Classical and Quantum Gravity

PAPER You may also like
The Wald-Zoupas prescription for asymptotic At iy in genera reEVE

. .. . . Kartik Prabhu and Ibrahim Shehzad
Charges at nu" Infl n Ity In general relathIty - The evolution of hyperboloidal data with
the dual foliation formalism: mathematical
e thic arti analysis and wave equation tests
To cite this article: Alexander M Grant et al 2022 Class. Quantum Grav. 39 085002 S’;iidsﬁui’i‘td{” ?;,eni ,.l;:r:g; :Asafcus
Bugner et al.

- Intrinsic angular momentum and centre of

mass in general relativity

View the article online for updates and enhancements. Osvaldo M Moreschi

This content was downloaded from IP address 132.174.252.179 on 23/07/2022 at 12:26


https://doi.org/10.1088/1361-6382/ac571a
/article/10.1088/1361-6382/ab954a
/article/10.1088/1361-6382/ab954a
/article/10.1088/1361-6382/aaa4ac
/article/10.1088/1361-6382/aaa4ac
/article/10.1088/1361-6382/aaa4ac
/article/10.1088/0264-9381/21/23/008
/article/10.1088/0264-9381/21/23/008
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjstMwhHwCGxyzShq4_vuZ8S3ywQunC5u5XEa-dP5IC3My0pkQuUumWiPmMnKDsLbUuiLISfa9wZhVqHCGZpQI_MaF1t36HsFYGP9QmIqjX8IO_5apAzQVi6oSqLOqxyCuQ3dnz8JytdpV0o4ky09axlf5t9DfhgAPcWhBhbUaL_X8cNcnDKtdnL0Hv83cuGWgCTtj0yoDkI4HLf-zC_Pn9cYJ01SIq4P8abkeKA0LexB1Ixv7WZkrkKtFbdPPg1BFZlaW-ilC6707PuaCq9CKi5mpWasVFwptdYx7y45myD2dw&sig=Cg0ArKJSzPQwwAcPR665&fbs_aeid=[gw_fbsaeid]&adurl=http://iopscience.org/books

1OP Publishing Classical and Quantum Gravity

Class. Quantum Grav. 39 (2022) 085002 (56pp) https://doi.org/10.1088/1361-6382/ac571a

The Wald-Zoupas prescription
for asymptotic charges at null infinity
in general relativity

Alexander M Grant'-2*®, Kartik Prabhu®® and
Ibrahim Shehzad'

! Department of Physics, Cornell University, Ithaca, NY 14853, United States of
America

B Department of Physics, University of Virginia, Charlottesville, VA 22904, United
States of America

3 Department of Physics, University of California, Santa Barbara, CA 93106, United
States of America

E-mail: alex.grant@virginia.edu, kartikprabhu@ucsb.edu and is354 @cornell.edu

Received 6 October 2021, revised 10 February 2022
Accepted for publication 21 February 2022 @
Published 29 March 2022

CrossMark
Abstract

We use the formalism developed by Wald and Zoupas to derive explicit
covariant expressions for the charges and fluxes associated with the
Bondi—Metzner—Sachs symmetries at null infinity in asymptotically flat space-
times in vacuum general relativity. Our expressions hold in non-stationary
regions of null infinity, are local and covariant, conformally-invariant, and are
independent of the choice of foliation of null infinity and of the chosen exten-
sion of the symmetries away from null infinity. While similar expressions have
appeared previously in the literature in Bondi—Sachs coordinates (to which
we compare our own), such a choice of coordinates obscures these proper-
ties. Our covariant expressions can be used to obtain charge formulae in any
choice of coordinates at null infinity. We also include detailed comparisons with
other expressions for the charges and fluxes that have appeared in the litera-
ture: the Ashtekar—Streubel flux formula, the Komar formulae, and the linkage
and twistor charge formulae. Such comparisons are easier to perform using our
explicit expressions, instead of those which appear in the original work by Wald
and Zoupas.
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1. Introduction

There has been a considerable revival of interest in asymptotic symmetries and their associ-
ated charges in general relativity in recent years. At null infinity in asymptotically flat space-
times, these symmetries are elements of an infinite-dimensional symmetry group called the
Bondi—Metzner—Sachs (BMS) group [1, 2]. A major reason for this revival of interest has been
the conjecture by Strominger that these symmetries give rise to an infinite number of conserva-
tion laws which constrain classical gravitational scattering in asymptotically flat spacetimes®.
In a series of papers, conservation laws associated with these symmetries have also been shown
to be related to soft graviton theorems [6—11] and gravitational memory effects [6, 7, 12—16]
and have even been speculated to have a possible bearing on the black hole information paradox
[17-20].

