ky peq = Capeq- Also, since we are considering calculations on J, we
should regard the curvatures here to be unphysical. With some manipulation, the
integral in LHS of (4.208) can be written as

1
1=-15 Im 74 {69 + 20" 4py + oM 1eP3} 8 (4.209)
S

0B can be written as symmetrized product of 1-twistor w;*. Let’s take o

Thus, the expression for ¢ is

AB _ ,(A,B)

= 47TGIm j{{@blwle (wWwy + wowi )y + hawiws }8 (4.210)
Details of this calculation can be found in [18].
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4.6.0.2 BMS charge using Penrose’s definition

According to Penrose, it suffices that w? satisfy twistor relation only on 8, though
even in this case the solution space for twistors can be highly restrictive. Therefore,
we only consider the subset of those equations:

dw’ =0 dw' = ow’ (4.211)
For a Bondi system, a number of spin coefficient vanishes:
K=oc=1=p=7=Imp=0 (4.212)

For such a simplified system, it may be shown that for any two twistors wﬁ2 satisfying
(4.211), the vector-field
" = gn + g + 12 (4.213)

will behave as a BMS vector field on J, where 2 = sudcn® + cm®. Here g = i(ww; +

wiwl) and ¢ = 2iwdwl. The integrand in (4.210) can also be manipulated such that

we only have g and ¢ terms (procedure outlined in [TDray|) The final expression
looks like

q=0Q(g,¢,c) = — wWwd(2¢) + 2006 + 0(05))8 (4.214)

L
8rG
— ﬁ (wlwy + wiwy) (wg —oN + 527 ;3'20) S  (4.215)
= Q.+ Qy (4.216)

Note that the combination which appears in the integral (4.215) with g is the mass-
aspect, while the combination in integral (4.214) is the angular-momentum aspect.

4.6.0.3 Relation with Phase space definition

In covariant phase space formalism, one can define surface charge from the integral

:/jF:/SF—|— Kr~ ¢ Kp (4.217)
b by )Y )

The surface term K is identified by defining exact reducibility parameters [6]. Note

that we can Wl"ite
SF - a + CZ—;I d =~ .
/ / (S”G b b> x 0 (4 218)

where component of n® orthogonal to X is lapse function and the one parallel to it
is called shift vector. If we naively take n to be null, we could write it in terms of
spinor fields, say n® = M. It follows [24], that we can have the identity

1
d\ =T — §n“Gabd3xb (4.219)
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where A = —idAgdAg Adz® and T' = —idA 4 AdAa Adz®. The d operator is defined as
dMt = VA dz®. Substituting (4.218) and (4.219) in (4.217) yields the surface 2-form
Kpr to be #A. The identification with Penrose quasi-local charge definition follows
from the identity

A = —i kPl (4.220)
where k% is the 10-parameter Killing field, and K** = K(©# are ten numbers for

a,B=0,1,2,3. (WA 7aq) is the twistor field. Thus, we replace n® with k&% in () and
make the identification \* — w? and A — 7@4’. Then, it may be shown that

Hp (k") = A KP (4.221)

A, being the momentum angular-momentum twistor.

While the above identification works for the original Penrose’s definition, the modified
charge expression has no Hamiltonian analogue. In literature, there are other ways
one can choose the surface form Kg. It turns out that if we simply use these definition
of charge for extended symmetries, then it can yield divergent results, which can be
removed by some renormalization scheme (e.g. see the renormalization of charges for
Campliglia-Laddha group in Robinson-Trautman space-time [25]).

4.7 List of Christoffel symbols

Here are list of Christoffel symbols which were required to derive the BMS group:

I, =20,8 (4.222)
1
[, = 0B + §T26_2’BhABarUB (4.223)
1 1
D4, =04 + QhBCarhAC (4.224)
T
1
g = ¢ Prhap + 51’ 0:hap (4.225)
1 1
"B = TQG_QB(‘?(AUB) + §T26_268uh,43 — Ve Phyp — §TV6_258ThAB —1r2e " 2U %y 408
(4.226)
1
PG =g +re Uhap + §r2€_26U08rhAB (4.227)
1
IY, = 048 — re PhygUP — 1?7280, (hspUP) (4.228)
2
r AV 1 2 —283 B B -2 1 2 —2B8771B
FAu:2__§r € (UBaAU +U aBUA)‘f‘V@ (UA—FT/Q&«UA)—iT e U 8uhAB
r
(4.229)
1
I, =UP04B — re U (0,Us) — hPC0,4Up) + §hBCauhAc (4.230)
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Chapter 5

Shock Waves and Memory Effect

5.1 Shock Waves

Shock waves that we are going to consider in this chapter are the matter-field or
gravitational radiations, which are confined on some hyper-surface (time-like or null)
such that they discontinuously deform the geometry around its neighborhood. Just
to set the convention, let us start with a line element

ds? = ggpdzda® (5.1)

