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In this thesis, several new aspects of asymptotic symmetries have been exploited.

Firstly, we have shown that the asymptotic symmetries can be enhanced to symplectic
symmetries in three dimensional asymptotically Anti-de Sitter (AdS) space-time with
Dirichlet boundary conditions. Such enhancement provides a natural connection be-
tween the asymptotic symmetries in the far region (i.e. close to the boundary) and the
near-horizon region, which leads to a consistent treatment for both cases. The second
investigation in three dimensional space-time is to study the Einstein-Maxwell theory
including asymptotic symmetries, solution space and surface charges with asymptot-
ically flat boundary conditions at null infinity. This model allows one to illustrate
several aspects of the four dimensional case in a simplified setting. Afterwards, we give
a parallel analysis of Einstein-Maxwell theory in the asymptotically AdS case.

Another new aspect consists in demonstrating a deep connection between certain asymp-
totic symmetry and soft theorem. Recently, a remarkable equivalence was found be-
tween the Ward identity of certain residual (large) U(1) gauge transformations and
the leading piece of the soft photon theorem. It is well known that the soft photon
theorem includes also a sub-leading piece. We have proven that the large U(1) gauge
transformation responsible for the leading soft factor can also explain the sub-leading
one.

In the last part of the thesis, we will investigate the asymptotic symmetries near the
inner boundary. As a null hypersurface, the black hole horizon can be considered as an
inner boundary. The near horizon symmetries create “soft” degrees of freedom. We have
generalised such argument to isolated horizon and have shown that those “soft” degrees
of freedom of an isolated horizon are equivalent to its electric multipole moments.
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CHAPTER 1

Preface

One hundred years after the predictions of the existence of gravitational
waves by Einstein [1,[2], it has been directly detected by LIGO [3] recently.
This is definitely one of the most exciting discoveries of this year. The exis-
tence of gravitational waves was somewhat debatable up until 1960’s. The
main issue was that it was not clear if the radiation was just an artifact of lin-
earization considering that the non-linearity was the most significant prop-
erty of Einstein’s general relativity. Due to the extreme complexity of the
field equations of general relativity, certain methods of approximation are
still needed. To achieve this, Bondi, van der Burg, and Metzner established
an elegant framework of expansions for axi-symmetric isolated systems [4].
The basic idea of their treatment is that in a suitable coordinates system,
the fields can be expandedE] in inverse powers of a suitably defined radius.
Then the equations of motion can be solved order by order when proper
boundary conditions are set. Several important non-linear results have been
demonstrated in their framework: the radiation is characterized by a single
function of two variables called the news function; the mass of a system
always decreases when there is news. In the same year, Sachs extended this
framework to asymptotically flat spacetimes by removing the assumption of
axi-symmetry [6]. Apart from an improved understanding of gravitational
waves, a side-product of the analysis of [4,[6] is fact that the asymptotic sym-
metry group which leaves invariant the boundary conditions for asymptotic
flatness is not the Poincaré group. Actually this asymptotic symmetry group
(the BMS group) is an infinite dimensional group and contains an infinite
dimensional Abelian normal subgroup whose factor group is homogeneous
orthochronous Lorentz group [7]. We refer to this Abelian normal subgroup
of the BMS group as supertranslations. This terminology comes from the
fact that the translations in Minkowski space are elements of this subgroup.
Historically the enhancement from translations to supertranslations was a
surprise and there were attempts to define consistent conditions to bring the
asymptotic symmetry group back to the standard Poincaré group.

1The problem of convergence of this expansion was fixed by Friedrich 20 years later [5].
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2 Chapter 1. Preface

Unlike in special relativity, defining local conserved quantities is a quite
subtle issue in general relativity. This is because the usual analysis that
the existence of a symmetry group preserving the numerical value of the
metric tensor is absent. A more reasonable question is how to make sense
of the concept of the system’s total mass (energy) and angular momentum.
The crucial step is to set suitable boundary condition to have an isolated
gravitational system. This was first achieved by Arnowitt, Deser, and Misner
(ADM) [8HL0] at spatial infinity. In the ADM formalism, energy-momentum
and angular momentum of the gravitational system are well-defined because
the asymptotic symmetry group at spatial infinity is the Poincaré group
(see |11] for a comprehensive review) and the definition of the total charges
are associated to those asymptotic symmetries [12,|13]. The obstacle at
null infinity is that the asymptotic symmetry group, the BMS group, does
not have any physically preferred Poincaré subgroup, but rather an infinite-
dimensional family of them. This issue is often interpreted as an ambiguity
in defining a satisfactory space of origins with respect to which angular
momentum is to be measured [14].

In the past half centory, the BMS group has been studied intensively
[15-23]. However, it is still not, we believe, well understood. In contrast, the
asymptotic symmetry group of asymptotically Anti-de-Sitter (AdS) space-
time has a clear dual interpretation via the AdS/CFT correspondence [24-
26]. The asymptotic symmetry group of the bulk spacetime is the global
conformal group of the dual theory living on the boundary. A fascinating
example of AdS/CFT arises from three dimensional AdS spacetime. Al-
though three dimensional Einstein gravity admits no local degrees of free-
dom, it is shown to admit black hole solutions e.g. the BTZ black hole [27].
The asymptotic symmetry group of three dimensional AdS spacetime was
shown to be the conformal group in two dimensions [28]. Moreover, Brown
and Henneaux found a classical central charge in the canonical realization
of this asymptotic symmetry algebra which is known as Brown-Henneaux
central charge [28]. If one believes that there is a two dimensional CFT dual
to three dimensional gravity and identifies the central charge of the CFT
with the Brown-Henneaux central charge, the entropy of the CFT derived
from the Cardy’s formula [29] is in precise numerical agreement with the
Bekenstein-Hawking entropy of the BTZ black hole [30].

Recently there has been renewed interest at null infinity of asymptot-
ically flat spacetime. In the case of asymptotic flatness, the S-Matrix is
the most important observable. The S-Matrix for massless particles, di-
rectly relating the data living on the past null infinity to those on the future
null infinity, has recently received renewed attention and much progress
has been achieved without starting from a local Lagrangian [31,32]. The
so-called on-shell method introduced in [31,[32] considerably simplifies the
tree-level amplitudes of massless particles. In particular, it makes the soft
theorem in Yang-Mills theory and gravitational theory transparent [33.34].



The universal properties of the soft theorems are suggesting that some sym-
metries might be responsible. Very recently, Strominger and collaborators
argued that the S-Matrix of massless particles should have BMS symme-
try [35] and have found a deep connection between BMS supertranslations
and Weinberg’s soft graviton theorem [36]. Since the supertranslations can
not preserve the Minkowski vacuum, they are spontaneously broken. It has
been shown precisely in [36] that the soft graviton theorem is nothing but
the Ward identity of supertranslations and the soft gravitons are just the
Goldstone particles of the supertranslations.

Apart from the remarkable perspectives in the understanding of the soft
theorem, the degenerate vacuum on a null boundary brings new physical
degrees of freedom which are related to the spontaneously broken symme-
tries i.e. the supertranslations. The inequivalent vacua differ from one
another by the creation or annihilation of soft gravitons. Interestingly the
null infinity is not the only null boundary when a black hole is formed in
the bulk spacetime. As a null hypersurface, the black hole horizon can serve
as an inner boundary. A straightforward question would be what are the
asymptotic symmetries of the near horizon region. Surprisingly, the near
horizon symmetries also include a supertranslation part as shown in [37].
Taking into account of the near horizon supertranslations, a highly mean-
ingful question arises that if stationary black holes are nearly bald due to
the no-hair theorem [38]. Since the no-hair theorem is a basic assumption in
the black hole information paradox issue, the emergence of new symmetries
in the near horizon region may shed new insights on the black hole physics.
Based on those facts, Hawking, Perry, and Strominger proposed that black
holes can carry a large amount of soft hairs which gives the effective soft de-
grees of freedom and the complete information about the quantum states of
those soft hairs are stored on a holographic plate [39]. Moreover, soft hairs
have a description as quantum pixels in a holographic plate which lives on
a two sphere at the future boundary of the horizon. They further argued
that the effective number of soft hairs should be proportional to the area of
the horizon in Planck units as it was the case in the string-theoretic black
hole [40].

The aim of the present thesis is to exploit new asymptotic symmetries
and new applications of asymptotic symmetries both at infinity and in the
near horizon region, especially for systems involving Maxwell fields.

Outline of the thesis

This thesis contains four main parts and a few appendices. In part one,
we review several methods to perform asymptotic analysis. Those are con-
formal compactification, Newman-Penrose formalism and metric formalism.
The point is to establish a complete framework of physics on the conformal
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boundary and set up our notations. The original contribution in this part is
deriving the surface charge in first order formalism, especially in Newman-
Penrose formalism by cohomological techniques |41-43], which allows one to
compute the surface charge directly from Newman-Penrose spin coefficients
and tetrads. To achieve this, we introduce a Lagrangian multiplier to recast
Newman-Penrose formalism in an action principle.

The second part of this thesis consists of three original results in 3 dimen-
sions. Firstly, the asymptotic symmetries of AdS3 with Dirichlet boundary
conditions can be defined everywhere into the bulk space-time. Thus the
asymptotic symmetries can be enhanced to sympletic symmetries in the bulk
space-time. Such enhancement provides a natural connection between the
symmetries in the far region (i.e. close to the boundary) and the near-
horizon region which leads to a consistent treatment for both cases. The
second investigation is to study three-dimensional Einstein-Maxwell theory
(including asymptotic symmetries, solution space and surface charges) with
asymptotically flat boundary conditions at null infinity. This model allows
one to illustrate several aspects of the four dimensional case in a simplified
setting. In the end of this part, we give a parallel analysis of Einstein-
Maxwell theory in the asymptotically AdS case.

Part three presents a new connection between asymptotic symmetries
and soft theorem. In [44], it was found that certain residual (large) gauge
transformations are responsible for the leading piece in the soft photon the-
orem. It was well understood that the soft photon theorem includes a next-
to-leading order. We notice that the fundamental ingredient to explain both
terms in the soft photon theorem was only gauge invariance. That may lead
one to think that the residual large gauge transformations responsible for
the leading soft factor can also explain the sub-leading one. This is precisely
what we will show in the third part of this thesis.

The last part is devoted to the original investigation of asymptotic sym-
metries near the inner boundary. As a null hypersurface, the black hole
horizon can be considered as an inner boundary. Recently, Hawking, Perry,
and Strominger argued that the near horizon symmetries create “soft” de-
gree of freedom on the horizon [39,/45]. We generalize their argument to
isolated horizon which is a more realistic resolution of black hole physics. It
is further shown that those “soft” degree of freedom of an isolated horizon
are equivalent to its electric multipole moments introduced in [46].

All these four parts of the thesis are supplemented by appendices show-
ing details on computation.

During the realization of this thesis, the following research papers have been
finished:

1. P. Mao, X. Wu, H. Zhang, “Soft hairs on isolated horizon implanted



by electromagnetic fields,” Submitted to journal,
arXiv:1606.03226.

. E. Conde and P. Mao, “Comments on Asymptotic Symmetries and
the Sub-leading Soft Photon Theorem,” Submitted to journal,
arXiv:1605.09731.

. G. Compere, P. Mao, A. Seraj, M.M. Sheikh-Jabbari, “Symplectic and
Killing Symmetries of AdS3 Gravity: Holographic vs Boundary Gravi-
tons,” JHEP 01 (2016) 080, arXiv:1511.06079.
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CHAPTER 2

Background material

2.1 Conformal boundary

Originally, infinity is not part of spacetime. However the causal structure of
spacetime is unchanged by a conformal transformation:

ds* — d§* = QO2ds>. (2.1)

We can choose it in such a way that all points at infinity in the original
metric are at finite affine parameter in the new metric. To achieve this, we
must choose

0 — 0. (2.2)

In this case, infinity can be identified as those points for which €2 = 0. These
points are not part of the original spacetime but they can be added to it to
yield a conformal boundary of spacetime.

Example: Minkowski space [47]

ds? = —dt® + dr? + r*(d6* + sin 0*d¢?). (2.3)
Let
Um0 — _dude + M(d92 +sin6%d¢?).  (2.4)
v = t+r
Now set
u = tan[:f —7r/2<[:]<7r/2 with V > U (2.5)
v = tanV —7m/2<V <7/2 | sincer >0 '

In these coordinates,
~ ~\ —2 ~ o~ ~ ~
ds? = (2 cos U cos V) [—4dU dV + sin? (V - U) (d6? + sin 92d¢2)] (2.6)

7
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--timelike geodesic

© t = constant
hypersurface

" radial null
geodesic

Figure 2.1: Each point represents a 2-sphere, except points on r = 0 and

10, t+. Light rays travel at 45" from S~ through r = 0 and then out to 3.
This picture is taken from [47] page 44.

To approach oo in this metric we must take )f] ‘ — /2 or
choosing

V‘ — 7/2, so by

Q=2cosUcosV (2.7)

we bring these points to finite affine parameter in the new metric
5% = Qds® = —4dUdV + sin? (f/ - U) (d6? + sin 0%d¢?) (2.8)

We can now add the points at infinity. Taking the restriction V > U
into account, these are

U —7/2 r— 00 e
% /2 } & { ¢ finite } spatial infinity, ig
U = +n/2 - t — +o0o | past and future
V = +£7n/2 r finite temporal infinity, i+
U = —n/2 - tr—>—>_oo past null infinity
V| # w/2 oS
r 4+t finite
U] # =n/2 - Z : o future null infinity
V o= /2 > 3t

r — t finite
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Minkowski spacetime is conformally embedded in the new spacetime with
metric d5? with boundary at Q = 0. Figure is the Carter-Penrose dia-
gram of Minkowski spacetime.

2.2 Asymptotic structure at null infinity

2.2.1 Asymptotic flatness at null infinity

We have introduced the conformal technique in general previously. Null
infinity will be analyzed in details here. At first, we give a general definition
of asymptote for a generic 4 dimensional manifold M with smooth C'°® metric
of Lorentz signature g, following [11]. By asymptotes of (M, g.5) we mean
a manifold M with boundary I, together with a smooth Lorentz metric gqp
on M, a smooth function Q on M, and a diffeomorphism from M to M — I,
satisfying the following conditions:

1) On M; gab = Q~29ab- B 5 5
2) At 1, Q =0, V,Q # 0, and GV OVQ = 0,where YV, denotes the
gradient on M.

This g is called the unphysical metric (to distinguish it from the physi-
cal metric gqp) , while I is called the boundary at null infinity. Note that the
definition requires that the unphysical metric be defined and have Lorentz
signature also at points of the boundary.

The definition represents the intuitive idea of “the attachment to the
space-time manifold M of additional ideal points at null infinity”. The
additional points are of course those of I, while the diffeomorphism inserts
M in M; thus, M itself represents the physical space-time manifold. The
first condition from the definition states that the conformal factor rescales
the physical metric to the unphysical one. The first part of the second
condition, together with the requirement that the unphysical metric being
well-behaved on I, states that “infinity is far away in the physical space-
time”. The second part of the second condition fixes the asymptotic behavior

1
of Q. Effectively, it states that Q falls to zero as —. The third part of the

second condition states essentially that I is a mﬁl hypersurface. Hence,
we are working at null infinity. These remarks reflect the intuitive idea of
“asymptotic flatness at null infinity”. The conformal boundary of Minkowski
space we have discussed in the previous section is absolutely in consistent
with this intuitive idea.

Another aspect of this issue as pointed in [11] is the question of whether
or not the existence of a boundary at infinity is persistent. In other words,
we are wondering if asymptotic flatness is stable against disturbance in the
space-time, e.g. by emitting gravitational radiation. One would wish it to be
true that such a disturbance could not result in destruction of the boundary.
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Otherwise, the physically realistic space-time would not admit a non-trivial
(I # 0) asymptote, since such disturbance presumably exists in our world.

However, there is no definite proof to the persistent conditions e.g. see
[11] for more discussions. Nevertheless, the evidence in favor of the present
definition consists of some examples and the fact that the definition leads
to quantities of apparent physical interest.

We next consider a somewhat different aspect of the definition. As
stressed in |11], the ultimate goal is to describe the asymptotic structure
of a physical space-time M, g, in terms of the local behavior at I of various
fields. One would like to have some guarantee that statements about fields
near I will actually say something about the physical space-time. What is
needed essentially is a proof that, given the physical space-time, its asymp-
tote is in some sense unique, for otherwise statements about I may refer only
to the choice of asymptote. However there are indeed two distinct senses
in which the asymptote is certainly not unique. Let M, gu be a space-
time, M, Jab, §) an asymptote, and w a smooth positive scalar field on M.
Then M, w2§ap, wS is clearly also an asymptote. [Note: w-factors so chosen
that 9723, the physical metric, remains the same.] We call two asymp-
totes related in this way equivalent. Hence, one always has the freedom of
an additional conformal transformation. We would refer to such conformal
transformation as a gauge transformation from now on. The second non-
uniqueness is the following: For C any closed subset of I, M — C, Gap,
(the latter two fields now restricted to M — C) is also an asymptote. We
call M , Jab, £ an extension of this one which means one can always remove
part of the boundary.

It turns out that these two are the only ambiguities, at least for suffi-
ciently well-behaved asymptotes. The sense in which equivalence and exten-
sion are the only ambiguities in selecting an asymptote is the following |11]:

Theorem 2. Let M, gu be a space-time. Then there exists a regular
asymptote, M, Jab, 2, unique up to equivalence, which is maximal: Any
other regular asymptote of M, gap is equivalent to one of which M is an
extension.

2.2.2 Symmetries at null infinity

In this section, we will review the results in [11] about the symmetries at null
infinity. To investigate the symmetries at null infinity, one needs to introduce
the local geometry of null infinity first. Let M, g4 be a space-time, and let
M, Jab, §2 be an asymptote. Denote by ¢ a diffeomorphic copy of the three-
dimensional manifold I, and let ¢: ¢ — M be the corresponding smooth
mapping, so ¢ sends ¢ to I diffeomorphically. This manifold ¢ represents I,
detached from M It will be convenient to describe the asymptotic structure
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in terms of it. We denote by (* the pullback: the operator, now to be
defined, which carries certain fields from M to ¢. Let ngy = V4 be the
normal vector of the null infinity. Then, (*n, = 0. Set n® = (*n® and
9y = = (*gap- These two fields on ¢ essentially describe the universal geometry
of this manifold. Furthermore, applying ¢* to gu»n’, one obtains Yap nb = 0.
Thus, g s g, is not invertible; indeed, it is clear from the fact that I is a null
surface and 9 has the signature (0,+,+). A final consequence follows

from the Einstein’s equation. It is convenient to define a combination S,> =

1 -
R} - 6R5ab. Let Lqy = GaeSy . The behavior of the Ricci tensor under

conformal transformation implies
anb + Enagab - fgab = Q_IINJabv (29)

where f = Q7 'n%,. Let us now suppose that the stress-energy vanishes
asymptotically to order two which is a very weak supposition. Then, ap-

plying ¢* to , we obtain Lng , = fg_, where we have used f = C*(f).
Thus, n® is a conformal Killing field for g b’

The gauge-function w on M is represented, in terms of ¢, by the (positive)
function w = (*w on this manifold. Applying (* to g/, = w2Ga and to

n'? = wn® + w2QV%, we obtain

g, =w’g,, n“=w'n" (2.10)
That is to say, g ,, n® and Q; . n/®, related by (2.10) for some positive
w, are to represent the same geometrical situation. Applying ¢* to f/ =
Wl f 4+ 202 LW + W3OV WY, w gives

f=wtf+ 2w L. (2.11)

Set F‘lb = n“nbg og- Then this tensor ﬁeld pab cq 18 gauge-invariant.

Its propertles are the following: 1) T'® d = =l ) # 0 and I [Cd e]fgh =

0, 2) I'*™,, = 0 (ensures that n’g , = 0), 3) Whenever weler?e 4w 7> 0,
wawbvcvdFabcd is positive (signature of gab) and 4) whenever v[aI‘b]Cde =0,
L, T .q 18 a multiple of T' ab .q (ensures thet n® is a Qab—conformal Killing
field). Thus, we may regard I'* .4 as representing the complete universal
structure of ¢ in a gauge-invariant way. By an asymptotic geometry we shall
mean a three-dimensional manifold ¢ with a tensor field I'* oq satisfying the
four properties above.

Set f/ = 0 in to obtain —2L,Inw = f. Clearly, there always
exists, at least locally, a positive w satisfying this equation. That is to say,
by a gauge transformation we can always arrange locally to have ,Cﬂgc =0
Furthermore, f = 0 is preserved by when and only when L,w = 0,

1. e., when and only when w is constant along the n-integral curves. For ¢,
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[ab .q an asymptotic geometry, by a decomposition of [ab ¢ We mean fields
n® and 9o such that T d = @a@bgc J and Eﬂgc = 0. What we have shown,
then, is that every asymptotic geometry possesses, locally, a decomposition,
and that it is unique up to a gauge transformation by w which is constant
along the n-integral curves.

A symmetry on (¢, ['% ) is a diffeomorphism from ¢ to ¢ which sends
I% . to itself. An infinitesimal symmetry on (:, T'% ;) is a vector field
£* on ¢ satisfying L¢I' ab «¢ = 0. Under the bracket of vector fields, the
infinitesimal symmetries, we denote by x, have the structure of a Lie algebra.
An alternative statement that £% is an infinitesimal symmetry will be

Leg,, =29, Len”=—rn" (2.12)

An infinitesimal symmetry £% is called an infinitesimal supertranslation if
&% is proportional to n*. We denote the set of infinitesimal supertranslations
by p. The terminology is motivated by the fact that the translations in
Minkowski space give rise to elements of . Let £€* = an®. Then £§gab =0,
and Len® = —Lyan®. Thus, an® is in e if and only if £,a = qﬂ pis a
vector subspace of the vector space x and, an infinite-dimensional subspace.
One can further conclude that p is even an abelian subalgebra and forms
an ideal in Lie algebra of x. This can be checked by the bracket of an
infinitesimal symmetry £% with an element of p

Le(an®) = Lean® + aLlen® = (Lea — ar)n®. (2.13)

Now, we have “understood” the p-part of y. What remains is to un-
derstand the rest of x. This is accomplished as follows. Since p is an ideal
in x, one can form the quotient algebra, x/p. This quotient algebra just
represents the “rest” of x; we wish, therefore, to understand its structure.
It turns out that x/p can be represented explicitly within ¢. Fix a decom-
position of I'® d» let €% be any infinitesimal symmetry, and set §, = gabgb.
Then, this &, satisfies

Qafa = 0, D(aéb) = Hﬁab’ ﬁﬂga = 0, (2.14)

where D is the derivative compatible with 9o i.e. Dagab = 0. We can
further claim, conversely, that any &, satisfying (2.14)) is of the form gabfb
for some infinitesimal symmetry £°. Let such a &, be given. Then the first
equation in (2.14) implies that &, = gabnb for some 7°; set £ = n® + an®.
T.hen the second equation .in (D yields Leg = 2nggb \fvhile the third
yields Len® = —Lyan®. This £ will therefore be an infinitesimal symmetry
if and only if « satisfies £,,ac = k. But, we can always find some « satisfying
this equation, i.e., we can always find some infinitesimal symmetry £ such

"Without choosing the decomposition, a supertranslation will lead to different con-
straint on a.
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TE
i

Figure 2.2: The base space is a two-sphere (circle in the figure). The map-
ping 7 acts vertically downward; the vertical lines in ¢ are integral curves of
n®. This picture is taken from [11] page 27.

that &, = gabnb is our original solution of . Finally, we note that
infinitesimal symmetries £* and p® differ by an infinitesimal supertranslation
if and only if ngb = Qabpb,i.e., if and only if £€* and p® define the same
solution of . Thus, a solution of determines an element of x up
to addition of an arbitrary element of p i.e., the solutions of realize
the quotient algebra y/g.

We next introduce the base space B following [11] to have a better in-
terpretation of x from the geometrical point of view. Let ¢, T'% .4 be an
asymptotic geometry. A maximally extended integral curve 7 of n® is said to
be almost closed if, for some point p of ¢, T reenters every sufficiently small
neighborhood of p. Suppose an asymptotic geometry having no almost-
closed integral curves of n®. Denote by B the set of all maximally extended
integral curves of n®, and let m: + — B be the mapping which sends each
point of ¢ to the integral curve on which it lies in B. Now, given an open
set U in ¢, such that no n-integral curve passes through U more than once,
and such that there are two of the coordinate functions which are constant
along the n-integral curves in U, after projecting these two coordinate func-
tions to B by the mapping 7, we obtain a chart in B based on w[U]. Thus,
B becomes a two-dimensional manifold. When B is Hausdorff, we call it
the base space of the asymptotic geometry. In this case, the mapping 7 is
smooth, and the manifold ¢ is just B x R. One can define a cross section of
¢t by a smooth mapping € from B to ¢, such that 7 o € is the identity on B.
We can consider a cross section of ¢ represents a “lifting” of B back into ¢
such that each point p of B is sent to a point of the integral curve in ¢ which
defines p.
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With a base space, we are able to introduce the geometrical meaning of
x- Let an® be a supertranslation on ¢. Such «’s on ¢ are precisely those of
the form o = 7*(8) for some scalar field § on the base space B. Thus, p
is essentially the same as the set of scalar fields on B. This representation
of an element of p by a field a depends of course, on the particular choice
of decomposition of I'* ;. In order to have a/'n'* = an?, i.e. (2:10), we
must set o/ = wa. Hence, the set p is in fact the same as the set of scalar
fields on B with dimension +1. The second equation in is then just
7* applied to the conformal Killing equation for any vector u, on B with
metric hg. Finally, the solutions of are precisely the pullbacks of
conformal Killing vectors on B. The Lie algebra x/p, then, is naturally
isomorphic to the Lie algebra of conformal Killing fields on the base space
B.

All of the remarks above complete the symmetries at null infinity. The
Lie algebra of infinitesimal symmetries discussed in this section reproduce
the BMS (Bondi-Metzner-Sachs) algebra originally derived in [4,6,7] where
metric language was used.

2.2.3 Physical fields at null infinity

We have so far studied two notions: that of an asymptote and of an asymp-
totic geometry. These two merely provide a geometrical framework. The
physics itself is to be characterized in terms of certain other fields which
arise on ¢ from the various physical fields in the physical space-time. In this
section, we will discuss such fields introduced in [11]. There are of course
numerous possibilities, for there are numerous physical fields in general rel-
ativity. Rather than attempt to give an exhaustive list, we shall largely
restrict consideration to the main one - the gravitational - and one other
example - Maxwell.

Let M, gq be a space-time. By a Maxwell field on M, g,;, we mean an
antisymmetric tensor field Fy;, satisfying

ViaFrg =0, V[Q*Fbc] =0, (2.15)

where x denotes the dual: *F, = %eabch @ Since we only focus on physics
near the boundary, we may omit sources on the right hand side of ,
provided they vanish in a neighborhood of the boundary (or, still more
generally, vanish to an appropriate asymptotic order).

Let M, ap,  be an asymptote of the physical space-time. We will call
the Maxwell field asymptotically regular, with respect to this asymptote, if
the fields F,, = F, and *F,, = *F,;, on M have smooth extension to I on
M. We refer to Fy, and *Fj, as the physical field; to F;, and *F,;, as the
unphysical ones.

Having now introduced Maxwell field which contribute to the stress-
energy, we may now return to the question of to what asymptotic order that
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stress-energy should vanish. The stress-energy of Maxwell field is given by
Tay = F Fyp + F," Fyp. (2.16)

Replacing Ty by the Ly, and replacing physical fields everywhere by un-
physical ones, we have

Lam = QYEL Fy +*E* By, (2.17)

with indices now raised and lowered with the unphysical metric. We con-
clude, therefore, that regular Maxwell field produces stress-energy vanishing
asymptotically to order four.

Since the Maxwell field on M has a smooth extension to M, we can
introduce the corresponding fields on ¢ given by F,, = (*(F,p) and *F,, =
¢*(*F,) (Note that the two stars on the right in the second equation have
different meanings). We first note that, by definition of the dual, *Fomn™ =
%gamemCd‘?nqﬁ’cd. Applying ¢* to this equation, and to the analogous one

obtained by interchange of F,; and *Fy;, we obtain

1 d 1
*Eamnm - §Qam6mc Ecda Eamnm = _§gam

L (2.18)

(2.18]), then, reflects in ¢ the fact that F,, and *F,, begin as mutual dual.
Further applying ¢* to Maxwell’s equations in terms of the unphysical fields
yields

D Fyy =0, Dy*Fyy=0. (2.19)

Thus, a Maxwell field is described asymptotically by two fields, F,, and
*F,p, on ¢, satisfying and (2.19).

