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Abstract

Symmetries are extremely important in modern physics. However, the analy-
sis of their implications, or even identifying the right symmetry group, are rather
complicated in theories with gauge symmetries, such as electromagnetism, gravity,
or Yang-Mills theory. So far, there is no general procedure for answering these
questions. In gravity, the identification of the symmetry group can be done by an
analysis of the asymptotic infinity. This thesis will attempt to investigate if some of
the techniques, used to describe the symmetry group of gravitational theories, can
be applied to the case of electromagnetism, or to Yang-Mills theories.
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1 Introduction and Motivation

1.1 The Importance of Symmetries

Symmetries can be described as translations or transformations of an object or system,
which leaves said thing invariant or “untouched”.

An example is translation symmetry; moving an object in space from one place to an-
other, and the object being left unchanged, implies translation symmetry (or invariance)
for said object. Additionally, this also implies conservation laws in the form of momen-
tum conservation. This type of relation can be derived from Noether’s Theorem, which
was proven by Emmy Noether in 1915 (published in 1918)!: Symmetries imply conser-
vation laws (to state it simply).

Another symmetry can be rotation of an object, e.g. a perfect sphere, which looks the
same, no matter which axis you rotate the sphere about. Rotation symmetry implies
angular momentum conservation. A last example of symmetry could be transformations
in time; this symmetry implies energy conservation of an object or system - if it is un-
changed under the time transformation (let 5 minutes pass, for example, and see if the
object remains the same, and has the same physical properties).

Thus these symmetries are essential to understanding the physics around us, and makes
calculations much more simple, due to the conservation laws.

Looking at the infrared (IR) sector of physics, or physics as seen from far away; within
the geometry of asymptotically flat space-time (constructed by conformal rescalings of
Minkowski space (MS)); Interesting features are found at the infinity boundary. There
has been found a relation from the symmetries - here they are called asymptotic symme-
tries - and their conservation laws, which implies this ‘triangular equivalence relation’,
explained in the following subsection. Asymptotic symmetries (or asymptotically flat
space-time symmetries) can be defined as symmetries or conserved charges of any sys-
tem with an asymptotic region or boundary.

The asymptotic symmetries have, to some extend, been explored for the gravity case,
and recently for quantum electrodynamics (QED) and non-abelian gauge theory. How-
ever, they are still a subject of ongoing research, and their implications are still being
unravelled.

For the gravity case, Bondi, van der Burg, Metzner, and Sachs (BMS) wanted to recover
the Poincaré group of special relativity as the symmetry group of asymptotically flat
spacetimes in general relativity (GR). They instead found the infinite-dimensional BMS
group.

The thesis will follow the derivation of this symmetry group, by two different approaches
- that of Andrew Strominger in [Str], and that of Roger Penrose in [Pen74] - and try
to explore how these approaches can be applied in the case of gauge theories, such as
electromagnetism (EM) and Yang-Mills (YM) theory.

!See article [Wik]



1.2

The Infrared Triangle

The triangular equivalence relation, that governs the IR dynamics/sector of all physical
theories with massless particles, is depicted in Figure 1.

MEMORY
EFFECT

IDENTITY

SOFT ASYMPTOTIC

THEOREM SYMMETRY

Figure 1: Infrared Triangle. The figure is taken from [Str].

The corners represent different notations, but describes the same subject:

Soft theorems: Properties of Feynman diagrams and scattering amplitudes at zero
or low energy; describing that infinitely many soft (zero or low energy) particles
are produced in any physical process.

+— Ward identity: Consequences for scattering processes of the symmetry.

Asymptotic symmetries: Conservation laws (due to conserved charges). They take
a simple form, when looking at how they act on the asymptotic region of space-
time.

+— Vacuum transitions: A step function.

Memory effect: In the theory of gravity, a gravitational wave produces a shift in the
relative position of an inertial detector pair. This shift is caused by the Memory
effect.

+— Fourier transform in time.



1.3

Relevant Topics

Relevant topics, where this IR triangle application can prove useful:

1.4

Theories: QED, YM theory, gravity, massless particles/scalars/fermions (also
theories without local symmetry).

Order: Leading IR behaviour of amplitudes (or soft theorems), subleading, sub-
subleading, etc.

Version: Classical version, quantum version (with anomalies).
Geometry: 4-Dimensional (4D) MS, D < 4, D > 4, Cosmology.

Symmetries: N =0,1,...,8 (Number of symmetries).

Motivation/Application

One such triangle, should potentially exist for every type of massless particle. One can
use these IR triangles to find or correct anomalies of the theories. Below are reasons for
their conveniences:

Connecting 3 different subjects/theories: Find 1 corner, you can work out the other
2. There are three different ways of characterising the behaviour of the universe
around us, at very large distances.

Understanding holographic structure of quantum gravity in 4D asymptotically flat
space-times - by understanding the symmetries. This viewpoint is close to our
reality.

In flat-space quantum gravity, one can make connections of the asymptotic sym-
metries, with symmetries of conformal field theory acting on a sphere.

Organisation /improvement of IR /jet/LHC (Large hadron collider) physics, by the
study of soft particles. Generically, no IR finite S-matrix exists in gauge theories.
Through some kind of understanding of the deep IR symmetries, there might be a
way to define the (soft part of the) S-matrix to satisfaction.

Black hole information paradox: Understanding soft gravitons/photons in evapo-
ration processes in IR, might lead us to an answer. “All roads lead to black holes”
- from [Str] p. 8.

Explain miracles in N =4 YM scattering amplitude (cancellations of diagrams).



1.5 Structure

Section 2 will describe the connection of groups and lay a foundation for the notation
used further on.

Section 3 will present the conformal rescaling of MS and the geometrical interpretation.
Sections 4 and 5 will go through the equivalence of matching conditions, conserved
charges, Ward identities, soft theorems and asymptotic symmetries in QED.

Section 6 will include an alternative definition for the S-matrix, as well as the soft the-
orems for non-abelian gauge theories and their implications.

Section 7 will present Penrose’s approach of finding the BMS group, by a direct analysis
of the asymptotic geometry, and explore its implications.

Section 8 compares the group elements of the Poincaré and BMS group.

Section 9 includes Strominger’s approach of defining the BMS group, the supertransla-
tions and superrotations, and scattering for gravity theory.

Section 10 is discussing the logr/r behavior, when calculating the coefficients of the
large-r expansion of the gauge parameters in QED; the logr/r term is needed in order
to satisfy the wave equation.

Section 11 will go through the attempts of applying the methods of Strominger and
Penrose in gauge theories, the implications and ways around them.

Section 12 includes the a describtion of why a conformal coupling term is needed in the
action of a scalar field, when applying Weyl transformations.

Section 18 sets up the energy-momentum tensor for a conformally coupled (charged)
scalar.

Section 14 discusses different ways of identifying past- and future null infinity, as well
as a way of mapping spatial infinity to » = 0, by inversion.

Section 15 discusses the work, [AR92] by Ashtekar and Romano, where they wanted to
find a manifestly coordinate independent treatment of spatial infinity, which avoids the
awkwardness of the differentiability conditions.

1.6 Sidenote

From here on forward, whole sections or subsections marked with (S) will follow the
work (and use equations) described in [Str], and if marked with (P) will follow the work
(and use equations) described in [Pen74].

[Str], by Andrew Strominger, is connecting the subjects of soft theorems, the memory
effect and asymptotic symmetries in four-dimensional QED, non-abelian gauge theory
and gravity.

[Pen74], by Roger Penrose, is discussing the BMS group, by a direct analysis of the
geometry and symmetries.



2 Orthogonal and Conformal Groups (P)

2.1 Homomorphisms between Orthogonal and Conformal Groups

In the study of group theory, the following homomorphisms can be defined:

The local isomorphism mapping the group SL(2,C) of complex unimodular (2 x 2)
matrices (giving rise to the algebra of spinors) onto the identity connected component
of the Lorentz group O(1,3) in an essentially (2-1) manner is:

SL(2,C) — O(1,3)

‘Essentially’ referring to the ambiguity of elements A, B mapping onto element () in
O(1,3); they are connected by a curve in SL(2,C), and by a closed curve through @ in
0(1,3).

Furthermore the (local isomorphism) mapping, which is in an essentially (1-1) (but
inessentially (2-1)) fashion, is defined as:

0(1,3) = C(2)

Where C(2) is the conformal group, described in the following subsection.

In a similar fashion, the higher dimensional analogue is the local isomorphism, also in
an essential (2-1) manner, with SU(2,2) being the group of unimodular pseudo-unitary
(+ 4+ ——) (4 x 4) matrices (giving rise to the algebra of twistors):

SU(2,2) — 0(2,4)
And similarly we have the mapping (local isomorphism, essential (2-1) fashion):
0(2,4) —» C(1,3)

Connecting the two, will give the local isomorphism below, but this mapping is in an
essentially (4-1) fashion instead:

SU(2,2) — C(1,3)

From this story, a pattern can be seen for the local isomorphisms: O(p+1,¢+1) — C(p,q)

2.2 The Conformal Group C(2)

The orientation-preserving local conformal maps of the plane to itself is represented by:

¢—=C= Q) (1)

where f is a holomorphic (complex analytic) function, ¢ = x + iy, and z,y are standard
Cartesian coordinates for the plane. The line-element, or metric, can then be expressed
as: _

do?® = dx® + dy? = d¢dC

do® — d&* = |f'(¢)|do? @)

5



This map of the Euclidean plane to itself constitute an infinite-dimensional group.

For a global map, we require f and its inverse to be singular over the whole plane,
such that f is a linear function:

flQ)=al+p (3)

The reason it should be linear, is that we want the Weyl factor, |f/(¢)|?, to be well-
defined (non-singular) everywhere, including at oco.

Thus the group of orientation-preserving conformal maps of the plane to itself, is de-
scribed by 4 real parameters. The maps are generated by Euclidean motions (Ja| = 1)
and dilations (« real, § = 0).

To describe C(2), one must compactify the plane by the addition of a point at infinity,
ie. a projection of the unit sphere S? to the plane, where S? is given by X2+Y?24+ 22 =1
(using standard Cartesian coordinates for Euclidean 3-space), see Figure 2.

\G/': EQ'PLANE)

Figure 2: Projection from the unit sphere north pole to the plane. The figure is taken
from [Pen74].

Projecting point (X,Y, Z) from (0,0,1) on S? to the plane at z = 0, is a conformal map,
where:

ARy v = 247, _d-t
1+¢¢ 1+¢¢

One way to see this, is to make the coordinate change ¢ = €' cot(g), and see the metric
do? for S? is given by:

(4)

4d¢d¢  4do?
(1+¢0)?  (1+¢¢)?
do? being the metric for the plane z = 0 (see Equation 2). S? with the north pole re-

moved is conformally identical with the Euclidean plane. Adding the north pole provides
the conformal compactification of the plane.

di? = db? + sin® 0d¢? =

(5)

C(2) is the group of conformal maps of the compactified plane (S2) to itself. The



connected component of identity in C'(2) is the orientation-preserving conformal maps

of S2, given by:

S ey o 9t
¢ (=10 =Sk ()

being regular at { = oco. f thus gives a six-real-parameter group, with the parameters
normalized by ad — fy = 1. The unimodular complex (2 x 2) matrix, SL(2,C) element

(: g ) represent the transformation.

The orientation-reversing elements of C'(2) are the ¢ — ¢ (complex conjugate) compo-
sitions of Fq. 6. All elements of C'(2) are generated by dilations, Euclidean motions, and
the inversion ¢ — ¢ = (1. This inversion interchanges ¢ = 0 and { = oo (the north-
and south pole) of S2.

2.3 The Connection of C'(2) with O(1,3)

To establish a connection of C'(2) with O(1,3), consider the 4D MS with metric ds?> =
dT? — dX? — dY? — dZ?, and null-cone N of origin, described by equation 72 — X2 —
Y2 — Z?2 = 0, with generators of N being null rays through the origin, given by
T:X:Y :Z = const.

Consider a unit sphere S? to be a space-like 3-plane T' = 1 of N. This gives a (1-1)
correspondence between generators of N and points of S? (given by intersections of gen-
erators of N w. T = 1). S? is thus a realisation the space of generators of N, but one
could use any other cross-section 52 of N for this. See F igure 3.

Figure 3: Cross-sections of N. The figure is taken from [PenT74].

The conformal structure of S? reflects an intrinsic conformal structure on the space of
generators of N.

Furthermore the generators of the null cone N establish a (1-1) conformal map between
any two cross sections of N, so the space of generators has a conformal structure (that
of any of the cross-sections).

Definition: A map, carrying such cross-section into another, with points on the same



generator of NV, corresponding to one another, is a conformal map.

To see that the generator map is conformal, the metric can be re-expressed on the
form:

ds?® = —r2’ya5dxadw’8 +0.dr?, (7)
with * and r being new coordinates on N, and coordinate lines z“ = const being gen-
erators of N (using spherical polar coordinates ds? = dT? — dr? — r2(d6? + sin? d¢?),
where T'=r on N). By specifying r to be a function of z, a cross-section of N will be
given. Any two cross-sections give conformally related metrics, mapped to one another
by generators of N (z® = const).

A Lorentz transformation, L, will send N into itself, and generators of IV into other
generators of N, and cross-sections S? into another with the same intrinsic metric. Since
the map from 52 to S? along generators of N is conformal, L induces a transformation
on the space of generators of N, which makes a conformal map of S? to itself. This es-
tablishes a homomorphism O(1, 3) — C(2), with the same dimensionality of each group
(6). Thus the inverse image of elements of C'(2) is a discrete (each point is isolated) set
of elements of O(1,3). Hence, the mapping is a local isomorphism, and L is defined by
its effect on N (up to a space-time reflection in the origin). Thus this homomorphism is
inessentially (2-1). For a restriction to the orthocronous O(1,3), L preserves the time-
direction (both the orientation and direction), and would yield a global isomorphism
between the two groups (1-1).

Instead of considering cross-sections of N by T = 1; the intersection of N with the
null 3-plane 7' = Z + 1, will give the parabolic section E? with intrinsic metric do? =
—ds? = dX? + dY?. E? is intrinsically a Euclidean plane - not a cross-section of N, as
generators T'— Z = X =Y = 0 (parallel to the 3-plane) does not give rise to a point on
E?, but corresponds to the point at infinity at E?, as the relation between E? and S? is
conformal; See Figure 4.

The 2-plane meets S?, E?, and plane Z = 0 = T — 1. The conformal relation of E?
and S? is established via. generators of N, or 2-planes through the parallel generator
T—-7Z=X=Y=0.

2.4 The Connection of C'(1,3) with O(2,4)

To illustrate the general case of local isomorphisms O(p 4+ 1,q + 1) — C(p, q), consider
the case 0(2,4) — C(1,3). Defining C(1,3) (or C(p,q)) as the group of conformal
self-transformations of appropriate pseudo-Euclidean space (4D MS), compactified by
the addition of extra points at infinity - by going to a null cone of the origin in a 6D
pseudo-Euclidean (+ + — — ——) space, with metric:

ds®> = dT? +dV? —dW? — dX?* — dY? — dZ* (8)

The null cone K of origin has equation 72 + V2 — W? — X2 — Y2 — Z2 = 0. By analogy
with the parabolic intersection E? of N, we have an intersection M* of K, with null



equatorial
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Figure 4: The Euclidean plane being embedded as a parabolic section of V. The figure
is taken from [PenT74].

hyperplane V — W = 1 (analogue of T = Z + 1), and the intrinsic metric of M* is given
by ds? = dT? —dX? —dY? —dZ? (analogue of —ds?> = dX?+dY?), so M* is intrinsically
identical to MS.

In 6-space; M* has paraboloid form with coordinates defined by:

1
V=§(1—T2+X2+Y2+Z2):W+1 (9)

All generators of K (set of points with its coordinates being constant and satisfy-
ing equation of K), except for those in the null hyperplane V' = W (analogue of
T—-7=X=Y =0), meets M* in a unique point.

Thus the set G of unoriented generators of compact topological space K, is the com-
pactification of M*. Members of K, not in V = W, is in (1-1) correspondence with M4,
and those in V' = W supply extra points necessary for compactification - they represent
points at infinity. The generators of K thus establish conformal maps of any two (local)
cross-sections of K. G is therefore a conformal manifold, identified as the compactifica-
tion of M*.

Definition: C(1,3) (or C(p,q)) is a group of self-transformations of G, preserving its
conformal structure.

There is no analogue for the infinite set of local conformal transformations of the
plane, Fquation 1, in higher dimensions than 2. However, the global conformal self-
transformations of M4, is the same as for E2, generated by pseudo-Euclidean motions
(constituting the Poincaré group) and dilations; these constituting the 11-parameter or-
thochronous group, called the causal group. To compactify M?*, one must adjoin an
entire null-cone, and not just a point.

The inversion of M* (analogue of ¢ — ( = (1), corresponding to the reflection
W — —W in 6-space, expressed as (T, X,Y, Z) — —{T? - X?-Y?2 - 72?2} "YT,X,Y, Z),
is not well-defined on the null cone T2 — X? — Y2 — Z2 = 0, but maps the null cone
to infinity. This reflection exchanges the null cone at the origin with the null cone at



infinity; thus the elements at infinity must have the structure of a null cone.

For an analogue of S2, consider intersection of K with hyperplane T = 1. It has a
structure of a de Sitter space (dSs), but requires points at infinity (corresponding to
generator of K in T" = 0) to be added, in order to represent the entire compact space
G. The section of K with W = 1, defining the anti-de Sitter space (AdSs), also requires
points at infinity to become compact.

2.5 Model of Compactified Minkowski Space, G

For an adequate model of compactified MS, consider intersection of K with the 5-sphere,
defined by T? + V2 + W? 4+ X2 + Y2 + Z? = 2. This gives the compact space-time
model H; the topological product of a three-sphere in (W, XY, Z)-space (defined by
W24+ X24+Y2+ 7% = 1) with a 1-sphere (circle) in (T, V)-space (defined by T2+V?2 = 1).
This is not a model of GG, but a twofold covering. Each point of H is represented twice
(as +) on H; the space-time H is connected so the two-fold nature of the covering is
essential. The topology of G is S' x S3.

The pseudo-orthogonal group O(2,4) acts on the 6-space and K (as K is invariant).
Each O(2,4) transformation induces a conformal map of G to itself, and a homomor-
phism O(2,4) — C(1, 3) is obtained.

The group O(2,4) has 15 parameters; C(1,3) cannot have more than 15 (the maximum
for local conformal self-transformations of a 4-manifold), ie. the homomorphism is a
local isomorphism. It is (2-1), as O(2,4) transformations can reverse the direction of
generators K, where G is the space of unoriented generators. The O(2,4) transformation
is a reflection in the origin, representing the identity on G.

We have an essential (2-1) nature for O(p + 1,q + 1), if p,q are odd (local isomor-
phism).

We have an inessential (2-1) nature for O(p + 1,q + 1), if p,q are even (local isomor-
phism).

For p + ¢ being odd, we have a local (1-1), hence global, isomorphism.

A smooth map from one space-time to another, is characterised as conformal, as it
takes null cones into null cones, or null geodesics into null geodesics.

All null cones on M* arise as intersections with tangent 5-planes to K, ie. null 5-planes
through the origin of 6-space.

3 Geometry (P)

3.1 Conformal Rescaling of Minkowski Space

This section will go into detail of the construction of conformal infinity for MS, by a
different approach than in Section 2.5. First rescale the metric of space-time M from the
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physical metric ds, to the new ‘unphysical’ metric ds, conformally related by ds = Qds,
with € being a smooth, positive function defined on M. The metric tensor is rescaled

A~

bY Gab = Gab = 2Gap, g% — ¢ = Q720

Provided suitable asymptotic structure of M, and appropriate €2, more points can be
added to the manifold, so the metric g, extends smoothly to them. €2 could also be
extended in the same way, however it becomes zero at these points; implying the metric
being infinite (and can thus not be extended). Thus, the new points are infinitely distant
from their neighbours, and physically represent points at infinity.

Above conformal rescaling/Weyl transformation is not the same kind of conformal trans-
formation (conformal mapping) as considered in Section 2; points of the manifold are
not transformed, but the metric is replaced. Conformal rescalings/Weyl transformations
form an infinite dimesional Abelian group (multiplicative group of smooth, positive func-
tions on the manifold), and has no element in common with the 15 parameter conformal
group (C(1,3)) - conformal rescalings have nothing to do with coordinate changes.

Many physical concepts are invariant under conformal rescalings (not those with gravi-
tational interactions, though).

This conformal technique is useful for radiation properties of zero rest-mass fields. In-
coming and outgoing radiation fields are defined precisely for asymptotically flat, curved
space-times in terms of values of fields at the adjoint points at infinity, ie. on past- and
future null infinity Z+, near spatial infinity ¥ - at ZF (see Section 3.2).