Assume f(z) is some smooth function and V is some vector field, such that for
f(z) > 0 we have the discontinuous transformation of coordinates

= a4+ Ve (5.2)

We take the differential on both sides and substitute the above expression in (5.1).
On Taylor expanding, we will get

ds® = (gap + Ly gap)dzda® + O(V?) (5.3)
We define the shock wave line element to have the particular form
d82 = (gab + e(f(x))LVgab)dxadxb + O(V2) (54>

Note that the coordinates we have used are discontinuous across f(z) = 0. However,
we may choose new coordinates z® such that the metric components are continuous.
We can also choose coordinates where d—function appears on the line element, so
that patches f(x) > 0 and f(x) < 0 will look the same. The metric, therefore is
€% on f(x) = 0. Tt should be pointed out that in literature such as [26], considers
line element of the above form as defining impulsive waves. For impulsive waves, the
curvature is proportional to d—function on f(z) = 0, while it is just discontinuous
for a shock wave. For example

Jar = (1 = 0) gy, + 0g, (5.5)
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is manifestly discontinuous where the curvature terms contain step functions. The
aim of our analysis is to extend the work by Hawking, Perry and Strominger [27],[9]
, 8o to avoid confusion, we will stick to their definition of shock waves.

5.1.1 Earlier works
5.1.1.1 Shock wave for zero rest mass particle

Pirani [28] and later Aichelburg and Sexl [7] found that space-time around a fast
moving particle has the geometry of a plane gravitational wave, much in the same
way how a fast moving charged particle produce plane electro-magnetic wave. T.Dray
and t’Hooft pointed out that such an energetic particle can induce super-translation
and refraction on any transverse null rays which will cross its path [8].

We begin with the Schwarzschild space-time for a massive particle of mass m. Since
we can write this in the Kerr-Schild form, we perform Lorentz boost to describe
the particle in a moving frame. In the limit where v — 1, we let m — 0, keeping
momentum of the particle fixed. This involves taking appropriate limit followed by
coordinate transformations.

Consider the line element

(1-4)

2
ds® = e dt* — (1 + A)*(dz?® + dy? + dz?) (5.6)

where A = 7*. Now perform a Lorentz boost along z direction. Denote 7,7, Z,t as
our new co-ordinates. The line-element takes the form
(dt — vdz)?

ds? = (1 + A)*nydz®dz® — (84 — 2A% +--+) —

(5.7)

The expression for A is

_ p(1 —v?)
2¢/(z —vt)? + (1 —v2)p?

which goes to zero as v — 1. Here p? = 3?> + z2. However, notice that in this limit,
there will be a non-zero contribution from the term
SA 4
lim = P (5.9)

v=11—02 |7 —{

(5.8)

in line element (5.7). However, the above expression blows up when Z — ¢. To remove
the divergence, one performs a new coordinate transformation: ' — vt’ = z — vt and
o'+ ot =T+ vt —4plog[y/(Z — vt)? + (1 — v2) — (Z —t)]. In this coordinate system,
the line element looks like

82 ) x,a :I;/b_ 1 B 1 /I l‘/ 2
d Napdx’®d 4p{\/(x—vf)2+(1 — 022 \/(I_Uf)2+(1—1;2)} (dt' —dx')
(5.10)
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On taking the limit (see appendix of [7]) we finally obtain
ds® = ngdx"dz’ + 8plog |p|d(t — ') (dt' — dz')? (5.11)
Using advanced and retarded co-ordinates, we may re-write this as
ds® = du(dv + 8plog |p|d(u)du) — qapdr?da® (5.12)

where 24 = (v/, ). Notice the delta type singularity at « = 0. T. Dray and t’Hooft
showed that we can obtain the same line element as above if we stitch two portions
of Minkowski space-time whose coordinates are related to one another by a super-
translation motion. To prove this, say for u < 0, the line element is given by

ds* = dudv — qpda’dz® (5.13)

while for v > 0 we write
ds® = du(dv — 0f ;dz") — qapdr’dz® (5.14)
where f = 8plog|p|. Under transformation u = @, ¥ = v — 0f and 24 = 2 we get

the required metric (5.11).