We turn now to the gravitational field. It turns out that one obtains four
objects on ¢ in the gravitational case: a derivative operator, its curvature
tensor, and two other fields. One can consider the derivative operator as the
“potential” of the curvature tensor, and the curvature tensor as the potential
of the two remaining fields.

Again, let M, g, be a space-time, and M, Jab, §2 an asymptote. We
start with the following observation. Let w; be a covariant vector field on «¢.
Then up = ¢*(vp) for some v, on M, and this v is uniquely determined up to
addition of terms of the form any,+Q7,. But, in M, we have @a(anb—FQTb) =
@aanb + a@anb + g7+ Q@aTb. Now choose the conformal factor such that
f =0 on I, accordingly n® and §g; lead to a decomposition of I'* cd- Then
C*[Va(any+Qm)] = 0. Thus, ¢*(V,.13) on ¢ depends only on the original field
up on . We define this field as Dgup. In this way, we obtain a derivative
operator (on covariant vector fields, and hence on all tensor fields) on ¢.
We have immediately that D,n® = 0 from the fact that L,a 9. = 0. Thus,
D,, I ¢ = 0. This derivative operator is the first object of our gravitational
fields.
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The second field is obtained from the KEinstein equation. Contracting

[2.9) with n®, we have
Sabnb + @af = Qi?f/abnb- (220)

Let the stress-energy vanish asymptotically to order three, and keep our
gauge-choice f = 0 on I. Then, at points of I, V,f is proportional to ng,
whence this gives that S'abnb will be proportional to n, there. Set S ab =
¢*(S,%). This is the second gravitational field, essentially the pullback of the
unphysical Ricci tensor. Since n“g’ab is a multiple of n®, we have, applying
¢*, that @aﬁab = on? for some o on . Set § = S, and Sy, = §amgmb.
Then S,,n® =0, and g*S,, = S — 0. These are the algebraic properties of
Sap- A differential property follows from . Taking the curl of ,
we obtain

OV S + @ She + 2V Vine — Via e = Via(Q7 ' Ly.). (2.21)

rI:he third term on th~e left hand side equals to Rabcdnd.NInserting Rabcd =
Cabed + GafeSap — GbeSdjas and using (2.20) to eliminate Sapynb term, we get

Q@[a‘gb]c + C~1¢1170dnd = @[a(Q_lf’b]c) - Q_ch[af/b]dnd' (222)

Contracting the Bianchi identity @[aébc]de = 0 once and eliminating the
Ricci tensor by Sy, one has

@méabcm + @[agb]c = 0. (223)
Contracting this again, it will be reduced to

V™ Sam — VaS™, = 0. (2.24)

Eliminating the second term in (2.23) via (2.22)), (2.23)) can be written as
@m(g_léabcm) = _Q_Q@[a(ﬂ_lib]c) + Q_4§c[aib]dnd' (2'25)

Finally, by inserting Raped = Coapea+ ga[céd]b— gb[céd] . to the Bianchi identity,
we obtain

d
la

V(71 Gy ™) = 2072, V(@7 L) — 2074, 6, L™, (2.26)

[

These are the equations needed.
Assume the vanishing of the stress-energy to order four. We have V[a(Sb]cnc) =

@[a(gbf)nc + g[bcﬁa] ne. Evaluate on I. Then the left side vanishes by (2.21))
and vanishing of the stress-energy to order four, while the second term on
the right vanishes by (2.9). Hence, V[a(Sb]c)nc = 0. Since ¢* of the contrac-

tion of @[Q(S’bf) equals the contraction of (*. But the former vanishes, by

(2.24). Hence,

Dy(S,b — 86,5 = 0. (2.27)
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In particular, contracting this equation with n* and using Dyn® = 0 and
Qaﬁab = on®, we obtain n®Dy(S — o) = 0: That is, S — o = g®S,, is
constant along the n-integral curves. a

The last two gravitational fields, as expected, come from the unphysical
Weyl tensor. We first have

Theorem 3: Let M, gu be a space-time, and M, Gap, @ an asymptote,
such that the stress-energy vanishes asymptotically to order four, and such
that the asymptotic geometry is Minkowskian. Then the unphysical Weyl
tensor, Clpeq vanishes at 1.

The complete proof is given in [11]. In order to obtain the remain-
ing two gravitational fields, we must restrict consideration to those cases
in which the unphysical Weyl tensor vanishes at I. Then, QO 1Chpeq 18
smooth up to and including I. Set K% = ¢medra* (1 Cpeq) and * K =
e edP1CH (O Cpea), Where *Cped = % €abmnd™ G Chgea is the dual of the
Weyl tensor. These are the remaining two gravitational fields.

We will derive some properties of K% and *K?. Since the Weyl tensor
and its dual are trace-free, we have that K and *K are also trace-free.
Multiplying Q~! on the dual of Weyl tensor, applying ¢*, and expressing
the result in terms of the K’s, we obtain

mb * 7-mb
K™ = _Eampﬂp K™, g,

g m*Kmb — _eampﬂmeb' (228)

am

These equations are analogous to (2.18)) in the electromagnetic case. These
are the only algebraic properties. Multiplying (2.22)) by Q~! and applying
C* leads to

1 * mc
D[aﬁb]c = ZGabm K . (229)

The trace of this equation again gives . The final two differential
equations come from ([2.25) and . Again, we suppose that the stress-
energy vanishes asymptotically to order four, and let Ly, = Q4 Loqp, with
Loap finite on I. Then can be written as

6[a(QilCN'bc]de) = 2Q§d[aﬁbz/00]e - 2§d[a§b\eHEOC]mnm + 6§d[anbEOc]ev (230)

where antisymmetrization over “de” is to be applied on the right. Now
apply ¢* to this equation. The first two terms on the right give zero. Setting
L, = ¢*(Loay), we then obtain

Dy, K" = —4n*(L,,,n"n"). (2.31)
Proceeding in the same way on ([2.25)), we obtain

Dy * Ko™ = 0. (2.32)
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Effectively, the asymptotic stress-energy, interpreted as the field L, on ¢, is
a source for the K’s. and are the gravitational analogue of the
electromagnetic wave equations (2.19)).

There is, in fact, one more differential equation in this system which is
a consequence of the vanishing of the unphysical Weyl tensor on I. For any
k. in the unphysical space-time, we have V[avb}k = fR dkd Substituting
the curvature tensor by the Weyl tensor, applying C* and using the fact
that C’abcd is vanishing on I, one gets

1
DiaDyke = 5(9,4,84" + Setadyha (2.33)

where k. = (*(k.). This equation holds for all fields k, on . Hence, we
recover the curvature tensor Rabcd of the derivative operator D, on ¢, which
is the tensor field in parentheses on the right hand side of (2.33)).

2.3 Newman-Penrose formalism

The Newman-Penrose formalism [48] is a tetrad system with a null base
I,n,m,m satisfying the orthogonality conditions [ -m =1-m =n-m =
n -m = 0 and the normalization conditions [ - n = —m -m = 1. The various
Ricci rotation-coefficients, now called the spin coefficients, are designated
by special symbols as following

k=wsi1 =1"mI'Vyl,, ™= —wi =-1"m"V,n,,
1 1 _

€= §(w211 —wy31) = i(l”nﬂvylu —"mtv,my),

T =w3i2 = n'm'V, 1, v=—wis=-n"m"V,n,,
1 1

= 5(&)212 — wy32) = §(n”n“vylu —n"m"V,my),

o =wsz3 =m'm"'V,l,, p=—wipz=-—-m"m'V,n,,
1 1

8= 5(&1213 — w433) = i(m”n"vyl“ — m”m“vymu),

p = w314 = mymuvyl“, A= —wyo4 = —r‘n”m“vyn“,
1 1

€= §(w214 — wy3q) = 2( "ntVyl, —m'm*V,my,),

In the Newman-Penrose formalism, derivative operators D, A, 0 are
defined as I#0,,, n*0,, m"0, respectively. The ten independent components
of the Weyl tensor are represented by five complex scalars,

Uy = —Cupeal *mblcm?,

Uy = —Copealn’lm

Uy = —Copeal®m mcnd (2.34)
U3 = —Clpeal*n"men?,

Uy = —Cupean® mbncmd.
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The Weyl tensor has the following form

Cabea = —VYo{nampncma} — Vil{lanpncma} + {namymemat]
+Us[{lampncmig} + {lanemcmg} — {lanplengt — {mompymmg}]
+Us[{lanplemg} — {lampmcmig}] — Va{lamplema}
+complex conjugates, (2.35)

where {abed} denotes

{abcd} = abed — abde — bacd 4 badc + cdab — cdba — dcab + dcba.

Finally the ten components of the Ricci tensor are defined in terms of four
real and three complex scalars:

1 1 1 1
00 5 Ri1, P2 2 Ros, ®p2 2333, 20 23447

1 1
q)ll = (R12 + R34), @01 = —§_R137 ,(b12 — _§R23

1
4

1 1 1
A= —R= Ri2 — R Q19 =—-Ruu, P21 =—2R
24 12 34), P10 v, @21 524,

1
13
while A is the cosmological constant.

When Maxwell field is coupled, the antisymmetric Maxwell-tensor is re-
placed by the three complex scalars

¢o = Fopl®m’,
1 a, b | —a, b
¢1 = 5 ab(l n-+mm )7 (236)

bo = Fpmn’.
Maxwell-tensor will be represented by

Fuo = ¢olmyn, —nymy| + ¢1[nuly — Lyny, +mym, —m,m,]

+¢al,ymy, — myly] + complex conjugates. (2.37)

The full Newman-Penrose equations for Einstein-Maxwell theory are
listed as following:
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e Hypersurface equations

5p—do =p(@+p)—o@Ba—pB)+(p—p)7+ (n—mEkr— U1 + o,
ba—6f = (up — o) + aa+ BB — 208+ y(p — p) + e(n — ) — V3
+®11 + A,

SN —=0p=(p—p)v+ (p — )7 + pla + B) + A@ — 38) — U3 + Py,
AN—bv=—(u+IA— By =TI+ Ba+F+7—7)v— Ty, (2.38)
Ap— 061 =—(pfi+0N) + (B —a—T)T+ (y+7)p+ vk — ¥y — 2A,
Aa—dy=(p+ev—(T+BA+ T —ma+ (B —7)y - ¥s,

v —Ap = (1 + M) + (Y +7)p = 7m + (1 = 3 — @)v + Do,
oy —AB=(r—p—a)y+ur—ov—ev—B(y—7—p) +ar+ P,
6T — Ao = (op+ p\) + (1 + B —a)T — (37 — 7)o — kT + Do,

A —AS=—vD+(tr—a—B)A+X+ (u—~y+7)0,

66 =06 = — D+ (p—p)A+(8-@)d+ (o - B)S,

e Radial equations

Dp -0k = (p* +057) + (e +€)p—Fr — k(3o + § — ) + oo,

Do —d0k=(p+plo+ (Be—€o—k(r+30+a—Tm)+ ¥,

Dr—Ak=(1+7T)p+(m+T)o+(e—€)7— 37+ 7))k + V1 + Doy,

Do — e = (p+€—2¢€)a + B7 — fe — kA — Ry + (e + p)m + P10,

DB —de=(a+mo+(p—€B—(u+v)k—(@—7)e+ ¥, (2.39)

Dy—Ae=(t+7Ta+(r+7)f—(e+€)y— (y+7)e+71m — vk
+Wy + d1p — A,

DX —m = (pA +7p) + 72 + (a — B)7 — VR — (3 — €)X + Py,

Dp—om=(pp+oX)+ 71 —pule+€) —n(a—p) — vk + ¥a + 2A,

Dv—Ar=m+T)u+ (T+T)A+ (v —7)1 — (Be +€)v + U3 + Doy,

AD — DA = (y+75)D + (e + )A — (1 +7)0 — (T + 75,

6D — D5 = (B+a—7)D+ kA — a6 — (p+ € — €3,

e Bianchi identities

DUy — 00y = —3kTs + (26 + 4p) T + (1 — 4a) ¥y + DB — 6Pgq

—2(e+p)Po1 — 20P19 + 26P11 + EPo2 — (T — 20 — 28) Py, (2.40)
DUy — 601 = —2kU3 + 3pWy + (27 — 20) W1 — AWq + 6Pg; — Adgg — 27D
—2(a + ?)‘I)()l +2p®11 +0Pg2 — (ﬁ — 2y — 27)(1900 — 2DA, (2.41)

D\IJ3 — 3\112 = —H\I’4 + (2/) — 26)\1’3 + 371'\1/2 — 2/\\111 + D@Ql — 5(132()
—Z(ﬁ — 6)(1321 4+ 2uP1g — 27 P11 + KDog + (2@ — 208 — f)(:[)go + 23A, (2.42)
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DUy —0U3 = (p— 4e)Uy + (47 + 20) T3 — ATy — Adyg + Doy
+2(a — T)Po1 + 2vP1g — 2AP11 + P22 — (@ + 27 — 27) oy,

AWy — 6V = (4y — p) o — (47 + 2B) ¥ + 30W¥y — DDy + 6Py
+2(7 — B)®o1 — 26P12 — APgo + 20P11 + (P + 2¢ — 2€) Do,

AWy — 6Uy = vWg + (27 — 2u) ¥y — 3705 + 2003 + Adgy — §Pg
+2(0 — 7)Po1 — 2pP12 — Doy + 2711 + (T + 20 — 23) Dy + 20A,
AWy — 6U3 = 20T — 3uTy + (28 — 27)V3 + 0¥y — DPoy + 6Py
+2(T + B)Pay — 2uP11 — ADog + 27® 15 + (p — 26 — 26)Poy — 2AA,
AW3 — 60, = 30Ty — (2y + 4p) V3 + (48 — 7) Wy + Aoy — 6Py
+2(7 + ) Po1 — 201y — TDog + 2AD 15 + (T — 200 — 25) Do

e Maxwell equations

Doy = Pay (2.48)
61 — Ago = (1 — 27)¢o + 27¢1 — 02, (2.49)
0o — Ap1 = —vo + 2up1 + (T — 28) b2, (2.50)
D¢y —8¢o = (m — 20)¢o + 2p¢1 — Ko, (2.51)
Doy — 661 = —Ado + 211 + (p — 2€) b2 (2.52)

The standard Newman-Penrose prescription can always make the follow-
ing choice:

k=nm=€¢=0, p=p, T=a+p.

The geometrical interpretation of such disposal is that [-vector forms a con-
gruence of null geodesics with affine parameter and all the rest basis vectors
n, m, m will be parallely propagated along I. Moreover, the congruence of
the null geodesics will be hyper-surface orthogonal and [ will be equal to
the gradient of a scalar field. Thus let us choose a Bondi-like coordinate
(u,r, z,z) with | = du. This gives the tetrad system the following ansatz

* =10,1,0,0], n*=[1,U,X4], m*=[0,w, L"].
l,=1[1,0,0,0], n,=[-U—X"@La+wLa),l,wlLa+®&L4l,
my = [~X4L4,0, Lal,

where LALy =0, LAL4 = —1.

We will focus on the pure gravity case with the constraint made above
in this section. E. T. Newman and T. W. J. Unti have shown the gen-
eral solutions of Newman-Penrose equations in [49] with asymptotically flat
boundary condition. We present the solutions adapted to our convention as

(2.43)
(2.44)
(2.45)
(2.46)

(2.47)
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follows:
VA _
\IJO - 750 + O(T 6)’
LA Y _
U = 741 - TE’O O(T 6)7
v vl _
‘1’2:732—7}"‘0(7“ °)s
g 0wy 4
V3 = 2T +0(r™),
vy vl 3
vy = - 2 T o(r=),
1 o%? _ o _ v -
P:—;—TT—I—O(T 5)7 U:7+O(T 4)7 T:_Tg,l+0(r 4)7
o 7'al %% a4y o0 1g
QZT = + 3 +0(r ), « :§P61nP,
@ %% o%%0 + $U 4
R A
0 0,0 4 O 1 - — _
p=t T L 063, )0 = —-PPodIn PP
r r 2
N0 50,0 )
A g ,;11 + O<r—3)’ )\0 =50 +EO(3,YO _70)’
r r
3 1 -
_ .0 2 -3 0 _
7= 5 F00T), 47 = —50. P
VY =
v B I 063, =5 +7) (2.59)
5 0 06—0_’_1\1,0
XA — O(r_3)7 w= L _ Lﬂ _|_ O(r_3)’
r r
Y+ by
U=—r(y"+7") + 4" - 25— +007%,
P ) _ P %P 4
LZ:—T—2 O(r—), LZ:?—i— .3 +O0(r %),
0
r _ g _
L:=-5+0(7?), L:=—-5 + 0077,

T =08 — 0%, 0) =80 — 9,00 — 47000

vl — WS =500 — 9%° + 7'\ — o%\°

DY + (70 4 57°) ¥ = 5? + 300w

809 +2(7° +27°) Y = 89 + 260

0,99 + 3(7° +7°) ¥ = 00§ + "V}

0,03 +2(29° +7°) 0§ = 00

Oup’ = =2(1" + 7" +80(1° +7°), Oua® = —27%a" — 57",
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Table 2.1: Spin and conformal weights

Ou | A0 | O o | A0 Wl ey wl )| Y
s|1lofo|-1]o|2]-2]-=2|-1[0]1]2]-1
w|-1]-1|-1]-2]-2]-1]-2|-3[-3]-3|-3][-3]|1

The “eth” operator is given by

dn = PP~°0(P°%n) = Pon® + sPOIn Py = Pon + 2sa’n,
dn = PP*0(P~°n) = Pon® — sPO1n Py = Pon — 2sa’n.

where s is the spin weights of the field 7.

Szekeres gave an interpretation of the different Weyl scalars at large
distances in [50]: W9 is a “Coulomb” term, representing the gravitational
monopole of the source; ¥§ and \I'g are ingoing and outgoing “longitudinal”
radiation terms; WY and ¥ are ingoing and outgoing “transverse” radia-
tion terms. This can be understood as a translation in Newman-Penrose
formalism of the physical fields at null infinity in the previous section. The
electromagnetic analogue will be: ¢{ is a “Coulomb” term, representing the
electromagnetic monopole of the source; ¢ and ¢ are ingoing and outgoing
radiation terms.

As a first order formalism, the system has both diffeomorphism and local
Lorentz rotation invariant. The infinitesimal transformation on the tetrad
vectors and spin coefficients are given by

dett = €PO el — ePd et — Alel, (2.54)
5wabc = fpapwabc =+ 6'38MAab — wdbcAad — wachbd — wabdACd, (255)
where £ is a spacetime vector generating the infinitesimal diffeomorphism

transformation while Aab’s are the components of Lorentz group elements.
The transformations preserving this solution space are specified by

€= f, 00 = SOV +TV) [0 +7°) + L@+ D)

b 055 5¢ 0 =0
gzzy_PL’f+”P5f+o(f3), 52:1—/_]376]"_'_0Pfﬁf
r r2 r r2

00'df + 05’0 f L0

r

+0(r™?),

(r),

1
& = —10u.f + 30f -
A% =9, f +O0(r?),

5 =0 0=0%
a0 _70f | 0T df +0(r™),

r r2 r3
0% 0=0

a2 29 o ?f +2 036f +0>r ™,
r r r
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0 0%

A = (00 4+ 3995 — B0, f + 0 L1
F000f + 0ONBf  WIBS _3
B r2 22 +0(r™),

A = (0 4 3)0f — B0,/ + LTI

OB f +50N0f  UIdf
- — +
r2 272
A = (0) ~ D) + Y0P — Yol P+ /(7 ") + (2~ )
+2a05 f ; 200 f N 2500 fr—2 20905 f N

o@r~?),

(2.56)

where )Y = X

by the asymptotic Killing vector completely. Thus the whole asymptotic

symmetry is characterized by the asymptotic Killing vector who forms the
extended BMS algebra including Weyl transformation introduced in [21].
The transformation properties of the fields can be worked out directly

The components of the Lorentz rotation are determined

_ 1= _
SP=QP, 6p = p°(Q+Q) - 500(2+9),

o0 =190 — %5(‘%(9 +Q), 640 = %&Lﬁ,

6% = [YO+ YO+ fO, + Ouf + 2A5°)0° — °f,

SN0 = [YO+ YD+ fOu + Ouf — 20BN — 0,3 f + (7° — 37°)3°,
SUY = [YO+ YO+ fO, + 30u.f + 208300 4 400af,

SV = [YO+ YO+ fO, + 30uf + AS*| ) + 3055,

SV = [YO+ Y+ fO, + 30, ]V + 2030,

SUY = [YO+ YO+ fOu+30uf — AG*]|¥S + T f,

SV = [YO+ YD+ fO, + 30, f — 2A5°]| Y,

with the help of
0,0Y =27°, 9,0Y =20°, ¥ =3a7°, 80y = 2u°Y,
[0, 0uln® = 2(7°0n° + 507 ), [0, 8uln® = 2(7°0n° — s07°n°),
[0,0]n° = —2su’n®, B%f = PODf + 2a°df,
_ 1 _
if = V77 + Y00+ 0u(f1° + £7°) + 50u(2+ Q)

o - 1 .
Yon® +Yon® + sAé?’ns = Yon® + Yon® + 5(537 —oy)n®

FIE =20 + 50 - Q)
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One can see directly A%?’ shows the spin weight and —9d, f shows the confor-
mal weight.

2.4 Charges in the first order formalism

We start with the Cartan action

1
b 4 b
Sleh ) = o [ del B clich) (2.57)
Since, the cosmological constant will not contribute to the charge, we neglect
it for simplicity.

Let V be the spacetime covariant derivative and D be the Lorentz co-
variant derivative defined by

Dy A" = 9,A" + w™ A, (2.58)
The covariant derivative of the tetrad will be given as Del, = —T", eq.

Where 'Y, , is a metric connection satisfying Vg, = 0 and w® p =" Vue,b,.
The curvature two form is given by

Rab _ ab a cb 2.59

[ 72 Hw l/+wC,LLwl/ (MHV) ( )

The variation of the action is
167GoS = /d4:c{e[DM6wabV — (1 > v)]eley + e[2R;, — el Rldels }
= /d4x{6#[(5w“b,/e(e§el’j —ejey)]
+6w™, Dpy(eeley — eeyel) + e[2R% — el Rlsel ). (2.60)

By dropping the total derivative, one gets the equation of motion as

oL a a
167TGE = G[QR'LL — 6#R], (261)
oL v op v op
167TGW = Dp(eeaeb — 661)6&). (262)

v

The second EOM can be adapted to
e[egeg(rypf - wap) + (Fpﬂ'p - Fpm')(egeg - ezeg)L (263)

which is equivalent to I',. — I, = 0 on-shell, where the fact dye = efip
has been used. And fzp = 29"710.9rp+ 0pgry — Orgpup) is the Christoffel and
. . . . _ -t 1

it is related to metric connection by I, , =1, +5(7,7,+T,/ ,+T",,) and
r,=1",—1%, is the torsion.
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We continue to derive the surface charge. The gauge transformation of
the fields are given by

(56“ = £PO el — PO, — NS el (2.64)
Sw™ , = EPOw™ , + w“bpaﬂgﬂ + 0N — W A — WP A (2.65)

According to the cohomological techniques [41-43], the n — 1 current is
defined by

H —

e [e€"R — 2e£P R + 2(§pwabp + Aab)DT(eeg‘eg)] (2.66)

Acting with the homotopy operator defined in [41-43| on the n — 1 cur-
rent, we get the n — 2 current as

wl 1o, 0 o 1o 0
en = 30 gg,er S T 0 e S T ) (2.67)
Using
9 ab ashb/svso Vo
WR Ap = 505d(5)\ p 5p5)\)7 (2.68)
one gets
8 g SV o
Rl = (638 — e])
a v _o o _V
0.ged [t = €ctd — €ceq: (2.69)

Finally the n — 2 current will be given as

] _
Mer = fer G{
+(20ekey — elepesdel )(fpwabp + A — (u > v). (2.70)

&u“b [eFe ”§p+2§“e "l

It can be written in the integrable and non-integrable part

KU = O — Ky + 0" — (1o w). (2.71)
where
KL% = Toogehel (7w, + A™)
oW = ﬁfﬂe”egéw

As shown in Appendix the n — 2 current derived from first order for-
malism is completely equivalent to metric formalism formulated in [41].
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To recast Newman-Penrose formalism in an action principle, one needs
to include a Lagrangian multiplier. The action is formulated as

1
Slel, Wabes Rabed, )\abcd] = el /d4l‘ e[iRabcd(nacnbd nadan) - Rabcd)\ade

+()\ade — )\“bdc)(e’c‘auwabd + wafcwfbd + wabfegegaue{f)] . (2.72)
The variation of the action is

1
167GIS = /d4a:{e[2(17ac77bd — nadnbc) — )\“dewRabcd

—e[Rapbed — (€5 0uwapd + wafcwfbd + wabfe’c‘egﬁﬂe{: — eé‘@uwabc
—wafdwfbc — Wappeleldyel)orabed

[e(A®bed — XY (ebelidye] +w, ! ) — Du (et (AT — X)) Gewqys

(A = AN O wae + wanel (Orel — Oye])] + epel O [e(X! — A )l e]]
—e€P[R — Rapeg X + (A9 — X290 (10, wipq + Wafcwfbd + wapgelehoue] )|} e,

+0,,[e(APR — NPREY (b 5oy, — wappele Téeh)]}.

(2.73)
Dropping the total derivative, one gets the equation of motion as
oL 1 bd d b bed
1 — - ac . a c\ A(l C
om G SR — el5 (™™ = n*) B
oL ¥
167TGW = —e[Raped — (e 0uwaba + wWapew?’ y + wap el egOu e — (c+ d))],
)
IGWGéwﬁ = e(Aabed Aade)(egega“e{j + wcfd) - D#[ee’c‘()\“bcf - )\abfc)],
abf
1)
167TG6—£T = e()\“bhc — )\“bCh)[aTwabc + waber(ﬁTe,Jj — al,ef)]

+epel 0, [e(A — XP)ekel]
—eel [R o Rabchade + (Aabcd . )\abdc)
X (e Dyaba + Wafew’yy + waseledel)]

On-shell those equations are totally equivalent to Cartan formalism.
The gauge transformation on w, R and A are given by

6wabc = épapwabc =+ ega,uAab - wdbcAad - wadCAbd - WabdAcda
6>\abcd é—pa )\abcd )\fbchaf . )\afchbf . )\abfdAcf . )\abcfAdf

0 Raped = €°0pRaped — Rppealhy’ — Ra fchbf — Rappal,’ — RabcfAdf
(2.74)
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Via those gauge transformations, the n — 1 current is given by

SH = Ay, [e(N?T — )\“bfc)e“e | + €78, [e(N0e — \ableyy, bde“e?ed]
+e(rbef — )\“bfc)ef@“ec — €79, (wapae?) + non-derivative terms.
(2.75)

Acting the homotopy operator, the n — 2 current can be computed as

k[lw] 5[(!“’ Kg:% FOM — (s v). (2.76)
where
e
) G p— abfc abef p A
En = 3o g\ = X )eel (€ wanach + Aav)
v L wyabef  yabfeyep v T d
© 167rG§ (A ATI)E ecef(s(wabdeT).

Inserting the EOM \%b¢d = (nacnbd n%nb°), we find the n — 2 current is
exactly the same as Cartan formahsm (2.71]).

Insert the solution (2.53)) and the symmetry parameters(2.56)) in (2.76)),

the n — 2 current in the Newman-Penrose formalism can be computed easily
as

1 _ 1
TGk = 5{F T+ 6O0\0) — (Q +0)0%" + V(05" + 55(0060)

+UN} + 7{ o05958Y — (9 + \6°)5 f + 55°3f5 In P

—fA%0% + A% 051nP — f¥95In P — fP9c%50In P} + c.c.,
(2.77)

1o .0 1 _
BTGk = —0{ 5[V + £U5 + 5 V(\o” - 50

1— — _
+§600(E§y ~3V+Q-9Q)

1 e _ 0—
—50"00Y ~ 0V + Q2+ ) + TR

;{X)fuﬂdlnP afopl + Tasf + N\ 6o f
—05"[6A5" — (7° = 7°)0f] = 0%600, f + 050 f (+° +7°)]
+0°(7? +3°)8f0In P+ (0°8f — Yo'5")s (7 +7°)
—0% (7" +7°)dIn PP — 243 f6In PP + 5PAf(sa InP
+Y[N%% In P+ X'5% In P — \°50° — X'65°

—U95In P — Wy In P — P50 1In P — Poc501n P] } (2.78)
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A n — 3 current

wrz Yol 15 I = Vo5
77271”2 — 0’ (2.80)
has been dropped.
2.5 Metric formalism
The metric in (+, —, —, —) signature is defined via gqp = lgng+nale—mamy—

mgmyp from the Newman-Penrose formalism. The ansatz we have taken for
the tetrad [,n, m,m leads to the Newman-Unti gauge [49,/51] in the metric
formalism as

0 1 0
gv =11 W XQB : (2.81)
0 VB g B

Under this gauge, the solution of Einstein equation is related to (2.53|) by

I 1 N
W = 2(U — W) = —2r0up + 2200 — % o),
_ o0
Vi= X wl — ol = 207 oY),
Vpoh (2.82)
gzz — _JALF — [FL? = 30 + O(T‘_4),
T

. . PP
gzz — _Lsz o Lsz — _TT + O(T‘74),

where ¢ = —% In PP. As fully discussed in [51], the Newman-Unti coordi-
nate is related to the BMS one by the changing of the radial coordinate

V50
Bms — T — 20

r +0(r2). (2.83)
Thus the solution (2.82)) is connected to the one derived in BMS gauge [21]
by such a transformation.