In this paper we consider the problem of deriving explicit general expressions for the charges
associated with asymptotic symmetries at null infinity in vacuum general relativity. We list a set
of criteria that these should satisfy to be physically reasonable and, using the prescription pro-
vided by Wald and Zoupas in [21], provide an explicit computation of the general expressions
for these quantities. While such charge expressions have previously appeared in the literature
[22], they have been obtained entirely in Bondi—Sachs coordinates. Using a fixed coordinate
system from the outset makes the covariance and conformal-invariance of the resulting expres-
sions difficult to verify. In this paper we obtain explicit expressions for these charges in terms
of quantities defined on null infinity in a completely covariant manner. These covariant expres-
sions can be used to obtain formulae in any choice of coordinates one wishes to choose (see
section 6).

We will consider four-dimensional asymptotically flat spacetimes defined in a coordinate
independent manner through Penrose’s conformal completion (see definition 2.1). In this pic-
ture, the null infinity of the original (physical) spacetime is represented by a smooth null surface
Z in the conformally-completed (unphysical) spacetime. This null surface has the topology of
# =R x S* where R represents the null directions and S? the angular directions at infinity. It
then follows from the definition of asymptotic flatness that there is a certain universal structure
associated with .# (see section 3). This structure is universal in the sense that it is indepen-
dent of which asymptotically flat physical spacetime is being considered and thus provides a
‘fixed background’ at infinity which is common to all physical spacetimes. The infinitesimal
diffeomorphisms (i.e. vector fields) which preserve this universal structure form the asymptotic
symmetry algebra given by the BMS algebra (section 4).

Then, one wishes to define certain ‘conserved quantities’ (similar to mass, energy or angular
momentum) associated with any given physical spacetime and an asymptotic symmetry. In
general dynamical spacetimes such quantities will not be conserved due to the presence of
gravitational radiation. However, one can proceed as follows: let S = S? be some cross-section
(or ‘cut’) of null infinity .#; the choice of S represents an ‘instant of time” on .#. Then, for a
vector field £ representing an asymptotic symmetry and to every cross-section S we define a
charge Q[&; S], which is to represent the ‘not really conserved quantity’ at that ‘instant of time’.
The change in this charge with ‘time’, i.e. between two cross-sections, is then a flux F[&; A.¥]
where A.¢ is the region of null infinity between those two cross-sections. However, without
any further physical criteria one could make up arbitrary expressions for such a charge and flux
formula. Even if one requires that any notion of charge associated with time translations and

4 This conjecture has been recently proven under certain regularity conditions on the spacetimes near spatial infinity,
see [3-5] for details.
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rotations coincide with the mass and angular momentum usually defined in Kerr spacetimes,
it is not apparent how to generalize the charge expressions to all BMS symmetries and to
non-stationary spacetimes.

Next we list some criteria which any physically reasonable notion of asymptotic charges
and fluxes should satisfy: (1) any charge or flux quantities one defines must be independent
of any choice of coordinates; this issue is already resolved since we work directly with the
covariant formulation of null infinity mentioned above, instead of fixing some coordinates like
Bondi—Sachs coordinates. (2) We want to associate the charges and fluxes with the physi-
cal spacetime and not with the choice of conformal-completion used to obtain the unphysical
conformally-completed spacetime, or with any additional structure used to compute these
quantities. Thus, we require that the charges and fluxes be independent of the conformal fac-
tor used to obtain the Penrose conformal-completion. Below we will also use a foliation of
& to simplify our computations, and so we will also demand that the charges and fluxes be
independent of this additional choice of foliation. (3) We also want to associate the charges
and fluxes with the BMS symmetries at .# and so, we demand that they be independent of
any arbitrary extension of these asymptotic symmetries into the spacetime (these extensions
are considered ‘pure gauge’ and are discussed in section 4.1). (4) The charges and fluxes are
local and covariant in the following sense: the value of the charge Q[¢; S] is obtained as an
integral over S of a two-form which is constructed from the available fields and the BMS sym-
metry, and finitely-many of their derivatives at S. The flux F[£; A.#] is the integral over A.#
of a three-form constructed in a similar way from the fields and symmetry in the region A.#.
(5) Finally, since we want the fluxes F[£; A.#] to characterize physical dynamical processes,
like gravitational radiation, we also require that the flux associated with any BMS symmetry
between any two cross-sections vanishes when the physical spacetime is stationary.