The conformal technique gives a coordinate-free definition of asymptotic flatness in GR.
The asymptotic symmetry group, BMS, has a clear geometrical interpretation, and so
has its relation to gravitational radiation, using the conformal technique.

3.2 Minkowski Space Penrose Diagram (S)

To talk about infinity, it is useful to consider the geometry depicted by a Penrose di-
agram, see Figure 5, where all of Minkowski space is pulled into a finite region by a
conformal transformation that diverges at the boundaries. The exact technique will be
covered in Section 3.4.

In the figure, the world-line of a massive particle, moving at constant velocity, from past
time-like infinity, i, to future time-like infinity, i1, is illustrated. Z* denotes future- and
past null infinity, and in-between lies spatial infinity, i’ (almost anything, say Maxwell’s
equations, is singular at this point). The boundary components T7, which are not equal
or Lorentz invariant near i’, are two-spheres and not points (like ii).

3.3 Coordinate Change of the Minkowski Space Metric

Now we accompany the conformal rescaling of MS, with a coordinate change, in order
to assign finite coordinates to the new adjoint points at infinity. The physical metric in
spherical polar coordinates is:

ds® = dt? — dr® — r?(d6? + sin® 0d¢?) (10)
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(a) (b)

Figure 5: Penrose diagrams of Minkowski space, where lightrays always travel at 45°
degrees, and where for (b), every point is an S?, except for r = 0, i* and i°, being
points. The figure is taken from [Str].

Introducing advanced time and retarded time to better describe ZF:
v=t+r, u=t-—r, (11)

so that ZF is now parametrized by (u,2) and (v, &), respectively.
The metric then becomes:

1
ds® = dudv — G u)?(d6?* + sin® 0dp?) (12)

For asymptotically simple space-times, the choice of 2 must have properties: QA — const
as A — £o0o, with A being an affine parameter, and that along any null geodesic: 2 — 0
at +oo (like the reciprocal of \).

Each u = const hypersurface is a future light cone, generated by null geodesics (straight
lines in MS) with #,¢ = const. Thus v serves as an affine parameter into the future
on each of these null geodesics. The same goes for u, being an affine parameter into
the past on these radial null-geodesics. One must therefore require that Qv — const as
v — o0 on u, and Qu — const as u — oo on v (with 6, ¢ = const). We want Q to be
kept smooth over the finite parts of the space-time, so we choose:

Q=(1+ud)"2(1+0) 2. (13)
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Rescaling the metric (ds = Qds) gives:

. dudv (v —u)? )
2 7.2 2 2 742
ds = Q%ds :(1+u2)(1+v2)_4(1+u2)(1+v2)(d0 + sin” 0d¢o*) (14)

3.4 Assigning Finite Coordinates to Points at Infinity

To assign finite coordinates to points at infinity, make replacement v = tanp, v = tang,
thus the metric, Fq. 1/, takes the form:

ds = dpdq — ising(q — p)(d#?* + sin® Bdp?) (15)

The range of coordinates p, g for MS is illustrated in Figure 6, which illustrates the same
Penrose diagram as Figure 5b.

Figure 6: Range of coordinates p, g for MS. The figure is taken from [PenT74].

The metric is regular on Z* (future- and past null infinity), and can be extended be-
yond in a non-singular fashion. For 0 < ¢ — p < 7, the global structure is the product
of a space-like 3-sphere with an infinite time-like line (that of an Einstein static universe).

This can be shown by choosing coordinates T = %(p + ¢) and p = g — p and obtain
metric

1
ds = dT? — E[dp2 + sin? p(dh? + sin? 9d¢2)]> (16)

describing space-time £, where the term in the brackets is the metric of a unit 3-sphere.
The portion of &, being conformal to the original MS (that portion lying between the
light-cone points of I* (or %)), wraps around ¢ itself, and meets at the point I° (or
i%). The 2D case is illustrated in Figure 7. (MS being conformally identical to the por-
tion of the Einstein static universe, whoose boundary represent conformal infinity of MS).
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Figure 7: Illustrating MS as a portion of an Einstein static universe. The figure is taken
from [PenT74].

How the redundant regions (MS) of the light-cone points i+, ¥ fit together in this Ein-
stein static universe picture, is illustrated in Figure 8 - i® being spatially the antipode
of i*. The spatial location of i~ correspond to that of iT. The null geodesic segments
connecting i* with i (boundary of MS region) is denoted Z7.

To sum it up:

e i* denotes the future- and past temporal (time-like) infinity - being points on the
compactified MS.

e 7% denotes the future- and past null infinity - being two-spheres times R on the
compactified MS.

e ¥ denotes spatial infinity - being a point on the compactified MS.

+

A time-like straight line requires a past- and a future endpoint on i respectively.

A null straight line requires a past- and a future endpoint on Z* respectively.

A space-like straight line is a closed curve through i®, when i is adjoined.
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Figure 8: If i—, i, and i T are identified as a single point, they fit together as illustrated.
The figure is taken from [PenT74].

Null geodesics remain null geodesics after conformal rescaling, so null straight lines
become null geodesics with respect to the induced metric - unlike for time- or space-like
straight lines.

3.5 Identifying Past- and Future Null Infinity

Thus for Minkowski space: Null geodesics will originate at point ¢~ on Z~ and pass
through the same point at on Z* (see Figure 9).

The future lightcone of a point on Z~ is a null hyperplane in MS (the limit of a lightcone,
when the vertex recedes into the past along a null straight line). The past lightcone of a
point on ZT is also a null hyperplane - thus null hyperplanes acquires a past vertex, a™,
on Z~, and a corresponding future vertex, a™, on Z*. On the Einstein static universe,
the future lightcone of a~ will be focused at a point spatially antipodal to a™, ie. a™.
Thus Z% is identified by the points a™.

The points i*, i® simply become one (as in Figure 8). This point, I (or i), becomes
a normal interior point of the identified manifold (compactified MS). Since a~ is identi-
fied with a*, each null geodesic becomes closed, with topology of a circle S'. Regarding
conformal structure, every point is on equal footing.

3.6 Curved Asymptotically Flat Space-Times

For curved asymptotically flat space-times (not MS), Z* must be left as distinct bound-
ary hypersurfaces (conformal infinity), as there is no natural association of point a~ on

15



Figure 9: For conformal infinity for MS, every null geodesic originating at some a= € 7,
must terminate at a™ € ZT. The figure is taken from [Pen74].

7~ with a unique point a™ on Z* - null geodesics from a~ will not focus clearly at point
of a*, but will cross over one another, before ZT is reached. Any identification of Z~
with Z results in singularities in metric d$ along Z, no matter choice of .

3.7 Conformal Infinity of the Schwarzschild Solution

A simple example of an asymptotically flat, curved space-time, is the Schwarzschild
solution. To examine its conformal infinity, consider its metric:

2m dr?
2 2
ds :(1—7)dt 1 Zm

— r2(df* + sin? 0d¢?) (17)

Instead of trying to obtain Z* simultaneously (as for MS), we introduce retarded- and
advanced time-coordinates: u =t —r — 2mlog(r — 2m), v =t+r+ 2mlog(r — 2m),
and get the respective metrics:

ds* = (1 — sz)dqﬂ — 2dudr — r*(df* + sin’ 0d¢?)
ds? = (1 — 2Tm)dv2 — 2dvdr — r*(d6? + sin® 0d¢?) -
One can choose = r~! = w, and get the rescaled, unphysical respective metrics:
ds? = Q%ds® = (w? — 2mw®)du® — 2dudw — df* — sin® dp> (19)

ds? = O%ds? = (w2 — 2mw3)dv2 + 2dvdw — df? — sin? 0d¢>2,

which are regular and analytic on their respective hypersurfaces w = 0.
The physical space-time (retarded/advanced, F) is given for w > 0 and can be ex-
tended to include boundary hypersurfaces Z* (given when w = 0), hence the boundary
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Z =7I~ UZ" will be adjoined to the space-time. A further extension across w = 0 to
negative values of w, involves a reversal of the sign of the mass (in the metric). The
derivative at Z of the conformal curvature contains information about the mass. Thus by
attempting to identify Z%F, with same sign of the mass on the two sides, a discontinuity
in the derivative of the curvature across Z occurs (metric ds fail to be €2 at 7)2.

The points i+, i for the general case, must be singular for the conformal geometry,
therefore it is reasonable not to include the points as part of the conformal infinity, as
depicted in Figure 10.

Figure 10: Conformal infinity for asymptotically flat space-time, eg. the Schwarzschild
solution. The figure is taken from [Pen74].

Ilustrating two disjoint boundary null hypersurfaces Z*, each a cylinder with topology
S? x R (null, as dé at w = 0 is degenerate). These hypersurfaces are generated by null
geodesics (6, ¢ = const, w = 0), whoose tangents are normals to the hypersurfaces, and
they are the ”R’s” of the topological product S? x R (the inverse images of points of S?
in the natural projection S? x R — S?).

2A function is €™ if it is n times differentiable with the continous n’th derivative.
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3.8 Other Asymptotically Flat Space-Times

Other asymptotically flat space-times will also give rise to the same structure. Consider
the metric
ds® = r2Adr® + 2B;dz'dr + TQCijdx’de, (20)

1 1.2 .3

with coordinates r, 2', 22, 23, and A, B;, C; being suitably smooth functions of 20, b 2?23,
with 2z = =1, and the functions also being smooth at 2" = 0. Setting Q = r~!, we get:

ds? = Qds? = A(dz®)? — 2B;da’da® + Cyjda'da?, (21)

which will be perfectly regular at 2° = 0 (provided the determinant formed from A, B;,
C;j doesn’t vanish). Thus a conformal infinity will exist for such metric.

Many metrics in the study of gravitational radiation have the form of Equation 20, also
that of BMS, describing a situation with an isolated source (with asymptotic flatness)
and outgoing gravitational radiation.

3.9 Asymptotically Simple Space-Times

Asymptotically flat space-times is a subclass of weakly asymptotically simple space-
times.

The space-time M is asymptotically simple if; 1) a conformal factor €2 exists so the met-
ric d§ = Qds remains smooth on the extension M of manifold M, including boundary Z;
2) Q being smooth through M = M UZ, zero on Z, and having non-zero gradient at Z;
3) every maximal null geodesic in M has both a past- and future end-point on Z (more
weakly; should reach a past- and future conformal infinity, as some geodesics might not
escape to conformal infinity, as with a black hole).

Space-time M is weakly asymptotically simple if it possesses conformal infinity of
asymptotically simple space-times, but can also have other infinities as well; thus for
an asymptotically simple M’, a neighbourhood K’ of I’ in M’, should have a portion
K’ N M’ being isometric with a subset of M.

The boundary Z must be a smooth hypersurface (if null, it has the same topological
structure as for the MS and Schwarzschild cases; see Figure 10). If Einstein’s vacuum
equation (of the metric), without the cosmological term, holds near conformal infinity Z
(through K—Z, K being the neighbourhood of Z in M'), then Z is null everywhere - if the
cosmological term is present, then 7 is space-like or time-like. These are consequences
of the transformation formula of the Ricci tensor, written as:

A . 1 N N
Puy= Py + Q7 V0 — 59—2gabgcdvanvb9 (22)

with Py, = %Rgab — %Rab being a tensor containing same information as the Ricci tensor
(Rap) for ds, and V,, denotes the covariant derivative for d§, and Py being a tensor of ds.
Since Einstein’s equations (without cosmological term) hold near Z, Ry, = 0 = Py, = 0;
multiplying Equation 22 by 92 and use condition € = 0 on Z (or taking the trace, using
Jap), then vector n, = ?L@QQ is null at Z=, which is normal to Z; Z is a hypersurface.
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In order to prove this, we write Einstein’s Equations (In Vacuum):

1
Rab - igabR =0.
Contract with g2 to obtain R = 0, which plugged back implies Ry, = 0. Meaning that

fOI‘I
ab 12 Jab 9 ab-

when Einstein’s equations in vacuum are satisfied, then P, = 0. We know the transfor-
mation property FEq. 22. Plug P,;, = 0 into the equation to obtain:

. . 1 . .
0=Py+Q'V,V,Q - §Qf2gabgcd(vcm(vd9).
Next, multiply by Q2 and take the limit to Z* (where Q — 0). We get:
UV ) (V) = 0.
This means that 7, is null, since g“bﬁaﬁb =0.

Assuming vacuum (or Einstein-Maxwell equations hold) near Z, and no cosmological
constant; take P,, = 0 near Z, and consider the trace-free part of Equation 22 - then
multiply by © and set Q = 0 to get Vaiy, = (igcd@cﬁd)gab at Z - these are non-rotating
and shear-free generators of Z. Shear-free as V,fy, is trace-free; small shapes are pre-
served, following the generators along Z. Non-rotating as Z is a null hypersurface (due to
symmetry of @aﬁb). Take two cross-sections 57, So of either Z%; then the correspondence
between these, established by the generators, is conformal. The space of generators of
% has conformal structure.

4 Matching Conditions for QED (S)

4.1 Classical Electromagnetism: Liénard-Wiechert Solution

The theory of electromagnetism can be described by the Maxwell-action (coupled to any

kind of matter):

1 174
S=-13 d*o\/—gF,, F"™ + Sy, (23)

with u, v =0,1,2,3, e is the electron charge, g is the determinant of the metric tensor,
Guv, Sy denotes a general matter (hence subscript M) action, and the field strength, F,
is related to the gauge field, A, by F,, =0, A, — 0, A,.

The equations of motion (EOM) are given by:

dx F = 62 *j — V#F‘MV = €2jl/7 (24)
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where the Hodge dual, %, of a p-form, V', on an n-dimensional manifold, is a differential
form, which is defined as (*V') 4y jip,.c.opin_, = %!em,uz,...,un LY PV s @0 (N —D)-
form (in Euclidean flat space-time, and e is the Levi-Civita symbol - to get it in a general
space-time, one needs to multiply the left-hand side (LHS) by ,/g), V is the Nabla
operator, and j, the charge current, is given by ;¥ = —‘Z‘%I.

The electric charge inside a 2-sphere (S2) at infinity, can be defined as:

1
Qe =13 [ +F = [riez, (25)

using integration by parts, and with ¥ being any slice with the S? boundary. The electric
charge is the normal component of the charge current integrated over that slice (the flux
of the electric field Gauss law).

The theory is gauge invariant - under an infinitesimal gauge transformation with & ~
€ 4+ 27w, and a finite transformation of the matter field, ®; with charge Q, € Z, by
€ — € + 2m; the following fields transforms as:

0:A=de, 0.Pr=1cQ Py, P — eiQka(I)k (26)

To solve the EOM, consider a source, j, of n particles (non-displaced), with constant
four-velocity, U}’ = vi(1, B), with U,f =-1, fy,% = ﬁ, and (8 being the velocity relative
k

to the speed of light. Then each particle is a point source, with a worldline parametrized
by 7, so zh (1) = Ul't

ZQk / drUg,0* (2 — UpT) (27)

The solution for the radial component of the electric field is:

(1) = o Quyk(r — ti - B) (28)
T 9 - N — 3
7 2 2 e R

with r? = #- Z and & = 2. Hence it is not singled valued at r = oo, but discontinued,
which is an important point, when considering fields in compactified MS.

4.2 Antipodal Matching Condition

The Liénard-Wiechert solution in retarded coordinates (Eq. 11, t=wu+r) is:

2 n -1
e r—(u+r)z-p
Fro=Fru= - 3 . ka(A q( 2 ) k)2 — (29)
T a1 =71 Bp)? — (u+7)? + 122
In the limit of r going to infinity it becomes:
2 n
e
vtlz+ @ (30)




The electric field at Z~, using advanced coordinates (t = v —r), is:

2 N ~
€ r—(v—r)z-p
Fri=Fr= > — Qe — . ) ’“)2 — (31)
Tz ev—r =12 Bi)? — (v —r)2 + 12|
In the limit of r going to infinity it becomes:
2 n
€ Qr
Folr— = 32
Wz = 1o (3)

k=1 '7]%(1 +a- gk)z

The value of the field depends on how you approach the value at i°; hence the values of
the fields do not match. The discontinuity is dictated by Lorentz invariance (which is
not smooth near spatial infinity).

However one can find the antipodal relation (matching condition):

xlglgo T2Fru (i) |Ii' = rlinolo T2Frv (_:%) |I—: (33)

One can map MS onto a cylinder, using conformal rescaling, as was done in Section
3.4 with Figure 7. Looking at a similar figure, Figure 11, notice the cross at ", spatial
infinity; Fq. 33 states that the fields are continous along the genrators of Z, even when
they cross i°, though they can become quite diffucult to describe, due to i® being a
singularity.

Figure 11: Minkowski space conformally compactified onto the S x R Einstein static
universe (a cylinder). The figure is taken from [Str].
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4.3 Asymptotic Expansion

The Minkowski metric in retarded coordinates (in the neighbourhood of Z) is:

2
ds® = —du® — 2dudr + 2r2~,:dzdz, Yoz = 7(1 gy (34)
v,z being the unit sphere metric.
The standard metric ds? = —dt? + (dZ)? is related to the metric in retarded coordinates
by:
2 1—2z
(£)? =12, t=u-+r, ol 4 ix? = " 3 = (35)

142z’ R P
where z runs over the complex plane so that; z = 0 is the north pole, z = oo is the south
pole, and the equator is at zz = 1.

The metric in advanced coordinates (for Z7) is given by:

ds® = —dv? 4 2dvdr + 2r%y,zdzdz (36)

The two metrics, in retarded- and advanced time, are related so that the z in the Z—
coordinate, is the antipodal of the z in the Zt coordinate (as described in Section 3.5).

Expanding around Z*, given a field, e.g. the z-component of the gauge field, it can

be expressed as a sum:

00 (n) _
Ay (u, 2, 2)

A, (u,ryz,2) = Z o (37)
n=0
Applying such expansion, generalises the matching condition to:
D) = FRG D, FDEalp = F (022 (3)

4.4 An Infinity of Conserved Charges

The matching condition implies an infinite number of conserved charges, which will be
shown in this section. Consider a function, €, on MS obeying:

&(z,2)|r+ = e(z, 5)‘1; (39)

Defining future- and past charges as:

1 _ 1 _
Qj—eQ/I exF, Qs—esza*F, Qf =qQ: (40)
+

which gives an infinite number of conservation laws, associated to the EM field.
Using the Gauss law to write the surface integral expression of the charge gives;

0

1 1
Q;FZQ/ de/\*F—l—/ €*j—|—M (41)
es Jr+ I+ CIT!
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0
_ 1 1
QE_QQ/_dE/\*F—i-/_s*]—I—M (42)

with restrictions, d,e = dye = 0, giving:
m n
Sar =y ()
k=1 k=1

It states, that the sum of all incoming charges, must be equal to the sum of all outgoing

charges.

The charges in retarded and advanced coordinates are:

1 1
0f =5 [ exP= [ dazer

e e?

1 (a4)
Q== / d*27.2¢Ffy)

2 |-

n
Use the constraint equations on the null surfaces; the constraint equation near Z* has
the leading term (expansion in powers of %)

01+ D?FY + e =0, (45)

u u

0, F? 4+ D*F!

ru u

where D is the covariant derivative, such that D* = v**D;. We now integrate by parts
and use above constraint equation, which gives:

1

Qf = —— | dud®2(0.eF.2 + 0:eFO) + / dud®zen.:jP = Q5 +Qf  (46)
€” Jr+ I+

consisting of a soft term (first term), including massless charges only, and a hard term

(second term). The soft term involves the term (the zero-mode of the radiative compo-

nent with respect to retarded time):

/ duFég)eiw“
iy (47)
/ duF\9 = N, as w—0

uz
—0o0

This term creates and annihilates soft particles (zero-energy).
Considering the curl:

__ / " o, PO — —FOH

2z Z+7

(48)

— 00

23



by using the Bianchi identity in the second line. Assuming no magnetic monopoles (no
asymptotic states with magnetic charges) - and therefore no long-ranged magnetic fields,
SO Fzg|ZI = 0, one can define:

N, = €?0.N, (49)

with N being a real scalar. Imposing gauge condition A&O) = 0, it follows that:
¢*0.N = / dUF go)|zi - Ago)|1j (50)

For a finite energy shift, one needs the gauge field and shift to be pure gauge (gauge
transform of zero) in both the beginning and end of ZT.

5 From Conserved Charges to Soft Theorems in QED (S)

From finding an infinity of conserved charges, one expects to find the (infinitely many)
associated symmetries as well.

