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Abstract

In this thesis we study the relationship between Asymptotic symmetry group
of (Asymptotically flat) space-times at Null and Spatial Infinity. We first
review the basic framework concerning Null and Spatial Infinity and then
discuss the notion of asymptotic symmetry groups in these two regimes.
Former is known as the BMS group and the latter is known as SPI group
developed by Ashtekar and Hansen [1]. Based on the formalism developed by
Campiglia et al. [2] we then develop an approach to extend the BMS group
at Null infinity to Spatial infinity. For so-called super translation subgroup
of the BMS, we see how this extension precisely matches the corresponding
supertranslation subgroup of the SPI group. As both the BMS and SPI
groups are (semi-direct) products of super-translation groups with Lorentz
group, our work shows how the SPI group is just a manifestation of BMS at
spatial infinity.
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Chapter 1

Introduction

The study of symmetries in a theoretical models has been one of the most
important aspect in developing a consistent theory describing nature. This is
especially important because symmetries are associated to conserved quan-
tities which are observable in nature, thus allowing to not only validate the
correctness of a theory but also build constrains to develop a theoretical
model for a physical phenomenon.

Asymptotic structure of solutions to Einsteins equations with zero cos-
mological constant has been well studies in last 50 years with seminal work of
Bondi et al. [4] who defined the space of all asymptotically flat geometries and
showed how in a suitably defined system of co-ordinates (which are amenable
to the notion of Null infinity) Einsteins equations could be solved recursively
off null-infinity as a boundary value problem with Boundary data given by ra-
diative part of gravitational field at Null infinity. Following this work, Sachs
characterized the group of asymptotic symmetries which map one solution of
Einstein’s equations to another solution of Einstein’s equation by transform-
ing the radiative data at Null infinity. This group, to the surprise of many
was an infinite dimensional group (as opposed to 10 dimensional Poincare
group). The group is now known as BMS group and has a key role in math-
ematical aspects of Classical and Quantum gravity. Ashtekar and Hansen [1]
analyzed the structure of asymptotically flat space-times at spatial infinity
as opposed to Null infinity as done by Bondi et al earlier. Their motivation
was to understand Spatial infinity on the same footing as Null Infinity and
compute charges associated for isolated systems in gravity. Spatial infinity of
an asymptotically flat space-time unlike that of Null Infinity has an entirely
different structure being just a singular point. Ashtekar et al. [1] could char-
acterize symmetry group of Asymptotically flat space-time at spatial infinity
(known as the SPI group) and just as in the case of BMS the group it turned

3



out to be infinite dimensional which contained Poincare group as a finite
dimensional subgroup. They showed that charges associated to this finite
dimensional subgroup are precisely Energy, Momentum and angular momen-
tum. However it was still not clear about what was the relationship between
the BMS group and the SPI group. If they were different manifestations of
same group or were they really two distinct groups of asymptotic symme-
tries in gravity. As far as Poincare subgroups are concerned, it has been
known for a long time that these subgroups are the same in the sense that
the conserved charges associated to them at null or spatial infinity give rise
to well known quantities like energy and angular momentum. Situation has
never been so clear for the so-called infinite dimensional super-translations
however. Building on a recent work of Campiglia et al. [2] who showed how
BMS could be extended to an infinite dimensional group at time-like infin-
ity, in this thesis we show that the SPI group and BMS group are isomorphic.

The organization of the thesis is as follows. In the next chapter we give
the basic motivations for studying Asymptotics and build the foundation to
discuss Asymptotic symmetries. In the next two chapters we briefly discuss
Null Infinity and Spatial Infinity. Here we review the standard definitions of
Asymptotic flatness of space-times at null and spatial infinities and discuss
the associated universal structure which is expected to be common for all
asymptotically flat space-times. Then the associated Asymptotic symmetries
are reviewed which keeps this universal structure invariant. In the next
chapter we develop the formulation based on [2] to arrive at a procedure
to obtain the asymptotic symmetry vector fields at spatial infinity starting
from the Asymptotic symmetry elements of null infinity, i.e, the BMS vector
fields. We will then show that we could successfully use this approach to
map the supertranslation vector fields of BMS to the supertranslation vector
fields at Spatial infinity as had been previously defined by Ashtekar et al. [1].
In the next chapter we discuss the scope of future work and the problems to
be addressed in the current approach.



Chapter 2

Introduction to Asymptotics

Physical theories which describe nature can often become very complicated
mathematically. To overcome this we use a smaller and simplified model
retaining some key features. In other words instead of considering all the
minute details of the entire system we can isolate some part of it and neglect
the remaining system which seems to have a small effect on physical quanti-
ties. For example while studying the dynamics of planets in our solar system
we may neglect to a very good approximation the presence of other stars and
galaxies in the universe. But the recognition of these isolated bodies may
not always be very obvious and therefore we would need a standard working
definition of isolated systems whose conditions will be motivated by observ-
ing the properties displayed by physically obvious isolated systems in nature.
For example in Newtonian gravity we could call a system to be isolated if [5]
(i)the mass density vanishes outside some compact set in the Euclidean 3-
sphere and (ii) the Newtonian gravitational potential approaches zero in the
limit far from that compact set.