5.1.1.2 Shock wave construction in HPS

In [27],[9] the authors consider shock wave construction along the line considered in
section 5.1. They consider Schwarzschild space-time as the background metric and
f(z) = v—wvpy. The vector field V' is chosen as the BMS super-translation vector field:

1 1
V =(=ad,+-D*0, — §D2aar + .- (5.15)
r
The perturbed metric components are
mD?«
nguu = - 2 (516)
1
Legua=Da(Va+ §D2a) (5.17)
Legap = rqapD*a — 2rDsDpa (5.18)

The line element therefore looks like
mD?*a
2
— (r’qap + 0(2rDaDpa — rqapD*a))dz? da®

1
ds* = (V —0 ) dv* — 2dvdr + 0D 4 (Vo + §D2a)dudxA

The shock wave shifts the position of event horizon by amount r|yy, — 7 = 2M —
%D20z. One also computes the Einstein tensor for the above metric and obtain

T TO Ty
T, = (47rr2 + 47rr3> v — ) Toa= 47?7’26(V — 1) (5.19)
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where the T’s are some combination of ¢ and its derivatives so that they satisfy the
conservation equation. Essentially, we have TW = DT and will satisfy (D? +
2)D4T# = —6MT, all of which follows from the field equations.

[29] introduces the new variable p = r — 7 as a new variable to write the line element
in the form

2
ds® = Ldv? — 2dvdp + = pDafdvda® — (Pqap + 20D aDp f)dada® + - (5.20)
7
which is of the form (4.177). We can read of the coefficients 04, Kk, Aap etc. Setting
the super-translation f = 0 near horizon yields the identificaton such as Y4 = %D AQ

and so on.

5.1.2 Implanting shock waves on BH horizon

The original work by HPS considered super-translation BMS vector field ¢ which
they have extended all the way from infinity J~ to the future event horizon H*.
However, the question remains whether this is the only possible shock wave which can
be implanted on a BH and simultaneously induce BMS super-translation at infinity.
Notably, definitions like [10], [11] near event horizon or any null surfaces in general
implies that there could be other ways to extend a diffeomorphism vector field. To
address this issue, let us first recall the geometric definition of BMS group we discussed
in previous chapter. The BMS vector field was defined as the one which generates
conformal motion of J. Indeed, the isometry condition only determined the first two
correction terms in asymptotic expansion of £ vector field about 1/r = 0. The higher
order terms are completely arbitrary and becomes relevant when we consider dynamics
in the bulk. Moreover, introducing new coordinate p near event horizon as considered
by L. Donnay will involve non-trivial intermixing of all of the components when we
try to express our field variables in terms of p. We can exploit these arbitrariness to
define independent boundary conditions for the diffeomorphism vector field V' near
event horizon H. The boundary conditions we are going to choose is that V' should
behave as the x vector field near H (as defined in §) and simultaneously behave as
BMS vecor field near infinity. Such conditions can put constraints on the correction
terms. Moreover, we will require such shock waves to be physically well defined, which
would amount to satisfying some suitable energy conditions.

To analyze shock waves near both event horizon and infinity requires two set of
coordinates which can be defined near these hyper-surfaces. We already introduced
the Bondi-Sachs coordinates in chapter 4 which will represent our coordinates near
infinity. Likewise, the discussion in (4.5) shows that it is equally possible to construct
the Gaussian null coordinates (u, p, z) near event horizon. There is freedom in how
we choose the near horizon coordinate p. Consider the following scenario:

We start by considering family of hyper-surfaces defined by ¥ — r = 0 where ¥ =
Y(u, z).Let us define a new distance coordinate p = r — ¥, so that the Bondi-Sachs
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line element when restricted on p = 0 has the form:

0o W 0
Gablpmo =W 0 0 (5.21)
0 0 Hup

This is a null hyper-surface, since the hyper-surface orthogonal n, = V,p is null
w.r.t. g on p = 0. To have this particular form of metric, 3 should satisfy certain
conditions. The metric functions can now be expanded about p = 0 surface. Assuming
small |p/X|, we expand V/r = Vo + O(p), €** = W + O(p), hap = h%5 + O(p) and
so on. To have the particular off diagonal form of metric , it may be verified that X

should satisty:
0%

2RO LU0 + Wo =0 (5.22)
VoW — 2289, U U0 + Qg—EW =0 (5.23)
u

As a particular example, consider Schwarzschild space-time, for which W =1,

Hup = —X%qup, UA = 0 and V; = 1 — 2% Thus (5.22) implies 2 B 9% — () while

integrating equation (5.23) yields u+23* zcgnst , where X* = ¥+2M log |¥/2M —1|.
The null surface p = 0 will then correspond to u+2r* =const or ¥ =const. Thus p =0
for Schwarzschild space-time expressed in outgoing Eddington-Finkelstein co-ordinate
corresponds to family of incoming null surfaces v =const. In particular, for r = 2M,
g—f = —%V0|T:2M = 0. Thus we can safely interpret > as constant on r = 2M. Thus,
for the particular case of Schwarzschild space-time, we define p = r — 2M. Note that
it is almost same as the definition considered in ([29]), except the authors assumed

super-translated event horizon in place of just 2M.