The transformations preserving the solution space (2.82)) asymptotically
was derived in [51,52]. We list them as following

£ = f, Ouf = 5OV +TV) + (0 +7) + 5@+ D),

P3f o'Pd _
gZ:Y—Ter o f+0(r 3,

r 2.84)
. o Pof &°Po (
SR B
5 0% —0
& = —rd,f + %Af O 5fj5" o L o4,
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This is in consistent with by turning off the Lorentz rotation.

Lastly, we come to the would-be conserved current associated to the
asymptotic Killing vector (2.84]). When restraining ourself by turning off
the Weyl transformation (i.e. ©Q = 0), the current can be computed from
the metric formalism as

K :%{5[f(\pg +0°2%) + V(005" + %6(0050) +09)] — fA%0"
+5[f (T +7N°) + V(B0 + %5(0050) +0))) - 650}, -

K= %{5[32_&/3 + fU + %?(A%O - X7 + %500@ —Y) e
- %aoé(ﬁ —0Y) + X'0f] + Y[A°60° + X65°] }.

If we only focus on the case of u-independent P and P, the current (2.85)
just reproduces the one obtained in [51,53] explicitly.



CHAPTER 3

Applications in 3
dimensional space-time

Although it admits no propagating degrees of freedom (“bulk gravitons”),
three dimensional Einstein gravity is known to admit black holes [27,54],
particles [55,56], wormholes [57-59] and boundary dynamics [28}60,61].
Moreover, it can arise as a consistent subsector of higher dimensional matter-
gravity theories, see e.g. [62,/63]. Therefore, three-dimensional gravity in
the last three decades has been viewed as a simplified and fruitful setup to
analyze and address issues related to the physics of black holes and quantum
gravity.

In three dimensions the Riemann tensor is completely specified in terms
of the Ricci tensor, except at possible defects, and hence all Einstein so-
lutions with generic cosmological constant are locally maximally symmet-
ric. The fact that AdSs; Einstein gravity can still have a nontrivial dy-
namical content was first discussed in the seminal work of Brown and Hen-
neaux [28,/64]. There, it was pointed out that one may associate nontriv-
ial conserved charges, defined at the AdSs boundary, to diffeomorphisms
which preserve prescribed (Brown-Henneaux) boundary conditions. These
diffeomorphisms and the corresponding surface charges obey two copies of
the Virasoro algebra and the related bracket structure may be viewed as
a Dirac bracket defining (or arising from) a symplectic structure for these
“boundary degrees of freedom” or “boundary gravitons”. It was realized
that the Virasoro algebra should be interpreted in terms of a holographic
dictionary with a conformal field theory [30]. These ideas found a more pre-
cise and explicit formulation within the celebrated AdSz/CFTy dualities in
string theory [65]. Many other important results in this context have been
obtained [63}/66H78].

31
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3.1 Symplectic symmetries

A recent proposal in [79] has shown that the asymptotic symmetries of dSs
with Dirichlet boundary conditions defined as an analytic continuation of the
Brown-Henneaux symmetries to the case of positive cosmological constant
[80] can be defined everywhere into the bulk spacetime. A similar result is
expected to follow for AdS; geometries by analytical continuation, however,
few details were given in [79] (see also [81,82] for related observations). In
this work, we revisit the Brown-Henneaux analysis from the first principles
and show that the surface charges and the associated algebra and dynamics
can be defined not only on the circle at spatial infinity, but also on any circle
inside of the bulk obtained by a smooth deformation which does not cross
any geometric defect or topological obstruction. This result is consistent
with the expectation that if a dual 2d CFT exists, it is not only “defined at
the boundary”, but it is defined in a larger sense from the AdS bulk.

Our derivation starts with the set of Banados geometries [70] which
constitute all locally AdSs geometries with Brown-Henneaux boundary con-
ditions. We show that the invariant presymplectic form [83] (but not the
Lee-Wald presymplectic form [84]) vanishes in the entire bulk spacetime.
The charges defined from the presymplectic form are hence conserved ev-
erywhere, i.e. they define sympletic symmetries, and they obey an algebra
through a Dirac bracket, which is isomorphic to two copies of the Virasoro
algebra. In turn, this Dirac bracket defines a lower dimensional non-trivial
symplectic form, the Kirillov-Kostant symplectic form for coadjoint orbits
of the Virasoro group [85]. In that sense the boundary gravitons may be
viewed as holographic gravitons: they define a lower dimensional dynamics
inside of the bulk. Similar features were also observed in the near-horizon
region of extremal black holes [86,87].

Furthermore, we will study in more detail the extremal sector of the
phase space. Boundary conditions are known in the decoupled near-horizon
region of the extremal BTZ black hole which admit a chiral copy of the
Virasoro algebra [73]. Here, we extend the notion of decoupling limit to
more general extremal metrics in the Baniados family and show that one
can obtain this (chiral) Virasoro algebra as a limit of the bulk symplectic
symmetries, which are defined from the asymptotic AdSs region all the way
to the near-horizon region. We discuss two distinct ways to take the near-
horizon limit: at finite coordinate radius (in Fefferman-Graham coordinates)
and at wiggling coordinate radius (in Gaussian null coordinates), depending
upon the holographic graviton profile at the horizon. We will show that
these two coordinate systems lead to the same conserved charges and are
therefore equivalent up to a gauge choice. Quite interestingly, the vector
fields defining the Virasoro symmetries take a qualitatively different form in
both coordinate systems which are also distinct from all previous ansatzes
for near-horizon symmetries [734|79.[86-89].
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In [76] it was noted that Banados geometries in general have (at least)
two global U (1) Killing vectors (defined over the whole range of the Banados
coordinate system). We will study the conserved charges Jy associated with
these two Killing vectors. We will show that these charges commute with
the surface charges associated with symplectic symmetries (the Virasoro
generators). We then discuss how the elements of the phase space may
be labeled using the Ji charges. This naturally brings us to the question
of how the holographic gravitons may be labeled through representations of
Virasoro group, the Virasoro coadjoint orbits, e.g. see [85,90]. The existence
of Killing horizons in the set of Banados geometries was studied in [76]. We
discuss briefly that if the Killing horizon exists, its area defines an entropy
which together with Ji, satisfies the first law of thermodynamics.

3.1.1 Symplectic symmetries in Fefferman-Graham coordi-
nates

The AdSs Einstein gravity is described by the action and equations of mo-
tion,

1 2 2
S = m /dS.T\/ —g(R+ 672), R#y = _ﬁg“l/. (31)

As discussed in the introduction, all solutions are locally AdS3 with radius
£. To represent the set of these solutions, we adopt the Fefferman-Graham
coordinate systemﬂ [67.091,92],

£2
g'r"r‘ = ﬁ7 gra = 07 a = 1727 (32)
where the metric reads
dsz—€2d—72+ (r, z¢) dz® da® (3.3)
=03 Yap (1, ) dx® dx”. .

Being asymptotically locally AdSs, close to the boundary » — oo one has
the expansion g, = 7"29((1?)) (z°) + O(r?) [67]. A variational principle is then
defined for a subset of these solutions which are constrained by a boundary
condition. Dirichlet boundary conditions amount to fixing the boundary
metric g((l?)). The Brown-Henneaux boundary conditions |28 are Dirichlet

boundary conditions with a fixed flat boundary metric,

ggg)dxadxb = —dxtdx™, (3.4)

"We will purposely avoid to use the terminology of Fefferman-Graham gauge which
would otherwise presume that leaving the coordinate system by any infinitesimal dif-
feomorphism would be physically equivalent in the sense that the associated canonical
generators to this diffeomorphism would admit zero Dirac brackets with all other physical
generators. Since this coordinate choice precedes the definitions of boundary conditions,
and therefore the definition of canonical charges, the gauge terminology is not appropriate.
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together with the periodic identifications (x%,27) ~ (z* + 27,2~ — 27)
which identify the boundary metric with a flat cylinder (the identification
reads ¢ ~ ¢ + 27 upon defining * = t/¢ &+ ¢). Other relevant Dirichlet
boundary conditions include the flat boundary metric with no identification
(the resulting solutions are usually called “Asymptotically Poincaré AdS3”),
and the flat boundary metric with null orbifold identification (z*,z7) ~
(z* + 27,27 ) which is relevant to describing near-horizon geometries |73,
76,/93] 7]

The set of all solutions to AdSs Einstein gravity with flat boundary met-
ric was given by Banados [70] in the Fefferman-Graham coordinate system.
The metric takes the form

ds? = E2d—7;2 — (rdx+ — €2m> (rd:r_ - €2L+($+)d{£+> (3.5)
r r r

where L are two single-valued arbitrary functions of their argument. The
determinant of the metric is \/—g = %(7‘4 — 4L, L) and the coordinate
patch covers the radial range 7* > ¢*L L_. These coordinates are particu-
larly useful in stating the universal sector of all AdS3/CFT2 correspondences
since the expectation values of holomorphic and anti-holomorphic compo-
nents of the energy-momentum tensor of the CFT can be directly related to
Ly [281/66].

The constant Ly cases correspond to better known geometries [27,(54,56]:
Ly = L_ = —1/4 corresponds to AdSs in global coordinates, —1/4 <
Ly < 0 correspond to conical defects (particles on AdS3), L- = Ly =0
correspond to massless BTZ and generic positive values of L1 correspond to
generic BTZ geometry of mass and angular momentum respectively equal
to (L++L_)/(4G) and (L4 — L_)/(4G). The selfdual orbifold of AdSs [93]
belongs to the phase space with null orbifold identification and L_ = 0, Ly #
0.

We would now like to establish that the set of Banados metrics (3.5))
together with a choice of periodic identifications of 2+ forms a well-defined
on-shell phase space. To this end, we need to take two steps: specify the
elements in the tangent space of the on-shell phase space and then define
the presymplectic structure over this phase space. Given that the set of all
solutions are of the form , the on-shell tangent space is clearly given by
metric variations of the form

dg=g(L+dL)—g(L), (3.6)

where §L1 are arbitrary single-valued functions. The vector space of all
on-shell perturbations dg can be written as the direct sum of two types
of perturbations: those which are generated by diffeomorphisms and those
which are not, and that we will refer to as parametric perturbations.

20ther boundary conditions which lead to different symmetries were discussed in (94
96).
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As for the presymplectic form, there are two known definitions for Ein-
stein gravity: the one w’"W by Lee-Wald [84] (see also Crnkovic and Wit-
ten [97]) and invariant presymplectic form w as defined in |83]E| The
invariant presymplectic form is determined from Einstein’s equations only,
while the Lee-Wald presymplectic form is determined from the Einstein-
Hilbert action, see [98] for details. Upon explicit evaluation, we obtain that
the invariant presympletic form exactly vanishes on-shell on the phase space
determined by the set of metrics , that is,

w™[5g,8g; 9] ~ 0. (3.7)

On the contrary, the Lee-Wald presymplectic form is equal to a boundary
term

w™W(sg,8g; g ~ —dE[dg,0g; g),

1
*xE[dg,6g; 9] = 390G

Indeed, the two presymplectic forms are precisely related by this boundary
term [83], as reviewed in appendix.

As mentioned earlier, the most general form of on-shell perturbations
preserving Fefferman-Graham coordinates is of the form . Among them
there are perturbations generated by an infinitesimal diffeomorphism along
a vector field x. The components of such vector field are of the form

o0 drl
X =ro(z?), X = e%(ax?) — 628170/ 77‘“’(7"', x®) (3.9)

T

5guaga66g,,gd:n” A dx” (3.8)

where o(2%) and £%(2?) are constrained by the requirement 5g£) =Lz 9((12) +

209((12) = 0. That is, £ = (e4(a1),e_(x7)) is restricted to be a conformal
Killing vector of the flat boundary metric and o is defined as the Weyl factor
in terms of €.

One can in fact explicitly perform the above integral for a given Banados

metric and solve for o(x) to arrive at

r "
X=73 20 — AL L)
N ( EQTQE’J/F +€4L+£”)8

~ et i, L) )9

£2 2.1 €4L, "
(e’++a’,)ar+(a++ re- €+)8+

(3.10)

where 4 are two arbitrary single-valued periodic functions of & and pos-
sibly of the fields Ly (z™), L_(x~), and the prime denotes derivative w.r.t.
the argument. As we see,

3More precisely, w is a (2;2) form i.e. a two-form on the manifold and a two-form in
field space. For short we call w a presymplectic form, and given any spacelike surface X,
Q= fz w the associated presymplectic structure, which is the (possibly degenerate) (0;2)
form. A non-degenerate (0;2) form defines a symplectic structure. We also refer to w as
a bulk presymplectic form.
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1. x is a field-dependent vector field. That is, even if the two arbitrary
functions 4 are field independent, it has explicit dependence upon

Li: x=x(ex; Ly).

2. The vector field y is defined in the entire coordinate patch spanned by
the Banados metric, not only asymptotically.

3. Close to the boundary, at large r, x reduces to the Brown-Henneaux
asymptotic symmetries [28]. Also, importantly, at large r the field-
dependence of x drops out if one also takes e field-independent.

The above points bring interesting conceptual and technical subtleties, as
compared with the better known Brown-Henneaux case, that we will fully
address.

The above vector field can be used to define a class of on-shell pertur-
bations, dygu = L£yguv- It can be shown that

OxGuv = Guv(Ly + 05 Ly, Lo + 0y L) — gy (L4, L), (3.11)

where

1
6XL+ = €+6+L+ + 2L+a+€+ — *83_54”

: (3.12)
oL =e_0_L_+2L_0_e_ — iaia_.

As it is well-known in the context of AdS3/CF Ty correspondence [62,65] the
variation of L4 under diffeomorphisms generated by x is the same as the
variation of a 2d CFT energy-momentum tensor under generic infinitesimal
conformal transformations. Notably, the last term related to the central
extension of the Virasoro algebra is a quantum anomalous effect in a 2d
CFT while in the dual AdSs gravity it appears classically.

The vector field x determines symplectic symmetries as defined in [86]
(they were defined as asymptotic symmetries everywhere in [79]). The reason
is that the invariant presymplectic form contracted with the Lie derivative
of the metric with respect to the vector vanishes on-shell,

w™[g; 89, Lrg] = 0, (3.13)

which is obviously a direct consequence of , while £, g does not vanish.
Then according to , the charges associated to symplectic symmetries
can be defined over any closed codimension two surface S (circles in 3d)
anywhere in the bulk. Moreover, as we will show next, the surface charge
associated to x is non-vanishing and integrable. That is, the concept of
“symplectic symmetry” extends the notion of “asymptotic symmetry” inside
the bulk.
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A direct computation gives the formula for the infinitesimal charge one-
forms as defined by Barnich-Brandt [41], see appendix, as

kBB(5g; 9] = ky[g; 9] + dBy[dg; g1, (3.14)

where

A 14
Bulogig) = oolea (ot Loy (a*)dat

—e_(z7,L_(27))6L_(z " )dz"|, (3.15)
is the expected result and

0, +¢' )Ly — L_8L.)
327G(r* — Ly L_) ’

is an uninteresting boundary term which vanishes close to the boundary and
which drops after integration on a circle.

Now, since the Lee-Wald presymplectic form does not vanish, the Iyer-
Wald [99] surface charge one-form is not conserved in the bulk. From the
general theory, it differs from the Barnich-Brandt charge by the supplemen-
tary term E[dg, Lyg; g, see . In Fefferman-Graham coordinates we have
Lygry = 0 therefore £, = E_ = 0 and only FE, is non-vanishing. In fact
we find E, = O(r~%) which depends upon L4 (z%). Since E is clearly not a
total derivative, the Iyer-Wald charge is explicitly radially dependent which
is expected since x does not define a symplectic symmetry for the Lee-Wald
presymplectic form.

We shall therefore only consider the invariant presymplectic form and
Barnich-Brandt charges here. The standard charges are obtained by con-
sidering €4 to be field-independent. In that case the charges are directly
integrable, see also the general analysis of appendix We define the left
and right moving stress-tensors as T = Ly (a%) and T = $L_(x~) where

B, =

c = @ is the Brown-Henneaux central charge. The finite surface charge
one-form then reads

_[? 1o L + Vgt — NT (N
Qulsl = [ k\ldgig] = 5 (e ()T (@ )i — e )T (@ )da). (3.16)
g

Here we chose to normalize the charges to zero for the zero mass BTZ
black hole g for which L4 = 0E| In AdS3/CFTy, the functions T,T are
interpreted as components of the dual stress-energy tensor. In the case
of periodic identifications leading to the boundary cylinder (asymptotically
global AdSs3), we are led to the standard Virasoro charges

/Q ”/%d(mu*) ()L (7)) (3.17)
Y19 87TG0 P ler(z)Lyp(z™) +e_(x —(z7)) (3.

4As we will discuss in section[3.1.4] the zero mass BTZ can only be used as a reference
to define charges over a patch of phase space connected to it. For other disconnected
patches, one should choose other reference points.
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where ¢ ~ ¢ + 27 labels the periodic circle S. The charges are manifestly
defined everywhere in the bulk in the range of the Banados coordinates.

Let us finally extend the Banados geometries beyond the coordinate
patch covered by Fefferman-Graham coordinates and comment on the exis-
tence of singularities. In the globally asymptotically AdS case, the charges
are defined by integration on a circle. Since the charges are conserved
in the bulk, one can arbitrarily smoothly deform the integration circle and
the charge will keep its value, as long as we do not reach a physical sin-
gularity or a topological obstruction. Now, if one could deform the circle
in the bulk to a single point, the charge would vanish which would be a
contradiction. Therefore, the geometries with non-trivial charges, or “hair”,
are singular in the bulk or contain non-trivial topology which would prevent
the circle at infinity to shrink to zero. In the case of global AdSs equipped
with Virasoro hair, the singularities would be located at defects, where the
geometry would not be well-defined. Such defects are just generalizations
of other well known defects. For example, in the case of conical defects we
have an orbifold-type singularity (deficit angle) and for the BTZ black hole,
the singularities arise from closed time-like curves (CTC) which are located
behind the locus 7 = 0 in BTZ coordinates [54]. Removal of the CTC’s
creates a topological obstruction which is hidden behind the inner horizon
of the BTZ geometry.

The algebra of conserved charges is defined from the Dirac bracket

{QXl? QXQ} = _5X1QX27 (318)

where the charges have been defined in appendix.
Let us denote the charge associated with the vector x; = x(e; =
ei”x+,5_ = 0) by L, and the charge associated with the vector x,, =

x(e+ = 0,e_ = €™ ) by L,. From the definition of charges (3.17) and
the transformation rules (3.12]), we directly obtain the charge algebra

c
{Lim,Ln}y = (m—n)Lyyn+ Emg‘strn,O»
{I_/n"m Ln} = 07 (319)
- - c
{Lm,Ln}y = (m—n)Lyin+ Emgéern,Oa
where
Y4
c= 237; (3.20)

is the Brown-Henneaux central charge. These are the famous two copies of
the Virasoro algebra. In the central term there is no contribution propor-
tional to m as a consequence of the choice of normalization of the charges
to zero for the massless BTZ black hole.

In fact, the algebra represents, up to a central extension, the algebra
of symplectic symmetries. There is however one subtlety. The symplectic
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symmetry generators x are field dependent and hence in computing their
bracket we need to “adjust” the Lie bracket by subtracting off the terms
coming from the variations of fields within the x vectors |21,[100]. Explicitly,

[x(e1; L), x(e2; L)], = [x(e1; L), x(e2; L), p — (dﬁx(&z;L) - déx(a;L)),
(3.21)

where the variations 0% are defined as

SExleni I) = 5o L X
This is precisely the bracket which lead to the representation of the algebra
by conserved charges in the case of field-dependent vector fields. We call [, ]
the adjusted bracket. Here the field dependence is stressed by the notation
x(e; L). We also avoided notational clutter by merging the left and right
sectors into a compressed notation, e = (e4,e_) and L = (L4, L_).

Using the adjusted bracket, one can show that symplectic symmetry
generators form a closed algebra

e9;L). (3.22)

(x(e1; L), x(e2; L)], = x(e165 — €len; L). (3.23)

Upon expanding in modes Xff, one obtains two copies of the Witt algebra

[X?Jvr’w X;Lr] P (m - n)X'rJ’;L-i-n?
XomsXn], = 0, (3.24)
[X7_ru X;] . (m - n)XT_VL+n7

which is then represented by the conserved charges as the centrally extended
algebra (3.19).

We discussed in the previous subsections that the phase space of Banados
geometries admits a set of non-trivial tangent perturbations generated by
the vector fields x. Then, there exists finite coordinate transformations
(obtained by “exponentiating the x’s”) which map a Banados metric to
another one. That is, there are coordinate transformations

ot = XF = XEat ), r— R=R(z*,r), (3.25)

with X*, R such that the metric I = Gap gf{; gfﬁ, is a Banados geometry
with appropriately transformed Li. Such transformations change the phys-
ical charges. They are not gauge transformations but are instead solution
or charge generating transformations.

Here, we use the approach of Rooman-Spindel [71]. We start by noting
that the technical difficulty in “exponentiating” the x’s arise from the fact
that x’s are field dependent and hence their form changes as we change the
functions L4, therefore the method discussed in section 3.3 of [87] cannot
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be employed here. However, this feature disappears in the large r regime.
Therefore, if we can find the form of at large r» we can read how the
L4 functions of the two transformed metrics should be related. Then, the
subleading terms in r are fixed such that the form of the Banados metric
is preserved. This is guaranteed to work as a consequence of Fefferman-
Graham’s theorem [91]. From the input of the (flat) boundary metric and
first subleading piece (the boundary stress-tensor), one can in principle re-
contruct the entire metric.

It can be shown that the finite coordinate transformation preserving

ED is

+ + + o hl—&- —4
r

r—R=——=—+0"), (3.26)
W

I NN L

where hy(z* + 27) = ha(2F) £ 27, he are monotonic (h/y > 0) so that the
coordinate change is a bijection. At leading order (in r), the functions hy
parametrize a generic conformal transformation of the boundary metric.

Acting upon the metric by the above transformation one can read how
the functions L4 transform:

1

Li(z%) — Ly =h2Ly — 5o, (3.27)
~ 1
L. (z7) —L_=h?L_— Sl a7], (3.28)
where S[h; x| is the Schwarz derivative
R 3h//2

It is readily seen that in the infinitesimal form, where h (z) = 2% + 4 (z),
the above reduced to (3.12)). It is also illuminating to explicitly implement
the positivity of A/, through

L o=e¥eE, (3.30)

where W, are two real single-valued functions. In terms of ¥ fields the
Schwarz derivative takes a simple form and the expressions for L4 become
1 1_,

LWy, L] = e Ly (ah) + Z‘I’E - 5\114,

3.31)
. 1 1 (
LV L ])=e*"-"L (27)+ Z\II’E — 5\11’1.
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This reminds the form of a Liouville stress-tensor and dovetails with the
fact that AdSs gravity with Brown-Henneaux boundary conditions may be
viewed as a Liouville theory [93] (see also 78] for a recent discussion).

We finally note that not all functions hy generate new solutions. The
solutions to Ly = Ly, L_ = L_ are coordinate transformations which leave
the fields invariant: they are finite transformations whose infinitesimal ver-
sions are generated by the isometries. There are therefore some linear com-
binations of symplectic symmetries which do not generate any new charges.
These “missing” symplectic charges are exactly compensated by the charges
associated with the Killing vectors that we will discuss in section [3.1.3

3.1.2 Symplectic symmetries in Gaussian null coordinates

In working out the symplectic symmetry generators, their charges and their
algebra we used Fefferman-Graham coordinates which are very well adapted
to the holographic description. One may wonder if similar results may be
obtained using different coordinate systems. This question is of interest be-
cause the symplectic symmetries were obtained as the set of infinitesi-
mal diffeomorphisms which preserved the Fefferman-Graham condition
and one may wonder whether the whole phase space and symplectic sym-
metry setup is dependent upon that particular choice.

Another coordinate frame of interest may be defined a Gaussian null
coordinate system,

Grr = 07 9ru = _17 gT'qS - 07 (332)

in which 0, is an everywhere null vector field. We note along the way that
the ¢/ — oo limit can be made well-defined in this coordinate system after a
careful choice of the scaling of other quantities [74]. This leads to the BMS3
group and phase space.

The set of all locally AdSs geometries subject to Dirichlet boundary
conditions with flat cylindrical boundary metric in such coordinate system
takes the form

2
ds® = (—22 + 20M (u, u_)> du® — 2dudr + 20J (v, u”)dudp + r?de?,

(3.33)

where ut = u/l £ ¢. Requiring (3.33) to be solutions to AdS3 Einstein’s
equations (3.1]) implies

IMut u™)=Li(uw)+L_(u"), JuT,u")=Ly(ut)—L_(u").(3.34)

As in the Fefferman-Graham coordinates, one may then view the set of
metrics ¢ in (3.33) and generic metric perturbations within the same class
dg (i.e. metrics with Ly — L4 + 0L1) as members of an on-shell phase
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space and its tangent space. Since the coordinate change between the two
Fefferman-Graham and Gaussian null coordinate systems is field dependent,
the presymplectic form cannot be directly compared between the two. After
direct evaluation, we note here that both the Lee-Wald and the invariant
presymplectic forms vanish on-shell

wW(3g,6g:9] =0,  w™[dg,dg;9] ~ 0, (3.35)

since the boundary term which relates them vanishes off-shell, E[dg, dg; g] =
0. This implies in particular that the conserved charges defined from either
presymplectic form (either Iyer-Wald or Barnich-Brandt charges) will auto-
matically agree.

The phase space of metrics in Gaussian null coordinate system is
preserved under the action of the vector field &

14

r

1
¢ = 2{£(Y+ +Y )0+ (Yy —Yo) — =(Y] —Y))0,
2
+ (—r(ﬁ +Y) + (Y +Y") — E—(L+ — L)Y - YL)) ar},
r
(3.36)
where Y, =Y, (u"), Y_ = Y_(u"). More precisely, we have

09 = Legu(Ly, L) = gu (L4 + 0¢Ly, L + 6¢L—) — g (L4, L), (3.37)

where

1
5£L:i: =Y 0+L4 + 2L:|:Y:{: — §Y:{:”, (3.38)

stating that (Fourier modes of) Ly are related to generators of a Virasoro
algebra.

It is easy to show that the surface charge one-forms are integrable k¢[dg; g]
3(Q¢lg]) in the phase space. The surface charge one-forms are determined
up to boundary terms. It is then convenient to subtract the following sub-
leading boundary term at infinity,

2
B — 32ng (i(L+ L)Y+ Y_)> (3.39)

so that the total charge ng is given by the radius independent expression

14
Q:=Q¢—dB; = %(L+Y+du+ —L_Y_ du™). (3.40)

The two sets of Virasoro charges can then be obtained by integration on
the circle spanned by ¢. They obey the centrally extended Virasoro algebra
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under the Dirac bracket as usual, as a consequence of . Since the result
is exact, the Virasoro charges and their algebra is defined everywhere in the
bulk. The symplectic symmetry generators £ are field dependent (i.e. they
explicitly depend on L. ), and hence their algebra is closed once we use the
adjusted bracket defined in subsection [3.1.1} Also note that in the reasoning
above we did not use the fact that ¢ is periodic until the very last step where
the Virasoro charges are defined as an integral over the circle. If instead the
coordinate ¢ is not periodic, as it is relevant to describe AdS3 with a planar
boundary, the Virasoro charge can be replaced by charge densities, defined
as the one-forms .

We conclude this section with the fact that both phase spaces constructed
above in Fefferman-Graham coordinates and Gaussian null coordinates are
spanned by two holomorphic functions and their symmetry algebra and cen-
tral extension are the same. This implies that there is a one-to-one map
between the two phase spaces, and therefore the corresponding holographic
dynamics (induced by the Dirac bracket) is not dependent upon choosing
either of these coordinate systems. We shall return to this point in the
discussion section.