A prescription for obtaining such asymptotic charges and fluxes in any local and covariant
Lagrangian theory of gravity was given by Wald and Zoupas [21]. We will detail this proce-
dure in section 5 for our case of interest, namely asymptotically flat spacetimes in vacuum
general relativity. This case was also considered in detail by Wald and Zoupas [21], where it
was shown, rather indirectly, that the resulting charge expression matches the one given by
Dray and Streubel [23], which was obtained by generalizing Penrose’s formula motivated by
twistor theory (see appendix C3). Explicit expressions for these charges in terms of quantities
on null infinity were obtained by Flanagan and Nichols [22], but their analysis was done in
Bondi coordinates (where the covariance and conformal-invariance of the expressions is not
manifest) and also in stationary regions of null infinity”.

In this paper we compute the formulae for the charges and fluxes, using the Wald—Zoupas
(WZ) prescription, written explicitly in terms of fields defined on null infinity in full generality.
We call these the “WZ charge’ and “WZ flux’ respectively. To simplify our computations we
will choose an arbitrary but fixed foliation of null infinity, but show that our formulae are inde-
pendent of this choice of foliation. This computation can be done easily for the flux, since the
WZ flux expression is written entirely in terms of quantities at null infinity; our expression for
the WZ flux in terms of a choice of foliation is given in equation (5.33). The computation of the
charges, however, is more complicated: unlike the flux, a portion of the expression for the WZ
charge involves the limit of the integral of a quantity that is defined in a neighborhood of null
infinity. To compute this limit, we make use of Bondi coordinates, much like [22]; however,

5 The method used in [24] only gives a ‘perturbed charge’ expression which is not integrable in phase space; see
equation (5.41) and the subsequent discussion. Charge expressions similar to those in [22] were also obtained in [25],
but their charge expression differs from the one obtained using the Wald—Zoupas method, except in the case where
the asymptotic symmetry is a pure supertranslation; see also footnote 11 of [22].

3
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we show that the value of this limit is independent of the choices that are made in using Bondi
coordinates, such as the choice of foliation, conformal factor, and extension of the BMS vector
field off of null infinity. As such, we can convert the value of the limit back into a covariant
form, allowing us to write an expression for the WZ charge (see equation (5.44)) in terms of
quantities defined on null infinity. Since this procedure is somewhat involved, we then check
explicitly that the change of the charge is consistent with the flux formula in equation (5.33).
These covariant expressions are equal to those given by [21], and are therefore independent of
foliation; however, picking a choice of foliation allows us to write the charge in terms of quan-
tities defined entirely at null infinity. These explicit formulae can then be easily compared to
the expressions one would obtain in any coordinate system of ones choosing, see e.g. section 6.
These expressions can also be compared to other formulations of BMS charges, some of which
we detail in appendix C.

The rest of this paper is organized as follows. We start by reviewing the definition of
asymptotic-flatness at null infinity in section 2, and summarize the various asymptotic fields
arising at null infinity that we will use in subsequent computations. In section 3, we discuss
the universal structure at null infinity (that is, the structure common to all asymptotically-flat
spacetimes at null infinity) and the restrictions on metric perturbations which follow from the
definition of asymptotic flatness. In section 4, we review the BMS algebra and its relevant
properties. In section 5, we describe the WZ prescription for obtaining the charges and fluxes
associated with BMS symmetries and obtain manifestly covariant expressions for these quan-
tities which we call the “WZ charge’ and the “WZ flux’. Finally, we discuss the construction of
Bondi—Sachs and conformal Gauf3ian null coordinate frames near null infinity in section 6 and
express the BMS symmetries and the WZ charge in these coordinates. We end with a short dis-
cussion of our results in section 7. While in the body of the paper, we work in a conformal frame
where the Bondi condition (see equation (2.6)) holds, we include a summary of our main results
in more general conformal frames in appendix A. In appendix B we rewrite the WZ charge and
flux expressions in the Geroch—Held—Penrose (GHP) formalism at null infinity. In appendix
C, we compare the WZ charge and flux formulae to some of the other charge and flux formulae
that have been proposed for BMS symmetries, namely, the Ashtekar—Streubel flux formula,
the Komar charge formulae and their linkage versions and Penrose’s twistor charge formula.
Appendix D collects some useful results on symmetric tracefree tensors on a two-sphere.