The advantage of isolated systems is not only that it would, to a great
extent simplify the mathematics related to within the the system, but also
we will be able to attach to this isolated system as a whole some physical
quantities like mass, angular momentum, etc.

Similar motivations encourage us to define isolated bodies in the Gen-
eral theory of relativity. But things here are not so obvious as it was in
Newtonian gravity or in Electrodynamics considered in Special theory of
relativity. The central reason for this is that the background geometry in
the General theory of relativity is itself a dynamical quantity. This can be
better appreciated if we understand the advantage electromagnetic theory
has. In Electromagnetism we could call a system to be isolated if [6] the
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charge-current density, j¢, vanishes outside a “world tube” of compact spa-
tial support, F},, = O(1/r?) as r — oo at fixed t, and that F,, = O(1/r)
as r — oo along any null geodesics. But we could define such conditions
assuming that physical changes are occurring in the background of a fixed
Space-time(Minkowski). We lack such fixed background advantage in general
theory of relativity with respect to which we could formulate such conditions.

Thus we could classify the fields into two broad categories [5], first the
universal or geometric fields and second, the physical fields. The universal
fields are those that provide a background or an arena for the physical fields
to live in, where as physical fields as those which are responsible for the
properties described by the system. For example, in the electrodynamics in
special relativity, Minkowski space-time behaves as the universal field and
the electromagnetic field as the physical field. In the light of this classifica-
tion we can now understand that the basic difficulty in general relativity is
that the geometric and the physical fields are not independent. The metric
behaves as both the geometric and the physical field at the same time.

From physical intuition we would call a system isolated if at very far dis-
tances the local properties would tend to behave as though the original body
was not present. Using this argument and the observation that Minkowski
space-time with Lorentz metric and zero stress energy tensor is a solution to
Einstein’s equation gives us the basic condition that any isolated body should
tend to approach Minkowski space-time in the asymptotic limits. Thus we
could call such isolated systems to be asymptotically flat (As Minkowski
space-time is referred to as flat space-time).

Time being a coordinate in general relativity, given a asymptotically flat
space-time we could travel far in asymptotic limits not just in spatial direc-
tion but also in null and time-like directions. Therefore while defining an
isolated system to be asymptotically flat we need to distinguish the flatness
is in respect to what direction. While trajectories to go “far” away from
the system can be easily seen in spatial and null directions, one should be
careful in selecting the trajectory for time-like infinity. For example, a per-
son just rotating around a star at some small distance is going far away in
“space-time” but he in no way has approached a asymptotic limit to apply
conditions of asymptotic flatness.

In the next two chapters we briefly describe the definitions of Asymptotic
flatness in Null and Spatial infinity. It should be noted that there are multiple
definitions but we only discuss the one which seemed relevant for the thesis.



Chapter 3

Null Infinity

3.1 Introduction

The key idea in proceeding for an approach to define asymptotic flatness
in null direction is the use of conformal compactification and by observing
the fact that null geodesics remain null in conformally related space-times.
Therefore by going to a conformally related unphysical space-time that brings
infinity of the physical space-time to a finite distance in the unphysical one,
we can now take well defined limits while still remaining on the null geodesics.

The methodology is to attach to the physical space-time manifold M,
some additional points which represent infinity in the physical space-time
but are at a finite distance in the conformally related unphysical space-time
such that certain conditions motivated from simple space-times are satisfied.
In other words, asymptotic flatness of a space-time at null infinity can be
defined as the possibility of attaching such additional points to a physical
space-time.

3.2 Definition [3]

A space-time (M gap) Will be said to be asymptotically flat at null infinity
if there exists a manifold M with boundary <& equipped with a metric gap
and a diffeomorphism from M onto M\S (with which we identify M and
M\ S)such that :

(i) there exists a smooth function 2 on M with gab = Q2gab on M;: Q=0
on J; and n, := V,() is nowhere vanishing on &



(ii) S is topologically S* x R;

(iii) gap satisfies Einstein’s equations Ry, — %Rgab = 871G T, where Q2T
has a smooth limit to .

The first condition ensures that the boundary & is at an infinite distance
and that 2 falls off as % The second condition makes sure that the topology
of & is the same as that in the Minkowski space and that null infinity can
be reached starting from any angular direction. The fall off condition of T
is motivated by observing the fall of field in Minkowski and Schwarzschild
space-time.

The definition implies that :

i) S is null 3-Dimensional manifold

ii) n® = V*Q is null

iii) The pullback gu := ¢ o has signature (0,4,+) where g, is the metric
of the unphysical space-time.

We can now obtain various unphysical space-times by choosing different
Q2. Choose two unphysical spacetimes (M, gq) and (M’ gqp) with conformal
factors Q2 and €' = w where w # 0 on & smooth on M. With this confor-
mal rescaling freedom it can be shown that we can choose an w such that
Van® = 0 on §. Such a frame is called divergence free conformal frame.
Also it can be shown that V,n, := V,VQ2=0. There still remains conformal
freedom such that £,w=0

The above definition however does not demand for completeness of & in
R direction. Therefore for the global structure of & for a general space-time
to be similar to that of Minkowski space-time we demand that & is complete
in any divergence free conformal frame. Such asymptotically flat space-times
are said to be asymptotically Minkowskian [3].