3.1.3 The two Killing symmetries and their charges

So far we discussed the symplectic symmetries of the phase space. These
are associated with non-vanishing metric perturbations which are degener-
ate directions of the on-shell presymplectic form. A second important class
of symmetries are the Killing vectors which are associated with vanishing
metric perturbations. In this section we analyze these vector fields, their
charges and their commutation relations with the symplectic symmetries.
We will restrict our analysis to the case of asymptotically globally AdSs
where ¢ is 2m-periodic. We use Fefferman-Graham coordinates for definite-
ness but since Killing vectors are geometrical invariants, nothing will depend
upon this specific choice.

Killing vectors are vector fields along which the metric does not change.
All diffeomorphisms preserving the Fefferman-Graham coordinate system
are generated by the vector fields given in . Therefore, Killing vectors
have the same form as x’s, but with the extra requirement that d Ly given
by should vanish. Let us denote the functions e+ with this property
by K1 and the corresponding Killing vector by ¢ (instead of x). Then, ( is
a Killing vector if and only if

K" — 4L K' —2K,I' =0, K" —4L K' —2K_ L' =0. (3.41)

These equations were thoroughly analyzed in [76] and we only provide a
summary of the results relevant for our study here. The above linear third
order differential equations have three linearly independent solutions and
hence Banados geometries in general have six (local) Killing vectors which
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form an sl(2,R) x sl(2,R) algebra, as expected. The three solutions take the
form K = ;1;, i,j = 1,2 where 1)1 2 are the two independent solutions to
the second order Hill’s equations

"= Ly(at) (3.42)

where Ly (2t + 27) = L, (2"). Therefore, the function K, functionally
depends upon L4 but not on L/, , i.e. Ky = K (L4 ). This last point will be
crucial for computing the commutation relations and checking integrability
as we will shortly see. The same holds for the right moving sector. In general,
1; are not periodic functions under ¢ ~ ¢ + 27 and therefore not all six
vectors described above are global Killing vectors of the geometry. However,
Floquet’s theorem [101] implies that the combination 119 is necessarily
periodic. This implies that Banados geometries have at least two global
Killing vectors. Let us denote these two global Killing vectors by (4,

C+ - X(K+7K— = O;L:I:)7 C— = X(K+ = O,K_;Lj:), (343)

where x is the vector field given in (3.10). These two vectors define two
global U(1) isometries of Banados geometries.

The important fact about these global U(1) isometry generators is that
they commute with each symplectic symmetry generator x : Since
the vectors are field-dependent, one should use the adjusted bracket
which reads explicitly as

[X(&5 1), L], = [x(es D), )]y — (80 1) = (e 1)),

where the first term on the right-hand side is the usual Lie bracket. Since
K = K(L), the adjustment term reads as

SECUR (L) L) = 0. ~HC(I L) + (02K L), (3.44)
Shx(ei L) = oL (e L) = 0 (3.45)

where we used the fact that (, y are linear in their first argument as one can
see from and we used Killing’s equation. We observe that we will get
only one additional term with respect to the previous computation
due to the last term in . Therefore,

[x(5; L), (K (L); L)), = ¢(e K" — &' K; L) — (6L K; L). (3.46)
Now the variation of Killing’s condition implies that
(0K)" —AL(6K) —2L'6K = 46LK' +2(0L)'K.
Then, recalling and using again we arrive at
SfK =eK' - € K, (3.47)
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and therefore
[x(&; L), ((K(L); L)], = 0. (3.48)

The above may be intuitively understood as follows. ( being a Killing vector
field does not transform L, while a generic x transforms L. Now the function
K is a specific function of the metric, K = K(L). The adjusted bracket is
defined such that it removes the change in the metric and only keeps the
part which comes from Lie bracket of the corresponding vectors as if L did
not change.

It is interesting to compare the global Killing symmetries and the sym-
plectic symmetries. The symplectic symmetries are given by and
determined by functions 1. The functions e1 are field independent, so that
they are not transformed by moving in the phase space. On the other hand,
although the Killing vectors have the same form , their corresponding
functions e+ which are now denoted by K., are field dependent as a result
of . Therefore the Killing vectors differ from one geometry to another.
Accordingly if we want to write the Killing vectors in terms of the symplectic
symmetry Virasoro modes xff , we have

Gr= et (Ly)xy, =D (L)X (3.49)

n n

For example for a BTZ black hole, one can show using that the global
Killing vectors are (1. = Xoi while for a BTZ black hole with Virasoro hair or
“BTZ Virasoro descendant”, which is generated by the coordinate transfor-
mations in section [3.1.1], it is a complicated combination of Virasoro modes.
For the case of global AdS3 with Ly = —1 (but not for its descendents),
implies that there are six global Killing vectors which coincide with
the subalgebras {Xfo,—1} and {X1_1} of symplectic symmetries.

We close this part by noting the fact that although we focused on single-
valued K functions, one may readily check that this analysis and in particu-
lar is true for any K which solves . Therefore, all six generators
of local sl(2,R) x sl(2,R) isometries commute with symplectic symmetry
generators x . This is of course expected as all geometries are
locally sl(2,R) x sl(2,R) invariant. We shall discuss this point further in
section B.1.7

Similarly to the Virasoro charges , the infinitesimal charges asso-
ciated to Killing vectors can be computed using , leading to

/¢ 27 Y 2
5, = 87TG/0 d¢ K4(Ly)oLy, — 0J_ = 87rG/o d¢ K_(L_)6L(3.50)

Integrability of Killing charges. Given the field dependence of the K-
functions, one may inquire about the integrability of the charges Ji over
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the phase space. In appendix we find the necessary and sufficient
condition for the integrability of charges associated with field dependent
vectors. However, in the present case, the integrability of J1 can be directly
checked as follows

5180 = % 7{61K(L) 5o, = % ‘ZIL{ 5L 6L, (3.51)
and therefore 01(d2J) — d2(61J) = 0.

Having checked the integrability, we can now proceed with finding the
explicit form of charges through an integral along a suitable path over the
phase space connecting a reference field configuration to the configuration of
interest. However, as we will see in section the Banados phase space is
not simply connected and therefore one cannot reach any field configuration
through a path from a reference field configuration. As a result, the charges
should be defined independently over each connected patch of the phase
space. In section we will give the explicit form of charges over a patch
of great interest, i.e. the one containing BTZ black hole and its descendants.
We then find a first law relating the variation of entropy to the variation of
these charges.

Algebra of Killing and symplectic charges. We have already shown
in the beginning of this section that the adjusted bracket between generators
of respectively symplectic and Killing symmetries vanish. If the charges are
correctly represented, it should automatically follow that the corresponding
charges Ly, Jy (and L,,.J_) also commute:

Let us check (3.52)). By definition we have
{J4,Ln} = =0k Ly, (3.53)

where one varies the dynamical fields in the definition of L, with respect
to the Killing vector K. Since K leaves the metric unchanged, we have
dx Li(zT) = 0 and therefore directly dx L,, = 0. Now, let us also check that
the bracket is anti-symmetric by also showing

{Ln, J_|_} = —(SLnJ+ = 0. (354)
This is easily shown as follows:
Y 2m
or,J+ = — dp Ki6_+L
Lo+ 87rG/0 ¢ K40+
_ L / ” dp Ki(ef L' +2L s+’—15+”’)

! 2 1
= &TG/O dp (—L' Ky — 2L K/ + iKi’)em =0 (3.55)
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after using (3.12)), integrating by parts and then using (3.41). The same
reasoning holds for J_ and L,.

In general, the Banados phase space only admits two Killing vectors. An
exception is the descendants of the vacuum AdS3 which admit six globally
defined Killing vectors. In that case, the two U(1) Killing charges are J. =

—% and the other four Sf}i’? ) % S%]((Ql’f{ ) charges are identically zero. In the
case of the decoupled near-horizon extremal phase space defined in section
we will have four global Killing vectors with the left-moving U(1)4
charge Jy arbitrary, but the SL(2,R)_ charges all vanishing J* = 0, a =

+1,0, —1.

3.1.4 Phase space as Virasoro coadjoint orbits

As discussed in the previous sections, one can label each element of the phase
space in either Fefferman-Graham coordinates or Gaussian null coordinates,
described respectively by and , by its symplectic charges L., L,
and its global commuting Killing charges .Ji. Moreover, the phase space
functions Ly transform under the coadjoint action of the Virasoro algebra,
see . Hence, we are led to the conclusion that the phase space forms a
reducible representation of the Virasoro group composed of distinct Virasoro
coadjoint orbits.

Construction of Virasoro coadjoint orbits has a long and well-established
literature, see e.g. [90] and references therein. In this literature the 6L+ = 0
(i.e. (3.41)) equation is called the stabilizer equation [85] and specifies the
set of transformations which keeps one in the same orbit. The stabilizer
equation and classification of its solutions is hence the key to the classifi-
cation of Virasoro coadjoint orbits. Since an orbit is representation of the
Virasoro group it might as well be called a conformal multiplet. The ele-
ments in the same orbit/conformal multiplet may be mapped to each other
upon the action of coordinate transformations . Explicitly, a generic
element /geometry in the same orbit (specified by i) is related to a single
element /geometry with Ly given as for arbitrary periodic functions
V.. One can hence classify the orbits by the set of periodic functions L (z%)
which may not be mapped to each other through . One may also find
a specific Ly, the representative of the orbit, from which one can generate
the entire orbit by conformal transformations . In the language of
a dual 2d CFT, each orbit may be viewed as a primary operator together
with its conformal descendants. Each geometry is associated with (one or
many) primary operators or descendants thereof, in the dual 2d CFT. From
this discussion it also follows that there is no regular coordinate transfor-
mation respecting the chosen boundary conditions, which moves us among
the orbits.

Let us quickly summarize some key results from [90]. In order to avoid
notation clutter we focus on a single sector, say the + sector (which we refer
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to as left-movers). One may in general distinguish two classes of orbits:
those where a constant representative exists and those where it doesn’t. The
constant L representatives correspond to the better studied geometries, e.g.
see [761[102] for a review. They fall into four categories:

o Exceptional orbits &, with representative L = —n?/4, n =1,2,3,---.
The &1 x &1 orbit admits global AdS3 as a representative and therefore
corresponds to the vacuum Verma module in the language of a 2d CFT
on the cylinder. For n > 2, &, x &, is represented by an n-fold cover
of global AdSs.

e Elliptic orbits C(v), with representative L = —12/4, 0 < v < 1.
The geometries with elliptic orbit representatives correspond to conic
spaces, particles on AdSs [56] and geometries in this orbit may be
viewed as “excitations” (descendants) of particles on AdSs.

e Hyperbolic orbits By(b), with representative L = b?/4, where b is
generic real number b > 0. The geometries with both Ly = b3 /4
are BTZ black holes.

e Parabolic orbit 730+ , with representative L = 0. The geometries asso-
ciated with Py" x By(b) orbits correspond to the extremal BTZ. The
Py" x Py orbit corresponds to AdS3 in the Poincaré patch and its de-
scendants, which in the dual 2d CFT corresponds to vacuum Verma
module of the CFT on 2d plane.

The non-constant representative orbits, come into three categories, the
generic hyperbolic orbits B,(b) and two parabolic orbits P, n € N. Ge-
ometries associated with these orbits are less clear and understood. This
question has been addressed in [103].

To summarize, if we only focus on the labels on the orbits, the &,, P
orbits have only an integer label, the C(v) is labeled by a real number be-
tween 0 and 1, and the hyperbolic ones B, (b) with an integer and a real
positive number.

As shown in , all the geometries associated with the same orbit
have the same Jy charges. In other words, Ji do not vary as we make
coordinate transformations using x diffeomorphisms ; Ji are “orbit
invariant” quantities. One may hence relate them with the labels on the
orbits, explicitly, J; should be a function of b or v for the hyperbolic or
elliptic orbits associated to the left-moving copy of the Virasoro group and
J_ a similar function of labels on the right-moving copy of the Virasoro
group.

The Banados phase space has a rich topological structure. It consists of
different disjoint patches. Some patches (labeled by only integers) consist
of only one orbit, while some consist of a set of orbits with a continuous



3.1. Symplectic symmetries 49

parameter. On the other hand, note that the conserved charges in covari-
ant phase space methods are defined through an integration of infinitesimal
charges along a path connecting a reference point of phase space to a point of
interest. Therefore, the charges can be defined only over the piece of phase
space simply connected to the reference configuration. For other patches,
one should use other reference points. In this work we just present explicit
analysis for the By(bs) x Bo(b—) sector of the phase space. Since this sector
corresponds to the family of BTZ black holes of various mass and angular
momentum and their descendants, we call it the BTZ sector. Note that there
is no regular coordinate transformation respecting the chosen boundary con-
ditions, which moves us among the orbits. In particular for the BTZ sector,
this means that there is no regular coordinate transformation which relates
BTZ black hole geometries with different mass and angular momentum, i.e.
geometries with different b..

We now proceed with computing the charges Ji for an arbitrary field
configuration in the BTZ sector of the phase space. Since the charges are
integrable, one can choose any path from a reference configuration to the
desired point. We fix the reference configuration to be the massless BTZ
with L4+ = 0. We choose the path to pass by the constant representative
Ly of the desired solution of interest L (z*). Let us discuss J; (the other
sector follows the same logic). Then the charge is defined as

v 0 0 Ly

We decomposed the integral into two parts: first the path across the orbits,
between constant representatives L, = 0 and L and second the path along
(within) a given orbit with representative L. Since the path along the
orbit does not change the values J4 (6, J+ = 0), the second integral is zero.
Accordingly, the charge is simply given by

¢ b doK (L)6L
J+—m/0 faor.(n) (3.57)

where L, is a constant over the spacetime. Solving (3.41]) for constant L.
and assuming periodicity of ¢, we find that K+ = const. Therefore the
Killing vectors are 0+ up to a normalization constant, which we choose to

be 1. Hence K (L) =1, and

J4 Y4
:7[1 — :7L_.
et T

Therefore the Killing charges are a multiple of the Virasoro zero mode of
the constant representative.

Since the BTZ descendants are obtained through a finite coordinate
transformation from the BTZ black hole, the descendants inherit the causal

Jy (3.58)
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structure and other geometrical properties of the BTZ black hole. We did
not prove that the finite coordinate transformation is non-singular away
from the black hole Killing horizon but the fact that the Virasoro charges
are defined all the way to the horizon gives us confidence that there is no
singularity between the horizon and the spatial boundary. The geometry of
the Killing horizon was discussed in more detail in [76].

The area of the outer horizon defines a geometrical quantity which is in-
variant under diffeomorphisms. Therefore the BTZ descendants admit the
same area along the entire orbit. The angular velocity and surface gravity
are defined geometrically as well, given a choice of normalization at infinity.
This choice is provided for example by the asymptotic Fefferman-Graham
coordinate system which is shared by all BTZ descendants. Therefore these
chemical potentials 71 are also orbit invariant and are identical for all de-
scendants and in particular are constant. This is the zeroth law for the BTZ
descendant geometries.

One may define more precisely 7+ as the chemical potentials conjugate
to Jy [103]. Upon varying the parameters of the solutions we obtain a
linearized solution which obeys the first law

58 = T+(5J+ + T_(SJ_. (359)

This first law is an immediate consequence of the first law for the BTZ black
hole since all quantities are geometrical invariants and therefore independent
of the orbit representative. In terms of L4, the constant representatives of
the orbits in the BTZ sector, one has and [65]

e == (3.60)

and the entropy takes the usual Cardy form

S = gc(\/KJr VIO (3.61)

One can also write the Smarr formula in terms of orbit invariants as
S = 2(T+J+ + T_J_). (362)

The only orbits which have a continuous label (necessary to write in-
finitesimal variations) and which admit a bifurcate Killing horizon are the
hyperbolic orbits [76,103]. The extension of the present discussion to generic
hyperbolic orbits (and not just for the BTZ sector) has been discussed
in [103].

3.1.5 Extremal phase space and decoupling limit in Fefferman-
Graham coordinates

We define the “extremal phase space” as the subspace of the set of all
Banados geometries (equipped with the invariant presymplectic form) with
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the restriction that the right-moving function L_ vanishes identically. The
Killing charge J_ is therefore identically zero. Also, perturbations tangent to
the extremal phase space obey 6L_ = 0 but L, is an arbitrary left-moving
function.

A particular element in the extremal phase space is the extremal BTZ
geometry with M¢ = J. It is well-known that this geometry admits a
decoupled near-horizon limit which is given by the self-dual spacelike orbifold
of Ad85 ’93]

72 dr?  4|J| r
ds?> = — | —r2dt* + — + do — d
4 ( 72 k (do 2¢/|J]/k

t)2> , ¢~ ¢+2m,(3.63)

where k = é. A Virasoro algebra exists as asymptotic symmetry in the
near-horizon limit and this Virasoro algebra has been argued to be related to
the asymptotic Virasoro algebra defined close to the AdSs spatial boundary
[73]. Since these asymptotic symmetries are defined at distinct locations
using boundary conditions it is not entirely obvious that they are uniquely
related. Now, using the concept of symplectic symmetries which extend the
asymptotic symmetries to the bulk spacetime, one deduces that the extremal
black holes are equipped with one copy of Virasoro hair. The Virasoro hair
transforms under the action of the Virasoro symplectic symmetries, which
are also defined everywhere outside of the black hole horizon.

One subtlety is that the near-horizon limit is a decoupling limit obtained
after changing coordinates to near-horizon comoving coordinates. We find
two interesting ways to take the near-horizon limit. In Fefferman-Graham
coordinates the horizon is sitting at 7 = 0 and it has a constant angular veloc-
ity 1/¢ independently of the Virasoro hair. Therefore taking a near-horizon
limit is straightforward and one readily obtains the near-horizon Virasoro
symmetry. It is amusing that the resulting vector field which generates the
symmetry differs from the ansatz in [73], as well as the original Kerr/CFT
ansatz [89] and the newer ansatz for generic extremal black holes [79,87].
The difference is however a vector field which is pure gauge, i.e. charges
associated with it are zero.

A second interesting way to take the near-horizon limit consists in work-
ing with coordinates such that the horizon location depends upon the Vi-
rasoro hair. This happens in Gaussian null coordinates. Taking the near-
horizon limit then requires more care. This leads to a yet different Virasoro
ansatz for the vector field which is field dependent. After working out the
details, a chiral half of the Virasoro algebra is again obtained, which also
shows the equivalence with the previous limiting procedure.

The general metric of the extremal phase space of AdSs Einstein gravity
with Brown-Henneaux boundary conditions and in the Fefferman-Graham
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coordinate system is given by

2
ds? = %dr2 —r2datda + EQL(I+)dI+2, T = t/l+ ¢, ¢~ ¢+2m
r
(3.64)

where we dropped the + subscript, Ly = L. It admits two global Killing
vectors: d_ and (4 defined in subsection In the case of the extremal
BTZ orbit, the metrics admit a Killing horizon at r = 0 which is
generated by the Killing vector 0_ [76].

One may readily see that a diffeomorphism y(e;,e— = 0) defined from

(3.10) with arbitrary e, (™), namely

02 1
/
Xext = W{?_ + 6+8+ - §T6+ar, (365)
is tangent to the phase space. Indeed, it preserves the form of the met-
ric (3.64). Remarkably, the field dependence, i.e. the dependence on L.,
completely drops out in x.:. Note however that although x..: is field inde-
pendent, the Killing vector (4 is still field dependent. From the discussions
of section [3.1.1] it immediately follows that x.,; generates symplectic sym-
metries.
One may then take the decoupling limit

0t 0t
to 4 020t Qe TP 20N, A0 (3.66)
where Q¢ = —1/4 is the constant angular velocity at extremality. As a

result 27 — ¢ and 2= — 2% — ¢. Functions periodic in 2 are hence
well-defined in the decoupling limit while functions periodic in £~ are not.
Therefore, the full Baniados phase space does not admit a decoupling limit.
Only the extremal part of the Banados phase space does. Also, since %
is dominant with respect to ¢ in the near-horizon limit, the coordinate =~
effectively decompactifies in the limit while ™ remains periodic.

In this limit the metric and symplectic symmetry generators ([3.65))
become

ds? di?

o =y~ Ardido + L(¢)de” (3.67)
Xext = 68(7?)65 — 7€' (¢) 07 + €() Dy, (3.68)

where we dropped again the + subscript, e4 = €. As it is standard in
such limits, this geometry acquires an enhanced global SL(2,R)_ x U(1)+
isometry [75,(76]. The sl(2,R)_ Killing vectors are given as

1

30 &= t0; — 707, &= [(26% +

L 1 -
372 )8{ + ﬁdﬁ — 4t7“8;:]. (3.69)

&=



3.1. Symplectic symmetries 53

and obey the algebra

[£1,&2] = &, €1, &3] = 2&a, [€2, &3] = &3, (3.70)

The u(1)4 is still generated by (.

As it is explicitly seen from the metric , absence of Closed Timelike
Curves (CTC) requires L(¢) > 0. This restricts the possibilities for orbits
which admit a regular decoupling limit. The obvious example is the extremal
BTZ orbit for which the decoupling limit is a near-horizon limit. Representa-
tives of these orbits are the extremal BTZ black holes with L > 0 constant
and the near-horizon metric is precisely the self-dual orbifold
after recognizing J = %L = ¢L and setting ¢ = /L t/4 and 7 = 7“

From the analysis provided in |[90] one can gather that all orbits other
than the hyperbolic By (b) and the parabolic Py orbits, admit a function L(¢)
which can take negative values. The corresponding geometries therefore con-
tain CTCs. The only regular decoupling limit is therefore the near-horizon
limit of generic extremal BTZ (including massless BTZ [104]). Therefore,
the near-horizon extremal phase space is precisely the three-dimensional ana-
logue of the phase space of more generic near-horizon extremal geometries
discussed in [8687].

Under the action of y,+ above, one has

5 L(6) = eL(6) + 2L()e — %e"' (3.71)

in the decoupling limit. With the mode expansion € = ¢™?, one may define
the symplectic symmetry generators I, which satisfy the Witt algebra,

illms L] = (M — 1)l (3.72)

The surface charge is integrable and given by

(8] = o f doe(o)L(o). (3.73)

Moreover, one may show that the surface charges associated to the SL(2,R)_
Killing vectors, J¢, vanish. Interestingly, we find that the ¢ and 7 compo-
nents of Yeut do not contribute to the surface charges. The various
ansatzes described in [73}[79,87,89] which differ precisely by the 0; term are
therefore physically equivalent to the one in (3.68]).

One may also work out the algebra of charges H,, associated with ¢ =
eine.

(Hyp, HypY = (m — n) Hyppon + %m35m+n70, (3.74)

5For the case of the massless BTZ, one should note that there are two distinct near-
horizon limits; the first leads to null self-dual orbifold of AdSs and the second to the
pinching AdSs orbifold [104].
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where c is the usual Brown-Henneaux central charge.

The charge J; associated with the Killing vector ¢ commutes with
the H,’s, as discussed in general in section [3.1.3] Following the analysis
of section [3.1.4] one may associate an entropy S and chemical potential 7
which satisfy the first law and Smarr relation

0S = ’7'+5J+ y S = 2T_|_J+. (375)

These are the familiar laws of “near horizon extremal geometry (thermo)dynamics”
presented in [105,/106].

3.1.6 Extremal phase space and and near horizon limit in
Gaussian null coordinates

Let us now consider the analogue extremal phase space but in Gaussian null
coordinates. It is defined from the complete phase space discussed in section
by setting the right-moving function L_ = 0. The metric is

7”2

ds? = (—z + 2L, (uh))du? — 2dudr + 201, (ut)dudg + r*d¢?, (3.76)

where ut = u/l+ ¢, ¢ ~ ¢+2r. Tt depends upon a single function L (u™).
One may analyze the isometries of metrics . The Killing vectors are
within the family of &£’s with d¢L4+ = 0 (cf. ) Since L_ =0
in this family, there are three local Killing vectors associated with solutions
of Y =0, ie. Y_ = 1,u”,(u")% The first Killing vector is {&; = 9 =
%(ﬁ@u —0p). The other two are not globally single-valued but we will display
them for future use,

2
Eo=u 0_ + £8 - 1(r — g)&,
2r 2
p 2L (3.77)
€3 = (u_)Zaf + u_;8¢ + [f —u (r— . +)]3r.

Together they form an si(2,RR) algebra (3.70)). There is also a global U(1).
associated with the Y, functions, which is the periodic solution to d¢ L4 = 0.

The set of geometries together with £(Y,,Y_ = 0) (¢f (3.36))
form a phase space, elements of which fall into the Virasoro coadjoint orbits.
Orbits are labeled by J;. We consider for simplicity only the extremal BTZ
orbit. The above geometries then have a Killing horizon at variable radius
r = ry(ut), unlike the Fefferman-Graham coordinate system studied in the
previous section. The function 7y (u™) is defined from the function L, (u™)
through

dTH
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This Killing horizon is generated by the Killing vector 0_. Requiring the
function ry to be real imposes a constraint on the Virasoro zero mode

f027r dutLi(u") > 0 which is obeyed in the case of the hyperbolic By(b)

orbit. It is notable that upon replacing rg = Z%, (3.78) exactly reduces to
Hill’s equation 9" = L.
Let us now perform the following near-horizon limit,

~

L =0+ %ms, e 0 (379)

™|

r=ry(u’) +ef, u=

where Qez = —% is the extremal angular velocity. In this limit u™ = $ is

kept finite. The metric takes the form

dﬁ:—wma—w”ﬁ@mwawﬁ@m&. (3.80)
Note also that 77 (¢) is a function of Ly (), as is given in (3.78). For
constant rg the metric (3.80) is the self-dual AdSs metric. In general, it
admits a SL(2,R)_ xU(1)4 global isometry. The explicit form of generators

of SL(2,R)_ are obtained from ([3.77) upon the limit (3.79) as

¢ 14
&1 = 704, & =100y — 70y + ——==0;,
2 2ri (o) ¢ (3.81)
202 447 24 '
fg — 76@ + (E - 7)87? + 7A8A.
l ¢ ri(9)

Let us now analyze the presymplectic form and the corresponding charges.
To this end, we first recall that we obtained in section that both the
Lee-Wald and the invariant presymplectic form vanish on-shell for the gen-
eral case. Therefore, both presymplectic structures also vanish for the spe-
cial case L_ = 0. All transformations that preserve the phase space are
therefore either symplectic symmetries or pure gauge transformations, de-
pending on whether or not they are associated with non-vanishing conserved
charges.

The symplectic symmetry vector field generators é may naively be de-
fined from , where we set L_ = Y_ = 0 and take the above near

horizon limit. Doing so we obtain:

where Y =Y (¢),rg = ru(¢) and primes denotes derivatives with respect to
g%. Since this vector field admits a diverging 1/ term, it is not well-defined in
the near-horizon limit. Moreover, this vector field does not generate pertur-
bations tangent to the near-horizon phase space. In doing the near-horizon
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change of coordinates, it is required to change the generator of symplectic
symmetries. One may check that a term like f(¢)9; for both Barnich-Brandt
or Iyer-Wald charges is pure gauge since it does not contribute to the charges.
Therefore, the problematic 1/e term may be dropped from & to obtain

- 4

=Y -5—-Y")0

57 Y05 (3.82)

In fact, the vector field (3.82) is the correct vector field in the near-horizon
phase space since L¢g,,, is tangent to the phase space (3.80) with the trans-
formation law

557’}[ = THaq;Y + YanbTH — gazY . (3.83)
This transformation law is consistent with the definition and the Vi-
rasoro transformation law . It is tricking that the resulting symplectic
symmetry generator takes a quite different form from as well
as all other ansatzes in the literature |73}79.,87,89].
Using the expansion in modes Y = € we define the resulting vector
field [,,. Since the vector field is field-dependent, we should use the “adjusted
bracket” defined in section 3.1.1] Doing so, we obtain the Witt algebra

il L] = (M — 0)lmn. (3.84)

One may then check that the surface charges associated with f are in-
tegrable, using the integrability condition for general field dependent gen-
erators, c¢f. discussions of Appendix For the surface charges the
Barnich-Brandt and Iyer-Wald prescriptions totally agree since the invari-
ant and Lee-Wald presymplectic forms coincide off-shell. We then obtain

Y [ty ey 4
Qg—SWG/<€Y rHY>dd>. (3.85)

After adding a boundary term dB ¢ where,

1
B;=_——ryY, (3.86)
T

to the integrand and after using (3.78)), we find the standard Virasoro charge
VA A Al
c=—— | L Y (¢)do. .
%= g [ LY (Db (3.87)

We have therefore shown that the near-horizon Virasoro symplectic symme-
try can be directly mapped to the Brown-Henneaux asymptotic symmetry
at the boundary of AdSs.
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3.1.7 Discussion and outlook

We established that the set of all locally AdS3 geometries with Brown-
Henneaux boundary conditions form a phase space whose total symmetry
group is in general a direct product between the left and right sector and
between U(1) Killing and Virasoro symplectic symmetries quotiented by a

compact U(1):
<U(1)+ x I‘J/(Zf)i) x <U(1) x [‘]/g)‘) : (3.88)

Elements of the phase space are solutions with two copies of “Virasoro hair”
which can have two different natures: either Killing symmetry charges or
symplectic symmetry charges. One special patch of the phase space consists
of the set of descendants of the global AdSs vacuum, where the two compact
U(1)’s are replaced with two SL(2,R)’s with compact U(1) subgroup:

<SL(2,R)+ x 5&) x <SL(2,R) x SLZ”E)_) . (3.89)

In the case of the phase space with Poincaré AdS boundary conditions, the
U(1)’s are instead non-compact.