5.1 Canonical Electrodynamics at 7

Noether’s theorem establishes a connection between conserved charges and symmetries.
And when going from charges to symmetries; symmetries can be determined by the
Dirac bracket action of the charges (on the phase space). In a canonical Hamiltonian
formalism; having Q (charge) commute with H (Hamiltonian), and defining a phase
space I', with coordinates z! = ¢/, pj, where I is a continuous index in field theory. The
symplectic two-form on this space is:

1
Q= 5Qudgcf A dz’ (51)
and its quantum commutators are constructed as [A, B] = iQ!79; A0, B.

5.1.1 Symplectic Form

The classical phase spase in EM, can be defined as the allowed initial data on a Cauchy
surface. For a Cauchy surface ¥ in MS, the symplectic form for free electrodynamics is:

Oy, = —e% /E S(+F) ASA (52)

0 A is a one-form on the phase space I', so the term in the integral is a wedge product
of the infinite dimensional manifold, which describes this phase space. Writing out the
indices, the symplectic form becomes:

1
2

Qs = dZ“éFW A SAY (53)
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When choosing ¥ = Z7, it becomes:
1
Oz = 5 / dud?z(6FO A SAY 1 5F D A 5AO) (54)

Defining the constant part of A,(ZO) as:

A (u, 2,2) = A, (u, 2,2) + 0,6(z, 2)

1 (55)
0.6 =5 [AS’HII + Ag0>|ﬁ}

The first term is dependent on u, the second term is not. Substituting Fq. 55 into Eq.
54, with N as in Eq. 49, the symplectic form becomes:

Q7 = % / dud?z0,6A, NSA; —2 / d?20.6¢ N 06N (56)

The radiative components of the gauge field are paired in the symplectic form, and the
soft photon mode is paired with the ¢ field (the sum of the boundary values).

5.1.2 Commutators

Now discussing commutators, one has to invert the symplectic form in the terms sepa-
rately. The first term implies:

A ie?

[0uA(u, 2, %), Ag (v, w, w)] = —75(u —u)0%(z — w)
R A ie?
[Az(u7 2, 2)7 Aw(ulawaw)] - _Te(u - u/)éz(z - U}> (57)
O(u) = % djwe"”“

with ®(u < v') = —1 and ®(u > u') = +1. For the commutator between ¢ and N (not
dependent on u); the commutators are:

9(2,2), N(w, )] = - log = — wl* + f(z, ) + g(w,0)

0.6(2, 2), 0N (w, @)] = —ﬁaza@ log |z — w|? = %52(2 —w) (58)

1
0:—— = 210°%(z — w)
z—w

5.2 Large Gauge Symmetry

Now the previous commutators can be used to compute the commutator action of Q7
which has a matter term and a linear soft photon term (which do not commute with
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—~

QF, A 0) (u, z,2)] = 10,e(z, 2)
Q- ,A 0) (U z,2)] = 10,e(z, 2) (59)
[ +7N(Z72)]:0 [Qs? (uzz)]:O [QQ_’QZ)(Z’E)]:O

Symmetries generated by the conserved charges, QF, are ‘large’ gauge transformations
(of A,) with parameter €, which does not die off at infinity. € goes to an u-independent,
angle-dependent function at Z+, and at Z—, the gauge parameter approaches the antipo-
dally transformed function, for transformations generated by Q).

We need to check that these charges also generates the gauge transformations on the
matter fields, here the ‘hard’ term comes in:

w

—

w

[ [ 2w 0utu,2)] = ~Quele, Dl 2.2) = 60000, 2.2)
I+

[Q;ra D (u, 2, 2)] = 0Pk (u, 2, 2)

(60)

The sum of the hard and soft term, generates local angle dependent gauge transforma-
tions (on ZT).

5.3 Ward Identity

Each symmetry in a quantum theory corresponds to a Ward identity, which is the dynam-
ical consequences from the fact that the conserved charges commutes with the S-matrix,
or equivalently with the Hamiltonian, as S ~ e*#7T for T — oo.

5.3.1 Symmetries of the S-Matrix

The S-matrix (scattering matrix) can be written as (f|S|i), where f stands for final
state, and ¢ for initial state. If the charge is conserved, it can be written as

(fl(QIS —SQ) i) =0 (61)

The sum of the incoming charges is equal to the sum of the outgoing charges. Fur-
thermore, the action of a charge, acting on the initial and final state, can be split up
into terms of the action of the soft- and hard charge respectively, such that; (f] (QJSFS —
SQ3) i) = — (f1 (@S — SQ7) |i). Thus one can define:

Q: i) = /d'zagaN +2Qk52kazk |2) (62)
for Q)7 on the initial state, and:

(f1QF =2 / 70:0,¢ (| N(z,2) + ZQzuts (28, 28%) (] (63)
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for QF on the final state. Finally the Ward identity can be written as
2/dz8z8za (fl(N(2,2)S§ —=SN ™ (2,2)) |4)

[Z Qe (=", &) ZQ"“ (5,2 | (F1S i)

k=1

(64)

The term on the RHS (right hand side) in the bracket denotes incoming/outgoing charges
weighted by the value of the gauge-parameter, at the angle they are coming in (going
out) from. This equation states an infinite number of ward identities, one for each ¢ on
the sphere. They relate any S-matrix element of initial and final states, to the same
S-matrix element with a soft photon inserted.

5.3.2 Mode Expansions

Next it can be shown that the Ward identity (Fq. 64), following from conserved charges,
is the same as the soft theorem in abelian gauge theory. We have until now defined
particles by the points at null infinity, they came in at, and used advanced and retarded
coordinates to derive conservation laws from antipodal matching conditions. We need to
rewrite the Ward identity in terms of a plane-wave basis, as traditionally used in QFT,
using a mode-expansion of A,.

Going back to standard Cartesian coordinates in MS:
ds* = —dt* + di - dx (65)

Near ZT, the gauge field, A,, has the on-shell outgoing plane wave mode-expansion,
where ¢% = 0:

d? 1
_BZ/ q a(—) out(q*)equ+€ (q—jaout(q»)T zq-m} (66)
with normalization condition of the polarization vectors ejef,, = dop and

[ (@, 05" (2)'] = das2m)? (20 8 (7 - 7) (67)

being satisfied. Rewrite this using retarded coordinates, where the metric takes the form

(Eq. 34):
ds* = —du® — 2dudr + 2r°~,zdzdz (68)

The null vector ¢#, labelled by a point, w(z, Z), on the sphere, and satisfying ¢*q, = 0;
can be written as:

w
1+ 22

q" = (14 22,2+ 2,—i(z — 2),1 — 22) = (w,q¢", ¢*, ¢°) (69)
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At w = 0, we find ¢* = w(1,0,0,1), a null vector pointing along the z3-axis. One can
also write the polarization vectors, orthogonal to ¢ as:

1 . _ 1 , x
5(27 1a -1, *Z>v € #(Cf) = 7('27 172’ *Z)v quei#((j) = O’ 8583# = 504,8

() = 7
(70)

Considering the gauge field, AS)), in the future null infinity, ZT, given by:

AP (w,2,2) = lim A (u,7,2,%)

T e msn
T 2Z Jo
(71)

AS” is expected to create and annihilate photons at (z,z), and furthermore rotating
about this point, it creates one photon helicity (negative), and annihilates the other
(positive), where Az does the opposite. & being a unit vector pointing at (z,z) on the
sphere.

The Ward identity involves a term 9, N, so its mode-expansion is needed. First defining
(to be precise about the zero-momentum limit):
1 o0 . . 0)
0,N = — lim du (" + e ™) F, 72
i 2e2 w50t J_o ( * ) v (72)
ensuring 0,0;N to be Hermitian (referring to the exponential terms). Using the above
equation for the gauge field, one finds the expansions:

1 V2 [ out

- . A out/, ~\1
0.N e 11 23 wll%l+ wa™ (W) + wa?™ (wi) } (73)

The similar formula for 9, N~ is given by:

_ 1 \/§ . in A in A
0N = Tz i, (9 () w2 ()] ()

Considering the special case of which we have

e(w, @) = (75)

and using
1

z—w
to perform the LHS integral of the Ward identity, Fq. 64, it can be written as:

0z = 27162 (2 — w) (76)

ar(fl(o.Ns—so.N ) iy = | —H S G sy )

in __ ,out
el z — Zk — z Zk
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Finally one can re-express the Ward identity as

lim [i (] (a2 (w3)S —~Sa™ (wi)!) |i)]

n out m (78)
= V2e(1 + 22) ZZQZM —ZZQZ (f| S ]i)
k=1 k k=1 k

5.3.3 Soft Theorems

To show the final steps of recovering the standard soft theorem, one could rewrite the
z’s in terms of particle momenta; but the reverse is easier. We begin with the standard
soft photon theorem, attempting to recover the newly found Ward identity, Eq. 78, by
going from momentum space to points on a sphere (from plane waves to z’s). The soft
photon theorem can be written as:

hm out (NS |i)] = e lim AR R e % Sli
[w (F1a2" (@S |0)] %[Z T Z g | 1S
= — lim [w (£ Sa™ (@) 1]

(79)
with [¢) = [pI,...,pI"), (f] = (pi™*,...,pou" |. The LHS annihilates a positive helicity
photon, and the RHS creates a negative helicity photon. The middle term dictates initial-
and final states, described by particles with momenta and charges - the Weinberg soft
factor.
g¢* = (w,q) is the soft photon momentum, and w — 0 being the soft limit, where we
have a soft/Weinberg pole - and additionally a collinear pole, since ¢, p are null vectors.
Hence the pole-structure of the two equations agrees.

Writing the hard particle photons in terms of energy and a point on the sphere, as for
example:

) ) in T Zin — Zin _ Zin 1— zmzm
(P}Cn)“ — E;Cn 1 ( k k )’ k “k (80)
"1 + m m 1+ Z;cnzlzn 14+ Z]lfnz;gn

Similarly for incoming ¢, and outgoing p and ¢g. Substituting this into the soft photon
theorem, one reproduces the Ward identity. This result connects the soft photon theorem
to the large gauge symmetry of EM.

5.4 Feynman Diagrammatics

This section will review the standard field theory derivation of the leading photon- and
graviton soft theorems (in the form given by Weinberg).

5.4.1 Soft Photons

Starting with the soft photon theorem (see Eq. 79 in comparison), which states that any
S-matrix element with a soft photon added, is the original matrix element, multiplied
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by the soft ¢* — 0 factor (with added corrections of order ¢"):
out | €+

out Qout Qm in . 0
(| aS™ (@S i) Z ot Z o s o) e
k=1 k=1

Consider a scattering process with incoming and outgoing particles, then add one out-
going photon with momentum q, see Figure 12.

Figure 12: On the left is a Feynman diagram representing n — m scattering. On the
right, the effect of adding an outgoing soft photon (or graviton) with momentum ¢ and
polarization ¢ is illustrated. In the upper diagrams the soft particle attaches to an
external propagator, while in the lower one it attaches to an internal propagator. The
figure is taken from [Str].

In the soft limit, the amplitude is a sum of terms, where the photon attaches to external
or internal lines. To compute this process, using the LSZ method; first compute the
time ordered Green’s functions, using Feynman ie prescriptions, and then amputate the
external legs. When attaching an additional photon to an external leg, which is ampu-
tated, only a vertex and propagator for the (external leg’s) particle needs to be added.
This is the only difference to the same diagram, but without the added external soft
photon.

Consider the interaction: The interaction vertex is Liny = —A*j,. The charge cur-
rent of a scalar field of charge @ is:
Ju = 1Q (900" — ") (82)
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For a plane wave, the charge current is: j, ~ 2Qp,, when the normalization for single
particle states is:

(p|p') = 2wp(2m)°6° (p — p') (83)
The propagator for a (single) scalar particle is:
_2Z 2~ 2 — 2 2 — (84)
(p+a)?+m? p*+2p-qg+¢*+m> 2p-q
using the on-shell condition ¢ = 0 and p? = —m?, and its vertex factor tesh2Qp,. So
the total contribution becomes:
iee” (2Qp,) _ cQe p (85)

_>
P+a@?+m*>  qp
Thus for all outgoing and incoming (with minus signs) particles, the contribution is:
erut out | er pk .
IR <86>
k=1 k k=1

Internal propagators are never on-shell, so they do not contribute to the pole in the soft
limit. The soft factor shifts by:

D QR =D et =0 (87)
k=1 k=1

when shifting ¢# by ¢*. The global charge conservation ensures that the soft factor
is gauge invariant. Works in the same way for charged particles, and not only scalars.

5.4.2 Soft Gravitons
To generalise to gravity, the interaction, and equations needed for gravity are:
Ling = V8TGR" T},
euwq" =0, 5”1/77#1/ =0, (88)
Ty = 0ud0y — muap $0p9

T, being the stress tensor (for a scalar field), and €, being the polarization tensor for
gravitons. Same propagator as for photons 2;.’(1. The scalar interaction is T}, ~ 2p,py.

The product of vertex and propagator becomes:

V327G pupy—————— — V/3n G Puby (89)

(p+q)* +m? P-q

for one external particle. The soft factor is generally:

g;ujpzut piut Euupk pk
\/SWGZ W V8m GZ o {‘q v (90)
k=1
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Shifting e — e 4+ A¥(q)q", the analogue of gauge invariance in the gravity case, the

soft factor shifts by:
m n )
S AR o)
k=1 k=1
due to global energy-momentum conservation.

5.5 Asymptotic Symmetries

So far it has been shown, that the derived conserved charges generate large gauge trans-
formations (see Section 5.2). This section will describe the asymptotic symmetries.

To find these symmetries, you have set of fields, where you specify how the components
fall off, as you go near null infinity. Then make the boundary conditions as strong as
possible, but without ruling out anything unreasonable. You often find gauge symme-
tries, which respect the boundary conditions, but behaves non-trivially at infinity, which
might lead to acting non-trivially on the Hilbert space (quantum case). For the gravity
case, this analysis lead to discovering the BMS group, which includes supertranslations
(retarded time shifted by an arbitrary function on the sphere). “It is an art and not a
science” - from [Str| p. 34.

An asymptotic symmetry group (ASG) is defined as the allowed gauge/local symmetries,
divided by the trivial ones:

ASC — allowed gauge symmetries

— : (92)
trivial gauge symmetries

The allowed are the ones, that respect the boundary conditions, where the trivial ones

act trivially on (do not change) the physical data.

With the intent of covering the Poincaré group in general relativity, considering asymp-

totically flat space-time, at spatial infinity, Bondi, van der Burg, Metzner and Sachs

showed the ASG to be the BMS (Bondi-Metzner-Sachs) group, containing the Poincaré

group as a subgroup, but with an additional infinity of generators, the supertranslations.

This implies that GR does not reduce to special relativity for weak fields at long dis-

tances.

Another example is Brown and Henneaux, taking a 3D anti-de Sitter space, with weak

enough boundary conditions to allow all the black hole solutions. They found that the

ASG /asymptotic symmetry algebra were two copies of the Virasoro algebra.

In electrodynamics (gauge theory), one must look at the boundary conditions of Z~
and ZT, and derive the asymptotic behaviour from the field equations. Consider a
sphere at large 7. Its surface area grows like 72; thus, for the energy flux at any time to
be finite, we must have T}, ~ (’)(%2), where the %2 comes from inverting the metric on

the sphere (with radius r). We also have the relation:

,.YZE
T~ FusFus= 5 + .. (93)
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This, and F,,;,- being the long range electric field, suggests:

1
F.,.~0Q1), Fu,F,~0O (72) (94)

Thus, the boundary fall-off conditions for the gauge fields must be:

r2 r

1 1
A, ~0O(1), A ~O ( > , Ay ~0O <> (95)
which allows all initial data. The allowed gauge transformations are therefore:
0A, = 0., 0A, =0, O0A,=0¢ (96)

being consistent with:
1
e=¢e(z,2)+ 0O <> (97)

r

This suggests the non-trivial large gauge transformations are generated by functions,
g, dependent on (z,z), and not u. This is the electrodynamic analogue of the BMS
transformations of gravity theory.

5.6 Massive QED

This subsection will generalise the previous results to massive particles. For a massless
field, time-like infinity is not important. A massive particle on the other hand, never
makes it to null infinity (they go from i~ and asymptote to i7). How does a gauge
transformation/charge act on a particle, that doesn’t make it to null infinity? We have
found the hard charge action on asymptotic massive states, which then let us transform
into momentum space to reproduce the soft theorem.

We need to extend the asymptotic gauge parameter €(z, z) from null-infinity into the
bulk interior of MS and i*. It is convenient to use Lorentz gauge, VH#A, =0, implying
that the gauge parameter satisfies Ce = 0, as §A4, = J,e. The boundary condition is
that the gauge parameter asymptotes to a specific function, £(z,z), on Z. It has the
general solution (that approaches ¢(z, z)):

c(z) = / 4Gz, )e(d) (98)

where the point on the asymptotic sphere is parametrized by a unit vector §, pointing
towards (z, z). The Green’s function, G, satisfying properties of the massless scalar wave
equation, is:

u— fixed
with solution:
) v(9) ztxy,
= — 1
Gla.g) = -V B2, (100)
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where ¢* = (1,§) and /—g = r3\ﬁ, with v being the inverse metric on the unit sphere
52. The properties are showed by:

DG(.T, (j) =

7(4) 2 2atz,
4T O [(q-x)Q (q-x)3q
_ V@[ 8 4 4 Gt )

T 47 |:(q.x>2_(q'$)2_(Q‘x)2+(q-x;lq2 =0, (101)

o V@) u(u+2r)
Gla,d) =30 [wt+r(l—q- )2

The second property being G given in retarded coordinates, for which it diverges if § = &
and vanishes if ¢ # &, for large r. In the limit of Z~ (r — o0), keeping v = u+2r = const,
G localises to the point § = —2; implying that the large gauge parameter in the 7~ is
antipodally related to one, in the Z* limit. This antipodal map is required by Lorentz
invariance, since the gauge chosen is invariant.

5.6.1 Hyperbolic Slicing

Now we want to find the limit of the bulk gauge parameter onto i+, by introducing a new
set of coordinates. The retarded and advanced coordinates are good near null infinity,
but not near past- and future timelike infinity, 7. That’s why one can use hyperbolic
slicing of MS, with slices labelled by the coordinate:

2= —atr, =t* —r? (102)

which is invariant under boosts about the origin (it doesn’t change 7). It maps about
the origin as showed in Figure 15.

So surfaces of fixed 7, are mapped into themselves. These surfaces are Euclidean AdS3
or H3 (hyperbolic three-space), for 72 > 0, and for 72 < 0, the surfaces are 3D dS3. So
to study time-like infinity, one should study these AdSs slices, and for spatial infinity,
one should study the dS3 slices. We define the parameter:

r

—— (103)

p =
as a radial coordinate on the Hj slices, where 7 labels the slices. The Minkowski metric
in these new coordinates takes the form:

2
ds® = —dr? + 72 [lc_lpr - deQS} (104)
The metric on the 7 = const hypersurfaces are Euclidean AdSs (H), which has sym-
metry group SL(2,C). These Lorentz transformations thus act on each of these slices,
mapping them into themselves. One can rewrite the Green’s function, in terms of the
new coordinates:
7(4)

5 (105)
47r[ 1+p2—pq-§:}

G(t,p,2;q4) =
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Figure 13: Hyperbolic slicing of Minkowski space. The slices correspond to constant
72 = t> — 2 surfaces. The red lines correspond to Hjs slices and have 72 > 0, whereas
the blue lines correspond to the dSs slices with 72 < 0. The figure is taken from [Str].

which is known in context of AdSs, and is called the (3D) bulk-to-boundary propaga-
tor (for a massless scalar), relating quantities on boundaries, to those in the bulk. 7
has dropped out of the equation (9;G = 0), implying that the gauge parameter is 7-
independent (0. = 0). Hyperbolic slicing is thus really useful, as we see the holographic
structure of AdS3 in MS.

Considering a particle with constant momentum and which follows a trajectory, 7 =
%ﬁt + 7 for a fixed 7, as illustrated in Figure 14.

Figure 14: Hypersurfaces of constant p are shown in green. The grey line is the worldline
of a massive particle moving at constant velocity. The worldline of a particle asymptotes
to a surface of constant p as 7 — oo. The figure is taken from [Str].
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We are interested in the phase associated to a such particle. Before we took our charges

and surface integrals, and extended them as bulk-integrals near time-like infinity, but

didn’t consider the endpoints (nothing’s up there). To have a closer look at the endpoints

of time-like infinity, we take a slice at constant 7, and take a limit by letting 7 — oo.

For a massive particle we have m? = E? — p? and & = %, and (7, p and %) are given by:
p= r — |%ﬁt+770|

VE—r? \/tL(%ﬁtJrFof ’

. _ T _ pER (106)
== |pt+ETo|’
15122
2 r2 _ E2 p—Q _ ﬁ
P t2—r2 9 ‘p|2-t2 - E2_p3 — m?2
E2

At late times, ¢ — oo, we have

p—)L]j, oD i p (107)

—

with p = %. In Figure 14, is shown the hypersurfaces of constant p, and it illustrates

that any particle moving with constant velocity, asymptotes to one of these lines. The
gauge transformation (parameter), ¢, is constant along these lines, so in this gauge, it
is known what kind of phase such particle should have; e’@€(?9)  The hard part of the
large gauge charge is thus:

@ == (.5) 1
= Qe((p). 2o1) 1)

The action of the large gauge charge on a massive particle is thus proportional to the
Lorenz gauge value of the gauge parameter, at the point (of Hs), where the massive
particle asymptotes to.