The boundary conditions we need to look at are as follows:

= [+ A2 A 4 (5.24)
V' = —r0,f — By — Bg,r—l o (5.25)
A:fA ABa fT’ 1 +F (526)

are essentially the conditions near infinity. Near horizon p = 0, we let

VU= fy+ Agp? + - - (5.27)
VP = —0ufup + Bap® + - -- (5.28)
vA—yA CJAB Ofu pA

=Y~ + CIE o+ 9p*+ - (5.29)

To express fg, Y4 in terms of f, A {A}, {B;}, we first define coordinate transfor-
mation V@ = VP22 to go from (V*, V", VA) to (V*,V?,V4) followed by Taylor
expansion about p = 0. We skip the details of this calculation. The final result is as
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follows:

u Ak
Vi=fu=r1+) A (5.30)
k=2
kA
Vi =— — =0 5.31
1 ; (2M)k+1 ( )
VP =—2Mo,f -y S — (5.32)
0 u — (2M k=2
k—2)B
p ( k
k=2
AB A
A A A 4"0sf Iy
= Y pu— _— . 4
AB AB A
q¢""Osfu _ ¢"0Bf kT4
Vit = = -y ——k 5.35
f=Tmn @y 2w (5:39)
If we compare everything in orders of 2M, we see that B, = —% while I'{! =
—%, all for k > 2. By can be obtained from the condition (5.32) but I'4 terms

are indeterminate from these restrictions unless Y* are specified. Its interesting that
although {A;}’s are all arbitrary at this stage, the expression for {B;}’s and {T'4}’s
are completely different from that of the standard BMS definition

5.1.3 Field equations

We will analyze the field equations near event horizon. The calculations are not
proper, in the sense that from a more analytical point of view we can’t have differen-
tial equations in C° smooth metric field, rather we should strictly think in terms of
differential inclusion. Nevertheless, we will carry forward the procedures considered
in the previous articles for our present discussion. Thus, for all calculations, we take
0Ly gap as perturbation on back-ground metric g,,. We will consider all calculations
till first order in V. First we note that if our total metric ¢’ = g+ h, then the inverse
of this metric will be

g(/zb = Yab + hab — g,ab = gab - hab + O(Vz) (536)
The fact that it is true can be verified by taking the contraction

9“qy = (9" = ) (geb + hev) = g*get, —O(h?) (5.37)

o
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The Levi-Civita connection upto linear order in h can be written as

[ = 59" (00905 + Oey — Dsgie) (5.38)
= 1
== FZC + 59“8(5’th3 + achsb - 8shbc) - §has<abgcs + acgsb - asgbc> (539)
— T, + o,

(5.40)

Expression (5.39) can be written in a much more compact notation. First note that
covariant derivative of the perturbation has the form

Pres = Vihes = Ophes — Tithums — Ly hne (5.41)

We can do cyclic permutation of the indices and consider the sum Py + P.sp — Pipe
to obtain 01'y.s. Contracting with g*® we can re-write the perturbed connection as
1

oy, = égas(vbhcs + Vihgy — Vshpe) (5.42)

We can use the expression for perturbed Christoffel symbols to get the first order
expression for Curvature tensors [30]

Raped = Rabcd + 2V[c\v(ahb)|d] - h[aeRb]ecd

(5.43)
Contracting with ¢’ we can obtain the first order Ricci tensor:

1
R = V°V (uhyye — 5 (Bhay + VaVh) (5.44)

We shall consider construction on background Schwarzschild metric, so that Ry, = 0
and we estimate the 1st order Einstein tensor (G,,. Near r = 2M, the metric has the
form

ds? = (ﬁ —. ) du? + 2dudp — (AM? + - - )(d6? + sin® 0do?) (5.45)

The perturbations for the vector field V' has the form (excluding the overall step
function factor)

o aufH 92 2
hw—2[M4 8J4p+0@> (5.46)
hup = 2Ba(u, 0, 6)p + O(p?) (5.47)
o 2492 8GfH 2 2
hug = | =4M"05 frr + ol Onofr| p+ O(p?) (5.48)
Pup = [—4M285¢ fu+ % — 02y fH} p+ O(p?) (5.49)
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hop = 4A5(u,0,9)p + O(p?) (5.50)
hoo =[O0 frr — AM?0g fu] + [—AM Oy frr — 8M*T4(u, 6, ¢)]p + O(p?) (5.51)
hoo = [0 fr — AM>0y fri] + [—AMOy frr — 8M? sin® 0T (u, 0, ®)|p + O(p?)  (5.52)

hog = —8M?0 Y% — [AM (—2M Oy f1r + Oufrr — 09 X?) — AMOpY)p + O(p*) (5.53)
hoy = —4AM? (9,7 + sin® 00,T%) + O(p) (5.54)
hos = 4M sin 6 (—2M cos Y% — 2M sin 09, Y?) + O(p) (5.55)

The components of perturbed Einstein tensor are as follows:

/ - A
Guu = (5 +4M5) DAY+ 0(p) (5.56)

1
Gup =19 (MDAYA + D*fy — 8ufH + 5D?fH> + O(p) (5.57)

6 (8MP02 frr — 6M 0%y f + D9 frr — 2M csc? 3T + 2M 95, T¢ + 4M cot 60, T?)