In the case of the decoupling (near-horizon) limit of extremal black holes,
the (let say) right sector is frozen to L_ = 0 in order to be able to define the
decoupling limit. In the limit the U(1)_ isometry is enhanced to SL(2,R)_
and the U(1)_ subgroup decompactifies. The exact symmetry group of the
near-horizon phase space is a direct product of the left-moving Killing and
left-moving non-trivial symplectic symmetries, isomorphic to Virasoro group
quotiented by a compact U(1)4,

VZ.T_A'_
SL(2,R)_ x (U(1)+ X U(1)+> . (3.90)
The global Killing SL(2,R)_ charges are fixed to zero, and there is no right-
moving symplectic symmetry. We studied two particular decoupling limits
which realized this symmetry. Taking the decoupling limit in Fefferman-
Graham coordinates leads to zooming at fixed coordinate horizon radius
while taking the decoupling limit in Gaussian null coordinates amounts to
zooming on a wiggling horizon radius. We noticed that both decoupling
limits lead to the same charge algebra. In principle it should also be possible
to have geometries associated with

(SL(Z,R)+ x SLZ@) x <U(1)_ X gg;_) :

where the representative of the left-movers is fixed to have L, = —1/4.
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Orbits and Killing charges. The above obviously parallels the construc-
tion of Virasoro coadjoint orbits where the group that quotients the Virasoro
group is the “stabilizer group” [85,/90]. The stabilizer group, as intuitively
expected, appears as the Killing isometry algebra of the locally AdS3 geome-
tries. Importantly for making connection with Virasoro orbits, the Killing
vectors commute with the Virasoro symmetries. Their associated conserved
charges Ji therefore label individual orbits. There are, nonetheless, other
options for the stabilizer group besides compact U(1) and SL(2,R) which
are, in general, labeled by n-fold cover of these stabilizer groups. This will
lead to an extra integer label which being discrete, is not covered in the anal-
ysis of the type we presented here. This may be associated with a topological
charge [103].

Relationship with asymptotic symmetries. It is well-known that all
geometries with Brown-Henneaux boundary conditions admit two copies of
the Virasoro group as asymptotic symmetry group [2§]:

Viry x Vir_. (3.91)

In the case of the vacuum AdSs3 orbit, the global asymptotic SL(2,R); X
SL(2,R)_ subgroup of the Virasoro group exactly coincides with the SL(2, R)x
SL(2,R) isometries with constant charges and the asymptotic symmetries
reduce to ([3.89). For generic orbits, only a U(1)4 x U(1)— subgroup of the
SL(2,R); x SL(2,R)_ is an isometry while the remaining generators are
symplectic symmetries, which matches with . The novelty is that the
conserved charges are not defined at infinity only, they are defined at finite
radius.

Symplectic charges and the Gauss law. The electric charge of a set of
electrons can be computed as the integral of the electric flux on an enclosing
surface. It was observed some time ago that Killing symmetries lead to
the same property for gravity [107]. The total mass of a set of isolated
masses at equilibrium can be obtained by integrating the Killing surface
charge on an enclosing surface. This property arises after viewing gravity as
a gauge theory on the same footing as Maxwell theory. Here, we generalized
the result of |107] to symplectic symmetries. Given a configuration with
a symplectic symmetry and given a surface in a given homology class, one
can define associated symplectic charge which is conserved upon smoothly
deforming the surface.

On the presymplectic form. We reviewed the definition of the Lee-Wald
and the invariant presymplectic forms and noticed that only the invariant
one was vanishing on-shell in both Fefferman-Graham and Gaussian null
coordinates. This enabled us to define symplectic symmetries on any closed
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circle which encloses all geometrical and topological defects. Together with
the Killing symmetries, they extend the asymptotic symmetries of Brown-
Henneaux in the bulk spacetime with identical results in both coordinate
systems. However, the Lee-Wald presymplectic structure is equal on-shell
to a boundary term in Fefferman-Graham coordinates. A natural question
is whether a suitable boundary term can be added to the Lee-Wald presym-
plectic structure which fits among the known ambiguities in order that it
vanishes exactly on-shell. We expect that it would be possible, but for our
purposes the existence of an on-shell vanishing presymplectic structure was
sufficient.

Coordinate independence and gauge transformations. Every struc-
ture we could find in Fefferman-Graham coordinates could be mapped onto
the same structure in Gaussian null coordinates. We therefore expect that
there is a gauge transformation between these coordinate systems which
can be defined in the bulk spacetime. On general grounds, we expect that
one could enhance the set of metrics with additional gauge transformation
redundancy and incorporate more equivalent coordinate systems. Such a
procedure would however not add any physics classically since the physical
phase space and charges would be left invariant. The advantage of either
Fefferman-Graham or Gaussian null coordinates is that their only admissible
coordinate transformations (which preserve the coordinates) are the physi-
cal symplectic and Killing symmetries. In that sense, they allow to express
the phase space in a fixed gauge.

Generalization to other boundary conditions. Boundary conditions
alternative to Dirichlet boundary conditions exist for AdS3 Einstein grav-
ity [94-96]. Our considerations directly apply to these boundary conditions
as well. As an illustration, the semi-direct product of Virasoro and Kac-
Moody asymptotic symmetries found for chiral boundary conditions [95] can
be extended to symplectic symmetries in the corresponding phase space. In-
deed, it is easy to check that both the Lee-Wald and the invariant symplectic
structures vanish for arbitrary elements in, and tangent to, the phase space.
The BTZ black holes equipped with Virasoro and Kag-Moody charges can
be qualified as BTZ black holes with Virasoro and Ka¢-Moody hair all the
way to the horizon.

3.2 Three-dimensional asymptotically flat Einstein-
Maxwell theory
The original studies of four-dimensional asymptotically flat spacetimes at

null infinity [4,/6,108] and their extensions to include the electromagnetic
field [109,110] rely on an expansion in inverse powers of the radial coordinate
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r for the metric components or the spin and tetrad coefficients. In order to
guarantee a self-consistent solution space, some of these expansions need
well-chosen gaps so as to prevent the appearance of logarithmic terms in r.

In more recent investigations, this assumption has been relaxed. More
general consistent solution spaces have been proposed that involve double
series with inverse powers and logarithms in r from the very beginning.
Details on such “polyhomogeneous spacetimes” can be found for instance
in [1114113].

Another non trivial aspect of 4d spacetimes with non trivial asymptotics
at Scri is that charges associated to the asymptotic symmetry transforma-
tions, even though well-defined, are neither conserved nor integrable |114].
Furthermore, when considering a local version of the asymptotic symmetry
algebra [204/21], the associated current algebra acquires a field dependent
central extension [22,53].

In contrast, three-dimensional asymptotically flat Einstein gravity at
null infinity is much easier, in the sense that the expansion in inverse pow-
ers of r of the general solution with non trivial asymptotics can be shown
not to admit logarithms and to truncate after the leading order terms [21].
The symmetry algebra |115] is bmsg, the charges are conserved, integrable
(and also r independent [79]), while their algebra involves a constant central
extension [116], closely related to the one for asymptotically anti-de Sitter
spacetimes [28].

The purpose of the present section is to study three-dimensional Einstein-
Maxwell theory with asymptotically flat boundary conditions at null infinity.
This model allows one to illustrate several aspects of the four dimensional
case in a simplified setting. On the one hand, there is a clear physical reason
for the occurrence of logarithms as such a term is needed in the time com-
ponent of the gauge potential in order to generate electric charge. This term
leads to a self-consistent polyhomogeneous solution space that includes the
charged analog of particle [55] and cosmological solutions [74,[117-119]. The
latter correspond to the flat space limit of the three-dimensional charged
rotating asymptotically anti-de Sitter black holes [120]. On the other hand,
the asymptotic symmetry algebra is a Virasoro-Kac-Moody type algebra
that extends the bmss algebra of the purely gravitational case. The associ-
ated surface charges turn out to be neither conserved nor integrable due to
the presence of electromagnetic news. Furthermore the algebra of surface
charges now involves a field dependent central charge that persists when
switching off the news.

3.2.1 Asymptotic symmetries

To work out the asymptotic symmetries, we follow closely the original lit-
erature [7] and adapt it to the current context. More generally, for the
Einstein-Yang-Mills system in all dimensions greater than 3, this problem
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has been addressed recently in detail in a unified way both for flat and anti-
de Sitter backgrounds in [121]. In this approach, the gauge fixing condition
in the definition of asymptotic flat spacetimes fix the radial dependence of
gauge parameters completely, while the fall-off conditions fix the temporal
dependence. In the current set-up, the fall-off conditions on A, are more
relaxed as compared to those considered in section 5.5 of [121] in order to
account for non-vanishing electric charge. As a consequence, the time de-
pendence of the electromagnetic gauge parameter is no longer fixed, unless
one switches off the news.

In order to define asymptotic flatness of the three-dimensional Einstein-
Maxwell at future null infinity, coordinates u, r, ¢ are used together with the
gauge fixing ansatz

Ve 4 r2U2 —e26 2y
G = —ef 0 0 |, A.=0, (3.92)

where U, 3,V and A,, Ay are functions of u,r, ¢. Suitable fall-off conditions
that allow for non-vanishing electric charge are

U=o(rY, V=of), B=o(),

Ay =O(In—), Ay=0(In—),
To To

(3.93)

where 7 is a constant radial scale.

The gauge structure of Einstein-Maxwell theory can be described as
follows. Gauge parameters are pairs (£, €) consisting of a vector field €40,
and a scalar e. A generating set of gauge symmetries can be chosen as

- 5(5,e)g/u/ = Efguua _6(5,6)14# = ‘CﬁAN + 8N€' (394)

When the gauge parameters are field dependent, as will be the case for
the parameters of asymptotic symmetries below, the commutator of gauge
transformations contains additional terms:

[5(51,61)7 5(52762)] (ng? AM) = 5[(51,61),(62,62)}]\/1 (QMW AM)? (395)

where the Lie (algebroid) bracket for field dependent gauge parameters is
defined through

[(51761)7(€2762>]M - (éa 6)7 (396)

€ = [51762] + 5(51,61)52 - 5(52,62)51 ) €= 51(62> + 6({1,61)62 - (1 « 2)

Gauge transformations preserving asymptotically flat configurations are
explicitly worked out in Appendix They are determined by gauge



62 Chapter 3. Applications in 3 dimensional space-time

parameters depending linearly and homogeneously on arbitrary functions

T(9),Y(¢), E(u,¢) according to
= f=T+uY’,
fd)_Y f/oo%d,_ ‘):4-0(7“_2)7
§" = =10y +1Uf = —rY" + [+ o(1),

00626/1 IHTL
B+ [ St = E(ué) + O ),

(3.97)

where dot and prime denote u and ¢ derivatives, respectively.
Consider then the “bmss/Maxwell” Lie algebra consisting of triples s =
(T,Y, E) with bracket

[51, 0] = (T Y, E) , (3.98)
where

T=YTs4+T\YVy—(1<2), Y =VVy— (1< 2), E=Y1Ey+fiEs—(1 & 2).

(3.99)
This is the asymptotic symmetry algebra of the system in the following
sense:

When equipped with the modified bracket , the parameters (3.97))
of the residual gauge symmetries form a representation of the Lie algebra
(13.98).

The proof, following the one originally worked out in [21], is sketched in

Appendix

3.2.2 Solution space

In this section, we present the polyhomogeneous solution space for our
model, following mainly [6,(112}122].

We start from the Einstein-Maxwell Lagrangian density in three dimen-
sions

N
L=16- G(R F?), (3.100)

with equations of motion
al/(\/ _gFHV) = O’ L/u/ = G;u/ - T/u/ = 0, (3101)

where T}, = 2F,,F,” — 19, F2.
The detailed analysis in Appendix then yields the following re-
sults: given the ansatz

Ay = a(u, ¢>)1n—+A0 (w,0) + Y ZA’”” o d:i( %)n, (3.102)

m=1n=0
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at a fixed time wug, the general solution to the Einstein-Maxwell system
in three dimensions with the prescribed asymptotics is completely deter-
mined in terms of the initial data Ag(uo, ®), Amn(ug, @), the news functions
A% (u, ) and integration functions w(¢), A(¢), 8(¢), x(¢) according to

a:—w—u/\’, N = X—i—uO’
O M Bmn(In - )"
5 27"2 + mzl nz Tm+2 9
4o ln —+2/\a M Umn(In —)
U = T Tnzl ,,,LZ Tm+2 ) (3.103)
x© m an(ln—)"
Au:—/\ln%—i—AO—l— + 3 >
= 1”()(9 M Vinn( ln )”
V = )\2 ln ‘|‘ 0+ 2aX —2Xa’ 2>\o¢ + Z Z rm+1 ,

\ m=1n=0

where the functions G5, Umn, Bmn, Vinn are determined recursively in terms
of the initial data, the news, the integration functions and their ¢ derivatives.

In particular, .
AY =N+ (AYY. (3.104)

Furthermore, the leading parts of the metric and electromagnetic gauge
potentials are given by

ds? = [2A2 In ri + 0+ 00 Hdu? — [2 + O(r~2)]dudr
0
—[4AaIn TL +2xa—x —ub +O(r 'In TL)]duckb + r2d¢3,105)
0 0
Ay = aln% + AL+ 00 In—), A, = —)\ln:—o + A% 1+ O(1(3:106)

7o

Asymptotic symmetries transform solutions to solutions. This allows one
to work out the transformation properties of the functions characterising
asymptotic solution space:

LeGuu: — 00 =Y0 +2(0 — \)Y' —2Y",
—A=Y)XN + )Y,

Legup: —Ox =YX +2(x — 20N)Y' + T +2(0 — \X))T' — 21",
—bw=Yu +0Y + TN + 2T,

LeAy+é: —0AL =Y (ALY + (AS + )Y + fAS + B,

LeAg+€: — A =Y (A} + (A) — )Y’ + fAL + AL f' + E.

(3.107)

3.2.3 Surface charge algebra

Associating charges to asymptotic symmetries in general relativity is a no-
toriously subtle question. The approach followed here consists in deriving
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conserved co-dimension 2 forms in the linearized theory that can be shown to
be uniquely associated, up to standard amiguities, to the exact symmetries
of the background [41,/42,|123]. When using these expressions for asymp-
totic symmetries in the full theory, neither conservation nor integrability is
guaranteed [22,[53]83,|114].

More concretely, using the general expressions for the linearized Einstein-
Maxwell system derived in [124], the surface charge one form of the linearized
theory reduces to

]{ Fhe e = —5f Kee +f Ksese — ¢ £-0, (3.108)

where

Keo = (da"2),, YL [Vrer — VVel 4+ AFM (€7 A, + €],
7 16nG (3.109)

0 = (da" 1), XLV 69" — VFog! + AF M5 A,),
167G

and S is the circle at constant u = ug and r = R — oo. At this stage, we

have used already that expressions in fsm #ke¢ - that are proportional to the

exact generalized Killing equations vanish,

1 _
167TG% 3g, (VHEP + VPEM)/=g(d" ) = 0,

bl (3.110)
—_— g/.tpéAl/(Epr + 0p€)v —g(dn_2$)uu = 07

when evaluated for solutions and asymptotic symmetry parameters .
As in four-dimensional asymptotically flat pure Einstein gravity [114], the
remaining expression then splits into an integrable part and a non-integrable
part proportional to the electromagnetic news,

]{ Plee = 0Qs + Os, (3.111)
Soo
with

1 2
Qg Al = —— / do [eT +Y (x +4rA9) + 4AE} ,

1 2
0,[59,04:9, 4] = /0 dof LGN,

It follows that (8G)~10, (8G)~1(x + 4)\Ag), (2G)~!\ can be interpreted as
the mass, angular momentum and electric charge aspect, respectively.

Applying now the proposal of [22,/53] for the modified bracket of the
integrable part of the charges,

{QS17 QSQ} = _582Q51 + 982 [_58197 _581A; 97 A]J (3113)
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gives
{QS1 ) QSZ} = Q[sl,sﬂ + K81,827 (3114)

where
1 27 .
Ky, s, = &TG/O do [Y{TQ” —ONf1Es — NPTV Y — (1 & 2)] . (3.115)

It is then straightforward to check that the field dependent central extension
satisfies the generalised cocycle condition

Kisy sp].s5 — 055 Ky 50 + cyelic (1,2,3) = 0. (3.116)

]753

3.2.4 Switching off the news

In the analysis above, we are in an unusual situation where the asymptotic
symmetry algebra depends arbitrarily on time through the dependence of
FE on u. This can be fixed by requiring the electromagnetic news function
to vanish, A% = 0. Since asymptotic symmetries need to preserve this
condition, we find from that £ = E — f;ﬁ) du/\Y’. The asymptotic
symmetry algebra then becomes time independent, but field dependent since

the last of (3.99) gets replaced by
E=YE, - T\YJ\— (1 2). (3.117)

Charges become integrable and conserved: the second, non integrable part
vanishes while in the first line of , E,Ag) get replaced by E, 1212). In
order to see this, one has to go back to where the second term now
contributes to remove the u-dependent terms when using that, on shell,
E = E(¢) — uA(¢)Y’, and Ag = Ag(@ — u). Finally, the field dependent
central charge becomes

1 21
Ko s = / do [Y{T) +NT1Y; — (1< 2)]. (3.118)
87TG 0

3.2.5 Discussion

Apart from its intrinsic interest, one might hope that the elaborate sym-
metry structure and the explicit solution of the three-dimensional Einstein-
Maxwell system with non trivial asymptotics at Scri presented here could
be suitably tuned so as to have applications in the context of holographic
condensed matter models in 141 dimensions. Indeed, the Einstein-Maxwell
system with various backgrounds, asymptotics, and additional scalar or form
fields is ubiquitous in this context, see for instance [125-127], and more
specifically [1284130] in three bulk dimensions. From the viewpoint of sym-
metries as well, this is quite reasonable since the bmss algebra is isomorphic
to geay, the Galilean conformal algebra in 2 dimensions [131}/132].
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Independently of such speculations, let us compare the three-dimensional
results derived here to those of the four dimensional case. First, we note
that in the four dimensional Einstein-Maxwell system, one imposes the con-
ditions A, = 0 and A, = O(r~1) (see e.g. [109] and [133] section II.C for a
detailed discussion of pure electromagnetism). As shown in [121], from the
viewpoint of asymptotic symmetries, the absence of a term in A, of order
zero in v~ also guarantees a time independent symmetry algebra similar
to the one discussed here in three dimensions, but with an additional ar-
bitrary dependence on the supplementary polar angle. In four dimensions,
the electromagnetic news nevertheless persists since it is encoded in different
components of the vector potential.

Concerning the algebra of charges, there does not exist, to our knowledge,
a complete study of the Einstein-Maxwell system in the four-dimensional
case. That is the reason why we compare the rest of the results here to the
purely gravitational ones in four dimensions.

Asrecalled in the introduction, in four dimensions, self-consistent asymp-
totically flat solution spaces at Scri including charged black hole solutions
have been constructed in spaces involving integer powers of 1/r.

The simplest solution in three dimensions is the flat limit of the charged
BTZ black hole. It is characterized by w = 0 = Ag = Apn = AY and

=8GM, x =8GJ, A =2GQ, where M, J, () are constants that, according
to , are interpreted as the mass, angular momentum and electric
charge of the solution. Let us recall that the uncharged solutions with
Q@ = 0 describe three dimensional cosmologies [74}/118,|119] when M > 0
and spinning particles, i.e., the angular defects and excesses of [55], when
M < 0.

In both cases, it is the news, electromagnetic in the former and gravi-
tational in the latter, that is responsible for the non-integrability and non
conservation of the charges. In the latter case, there is no (field-dependent)
central extension, unless one admits singular symmetry generators at null
infinity and considers a local extension of the bms, algebra including su-
perrotations [21},22,|53]. It disappears when switching off the news, as this
reduces superrotations to standard Lorentz rotations. In the former case,
superrotations always exist and are globally well-defined at null infinity. The
field dependent central extension persists even after switching off the elec-
tromagnetic news. To our knowledge, this is the first example in the context
of asymptotic symmetries where there is a field dependent term in the sym-
metry algebra and in the central extension of the algebra of conserved and
integrable charges.

The first field independent term in exists also for pure gravity in
three dimensions and is well understood from a cohomological point of view
[116//134]. It has also been used in an argument pertaining to the Bekenstein-
Hawking entropy of the three-dimensional cosmological solutions [135.|136],
modeled on the one in [30] for the BTZ black holes.
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The second field dependent term involving the electric charge aspect, is
novel and much less understood. It certainly deserves further study, both
from the viewpoint of Lie algebroid cohomology and from a physical per-
spective.

A final comment will be given on the nature of the solutions considered
here. As in the majority of the papers on the subject since the pioneering
work by Bondi et al. [4], the solutions are constructed as formal power
series in the radial coordinate. In the polyhomogeneous case, there has
been an investigation of convergence and existence of such solutions for
linear massless higher spin fields on Minkowski spacetime as a preliminary
study for the gravitational problem [137]. Addressing this question is clearly
relevant in this set-up as well, but beyond the scope of the current work. We
just note that the asymptotic symmetry algebra itself is not very sensitive

to the details of solution space, as it is based solely on (3.119)), (3.93]) and
the absence of news in later considerations.

3.3 Three-dimensional asymptotically AdS Einstein-
Maxwell theory

As already pointed in the discussion previously, the Einstein-Maxwell system
is ubiquitous for the understanding of holographic condensed matter models
in 1+1 dimensions. Since the standard AdS/CFT dictionary [24-26] requires
an asymptotically AdS boundary, it is natural to expect the extension of the
analysis in the previous section to the AdS case. This is precisely what we
will show in the coming section. To achieve this, we will follow closely the
procedure of the previous section.

3.3.1 Asymptotic symmetries

We use coordinates (u,r, ¢) and the gauge fixing ansatz

Ve2P 4 r2U2 —e2 —p2U
G = —e?P 0 0o |, A =0, (3.119)
—r2U 0 r?

with U, 3,V and A,, Ay functions of u,r, ¢. Suitable fall-off conditions that
allow for non-vanishing electric charge are

7“2

UZO(T_l)a V= _72_‘_0(74)7 5:0(7«0),
. . (3.120)
A, :O(lnj), A¢:O(ln7).

The gauge structure of Einstein-Maxwell theory can be described as
follows. Gauge parameters are pairs (£, €) consisting of a vector field 40,
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and a scalar e. A generating set of gauge symmetries can be chosen as
— 5(5,6)91“, = ,ng/“,, _5(§7€)AM = ,CgAM + aue. (3.121)
When the gauge parameters are field dependent, one finds that

[5(51761)’ 5(§2,€2):| (gﬂlla A/J) = 6[(51,61),(62,62)}A{ (g/u/» Ay,), (3122)

where the Lie (algebroid) bracket for field dependent gauge parameters is
defined through

[(517 61)7 (527 62)}M = (57 é)v

~

§=[61,&] +0(e1,0)62 = O(ea,e0)61 5 € = &1(€2) + (¢, )2 — (1 <+ 2).
(3.123)

Gauge transformations preserving asymptotically flat configurations are
determined by gauge parameters depending linearily and homogeneously on
arbitary functions f(u,®),Y (u, ¢), E(u, ¢) according to

=,
oo 28 !
£¢:Y—f’/ %dr':Y—?—Fo(r*Q),

(3.124)
& = =1, +rUf = —rY' + [" +o(1),

T
lnT

1),

[e's) QBA
e=E+f’/ erT‘bdr’:E+O(

with f = Y” and f’ = [2Y, where dot and prime denote u and ¢ derivatives,
respectively. They are worked out precisely in Appendix

Consider the “/Maxwell” Lie algebra consisting of triples s = (f,Y, E)
with bracket

[s1,52] = (fYE) : (3.125)

with

f = flfg—i-Ylfé—(l > 2), f/ = f1Y2—|-Y1Y2/—(1 > 2), E = flEg—l—YlEé—(l > 2)
(3.126)

This is the asymptotic symmetry algebra of the system in the following
sense:

When equipped with the modified bracket , the parameters (3.124))
of the residual gauge symmetries form a realization of the Lie algebra .
The asymptotic symmetry algebra is a Virasoro-Kac-Moody type algebra
that extends the two copies of Virasoro algebra of the purely gravitational
case.
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3.3.2 Solution space

We start from the Einstein-Maxwell Lagrangian density in three dimensions

_ V=g

= R+ — — F?), 3.127
167G BT 12 ) (3.127)
with equations of motion
0y (v/=gF"™) =0, Ly, =G — gl% — T, =0, (3.128)
where T, = 2F,,F,"” — 9,, F>.
Given the ansatz
Al (U, ¢)

Ay = alu,@)n +AY(u,¢) + =

oo m Y
Aqu u, @) A¢m(u ®) mn(ln )" Amn(lng)n
+ Z Z r2m 7,=2m+1 + ,,a2m + r2m+1 ’
m=1n=1

(3.129)

at a fixed time wug, the general solution to the Einstein-Maxwell system in
three dimensions with the prescribed asymptotics is calculated in Appendix
The solution space is completely determined in terms of the initial
data a(ug, @), Ag(uo, ®), Ai(ug, ¢), A¢m(u0, b), fl¢m(u0, ¢) and integration
functions A(u, ¢), A (u, @), O(u, d), N(u,d) as follows:

( o m [z r = -
2a0A Bmn(In 7)™ Bmn(n 7)™
R 1 =) 20[ mnfln )" | Bnn ]
m=1n=

Aaln F422a-N | 414200’ | o s | Uma(@ D™ Opa(in )"
U= 12,,2 + lrs + Z Z r2m+2l + T2m+?§ )
3 1n=0

m=1n=
X & | Brn(in H)”

Au=-Anj+ A0+ 5+ 3 Z[ Lo +Bﬁ’£$‘l§)n]7

m=1n=0

2, ay\p 20N —2)a’ | 8ad; _ 4N*a*(n7)?
+l2)lnl+9+ r +3r12 r2

V=—m 420\
X M v,.OnZ)" Vinn (In T)™
o e ]
m=1n=0

(3.130)

where the functions Amna Amna ana an» Umna Umna ana ana Vinn, an are
determined recursively in terms of the initial data, the integration functions
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and their ¢ derivatives. In particular,

a+ N =0,

>}+?;/:0,
Ag+)\’—(A2)’+%:O,
N:9’+2?2&/+4Al;41

1, 6o\ daA

=5 12 12

Note that the logarithmic term leads to a self-consistent polyhomogeneous
solution space with a finely chosen logarithmic expansion. The series with
inverse of r split into even powers and odd powers and the series with loga-
rithms in 7 are completely determined by the series of the inverse powers of
r.

Furthermore, the leading parts of the metric and Maxwell fields are given
by

2 2

Sl + 0+ S 4+ 00 )du?

2 r? 2
ds” = [——= +2(\" + 12) ;i B

12
OéQ 3
—2[1 — > + O(r™?)]|dudr
—[4)a 1n§ +2\a — N + O(r~Y)]dude + r2dé?,  (3.131)

Ay = aln:—o +AY+ 00, A, = —)\ln% + A% + O(r~1§3.132)

Asymptotic symmetries transform solutions to solutions. This allows one
to work out the transformation properties of the functions characterising
asymptotic solution space.

LeAy+é: —oN=fA+Af —Ya—aY,

—0AY = fFAS +Y(AY) + ADf + AQY +\Y' + E,
LeAg+€e: —da=Yd +aY — fN = Af,

—0AY = fAS +V(A)) + AQf' + AYY' — oY + E,
a2
12
Legus: —ON =Y N +2(N +2a0)Y' + fN +2(0 — \) f/ —2f".