(108)

Looking back on Section 2, the following will be useful to reflect upon:

The H3 (Euclidean AdS3) hypersurfaces, and the 3-dimensional de Sitter space dSs,
from hyperbolic slicing of MS (when discussing massive QED), has isometry group
SL(2,C) - a group of Lorentz transformations mapping the slices into themselves.

The 4D SL(2,C) Lorentz invariance acts as the global 2D conformal group on the
celestial sphere C'S? (useful when rewriting the 4D Minkowski S-matrix into a 2D cor-
relator on C'S?).

Other than that, SL(2,C) is the global conformal group of the two-sphere S? (rep-
resenting points on the past- and future null infinity boundary, Z%F).

5.6.2 Soft Theorem

One can use this result to derive the Ward identity, which turns out to agree with the
Weinberg soft theorem. The derivation is similar to the massless case, but the action of
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the charges on the initial and final states (Fq. 62 and 63), now has an extra term from
massive states, such that:

(flQF = —2/d2w8wa<f\8wN
+ Y Qe E) (Fl+ > Qe (ﬁ’ﬁ’“) {f]

k€ massless k€ massive
(109)
and the Ward identity becomes:

—2/d2w8wsaw (fI [N (w,®)S — SN~ (w,w)] |i)

A (110)
= _ [ Z Qre (2, 2i) + Z Qke <Tnk7]§k>] (fIS13)

k€ massless k€ massive

1

Using the same procedure as for Eq. 77 (set e(w,w) = —

V2 m [w(f|ay(wi(z,2))S |i)]

i
1+ 22z w—0+

), one will find:

_ Qk Pkl .
| xS s e (o) gisw
k€ massless ke massive
(111)
%
Finally using G (’i’i‘,ﬁmw,tﬁ) = %87 [1£@ pg}fg}, one finds:

— — t(y 3
1 2 .

z—w 1427 pp-d4(z, 2)

which can then be plugged back into the Ward identity (Eq. 111) to obtain the soft
photon theorem for massive charged particles in the form of Fq. 81.

5.7 Magnetic Charges

A pole occurring, when a soft photon is attached to an external leg in a scattering
process, leads to corrections (using LSZ). One can use electromagnetic duality transfor-
mations to find these corrections for the magnetic charges.

There are conservation laws for magnetic charges, just as for the electric charges. Some-
thing like QF = Jr+eF = Q- can be showed for the magnetic charges (by antipodal

continuity of the magnetic field). This implies a new set of symmetries. It turns out
to be the exact same set, as the infinite set of electric conservation laws; but in the
usual electric theory, these symmetries cannot be understood as a nontrivial subgroup
of the usual electric gauge symmetry - and vice versa if we write in a magnetic form.
Asymptotic symmetries act simply, and are most naturally characterised in terms of
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their action on the Hilbert space, described in the asymptotic region at null infinity.
Not all asymptotic symmetries arise as a nontrivial subgroup of some manifest gauge
symimetry.

One needs a theory that exists non-perturbatively; and QED, reigning over photons
and electrons, does not exist non-perturbatively due to the Landau pole. We need a
bigger theory, which often contain magnetic monopoles. We hope to see, that the soft
photon theorem is corrected, when magnetic monopoles are present in the asymptotic
states.

Consider a scattering process, where we create a monopole with magnetic charge g, so
there is going to be some coupling to the photon (see Figure 15), as moving monopoles
radiate their electromagnetic objects. One can use the LSZ method to truncate external
lines, to get a propagator ]%q times a vertex factor as corrections to the soft theorem.

Figure 15: Feynman diagram with photon coupling to an external leg of a scattering
process with a magnetic monopole.

Consider the perturbative electric soft factor:

eQrpr - €%
5S¢ = Z L (113)
~ 0D

Consider a theory with magnetic monopoles; we have point particles with charges:

1
M:/F (114)
2 Slz

This is an integral over the two-sphere surrounding the charge. The pole in the soft
factor is unchanged, so we only need to determine the vertex factor. Thus we transform
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to dual variables (field strength, coupling constant, and electric and magnetic charges):

. 2 2 « 1 ~ v 1 -
Fe-Zur =2 Qg [ sF= M=o [ Fo-qu 1)
sz

2 )
e e e 2 2
Sk

where the duality interchanges the electric and magnetic charges as (Q, My) = (M, —Qx).
New electric charges are equal to old magnetic charges, and new magnetic charges are
equal to minus the old electric charges. The magnetic charges couple to the dual electric
field, the same way the electric charges couple to the original electric field. The dual
gauge potential couples to magnetic charges as:

~ ~ 2
F:dA:—e—z* dA (116)
as the usual gauge potential does to electric charges ' = dA, A = ec,e?®. The
polarization is related as:
Aulg) = esiiq),  Aulg) = e (q) (117)

or A = é,e"*. Thus the correction by the magnetic charges, to the soft formula must
be:

(118)

qo — Z Pk - (Qk@Ea + Mkééa)
0 =
& q- Pk

(for final states). It can be checked that the formula is invariant under electric-magnetic
duality. Writing out the duality transformations in retarded coordinates near future null
infinity, the expansions become:

~ 21

~ 0 271 = (0 - 271
B = ToveeFD, B =507, B = 5 FY (119)
implying:
(0) — 27 40

corresponding to the radiative mode of the EM field with one polarization - transversely
polarized, near null infinity. This implies that the duality transformation is just a mul-
tiplication by i - a phase shift by 7, which is equivalent to exchanging the two fields (a
90 degree phase shift).

The soft factor for positive helicity is thus written as:

sg =3 (eQr + 2T My) py, - *

0 (121)
- q- Dk
For opposite helicity, a combination of eQy + %Mk appears instead.
The outgoing magnetic charge (on Z) is defined by:
~ 1 1
-~ [ =1 @eF? 122
e [er=gn | atert (122)
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Using the Lorentz invariant matching condition:

(123)

which implies:
G =G =y [ @uerl? (124)
2T 7
+
states that outgoing charges (on Z) are equal to incoming charges on Z~.
Thus there is a second infinity of conserved charges, when adding magnetic charges.
What is the associated symmetry to these conserved charges? In the electric case, we
constructed Dirac brackets and computed the action of the charge on the fields (assumed

that Fz(g) vanished at 7}, which cannot be done when magnetic charged particles are
present). Computing the Poisson/Dirac brackets with magnetic charges present, with
the same boundary conditions is not canonically shown.

Duality covariance gives an obvious guess for what symmetries these charges should gen-
erate; transformations under which A shifts by d,e. One can figure out the commutator
of the magnetic charges with the electric potentials A,, using Eq. 120. These magnetic
gauge transformations on the dual gauge fields should thus be:

2 (125)

the gauge potential is transforming as the electric gauge field, but with an imaginary
gauge parameter € = —%6, and the original real U(1) symmetry has been enhanced
to a complex U(1) symmetry. This complexification of the gauge group, enables one to
find the electric- and magnetic gauge symmetry on the asymptotic fields, simultaniously
and locally. The Ward identity of this complexified large gauge symmetry is precisely
the full nonperturbative electric and magnetic soft photon theorem.

The large electric transformations/symmetries can be thought of as a non-trivial sub-
group of the gauge group symmetry, but the magnetic symmetries can not. There might
be a lot of asymptotic symmetries (acting nicely on asymptotic infinity), which could be

understood as subgroups of some bulk gauge symmetry - however, it is not true for all.

6 Celestial Correlator and Non-abelian Gauge Theory (S)

6.1 The S-matrix as a Celestial Correlator

So far, the convention used for describing scattering, has been the conventional descrip-
tion of an S-matrix mapping an incoming- (initial) to an outgoing (final) Hilbert space.
The Hilbert spaces are described as asymptotic, non-interacting energy-momentum eigen-
states. However an alternate description can be used, namely that the scattering is a
type of correlation function on the sphere, as illustrated in Figure 16 - which can be
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Figure 16: The 4D Minkowski S-matrix, written as a 2D correlator on the celestial
sphere. The dashed line on C'S? separates regions associated with incoming- and outgo-
ing particles. The figure is taken from [Str].

more convenient, both computationally and conceptually.

To be put more explicit; the 4D Minkowski S-matrix for any given theory, can be written
as a 2D correlator on the celestial sphere C'S?, parametrized by the asymptotic angle
(z,Z) on T.

Incoming and outgoing massless particles are respresented by operators at the loca-
tion, where they enter Z~ and exit ZT, with the operators being labelled by quantum
numbers, such as energy. The angles on past- and future null infinity are antipodally
identified, such that free massless particles enters and exits at the same point on the
celestial sphere. The 4D SL(2,C) Lorentz invariance acts as the global 2D conformal
group on CS2.

Continuing the massless case, the incoming (in) and outgoing (out) massless particles
are labelled by operators:

Ok(z,2) (126)
where the parameter
14 .2
T +ax
== = 127
r+4 a3 (127)

denotes a point on the sphere at ZF, where a paticle of type k enters or exits the
spacetime. Massive particles however, as discussed in Section 5.6, enter and exit time-
like infinity %, at a definite point on the hyperboloid Hs (in Eq. 107), corresponding
to operators that are smeared on C'S?, with weighting given by Eq. 105. Alternatively,
the boost-eigenstate wave functions for massive particles, can be associated to a point
on CS?, by using the bulk-to-boundary propagator on Hi.

One can thus express the n-particle scattering amplitudes in the form of a celestial
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correlator on C'S? as:
(FIS|i) = (O1(21,21) -+ O (20, Zn)) - (128)

The S-matrix is simply rewritten in a different notation. We have switched to a conven-
tion, in which the sum of the four-momentum is zero, rather than the difference between
the in- and out four momentum. As we are interested in Lorentz invariant theories, we
write down how the 4D Lorentz symmetry, SL(2,C), acts on the celestial sphere:

az+b
cz+d’

ad —bc=1 (129)

SL(2,C) is the global conformal group of the two-sphere. In QFT, scattering amplitudes
must transform covariantly under the Lorentz group. Hence, these correlation functions
must transform covariantly under the global conformal group SL(2,C), and must look
a lot like the correlation functions in a 2D conformal field theory (CFT) on the sphere.
This becomes more clear, when the external particle wave functions, instead of being
traditional plane waves, are taken to be SL(2,C) primaries, labelled by their conformal
dimensions and location on CS2.

For quantum gravity, with issues involving IR finite quantum anomalies, the global
conformal group gets enhanced to the full local conformal group z — w(z), appearing
in 2D CF'T. This could place constraints on the structure of scattering amplitudes. One
may also attempt to find a 2D CFT whose correlators on C'S? reproduce the S-matrix
of a four-dimensional quantum theory of gravity, which would provide a microscopic
realization of the holographic principle in 4D flat space quantum gravity (or flat space
holography).

If the QFT can be coupled to gravity, it suggests the celestial correlators are those of
a 2D CFT. As an example, the tree-level celestial correlators involving soft gluons are
those of a non-abelian two-dimensional Kac-Moody algebra.

6.2 Non-abelian Gauge Theory

Turning to the soft gluon (an exchange particle/gauge boson for the strong force between
quarks) theorem, which applies to theories with a non-abelian gauge group G. This the-
ory has (quantum) corrections at the loop level, that are related to the running of the
gauge coupling in the IR, affecting the coupling constants in front of the hard part of
the charges. But even in N = 4 Yang-Mills theory, where the coupling does not run,
there are one-loop exact corrections to the soft gluon theorem.

Soft theorems are important for controlling IR divergences, and getting IR finite inclusive
cross sections. The missing uncorrected quantum soft theorem in the non-abelian case,
is related to the fact that there is no known unitary S-matrix for quantum non-abelian
gauge theories.

One can define finite inclusive cross sections with an IR cutoff, which is acceptable for
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most experimental applications, as they have an IR cutoff due to limits on detector
sensitivity. It is a problem, e.g. for the (theoretical) studies of N = 4 YM scattering
amplitudes (which do not exist). Understanding the IR symmetries might enable a con-
struction of a finite unitary S-matrix or a suitable replacement.

In this section we will stick to tree level for the non-abelian case, by using the for-
malism of celestial correlators. In this formalism, the scattering of a soft gluon becomes
the insertion of a current into a correlation function on C'S2.
It will be shown that this current obeys the Ward identities of a G-current algebra, giv-
ing an alternative representation of the asymptotic symmetry group. Furthermore, the
infinity of non-abelian conserved charges will be constructed.

6.2.1 G-Kac-Moody Algebra

Using said formalism, the asymptotic particles are represented by the operators Oy (the
k’th representation of the non-abelian gauge group G) on the celestial sphere, and the
scattering amplitudes expressed by celestial correlators can be written as:

<f‘ S |Z> = <Ol (E17 21, 21) -+ On (Ena Zn, 271)) . (130)

with E, being the energy of the n’th particle. The generators of the gauge group, 1%,
in the adjoint representation, of G satisfy:

\7e, 8] = i (131)

where the f*¢ are the real, completely antisymmetric structure constants, normalized
as:
facdfbcd — 5ab — tr [TaTbi| (132)

where the trace is over the suppressed color index.
The field strength, constructed from the gauge field A, = A{T?, is written as:

Fuw =0 Ay, — 0 A, — i [A, A = F T (133)
and obeys EOM:
VY Fop — i [A”, Fou] = Q%ij (134)

with gy s being the gauge (or Yang-Mills) coupling, and j* the matter color current.
The non-abelian gauge transformations act on the gauge- and matter fields as:

0-Ay = Oy — i [Aysel, o = ie"Ton, 655" = —i [} €] (135)

Near future null infinity, the gauge field has the large-r expansion, just as in the abelian
case:

A (u,ry 2,2) = Ay(u,2,2) + O (%)
Ar(uvra 2, 2) = T%Ar(ua 2, Z) +0 (%) (136)
Ay(u,r,z,z) = %Au(u7 z,Z2)+ O (%)

T
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where the field strength has the expansion:

with the leading components given by:

Fur - 8uAr + Au; Fuz = auAZ7 FZE = azAZ - 82142 —1 [AZ7 AE] (138)

The gauge field expansions (asymptotics) allow large gauge transformations to be in-
finitesimally generated by:
0:A.(u,2z,2) = Dye(z, 2) (139)

The scattering problem becomes well defined if we impose the antipodal boundary con-
dition:
Aslpr = Aelg- (140)

along with Fm|1f = Frv|1;- This is preserved by large gauge transformations, provided:
8(27 E)IIj = E(Zv 2)‘1; (141)

Hence, given any one solution of the scattering problem, infinitely more may be generated
by acting on both the initial and final data with such a transformation. As in the abelian
case, the infinity of conservation laws is an immediate consequence of the need for a
matching condition.

In this notation, the tree-level non-abelian soft theorem can be written as:

(O1(p1) -+ On (pn) O%(¢:€)) —gYMZ 01 (p1) - TR Ok (1) - On (n)) =1 +O (¢°)
(142)
where the U = 1 is for assuming a flat color connection on the sphere, with color

connection A, = U~19,U with U € G on the S2.

We have n incoming (and outgoing) particles, and a gluon on the (n+1) spot, represented
by the soft gluon operators O%(q,¢) (with momentum ¢, color index a, and polarization
). On the RHS, the k’th particle is acted on by the gauge group generator.

A pair of quarks near ZT, which were initially in a color singlet, will generically not be
a singlet at late times, as the color frame changes. This is the “color memory” effect.
The soft gluon operator at Z= is defined as:

o0
Nz = / duFuz = Az‘zi — Az‘Iir
—00

00 (143)
N, = dvF, = A] |- — A |-
2 /OO LERIP z ‘I+ z }I_
We define soft gluon current as:
4
Jo=——— (N. = N.) (144)
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One can now take these new operators, which involved integrals over time, and rewrite
them in terms of creation and annihilation operators to create this current. Then trading
the momenta py, for 2z, and ¢ for z, the soft theorem can be rewritten as:

n

(145)
This is in 2D CFT the formula for a Kac-Moody current into a correlation function, or
the Ward identity of a holomorphic Kac-Moody symmetry.
Now we multiply both sides of the formula by e, and integrate over some arbitrary
contour, C' in the sphere. Let’s consider the weighted integral of the current around said

contour on C'S?:
dz

Jole] = fé 5 el (146)

with £(z) being a holomorphic function in the interior of the contour. Inserting these
operators (which generates gauge transformations e inside the contour), one obtains:

(Jele]Or-++ On)yey = Y (O (21) TEOk -+ On)yyy (147)
keC
with g = €T}, This Ward identity relates U = 1 amplitudes to the more general case.
Consider an infinitesimal change in the flat connection:

U (2, %) = ie(z,2) + ... (148)

choosing € = 0 outside of the contour. The change in the correlator is thus simply given
by a large gauge transformation of the operators themselves:

O <01 s On>U:1 = <01 ct O?’L>U:1+i5 - <Ol T OH>U:1
:Z‘Z((’)l...ga (2) TEOk - - Oy (149)

keC
=i (Jole]Or - - On>U71

and this relation can be characterized by:

4]
_ 2
Jole] = /R R (150)
Thus, an insertion of Jo will generate locally holomorphic large gauge transformations
on the boundary, which are characterized by a general flat connection A, = U~19,U.

6.2.2 Conserved Charges

We could have also formulated this problem as an infinity of charged conservation laws.

Defining the charge:

1
9y m JIt
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integrating it by parts, and writing it as an integral over ZT, the final expression will
contain a soft and hard term QF = Q- = QF% + QF, and the soft term will be related
to the current by:

Jele] = Q% - QF° (152)

This operator generates transformations on anything inside the contour.

7 The B.M.S. Group (P)

In this section I will focus on the attempt of finding the BMS group, by the approach of
Penrose. In Section 9, 1 will explain, how Strominger went about his method, and then
compare the two approaches in Section 11.

The generators of Z+ has a conformal structure, which is essential for the definition
of the BMS group. The definition of asymptotic flatness states, that a conformal in-
finity 7 exists with the described structure as in Section 3.9. This is ensured by weak
asymptotic simplicity and the Einstein-Maxwell equations (with no cosmological term)
holding near Z.

7.1 Group of Symmetries of Conformal Infinity

In special relativity (SR), the Poincaré group is the group of symmetries of MS, preserv-
ing its metric structure. In general relativity (GR) no such group arises, as the group of
symmetries of a general space-time (the ‘general coordinate group’, being the group of
diffemorphisms of the space-time, only preserves smoothness). Restricting to an asymp-
totically flat space-time, the new concept of an asymptotic symmetry group arises. The
asymptotic symmetry group, the BMS group (by Bondi, Metzner, and Sachs), was de-
fined as the group of transformations between asymptotically flat coordinate systems of
a certain type.

Consider MS; transformations belonging to the Poincaré group are metric preserving,
hence conformal. They thus induce transformations of Z to itself, which also are con-
formal, as 7 remains invariant. Thus the Poincaré group is the group of conformal
symmetries, of Minkowski conformal infinity.

Let’s take the group of conformal symmetries of conformal infinity Z of an asymptoti-
cally flat space-time, as an example.

What structure of Z is to be preserved by transformations of this group? Its inner confor-
mal metric is too weak a structure, as Z is a null hypersurface. Distances along generators
of 7 are zero, and their ratios cannot be assigned. The group of self-transformations of
T, preserving the weak inner conformal metric, have some significance as an asymptotic
symmetry group. It is larger than the BMS group, and is referred to as the Newman-Unti
group. To aquire the BMS group, one needs to strengthen the structure of Z.

46



7.2 The Inner Conformal Metric of 7

First we want to examine the nature of the inner conformal metric of Z, and the self-
transformations preserving it.
Asymptotically flat space-times, M, described as a disjoint union of two smooth hyper-
surfaces ZF; with Z~ consisting of past endpoints of null geodesics in M, and Zt of
future endpoints. The topology of ZF is S? x R, where the R’s are the null geodesic
generators of Z* - they are shear-free, ie. they establish a conformal mapping between
any two S? cross-sections of either Z~ or Z+.
Theorem: Any conformal 2-surface with the topology of a sphere S2, is conformal to
the unit 2-sphere in Euclidean 3-space.
One can thus assume ) to be chosen, such that the cross-section S of Zt has the (un-
physical /rescaled) metric d3? of a unit 2-sphere. Given one €, one can make the choice
Q' = 09, which also vanishes at Z; with a non-zero gradient. With 6 being an arbitrary
smooth, positive function on Z - one can rescale the metric on Z as pleased. One can
also use this to scale dé along every generator of ZT, such the divergence of the gener-
ators vanishes. Hence, a continuous succession of cross-section of Zt+ can have metrics
agreeing with S, mapped along the generators. One can thus assign the metric of Z% to
be:

di? = —ds? = d#? + sin® 0d¢? + 0.du?, (153)

with 6, ¢ being spherical polar coordinates for S and are constant along generators of
Z7". wuis the parameter defined along each generator of ZT, for where surfaces u = const
are cross-sections of ZT. Every cross-section, given by u = f(6,¢) of ZT, has the metric
of a unit 2-sphere. The same story goes for Z—, but with v instead of u.