3.3 Asymptotic Symmetries at Null Infinity

As we have seen in the previous section, null infinity for an asymptotically
Minkowski space-time is the manifold with topology R x S? and is equipped
with the pair of fields (gqp, n*) where g, is a degenerate metric with signature
(0,+,+) and gun® = 0.



We can call (S, gup, n%) as the universal structure, i.e, the structure shared
by all the asymptotically Minkowskian space-times at null infinity. The
asymptotic symmetry group B at null Infinity (also called BMS Group [4] [7]
) should therefore be the group of diffeomorphisms that preserve this univer-
sal structure.

The BMS group, B is therefore, Diff(M)/Diff2_ (M) i.e the group of dif-
feomorphism which do not die down at infinity. Let the infinitesimal asymp-
totic vector fields £* be the elements of lie algebra b of B which represents
the vector field along which the universal structure is left invariant.

This is true if (1) £eqap = 20qap (ii) £en®* = —an® where « is some func-
tion on & and satisfies £, = 0. As opposed to the 10-parameter Poincare
group which is the symmetry group for Minkowski space-time the BMS group
comes out to be an infinite dimensional group.

The vector field given by £* = fn® with £, f = 0 satisfies the above
conditions and therefore are infinitesimal asymptotic symmetries. The sub-
group of such symmetries is called the BMS Supertranslations. The group of
BMS Supertranslation is such that : (i) It is infinite dimensional (ii) Abelian
normal subgroup of BMS group (iii) The factor obtained by quotienting the
BMS group by the supertranslation subgroup is isomorphic to the Lorentz

group.

Also it can be shown that there is a unique subgroup of the supertrans-
lation group such that it is a normal subgroup of the BMS group and in the
Minkowski space-time, this subgroup corresponds exactly to the translational
symmetries of Minkowski spacetime. A similar approach for rotations and
boosts fails and therefore at null Infinity for any general asymptotically flat
space-time there exists “pure translation” but we do not have any analogous
notion for “pure rotation” or “pure boosts”.

Concluding we see that the BMS group, B, is the semi-direct product
, B =8 x L where S= group of supertranslations and £= Lorentz group,
and that the only difference between BMS group and the Poincare group is
that the 4-D Abelian group of translations is replaced by infinite dimensional
Abelian group of Supertranslations.



Chapter 4

Spatial Infinity

4.1 Ashtekar-Hansen Approach- Introduction

Previous approaches(like ADM formalism and [8]) to define spatial infinity
had a disadvantage that spatial infinity was seen as a boundary of space-
like 3-surfaces and the associated fields were “3-dimensional”. This was in
contrast to the way null infinity was defined. Null Infinity was seen as the
boundary of the space-time manifold as a whole and the associated fields
at null infinity were all “4-dimensional”. This difference between the two
proved to be a major hurdle in trying to bring about a unification between
null infinity and spatial infinity.

The approach by Ashtekar-Hansen [1] was therefore aimed at reformulat-
ing the structure of spatial infinity without the splitting of space and time
and thereby to bring spatial infinity in the same footing as null infinity.

The resulting structure of spatial infinity came out to be a 4-manifold
called “Spi” (Spatial Infinity) and was seen to have a principal fiber bundle
structure. This structure is very similar to Null Infinity ,&, in the Penrose
formulation [9]. Also the group of asymptotic symmetries at Spatial infinity
was seen to be very analogous to the group of asymptotic symmetries at null
infinity, i.e, the BMS group.

This new approach - defines a space-time that is asymptotically flat in
null direction as asymptotically flat also in the spatial direction if we are
able to attach a single point, ¢°, to its null boundary, &, such that <& is
the null cone of ¢°. This was motivated from the observation that in the
Penrose diagram of Minkowski space-time, & comes as the null cone of °.
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Now appropriate differential conditions are to be applied at i° which are
strong enough to allow physically interesting notions to be developed and
weak enough to allow some space-time structures. The main difficulty, in
providing an easy differentiable structure at i°, is that the physical fields at
1° admit direction dependent limits, i.e, moving in different directions from
the source, the physical field can be expected to attain different limits, but
in any direction the spatial infinity has to meet at the single point ° in the
completed structure.

4.2 Definition [1]

A Space-time (M, g,) will be said to be asymptotically empty and flat at
null and spatial infinity (AEFANSI) if

(i) There exists a manifold M with boundary (OM =: J) equipped with
a (C?) conformal structure, and, an embedding of M into M which
displays (M, gq») as a weakly asymptotically simple space-time,

(ii) There exists a manifold M with a (Lorentz) metric g, and a conformal-
structure-preserving imbedding ¢ of M into M (which is C* on M),

) There exists a point ° in M with the following properties :

) M has a C>' differential structure at i°, and j,y is C>0 at i°,
(b) In M, 4(S) is a null cone of i°,

)

The function Q defined on (M) via ¥.(gap) = Q°gar admits a C?
extension at i°, with Q [;o= 10, V. |;e= 0, (VoVQ — 2§4p) |;o= 0; and
finally

(iv) The Ricci tensor Ry, of gu vanishes in the intersection in M of the
image of the physical space-time with some neighborhood of & U ¢° .