(3.133)

Leguu: — 00 =Y0 +2(0 — X2 — — )Y+ f0 +2(N — M)V — 2V,
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3.3.3 Surface charge algebra

Using the general expressions derived in [41,/123]/124], the surface charge one
form reduces to

f{ Fhee = —5?{ Kee +j{ Kse 5¢ —7{ -0, (3.134)

where

Kee = (de™2), YL [VHer — Ve 4 4FH (7 A, + )],
’ 167G (3.135)

-1y V79

O = (d" ) uq5—5Vo0g"" — VI'gy + 4P Ao),
and S is the circle at constant u = ug and r = R — oo. At this stage, we
have used already that expressions in fsm fke¢ - that are proportional to the
exact generalised Killing equations vanish,

1 j{ -2
= P 0g (VI + VPER)/—g(d" "x)m = 0,
167G Jgoo a ) ( g (3.136)
—— @ gMPSAY(LeA, + 0pe)V—g(d" 1) = 0,

when evaluated for solutions and asymptotic symmetry parameters (3.124)).
As in four-dimensional asymptotically flat pure Einstein gravity [114], the
remaining expression then splits into an integrable part and a non-integrable
part

f{ Fhe. = Q. + O, (3.137)
Soo

with

1 2 a? aAg) 0
QS[Q’A}:IGWG/O d¢[f( —TQ—ZT)+Y(N+4)\A¢)+4)\E]7

l2

1 2m
Ouldg. i, 4] = 1z [ aos

A%«
A%+ =2 ]
(3.138)

The associated surface charges turn out to be neither conserved nor inte-
grable.

Applying the proposal of [22/53] for the modified bracket of the integrable
part of the charges,

{Qsla Qs?} = *5526251 + 932[*65197 *65114; 9, A], (3139)

gives
{Qsh QS2} = Q[SI,SQ] + Ks1,527 (3140)



72 Chapter 3. Applications in 3 dimensional space-time

where
1 n ! el " 2 a2 /
Ko sy = 87G J, dp [Y{fy —2MfiE2 — (A + lﬁ)f1Y2
fifs
+2(aAY — AA;{)Tf —(1+2)]. (3.141)

It is then straightforward to check that the field dependent central extension
satisfies the generalised cocycle condition

Kis, s0],5 — 0s3 s s, + cyclic (1,2,3) = 0. (3.142)

3.3.4 Comparison with the asymptotically flat case

The interest of Einstein-Maxwell system in 3 dimensions has been well
stressed in the previous section. Here, we summarize promptly by com-
paring the main result between the asymptotically flat and asymptotically
AdS case. From and , one can recognize immediately that
the solution space of the AdS case is much more complicated than the flat
case. The main difference between those two cases is the fact that there
is no natural analog of the news function to characterize electromagnetic
radiation in the AdS case. Thus a physical interpretation is missing for a
non-conserved nor integrable surface charges . An alternative ap-
proach was proposed in [138,139] with integrability condition a priori.

Nevertheless, with a time-like boundary, in any case, one needs an addi-
tional boundary condition to make the evolution well-defined and it turns out
that the natural choice would be the reflective boundary condition [140-142].
Such constraint leads a “no outgoing radiation condition”. It would be inter-
esting to investigate the consequence of the reflective boundary condition in
our prescription and its relation with the integrability condition of 138,139
elsewhere.



CHAPTER 4

Applications in Quantum
ElectroDynamics amplitudes

Ordinary flat-space Quantum Field Theories without mass gap are peculiar
in the sense that the structure of null infinity is accessible to the massless ex-
citations of the theory. The perturbative S-matrix of many of these theories,
like gravity or Yang—Mill{] turns out to be simpler than expected. Since the
S-matrix is an object who inherently lives at the boundary of space-time, a
fair question to pose is whether this simplicity might be somehow connected
to the structure of null infinity.

A more down-to-earth question that we can pose in these theories is
whether something particular happens in the scattering of very low-energy
massless quanta, since this limit only makes sense for zero-mass particles.
That is actually an old subject of study to which many people contributed.

Although not the first in chronological order, Weinberg showed quite
generally in [143]/144] that, for theories with long-range interactions medi-
ated by a spin-s boson (s=1,2), when emitting one of these bosons with
very low frequency, the tree-level scattering amplitude develops a pole whose
residue is given by the universal formula:

M1 (p1, - pns {@ €} ) = SO i, ) Mi(p1, - .., pn) + O (°)
(4.1)
where w = ¢y and €** are respectively the energy and polarization tensor of
the soft boson, and

n +\S
$O =3 g, (Pk - €7) (4.2)
=7 g

is called a soft factor, with g; being the cubic couplings controlling the
emission of the soft particle from the external legs. For the case of s = 2,
equation (4.1)) has come to be known as Weinberg’s soft graviton theorem.

LOf course Yang-Mills is a confining theory, but the mass gap arises non-perturbatively.
It is the S-matrix of perturbative Yang-Mills the one that is simple.

73
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In reality, long before Weinberg; Low [145] and Gell-Mann and Gold-
berger [146] had realized that the scattering of light by arbitrary targets
displayed universal properties through the next-to-leading order in a low-
frequency expansion. Such a result was put in amplitude form by Low [147],
essentially predating the soft theorem for photons with the formula:

M1 (p1y-- o s {@sef}) = (S(O) +S(1)> Myp(p1,. .. pp)+0 (w') , (4.3)

where now there appears a sub-leading soft factor that involves the angular
momentum operator JHV:

n :N:JMV
g — Z ek v I (4.4)
= preq

The original derivation by Low (typically referred to as Low’s theorem)
works for spinless sources, but it was later extended to Maxwell theory cou-
pled to generic sources by 148, 149]H While many other works investigated
in the past the issue of sub-leading, multiple as well as loop corrections to soft
limits of photons, gluons and gravitons, that line of research was somewhat
abandoned before a new spark reignited the field. That spark was provided
by the recent conjecture (or tree-level discovery) of a sub-sub-leading soft
theorem for gravitons by Cachazo and Strominger [34]. The main interest
of their work comes however not so much from the discovery of the sub-
sub-leading piece, but rather from the reasons that prompted them to look
for it. This connects with our initial question about the structure of null
infinity.

The relations and for tree-level amplitudes are maybe not too
spectacular — after all they are expected in the classical theory — and to
call them theorems sounds a bit excessive. What is exciting about them
is the fact that they can be argued not to get loop corrected (this is a
subtle issue, whose discussion is out of the scope of this note concerned
just with the tree leve]ED. That may suggest that behind these relations
there is some symmetry which does not become anomalous at the quantum
level. This is precisely the idea that Strominger and collaborators have
been trying to put forward in a series of papers whose origins can be traced
back to 2013 [35,/153]. The basic idea is that the soft theorems are nothing
but the Ward identities of asymptotic symmetries, that can be interpreted
as spontaneously broken symmetries whose Goldstone particle is the soft
boson. Let us sketch the reasoning behind this idea.

2 An interesting revisiting of these old works in a more modern language can be found
in the initial sections of [150].

3For completeness, and restricting ourselves just to photons, we mention that loop
modifications do appear at the sub-leading level when massless sources are considered [151]
152]. The expectation though is that within a framework where IR divergencies can be
decoupled, the soft theorems will hold.



75

In S-matrix language, a symmetry is just a relation between matrix el-
ements (out’|in’) = (out|in), where the in and out states have been trans-
formed as |in’/out’) = U™°|in/out). The operators implementing the
symmetry must verify U outfyrin — 1 Tf this symmetry is generated by a
charge Q (i.e. U™/out = ¢ Qin/om), the associated Ward identity reads as

(out|Q°" — Q™fin) =0 . (4.5)

The charge for a spontaneously broken symmetry must act non-linearly on
the states — otherwise it would annihilate the vacuum — so it can be decom-
posed into linear and non-linear pieces QQ = Q, + Qnr.. The Ward identity
for a broken charge becomes

(out| QXL — QNL|in) = —(out|QE™ — Qffin). (4.6)

Neglecting issues about a proper, non-divergent definition of a broken charge,
if @i, creates zero-momentum Goldstone bosons, equation looks very
much like or . To make a more precise identification, we need to
pinpoint which is the symmetry allegedly responsible for the soft theorem
and its associated charge.

From here on we restrict ourselves to the case of Maxwell theory mini-
mally coupledﬁ to a general source (for definiteness, one can think of scalar
Quantum ElectroDynamics). We know that in this theory the emission of
a soft photon is controlled by the two universal terms of , the leading
and sub-leading soft-photon factors. In [44] (see also [155H159]) it was found
that certain residual (large) gauge transformations, which become a global
symmetry at null infinity, are responsible for the leading soft factor, and
the authors showed how to translate the Ward identity for this asymptotic
symmetry into . Regarding the sub-leading order, the work [160] de-
rived from the known sub-leading soft factor the form that the charge
of the asymptotic symmetry should have, although the origin and nature of
the symmetry could not be identified.

The purpose of this chapter is to shed light into the symmetry behind
the sub-leading soft photon factor. If we search for inspiration in the old
works on the soft photon theorem [145-149], we notice that the fundamental
ingredient to explain both terms in was gauge invariance. That may
lead one to think that no new symmetry needs to be invoked. Or in other
words, that the residual large gauge transformations responsible for the
leading soft factor can also explain the sub-leading one.

Now, if one is to believe that no new symmetry needs to be invoked, the
only charge that we have is the one associated to the residual large gauge
transformations. Then the only place where the sub-leading (in w) soft

4Soft theorems can be modified in the presence of non-minimal couplings, as it happens
for instance for the sub-sub-leading soft graviton theorem [154].



76 Chapter 4. Applications in Quantum ElectroDynamics amplitudes

theorem can come from seems to be the sub-leading (in the inverse radial
coordinate 1/7) term in the charge. This is precisely what we will show in
the next pages.

4.1 The solution space for Maxwell theory

Having a good control over the solution space of four-dimensional Maxwell
theory coupled to an external source theory will allow us to make a clearer
discussion of the asymptotic symmetries present in our system. The solution
space of source-free Maxwell equations has been discussed in [161,[162] in the
Newman-Penrose formalism. Contrary to what these old works were doing,
here we will favour the use of the gauge field A, over the field strength F,,,
as gauge transformations will play an important role later on. Our analysis
is similar in spirit to that in [163], where the asymptotic structure at null
infinity of three-dimensional Einstein-Maxwell theory was worked out.

Our theory lives in Minkowski space-time, which has two null “bound-
aries”, past null infinity 37, and future null infinity 3. They are better
appreciated when adopting advanced or retarded coordinates respectively.
In what follows we concentrate on 37T, although everything can be simi-
larly repeated on I~. We introduce retarded spherical coordinates with the
following change of coordinates:

. 2 1—2z2z
u=t—r, r=+azir, o' +iz®= rzij 2 =r Z%. (4.7)
1+ 22 1+ 22
Minkowski space-time becomes
2
ds®? = —du? — 2dudr + 2r2'yzgdzd2, Yoz = m . (4.8)

The piece 2r?v,>dzdZ is just the metric of the round sphere S?, and 37 is
precisely the submanifold » = co in the retarded spherical coordinates, with
topology S? x R. The sphere at u = +o00 is denoted by SL. In the bulk
we have a gauge field A, and matter. We will avoid talking about the kind
of matter we have (e.g. scalar, fermionic) by introducing just a conserved
current J,,. As [44], we choose the following (radial) gauge and asymptotic
conditions for the gauge fields and the current

A =0, A, = O(T_l) , A, = O(l),
Jo=0, J,=00"%), L,=0@r"?. (4.9)

Notice that we have used the ambiguities of a conserved currentﬁ to set the
radial component of the current to zero. This is consistent with working in

SWhen a conserved current is derived from a global symmetry, it is naturally defined
up to the equivalence J* ~ J* + V,kl**! so it makes more sense to consider equivalence
classes of currents [J#] [41].
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the radial gauge. More specifically, let us assume the following ansatz for

1
the —-expansion of the gauge field
r

A% (u, 2, 2) 1 > Al (u, 2, %)
A“:T—Fo(ﬁ)’ AZ(Z)—A uzz—i—z )
(4 10)
and the current
J(u, 2, %) 1 JOZ u,z, %) z(z (u,2,Z2)
Ju= T O <73> N g - Z ——;
(4.11)

The reason for not specifying further the expansions of the u-components of
A, and J, is that they are determined by the equations of motion. Actually,
let us be more precise about what boundary data we need to specify in order
to characterize a solution. For this purpose it is convenient to arrange all
Maxwell equations in Minkowski space-time (4.8) with a conserved source
J# as follows:

e One hypersurface equation: e The current conservation equa-
tion:
VP =J%, (4.12)
VJh=0. (4.15)
e Two standard equations:

e One supplementary equation:
VFR = J7 ) (4.13) pp yed

VP =J%,  (4.14) VFFr=J" . (4.16)

The reason for splitting equations in this way is that the hypersurface equa-
tion contains no derivative of the fields with respect to the retarded time
u while the standard equations contain J,A,, 0,As. When —
are satisfied, the electromagnetic Bianchi equation V, [V, FH* — J"] = 0 re-
duces to 0,[v/—g(V,F"" — J")] = 0. This implies that we can just impose
V" = J" at order O(r?%), and all the sub-leading orders will automati-
cally vanish. Thus it is called the supplementary equation.

Let us start by solving for the u-components of the fields. From the
current conservation equation we get

P27 1

Ty = 202

+o0o
/ dr' [vZ' 0.7z + 0:J.)] (4.17)

r r2

while integrating the hypersurface equation yields

!

400 s
—/r dr’T% [ 0004+ 0:0.00)]
(4.18)

Au(u, 2, %)

r

Ay =
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The standard equations control the time evolution of the coefficients of

AT (u, z,z). We can see that (4.14]) reduces to

20, AL = 0, A% + 0. (0,4 — 9: A0 + I | (4.19)
J om—1 L 0. (0:ATY)]
m _ Yz o m o zZ 4 > ) .
OA” o T o A’ - , (m>2) (4.20)

Hence all the coefficients in the expansion of A, have uniquely determined
retarded time derivatives except the leading A%. We will refer to 9, A% as the
electromagnetic “news” since it reflects the propagation of electromagnetic
waves. The other standard equation has an analogous structure (just
change z = Z above), giving another “news” 9,A%. Let us remark here
that the equation for the time evolution of Al is different from those for A™
(m > 2). We will come back to this point later on.

Finally, the supplementary equation gives the time evolution of
the integration constant A9 (u, z, ) as

Oy A = 7.7 0u(0- AL+ 0:AD) + T . (4.21)

To summarize, we have shown that the general solution to the Maxwell sys-
tem in four-dimensional Minkowski space-time with the prescribed
asymptotics is completely determined in terms of the initial data
A%(ug, 2,2), A™(uo, 2, %), A™(ug, 2,2) (m > 1), the functions A%(u, z, 2),
AY(u, z, z) and the current. The latter is characterized by the source func-
tions JO(u, z, 2), J™(u, 2, 2), JP(u, 2,2) (m > 0).

4.2 Charges

The radial gauge condition that we imposed in (4.9) leaves residual gauge
transformations of the form

SA, = 0.e(2,2) ,  O0As = 0:e(2,2) . (4.22)

It is clear from the analysis in the previous section that does not spoil
the well-definition of the boundary problem . Therefore, since the equations
of motion are not affected, these transformations can be interpreted as sym-
metries at null infinity, or symmetries of the S-matrix following [44}|153].
The associated charge is [41},44,133]:

dzdzdu Y2z E(Z, 2) T2 auFru )
+

R

QEOut - [er dZdZ’)/Zz g(z,z) 7“2 F’r‘u _ _/

(4.23)
where in the second equality we assumed Ag\g+ = 0, meaning that in the far

future the system contains no bulk electric charge. This integration by parts
is convenient to later express everything in terms of the “news” functions
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0,AY, 9,A2, which can be achieved using (4.21)) and (4.19)-(4.20). Let us
plug the expansion (4.10)) in (4.18)), yielding:

720, (a Al +9.A4)) Z Y 0y (0, AT 4 9, AT

20y Fry = —0,AY +

rm+1 ’
(4.24)
1
This clearly gives a —-expansion of the charge (4.23):
r
0 é” QE
Qcone = Q) + 50 4 Z out (4.25)

Using (4.21)), we can see that the leading (constant in r) piece,

ng) = — /+ dzdzv.ze(z, 2) Ag = —/ dzdzdu e [0u(8zAg + 85142) + '7z2<]3] ,
3 o+

N

(4.26)
gives the charge that was identified in [44] as responsible for the leading soft

photon theorem. We want to investigate here the sub-leading piece Q[(.;l).
Using (4.19) we can immediately write

o — / dzdzdued, (9,AL + 0: A1)
St
= / dzdzdue [8z85A2+ ;(@JB—#@;JS)} . (4.27)
S+

In order to have everything in terms of “news”, we massage the integral as
follows:

1
QL) = / dzdzdu [au (e 0:0:A0) — ue 0.0:0, A0 — 5 (9. J2 + Oz JS)]
_R3
= / dzdzdu [u (D2D%e 0,AY + D2D%c 9, A?) — %u (D.Dze + D:D.¢) J°
S+

—% (D.e J?+ Dze J0) |

(4.28)
where we have used again (4.21]), and in the second step we have dropped the
boundary term [y, dzdzdud, (ued.0;A)) = — lim u [o+ dzdz 0,0:¢ A) =

U——00 -
0, which holds when bracketed between in and out states. This is simply

a consequence of (out|Q§O)|in> = 0. The notation D, is for the two-
dimensional covariant derivative on the sphere. If one now calls

Y* = D%, Y* = D%¢e, (4.29)

we see that the sub-leading charge ng is exactly the one that was written
in [160]! This is the charge that one gets when translating the sub-leading
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soft photon theorem into an S-matrix Ward identity. Therefore, we reached
the announced conclusion that the sub-leading soft photon theorem is a
consequence of same symmetry responsible for the leading one.

4.3 Soft theorems

For completeness, we quickly review the results in [44] and [160], in order
to appreciate better the interplay between leading and sub-leading terms in
the present context. We just aim at sketching the physical picture without
getting into the more mathematical details, which have been already worked
out in the previous references.

We decompose the leading and sub-leading charges into a piece contain-
ing the “news” and the rest, containing the sources. These are respectively
the non-linear and linear pieces that we mentioned around equation .
For notational brevity, we momentarily suppress the out label.

QG = / dud®z¢ 9, (0.A2 + 9:A)) | (4.30)
S+
1 _ P 5
O = A . dzdzdu [u (D2D%e 9,A% + DZD?c 9, A%)] | (4.31)
QY = / dud?z .z Jy) (4.32)
S+

1
o -1 / dzdzdu [u(D.Dse + D:D.e) JO + (D.e JO + Dse J0)] .
(4.33)
Let us now write a more convenient form of the soft-photon theorems. We

can parametrize null momenta by their energy and direction on the sphere
as

Php = Jm(lerkwk,wkvak,i(wk —wy),1 —wpwy) ,  (4.34)
G = H“’jm (1 4w, w + @, (@ — w), 1 — wd) . (4.35)

Similarly we parametrize polarization tensors in flat space-time indices asﬁ

e;(q):\}i(u_},l,—i, @), g = \}i(w,l,i, —w) . (4.36)

Now we particularize to an outgoing negative(positive)-helicity soft photon
for the leading (sub-leading) soft theorem, for reasons that will become
apparent below. Other cases can be treated in a similar manner. We can

SWhen ¢ = (1,0,0,1), the polarization tensors are et = %(O, 1,44,0). Just rotate

these to get them in a general frame.
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rewrite the corresponding leading and sub-leading pieces of the soft-photon

theorem (|4.3)) as

n

) . 1—|—]w|2 e .
lim (out|w, a in) = outlin) , 4.37
i o s a)in) = =23 o ot (137

Jim 0, (ot a—(g)fin) =

i\e/;% <1 + w“_]k&uk + (1 + |wg*) (w — wk)éw) (outfin) | (4.38)
k=1

W — Wk wi (0 — W)

where ey is the electric charge of the k-th particle, and a;(_y(q) the an-
nihilation operator, which creates outgoing negative(positive)-helicity soft
photons with momentum ¢q. Moreover, for simplicity and following [160],
we have assumed scalar matter so that the angular momentum operator is

simply JI" = —i (pk“ ﬁzu - %), without extra helicity terms.

To see how (4.37) and (4.3) arise from (4.6]), one just needs to plug in
there the (out) charges (4.30))-(4.33)) (and their analogues for the in charges),

and make a concrete choice of €(z, z). For the cases under consideration, a
convenient choice is
1

e(z,z) = .

(4.39)

In order to obtain the proper action of the charges on the out states, one
has to define canonical commutation relations at infinity [133]. For the
“news” fields, it is enough to perform a stationary-phase approximation of
the gauge-field mode expansion:

i V2™

R, —twqu __ T Wql
87['2 1 + 2z 0

a’ iy (we) e ,
(4.40)
where the creation and annihilation operators satisfy the standard commu-

tation relations. Then, using the simple Fourier relations (defining F'(u) =
75 dw e F(w)):

Ay () = ey [ () (o) e

/OO du 0, F (u) = 2mi lim [wF(w)] ,

— w—0
/Z duwd, F(u) = =27 lim [aw <wﬁ(w)>} , (4.41)

and the special form that that 0;¢ = —2m§?(2—w) takes for the choice (4.39)),
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we obtain for the non-linear pieces of the chargesﬂ

1 V2

(out\QNL\1n> R lim <0ut]wq ay(g)lin) , (4.42)
Wpy V2i 1 .
(out|Qyf,lin) = Tom D2 T A hrn &,Jq (out|wg a_(q )]111)] , (4.43)

where we are denoting v,,p = W Regarding the linear pieces, restrict-

ing ourselves to scalar charged (with charge Q.) matter: ® =" %

with current JS = iQc(9°9,8° — ®Y9,9°) at leading ordeIEI7 we just need
to use the boundary canonical commutation relation [160]:

i

[®%(u, 2, 2), ®°(v/, w, w)] = 7 Ywo O —u)d?(z —w) , (4.44)
to see that
0) - -
(out|Qp |in) = Z o) <0ut|1n) : (4.45)
(out|Q\Vfin) =
mie _ .
-5 i (0w (Vo6 (W — W) Dy + Vi w ; - 10(w — wy) O, ) (outlin) .
k=1

(4.46)

Assembling all these expressions, it is immediate to recover the leading soft

theorem (4.37)) from (4.6). To also recover the sub-leading (4.3]), we just

need to use the extra identity:

p? [ 1 <1+wu%awk+ (1+|wk!2)(wwk)awk>]

1+|w[2 W — Wy, wi(w — wg)
= =27 Yo (O (Vw0 (W — W) O, + Vipes W , 10(w — wi)Ow,) - (4.47)

We recall that we have only paid attention to the out part of . The
analysis of the in part can be carried out analogously, up to an anti-podal
identification. These details have been laid out in [44|160], and are not
needed for our only-illustrative purposes of this section, which does not
contain new results.

"We are just keeping the anti-holomorphic parts of the the charges ([#.30)-([.33)), mean-
ing those containing only 0. In particular one has to split (4.32) via J) — %JS + %Jﬁ,
which is essentially the same arbitrary separation we have for the first term in . Oth-
erwise one has to introduce some extra factors of 2, that arise from a proper treatment of
the radiative phase space |44L|156].

8Recall from we are taking the current to have zero radial component. This
can be done by adding a total derivative to the usual current as J* = iQ.(PV P —
OVHP) + V ] , with an anti-symmetric two-tensor whose only non-zero component is

gl = —— fdr V—=9(®8,® — 9, D). Therefore J® =0.
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4.4 Brief summary and open questions

We hope to have convinced the reader familiar with the works [44] and [160]
that the connection between the leading soft photon theorem and the
asymptotic symmetry associated to residual large gauge transformations of
the Maxwell system can be extended to the sub-leading order. In other
words, one does not need to invoke a new asymptotic symmetry for explain-
ing Low’s theorem.

By properly studying the asymptotic structure of Maxwell equations,
what we showed is that the charge associated to the asymptotic symme-
try can be expanded in powers of % This induces a similar expansion
for the Ward identities of such charge. It was already established in [44] that
the O(r%) Ward identity was equivalent to the leading soft photon theorem.
Our finding here is that the O(r~!) Ward identity produces the sub-leading
soft-photon theorem. In particular, the O(r~!) term of the charge
matches the one conjectured in [160].

The charge actually contains an infinite number of charges, parametrised
by the function (z, Z). A curious observation is that the function that natu-
rally gives the form of the leading soft theorem for an outgoing photon with
negative helicity, namely , gives the sub-leading soft theorem for an
outgoing photon with positive helicity (differentiated twice with respect to
the angular direction of the soft photon).

Two simple questions immediately come to mind. The first one is that,
in light of the procedure here, it seems one should get an infinite number
of soft theorems, by just considering the remaining O(r~") (n > 2) orders
of the charge. We can see from (4.24]) and (4.20)) that this is not the case.
There is no way to massage these sub-sub-leading charges the way we did
in without running into infinities. It is amusing to see this way in
which the classical Maxwell conspires for the soft photon theorem to stop
at sub-leading order.

A more intuitive way to understand this is to notice that the boundary
fields, defined as those appearing at leading order in the different components
of the field-strength [44], are only A%, Ag(z) and Ai(z)' We should interpret
that the other fields do not really “live at the boundary”. Therefore, as
soon as A”" (m > 2) appears in the charge, which happens at sub-sub-
leading order, we cannot rewrite it in terms of only boundary fields. See the
appendix for yet another perspective on this.

The second question is to apply the line of reasoning presented in this
manuscript to the case of gravity, where the soft theorem stretches to sub-
sub-leading order. It was shown in [36] that the leading soft factor can be
understood as the Ward identity of BMS supertranslations [4/6]. While there
have been several works exploring the possibility of having new symmetries
(like superrotations [20H22,/134]) explaining the sub-leading orders [164-167],
it would be very interesting to see to which degree only supertranslations
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can determine the behavior of soft gravitons.



CHAPTER 5

Four-dimensional near
horizon Einstein-Maxwell
theory

We have shown an explicit example in application of asymptotic symmetry
in scattering amplitudes in the previous chapter. Such a scenario has been
extended and succeeded in different gauge theories [441153}/155(157H160} 168~
171] and gravity [35,:36,(164}/172,|173| recently, which gives the asymptotic
symmetry a new lease of life. Apart from the fruitful result, the application
in gravitational theory [35],[36] is highly sensitive to the existence of black
holes in the bulk. On the symmetry level, the asymptotic symmetry group
at future null infinity(BMS™) and the asymptotic symmetry group at past
null infinity(BMS™) are isomorphic to each other but they are independent
symmetries on different null infinities. To be a symmetry of the S-matrix,
a canonical relation between BMS™ and BMS™ is required to act on both
incoming and outgoing state. Only in a finite neighborhood of the Minkowski
spacetime, a canonical identification between elements of BMS* and BMS™
can be achieved |174]. The presence of black holes, though the spacetime is
still asymptotically flat, will definitely challenge this identification. At the
quantum level, the unitarity is not guaranteed due to black hole formation,
which is known as the information paradox [175].

Nevertheless, the obstacle of the black hole formation does not block
the progress of understanding the asymptotic symmetries, but sheds new
insights to black hole physics [37},139,/45,(176-182]. As a null hypersurface,
the black hole horizon can be treated as an inner boundary. If one starts
to believe that the soft particles create new degrees of freedom at the null
infinity, one natural and interesting question arises immediately that if there
can be new degrees of freedom on the black hole horizon. However, the well-
known uniqueness theorem [38] tells us that the non-zero conserved charge
of a stationary black hole in Einstein-Maxwell theory should be only M, J
and ). A stationary horizon seems insensitive to the possible new degrees

85
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of freedom. As also pointed in [39], the dynamical process such as black hole
formation/evaporation will cause the changing of vacuum state of gravity.
This means that one needs to investigate non-stationary process instead of
just considering stationary black hole. In order to do so, the isolated horizon
should be a better candidate for understanding the near horizon physics.
Isolated horizon was introduced in [183], which describes later state of black
holes. All dynamical processes in the neighborhood of the horizon have been
almost settled down, but the space-time far away from the horizon can be
still dynamical. Consequently, the isolated horizon framework serves as a
more realistic resolution of black hole physics and is playing an important
role in numerical simulations. Though the exact symmetry of an isolated
horizon is not rich enough [184], it was shown in [46] that the isolated
horizon structure has some ambiguity which is supposed to count for the
recently revealed near horizon supertranslation in [37]. The action of a
supertranslation on the isolated horizon can map one set of isolated horizon
structure into another one which is equivalent to a dynamical process e.g.
radiation crossing the horizon. This can be understood as a isolated horizon
analogue of memory effect at null infinity [185]. Hence, it would be highly
meaningful to have a fully asymptotic analysis of an isolated horizon.