7.3 Group of Self-Transformations, Preserving its Inner Conformal
Metric

Now consider the group of self-transformations of ZT, preserving its inner metric. Any
smooth transformation of Z* to itself, sending each generator into itself (while preserving
the orientation on each generator) is allowed. These are given by:

00, ¢ u— Flu0,0), (154)

F being smooth, with %—5 > 0. The metric (Fquation 153) is unchanged. One can also

allow conformal transformations of the (6, ¢)-sphere to itself (C(2)).
Introducing variable shift ¢ = e'? cot(g), the metric becomes (see Equation 5):

4d¢d¢ 2
di* = —— 2 +0.du (155)
(1+¢¢)?
The conformal maps of the sphere are given by (see Equation 6);
> al+p
(—=¢=[()= (156)
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Thus the general (Newman-Unti) transformations take the form:

ad +
¢+ 9

¢— , u— F(u,0,9), (157)

with %—5 > (0. This is called the Newman-Unti group.

There is a lot of freedom in the function F, that we want to reduce. One can as-
sign more geometrical structure to Z*. The preservation of this additional structure
reduces the freedom in F' to a function of only 0, ¢; and one will then obtain the BMS

group.

7.4 Geometrical Interpretation of a Point of 7

Assume M is MS; each point p of Z7 is associated with a null-hyperplane 7 in M. Every
generator of 7 is a null geodesic, attaining the same future end-point p on Z*. 7 can
be physically interpreted as the constant phase hypersurface in a plane-wave, parallel
to null hyperplanes/phase hypersurfaces belonging to the same plane-wave. They will
terminate at other endpoints on Z*, but the totality for these points will constitute the
generators v of ZT through p (of given plane wave/null direction in MS). Parallel null
geodesics will terminate on ZT at points of one generator of Z+.

Different null geodesics through p (apart from ~) are the generators of 7. For fixed T,
the space of generators has the structure of an Euclidean plane E?, as any cross section
of 7 has the intrinsic metric of an Euclidean plane; the projection along generators of 7
maps these planes isometrically.

In the neighbourhood of p, the null geodesic generates the past light cone of p. One
can see the Euclidean structure, if we take a parabolic section of the past null-cone of p,
by null 3-plane near p, parallel to v - see Figure 17 .

This is essentially the same situation as in Figure 4. (E? planes are conformally related
to the unit sphere S?, established through generators v). The —d3? metric is that of a
Euclidean plane, conformal to E2.

One can refer to the E? structure of the generator space of 7, to tangent space to Z
at p. Any generators v of 7 (null geodesics through p) is associated with a 2-plane
element at p, spanned by directions 7, v at p. 7 is normal to ZT at p, so the orthogonal
complement is also a 2-plane element, N, tangent to Z (with no direction in ~); and is
characterised by it being tangent to Z+ and orthogonal to v.

Thus the tangent 2-planes to ZT can be used to represent null geodesics in M (no matter
if M is flat, curved or asymptotically flat).

Consider a 3-plane element at p, containing the direction ~y; intersections with the null
cone at p gives a 1D system of null geodesics in 7 - with M being MS, this corresponds
to a straight line in E2. The orthogonal complement is a line-element at p, tangent to
I+ (with no direction ).
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"parabolic” E*

section of cone

e E? cross-section of

Figure 17: The Euclidean plane being embedded as a parabolic section of a null cone.
The null hyperplane, 7, becomes the past light cone of p. The generator, v, is represented
by an orthogonal 2-plane, N, tangent to Z* at p. The figure is taken from [Pen74].

Thus line-elements at p represent straight lines in E2. Directions tangent to ZT at p
represent oriented straight lines in E?2.

7.5 Geometrical Interpretation for an Asymptotically Flat M

For an asymptotically flat M, the past light cone of a point p on Z* (the locus of a null
geodesic in M, terminating at p) is a null hypersurface. 7 in M, being an asymptotic
plane in the future, is a constant phase hypersurface of an outgoing asymptotic plane
wave, where different constant phase hypersurfaces for one wave, will be the past light
cones with vertices on one generator of Z+. However cross-sections of 7 are not Eu-
clidean planes now, and different cross-sections are not isometric with one another. But
taking the limit of these cross-sections, as they recede/go to the future, one can recover
an exact Euclidean plane E? to represent the space of generators of 7w (see Figure 17).

Parabolic sections of cones of p are considered to be in the tangent space at p - thus one
can get an exact E? structure, by taking the cone as close to Z as possible/pleased. In
tangent space, the parabolic section is given by equation z°n® = —1, with £ being
the position vector of a point on the section (obeying 2%#%gy, = 0, so it lies on the null
cone), and the null vector 7% (See last part of Section 3.9) is given by A% = =V, at p.

Now consider a point p’ on 7 lying in the remote future along 7, and just to the past of

p on the light cone of p. Label p’ as the position vector di?, relative to p. The conformal
factor at p’ is thus; dQ = d2%V,Q, as Q = 0 at p.
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To go from physical to unphysical distances at p’, one must divide with above factor,
which is equivalent to expanding by the factor £% : dz%, £% being in the same null direc-
tion from p as p'.

To measure the distance between points on 7, lying in the remote future (near to p),
one can refer to the parabolic section E?. It is only relevant on which generator of 7 the
point lies, not its distance to said generator.

Thus the E? section describes the geometry of the cross-section of 7, in the limit of the
cross-section receeding to the remote future.

Null geodesics in M is represented by 2-plane elements, tangent to Zt, as for MS.
A line-element tangent to ZT at p (not in direction of 7) represents a 1D system of
generators of 7, corresponding to a straight line in E? - asymptotically they generate a
null 2-plane in . A tangent direction to Z* at p, correspond to an oriented straight line
in B2

7.6 The Strong Conformal Geometry

Now consider the relevant structure of Z*. The conformal geometry of Zt gives rise
to the definition of an angle between two line-elements, tangent to Z* at p. These
line-elements are represented by straight lines in E?; thus the angle corresponds to the
Euclidean angle between the two intersecting straight lines in £?. When the 2-plane,
spanned by the line-elements, contains the direction of v (and is therefore not lying in
this direction), the angle is zero. The separation of this null angle (with units of dis-
tance/time) describes the distance in E? between the parallel straight lines. See Figure
18.

The inner conformal metric of ZT assigns a measure of angle between two (non-null)
tangent directions to Z*. When the angle is zero, one needs the strong conformal ge-
ometry of ZT to define the null angle between the directions, which are represented by
straight lines in E2. Thus finite angles are obtained as angles between the lines, and
null angles as the distance between them, when the angle is zero.

Thus a physically meaningful ‘strong conformal geometry’ has been added to Z. The
concept of angle between (non-null) tangent directions at a point of ZT, comes from the
content of the inner conformal metric of Z*. The strong conformal geometry assigns a
measure of separation, the null angle, if the angle is zero.

Another way of specifying strong conformal geometry of ZT is to replace Q by ' = 09
(6 being smooth and positive on M’), then the normal vector 1 = §%°V;Q becomes:

W= gV = 072GV, (09) = 0~ a (158)

onZt, as Q=0.
Now set di? = —ds?, such that: n%dl = 7/*dl’. The quantity n%dl or n*n’ds* defines the
invariant structure on Z*. Vectors 7% are tangent to the generators of Z*; and define
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angle null angle

Figure 18: Angles between two tangent directions to ZT. The plane in the top right
corner contains the direction of +, and the angle is therefore zero. The figure is taken
from [PenT74].

for the special parameter u, along the generators:

15) A N

i n'vVe* = n'Viu =1 (159)
Thus the inverse invariance of n®dl gives the invariance of the ratio; %, the null angle.
See Figure 19.

null angle
du
d2

Figure 19: The null angle. The figure is taken from [Pen74].

One can make choice of metric dl for the cross-sections of Z*. This singles out a specific
scaling for u. Choosing dl to be that of a unit sphere, the entire metric takes the form
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(see Equation 153):
di? = —ds® = d#? + sin® 0d¢? + 0.du?, (160)

The scalings for u, defined by the null angle, ‘2—7, are thus fixed. The arbitrariness of u

lies in fixing the origin of the u-coordinate on each generator of Z.

7.7 Transformations of the BMS Group

The transformation of ZT to itself, preserving n%dl, ie. angles and null angles, must
comply that any expansion or contraction of spatial distances dl, must be accompanied
by an equal expansion/contraction of the u-parameter scaling. Allowed transformations
must have the form of Equation 157, as they preserve the inner conformal metric; but
F must now have a form, allowing invariance of the ratio %1;.
The sphere of the cross-section of ZT undergoes a conformal mapping dl — Kdl, with
K being a positive function of either 6, ¢ or ¢, (. This implies du — Kdu.
As K is independent of u, u transforms as v — K(u + a(¢,¢)); a being a real function
defined on the (-sphere. Using Eq. 155 and Eq. 157 (conformal transformations of the
sphere), we get: -
1+ (¢

K= Qacr B+ hevomy 1oy
the complex parameters «, 3,7, § still upholding ad — v8 = 1. The general form of the
transformation becomes:

o¢ + 8 (1+¢O)(u + a(¢, O))
Tt T (el AR+ C+ o)

(162)

with a being suitably smooth on the sphere. These transformations define the BMS
group; the group of self-transformations of Z+ which preserves the strong conformal ge-
ometry.

Transformations of the form:
¢—¢ u—uta((Q) (163)

are the supertranslations, sending each generator of Z% into itself, shunted along itself
by an amount a((, ). Among these are the ‘normal’ translations, where a is composed
only of spherical harmonics of order 0 and 1;

~ A+ B(+B¢+C¢C
(€. = SRS

(164)
with A, C being real, and B complex.

Supertranslations form an infinite parameter (largest proper normal) subgroup of the
BMS group, and the translations form a four-parameter (normal) subgroup (the only of
this kind for the BMS group).
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The factor group of the BMS group by the group of supertranslations (the orthochronous
Lorentz group), is the conformal group on the sphere S? (which is the space of generators
of ZT). The translation group is obtained canonically as a subgroup of BMS, where the
Lorentz group only is canonically obtained as a factor group (by the infinite-parameter
abelian group of supertranslations). They can not be canonically fitted together to ob-
tain the Poincaré group from the BMS group.

For the Poincaré group, the Lorentz group is a factor group, but by the four-parameter
abelian group of translations. Thus both the (orthochronous) Poincaré and BMS group
is a semi-direct product of the orthochronous Lorentz group with the translation (su-
pertranslation) group. But this does not allow the Poincaré group to be a subgroup of
the BMS group in a canonical way.

This discussion will be continued in Section 8.

7.8 Twistor Theory

To further investigate the BMS group and its implications, Penrose had also studied
Twistor theory, which I will only shortly comment upon, to reflect on its relation to
conformal groups and conditions of the BMS group.

This formalism is built upon twistors, rather than space-time points or geometry to
express physical properties.

Basic twistors form a complex 4D vector space (for flat-space twistors) on which SU (2, 2)
matrices act, which corresponds to conformal transformations on (compactified) MS, ac-
cording to the local isomorphism SU(2,2) — C(1,3). Such twistor may be physically
interpreted in classical theory as a zero rest-mass particle with intrinsic spin. Space-time
points are interpreted as subspaces of twistor-space.

In relation to the shear-free condition on congruences of null geodesics; The twistor-space
complex structure is related via. a contour integration to the zero rest-mass free-field
equations. This leads to a twistor formalism involving complex contour integration, for
canculations of quantum scattering amplitudes and massless quantum electrodynamics,
which appears to be free of divergences.

The holomorphic nature of functions on twistor space is closely related to the shear-free
condition.

8 BMS and Poincaré Group of Minkowski Space

This section will go through, how the Poincare group arises as subgroup of BMS group
for MS.

To identify the Poincaré and BMS group, we will make use of following notations, of the
five groups involved:

e BMS (BMS group)
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e ST (group of supertranslations)
e T (group of translations)

e L (Lorentz group)

e P (Poincaré group)

When considering two groups how can one compare them? How do you express the fact
that one of them is “inside” another?

Let’s look at these examples in the case of the Poincare group. The Poincare group con-
tains the group of translations and the group of rotations. Mathematically, this means
that there are homomorphisms: L — P and T' — P. In other words, one can find a copy
of Lorentz transformations and of translations inside the Poincare group.

Next, a natural question is, can we go “the other way”? In other words, given an
element of P, can we project it back to L or to T'7 This is where rotations and transla-
tions differ, because we can sort of do this for rotations but not for translations.

A translation of the coordinate x, by an amount a, is given by: * — x + a
A Lorentz transformation is given by: x — Ax

If we take A~'aA (an inverse rotation, a translation, and a rotation), we get:

t—Ar—Ar+a—- A1 Az +a)=z+Ata

This is a translation.

If we instead take the quantity a~!'Aa (an inverse translation, a rotation, and a transla-
tion), we get:

r—=x+a—>ANx+a) > Ax+a)—a

This does not amount to a rotation.

Translations and rotations work quite differently, and is the reason why you can find T
as a normal subgroup of P, but you can’t do the same for L.

A subgroup, which has the property that T is inside P, is called a normal subgroup. For
such groups we can define a quotient between two groups (which is also a group). In our
example we have a sequence of group homomorphisms:

T—P—P/T

So T is embedded in P, and when taking the quotient by it we obtain a factor subgroup
P/T. This factor subgroup is just the Lorentz group.
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However, you can not do the analogous construction with the Lorentz group, L, instead
of the group of translations:

L — P — P/L (does not exist!)

since L is not a normal group in P.

8.1 Group- and Symmetry Diagram
Now back to the five groups we started with. We have that

T—P— L(=P/T)

ST — BMS — L = (BMS/ST)

T — P means that T is embedded in (or sits in) P. One can get the factor subgroup
L = P/T, as we can identify a group of T as a normal subgroup of the Poincaré group.
We have the same story for T — ST'; T is a normal subgroup, and therefore you can
take the quotient ST'/T.

Similarly, there is a map P — BMS, where you can take the quotient BMS/P, and
moreover ST'/T should be isomorphic to BMS/P.

However, while we have an arrow P — BM S, there is no arrow in the opposite direction,
which is what would be required, to identify the Poincare subgroup of the BMS group
(one cannot project it back).

Several of these relations between the BMS and Poincaré group can be seen in Figure 20.

r =————» P —> L=P|T

l l 1

§I' ————» BMS — L=BMS/5T

' l

ST/T =—— BMS/P

Figure 20: Diagram of relations between group elements of the BMS- and Poincaré
group.

The way these groups fit together has some physical implications as well. Penrose dis-
ussed this as well, which is that there is a difficulty in defining the angular momentum.
One cannot uniquely define the Lorentz transformations of the BMS group.

The problem of identifying a particular subgroup of the BMS group as the (restricted)
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Poincare group, lies in deciding which elements of the BMS group are to be regarded as
“supertranslation-free” rotations (or Lorentz rotations).

The translations may be distinguished from the remaining supertranslations in a BMS-
invariant way. However, Lorentz rotations cannot be so distinguished from the general
BMS rotations.

9 The BMS Group and Scattering for Gravity (S)

This section will go through Strominger’s approach of finding the BMS group.

9.1 Asymptotically Flat Spacetimes

Flat MS in retarded coordinates near future null infinity is described by the metric:
ds® = —du® — 2dudr + 2r*y,zdzdz (165)

Working in Bondi coordinates (u,r, z,Z) with ©4 = (z, 2), the metric takes the (asymp-
totic) form:
1 1
ds® = —Udu? — 2¢*dudr + gap (d@A + 2UAalu> (d@B + 2UBdu)
(166)
o det (£32) =0
r

being the Bondi gauge. Asymptotically flat means that, at generic points in the middle
of null infinity, the metric should go like:

ds® = —du® — 2dudr + 2r2fyzgdzd2

p )
+ B 2 4 CLd2? + rCssZ? + DCuydudz + DCasduds,
. (167)
1 /4 1 .
+ - (3 (N, +ud.mp) — Z(‘)Z (C..C )) dudz 4+ cc. +...,

(the first three terms being the flat Minkowski metric - and the fourth term containing the
Bondi mass aspect, mp - the rest of the terms are subleading terms), with U, = D*C,,
(C, being a Weyl tensor component, see Section 18.1 in the Appendiz for the derivation
of this constraint) and N,, = 9,,C,, (Bondi News tensor/time derivative of gravitational
waves - the gravitational analouge of the field strength F,,, = 0, A.), which corresponds
to the large-r falloffs (in Bondi gauge of the metric components):

guu:_1+o(%)7 guT:_l"i_O(r%)u guz:O(1)7

168
9zz = O("”)? 9zz = 7"2'7z2 + 0(1)7 Grr = gr= =10 ( )

which comes from the boundary constraints.
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9.2 Supertranslations

Asymptotic symmetries are generated by diffemorphisms, that preserve the Bondi gauge
and the boundary falloffs. BMS were looking for symmetries, acting in the asymptotic
region, where space time is close to flat. They therefore expectied to find the isometries
of flat space time, the Poincaré group, such that general relativity would reduce to
special relativity in some IR limit (at large distances and weak fields). But what they
got was an infinite-dimensional group, containing the finite-dimensional Poincaré group
as a sub-group, called the BMS group. In this group the four global translations are
evaluated to a function’s worth of “supertranslations”.

9.2.1 BMS Analysis

Going through this analysis of BMS, we first make a simplifying assumption, such that
six Lorentz generators are eliminated. We restrict to diffemorphisms that have large-r

falloffs: X
fu’gr ~ 0(1)7 €Z7€2 ~ O <> (169)

r

The Lie derivative of the metric components at large-r are thus:

1
‘CCgur =—-0,("+0 <>

T
- 1
‘Cngr = T2’7z28rcz —0.("+0 <T>
'CCQZZ = T2z [QCT + TDZCZ + TDZCZ] + 0(1)7

1
£Cguu = —20,¢" —20,(" + O <T)

(170)

(for a derivation and a discussion of the Lie derivatives, see Section 18.2in the Appendiz),
where L¢gap = (“0cgab + 0alget + ObC°gea- Requiring that Bondi gauge conditions (the
metric in Eq. 166) and that its falloffs be preserved at large-r, gives the solution:

(= f0u—© (D*0. + D*f0:) + D*D.fo, + .. (171)

where f is any function of (z, ), and the last term (which may not be universal) comes
from the condition g, = —1+ C’)(r%) The transformations generated by this (-function
are the supertranslations, illustrated in Figure 21, and are generalizations of the four
translations in MS.

Under a supertranslation, the retarded time wu, is shifted independently at every angle on
. For f being constant, generates u-translations. If f is taken to be the [ = 1 harmonic
on the sphere, we retrieve 3 spatial translations.

The action of supertranslations on data (N,,,mp, C,,) (of Z1), is determined by taking
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Figure 21: Under a supertranslation, the retarded time w is shifted independently at
every angle on Z. The figure is taken from [Str].

the Lie derivative of the appropriate component of the metric, in the large-r expansion,
which gives:
£szz = fausz

1
Lymp = fO,mp + 1 [N**D2f +2D,N**D.f + c.c.] (172)

This equation implies, if we supertranslate flat MS described by mp = N,, = C,, = 0,
then the supertranslated spacetime will also have these properties, except for a nonzero
C..; but with a vanishing Riemann tensor, which requires:

C.. = —2D%*C (173)

for a function C(z, z).
Assuming the geometry is governed by the Einstein equations:

1
Ryy = 59 R = 8rGT, (174)
also assuming that T% is a matter stress tensor corresponding to massless modes. One

can then plug in Eq. 167, and expand in large-r. One will then find that the leading uu
component of the Einstein equations is:

1 _
ump = 7 [DIN* + DIN*| — Ty, (175)
with
1 2z : 2mM
Ty = 1NZZN -+ 47TGT1520 [7“ Tuu] (176)
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The supertranslations transform one geometry into a new, physically inequivalent ge-
ometry, though they are diffeomorphisms. Consider a scenario where an outgoing pulse
of gravitational (or electromagnetic) waves crosses the south pole of ZT, with another
pulse crossing the north pole of ZT, both at retarded time v = 100. If we supertrans-
late this solution with a function f(z,z), with the property f(south pole) = 100 and
f(north pole) = 0; The scenario now has an outgoing pulse at the north pole at « = 100
and one at the south pole at u = 200. Hence, the supertranslation changes the outgoing
data.