Our notation and conventions are as follows. We follow the conventions of Wald [26] for
the metric signature, Riemann tensor, and differential forms, and use abstract index notation
with Latin indices a, b, c, . . . for tensor fields. Quantities defined on the physical spacetime are
denoted by a ‘hat’, while the ones on the conformally-completed, unphysical spacetime are
denoted without a ‘hat’ (e.g. g, is the physical metric while g, is the unphysical metric). In
addition, we use ‘=" to denote equality at null infinity and -~ to denote the pullback to null

infinity. We also use both the indexed and index-free notations for differential forms, and in
the index-free notation we denote differential forms in bold. We use ‘=’ to translate between
indexed and index-free notation, writing, €.g. €4 = €,p¢4- Since ‘=’ is used for this translation,
we use ‘= for definitions.

2. Asymptotic-flatness at null infinity

In this section, we recall the covariant definition of asymptotically-flat spacetimes and define
the asymptotic fields and their equations at null infinity that will appear in our later analysis.

Definition 2.1 (Asymptotic flatness). A physical spacetime (M, 8.»), which satisfies
the vacuum Einstein equation G,, = 0, is asymptotically-flat at null infinity if there exists an

4
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unphysical spacetime (M, g,,) with a boundary .# = OM and an embedding of M into M (we
use this embedding to identify M as a submanifold of M), such that

(a) There exists a smooth function Q (the conformal factor) on M satisfying =0 and
VaQ;O such that g, = nga;, is smooth on M including at .#.

(b) .# is topologically R x S?.

(c) Defining n, := V£, the vector field w™'n" is complete on .# for any smooth function w
on M such that w > 0 on M and V,(w*n®) = 0.

Detailed expositions on the motivations for this definition may be found in [26, 27]. The
differentiability conditions on the unphysical spacetime can be significantly weakened, but we
restrict to the smooth case for simplicity.

Using the conformal transformation relating the unphysical Ricci tensor R, to the physical
Ricci tensor Ry, (see, e.g. appendix D of [26]), the vacuum Einstein equation can be written as

Sup = =297V unp + Q1N gaps (2.1)

where S, is given by

S = Ras — (Rt 2)
It follows from equation (2.1) and the smoothness of €2 and the unphysical metric g, at .# that
nyn® = 0. This implies that .# is a smooth null hypersurface in M with normal n, = V,{ and
that the vector field n* = g“n,, is a null geodesic generator of ..
Further, the Bianchi identity V[,Rjcse = O on the unphysical Riemann tensor along with
equation (2.1) gives the following equations for the unphysical Weyl tensor C,.4 (see [27] for
details)

Vi ' Chaze) = 0, (2.32)
V4 Cobed = =V 1aSpye- (2.3b)

Given a physical spacetime (M, g,) there is a lot of freedom in constructing its conformal-
completion to obtain the unphysical spacetime (M, g,;,). Firstly, there is the choice of the
embedding of M into M, but since this is simply used to identify points of M with those of
M this freedom is innocuous and one can always fix a choice of this embedding map. Another
freedom is the choice of the conformal factor €. Note that for the same physical spacetime
another choice of the conformal factor ' = w2, with w|.# > 0 also satisfies definition 2.1
with a different unphysical metric g/, = ' 2ga = w’gap. Since we are interested in studying
the asymptotic properties of the physical spacetime—the conformal-completion is used only
to bring the asymptotic boundary ‘at infinity’ of the physical spacetime to a finite boundary .
in the unphysical spacetime—all physical quantities (such as symmetries, charges and fluxes)
must be independent of the choice of conformal factor made.

All of our computations which follow can be done using an arbitrary conformal factor;
however it is convenient to fix some of the conformal freedom by imposing the Bondi condition
as follows. On ., let ® be defined by

$ = lvana . (2.4)
4 5
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Under a change of conformal factor 2 — w2 and g, — w?g,, we have
P w (®+ £, Inw). (2.5)

Now, without loss of generality, we can choose w to be a solution of ® + £, In w=0 to
set ® =0 [26, 27].° In this choice of the conformal factor, equation (2.1) implies the Bondi
condition

Vo, =0, (2.6)
and
nan® = 0(Q). 2.7

We will henceforth work in a conformal frame where the Bondi condition holds. Having
imposed the Bondi condition, the remaining freedom in the conformal factor is of the form
Q — w) where

wly >0,  £Lw=0. 2.8)

We reiterate that the choice to work in a conformal frame where the Bondi condition holds is
made purely for convenience and is not essential for the calculations in this paper. The main
results of this paper, expressed in general conformal frames where the Bondi condition is not
imposed, are included in appendix A. In the body of the paper, our statements about conformal
invariance will pertain to conformal transformations that satisfy equation (2.8). More general
conformal transformations for which £, w ;é 0 will only be considered in appendices A and B.