Condition (i) makes sure that the space-time is asymptotically flat in the
null direction and conditions (ii) and (iii) are required for the asymptotic
flatness in the space-like directions. Condition (iii)(a) is required for the
metric to admit direction dependent limit at i°. Condition (iii)(b) is just the
extension of observation from Minkowski space-time. Similarly various other
requirements in the definitions have been motivated from observing simple
space-times. As is seen that the definition is not formulated using initial
data sets and all the aspects of it consider only 4-dimensional space-time
fields which was the primary aim of this approach.
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4.3 Universal Structure at Spatial Infinity

By definition, Spatial Infinity represented by ¢° is just a single point. There-
fore the study of various physical fields and conserved quantities at spatial
infinity becomes very complicated. It would therefore be convenient to in-
troduce an appropriate “blown up” structure at :°, i.e, to take some sub-
manifold of the physical space-time and to attach i° to this sub-manifold
such that appropriate limits can be taken along it to reach 7°.

Because of the differentiability requirement for the completed manifold to
be C>! at i°, only first and second order tangent spaces can be constructed.
Therefore the blown up structure at ¢° is obtained using the space-like curves
in (M , Jav)- 3-manifolds can also be used but space-like curves have the ad-
vantage that the direction dependent limits at ¢° would appear smooth along
space-like curves as they would reach i° along a fixed direction while that
on the space-like 3-surfaces the limits would still remain direction depen-
dent . Also the space-like trajectories are in spirit with the “4-dimensional”
approach which is the central theme while the space-like Cauchy surfaces
will split the space-time into space and time. Thus each of these space-like
trajectory would represent a distinct way of approaching spatial infinity and
together they form the required blown up structure of i°. This is similar
to & where each null geodesic represents a distinct way of approaching &
Simply taking all the space-like trajectories will make the blown up struc-
ture too large and not useful. Therefore some conditions are to be put on
the space-like trajectories as in the null case the condition was to consider
only null geodesics that like any null curve. However for space-like curves
the concept of geodesics is not conformally invariant. So instead, space-like
geodesics were considered in the physical space-time, expressed the condi-
tion for geodesic in terms of the unphysical space-time fields and then the
limit to i° was taken. Let (M , gap) be the physical space-time and let n®
be the tangent vector to the geodesic in M. Therefore nl*A% = 0 where
Ab = n?V, 1P is the acceleration of the curve relative to gq. Let this curve
be parameterized by p(\) in the unphysical space-time (M, Jab)- In terms of
Jap the condition for geodesics in M becomes n[aAb + 0! “Vb Q =0, ie,
hap (AP + Q~ IVbQ) — 0 where A® = naV n is the acceleratlon of the curve
relative t0ga andhay, = Gap — (Gpg*n?) " namp is the projection operator in the
3-surface orthogonal to n*. Now on taking the limit the condition becomes,

l'&‘mg)io ;Lab(/ib + Q_lﬁbQ) =0
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Here, along with this condition on the space-like curve p(\) as above, two
additional constraints are put. First one being, p(0) = ¢° and the second
one is that the tangent vector at ¢° is unit. The second condition is possible
because the metric at ° is conformal invariant, i.e, even if we rescale the
conformal factor 2 to wf? it is required that w = 1 at °.

Therefore from above condition it is seen that the component of acceler-
ation that is orthogonal to the tangent vector is completely fixed while that
along the tangent vector is completely arbitrary. These three conditions form
the regulatory conditions for the space-like curves that would form the blown
up structure at i°. Such curves are said to be regular curves.

Definition [1]: A space-like curve p(\) in (M, jup), passing through °
will be said to be regular if and only if (i) it is C~1 at i® and C® elsewhere; (ii)
it is parameterized so that p(0) is i° and the tangent vector to the curve,n,
is unit at ° ; and (iii) n® satisfies

lim_ioha(A* + Q7'VQ) = 0

Two regular curves are said to be equivalent if the have the same tan-
gent vector and acceleration at :°. Let S be the collection of these equivalence
classes of regular curves. A point on S will therefore be given by (7%, gabn“flb).
Here each point of S can be seen as a distinct way of approaching ¢° just as
each point on & can be seen as a distinct way of approaching null infinity. S
is therefore the blown up structure of i°.

S is seen to have a principal fibre bundle structure. This can be seen
because there is natural projection mapping 7 from S onto the unit time-like
hyperboloid « in the tangent space of :°. The hyperboloid x is the time-like
3-surface perpendicular to the space-like curves we have chosen. Therefore
we can construct fibres over each point on x such that at that point the fibre
and the tangent vector,n®, coincide. Now each point on this fibre can be la-
beled by some possible value of acceleration in the equivalence class of regular
curves such that they have the same tangent vector, n®. As the tangential
acceleration can have any real value we can parameterize the fibre by the
tangential component of the acceleration. Therefore F is homeomorphic to
the real line. It can also be shown that under conformal rescaling the coordi-
nization along the fibre does not remain invariant but shifts by some amount,
i.e, under a conformal transformation §u, = w24, for some function w on M
which is C>0 at i°, C? elsewhere and such that w = 1 at i°, @ = a+[*Vw);e.
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But it is seen that a; — as = a1 — as. Therefore there is a mapping
from FxF to the reals. Therefore the blowing up of ¢° is seen to have the
structure of a principal fiber bundle where the base space is the unit time-
like hyperboloid and the structure group is the additive group of reals. The
motion along the fibres on conformal rescaling is seen to correspond to the
supertanslations at spatial infinity defined in the next section.