In this chapter, the asymptotic structure of Einstein-Maxwell system
near the isolated horizon will be worked out explicitly. We will show a
tractable solution space and asymptotic symmetries of Einstein-Maxwell
theory near the isolated horizon H. The asymptotic symmetries consist of
supertranslation, superrotation, and the asymptotic U(1) symmetry which
is an expected enhancement of the new discovery in [37]. Those symme-
tries form a closed algebra. The local conserved current can be constructed
associated to the asymptotic symmetries. To have a concrete physical inter-
pretation, we would restrain ourself in a special class of the solution space
which is the approximation of a Schwarzschild black hole surrounded by elec-
tromagnetic fields. In such a physical specification, one can define an infinite
number of conserved charges with respect to the asymptotic U(1) symme-
try. According to the terminology of [39], apart from the electric charge, we
would call them as soft electric hairs. It’s further shown that those soft hairs
are equivalent to the electric multipole moments of isolated horizons defined
in [46]. The supertranslation charges can be also introduced but they are
vanishing except the zero mode. Remarkably, the presence of Maxwell fields
does not affect the zero mode of the supertranslation charge. This is a di-
rect evidence that the soft electric hairs are implanted by soft photons who
contain no energy. The existence of soft hairs reveals new dynamical degrees
of freedom meaning that isolated horizons with different soft electric hairs
should be considered as different physical states. This may inspire a direct
counting of horizon degrees of freedom.
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5.1 Solution space of Einstein-Maxwell theory near
isolated horizon

The concept of isolated horizons was introduced to approximate event hori-
zons of black holes at late stages of gravitational collapse and of black hole
mergers when back-scattered radiation falling into the black hole can be
neglected [183].

In the present section, we will use the Newman-Penrose formalism as
introduced in the preliminary. Let us choose n to be the normal VeCtOIEI of
the isolated horizon H. According to [184}/186], the definition of a generic
Isolated Horizon in Newman-Penrose formalism is

Definition 1: A 3-dimensional null sub-manifold H is called an isolated
horizon if
(1) H is diffeomorphic to the product S? x R, where S? is a 2-dimensional
space-like manifold, and the fibers of the projection

IM:S?x R — §2

are null curves in H;

(2) the expansion of its normal vector n vanishes everywhere on H;

(3) Einstein’s equations hold on H and the stress-tensor satisfies Poa=P19=P9; =0,
where = means on horizon H only;

(4) the entire geometry of H and the gauge potential A, are stationary, i.e.
time-independent.

To admit an isolated horizon structure, the horizon data will have several
constraints. Since H is null, the normal vector n is the generator of null
geodesic on the horizon H. Hence, the spin coefficients relation

Von=—(y+7)n+vm+vm

gives v=0. K, = —(y +7%) will be called surface gravity of H. The or-
thogonality and normalization conditions of the tetrad system now uniquely
specify a two-parameter subset of geodesic of a null geodesic congruence
by displacement vectors m,m. From the definition of the spin coefficients,
requirement (2) implies p = —mV,,n=0; (3) fixes the complex scalar ¢2=0;
the last condition requires the Lie derivative of all spin coefficients and gauge
fields alone n vanish on the horizon. Moreover, £, is a constant on the
horizon. Those constraints are derived explicitly in [184}/186].

In a Bondi-like coordinate (u,, 2, Z), the horizon will be located at r = 0.
We will further choose the following gauge and boundary conditions on

'Our convention of the normal vector is different from [1841/186] to be consistent with
the notation at null infinity. To compare with |184}/186|, one just needs to exchange I and
n.
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Maxwell potential A, as A, = 0,A4,=0. The full solution of Newman-
Penrose equations has been derived in Appendix We summarize as
following:

A solution of Einstein-Maxwell theory in the neighborhood of an isolated
horizon will be specified by the initial data Vo(r,z,2), ¢o(r,z,z) and the
2dzdz
P(z,z)P%, z)’

7(z,2), electromagnetic fields Ay(z,%2), A.(z,Z

data on S? including its metric qq = its extrinsic curvature

The near horizon metric in (4, —, —, —) signature and gauge fields are
given by

ds? = [dror + (U3 + T + 2¢96))r2 + O(r)]du? + 2dudr
wer it
AT+ 5 (W 4 306 — m)r? + O dud

2
+aZr + (0 + 68 — Fo)r® + O(r*)|dudz
=0
250 4, , s, 0 200 40) 3159
+[ 52~ T O(r°)]dz* + [ﬁr — Tt O(r°)]dz
+2[_Pl7 - 2;“}‘20 "2 4+ 0(r¥]dzdz, (5.1)
Ay = (69 + &)1 + (36§ + 09p)r? + O(r), (5.2)
—0 —1 0
_ A0 @ 1.¢y Po00, 2 3
Az_Az—l—Pr—i-2(]5 B )+ 0O(r?), (5.3)

1
where 0g = —[12 — 079].
5ol — om

5.2 Asymptotic symmetries and conserved current
near the isolated horizon

The asymptotic behavior of our solution is consistent with the bound-
ary choice of [37], which means the Bondi-like coordinate is compatible with
such boundary condition. In the following, we will work out the asymptotic
symmetry of Einstein-Maxwell theory near isolated horizon with the gauge

2The local existence for the characteristic initial value has been proven in [187] in a
neighborhood in the future of the light cone for vacuum Einstein equations. Using similar
method, it is not difficult to extend the local existence to Einstein-Maxwell equations with
the conditions we have set on Maxwell fields.
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and boundary condition given as
Grr = Grz = Grz = Ap = 0, gur =1, (54)
Guu = 4’70’/“ + O(TQ)a Guz = O(T)a Guz = O(T), a’ugab = O(TQ)a(55)
A, =0(r), A, =0(1), A:=0(1), 0,4, =0(r). (5.6)

The gauge condition (5.4) will fix the asymptotic Killing vector and
asymptotic U(1) symmetry parameter ¢ up to an integration constant

gu = f(u7272)7

§= RT’(U7Z7 2) - Tauf + 8Zf de‘ (gzzguz + gzzguf) + 82ffdr (g__gué + gzzguz)a
& =Y*(u,z,2)— 0.f [dr ¢g°* — Osf [ dr g%,

& =Y*(u,2,2) — 0,f [dr ¢°* — 0z f [ dr g%,

< = Cﬂ(ua 2, Z) + de (Azaif + Aiazf)

)_
)_
(5.7)

Then, the boundary condition (5.5 and ([5.6)) will fix the u dependence of the
integration constants. Hence, the asymptotic Killing vector and asymptotic
U(1) symmetry parameter ¢ are further constrained to

gu = T(Z, Z)a
gr = ({LdeT (gzzguz + gzggué) + aZTj:dT (9"9uz + gzzguz) = 0(72)7
&E=Y(2)— 82der g*F — 82der g* =Y (2)+O(r),
& =Y (2)—0:T [dr g°* — 0,T [dr ¢* =Y (Z) + O(r),
¢(=<((2,2)+ fdr (A.0:T + Az0.T) = ((z,2) + O(r).
(5.8)

Near horizon, the complete asymptotic symmetries of Einstein-Maxwell form
a closed algebra as

[A(§1,C1)a (527(?)]M = (£,0), (5.9)
§=161,8], (=¢&(G)—&(G). (5.10)

By turning off Maxwell fields, our asymptotic symmetry algebra will recover
the one found in [37,188]. Following the strategy of [53], one can compute the

conserved current associated to the asymptotic symmetries and the current
is derived by

1 T .
Jée = —PP{QT’YO + Y[L]—g + () + ¢[1))A2]
AR RV R R ] SR

3We have set 87G = ¢ = 1 and the Lagrangian of Einstein-Maxwell theory is £ =
3VI(R+ 3F?).
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J*=0, (5.12)
with a locally well-defined current algebra
u _ U [ua]
O e = Teo T%b@ e (5.13)
while
[uz] o U
Lerconeaco) = Y2Ttec) (5.14)
The asymptotic current can be adapted into a more consistent way
u 1 —0 —0
Tee = PP [5'W+5'A(¢(1)+¢1)+C(¢(1)+¢1)]7 (5.15)
where the extrinsic curvature one-form on the horizon is defined by
Wa =,V o= — 290l + 7074 + Toma
and £=Tn + Ym + Ym is the asymptotic Killing vector while

Y(z)
P

, V= Yg’), A= PA%q + PA%m,

Yy =

Amazingly, the current associated to supertranslation gets no contribu-

tion from electromagnetic fields. This reveals the fact that the electromag-

netic fields become soft on the isolated horizon and do not contribute to

black hole energy which is consistent with the statement in [39]. The super-

rotation parts indeed have been modified from the polarization of the soft
photons.

5.3 Soft electric hairs on isolated horizon

In this section we will deal with a special case of solution with more concrete
physical interpretation. The isolated horizon is spherically symmetric and

_ 1
has unit radius, i.e. P =P = —2(1 + zz) and 79 = 0. Electromagnetic

fields are not vanishing near the horizon. This case can be considered as the
later state of electromagnetic fields around a Schwarzschild black hole with
mass M = % Back-scattered radiation can be neglected but wave can still
radiate in the region far away from the horizon, eventually will be scattered
at null infinity. This choice will lead to a globally well-defined horizon charge
from the conserved current with respect to asymptotic U(1) symmetry and
supertranslation. The charge associated to asymptotic U(1) symmetry will
be deduced to

ol = [ dorc(o + ) (516)
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where d2? is the unit spherical surface element. By expanding the asymp-
totic U(1) symmetry parameter ¢ in spherical harmonics

0o h
g: Z Z Ch,gYh,g(z72)7

h=0g=—-h

one can further define the modes of the horizon charge as
—0
U, = /52 dQ* (¢ + 61)Yhg- (5.17)

Interestingly, the modes we have defined in are equivalent to the
electric multipoles introduced in [46]. The supertranslation charges will van-
ish except the zero mode which becomes a combination proportional to the
surface gravity multiplying the horizon area [37,/176]. This also has a coun-
terpart from the mass multipoles in [46], where the mass monopole M is the
only non-zero mass multipoles of a spherically symmetric isolated horizon.
Thus, one immediate application of the soft electric hairs is to capture the
electric multipoles information on the horizonlﬂ This indeed confirms that
the later stage of a black hole collapse carries infinite numbers of soft electric
hairs. As we have shown in the previous section that the electromagnetic
fields become soft on the isolated horizon, the modes can be under-
stood as soft photons located on the horizon during the dynamical process
before the isolated horizon formed. As shown in Chapter the Maxwell
fields are fully characterized by the electromagnetic fields A and the real
part of ¢J. To track the whole information of the electromagnetic fields,
one still needs to consult to the local information from the superrotation
current.

The isolated horizon is admitted by a black hole who itself is in equilib-
rium but whose exterior contains radiation (i.e. the whole spacetime is not
yet stationary). The huge amount of classical charges we have introduced
on the isolated horizon have nothing to violate the no hair theorem because
it is only valid when the whole spacetime is stationary. One may wonder
whether the charges will act on a quantum state trivially or not, which
would be equivalent to ask the asymptotic U(1) symmetry is spontaneously
broken or not. As far as we can understand, it’s not necessary to have the
asymptotic U(1) symmetry spontaneously broken. The reason is that the
system is already in equilibrium around the isolated horizon. There will be
no longer photon or soft photon reaching the horizon. Thus, the system
has no interaction and becomes a free theory. Hence, the quantum states
are supposed to be the engine states of the quantized operators QH This
can be also seen from the fact that the horizon charges, we have deﬁned in

“In [189], multipoles are considered as required parameters in the construction of the
ensemble to calculate the black hole entropy.
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, do not include a soft part compared to the one defined in [44]. How-
ever, this symmetry will be broken by the appearance of radiation crossing
the horizon. It will be highly interesting to investigate the charges on a
dynamical horizon [190]. One could expect that it will be very similar to
the case of null infinity where the asymptotic charges have both the hard
part and the soft part. Accordingly these charges will act on quantum states
non-trivially.

5.4 Supertranslation and foliation of an isolated
horizon

We would like to have a deeper investigation of the action of the supertrans-
lation on the horizon. A supertranslation will preserve the induced horizon
metric, which is degenerate, and the null normal vector n. But the extrinsic
curvature one-form will be transformed like the gradient of a scalar

Wl — we — 27y0df. (5.18)

Such a transformation is related to the ambiguity of the foliation of an
isolated horizon which was discussed in [46}/186].

Let’s consider a non-extremal(yy # 0) isolated horizon (H,n). We will
ignore the Maxwell fields and focus only on the horizon geometry determined
by the induced metric g, and the induced derivative operator D in this
section. Then a fixed cross-section S of H can be treated as a leaf of a
foliation u =constant such that n*D,u = 1 and the normal [, of this foliation
can be set as [, = Dyu with [,n® = 1. A projection operator q~2 on the leaves
of the foliation is defined by G2 = 62 — I,n’. Since qq is degenerate, D can
not be fully determined by ¢,5. But on the cross-section S, one has a unique
(torsion-free) derivative operator D compatible with g, the projection of gup
on S. To determine the derivative operator D on the horizon, one only needs
to specify its action on l Let’s define Sy, := D,lp who satisfies Sgpnb=—w®
on the horizon. Then the horizon geometry is completely specified by the
triplet (qap, Wa, Sab)-

Suppose the triplet (gup, wa, Sap) is given on the horizon with one foliation
u =constant, hence on cross-section S, the free data (§up,wa, S'Qb) can be
derived by the projection operator from the horizon H as

ab = Gab, (5.19)
Wa = Wa + 270la, (5.20)
Sab = Sap + lawp + wal + 270lalb. (5.21)

Let’s now consider another cross section S’ which does not belong to the
same foliation. One can choose u’ =constant as the corresponding foliation.

5The action of D on n® is Dyn®Zw.n’.
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Let f =4 —w and £, f = 0. The two sets of free data are related by

dab = @' as (5.22)
d)a = U;,a - 2’}/0df, (523)
Sap = S'ap + DaDyf. (5.24)

This is the ambiguity of choosing foliation of an isolated horizon. This
ambiguity can be also understood in an inverse way that the same set of free
data can create different foliation. The difference of w, matches precisely
the transformation under a supertranslation on the horizon given in (5.18)
in the beginning of this section.

The study of null infinity reveals an fascinating relation between the
supertranslation on the null infinity and the memory effect. It seems quite
promising that there should exist the analogue of the memory effect on the
horizon. The memory effect is non-zero change of asymptotic shear, which
is caused by some dynamical processes. Such result has been realized by a
supertranslation at null infinity recently in [185]. Similar things also happen
on a horizon. As discussed previously, the foliation of an isolated horizon
has some ambiguities and different foliations are related by supertranslation
on the horizon. A foliation of an isolated horizon can be connected to
another one by a dynamical process before it formed. Since the foliation of
dynamical horizon is unique [191], the final foliation of isolated horizon is
fixed by continuity condition, 4.e. different foliation corresponds to different
dynamical process of black hole. This is quite similar to what happens at
null infinity. It would be definitely worthwhile to investigate such an effect
elsewhere.






APPENDIX A

Details on computations

A.1 Comparison of the charges between first order
formalism and metric formalism

To compare with the results in the metric formalism in [41], we are allowed to
use any on-shell result and reducibility parameters to show the equivalence.
So we have the following results

ab _ _a br
w®, =erVye

m
ab __  ba b _a T

A" = W™ P + e et VPET,

Vel + Vb = 0. (A.1)

From (A.1)), one can deduce to

wabaé-oc —I—Aab _ 6 e ngT (AQ)
bt = 5egv,,eb7 + €2V ,0e" + e et (A.3)

Thus, the n — 2 current will be simplified as

] _ a br a br a a b‘r v p_v
Ky = 167rG{[5e Vpem + eV ,0e7 + e 0T e [ehey € + 261 e) ey

+(20e1e2VVET — VVERS5eR) ) — (1 ¢ v). (A.4)

with the help of d(e% ea) =0 and V(e“aeg) = 0, the current can be further
reduced to

K

16 G
(256”6"‘V"§“ - V”E“e“ée”)} — (n e v),

= = G{v (EP8ele™) + 2V, (EM5ele) + [6T g€ + 20T _gPTen]

p(Oelie™) + 261V, (Sele™) + eloTS e [eliey ¢ + 2&Me])

€]

—VrEtesdelt — (u <> v) (A.5)

95
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Since the term V,(£Pdefe™ )+ V ,(EHdele™) +V (¥ defe™ ) — (u > v) does
not change the equivalence class, the current can be deduced to

Bl = (T 0eke) - V(€ 5ee™) + (3Tl g€ + 20T g e
—V”f“e“éep} —(p )
= s V(6 0ele™) + V(64 0efe™) + (0Tl "€ + 20T} g €]
—V”ﬁ“e“ée’)} — (< v)
1/ P 5Fy VT ¢p 25FV PT 1L
= )+ [Tl g 76 + ]
—V”&“egéeg} —(p <) (A.6)
We have the relation between de, 0I' and h as
hB = —§g™h = —5(6““65),
h = —2¢e2de,

(6% 1 (6% 6% (6%
0T, = S (Vi + Voh = Vohyy),

Insert all these relations to current, one has

M = g ]+ hV”f“ + 0Tk, " €P + 20T, g7}
—(u <),
= gV hV”g“ oV Eh + = (v Wt + Vbt

— VPR, ) g TER + (vph: + VR — V”hm)gmg“} —(u o v),

e no 1 Vel puo m v po U@
e Voh —|—2hV§ h"V &M + £ VYR + EVVHR
—26"V, h‘”} — (n < v),

= T SV VT VT hV”g" AR

—(u < v). (A.7)

Compare to eq.(6.23) of the [41], it is exactly the same. It can be also shown
the equivalence from the integrable form (2.71]).

A.2 Conserved charges for field dependent vectors

In this appendix, we provide with the formalism of conserved charges in
Einstein gravity in the case of field dependent vectors like those in
and establish that the expression of charges obtained from covariant phase
space methods [99] or cohomological methods [83] apply to this case as well.
We also discuss the integrability of charge variations in the case of field
dependent vectors. We will keep the spacetime dimension arbitrary since no
special feature arises in three dimensions.
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A.2.1 Expression for the charges

Field dependence and the Iyer-Wald charge. Assume we have a vec-
tor x which is a function of the dynamical fields ® such as the metric. In our
example, the metric dependence reduces to x = x(L4,L_). We call this a
field dependent vector. We want to find the corresponding charge 6Q, and
the integrability condition for such vectors. We proceed using the approach
of Iyer-Wald [99] and carefully keep track of the field dependence. We adopt
the convention that §® are Grassman even. First define the Noether current
associated to the vector y as

T[] = ©[5,@, 9] - x - L[@], (A.8)

where L[®] is the Lagrangian (as a top form), and @[, P, ®] is equal to
the boundary term in the variation of the Lagrangian, i.e 0L = (%&I) +
d®[0®, ?]. Using the Noether identities one can then define the on-shell
vanishing Noether current as 2L, ® = dS,[®]. It follows that J, + S, is
closed off-shell and therefore J, ~ dQ,, where Q, is the Noether charge
density (we use the symbol ~ to denote an on-shell equality). Now take a
variation of the above equation

5J, =005, ®, ] — 5(x - L)
=605, ®, 0] — x - 6L — oy - L
~ 605, , D] — x - dO[®, & — & - L. (A.9)

Using the Cartan identity £y0 = X - do + d(x - o) valid for any vector x
and any form o, we find

3J, = (5@[5@, o] — 5,050, @]) +d(x - ©[0®,d]) — 6y - L. (A.10)
The important point here is that
50[0,®, ®] = 5l*1©[5, D, D] + O[5, D, P], (A.11)

where we define 8®) to act only on the explicit dependence on dynamical
fields and its derivatives, but not on the implicit field dependence in x.
Therefore, we find

5, = (5[@@[5)(@,@] —6,0[00, <1>]) +d(x - O6D, D)) + (@[55Xc1>,c1>] — by -

=wW[5D, 5, ®; D] + d(x - O[6®, B]) + Js, , (A.12)
where
WV, 6,®; @) = 0l%e[s, P, B] — 6,0[09, B, (A.13)

is the Lee-Wald presymplectic form [84]. Note that the variation acting on
®[0, P, ?], only acts on the explicit field dependence. This is necessary in
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order for wW[§®, §,®; ®] to be bilinear in its variations. Reordering the
terms we find

WD, 6,®; @] = 6T, — J5, — d(x - ©O[6P, D))
=0y, —d(x - ©[6®,d)). (A.14)

If 6@ solves the linearized field equations, then J, =~ d@, implies
SIPLT, ~ d((ﬂq)]QX). As a result we obtain

w5, 5,®; @] ~ dkl[5D; D] (A.15)
where kiW is the Iyer-Wald surface charge form
kY = (011Q, - x - ©e, ). (A.16)

Therefore the infinitesimal charge associated to a field dependent vector and
a codimension two, spacelike compact surface S is defined as the Iyer-Wald
charge

SH, = jikfcw[écb;cb] - Jé (M‘NQX —X.@[acp,cp]). (A.17)

The key point in the above expression is that the variation does not act on
X- One may rewrite the charge as

SH, = 745 <5QX ~ Qs — x - O3, @]). (A.18)

From the above, there is an additional term in the Iyer-Wald charge in the
case of field dependent vectors.

Field dependence and the Barnich-Brandt charge. There is another
definition of the presymplectic structure which leads to a consistent covariant
phase space framework. This is the so-called invariant presymplectic form
[83] defined through Anderson’s homotopy operator [43]:

W (01P, 5y @] = 2 I (62<I> 5<I>i> —(1+2), (A.19)
.0 - 0 0 0

I =10P"'— — 69'0, —— b, —— .

o (5 %y o o o é@ﬂ/u) Odzt

The invariant presymplectic form only depends on the equations of motion
of the Lagrangian and is therefore independent on the addition of boundary
terms in the action. This presymplectic structure differs from the Lee-Wald
presymplectic structure by a specific boundary term E

W [51®, 5®; ®] = WV [5,®, 0,D; B] + dE[0, D, 52D, P, (A.20)
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where E is given by [83,98]

1,
E[5;®,0,0, ] = —51(7511@1@[524), P — (14 2). (A.21)
Here, ®[0®, @] is defined as I§ L, which agrees with the Lee-Wald prescrip-
tion and Anderson’s homotopy operator for a n — 1 form is given for second
order theories by

- 1., 0
Iyt = <5<1> S

1 0 2 ., 0 0
— — —0P'0p—— + 0P' ——— A22
2" 99, 3 a”a@fp,, 3 ’pc?(I)fp,,) (4.22)

The identity (A.20) follows from [§, IT;] = 0 and the equalities

0<p<n: IPHd+di%, =0, (A.23)
p=n: 5q>i% +dI}p = 6. (A.24)

The presymplectic structure evaluated on the field transformation gen-
erated by the (possibly field-dependent) vector field x, w™[§;®, 6, ®; ], is
defined from a contraction as

. o .
W51, 0y B; @) = (0 ®) 5w (51 @, 0,03 D). (A.25)
2% ()
It then follows from (A.20|) that
W™ [5®, 5, ®; ®) = WV [5D, 6, ; B] + dE[6D, 5, D, D). (A.26)

Inserting (A.15) from the above analysis, we find
W™ [6D, 0, D ; O] & dkP[5P; @] (A.27)
where sz B is the Barnich-Brandt surface charge form,
kBB 50, 0] = 6%1Q, — y - ©[60, @] + E[§0,5,P, ). (A.28)

After evaluation on a codimension two, spacelike compact surface S, the
infinitesimal charge is

SH, = ]{Ska[m;@} - 7{9 (5[¢1QX — X ©[5®, D] +E[6<I>,6X<I>,<I>]>.
(A.29)

This formula is identical to the standard Barnich-Brandt formula, which is
therefore valid even when y has an implicit field dependence.

The Barnich-Brandt surface charge form can be alternatively defined as
kf Bl5®; @] = Iy 'S, [®] where S, is the on-shell vanishing Noether current
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defined earlier. Here the formalism requires that the homotopy operator
only acts on the explicit field dependence in S, [®] but not on the possi-
ble implicit field dependence in x. Otherwise the commutation relations
(A.23) would not be obeyed. (Also, if the operator Ijy L acts anyways on
the field-dependence in y, the resulting terms will vanish on-shell by defini-
tion of Sy [®].) One can then show that this definition is equivalent on-shell
to k:fB[&P; D] = I;‘*lwm” (0@, 0, ; ®] where the homotopy operator I;“l
obeys dlg_2 + I;‘ld =1 [83.[98]. For the purposes of this homotopy oper-
ator, x is considered as a field by itself and the implicit field dependence in
® is irrelevant. One always obtains the same expression (A.28]).

A special feature of the cohomological formalism is that the presymplec-
tic form is not identically closed in the sense that

Sl 5, 530, D) + (2,3,1) + (3,1,2) =
d[s\" B[6,®, 55, ) + (2,3,1) + (3,1,2)] (A.30)

is a boundary term, not zero. A prerequisite in order to have a well-defined
charge algebra is that in the phase space

7{ (5?]15[52@, 5,8, ] + oL E[5, @, 6,0, ®] + 6, E[5,D, 5, <1>]) = 0(A.31)

This condition will be obeyed for the phase spaces considered here.
In 3d Einstein theory, the charges are given explicitly by

Einstein _ V9 m—2 v v o vV po
kX = %(d x)“y{x VH*h — X Va—h'u —I—XUV hH

1
+ SV = BV Sh (Vi + vaxﬂ)}
(A.32)

where a = 0 according to the definition of Iyer-Wald and o« = +1 accord-
ing to the definition by Barnich-Brandt. Here (d" 2z),, = %awad:):a in 3
dimensions. The last prescription also coincides with the one of Abbott-
Deser [12]. In the case of Killing symmetries, there is no difference between
the Iyer-Wald and Barnich-Brandt or Abbott-Deser charges. However, there
is a potential difference for symplectic symmetries.

Equations or relates the charges computed on different
surfaces. Consider the infinitesimal charges or evaluated on
two different codimension two, spacelike compact surface §; and Sy. Denote

a surface joining these two by 3. Then taking the integral of (A.15]) or (A.27))
over X and using Stokes’ theorem, one obtains

- / w[od, 6, B ; D). (A.33)
S1 )

5HXjS2 ~SH,

Killing symmetries (6, ® ~ 0) or symplectic symmetries (w[0®, 6, P; @] ~
0, 6,® # 0) therefore lead to conserved charges.
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A.2.2 Integrability of charges

In order the charge perturbation defined in or to be the varia-
tion of a finite charge H, [®] defined over any field configuration ¢ connected
to the reference configuration ® in the phase space, it should satisfy inte-
grability conditions. More precisely, integrability implies that the charges
defined as H, = f g 0H, along a path 7 over the phase space does not de-
pend upon ~. In the absence of topological obstructions in the phase space,
it amounts to the following integrability conditions

I = 5152HX — 5261HX =0. (A34)
which can be conveniently written as
1= 65,H, + 6,Hs,, — (145 2) =0. (A.35)

Using (A.29) in the first term we note that the Noether charge term
drops by anti-symmetry in (1 <> 2). We obtain

I = f (617 E(522, 6,2 8] — x - 5" @[522; 0] ) + 8By, — (15 2).
(A.36)
We can then use the cocyle condition (A.31)) to obtain

I = f(—éxE[(Sl@,&Qq);q)] —x - 3Y05,3; 0] +X-5§”®[51<b;<b1)
+52H51X - 51H52X‘

We can replace ¢, by (55 or L, in the first term. With the help of Cartan
identity £, = dx - +x - d and using the definition of the invariant presym-

plectic form (A.20) we finally obtain
I=-— ?{ X - W[5 B, 5,B; D] — (51H52X - 52H51X) —0.  (A37)

The term in parentheses arises due to the field dependence of vectors.

By dropping the FE term, one obtains the integrability condition for field
dependent vectors according to the definition of charges of Iyer-Wald. The
result is simply

I = —j{x w51 P, 6,0; 9] — (51H52X - 62H51X) =0. (A.38)

A.3 3 dimensional asymptotically flat case

A.3.1 Residual symmetries

Gauge parameters £#* that preserve the metric ansatz depend on two arbi-
trary functions T'(¢), Y (¢):
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o Legr = 0 implies 0,£* = 0 and so " = f(u, ¢),

23 28
Legre = 0 implies 0,69 = %%JC and so £ = Y (u, ¢)—froo dr'%@w‘,

o Legsp =0 implies £ = —r(056% — U, f),

o L¢gus = o(r) implies 9,Y =0 and so Y =Y (¢),

o Legyr = o(r®) implies 8, f = 9,Y and so f = T(¢) + ud,Y,
® L¢gyu = o(r) implies no further conditions.

The gauge parameter € preserving the gauge and fall-off conditions of the
gauge potentials depends on an arbitrary function E(u, ¢) according to

8
o L:A, + 0re =0 implies € = E(u, @) + 94&¢ Ooez,f¢dr’,
3 ® T

T

o LeAy+0ue=0(n %) = L¢ Ay + Ope imply no further conditions.

A.3.2 Asymptotic symmetry algebra

We want to show that the gauge parameters (3.97)), when equipped with
the bracket (3.96)), provide a representation of the Lie algebra (3.98). By
evaluating L¢g,,, we find

{ —0B =£%0aB + %[auf + 08" + a(éfU}a
U = £%90U + U [Duf + 83 fU — 05%] — 0,69 — 8,69V + 946755,

(A.39)
while —0Ay = Y0, Ay + Aa0p€Y + Oge. It follows that
013 =0,
@ e2h
51 (87“52) = 8(;5.]027,72251/8’ (A40)

0185 = —r[05(01€5) — Dy fo61U],
51(67452) = _r% (a¢f262’851A¢ + a¢f262’814¢2515) .