Initial data, or Cauchy data, is specified by the parameters:

{Nea(u.2,2), C(2,2) e, mp(2,2) e | (177)

There is a similar story at Z—, with metric:

2mp

ds? = —dv? + 2dvdr + 2127, :dzdz + dv? +rC,,dz% + rCssdz® + . .. (178)

r

with v = t +r, and where z is antipodally related to the one on future null infinity, such
that 2 — —1.
Supertranslations act on past null infinity as:

LiN,, = fOyN,., LiCoy = f0,Cs, +2D2f (179)

The constraint equation thus takes the form:

1 . 1
dymp = 1 (DIN* + DIN*) + Ty, Ty = ZNZZNZZ +47G lim [P*T07]  (180)

T—00

and the analogue of the Cauchy data is:
{Neo(v,2,2), C )l mp(z,2)], ) (181)

9.2.2 The Scattering Problem

The scattering problem in classical general relativity is to find the map from Cauchy
data on Z~ to that on ZV.

It has been proposed that the data on ZT at most up to a supertranslation, the BMS™
frame, should be determined by the Lorentz- and CPT- (conjugation, parity, and time)
invariant matching conditions:

C(Zﬂgﬂl'ir = 0(272)’1:7 mB(Z,E)‘Iir = mB(zvg)’I; (182)

(using Fq. 173), and the diagonal subgroup, which preserves these conditions are defined
as:

f(275)|1j = f(Z,Z)|I; (183)

which fixes the BMS™ frame in terms of the BMS™ frame. This matching condition is
equivalent to Weinberg’s soft graviton theorem.
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9.2.3 Conserved Charges

Infinitely many matching conditions, one for every point on the celestial sphere, implies
an infinite number of conserved charges. These supertranslation charges are:

1
+ _ 2 _
Qf - A7 G \/Zjd Z’Yzzme

B 1 , (184)
0 = 11 |, #=reeim
From the matching condition, we get the conservation law:
QF = Q7 (185)
As conserved charges commutes with the S-matrix:
Q7S —8Q; =0 (186)

one can write out an expansion of the charges, by integrating by parts, using the con-
straint equation, and assuming the Bondi mass decays to zero in the far future, and
get:

1 1 .
+ _ 2 _ . 2 n722 2 £ 22
Qf = 4G i dud” 27,z f |:Tuu 4 (DZN + DN ):| (187)
- 1 2 _ 1 2 nTZ2Z 2NTZZ
Qf = /I_ dvd“zvy,zf {Tw + 1 (DZN + D;N )]

The conservation law then states:
1

T+ 4 -

1 o
dU"}’Zg |:Tm) + Z (DgNZZ + D%sz):|
(188)
Again we have a hard and a soft (zero mode) contribution, also the energy is conserved
at every angle. Sandwiching Eq. 186 between initial- and final states, the resulting
Ward identity is shown to be equivalent (by usual method) to Weinberg’s soft graviton

theorem:

dU’}/zz |:Tuu - (DENZZ + DgNEZ):| -

PP (g8 ), (189)

5:I:w/p
(flaxS|i) = V8rG
k
where a1 annihilates a helicity 4+ graviton.

9.3 Superrotations

In Eq. 167, we before pointed out the Bondi mass, however in the last term we have
a parameter N,, the angular momentum aspect, which bears the same relation to the
total angular momentum, which the Bondi mass aspect bears to the total mass. We will
see that the matching condition for N, leads to conserved superrotation charges.
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9.3.1 Conserved Charges

For the Bondi mass aspect, we had the constraint equation G, = 87GT, % , however N,
is subject to the constraint equation G, = 87GTM . The leading uz component of the

Einstein equations is thus:
1 o
OuN- = 0- (D2C* — D2C*%) — u0,0.mp — Ty (190)

with the momentum density (in the z-direction of the gravitational field) being defined
as:

1 1
Ty, = 87G lim [r*TM] — 10 (Co2N™) = S C..D.N** (191)

r—00

We can fix N, by the matching condition:
NZ(Z75)’Ij = Nz(z,é)‘zl (192)

which implies a second infinity of conserved charges, constructed by an arbitrary vector
field Y* on the sphere. Conservation of the superrotation charges is defined as:

1

QY d?z (YzN. +Y,N;) = d*z (YzN, + Y.Nz) = Qy (193)

Y T 8rG T+ 87G 7

9.3.2 Symmetries

In the derivation of supertranslations, an important restriction was imposed; components
of the vector field, ¢, required to be bounded in an orthonormal frame, as the latter
approaches future null infinity. This is a too strong assumption, as it rules out boosts
and rotations. We will see that supertranslations generalizes to superrotations.

Lorentz Killing vectors are of the form:

u z Uz z 7_1 z E z
&y = (1+ ﬂ) Y*0, = D DY 0; = S(u+ 1) DY 0, + S DY 0, + . (194)

where (Y#,Y#) is a 2D vector field on the celestial sphere. The first three terms are that
of MS. At null infinity, it simplifies to:

Cylpe = Y70, + gDZYZau + ce (195)

If we take:
Y?=1,2,2%i,iz,iz° (196)

then the 6 real vector fields (y generate the Lorentz transformations (rotations and
boosts). For a general Y*, the Lie derivatives with respect to (y of the metric components
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are found to be:

1
EYgur =0 <2>
r
-~
197
['Ygzi - O(T) ( )

ﬁYguu =0 <1>
r

Lygzz = 27"2%252YZ + O(r)

The last equation implies that Y* is a holomorphic function on the sphere, locally solved

by Y# = 2™ but only the restricted ones leads to the globally defined conformal Killing

vector fields of the sphere. Choosing Y = —— then we get:

z—w’

;Y = 216%(2 —w) # 0 (198)

and the falloff condition is violated at z = w, implying that the Lie bracket algebra of
Y? = 2™ for any n, is the centerless Virasoro algebra, 2D CFT. We learned that 4D
quantum gravity transforms under the exact same infinte-dimensional group as for 2D
CF'T, which is quite useful.

9.3.3 Canonical Formalism

The superrotation charges should generate superrotation symmetries in a canonical for-
malism, however only at linerized order, as singularities prevent the exponentiation of
the infinitesimal transformations. First we investigate, how the boundary data affects
the geometry change under superrotations. The Lie derivative with respect to Y of the
C, component of the metric is given by:

0y Cl, = %D -YN,.+Y . -DC,, — %D -YC.. +2D.Y?C,. — uD>Y* (199)
Taking the u-derivative, one will get:

Sy N, = gD -YOuN..+Y - DN, +2D.Y*N,. — D3Y* (200)

If we sit at u = 0, the last two terms are exactly the infinitesimal transformation law of

a stress tenser in 2D CFT (the linerization of the Schwarzian derivative).
Consider the conserved superrotation charge:

1
T = d*2[Y:N, + Y,N; 201
Qy &G Jre | + ] (201)
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and integrating by parts using constraints (Eq. 190), we get:
Qy =Qf + Q3

1
+_ _
Us = 167G )7+

Of = —

H - 87'I'G T+

2 3v 2z z 3vZz z
dud®z [D¥Y*uNZ + D3Y*uN?] (202)

dud®z (YT + Yy Tz + 00, YTy + udsY, Tyn)

where the soft charges are linear in the metric fluctuation, C},, while the hard charge is
quadratic. The commutators are:

[Ngg(u, 2,2), Cyw (u/, w, 117)] = 167TGi'ng52(z —w)d (u — u/)
(QF,C..] = —iuD3Y*

(@i Co] = 5D Y Noo 43 - DCu = 2D Y Cau 4 20D.Y *C-.

(203)
From this, one can conclude that:

Q5 ...] =idy (204)

Hence, the conserved charge generates the symmetry as expected.

9.3.4 Subleading Soft Theorem

There must be a second soft theorem in gravity, a new subleading soft theorem, equiv-
alent to the superrotation charge conservation equation Eq. 193. Superrotation charge
conservation sates the quantum S-matrix:

(fI{QyS —SQy) i) =0 (205)

By using the usual method and: Y* = — L one can re-express the equation in
z=(¢' 4+ +4%)

momentum space as:

limy 0 (1 4+ w0y) (Pt1; Prt2, - - - la—(q)S|p1,p2, - - )

N 206
VBTG S (ppi1, Put2, - - - |SIp1, P2, - - ) (206)

where a_(q) is the annihilation operator for a negative helicity graviton of four-momentum
q = w(1,q); and the subleading soft factor is:

—pv )\J
S(l)i — —’]/ Z M, Jk#y = Lkm/ + Sk,UJ/ (207)
. Pk -q

with Ly, and Sk, being the orbit angular momentum and the helicity of the internal
spin of the k’th particle. This being valid at tree level (using diagrammatics), confirms
the existence of an infinite number of conserved superrotation charges. The replacement
[Ty — Y?T,, is akin to p, — ¢"J,..
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To check this is true, recall that the Weinberg soft graviton theorem involves the leading
soft factor:

Z €uypkupk‘u (208)
~ g

which should vanish for pure gauge gravitons, ie. when:
et = Arg” (209)

With this choice, the soft factor becomes:

Prulk 4
AR TR T AN p, =0 210

following from energy-momentum conservation. Consistency thus demands a similar
property for the subleading soft factor, S()(ey). Inserting the following for symmetry:

el = ¢"N” + ¢"A* (211)

one finds that:

- Aghav T
iSD () = gAY S Ty + 3 LT Tl g (212)
p p Pk q
where the second term vanishes, due to J being antisymmetric and ¢*¢” being symmetric.
The first term vanishes by angular momentum conservation. Angular momentum is to
superrotations (sub-leading soft theorem) as energy-momentum is to supertranslations
(leading soft theorem).

9.4 The Memory Effect

Lastly I will shortly describe the mechanics of the third corner of the IR triangle; the
memory effect.

The gravitational memory effect is the persistent changes in the relative position of
pairs of points in space, due to the passing of a gravitational wave.

In 2016 the first gravitational wave was detected by the LIGO detectors; two perpendic-
ular detector arms, where a beam of light would be split into two beams, and reflect at
each end of the arms. The beams of light would then meet again at the beam splitter,
and cancel by destructive interference if the arms were of equal length. The residual
deformation of the detector pair (the lengths of two detector arms not being equal),
resulted in a signal being detected, ie. from a gravitational wave.

This corner of the infrared triangle had been predicted before this detection of the

gravitational wave. This is due to its equivalence with the soft theorem and asymptotic
symmetries of the theory, as described in Section 1.2.
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10 Discussion of the logr/r Behaviour

10.1 Subleading Soft Photons and Large Gauge Transformations
This section will follow the work described in [MC].

From Section 5, we saw that the classic Weinberg’s soft photon theorem can be un-
derstood as a Ward identity associated to an infinite dimensional symmetry group of
QED - by considering large gauge transformations at null infinity.

This section will show that there exists a class of large U(1) gauge transformations, from
which the associated (electric and magnetic) charges can be computed - and their Ward
identities are equivalent to Low’s theorem.

In the same way, the sub-subleading theorem in gravity in terms of Ward identities, can
be shown to be associated to large diffeomorphisms.

10.1.1 Introduction

Low has shown that the factorization of scattering amplitudes applies also to the next
order in the photon energy; Low’s Theorem is:

Jim (1+ w0) Mug (ki s wg) = SOM,, (ki1 ... k) (213)
S being a sum of differential operators acting on the external momenta, k;. Lysov,
Pasterski and Strominger showed that the theorem is equivalent to Ward identities of
infinitely many charges, that are parametrized by vector fields on the sphere; the charges
being interpreted as local generalizations of electric and magnetic dipole moments. This
section shows that these charges are associated to certain large U(1) gauge transforma-
tions.

Consider massless scalar QED, and work in harmonic gauge (V#A4, = 0). Global sym-
metries can thus arise from residual, large gauge transformations which are parametrized
by solutions of the wave equation:

Ox=0 (214)

In retarded (u,r,Z) coordinates, this equation can be solved in an r — oo expansion
once the asymptotic behavior of X is specified. For a given large gauge parameter A, one
can associate charges of electric and magnetic type according to:

QA=/2d3V8a (AEY), QA:/ZCF'V@& (AB*) (215)

E® and B® being the electric and magnetic fields with respect to the hypersurface,
>.. Simple Fourier space reasoning suggests one should look at large gauge parameters
whose O(r?) component is linear in u. For this to be compatible with Eq. 214, the
gauge parameter must have an O(r) piece. It is shown that such solutions exist (at least
asymptotically) and the corresponding charges at null infinity will be found. These are
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divergent, but by projecting out a soft photon contribution, the charges are rendered
finite. These charges are the same as the ones Low found; ie. there is an equivalence of
the (electric and magnetic) Ward identities with Low’s subleading soft photon theorem.

10.1.2 (1) Large Gauge Transformation and Associated Charges

For charges associated with large gauge transformations with asymptotic behaviour, we
have:
Mu,r, &) =e(2) + O (r™) (216)

which can be satisfied to O(r~!), determining the asymptotic form of the subleading
term (Inr/r) (See Section 10.1.3). However only the leading term contributes to the
charge (g(2)).

The (known) electric-/magnetic-type charges for the gauge parameter (Eq. 216) have
Ward identities corresponding to Weinberg’s soft photon theorem.

10.1.3 Large Gauge Parameters

Calculating the coefficients of the large-r expansion of gauge parameters; we start with
the ansatz:
5 2 (1) (©0) logr (ogr/r)
A=r" X +r X+ X+ A

+0 (r) (217)

The two last terms correspond to small gauge parameters, where they have been taken
as O(r~¢) throughout this section - such a fall-off is enough to guarantee a vanishing
contribution to the charges. For a solution to the wave equation however, L\ = 0, this
form above is needed. O(r~!) parameters behave like regular scalar fields, satisfying the
wave equation, and are associated to small gauge parameters with their own ‘free data’.

However, the logr/r term is needed in order to satisfy the wave equation. Applying
the wave operator to the ansatz, we get:

(2) ) (1) 1 1 (0)
ON=7r =60, \|+ [(A+6) X =40, X | +r" [(A+2) X —20, X

] +
{ ©) (1ogr/r>] (218)
7'72

AN =20, ) + O (r~?logr)
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It is convenient to write the wave operator as O\ = r~1(92 — 20,0, + r~2A)(r)\). The
general solution, setting this to zero is:

A (u,2) =v(2)
(1) N 1 u v (2) 5
V=g [ (<A+6> A>+u() "
N ) = [Caa 2N+ e@)
(log)r/r) u i) = ;/Ou du’(A (()]\)) (@)

The O(1) large gauge parameter correspond to setting integration ‘constants’ (a function
on the sphere) v = p = 0, and the O(r) parameter corresponds to v = ¢ = 0. The logr/r

(0)
is crucial, else one would have gotten A X\ = 0 which would have eliminated the O(1)
large gauge transformation.

10.2 A Note on the Subleading Soft Graviton
This section will follow the work described in [EH].

In harmonic gauge, the soft part of the charge, generating infinitesimal superrotations,
can be expressed in terms of the metric components, evaluated at the boundaries of null
infinity, that are subleading in a large radius expansion. The spin memory observable
can be recast in terms of these boundary values.

10.2.1 Introduction

It is mentioned, how a current, corresponding to Low’s subleading soft theorem in EM,
can be expressed in terms of boundary values of the gauge potential at null infinity.
The purpose here, is then to examine the analogous method/computations for gravity
in harmonic gauge - showing that the subleading soft graviton mode, appearing in the
superrotation charge, can also be rewritten in terms of a difference between boundary
values of the metric.

10.2.2 Setup

Considering linearized gravity in 4D, one can set up the Einstein’s equations in harmonic
gauge, impose boundary conditions on the metric perturbations, and identify residual
symmetries that the boundary conditions allow.
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10.2.3 Boundary Conditions

Choosing falloffs of the matter stress tensor, T},,, to be consistent with a massless scalar

field gives:
Guu ~ O (r’Q) , Gy~ 0O (r’4) , G ~0O (r’4

Gua~ O (r2), Goa~ O(r3), Gap~0(T) (220)
while the asymptotics of T}, is consistent with a metric with boundary behavior:
- - -1
hyuw ~ O (r 1log7“) , hyr ~O (r 1log7°) , hp~0O (7“ logr) (221)

hya ~ O(logr), hya ~ O(logr), hap ~ O(rlogr)

From the previous sections, and in [MC], it is stated that logarithmic r-dependence is
needed for a consistent solution of the linearized Einstein equations with matter in 4D,

in harmonic gauge. The term in the metric expansion with coefficient Tin is denoted by
logr

superscript (n), and by a tilde with superscript (n).
The residual d1ffemorphlsms for harmonic gauge are parametrized by the free data:

(€D (w,2,2), 6D (w,2,2), 6D, 2,2)} (222)

These functions can be used to perform residual gauge fixing to arrive at the stronger
fall-offs:

(n) (n)
B = 200, Mil  yooo uillogr o yoo h;;'; +3%, hmg}f’g hur logr
(n) (n) B RO
hrr=2?3h;£ +3 3@7 hua = 32°° o "’ZOO wA OgT’ (223)

nlr"

. 00 hTA hf«A)logr . A};logr
hTA—Zn 1 rn +Zn 2 rn ’ hAB_Zn——l rn +Zn 0 rn .

10.3 Asymptotic Charges and Coherent States in QCD

This log r/r behavior is also used in [RG], to split the asymptotic charge for non-abelian
large gauge transformations, into a piece linear in the gauge field (soft part), and a
piece non-linear in the gauge fields (hard part). Here they have imposed conditions on
the falloffs of the non-abelian gauge fields at large-r in accordance with the findings of
[MC] and [EH], discussed in this section. From the gauge fields, they get the leading
order component for the field strengths, which lead to the equations of motion implying
constraint equations on ZT at O(1) in the large-r expansion; which can be used to rewrite
the charge as described. This linearized piece is then used to find the linearized large
gauge transformations in quantum chromodynamics (QCD), amongst other things.

11 Method

The main aspect of the thesis, is the two different approaches for these asymptotic sym-
metries, that we see for Strominger and Penrose. We want this equivalence to be made
more clear.
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We want to use this direct analysis of Penrose, to generalise the concept of asymp-
totic symmetry groups to QED and YM theory, as described for the gravity theory case.

There is a difficulty in defining the boundary conditions, ie. comparing the two null
boundaries (as well as analysing points ¥ and i°). Strominger solves this by the use
of matching conditions of the fields. Penrose avoids these problem areas all-together,
arguing that they can be rightfully left out for his purposes. We will attempt to discuss
solutions to these problems as well.

11.1 Approaches of Analysing the BMS Group

It is clear that Penrose and Strominger use two very different methods for their analysis
of the BMS group. They can be shortly described by:

Strominger starts with a discussion of asymptotic symmetries in QED, see Sections 4
and 5. First he derives conserved charges, following from antipodal matching conditions
of the fields. He then show that they, via a canonical formalism, generate asymptotic
symmetries; ie. he shows that the soft theorems give rise to Ward identities, corre-
sponding to divergent large gauge transformations (asymptotic symmetries) acting on
the celestial sphere at null infinity.

For non-abelian gauge theory (Section 6), he used the formalism of the S-matrix as
a celestial correlator, where the scattering of a soft gluon becomes the insertion of a
current into a correlation function on C'S?. This current obeys the Ward identities of
a G-current Kac-Moody algebra, giving an alternative representation of the asymptotic
symmetry group. The conserved charges are derived from the matching condition, shown
to generate the symmetry and to imply the tree-level non-abelian soft theorem.

For his analysis (in gravity) of the BMS group he defines a large-r geometric constraint
of the metric (see Section 9). He uses an analysis of asymptotic data (leading metric
components) to obtain the matching condition for the Bondi mass mpg, which led to con-
served supertranslation charges of past- and future null infinity. The supertranslations
are generalizations of the four translations in Minkowski space.

He also derives conserved charges from a matching condition for subleading metric com-
ponents, the angular momentum aspect N,. These are the superrotation charges. An-
gular momentum is to superrotations (sub-leading soft theorem) as energy-momentum
is to supertranslations (leading soft theorem).

Penrose on the other hand, focused only on gravity, and used a direct analysis of the
geometry and the asymptotic symmetries (see Section 7). He assigned structure to Z;
its weak inner conformal metric. The group of self-transformations of Z, preserving this
weak inner conformal metric is the Newman-Unti group. Since Z is a null hypersurface,
its structure is too weak, and a strong conformal geometry was needed in order to re-
strict the Newman-Unti group, to the BMS group, and reduce the freedom in F'.
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The concept of angle between (non-null) tangent directions at a point of ZT, comes from
the content of the inner conformal metric of Z*. When this angle is zero, the strong
conformal geometry of Z7 is needed to define this null angle between the directions.
This way he found quantities n®dl, which have to be preserved under transformations
of T to itself, leading to the restrictions of the functions F, and hence the definition
of BMS transformations; the group of self-transformations of Z%, which preserves its
strong conformal geometry.