4.4 Asymptotic Symmetries at Spatial Infin-
ity

The “universal structure” of Spi or the structure which is common for all
the asymptotically flat space-times satisfying the above definition is the fibre
bundle character of S, the tensor field h,, and the vertical vector field V.
The asymptotic symmetries of Spi are therefore nothing but the group of
diffeomorphisms of S that keeps this universal structure invariant. Let n®
denote the generator for this diffeomorphisms then,

(1) £yha =0
(2) £,p*=0

The collection of such vector fields has the structure of lie algebra denoted
by £g. For n%XLg, let n* be the projection of n* on the base space k. The
condition (1) and (2) are equivalent to

(3) £i3hay =0o0n Kk
(4) £,0*=0o0n S

where hg is the projection of hg, on k.

Supertranslations : Considering the special case where ¢ = 0, i.e the
projection of n* on s is zero, n* can be written as n* = f,v* where f, is
some scalar function on S. Condition (4) becomes £, f, = 0 and holds true
if and only if f, is the pull back on S for some fn on k. Therefore there
exists a 1-1 correspondence from scalar fields on s to the elements of Lg
satisfying the condition that their projection on s is zero. Such elements
are defined as infinitesimal Spi supertranslations. It can be shown that the
subgroup of these supertransations,Lg, is Abelian lie sub-algebra of Lg and
also is an ideal of Lg. Lg is very similar to the group of supertranslations
in BMS with the only difference being that the BMS supertranslations are
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in 1-1 correspondence with the 2-sphere whereas Spi supertranslations are to
that of the functions on 3-manifold k. Also it is seen that like in BMS the
quotient group of Spi supertranslations, i.e, Ls is the Lorentz lie algebra.

It can be shown that for a sub-group of supertranslations of Spi, denoted
by L7, of the form n* = f(k)v* where f(k) = k,n* where k, is some covector
at i° and n® is the position vector of points on x, in the tangent space of
1°. The subgroup L+ is a lie ideal of Lg and that for Minkowski space-time
Lg corresponds exactly to the asymptotic symmetry group of space-time
translations in Minkowski space-time. This subgroup L7 is therefore called
Spi translations and this adds to the similarity of the BMS group and Lg,
the asymptotic symmetry group at Spatial infinity.
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Chapter 5

New approach for Asymptotic
symmetries at Spatial infinty

5.1 Introduction

The approach here is based on the previous work by Campiglia et al. [2]. In
their paper they showed that we could map the BMS vector fields at Null
Infinity to that of the asymptotic symmetry vector fields at time-like infinity
using certain green’s functions. Here we take a similar approach but we aim
to map the BMS vector fields to the asymptotic symmetry vector fields at
Spatial Infinity. Here we only do the calculations starting from BMS super-
translations. We then compare these symmetry vector fields obtained from
BMS super-translations to the already known supertransation vector fields
obtained by Ashtekar et al. |[I] and we see that both the approaches give the
same result for supertranslations at spatial infinity.

The main difference between this approach and Ashtekar-Hansen ap-
proach is to use in the asymptotic limit the linearized metric rather than
working with the generalized metric. Here we work in the de Donder guage
where it is known that the gauge transformations that do not die down at
infinity puts the constraint on the asymptotic vector fields given by 1% = 0.

5.2 Main Equations

We start by considering the region in space-time for which r > ¢. Let the
co-ordinate system (p, 7,6, ¢) be such that :

p=Vr2—t? for r>t (5.1)
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r
Therefore writing Minkowski Space-time with signature(—-++) in the
above co-ordinates we have,

ds* = dp* + p*do? (5.3)
where
2 —dr? 2 A B a8
do” = — 1 + 7°yapdrdr” = hapdz®dz (5.4)
7— —
1 0 0 0
0 2 0 0
Theref = | 7o
erefore, g 0 0 0
0 0 0 p*r2sin?f

where 45 is the metric on the unit sphere and h,s is the metric on the
induced metric on the hyperboliod p = constant We always denote capital
letters A B,... for the coordinates on unit sphere and «, 3, .. for the coordi-
nates on the hyperboloid H.

We can write,

t= oV —1 (5.5)
z

== 5.6

¢= (5.6

T =Tpx (5.7)

We can show that, p = constant surface is a space-like co-ordinate and 7
is a time-like co-ordinate and that p is a unit time-like hyperboloid. Here we
denote it by H.

Here we note that as 7 is always greater that 1, the intrinsic metric Ay,
has signature (-++) as expected, as H is a time-like surface.