Direct computation then shows that

aréu = a?"f =0, 6uf = 8¢Y1 f = T + u0¢f/,
) 26 ¢ .
o,é0 =1 lim € =Y,
r r—00

ér = —a¢é¢ + U3¢fa

29 A
aréz—a‘bfeiﬂ, lim ¢ = E,

T r—00

which proves the result since these conditions determine uniquely gauge
parameters (3.97)) where (7,Y, E) have been replaced by (T,Y, F).
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A.3.3 Solution space

The equations of motion can be organized as as follows

A (V—=gF") =0, (A.41)
By (V=gF®) =0, (A.42)
O (V=gF"™) =0, (A.43)
Lra = Gra — Tre = 0, (A.44)
Lgg = Gyp = Tyy =0, (A.45)
Lup = Gup — Tug =0, (A.46)
Liuuw = Guu — Tuu = 0. ( )

When equations (A.41)) and (A.42)) hold, the electromagnetic Bianchi equa-
tion reduces to 9,[0,(v/—¢gF"™)] = 0. This means that if 9, (y/—gF"™) =0
for some constant r, it vanishes for all . The gravitational Bianchi identities
can be written as

0 = 20/=gV,GY, = 20,(v/=gL%) + V=9Lps0ug”" + 2/—gV, T/ (A.48)
When (A.41))-(A.44) are satisfied and pu = 7 in (A.48), one gets L¢¢8,~g¢¢ =0

which implies Ly = 0. In this case, the remaining Bianchi identities reduce
to 20, (v/—gLy) = 0 = 20,(v/—gLy). The first one gives 9, (rLyg) = 0. This
means that if rL,4 = 0 for some fixed r, it vanishes everywhere. Finally,
when L, = 0, the last Bianchi identity reads 0,(rLy,) = 0. Thus the only
non-vanishing term of rL,, is the constant one.

Accordingly, the equations of motions are solved in the following order:

e 4 main equations: Ly, = 0,0,(y/—gF") =0,L;y =0,L,, =0,

e 1 standard equation: 9, (y/—gF®) =0,
e 3 supplementary equations: 0, (y/—gF"™) =0, Lyy =0, Ly, =0,

e 1 trivial equation: Ly = 0.

0, 2
%ﬁ, Tr‘r = ﬁ(FmS)Q

1 0o 1 .
Hence 0,8 = ;(Fr¢)2 and thus 8 = Bo(u,¢) — [ dr’ r—(Fm)2 with By an

Starting with L,, = 0, we have g, = 0, R, = 2

/
integration constant. The fall-off condition 3 = o(r) puts By to zero and
thus,

B= —/Oo dr %(Fr ). (A.49)

Consider now the equation 0,(y/—gF") = 0. Explicitly, this equation
reads O, (re?’ FUr) 4 9, (re? F¥?) = 0. Defining

m =P = — e (F,, — UF,y), (A.50)
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and using e?# Fu¢ = —— F}e, this equation of motion is a first order differ-
r

ential equation for m,

9.F - fay Yo
Oy (rm) = ¢rr¢ —sm = ! - . (A.51)
with A(u, ¢) a constant of integration.
0,
For L,y = 0, we have g, = 0, R,y = =048 + Lﬂ —12e7209,60,U +
r
3 2
ire*w@rU + %6*258MU, T,y = 2F,¢ym. Defining
r?
n = 56_ 5o,U, (A.52)

19) 1
Ry = =048 + ﬂ + <8r + ) n, the equation is a first order differential
r r
equation for n,
n 19)
8Tn =+ ; = 2Fr¢m -+ 8“]5 — %ﬁ
0
N — 2fTOO dr’ r’(2Fr¢m + 6r¢ — 7@8)

= r A.
—n 27’ ) ( 53)

with N(u,¢) an integration constant. As a consequence of the fall-off con-
dition on U, we end up with

U—— / Car (2. (A.54)

7,/2

For L,, = 0, we have G, = —%gru(R¢¢g¢¢ + 2RT¢gT¢ +Rrg""), Rpg =

re=2(0,V + 20,U) — 2046 + r2e P04, U — 2(948)% — &

—2r2(Tu g™ + Trpg"® + 3Trg™") = 2r*m?2. This gives

r4(0,U)? and

2¢289 228(5.8)2 1
0,V = 2re®Pm? + 2e7 0690 — 04U + 2e77(058)° i 56‘25r3(8rU)2 20,0,
r r
(A.55)
and
> 2¢289, 2¢26(9, 3)2
V=20 —/ dr’(2r625m2 + 67@;55 —rdpU + M+
T T r

b e 0,0 20,U), (A56)

with 6(u, ¢) a constant of integration.
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For 57 > 0, we have

o Zj: CiaprtLn* r, 1 # 0,
Op[r*In’ r] = oY (A.57)

T S | .
jriInd T 1=0,

o Zizo Dijpr™ nFr, i £ -1,
/7“Z In? r dr =

L (A.58)

i= -1,

FL
for some coefficients Cj;, and Dy, and up to constants for the integrations.
Consider then series S™ with elements of the form

Z sij(u, ¢)rilnd r, (A.59)

i<—n,0<j<—i—n

with n > 0. These series satisfy S"*! ¢ 8", S"+S™ c S"t™, (§*) c S*L.
For integration however, [ dr S"t C 8", up to constants for n # 0 and the
divergent logarithmic term for n = 0.

The ansatz belongs to S, up to the divergent logarithmic term
proportional to a(u, ¢). This implies F,4 € S! and £ in , because of
the absence of the constant, belongs to S? with all coefficients determined
by the coefficients a(u, ¢), Amn(u, ¢) of (3.102).

In the same way, from , it follows that m € S! with all coefficients
determined by those of and the integration function \.

For U, we have in a first stage that n belongs to S° and is determined
by the data in ED and the integration constants A\, N. For U itself, it
follows from (]A_._5—4D, that it belongs to S', with no new integration constant
because of the assumed fall-off.

Finally, it follows from that V belongs to S°, up to a logarith-
mic divergence, with coefficients determined by the data in and the
integration functions a, A, N, 6.

In summary, by integrating m in r in order to get A, and making the «
dependence explicit, we find that all main equations are solved as

Momn ( ln )"

m = Z Z —— (A.60)
m=1n=0
ﬁmn 1 n
Yy T,Ji;“ , (A.61)
m=1n=0
4)\aln +2)\a © 2 Unn )"

o +Y Y rm+2 . (A62)

m=1n=0
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o 0 mn

Ay —/\ln——i—A ++21 > rm-i-l (A.63)

/_
V:2A21n1+9+M, (A.64)

To r

o0 m V n
2D m : (A.65)

m=1n=0

where My, Bmn, Umns Vinn, Bmn are determined by a(u, ¢), Apmn(u, @), the
integration constants A(u, @), N (u, ¢) and their ¢ derivatives.
The standard equation determines the u evolution of «, Ag and A, (u, 9).

Indeed, 9,(v/—gF%) = 0u(re? F*%) + 9,(re?’ F") = 0. Since e’ F9" =
1 1

Um + — (Fup + V Fry), e2PFou — — Frp, we get
T r

1 1
8uFT¢ = —7”2 (& + T‘> [Um + sz (Fu¢ + VFTQI))

which is a differential equation governing the u-dependence of F,.4 and thus
of Ag. In terms of coefficients, we get

(2m + 1) Apn + Xonn
2(n+1) ’

a=-XN, AY=-N+A%, Appii= (A.66)

where A,p+1 = 0 when n = m and X,,,, is a linear combination of «, Ag, Apn,
integration functions A\, A%, N, 6 and their ¢ derivative.
The first supplementary equation reads explicitly 0 = 9,(/—gF"™") =
8u(7‘626FTu)+8¢(’F626FT¢) Since 2 F" = —m = 2+0(r~2) and e* F"¢ =
\%4
[Um— — <Fu¢+ Fr¢>] = O(r72), lim, 00 0, (v/—9gF™) = 0 implies
A = 0 so that A = A(¢). The first of equation (A.66) then implies o =
—w(o ) —uN.
For the second supplementary equation, L, = 0, we have L,y =

N) + O(r~2). Hence, lim, (7 Lys) = 0 implies N=¢.

1 /
e

0
For the last supplementary equation L, = 0, we have Ly, = —+O(r~2).
r

lim, 00 (7 Lyy) = 0 then implies 9,0 = 0 and thus § = 0(¢) and then also
that N = x(¢) + ub’.

A.4 3 dimensional asymptotically AdS case

A.4.1 Residual symmetries

Gauge parameters £# that preserve the metric ansatz depend on two arbitary
functions T'(¢), Y (¢):
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Le¢grr = 0 implies 0,£" = 0 and so " = f(u, ¢),

28
L¢gry = 0 implies 0,69 = %@qbf and so £? = f dr 8¢f,

Legpp = 0 implies £ = —r (0482 — Uy f),

o 1
Le¢gup = o(r) implies 0,Y = l—28¢f,

o Legyr = o(r?) implies 0, f = 9,Y,
® L¢guy = o(r) implies no further conditions.

The gauge parameter € preserving the gauge and fall-off conditions of the
gauge potentials depends on an arbitrary function E(u, ¢) according to

o L¢Ar + Ore =0 implies € = E(u, ¢) + 0p&" foo e’ Aqbdr

o LeAy+0ue = O(In]) = LAy + Ope imply no further conditions.

A.4.2 Asymptotic symmetry algebra

We want to show that the gauge parameters (3.124), when equipped with

the bracket (3.123)), provide a representation of the Lie algebra (3.125)). By
evaluating L¢g,,, we find

{ —0B = E%0aB + 5 [0uf + 0,6 + Oy fU,
ST = £99,U + U[au F 4 0pfU — 0469] — 8% — 0,E9V + Dyt <2,

(A.67)
while —0Ay = Y0, Ay + An0pE™ + Oge. It follows that
5153 = 07
A e28
51(87"{2) - 6¢f2r7225167 (A68)

0185 = —r[94(61£5) — Dy fo61U],
01 (37»62) = —T% (8¢f262’3(51A¢ + a¢f262514¢2(515) .

Direct computation then shows that

aréu = 81‘f =0, &Lf = 8¢Y, 8¢f = l28¢i/>
) 26 f L
8,60 = # lim é% =V,
r r—00
£ = —0,E° + Udysf,
£.28 R
r r—00

which proves the result since these conditions determine umquely gauge
parameters (3.124) where (T,Y, E) have been replaced by (1,Y, E).
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A.4.3 Solution space

The equations of motion can be organized as as follows

8, (V—gF"™) = 0, (A.69)

A, (v/—gF®) =0, (A.70)

8, (\/—gF™) = 0, (A.71)
Jra

Lra = Gra - ZT —Tra = 07 (A-72)
9o0

Lo = Gy — TQ —T49 =0, (A.73)
gm;S

Lug = Gus = 5~ = Tup = 0, (A.74)

Luy = Guu — 22 1, = 0. (A.75)

l2

When equations (A.69) and (A.70) hold, the electromagnetic Bianchi equa-
tion reduces to 0,[0,(/—¢gF"™ )] = 0. This means that if 9,(,/—gF"™) =0
for some constant r, it vanishes for all . The gravitational Bianchi identities
can be written as

0=2V—gV,G}, =20,(V—9L;,) + V=9Lpc 09" +2/=9gV, T;. (A.76)
When (A.69)-(A.72) are satisfied and p = 7 in (A.76)), one gets L¢¢8Tg¢¢ =0

which implies Ly = 0. In this case, the remaining Bianchi identities reduce
to 20, (v/=gLj) = 0 = 29, (v/—gL%,). The first one gives 9;(rLyy) = 0. This
means that if rL,s = 0 for some fixed r, it vanishes everywhere. Finally,
when L,g = 0, the last Bianchi identity reads 0,(rLy,) = 0. Thus the only
non-vanishing term of rL,, is the constant one.

Accordingly, the equations of motions are solved in the following order:
e 4 main equations: Ly, = 0,0,(y/—gF") =0,L;4 =0, Ly, =0,

e 1 standard equation: 9, (\/—gF?) =0,

e 3 supplementary equations: 0, (y/—gF"™) =0, Lyy =0, Ly, =0,

e 1 trivial equation: Lgg = 0.

19, 2
Starting with L, = 0, we have ¢, = 0, Ry = QLB, T = T—2(Fr¢)2.
r

1 1
Hence 9,3 = 7( F,4)? and thus 8 = Bo(u, ¢) — [7°dr’ = (Frp)? with By an

integration constant The fall-off condition 8 = o(r°) puts Sy to zero and
thus,

5= _/Oo dr L (Fg). (A7T)
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Consider now the equation 9, (y/—gF") = 0. Explicitly, this equation
reads O, (re?’ FUr) 4 0,(re? F*?) = 0. Defining

m =P FY = —e7P(E,, — UF,y), (A.78)
1
and using e Fu¢ = —— I}y, this equation of motion is a first order differ-
r
ential equation for m,
Iy Fre
(o) T
8¢FT¢ A= fr dr’ r!
Op(rm) = - = m= " , (A.79)
with A(u, ¢) a constant of integration.
0
For L.4 = 0, we have g, = 0, R, = =0 + Lﬁ —r2e=289,50,U +
r
3 2
ire*w@rU + %e*w&TU, T,y = 2F,¢ym. Defining
2
n = 56_26671], (A.80)

96/
T

qub = _8(157”6 +

equation for n,

1
+ <8,« =+ ) n, the equation is a first order differential
r

0
Orn + % = 2FT¢m+8T¢ — %ﬁ

N =2 [>Xdr" v (2F.gm+ 0,48 — a‘iﬁ)

_ T
= n= o , (A.81)

with N(u,¢) an integration constant. As a consequence of the fall-off con-
dition on U, we end up with

7.12

o0 9 243
U= —/ dr' (2 n). (A.82)
T
For L,, = 0, we have G, = —%gm(RMg‘M’ +2R,49" + Rirg™), Gru =
—43
—625, Ryy = T6_25(87V+28¢U)—28¢¢ﬁ+7‘2€_2ﬂa¢rU—2(a¢,3)2—e 5 T4(arU)2
and —2r%(Ty,g"™" + ngmﬁ + %ng’"’") = 2r?m?. This gives

2re?’ 2¢2P9, 2e?8(048)% 1
(%V = — 7;62 +27"€2ﬁm2+76 T(bd)ﬁ —Ta¢rU+4e (7’ ¢I87) +§€72/8713(6TU)2_28¢U7
(A.83)
and
o 28 2289 2¢26(9, )2
V:@-/ ar' (- o ore?Pm? 4 20008 g 1y 2 OB
T r r

+ %e_wr?’(('?TU)Q ~20,U), (A84)
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with 6(u, ¢) a constant of integration.
In summary, with the ansatz

Ay = a(u,gb)lnf—kAO(u,gb)_Fw

l T
59

m=1n=1

Aqgm A¢m(u gf)) mn(ln ) Amn(mZ)n
TQm T2m+1 + T.Qm + T2mj}§ : )

by integrating m in 7 in order to get A,, we find that all main equations are
solved as

042 2CKA1 > an 11’1 5mn(h’l )
p= _ﬁ Z Z [ 7.2m+2 T2m+3 )

m=1n=0
A mmn ln mmn(ln%)n
m:_;_* 273*’22[ 7«2m+2 + r2m+3 |
m=1n=0
B 4/\a1n% + 2 a—- N N ANA] + 200!
N 2r2 3r3
Upn(In 7 Umn(lng)"
+ Z Z T2m+2 r2m+3 )
m=1n=0
(In 7 Brn(In )
. 0 mn mn 1
b= -amf o @ 5038 B il B,
m=1n=0
r? 20\ —2Xa/  8aA;  4X*a*(In?)?
_ 2 1 1
V——ﬁ—i—Q()\ l2)l 74—94— " + a2 2
Vi ( ln an(lng)"
+leZO St | (A.86)

where B Bmns Upmns Umin s Bins Boms Vinns Vinn are determined by a(u, @),
A (ug, ¢), Agm(uo, @), Agm (10, @), Amn, Ay the integration constants A(u, ¢), N(u, ¢)
and their ¢ derivatives.

The standard equation determines flmn,f_lmn and the u evolution of

a, AY A (uo, ), Agm, Apm. Indeed, 9, (v/—gF?") = 9u(re’ F4)+0, (re*P For) =
1 1
0. Since e F9" = Um + 3 (Fup + VEy), PR = 2 lre, we get

O A 20,0, A V 0p Ay
= © =0, |[rUm+ —8,Ag — =2 (A.87)
r T r r
We can see from the RHS of (A.87)) directly that _ a21n and the
leading of [~z 4+ 2(A\* 4+ % )IHT )\2 2(1175)]87“14(;5 on every inverse or-

der of r do not have counter terms on the LHS. Thus they must be can-
a(2a2)™
2m

celed by themselves. We can solve out A = — . Since A, has
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been fixed, the u derivative of A,,,, from the LHS will fix A4,,,, terms by
AN a, o Al, Al. Then the u derivative of A, will fix Ay 1, and so on.
Flnally, all A, Apn terms will be fixed by initial data o, A9 & A¢m, A¢,m,
the integration constant A, 8, N, the ¢ derivative of them and the u derivative
of the integration constants which are not known at this point. But it will
be fixed by the supplementary equations later. In the end, Ay, Ay terms
will be fixed by initial data, integration constants and their ¢ derivative.
The u evolution of the initial data will be given by

A

Q= _)‘/7 AO = _)\/ + (Ag)/ - 1725

Agm = Xm,  Agpm =Y (A88)
where X,,, and Y}, are linear combination of a(u, qb),Ag, Ay, Aqsm,Aqu, in-
tegration functions 6, A\, A2, N and their ¢ derivative.

The first supplementary equation reads explicitly 0 = 9,(/—gF"™) =
(%(rewFT“)—l—%(re%Fm) Since 2P F™ = —m = 2+0(r~2) and e? F"¢ =

[Um = (Fw + VF@)} = 5+0(r™?), lim, o 8, (y/=gF") = 0 implies
A /

For the second supplementary equation, L,4 = 0, we have

111 1.
Lus = [29’—2N+2>\(A2) — 20N — 2040 + z? ] +0(r™?). (A.89)

2acd
2

Hence, lim, o0 (rLyg) = 0 implies N = 6/ +4X(AY)" —4AN — 4/\/12) +

For the last supplementary equation L,, = 0, we have

!
0+ ﬁN 12 2 T

1] 1. 20(A%)  2aAY
Lw:r[ olh) 20% L 2% o). (A90)

do(A) 104 204

lim, 00 (rLyy) = O then implies § = Lz + 5

2 12 12

A.5 Newman-Penrose charges of linear Maxwell
theory

As proposed in [44], it is very suggesting to think of the charge controlling
the leading soft photon theorem as a generalization of the usual electric
charge, so as to make it dependent on the angle at the S? at infinity. In
the late 60’s Newman and Penrose [162] discovered new conserved charges
for several theories possessing massless particles. These charges cannot be
associated to bulk divergenceless vectors as usual; instead they are expressed
as surface integrals at infinity. For the Maxwell theory, of course one of these
Newman-Penrose charges is the electric charge.
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It would seem reasonable to think that the charge in control of the sub-
leading soft photon theorem should be an angle-dependent generalization of
the other Newman-Penrose charges. It was hinted in |[160] that one should
consider generalizing the “sub-leading” charge in a multipole expansion of
the electromagnetic field, namely dipole charge. In order to investigate this
possibility, we will review the main results of the Maxwell theory part in [162]
in this appendix.

First we collect some mathematical results. We define the 9, 0 operators
as

_1 — _1
On =1, 00+ sn0zv,5" , on =1.5"0.n—snd.v,5" , (A.91)

N
N

where s is the spin weight of the field n, meaning that it has the commutation
relatio [0,8)n = —sn. An important property of & and 9 is their action on
the spherical harmonics Y, (I = 0,1,2,...; m = —I,...,l). Defining the
spin s spherical harmonics as

l—s)!
Y= 2((1 n s))!wylum (0<s<l) | o
CINE e CRNCEPE)
the following relations can be deduced:
[z Yo tn=0, [ e, =0,
005Y) . = —%(z —8)(l+s+1)sYim , /dzdz%z AOB = — | dzdz+,; BOA .

(A.93)
where 1 and ¢ have spin weight —I — 1 and [+ 1 respectively, while AGB has
no spin weight. These properties allow for a compact definition of conserved
charges below.

Following [162], the Maxwell-tensors are replaced by three complex scalars:

1
-3 1 -1
¢0:Fr27Z2 5 d)l = 7(Fru+F22fYZQZ
r 2 r

5 1
) ) ¢2 = 7?4 (qu_§Fzr) s (A94)

[NIES

With these quantities, the vacuum Maxwell equations can be organized in
the Newman-Penrose formalism as

0
%)fﬁo = % ,
~ L 5%, (A.95)
ar(T¢2) = Ta¢1 s (au - 5& — ;)qﬁl = T .

0,(P6) =T (0u— 500 -

!There is no factor 2 compared to [162] since we are working on a unit sphere.
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Assuming the ansatz (4.10]), the solution is

o0 (u, z, 2)
Z e Bud = 069 |
_ sﬁ N 06wz, 2) 0_ =0
<Z>1 - r2 TLZ:;) (TL + 1)T”+3 ) 8u<;50 = 6¢1
@ _ @ S §2¢6‘(u,z,2) npt_ n+2 ., doB?
SR §(n+1)(n+2)r"+3’ Dudy” = L n41-
(A.96)

Confirming the analysis that we did in Section we see that, in the end,
#9(u, z, Z) is the news function of this system, associated to electromagnetic
radiations. To be more specific, the concrete translation to the expressions
in the main text is

B =~ DR AT = A (0AL-0.A%], 6] = oA,

(A.97)
where it is understood that m is a non-negative integer. Notice that qb?
(i = 0,1,2) only involve the boundary fields AY Ag(z) and Ai(z)' The
physical meaning of ¢{ and ¢? was already identified in [161]. The real and
imaginary parts of @) are the electric and magnetic charges respectively.
Similarly, real and imaginary parts of &bg are the electric and magnetic
multipoles. In particular, the dipole corresponds to 5¢8. Moreover, the
spin weights of ¢9, ¢{ and ¢y are respectively —1,0,1. Then, using
and , we can construct conserved quantities

Oy / dzdz v,z 0Y00 4} =0, (A.98)

au/dzdzryzzoyl,m&bg =0. (I1=0,1,2,...). (A.99)

Notice that these conserved quantities all follow from the different orders of
¢1. When | = 0 we can see that f dzdzoYp,0 5¢8 is automatically vanishing.
This means that none of the Newman-Penrose charges correspond to dipole
charge. Therefore, to us it does not seem possible to interpret as a
generalization of dipole charge.

As a final remark, let us on comment on the fact that the Newman-
Penrose construction for Einstein gravity is very similar. But instead of the
three boundary fields that we had in (i.e. the “news” ¢J, plus ¢{,
and ¢8), there we will have four boundary fields, namely the Bondi “news”
and other three (U9, U9 and ¥Y in the standard Newman-Penrose notation)
coming from the Weyl tensor. This clearly hints at the fact that in Einstein
gravity there is an extra sub-sub-leading order in the soft theorem [34].
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A.6 Near horizon solution space of Einstein-Maxwell
theory

Under the Bondi gauge choice, the Newman-Penrose equations can be solved
out recursively. Firstly, the solutions on the horizon can be worked out

through hypersurface equations (2.38)), Bianchi identities (2.45))-(2.47) and
Maxwell equations (2.49)-(2.50). Apart from ¥q, g who have to be given
at any order of r as initial data, the asymptotic  dependence of all the rest

variables can be calculated by the radial equations @[}, Bianchi identi-

ties — and Maxwell equations —@ . Finally, (2.37)) will

determine Maxwell potential A, under the gauge condition we have chosen.
The full solutions are listed up to order O(r3) as following:

Y=Y +mr+ 727“2 + O(rg), 7o is a real constant., (A.100)
_ —0
1 = agmo + BoTo + V9 + 761,

1 _ _ —0 —0
Yo = = (1001 + Trap + Tof1 + 7180 + V3 + ¢), + d1d),

2
T =10+ T+t + 0%, T =0+ 638, (A.101)
Ty = %(70,01 + T1p0 + Too1 + T1o0V] + ¢558¢85(1))7
p = po—+ pir + par? + O(r?), (A.102)
P 4;)[@3 + 5 — 97 — B + 2m70), p1 = B0,

1, _ _ =0 oL
p2 = 5(()'00'1 + 0100 + 2P0p1 + ¢(1J¢0 + ¢8¢0)’
1

o =00+ o1+ oo’ + 0(r3), o9 = —
270

(7§ — Om), o1 = Y, (A.103)
1 1
02 = 5(200,01 + 201p0 + V5),
1 - .
a=ag+ar+ar? +0(r®), ag= 5(?0 +dInP), a; = ¢‘f¢8, (A.104)

1 _ _ —0 —1
az = =(poa1 + prag + GoB1 + 180 + 1o + ¢ o),

2
5= B+ fir+ Bar® + O(), fo=(m—3nP), fr=1f  (A10)
By = %(aom + ayog + \Il%),
p=r + %\I/%TQ +0(r?), (A.106)
A= 2 (mdo+ O350 + 00), (A.107)
v = S mTo + W+ 532 + O0) (A.108)

b0 = @) + ¢ + O(r?), (A.109)
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¢1= ¢ + W + 22+ 00, ¢l =06) — 100}, (A.110)
¢7 = 5(5% — Tooy — 20100 + 2p167),

2 = 0T + %3@"2 +0(r%), (A.111)

o= W)+ U +O(r 2) (A.112)

Uy = U9+ Wir + U3r? + O(r?), (A.113)

—0
) =dog — dpo — 0070 + poTo + P D1
- _ _ —0 —
U1 = 0oy — Op1 — 0170 + p170 — 0071 + poT1 + Pody + PO
W% = oy — Op2 + poTa + pato + p171 — 2(a2 — By)ao — 2(cq — By)o,
_ _ _ —2 — —0
= —T900 — T101 — To02 + GYd1 + by + P,
Wy = U + Ul + U212 + O(r3), (A.114)
0 R 1-—
vy = (1]¢(1) vy + 5(570 — 07o),
Ul = ¢l + ¢\by + 0By — day + apay + oy — aoB1 — a1Bo,
U3 =3By — Daz + 1 + pota — ood2 + apdiz + aray + BoBs + P15y,
- —2 —1 —0
= —aopfy — a2y — 20181 + #\ by + b1y + d1y

Uy = Uy + U224+ O(®), Wh = Buy + 7o + 6100, (A.115)
= _ _ —1 —0
\Il% = Opg — OAg + 171 + paTo — ToAz + ¢%¢1 + ¢%¢1,
Uy = Uar? + 0(r), (A.116)
Ui =0v — §¢2(8¢1 — 2T0¢1 + 27000) — 270A2 + Tove,
_ 1 _
X*=m1Pr+ 5(7'1P + ToooP)r? + O(r?), (A.117)
- 1
XZ=7oPr+5(T1P + ToaoP)r? + O(r?), (A.118)
1
W= —ToT + 5(0050 —7)r? +0(r?), (A.119)
1
U= —2vyr+ 5(7051 + Tow1 — 71 — 71)7“2 + O(Tg), (A.120)
_ 1 = . 1
L7 = oo Pr + §alpr2 +00?), =P+ iaoaopﬁ +0(r?), (A.121)
— _ 1 _ —z 1
L =P+ iaoaopﬁ +0(r), L° =aoPr + 751P7“2 +0(r?), (A.122)
1 JQO’O 2 a0 2
- _ L= — — A12
L, F 2P +0(r3), Lz Pr+2PT +0(r?), ( 3)
_ T — 1 000
L, = FOT + ﬁﬂ +0(r®), L;= 5 %72 + O(r?), (A.124)

Au = (82 + D)7 + (61 + 1 + 106 + Tod)r? + O(%), (A.125)
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—0 —1

1 ¢y  #o0

A, =AY P, 4 L% _ o
L1y Ry

é1 — o
72+ 0%, 9:AL - 040 = PLEL,
where 79, P, ¢ Y, A_g are arbitrary functiozls depending on (2,2) only, and R =
2(00ln P4+ 00In P —261In Py In P) = 2PP0,0z In PP is the scalar curvature
of S2. 79 is the extrinsic curvature of the Sz on the horizon. The 0 operator
is defined by 0n = dn + séIn Pn and 0n = dn — sd In Pn where s is the spin
weight of the field . The time evolution of ¥y and ¢q are fully controlled
by (321.e) and (332).
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