Finally, let ¢, denote the pullback of g, to .#. This defines a degenerate metric on .# such
that

qabnb = Oa £nQab = 0’ (29)

where the second condition follows from equation (2.6). Thus, g, defines a Riemannian metric
on the space of generators of .# which is diffeomorphic to S?.

2.1. Auxiliary foliation and null normal at .%

For carrying out explicit computations on .¢, it is convenient to pick an additional ‘auxiliary’
structure on . given by a choice of foliation of .# by a one-parameter family of cross-sections
which are diffeomorphic to S?. Note that such a foliation always exists since % = R x S?,
though there is no unique choice for this foliation. The results in this paper can be obtained
without reference to any choice of foliation, but it is far simpler to use some choice of foliation
and then verify that the results are independent of the choice of foliation made.

For any choice of foliation, we obtain a one-form /, on .# which is normal to each cross-
section of the foliation. Then there exists a unique vector field [ defined at . such that
1, = gupl” is the normal to the chosen foliation and

11, =0, n,= — 1. (2.10)
We will call such a vector field associated with the chosen foliation the auxiliary normal. Note

that the vector field /“ can be extended arbitrarily away from .#, and our computations will be
independent of which extension is chosen.

©Note that while this condition can always be imposed on ., it cannot be imposed at spatial infinity where solutions,
w, to the equation ® + £, In w =0 diverge [26].
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Using the auxiliary null normal [, we now define a tensor Q,;, at . by
Ouwp = gab + 2@y (2.11)

Note that g,, = Q.p, and so Q,, is a choice of pushforward of the intrinsic (degenerate) metric

pl
on .#. By the definition of Q_,, we have
Oul’ =0,  Qun"=0. (2.12)

We also define the symmetric trace-free part of a tensor with respect to Q,;, by:

1
STF Ay = (Q<;Qb>f’ - 2QabQ“’> Aca- (2.13)

Next, we define a volume form on .# and on the cross-sections of the chosen foliation by

g R c d ~ c
Eabc =1 Edabes Eab = Eabcdl n-=¢&Eapch . (214)

Remark 2.1 (Orientation conventions). The orientation of these volume forms are such
that .# is outward-facing as a manifold in M, and such that the cross-sections have a future
orientation within .#. Note that this convention for the orientations for €, and &3 is some-
what unexpected. In Minkowski spacetime, setting I, = —V,u and n, = V,Q (with Q = 1/r
andu =t — r), we have thate; = —sinfdu A df A d¢ and e, = — sin 0 dO A d¢, which is the
opposite of the ‘expected’ sign for €,. Despite this sign difference, we still have that

/62 > 0; (2.15)

N

this, in fact, is the definition of an orientation. In Minkowski, this can be seen by noting that
this means that the bounds of the integrals are in the opposite order (say, the ¢ integral is from
7 to 0, instead of O to 7).

Finally, note that, in our choice of orientation, if we consider a cross-section S as a limit of
spheres S’ within a spacelike hypersurface ¥ in the unphysical spacetime, then the orientation
for S’ that is compatible with that of S is the inward-facing one within X.

The shear of the auxiliary normal on .# is defined by
1
0ay =STFV I, = 5 STF £,gap. (2.16)

The twist eV ,1, vanishes on .# since I, is normal to cross-sections of a foliation of .#. We
will mostly not need the expansion of /, in our analysis (it is introduced in section 6.2 where
needed).