Now if we move on this unit hyperboloid H, i.e, on p = constant surface,
to null infinity, i.e, for u=constant and r — oo, we have,

As

u==t—r

5.8
p = Vr? —1t2 = constant =: ¢ (5.9)

from equations (5.8)) and (5.9) we get
u=vVr2—c2—r=0(r" (5.10)
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Similarly,

u=t—Ve2+t2=0(@")
In the Penrose diagram we draw the hypersurfaces H as below :

’i""

(5.11)

%-l-

=0
N p = constant
hypersurfaces

1
Let V be the derivative operator corresponding to g,, and let D be the
derivative operator corresponding to h,;, on the hyperboloid H.Then the non-

zero Christoffel symbols I'j, are :

o a -1 T T
Fgﬂ = _phaﬁ Fﬁp =p 5aﬁ FTT = 1— 7_2
1
[y =71(7% — 1) 7, =7(7> — 1)sin’0 re, -
1
0
FT¢ ;

sz = —sinbcosb

Now let £* be the vector field in the space-time. We assume that in the
limit p — oo we could write £* as a series expansion in the inverse power of
p-

Therefore in the limit p — oo,

& (p,7,8) = & (r,2) + O(p™")

(5.12)
& por @) = £(1,8) + p €D, 2) + O(p?) (5.13)
Now the residual guage symmetry in de Donder gauge is given by
g =0 (5.14)
We have , = VYV,
O=V2+p h*V,Vg (5.15)
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Solving the de Donder guage condition, i.e, condition ([5.14) using the
asymptotic vector fields at spatial infinity given by (5.12)) and (5.13]) gives

(Calculations are given in appendix):
06 = (p ) (=2Da8®) + (p ) (0" = 2DaM* = 3¢) + O(p™®)  (5.16)

0 = (p~2)(0™ + 26%) + O(p™*) (5.17)
here O = haﬁDaDB

from (5.14]),(5.16]),(5.17) we have,

Do &% =0 (5.18)
0P — 2D, M — 36r =0 (5.19)

and
(€™ 4+ 26% =0 (5.20)

Consider the divergence of vector field £*:

V= Va® = Do&® + (p)(36p + DagM®) + O(p?) (5.21)
It is known that the fall off of ¢ at null O(r~1).

Here we make an assumption that at spatial infinity the fall-off condition
of ¢ will be O(p~2).

Now to satisfy the assumed fall-off condition, from ([5.18)) we already have
the first term in ([5.21f) zero. For the second term to be zero we should have,

36P + DW= (5.22)
Substituting ((5.22)) in (5.19)) we have:
Qér = —3¢° (5.23)

Therefore the conditions on the vector field components to be satisfied

are given by Equations (5.18]),(5.20]) and (5.23)).
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5.3 Boundary Conditions

The basic idea of this approach is to map the asymptotic symmetry vector
fields at null infinity, i.e, the BMS vector fields, to the bulk space-time which
in the limit of spatial infinity be the asymptotic symmetry vector field of the
defined Spatial infinity, i.e the hyperboloid H. We have expressed the vector
field in the bulk in the (p, 7,0, ¢)co-ordinates but the BMS vector fields are
expressed in the (u,r,0,¢) co-ordinates. Therefore we re-express the vector
fields of bulk in the BMS co-ordinates and take the limit to null infinity, i.e
u=constant and r — oo
We have,
u=t—r (5.24)

Using (5.1)) and (5.2)),
u=p(VT2—-1-71) (5.25)

r=7Tp (5.26)

Now we see that in the limit going to Null Infinity we have p — oo 7 — o0
with the condition that

2_T = u—+ O(rfl) = constant (5.27)
p

Note that as we are in the region r > ¢, so we always have u < 0.
BMS vector field is given by,

£(r,u, &) = fO, + V394 + uad, — rad, ... (5.28)

where 2a is the 2-D divergence of V4 and the dots represent higher order
terms in the (1/r) expansion.
The sphere components are given by

A=vAror™) (5.29)
from this and eq.,i.e, Daéa = 0 we get,
& =—ra+0(1) (5.30)

From Eq.(5.27) we get the radial component as,

£ =—ra+0(1) (5.31)

Now,

" = (9pr)&’ + (0:1)€7 (5.32)
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Ohp=T; O =p

From above equations,
—ra=rT1E+ pr

—ra=1E0 4 LeWr 4 pém 4 e
P
From Egs. (5.30) and (5.35),

—ra= Tép + %5(1),) + p(—71a) + ¢

&+ DT =0(p7)

For the null coordinate u we have to first order,

§' = f+ua
Now,
§" = (0up)€” + (0uT)E"
We know,
u=p(Vr2—-1-r1)
Therefore,
-1
Oup=V12—1—7= 2—+O(7'_3)
T
and p P
_ P -4
0T = = P 272—1-0( )
Therefore,
1 P
U __ (T \¢p o NeT
£ = (38 + (o)e
S p e f(l)p 1
u _ (e 4 (e e
€ = (G + () = S+ (e +
Using Eq.(5.30),
B pa Mp 1
U (TP 7y e
Using Eq.(5.27)
. Mp 1 )
U __ (NP _ . T
£ = ()€ +ua— S+ (5 )k

(5.38)

(5.39)

(5.40)

(5.41)

(5.42)

(5.43)

(5.44)

(5.45)

(5.46)



Now from Eqn.(5.28]), we know

lim " = f 4+ ua (5.47)
T—>00

From Eqgs.( ) and (/5.47))

lim _Q—ip + 2—;2 W — f (5.48)

To satisfy and simultaneously we should have,
& =—1f+0(1) (5.49)
W =72f +O(1) (5.50)

Equations (5.29)),(5.49)and (5.50) are the required boundary conditions.