He then begins a discussion of how the supertranslations form an infinite parameter
(normal) subgroup (and the translations form a four-parameter normal subgroup) of the
BMS group. The more elaborate discussion of this and its implication was covered in
Section 8.

11.2 Gravity and Gauge Theory

To apply methods of gravity theory to gauge theory, it is convenient to first set up the
similarities and differences of the two theories. This is just a short and unfinished dis-
cussion of this subject.

In gauge theory, the gauge group consists of global gauge transformations, and can
be described by a Kac-Moody (Lie) algebra, as we saw in Section 6.

In gravity, the analogue of these large gauge transformations, in compactified MS, has
been the BMS group.

One can wonder, could the Kac-Moody algebra be the gauge theoretic analogue of the
BMS group? Could this be a way to apply the methods of Penrose, to find the asymp-
totic symmetries of gauge theories by a direct analysis of the algebra?

The method of finding the asymptotic symmetries in these theories could be described
by (by using a direct analysis):

Gravity: Start with metric, compute Weyl tensor, impose decay when r — oo, which
leads to constraints on metric components.

Gauge theory: Start with gauge field A = A,.dr + Aydu+ A,dz + Azdz, compute field
strength F' = %Fmdr A du + %Frzdr Ndz..., set Ay, = 0 (lightcone gauge) and compute
Kac-Moody algebra.

11.3 Funny Gauge Transformations

The purpose of this section is to give a short, not fully explored, mathematical interpre-
tation of how some gauge transformations have weird properties, and can change fields
at infinity.

For the vector potential A, a gauge transformation means §A = 0\, or §4; = O;\.
The magnetic field is given by B;; = 9);4;], such that:

5Bij = 8[1(514]} = 8[28]]/\ — 0 (224)
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However, this is not always the case, for some A you can create sources (change fields at
infinity) by integrating charges;

A = arctan Y
T

for example, as the derivative with either x or y will not cause the quantity to vanish;

T Ty

In 2 dimensions, the gauge transformations are described by A, = 0.\ and Az = 0z,
where:

1 .
0, = 5(690 — i0y)
and we therefore get:
1l—y—ixz —11 —i

A :8 = - — = —— = —
TR 22242 22 22

In this case the magnetic field is given by:

BzZ = azAE - aEAz

If we plug in the values for A, and Az, we will see that this doesn’t become zero, as:
1
Dz — ~ 62
Z (2)

11.4 Application to Electromagnetism and Yang-Mills Theories

In order to explore the asymptotic symmetries of Electromagnetism and Yang-Mills
theories, a good place to start is to set up the equations, describing how particles in
such theories interact. Below is a list of things to set up and figure out:

e EOM

e Energy-momentum tensor

e Use Weyl transformations to obtain a non-singular metric on Z%
e Define an analog of 7 = V. Is it null?

e How does n transform under a change of Weyl factor (2 — ©)?

e Are there other analogs of 77 Meaning quantities which transform covariantly
under change of Weyl factor? If yes, then we can potentially construct extra
invariant expressions (which should be preserved by asymptotic transformations).

e Asymptotics of gauge fields in r of logr. Can we recover them from this above
analysis?

71



e Yang-Mills vs QED.

e If we solve all these try with fermions or two-form fields instead of scalars. In 4D
a two-form field can be (locally) dualized to a scalar.

e Supersymmetry, supergravity...

To begin with, we will set up the energy-momentum tensor for a photon, a charged
massless (conformally coupled) scalar, and gravity, all combined. The idea is to put
these fields together, and work out how they act near null infinity, and whether any
corrections are needed.

12 Conformal Coupling of the Scalar

If we apply a Weyl transformation to the metric ¢ — Q2g, the omegas cancel for the
electromagnetic action. We want to check with scalar fields instead:

Let us start out with a discussion of the invariance of a scalar field theory under Weyl
transformations.
Leaving the scalar field invariant under a Weyl transformations, results in the action of
the scalar field not being invariant, as the weight from the metric does not cancel.
We can choose that scalar fields transform with weight +£1 under Weyl transformations,
such that:

¢ — ¢ ==£0¢

This helps cancel the weight, but give us derivatives of ) in the action.
Adding a term to the action, called the conformal coupling;:

R¢* o,

where R is the Ricci scalar; and choosing the correct numerical constant for this term
(é in 4D), makes the action invariant under Weyl transformations.

The action of the scalar field is:
Suctar = [ doy/=5" (0,0)(0,")
Weyl transformations of the metric are given by:
Guv = G = Qg
The determinant of the metric transforms as:
det g — det g = det (Qgg) = 08%det g,
and the metric with upper indices transforms as:

g,uu N guy — Qng;w.
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Thus we have, for the term in the action:
V=g = /=g
Lastly, the scalar field transforms as:
6= d=0"0
The scalar action can now be written as (using ¢ = Qq@)
Setar = [ o/ =35 2°0,(26)0,(06")
= [ atev/=5m (0.6)0,8) + QOO + 27 0,0)(0,5)0 + 27 (0.0)(0,

= [ty ((0,6)0.6") + 22O, ODIF + 27 (0,066 + (3,6)@,2)3
(225)
where we get this derivative of 2. So now we will add a coupling to the scalar curvature:

Sconformal—sczzla'r = /d433\/ _g(g#V(au¢) (8V¢*) +C- R|¢|2)7 (226)
where C' is a numerical constant. We have that the Ricci scalar transforms as:
R— R=Q 2(R+ 60X —6(0)\)?),
with A = —ZlogQ and O = 0y (v/—gg"*'9,,), so that:
R=Q2R+ 6(0\)? — 600\
27 1 2 1
R=Q°R+ 6(8(—5 log 2))* — 6D(—§ log §2)

Now we will show that the constant is C' = %, so that the action becomes invariant under

6
Weyl rescalings. We have as before:

§= /dm/W(uw<m>+Q 2(0,2)(0, Q)0 + Q70,2968 + (2,6) (8,2)6"))
+C-Q*R|g|?

2)¢")
0):

— [ atv/=5 (9" 0u9)0,5") + 2 7(ON? + DNIGP + C - 0 M@ RIGP + 60N of? — 60N P))

(0u0)(0,0%) + QT2 ((ON? + DN|G]” + C - (RI|* — 6277 ((0N)* + DA)I@IQ))
(227)
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If we set C' = %, the X terms will cancel, and we will have the same action left, as before
the Weyl transformation:

§= [aev=3 (s @0, + IR ) (229)

To show the steps in-between the first and second equality in Fquation 227, by the use
of integration by parts, see below:

# (0,0) (00 > “2((0)? + 0N[4
=?J“ ((2:0)(@,6") + 020,20, Q)0 + (9,296 + (2,:6) (8,2 ") )
:gﬂ”(am)(w )+ 4" (910g )(9, 1og Q)OI + 9 Q7 ((0,2)(9,6) + (8,6) (8,2)")
= 3" (0,0)(9,0") + 45" (0, M) (DN + 32 (0, (0,67)d + (0,0) (9,2) ")
= §"(8,0)(0ud") + 4(ON2IH[2 — 25" (8, ((8,0*) + (0,0)0")
= §(0,0) (0u") + 4OV — 25" (8,0, (6" )
= " (0,9)(006) + 4ONI9F + 20N 6P
= §"(0,8)(0,8%) + Q20N> + Q@ 2(ON) |9
— §"(0,0)(8,%) + Q72((ON)* + ON)|9[?

(229)
using Q@Q 0log 2 in the third line.

For further investigation, we can try to use Penrose’s idea of Weyl rescaling at infin-
ity and see what happens:

One can use the choice of .

-

0=

as was done to obtain Fquation 21. So now, for example, we have that the scalar field
transforms as:

6 b=

under a Weyl transformation.
However, I will not go into more detail with this.

13 Energy-Momentum Tensor

For theories coupled to gravity, we can obtain the energy-momentum (E-M) tensor by
taking a variation of the action, with respect to the metric. In this approach, the E-M
tensor is automatically symmetric. The action we will be working with is:

S = Sgravity + Smatter + Sinteractiona
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The canonical approach of defining the E-M tensor, involves using:

) .OL
p§—L=q¢—— L.

9q
If you try this for EM, we will get a non-symmetric E-M tensor. In this case, ¢ = A, (x),
g — 0bAu(x), L — —%FWF/“’, p— %{; = —FO%_ Therefore we get:
oL
THV — 8H¢E - 5ZL

which is not even gauge invariant. There is a procedure to fix it (Belinfante; a modifica-
tion of T}, so that it is constructed from the canonical E-M tensor and the spin current,
to become symmetric and still conserved).

If we instead define the tensor, by coupling to gravity, we obtain:

14 1 14 1 14
T/J' = i(F‘u'pF P — ZéuFG'PFUp)
This is gauge-invariant and symmetric. It is also traceless (due to conformal symmetry).

13.1 Boundary Discussion (Free Scalar Field)

The action of a free scalar field is:
S = / d'z|0p)? (230)
M
Varying the action one will get:
S = / d*x (9,660"¢* + 0,0 5¢*)
M
- /M d'2 (8,(560"¢) — 56(06") + " (8,036%) — (0)5¢") (231)
= [ dato(-50@6") - @0)557) + [ T (30(0,6°) + (0,0)56)
M oM
using integration be parts in the first step. In the second step we have now split it into
two integrals (Using Stokes/Greens Theorem); one a bulk integral, the other a boundary
integral, consisting of the two total derivative terms.
Setting 6.5 = 0, this must imply for the bulk contribution that (¢ = 0 (or O¢* = 0), and
for the boundary contribution that d¢(0,¢*) = 0, with 0,¢* being the normal direction

on the boundary, depicted in Figure 22.

Boundary Conditions: There are two natural boundary conditions following the
above:
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oM

Figure 22: Normal direction to the boundary surface

1. Dirichlet boundary condition: d¢ = 0 (¢ is fixed to some ¢g(z) for z € OM)
2. Neumann boundary condition: d,¢ =0

For a conformally coupled scalar (see Section 12, and following in next section), the
variation of the action can also be split up into two integrals, a bulk and a boundary
integral (the boundary integral is the same as for a free scalar):

_ 4 — 2 71 2
5= [ day=g(oof - GRIP)

68 = /M d*z(...) +/6M(...)

What about for the gravity action, does the boundary integral exist? Take the variation:

(232)

648 = /M d*z/=g6g" Ty + / (...) (233)

oM
We start with calculating the difficult part:
dgR = 69" Ry + g"" OR,., (234)

with 6R, = dRl, and

Ry, =007, - 0,17, + [T, (235)
where taking the variation/derivative of the two first terms, followed by integration by
parts, leads to contributions to the boundary integral. Worthy of note is also that §T%,,
is a tensor, however I'}, itself is not.

13.2 Energy-Momentum Tensor for a Conformally Coupled Scalar

We want to find the E-M tensor for a conformally coupled scalar, by variation with
respect to the metric.
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We first write up the E-M tensor with this conformal coupling term, which is a result of
the discussion in Section 12

Ty = (046" (000) + (0,6°)(0,0) + 5 RIol” (230)

Now varying the action for a conformally coupled scalar, with respect to the metric:

5gSconf.coupl.¢[ga¢] = /d4x\/§59HVT,LW (237)

Varying the metric is the same as letting g,, — g, + 09, Since T, now has a term
with the Ricci scalar (in contrary to the E-M tensor of a scalar, without the conformal
coupling term), the variation of this is (using R = g"" R,.,):

SR = 66" Ry + g" 6 Ry (238)
and the variation of the Ricci tensor (using Ry, = g7 Ry ) is:
R = 09" Rypov + 97 R ppow (239)

The variation of the Riemann curvature tensor is: (R5,, = 8,10 — 0,6 + I‘Z)\F A -

A
r 5)\Fua)'
ORY,, = 00T, — 8,010, + 610 T, + T 6T, — 610, T, —T0,0T), (240)

One thing to notice is that I' is not a tensor, however 41" is.
Finally we have that the Christoffel symbol is:

1
FZV = Egpg(a,ugua + aug;w - 309W) (241)

and its variation is:
1 1
OTY = 509”7 (OuGvo + Ouguo = Do Gur) + 59" (9udGuo + DudGpo = 0o09,)  (242)

This will be continued in Section 13.2.2.

13.2.1 Properties of an Energy-Momentum Tensor

We have that the variation of the action, of a conformally coupled scalar, with respect
to the metric is (Eq. 237):

0gSees = / d*r\/g69" Ty (243)

The properties of an E-M tensor of a conformal scalar field are, that it is:

e Symmetric (couples to g,,, which is symmetric)
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e Comnserved

e Traceless (a consequence of conformal symmetry)

So now we write up all possible terms for the E-M tensor, such that these conditions

hold, for a conformally coupled scalar:

T = (049" )(900) + (000" ) (0u@) + €y (0°67) (8, 0) + d(¢™ (900 §) + (90,97 )d) (244)

Clearly this quantity is symmetric, and to check conservation we need to prove:

O = GMTW — nMUaUT,U,l/

= U“”(ﬁaaucb*)(@uqb) + nua(aufb*)(aaavqb) + 7]“"(3031/@25*)(%@ =+ nua(auﬁb*)(aaaugb)

+ e (050797 ) (9p9) + "1y, (0°67) (05.0,9)

+dn"? (050" (8 0,9) + (059 8v¢ o) + dn“”(gf)*(@aauaygi)) + (8uau¢*)aﬂ¢)

= (0¢")(9v9) + (9,07
+ (14 c+ d)n (80"

0e) + d(¢*(9,0¢) + (9,06%)¢)

(
(050,9) + (1 + ¢+ d)n"?(0,0,¢") (0, )

(245)

The equations of motion, when the metric is flat, g = 7, are ¢ = 0 and U¢* = 0. Thus

in order for the above to become zero, we must have:
l+c+d=0
Now we check for tracelessness:
0 =n"Tw = 2(8"¢") (0u0) + 4¢(0"¢) (0u9) + d ((O7) ¢ + ¢" (L))
For this to be zero, we must have:
244c=0

With the two restrictions on the constants, we find that:

Thus the E-M tensor has the final form of:
Ty = (0,97) (0u®) + (0,¢7) (0,0)

- %n;w (3p¢*) (ap¢)

1

= 5 (0" (9,0,9) + (9,0,9") )

This will be our reference.
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13.2.2 The E-M Tensor of a Conformally Coupled (Charged) Scalar

The action of a conformally coupled scalar is (writing out Eq. 237):
* v 1
e = [[atayi (0,67 0,009 + gRIoP) (251)

If ¢ is charged, the partial derivative becomes the covariant derivative 0, — D, =
Oy + 1A, and the energy-momentum tensor is not symmetric. This can be dealt with
by letting 8#8,, — D(#Dl/).
Taking the variation gives:

1 1
595665 —/d4.’E |:<_2\/§g#1/59lw> Eccs + \/§ <5gwj (aﬂ¢*) <8u¢) + 6|¢’2 (5gleul/ + VPAp)>:|

1 1
= / d*z5g" /g (—29#1,,6“5 + (0,0") (0u0) + 6|¢)|2RW> + tot derivative

(252)
The total derivative is (using (V,A”) = %8,)(\/@4’))):
1
Total derivative :6/d4x\/§|¢|2(VpAp)
—= [ dtalg20, (yg4°
=2 [ dtaloPa, (vaa) (253)
1 g 2~ 1L 4 2 p
=2 aS- (jo*vgd) - < [ d'x (9,/9l?) vgA
6 boundary 6
where
AP = g7" o1y, — g°Poly,, (254)

The variation of the Christoffel symbol, for a flat metric (we want the metric to be flat,
such that we can impose the EOM ¢ = 0 and O¢* = 0, as in the previous section),
compared to Fq. 242, is:

(5FZV)|g:77 = %ﬁpa (8,u59011 + all(sga,u - ao(sg,ul/) (255)

We then use this in the equation for the gauge field:

Ap’g:n = nmjdrﬁa’g:n - napérﬁa‘g:n
1 1
=17 50" (009ar + 009 = 0r69u0) = 17 50" (0897 + Do09ur — Drb9us)

= %(30(5&’?) +8"(0gy) — 9°(0g5) — 07 (dg7) — 0°(dg97) + 0"(dgp,))

= 07(3g5) — 0°(697) (256)
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The contribution (of the total derivative) from integration by parts is (see Eq. 253):
1
-5 [ dava @ep) (257)
We then evaluate for g = 1, and obtain:
= —g J d'z (9,]6]) (97 (3g5) — 9°(3g7))
= %fd‘lx (050,|612697" — D6 110p097") (258)
= 6 fd4x5gt?p (acrap’¢’2 - ncfplj’¢’2)

The contribution to T},,, is then equal to:
1
6(8u8u|¢’2 - nuum‘¢|2)

= L(@06) 6+ (0457) (0) + (D6") (Ou0) + ¢ u0r0) (P9

- 77,uu (D(b*) (b - nuy¢*(D¢) _77,Lw2 (ap¢*> (8p¢))
The other contributions to 7T}, are (see Eq. 252):
1

B inlﬁl/'cccs + % ((aﬂ¢*) (8V¢) + (H Al V))

_ _%WV ((8°9") (8,0)) + % (0u9") (0u0) + % (0v0™) (Opd)

Now subtracting (the minus sign comes from the coefficient %) Eq. 259 from Eq. 260,
we obtain:

(260)

Ty =3 (06") (000) + 1+ (906°) (910) — npur (76°) (9,0) oo
~ 5 0,86~ £6 (0,00) + g (06) &+ E1us” ()

which is both symmetric and traceless:

0= Tya = 21067 — S[00 — £ (CO6) 6 — £6°(09) + 5 (06") 9+ 50"(06)
(262)
Where the first two terms cancel, and the other terms become zero by the EOM (vanish
on-shell). And checking conservation:
1

0T, = (2(06) 0,0) +20,67) 9,0,6) +2 (0,0, (0,6) +2(0,6) (T

— (0,0,0") (9p0) — (90") (9,0,0)
- (GVD¢*) ¢ - (8H8V¢*) (au¢) - (au¢*) (8Mal/¢) - ¢* (&,D(b)

(3,06 6+ (08") (9,6) + (8,6") (O6) + 6" <aym¢>> 0

(263)

We see that all terms cancel eachtother.
Thus we have found a symmetric, conserved and tranceless E-M tensor for a charged

conformally coupled scalar, Eq. 261, compared to the version of a non-charged scalar
(Eq. 250).
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14 Using Weyl Transformations to obtain a Non-Singular
Metric on I+

Focusing on U(1) gauge theory (QED) on MS; a Weyl transformation of the metric is:
Guv — g,uu = 929;11/ (264)

where we will use the choice {2 = %, as described in Section 12. We study the theory on
the compactified MS, which has points at infinity added to it (the boundaries Z%, and
points i and i*). Before the space were open, not including the boundaries, however
now the space is open, boundaries included.

For this compact space, we have the coordinates for §2:

Q. (r,u,0,¢) — used to add Z

_ (265)

Q_(r,v,0,¢) — used to add Z
This leads us to the question of how the two boundaries are connected, which calls for
a matching condition of i (antipodal), such that we can relate the BMS, group (near
future null infinity) to the BMS_ group (at past null infinity).

14.1 Identifying 7+ and 7~

A short discussion of this topic appeared in [Pen74|, and in Section 3.7, where the
Schwarzschild ‘unphysical’ metric had been written in the form, using retarded- and
advanced time coordinates, with the choice of conformal factor @ = 1 = w (Eq. 19);
and where an extension from one boundary to the other, ie. including negative values of
w, would involve a reversal of the sign of the mass. The identification of the two bound-
aries, with the same sign of the mass, would imply a discontinuity in the derivative of
the curvature across Z.

Thus Penrose chose to only work with the two disjoint boundary hypersurfaces Z+ and

.
Consider the metric:

2 2
ds® = dr® — dt* + r2d0? = r? (‘ff; — % + dm) (266)

where d? is the metric on a unit sphere. Converting to retarded and advanced coordi-
nates, u =t —r and v = r + ¢, give r = 3(v — u) and t = 1(v + u), such that:

dr® — dt? = (d(r — t))(d(r + t)) = —dudv (267)
9 1 Y —dudv 9
ds* = < ) <(v_u)2/4+d(2> (268)

where this €2 only depends on angles.
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We have a freedom in the choice of Q (a different €2, than in the discussion above!),
as ' — 69, where 6 is smooth and positive (const. at co), and a function of angles.
A matching condition at i, imposes a constraint between 6|7+ and 6|7-. An should be
something like:

0|7+ (1) = 0|z~ (—7) (269)

The sign difference makes this an antipodal matching condition.

14.2 Conformal Invariance (Inversion)

Picture the Einstein static universe (Figure 11); an idea is to map infinity to zero; by
inversion in flat space.