G =~ AM
(5.58)
+ % (1 —4M?) 80y fur + 6Y° + O(p) (5.59)
0 (=8M302, fu + 6 MO, fu — Oy fur — 2M 03,0 + 2M cot 0,17
Gy = o (5.60)
2M sin® 002Y? + 3M sin 2005 Y?) + 2M (1 — 4M?) 8’0y f 1
0 ¢
X (5.61)
4AM
24
Gop = _5ﬁ2p +0(p?) (5.62)
5 ((8M2 —1)Opf + 8M3fg)
Gpp = i +0(p) (5.63)
5 ((8M2 — 1) 9y f + 8M?sin® efg’)
Gy = Wi +0(p) (5.64)

Gog = —0(8M3 + 4M? cot 00y frr + 4M? csc? HﬁifH —4AMO, fig + cot 00y fr  (5.65)

+ csc 003 f + AM cot 0T + 4M0,T?) + O(p) (5.66)
G9¢ =—0 ((4M2 + 1) (COt 98¢fH - agqﬁfH) - 2M8¢T9 —2M Sil’l2 930T¢) + 0(/))
(5.67)
Gyp = —sin 65 <8M21§2 +AM?0] fr — AM O, fu + 0f fu + 4M89T9> +O(p)
(5.68)
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Note that here § = d(u—up) and ¢’ = §'(u — ug). Thus, the curvature is concentrated
on u = wug null surface. Intuitively, we can think of the § term as a monopole
contribution while ¢’ as the dipolar contribution from the matter-field 7,;. Note that
the field equations, imply that T,, = —ﬁGab. However, the matter-field as written
above need not be physically well defined. We can further look into the Energy
conditions satisfied by this shock wave.

5.1.4 Energy conditions

We are going to use the Hawking-FEllis classification of Stress energy tensor to com-
ment about some generic properties about our shock waves and the conditions needed
to be satisfied for that. The essential idea is to write our stress-energy tensor in terms
of orthonormal tetrads and find the eigen vectors of the system

Ty = My ® (5.69)

If there are 1 timelike and 3 space-like eigenvectors, then it is called a Type-I stress
energy tensor (some examples include perfect fluids, massive scalar field, non-null
EM field etc). If (5.69) admits one double null-eigen vector, then it is Type-II (e.g.
null dust solution or classical radiation). If there are one triple null eigen vectors,
then it is Type-III (there are no classical examples). At last, if there are no causal
eigen vectors, then it is said to be Type-IV. If we consider higher order corrections

in V' near event horizon to be negligible, the Eigen vectors for Einstein tensor. In
this case there is a double null eigen vector k* = (0,1,0,0) with eigen value —p =
—ﬁ X §(u — ug)VaVAfy. Thus, our stress-energy tensor is Type-II. Likewise, let
p2.ps be other two non-degenerate eigen values, (essentially, the eigen vectors for these
cases are complicated radicals containing fy and Y4). Then Null energy condition
is satisfied if u + p; > 0. Weak energy condition will further require g > 0, while
Strong energy condition will require > p; > 0. Dominant energy condition means

that |p;| < p with >0

5.2 Memory effects

In this section we are going to comment about observational significance of such
shock wave construction. Memory effect, by itself plays an essential role in the in-
frared dynamics of mass-less particles. The basic idea is to look at permanent dis-
tortion of some configuration as it crosses such shock waves. Now the shock wave
construction as considered in previous sections have associated conserved charges.
The conserved charge expression have terms which appear with the mass aspects and
angular-momentum aspects. Classically, the memory effect which are sourced by the
mass aspect is called gravitational/displacement memory effect while the one sourced
by the angular-momentum aspect is called Spin memory effect. For the classical limit,
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we will restrict attention to the gravitational case only. We will also consider a par-
ticular example for Quantum Memory effect (strictly speaking semi-classical) by con-
sidering scattering of mass-less minimally coupled scalar field in background Rindler
space-time and comment about change in entanglement of subsystems.