5.4 The Supertranslation subgroup

From the above two sections we see that the vector field £ should satisfy the
following conditions :

O)gP = —3¢° lim —r (1, 8) = f(2) (5.51)
Cex = —2¢° Do =0 lim EA(r, &) = VA&) (5.52)

Here we recall that O = hO‘BVOéVB where h,pg is the metric on the time-
like hyperboloid H.

These equations can be solved using Green’s functions techniques. Let
Gsr(7,%;4) and G&(7,;4) be the Green’s functions associated to the equa-
tions (5.51)) and (5.52)) respectively, where ¢ is a unit vector on 2-sphere.

Therefore we have,
r.0) = [ PaGer(r a0 /@) (5.53)
s

(i) = [ Eagin s Vi@ (5.54)
S
The Green’s function should satisty,
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OGsr = —3Gsr lim —7 'Gsp = 62 (5.55)

T—00 (#,9)
0Gs = —2G4 D,G% =0 lim Ga = 656%(,4) (5.56)

Here we calculate only Gsr (7, 2; ¢) , while G§(7, Z; ¢) will be calculated in
future. We take the ansatz of the form of G(r, #; §) motivated from [10] :

G0 (1) = PV () ) (5:57)

where ¢* = (1,4) is a null 4-vector and x* = (¢,r) is 4-vector in space-
time.

Now in spherical coordinates, z* = (t,r) = p(V/t? — 1, 72) where & = piT
Here Z is a unit vector on a 2-sphere which is common to both the co-

ordinate systems (¢,r,0,¢) and (p, T, 0, ¢).

Now to check for the first part of equation ([5.55)),

=) [ 52\ (n—=1) V7@ x\n
096" (. 54) = O[S 5 (0 ) ] (5.58)
e TS (et Y VAL )T R A
6" (r 54) = 5 PO () ] (5.59)
We know,
0= ViV, = ¢*V,V,
= V24 p h*V, Vg (5.60)
_ 2 —2r=
=V, +p 0
Therefore,
= _ 2 2
U=p(0-V)) (5.61)

From equations ((5.59) and (5.61]) :

FG™ (r,4:4) = (71271—_11) ;75@) P20 — Vz) (q . %) o (5.62)

Now, (q : %) = (—v72—1+17¢- ) is a scalar and not a function of p
and therefore , Vf, (q . %) =0.
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Therefore,

060 (7, 2:) = LDV ey o (5.63)

As shown in the appendix this form of G satisfies the required Equation

(5.55) for n=3.

Therefore, B
0OG™ (r, #;4) = —3G(r, 5 4) (5.64)
Now to get the second condition of Eq. (5.55));

We see that
T

(5.65)

[N

1' - —) =
lim (g p) o) =4

G {0(74) q
Now we calculate the integral of G (7, ;) over the unit sphere G , i.e,

U BN (e DRV () AN
[ #ig i = [ @ DVID (5T g

We change the co-ordinates to 7 = ip and we use the result of integration
already given in [cite campiglia paper] to get,

1
on—1r

/ d*4G™ (r, ;) = ((m - - (VP -1+ T)"—l) (5.67)

and therefore we see that

lim (—727") / d*GG" (1,2;4) = 1 (5.68)
T—00
as expected. Therefore from (5.55)),(5.64)),(5.65) and (5.68)we see that
G9(1,2;¢) = Gsr(r, #;9) (5.69)
and from [£.53
[ = D)VA@ ) myE,
o) = [ @ T () ) (5.10)

Thus the asymptotic vector field component £°(7,Z) at spatial infinity
upto first order is given by Equation ([5.70))
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5.5 Comparison with the Supertranslations
in Ashtekar-Hansen approach

We first briefly recall here the way in which Ashtekar-Hansen defined super-
translation vector fields at Spatial Infinity.

Spatial Infinity, Spi, was seen as the blown up structure at °. It is a
4-manifold having a fibre bundle structure with base space as the unit time-
like hyperboloid s and vertical vector field v* as its fibres. The fibres were
parametrized by the tangential component of the acceleration along the reg-
ular curves and each fibre corresponded to the tangent vectors of regular
curves at 1°.

The universal structure was the fibre bundle character of S, the tensor
field hg,, and vertical vector field v*. If £* denoted the generators of dif-
feomorphism which kept this universal structure constant it was shown that
they satisfied (i) £¢hq = 0 on & and (ii)£¢v® = 0 on S, where hy, and £ are
the projections of hy, and £ on k.