If we take a vector z#, and then apply an inversion, one will get I(z¥) = ﬁ—g

A Lorentz transformation, a translation, and an inversion gives a conformal transforma-
tion:

M ﬂ) li translation -’Li + at inv % + at
x? 1'2 (% + a,u)2
v ) (270)
_ ot a _ at+ad'z

#4.2%4_@2 1+ 2azx + a2x?
where the last equality is a special conformal transformation.
Consider the inversion (oo — 0), of metric ds®* = n,,datdz”, with 2/* = fc—; and
da't = 4zt — 7%?;2”)52&"7 such that:

ds"* =y, (da'") (dz™) = Q(z)ds? (271)

We can compute the €

ds' = <da:“ B 2x“w-dx> <dx” B 2x”x-dw>
= N et o s

) (22)2 22 (22)2
dztdz¥  2dxtx¥z -dx  2dx¥ztx - dx dzta - dxxtx - dx
= M rt 20 B 26 + 8

=27 *ds* — 2070, (dat'a"x - dz + da"z"x - d) + 4z~ Ony, (a"x - drva”z - d)
= o7 4ds® — 427 %(x - dx)? + 427 82%(x - dx)?
= 7 4ds?
(272)
which implies that Q(z) = 2~*. This is just a conformal transformation; the inversion
maps infinity to zero.

15 Treating Spatial Infinity as a Boundary of Space Time

In [AR92] by Ashtekar and Romano, they wanted to find a manifestly coordinate inde-
pendent treatment of spatial infinity, which avoids the awkwardness of the differentia-
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bility conditions at 9. This is due to spatial infinity arising as a single point, where the
vertex of the light cone is representing future and past null infinity, Z*. Spatial infinity
is naturally tied to null infinity, and it is possible to establish theorems relating the two
regimes. However, all points at spatial infinity are squeezed down to a single point, and
one has to use awkward differentiability conditions at this point.

15.1 Asymptotic Structure of Minkowski Space

(t,z,y, z) denotes a Cartesian chart for MS (M, Tab), Where M is a tensor field that refers
to the physical spacetime, MS, and 7j,; is the physical spacetime metric. Introducing
standard hyperbolic coordinates (p, x, 0, ¢) as:

t = psinh y
x = pcosh x sin 6 cos ¢ (273)
y = pcosh ysin @ sin ¢
z = pcosh x cos 0
The metric takes the form:
Nab = —VatVipt + VoxVipx + VoyViy 4+ Vez2Vyz
= VapVip + p? [~ VaxVix + cosh? x (V,0V,0 + sin® V.6 V,0) | (274)
= VaPVbP + pzhab

with spacetime signature (— + ++), and where hg, is the unit time-like hyperboloid
metric. Here spatial infinity is described by the limit p — oo.
This is the equivalent to a flat metric (Euclidean metric tensor) in polar coordi-
nates:
ds® = dx? + dy? = dp® + p*d6* (275)

where ds? = 7y, and df? = hg,. The extend of the coordinates can be pictured by
Figure 25.

D\

Figure 23: Polar coordinates, p being the measure of distance from the origin, and 6 the
angle.
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Thus p = const implies a circle.

Now we define coordinate 2 := %, and extend M to include points, where Q vanishes.

The metric can be rewritten in terms of the new coordinate:
fiap = Q7 IV QVQ + Q 2Ry,

and is singular at Q = 0.

1 [e19)

The equivalent here, using () = - — p = é and dp = —g7.

P
Q~4d0?. If we plug this in, the Euclidean metric becomes:

ds? = Q~4dO* + Q2dp?
Applying a Weyl transformation to the metric, one obtains:

3% = Q4ds? = d0% + 02de? £2% 402 = 0tdp?

The induced 3-metric, §qp, defined on the Q = const(# 0), 3-surfaces, is:

Gab = Tap — 11V, QV,0

with 1 := 7%V,QV,Q (: 94), and therefore it follows that qop = Q 2hap.

To show this, one can simply plug in 7, and I:

dap = D IVLOVQ + Q2 hey, — Q7V,OV,0
(jab = Q_Qhab

Furthermore, one can find:

Gab = Nlab — I VoV,
- (ﬁab - Cjab)l = VCLQVbQ
VYV QVQ
b — Gab
Vv
T OIVOVQ

=

I 04

(276)

Thus dp? =

(277)

(278)

(279)

(280)

(281)

Although 27, does not admit a smooth extension to the 3-surface corresponding to

Q = 0, the rescaled 3-metric:
Qab = hap = Q2(jab = (ﬁab - lilanvbQ)

is well-defined on the boundary.
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The analogue here, for the induced metric on p = const (or £ = const), from FEq.
277, is:
d82’induced = P2d92 = Q_2d92

. (283)
Q2d32|induced = d02 ( — Q2Qab = hab)

To get information from the Q = const surfaces, consider the contravariant normal:

8 a
APV, = Q! (m) (284)
50+ is well defined when Q = 0, and thus:
n® = Q *V,0
= Qv (285)

admits a smooth extension to the {2 = 0 boundary.
To picture this, we write up the quantity:

GV =V Q=171 (V) - 1=0 (286)

since dop = fap — 17H(VaQ)(Vp2). Thus §u must be a projection orthogonal to
(Va2), and n, = V40 is a normal to this 3-surface, as pictured in Figure 24.

Mab \ 1, = V,0Q

() = const

Qab = Tab — MMy

Figure 24: Illustration of the normal to the 3-surface of the induced metric. Note that
=" (VaQ)(VsQ) = 11%ngany = 1.

In order to represent spatial infinity by a 3-surface, one must rescale the 3-metric and
the normals to the {2 = const surfaces by different powers of €.

For curved space-times to be asymptotically flat at spatial infinity, they should resemble
MS sufficiently to admit fields g, and n® (Eq. 282 and Eq. 285) to have smooth limits
to the boundary.
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15.2 Hyperbolic Slicing 11

In comparison to this, Strominger had used (see Section 5.6.1), to describe massive QED,
the dSs slices to resolve the structure of spatial infinity, which Ashtekar and Romano
had further described in their paper.

These dSs slices (72 = const surfaces) are labeled by:

222
for 72 < 0, and are illustrated in Figure 13.
The method was to take a slice of constant 7, and then let 7 — oo, to extend the slice

to the boundary, in order to examine points near spatial infinity, see Figure 25.

0

Figure 25: Examining points near spatial infinity by taking a slice of constant 7, and
extend it to infinity.

16 Summary and Discussion

Overall it has been made clear just how important symmetries are, and how looking
at the null infinity boundary of a compactified MS, opens up these different paths to
analysing the asymptotic symmetries, due to the triangular equivalence relation of the
IR sector of physics.

The approach of this thesis was to use the direct analysis of the geometry and asymptotic
symmetries in gravity, as used by Penrose, and generalise it to gauge theories, in order

to make the correspondence, between his’ and Strominger’s analysis, more clear.

The main points to take from this thesis is (the first part will be a repeat of
the discussion in Section 11.1):
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Strominger starts with a discussion of asymptotic symmetries in QED, see Sections 4
and 5. First he derives conserved charges, following from antipodal matching conditions
of the fields. He then show that they, via a canonical formalism, generate asymptotic
symmetries; ie. he shows that the soft theorems give rise to Ward identities, corre-
sponding to divergent large gauge transformations (asymptotic symmetries) acting on
the celestial sphere at null infinity.

For non-abelian gauge theory (Section 6), he used the formalism of the S-matrix as
a celestial correlator, where the scattering of a soft gluon becomes the insertion of a
current into a correlation function on C'S?. This current obeys the Ward identities of
a G-current Kac-Moody algebra, giving an alternative representation of the asymptotic
symmetry group. The conserved charges are derived from the matching condition, shown
to generate the symmetry and to imply the tree-level non-abelian soft theorem.

For his analysis (in gravity) of the BMS group he defines a large-r geometric constraint
of the metric (see Section 9). He uses an analysis of asymptotic data (leading metric
components) to obtain the matching condition for the Bondi mass m g, which led to con-
served supertranslation charges of past- and future null infinity. The supertranslations
are generalizations of the four translations in Minkowski space.

He also derives conserved charges from a matching condition for subleading metric com-
ponents, the angular momentum aspect N,. These are the superrotation charges. An-
gular momentum is to superrotations (sub-leading soft theorem) as energy-momentum
is to supertranslations (leading soft theorem).

Penrose on the other hand, focused only on gravity, and used a direct analysis of the
geometry and the asymptotic symmetries (see Section 7). He assigned structure to Z;
its weak inner conformal metric. The group of self-transformations of Z, preserving this
weak inner conformal metric is the Newman-Unti group. Since Z is a null hypersurface,
its structure is too weak, and a strong conformal geometry was needed in order to re-
strict the Newman-Unti group, to the BMS group, and reduce the freedom in F'.

The concept of angle between (non-null) tangent directions at a point of Z*, comes from
the content of the inner conformal metric of Z+. When this angle is zero, the strong
conformal geometry of Z7 is needed to define this null angle between the directions.
This way he found quantities n®dl, which have to be preserved under transformations
of I to itself, leading to the restrictions of the functions F, and hence the definition
of BMS transformations; the group of self-transformations of Z%, which preserves its
strong conformal geometry.

He then begins a discussion of how the supertranslations form an infinite parameter
(normal) subgroup (and the translations form a four-parameter normal subgroup) of the
BMS group. The more elaborate discussion of this and its implication was covered in
Section 8.
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For the analysis of the components of the BMS and Poincaré group (see Section §),
we had that the Poincaré group cannot be found as a subgroup of the BMS group
in a canonical way, which is related to the physical implications of how Lorentz rota-
tions cannot be distinguished from the general BMS rotations (in a BMS-invariant way).

For massless particles it was important to distinguish the past- and future null infin-
ity boundaries, in order to establish matching conditions of fields. A problem area was
also when we got closer to spatial infinity, i, a singularity, which Penrose left as an
exercise for the reader.

For massive particles however, the difficulty lied in the particles now ending at time-like
infinity, .

For spatial infinity, we shortly discussed how it could be related to r = 0 by inversion,
in Section 14. This lead up to the discussed in Section 15, with an attempt to find a
manifestly coordinate independent treatment of spatial infinity, which avoids the awk-
wardness of the differentiability conditions, by representing i® by a 3-surface. This was
closely related to Section 5.6, where we discussed a way to analyse both of these points
(i°, i 1), by hyperbolic slicing of MS. By looking at slices of constant 7, which correspond
to AdSs (at i) for 72 > 0, and dS3 (at i°) for 72 < 0, and then letting 7 — oo, one can
analyse these endpoints.

The take on the asymptotic symmetries of magnetic charges in QED (Section 5.7), is
that a second infinity of conserved charges is generated, when adding magnetic charges.
These can be associated to symmetries, interpreted as electric gauge transformations but
with an imaginary gauge parameter. The large electric transformations can be thought
of as a non-trivial subgroup of the (electric) gauge group symmetry, but the magnetic
ones can not. Not all asymptotic symmetries arise as a nontrivial subgroup of some
manifest gauge symmetry.

What we would have wanted to figure out is:

A lot of ideas was in play, in order to make the connection of the approach of Pen-
rose and Strominger more clear, though they all have very loose ends:

We started out writing the E-M tensor for a (conformally coupled) scalar (see Sec-
tion 13). The purpose of this, was to unite this with the energy-momentum tensor for
gravity and for a photon. By putting all these fields together, we wanted to see how
they act near null infinity and what correction are needed, for example when apply-
ing a Weyl transformation. Applying a Weyl transformation to the action of a scalar
(see Section 12), resulted in the action not being invariant, and was the reason why we
had to add the conformal coupling term. We did not get any further than setting up
the E-M tensor for the conformally coupled scalar, and this story therefore is not finished.

Furthermore the challenges with the boundary conditions, when setting up an E-M
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tensor, has also been briefly discussed in Section 13.1. We saw that the variation of the
action can be split into two integrals, one of which is a boundary integral, and must
therefore follow certain boundary conditions. However, this is also a very unfinished
story.

Discussing the logr/r behaviour, as described in Section 10, when calculating the co-
efficients of the large-r expansion of the gauge parameters in QED; the logr/r term is
needed in order to satisfy the wave equation. A thing to consider, is whether this story
could be recovered in our analysis, had we gotten further. This was just one of many
things to analyse; the rest of them is listed in Section 11.4, where we only got started
on the third step (in Section 14), and can therefore not really conclude anything from
it.

Another small thought, was whether one could use the formalism of the S-matrix as
a celestial correlator and the Kac-Moody algebra, for a direct analysis of asymptotic
symmetries in gauge theories, as shortly mentioned in Section 11.2. This is also very
incomplete.
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18 Appendix

18.1 Covariant Derivative and Restrictions on U

We define the vector U with components U,(z, z) and Uz(z, Z), where (z, Z) are coordi-
nates on the two-sphere with metric g,z = 2v,zdzdz, where v = (0, 7.z, 7.z, 0).

The covariant derivative of U is given by

DU =9,U" +T},U° (287)
with the Christoffel symbol defined as:
1 g
FZJ/ = igp (Ougvo + Ouguo — Os9u) (288)

For a round metric, the non-vanishing components are g,z, so we have the non-vanishing
component:

1 _
sz = 5920(2&29,20 - 8crgzz) =g7%0.9.z = 0. IOg(QZZ) (289)

Using ¢* = (g.z)~! in the last step. Another possible component:

1
= ggzz(azgzz + 02922 — 029.2) =0 (290)

The same goes for I'Z,. The final non-vanishing component is:

_ 1 .
1% =597(0:9:2) = 0 (291)

Taking the covariant derivative with respect to vectors U, and Us:

(D.U)? = 0,U + T2, U* + T%,U” = 0,U% + I2,U”

i . = i 292
(D.U) = 0.U% + T2,U* + T5,U* = 8,U” (292)

Taking the metric to be on the form (Eq. 167)

P
ds? = —du? — dudr +2r%y,-dzdz + 28 qu? 4 rC,,d22 + U,dudz +1Cssdz® + Usdudz + ...
T
(293)
The Weyl tensor is given by:

1 1
C;Wpa = R,uupa' + i(ngRcr,u + g,uo'Rpu - gzzo'Rp,u - g,upRo'V) + ER(gupgo‘V - g,uogpu) (294)
where the Riemann tensor is:
RpU/ux = 8urlp/g - aVFZO' + Fp;MFAVU - FpVAFA;LU (295)

One can now compute the components (here done with Sagemath):



18.1.1 The Weyl Tensor Components

The components of the Weyl tensor with two r indices.

Uiauaz’Yzi Uz auairyzé UEaUVZEaZVZZ Uzau’}/zéa%r)/zi 8z827z2 aZ’YzZaZ’YzZ 1

C = ( + - — + — + *)7'7
e 8 ’Ygz 8 ’732 8 722 8 722 3 ’Ygz 3 ’Ygz 3
+ 0O (7“_3)
(296)
aEsz Uzazazf)/zé Uzaz'YzEaE'YzE 1 -2 -3
C = — - =-U O 297
rurz = ( iv: D2 V25 1273, U+ (=) (297)
szazai'}/zz szaz'72262722 1 1 C? 0,Czz C:C,,0,C;
Cros = - e, e 2z
rarz =( 6732 6732 * 6 w)r A (~Came + 12732 12732
+ szaEUz szazUZ _ CZZOZQZau'YzZ _ szagczz _ szagczz
127,z 127,z 6 7,?2 12 732 12 ’Ygz
szazCZ,éaz'YzE 4 szaZCz?SaE’YzZ )7’72 + 0 (ng)
12 Vzz 12 Vzz
(298)
6262'722 6272282'}%2 1 5 szauCEZ szauczz
Cporz = - ~yes) A+ (e -
rarz ( 67 6732 + 6 ’sz) + ( YzzMB + o - o o
o CEZszau'YzZ _ 83022 o 8§sz + 6202282'722 aEszaZ'YzZ o 18—U
672 127,z 127, 1272; 1292, 67
+ lang)Til + (} Ung + CZZsz . UzazCZZ . CEZaZUz . szaiUZ CZZUzzz’YZZ
3 6 6.2 47,2 247,z 24,5 24 Vzz
szU2827z2 650228:50,22 azCEZaZsz 02282022827z2 022022828277;2
+ 2 o 2 2 + 3 + 3
24 Vzz 24 Vzz 24 Vzz 12 Vzz 6 Vzz
Ciiazczgai'yzé B CéiczzazZziaZ’}/zZ)T_Q + O(T‘_3)
12 Vzz 3 Vzz
(299)
The component C,..., can also be written as:
1 1 _
Crurz = Rrurz + i(gurer - gqurr) = _@(Uz - chzz) + O<T 3) (300)
And since 1
Crarz = Rrzrz — §gzerr - O(rig)’ (301)

we must have the constraint condition, in order to have an asymptotically flat spacetime:

U, = D*C.. (302)
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18.2 Lie Derivative and Calculation of Super Translations

The Lie derivative, L¢, is a derivative along a vector, { = (0, being a vector field.
They act on scalar fields like:

Lio = CHou0 (303)

On one forms, 2 = Q,dz", like:

L= (Lc)dx” + Qud(Lex”), (304)
where Loz — (HOuz” = (¥
Killing vectors are vectors, ¢, such that L;g = 0, where g is the metric. The Lie
derivative acts like the Leibnitz formula ((fg)" = f'g + f¢'). L¢ commutes with the
differential d (L¢dp = d(Lep)).
18.2.1 Calculation of Supertranslations

We now focus on the Lie derivative, L, with vector
C = Cuau + Crar + Czaz + Czai (305)

We will start using the two first components to get gy, and g,,. The metric will only
involve the first three terms:

ds® = —du® — dudr + 2r?y,zdzdz + ... (306)

Again we focus on the two first terms for the components of interest. Applying the Lie
derivative to ds® to get the metric components at large-r:

Leds* = (Leuwp, + Lera,)(—du® — dudr)
— —d¢Udu — dud¢® — 2d¢dr — 2dudc” (307)
— 2dC"du — 2d¢ dr — 2dudc”
Now expanding by using d¢® = 9,¢?dx?, which is d¢* = (0,¢*)du+ (9,¢%)dr +(0.¢*)dz+
(0:¢*)dz. The three terms respectively give
—2[(0u¢")du + (0,¢")dr]du
— 2[(0,C")du + (0,¢")dr]dr — 2(0,¢")dzdr (308)
—2[(0u(")du + (0,¢")dr]du

The second term also gives a contribution to the g., metric component. Thus we have

Leds® = =2 [(0,¢")du? + (0,7 )du® + (0,C")dudr + (0:¢")dzdr + (8,¢")dr? + (0,¢")drdu + (9,¢")drdu]
(309)
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Thus from looking at the first three terms, and the properties of the metric:

G = <guu gur) (310)

gT‘U g”””"

Guu  Gur du
= (du dr
9= ) (gru grr> <dr> (311)
= guududu + 2g,-dudr + gprdrdr + ...

one can write the Lie derivative with respect to the metric components as:

[’Cguu = _28ucu - 28UCT + 0O <i)
(312)

1

Now to get the metric components g, and g,,, we will do the rest of the computa-
tion (and remember we need to add contribution —2(9,(")dzdr):

Leds* = (Ler, + Lezo, + Loz, ) (2r27,:d2d?) (313)
Which gives us three terms:
+2(Lero, )Y 2dzdz
+2r%(Lezg. 2z + Lezo.722)dzdZ (314)

+ 2T2’Yzz((£<zazdz)d2 + dz(Lezp.dZ))

Furthermore we have:

Lerg,r® =" 2r (315)
which is contributing to g.:.
ECzade = (8z§2)dz (316)
which is also contributing to g.z.
Lezp.dz = [(0,C7)dr + (0:¢7)dZ] (317)
where the first term is contributing to g.,, and the second to g,s. Thus we have:
. 1
‘Cngr = TQ’YzZarCZ - 8ZCU +0 (T’) (318)
For the final component, we need to take into account:
»CC’YZ,Z = Cuau’)/zi + (azgz)'y,ui + (8242)’)/2# (319)

where you can only plug in z or z. This, together with the definition of the covariant
derivative, finally lead to the last component:

Lcgzz = 17::2¢" +rD,C* +rD:C*] + O(1) (320)

These Lie derivative of the metric components, together with the Bondi gauge conditions
and large-r falloffs, lead to the expression for the generator of supertranslations, ¢ (Eq.
171).

iv



List of Abbreviations

ASG: Asymptotic symmetry group
BMS: Bondi, Metzner and Sachs
CFT: Conformal field theory
(N)D: N-dimensional

EM: Electromagnetism

E-M Energy-momentum

EOM: Equations of motion

GR: Genral relativity

IR: Infrared

LHS/RHS:  Left-hand side/right-hand side

MS: Minkowski space

QCD: Quantum chromodynamics
QED: Quantum electrodynamics
SR: Special relativity

YM: Yang-Mills
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