5.2.0.1 Gravitational/displacement memory effect

The idea is to consider some family of trajectories, which passes through the shock
wave. Practically, such trajectories could represent (test) observers undergoing some
kind of motion (it could either be a free-fall motion or accelerated). Each of these
observers will carry clock, which are synchronized : the time taken for two way
transfer of signal between adjacent observers can give a measure of the length of
displacement vector between these trajectories. Now, imagine these observers bump
into the gust of radiation. Even if they try to maintain their flow of trajectory after
the impact, their clocks will be out of synchronization: there will be a change in
time taken for two way transfer of signal. This change will primarily depend on the
super-translation and super-rotation effect ( provided we are analyzing the motion
near horizon or infinity ). The choice of trajectories can be arbitrary, depending
on the experimental constraints. For our purpose, we are going to look at Letaw-
Frenet equations which gives a covariant formulation of uniform linearly accelerated
observers. One motivation for such choice of trajectories is related to Hawking-Unruh
type effect in quantum field theory : the Minkowski vacuum appears to be a thermal
bath to an uniform linearly accelerated observer, while it is not so for other type of
trajectories.

The Letaw-Frenet condition mandates that w® = —a?u’Vyu¢, where w® = u®Vya® is
the jerk and a® = u*V,uc is the acceleration associated to the family of trajectories.
Let u® = (u*, u”,u?) be the velocity vector field. After scattering with the shock wave,
let the new velocity field be u'* = u* + du®. The variation du® here is considered to
be just linear in V. If we want the inner-product u“u, to be preserved till linear order
in V', then we must have

(u® + 0u*) (gap + hap) (U’ + 6u®) = uu, + O(V?) (5.70)
. . a __ 1
For special case, if we assume u® = (\/ﬁ, 0,0, O), then we must have

au.fH
2v2M

It may be verified that the Letaw-Frenet condition is satisfied for the choice of u® =
(1/\/9uu,0,0,0). Assume du* = 0. On top of this, if we substitute the perturbation
du® and demand preservation of Frenet condition, we obtain equation for du?:

V2r2026u — 2k*0u” + 2\/Rpd' (u — up) kO fir = 0 (5.72)

Solving above equation yields

uf = —uhyy = —20(u — uy) l - v2M8§fH] NI EEEE (5.71)

L

where Kk = SV

V2kp

K

O fu (5.73)

Su® = —0(u — ug) cosh k(1 — ug)
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Notice that the sign of du” is negative when the terms in the square bracket is positive.
In this scenario, the observer after impact with the shock wave will divert towards the
Black hole event horizon. Also notice that there is no contribution from the super-
rotation term which is primarily due to the u# = 0 before scattering.

We can repeat these calculations near infinity as well (the super-translation case has
been considered here [13]). We could as well consider inertial observers near infinity
and demand conservation of free fall condition [12], which essentially leads to a change
in geodesic deviation dq being proportional to the asymptotic shear o. However, o
changes under the influence of both super-translation and super-rotation, so both of
these contributions will be reflected in the dgq.

5.2.0.2 Quantum memory effect

Figure 5.1: Rindler space-time with Cauchy surface ¥; U ¥77. A shock-wave has been implanted on the right wedge
I on horizon hp. Picture borrowed from [31]

For the semi-classical memory effect, consider the particular case of Rindler space-
time, whose line element has the form

ds? = 2kpdu® + 2dudp — 6 ypda’dz® (5.74)

where k = a. Let us now consider a test scalar field ¢ which satisfies the mass-less

free field equation:
O¢ = ¢g®¥V,Vip =0 (5.75)

Now, the d’Alembert operator for Rindler space-time is essentially 9* — 2xd,, thus
the equation of motion is

(2/{p(‘)§ — 20,0, + 6*P0,0p + 2k0,) = 0 (5.76)
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Positive frequency solution means that
Lxp=—iwo (5.77)

for w > 0. Here K = 0, defines the trajectory of the observer. Thus we can do
separation of variables to write

$ = e, (p)ean” (5.78)
Substituting this expression in (5.76) yields
26p020, + 2(k + iw)D,0, — kK¢, = 0 (5.79)

The solution for ¢, is given in terms of Modified Bessel’s function [1] :

=N X K_ju/x (216—\/2_\/:) (5.80)

Given such a space of positive frequency solution, we can equip an inner-product

(61, ) = —i / ap / 42 da? (69,85 — B30,0) (5.81)

The normalisation factor N in (5.80) can be chosen such that the solutions form an
orthonormal basis with respect to the above inner-product. For the definition above,
we may choose

/| sinh (2kp\ 2k A
¢ E — ‘ S 7.‘-L'(‘}/’l<"’| e—zwu \/ﬁ Kfiw/n \/’5 ezk‘Al‘A <582)
© 4tk V2K V2K

and it will satisfy the orthonormal condition

(Guiir by ) = 0w — ) (k — K (5.83)
(87 1 85 ) = —0(w — )3 (k — F) (5.84)
<¢w,l€’ qb:)/’]z/> =0 (585)