Supertranslation vector fields, £, were defined as the one for which %
vanishes, i.e, {* = fev® where f¢ is the pull back to S of some scalar f: on k.
the elements of L are thus in one-one correspondence between scalar fields
on K.

As we can see from Equation(5.12)) and (5.13)) the symmetry vector fields
at spatial infinity were given by:

gp(pv T, i) = ép(Ta i) + O(pil) (571)

§%(p,7,8) = €(7,2) + O(p™") (5.72)
and from equation ((5.70)) and ([5.54) we know,

)= [0 (D g ey

o

E(pi) = [ dagirmaV @ (5.74)

Now we consider the case where we start with only pure supertranslation
vector fields at null infinity, i.e as seen from equation ([5.28)),

ENr,u,x) = fO, (5.75)
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which we get when we take V* = 0. We then see from the above equa-
tions that starting from pure supertranslations at null infinity the only non-
zero component of the asymptotic vector fields we get at spatial infinity is

&P (p, 7, &) given by equation (5.71)) and ([5.73)).

We also note that from (5.73)), that up to first order the £%(p,7,2) can
be completely specified by the functions on the p =constant hyperboloid k.
Thus we can write £%(p, 7, %) = fn® where n* is any tangent vector to the
space-like curves orthogonal to the hyperboloid x and f is some function on k.
But this is exactly the form of supertranslations defined by Ashtekar-Hansen
as discussed above.

The other part of the SPI group is just the Lorentz group which is the
same as that in the BMS group. Thus we see that we could get all the
elements in the symmetry group at spatial infinity (SPI group) stating from
elements in the BMS group at Null infinity using the above procedure.
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Chapter 6

Discussion and future work

In this thesis we hope to have provided some evidence that there really is one
symmetry group in gravity. The symmetry group at spatial infinity (SPI)
is isomorphic to the BMS group. However in recent work [11], the BMS
group itself was extended to a larger group which unlike the BMS which is a
semi-direct product of Super translations with Lorentz group is a semi-direct
product of super translations with an infinite dimensional group Dif f(S5?)
which is the group of diffeomorphisms of the conformal sphere. Hence we
would like to see if the SPI group also admits the same extension. This is
important due to the fact that unlike super-translations whose corresponding
charge at Null infinity is known to contain information about gravitational
radiation, the charges associated to Dif f(5?) admit no clear physical inter-
pretation in classical gravity. Perhaps by studying these charges at spatial
infinity, one could hope to understand their physical significance better. The
calculation of the charges associated to super translations of the SPI group
has already been done by compere et al. We would in the future like to
extend this computation to all the symmetries of above mentioned extension

of BMS.
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Chapter 7

Appendix

7.1 Calculations for main Equations

(1) Calculation for &°

0¢P = h*PV, Vg
= [V2+p*h*"V V]

1
=~ + 5 (DaVag” = 40,67 + T4, V5"
1
— 1% (Da(Dsg? + Th,€") = Ths0,6" + T4, (D& + T,

p
hoB hoB Dag(l)u
) +

= FDQDB + 7(—phﬁu) <Daéﬂ +

af . DEMn B 5 fﬁ
o w B . ]
2 (—phan) <DB§ + P > + P ( phau)( P )
B 0er ~ Dag* D, ¢Ma B Dséh B Dﬁg(l)ﬁ 3
s p p? p? p p?
¢ = (p')(=2Da®) + (p ) (0 — 2D, = 36%) + O(p™*)
(7.1)
(2) Calculation for &7
0¢ = h*FV,V
: o (7.2)

= [V2+ p 2RV, Vgl
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Vo(VpE7) = 0(V,E") + T5(V,E%)
= 027 + 0,(T1,6%) + T7,0,6% + T, T19,¢7

pa= p
1 1 1 1 (7.3)
= 0380 = €+ 08+ 08T+ 8
=0(p™)
°
1 haﬁ Y 1 af y
? VaV5§ = ;h VQ(VQf )
1
= ;hw (Da(Vﬁf”) — TP,V + rgpvﬁgp)
1
= Ehocﬁ (DaD/ny + Da(ngng
1 o
= Eh ﬁ(DgDﬁf’y =+ (Dargp)ép _ Fgﬁapé’y _ Fgﬁr;ufp,_i_

L3p06E" + ngf‘gﬂé"“)
1 /- 1 1
- ,ﬁ <|]57 + ;Dvgp + 3p8p§7 + 367 + ;Dvgp + 57)

= %(ng =+ 4@)

(7.4)
Therefore,
Oe = %(ng +48) +0(p™%) (7.5)
7.2 Green’s function calculations
Here we show that for Green’s function of the form :
6" (r3:0) = N(@)p'D (a7 ) (7.6)
satisfies the required Equation for n=3, i.e,
0G"™(r, & ¢) = =3G(7, ;) (7.7)
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O g(n) (7—7 j; qA) - <_n> (n - 2) g(n) (7—7 j;; qA) (710)

06" (r,2:4) = (—n)(n —2) §"(r, ;) (7.11)

We see that the above equation reduces to the required form ((5.51)) for
n=3.

Therefore for n=3 we get,

OG™ (7, &;¢) = —3G(r, #;q) (7.12)
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