Now, let us consider the situation when this scalar field crosses the shock-wave. For
u > ug, we have

0L (@) = b p(x +V) = ¢, (1) + V0ug, z +O(V?) (5.86)
d¢

If we demand, that ¢i z should satisfy mass-less free field equation with respect to

the metric g/,, then we can find constraint where d¢ is related to base solution ¢. If
we integrate the expression around u = ug, then only terms with delta function (and
it’s derivatives) will survive. For simplicity we assume V' to be exact till linear order
in p. Then we shall obtain

ug+e

lim du(20,0,60 + 5(u — uo)(04Y* + ps*P 0408 fu)0,0) = O(V?)  (5.87)
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On integrating w.r.t. u followed be p the d¢ takes the form
200" — 200" = 26¢|y—u, = / (04Y A+ 6P 0408 f11)0y ddp | umu, (5.88)
P

Further we can assume that the states {(;SS)E} to be O.N. w.r.t. the inner-product
(5.81). Thus, we may write for {¢_i} or equivalently the {d¢}’s as linear super-
position of {¢(M}’s

o
1 1 1
5¢w,E = /0 dw,/d2k/(aw,g;w’,lg’¢ix)ﬁ/ + BL,I)S;W',QQML'),E') (589)
where «, 5’s are Bogoluibov coefficients:
= 1
O i = 0w = )Pk = F) +al) o+ (5.90)
_ 5
Boewr i = Py T (5.91)

Note that the a(®, (1) are non-trivial terms arising from the scattering , so they are
taken to be linear order correction in V. Now we substitute (5.89) in (5.88) to obtain

’ / PR, 50+ B3 500 1) = —2V Dudy glumuo (5.92)
b [ @Y 4 540,08 )0 05
p
(5.93)
Using (5.83)-(5.85) we may write
1 o
ki = —Vo0ub, b ) + 5 / (0aY? + 96770405 11)0y 9,147, b1 )
p
(5.94)
* 1 = *
ﬂzil,)_‘;w/’k? - <Vaaa¢w,l_{7 ¢w/7ﬁl> o §</ (aAYA + p/(;ABaAanH)apld)w,lzdp/’ ¢w’,E’>
p
(5.95)

Compare the expressions obtained above with [1]. Apart from the sign convention,
we find that there no super-rotation contribution in S term

1

- e 1 ;
3¢ / (0aY )0y, 5, 67, 1)) = —§<(8AYA)¢W7,;, 0%, ) =0 (5.96)
P

However, there is a non-trivial contribution in a(:

1 & / Z =~ /
5</ (0AY )0y @, xdp', b ) = —§kAYA(k )0 (w — W) (5.97)
P

(VA4 B ) = — 5 (K7 +F VAN — ) (5.98)
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where k* = k + k. Here, the tilde ove Y refers to the Fourier transform of Y (z).
Eventually, our result can be compactly written as

1 I - 1= -~

Mo = ko = (R4 313 ) PAG30 — ) (5.99)
1) A

5(.0,1;;(»’, T ﬁw,l_c‘;w’, » (5100)

o) gd. being the result obtained from [1]. Thus, till first order in V, the

w,lg;w’,l;” w,E;w’,k’
super-rotation doesn’t contribute to particle creation at all. It would also be true if
we had started with non-trivial higher order corrections in V.

Note, that the basis (5.82) allows us to define positive frequency element in the
right wedge of Rindler space-time (the positive energy condition (5.77)). We can as
well do these calculations for left wedge (in this case (5.77) should be modified to
L_g¢ = —iwg). Then, any general element of the solution space for field equation
can be written as

$(z) = ¢~ (2) + ¢ (x) (5.101)
where ¢* are positive frequency fields on the Cauchy segments I,II respectively. In
terms of the ”single-particle” Hilbert space, we may write this as

Hr Ziso Hir © Hy (5.102)

Hr being the single particle Hilbert space corresponding to the total solution. The
multi-particle description can be given in terms of Fock space [31] :

Fr Ziso Fr1 @ Fr (5.103)

We are now in a position to look at the Quantum memory effect. Consider, two states
1), |2) € Tgr. Let:

62) = (1001005 + pl1)411)5) (5.104)
1
V2

where we let 0 < p,q << 1. Now define the product state

|62) = —=(10)c|0)p + q[1)c[1)p) (5.105)

@) = |¢1) ® [¢2) (5.106)
We use Negativity as an entanglement measure for various sub-systems of ® state
(from definition, N = $(||p”|| — 1) where || - || is the trace-norm. p is the reduced

density matrix corresponding to a particular subsystem we want to study) We note
the following results:

Prior to scattering, A is maximally entangled with B, same for the modes C' and D.
The Negativity for these subsystems are

Nip= 5.107

AB= T (5.107)
q

NAop = 5.108

op =178 ( )



while Ny p = Npc = 0. We could take p = ¢ = 1, then each of these pairs A, B and
C, D are maximally-entangled.

After scattering, the B and D modes will mix with the negative frequency modes in
the left wedge giving rise to some non-trivial entanglement. The idea is to consider
|0)5|0)p as element of the Fock space after scattering, i.e. we make an ansatz

oo

0)5[0)p = D Cumnlm)an)p (5.109)

m=0,n=0

The coefficients ¢,,,, are simply given by the scalar products z(m|0)s x5 (n|0)p. To
compute the scalar products, we recall some of the basic definitions pertaining to
ladder-operators:

aB/D|O>B/D:0 CLB/D|0>B/D 0 (5110)

1 n
|n>B/D = ﬁ(aB/D) |0>B/D |n>B/D

1
ﬁ(am)"l%m (5.111)
and the Bogoluibov relation

1T ’
akTB/D = Z(@k,k'ak B/D — Bk,k/a'fg/]j) (5.112)
k/

Using these relations, it may be shown that (see [32]) (5.109) can be re-written in the
following form:

10)510)p = Nyez Zmnshr(@™Dhnashiank|o) 510y 5 (5.113)

where N, is the normalization factor. The state |®) will contain number of higher
order modes. For A, B subsystem, the negativity is given by

_p P+ 2¢°) + ¢ +p(l+5¢°)
1+ p? 21 +p*)(1+¢?)
plp*q® + 1+ 2¢> + p(3 + 5¢°)|(1 + ¢°) — 2p*q* B 12
2p(1+p?)(1+¢*)? oo

Nap |04§31,)D’2

Note that for small p, ¢, both mode mixing («) and particle creation () will decrease
the entanglement of the subsystem A, B.

1
24|84

N —
PP 1+ p2) (1 + ¢2)

Particle creation does increase the entanglement between B, D which was initially
zero. Also note that the entanglement increase is faster in this case (which is linear)
compared to subsystem A, B (which is quadratic).
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Chapter 6

Conclusions and Outlook

As we noted in the previous chapter, the super-translation has non-trivial effect on
entanglement of all sub-systems, while the contribution of super-rotation is selective
. the negativity of B, D and A, C subsystems are unaffected by super-rotations in
our perturbation calculation. The super-translation in Bogoluibov coefficients is time-
independent, so there were no contribution from V* = —0, fyp (evaluated at u = uy).
It is interesting to note that the charges for zero modes (fy =const ) does determine
the Bekenstein-Hawking entropy [11]:

kA A
&G

It essentially follows from using the Quasi-local charge definition near Event horizon.
The zero-modes determine the surface-area of the cross-section. Although, strictly
speaking the area of Rindler horizon is infinite. So it is only meaningful to talk about
entropy per unit area AQ/AA. This particular property of particle production be-
ing only produced by super-translation near event horizon is also in agreement with
Hawking’s proposal [14] : information of infalling particles in a gravitational collapse
is stored in a super-translation associated with shift of the horizon that the infalling
particle caused. According to Hawking, the information is not lost but stored as de-
formities on event horizon, like a hologram. In future, we can repeat this calculation
for fermionic and gauge fields to check if the proposal holds in those cases as well.

AQ = (6.1)

However, this semi-classical calculation relies on analytical solution of scalar-field,
which severely restricts its domain of application in other space-times. This, is pri-
marily because the Bogoluibov coefficients are calculated by taking inner-product on
hyper-surfaces which extend through out the bulk. One possibility could be to check
if we can invoke peeling property of the scalar field and compute the coefficients order
by order in powers of r. As noted in the derivation, the fall off property was derived
assuming large r approximation. To what extent this fall off property can be ex-
tended in the bulk is an open problem (a recent review regarding this issue has been
discussed here [33]). However, this is not a problem if we just consider gravitational
memory effect : we can comment about trajectories in the vicinity of event horizon
without considering it’s behavior in the bulk.
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The shock wave construction that we have considered in our calculation is very
generic: we can invoke the boundary conditions of our choice such that it induces
the necessary symmetry transformation on prescribed hyper-surface (for our case, we
had conformal boundary and event horizon as the two boundary surfaces). It es-
sentially generalizes the original construction due to Hawking, Perry, Strominger [9]
However, is this the most generic shock wave? The construction, as of now, is only
perturbative, which can miss out interesting non-linear effects of the full Einstein’s
equation. One particular example includes Bondi mass-loss due to outgoing radia-
tion, which does not appear at linearized level [3]. Thus, in near future, we hope to
generalize this construction in a non-perturbative setting.
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