The change in /, along the null generators of . is given by

Ta = Qabnﬂvclir (2 17)
By the normalization conditions for [“ and n“ and the Bondi condition we have
Ta =n"Vpla = £yl (2.18)

We also can define a ‘sphere derivative’ along the cross-sections for any tensor field that is
orthogonal to [ and n on all indices (at .#):

DT, o= 00,00, O, O OB VT (2.19)

7
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One can easily show that this derivative operator is compatible with both Q, and ¢, at .#:
@ach 20, @agbc =0. (220)

With our choice of €5 and €,, we can derive several useful formulas from Stokes’ theorem.
Consider some portion A.# of .# whose boundary is given by two cross-sections Sy and S, in
our foliation, with S, to the future of S;. Then, for any scalar o we have

/53£na = /EQOZ — /Eza. (221)
Sy M

AT

Also, for any vector v* which is orthogonal to both n, and /, we have

/ g3V 0t = / e (D, + v =0, (2.22)

AST AT

where the second expression is obtained using the Bondi condition along with equations (2.11)
and (2.18), and the vanishing of the expression follows from the fact that e3V,v“ is an exact
three-form and /,v* = 0. Similarly, for any cross-section S of .# we also have

/ezgav“ =0. (2.23)

N

We note that equation (2.22) was erroneously given in equation (2.13) of [4] as an integration-
by-parts identity on the sphere, instead of A.# (all instances when equation (2.22) was used
in [4], however, were correct, as they were applied to A %).

The final quantities that we will need are components of the Weyl tensor at .#. By the peeling
theorem, we have Cupeg =0 at Z, and thus Q' Cpeq admits a limit to .# (see theorem 11 of
[27]). In the choice of a foliation of .# we define the Weyl tensor fields

Rap = (" Ceaer)Qun Qv n’, Sa =" Ceaep)l'n’Qun’, (2.24a)
: 1 e

P i=(Q ' Cogep)l'nIn’, Pt = E(Q—l Coaep)lne®, (2.24b)

Ta = (Q ' Coaepn 1’0,V Tap = (0 ' Cote) Q101 (2.24¢)

Note that, due to the symmetries of the Weyl tensor, R, and 7, are symmetric and traceless.
The relation of these tensors to the Weyl scalar components in the Newman—Penrose notation
is given in equation (B.12).

For the fields defined in equation (2.24), equation (2.3a) implies the following evolution
equations along .#, which can be verified to be conformally-invariant (equation (B.13) in the
GHP formalism):

£38s = (D" + ") Rap, (2.252)

L,P = (2" 4218, — 0" Rap. (2.25b)

£nP* = _Eab(@a + 27—a)Sb + 5b60ahRaca (2250)
1

LyTa = 5(9/) +3%)Q."P — e,”P*) — 20,"S,, (2.25d)

8
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3
£nIab = STF(@a + 47—a)\.7b - Eo—ac(QbCP - EbC,P*)~ (2256)

Next, we list the conformal transformation weights of these various quantities. Any quantity
« is said to have conformal weight w if, under 2 — w(2, it transforms as o — w" . First, we
clearly have that

8ab W =2, Eabed - W = 4. (2.26)
Next, while in the spacetime

ng — wn, + QV,w, (2.27)
we therefore have that n, : w = 1 on .¢ itself, and so

l,:w=1, QupsEap) : w0 = 2, Eabe - W = 3. (2.28)
Moreover, we have that

Oup:w =1, (2.29)
while, under a conformal transformation, 7, transforms as

Tat=> Ta+ D, In w. (2.30)
Finally, the fields constructed from the Weyl tensor have the following conformal weights:

Rap»Lap) :w = —1, (Ssy To) - w = =2, (P, P":w=-3. (2.31)

Finally, we remark that there is a particularly convenient choice of conformal factor and
foliation, namely one where ¢, is given by the unit two-sphere metric, and 7 = 0. This is the
Bondi frame, and in particular it is a restriction of the remaining conformal freedom €2 — w2
that is more restrictive than the Bondi condition. Even though Bondi frame can always be
achieved by a conformal transformation and a change of foliation, we do not enforce Bondi
frame, since we want to consider charges on arbitrary cross-sections of .# (and fluxes between
these cross-sections) and want our expressions to be manifestly conformally invariant (apart
from the choice of Bondi condition).

2.2. News tensor

In this section, we define the News fensor, which characterizes the radiative degrees of freedom
of the gravitational field at null infinity. This tensor can be defined in terms of a foliation, or
invariantly from the universal structure that exists on .#; we review both definitions and show
that they are equal. Moreover, we review how the News tensor vanishes in asymptotically
stationary regions of .#, which motivates its usage as a characterization of radiation.

We define the News tensor as the (projected) Lie derivative along n® of the shear o :

Nap =204 Qv £,00q = 2STF £,04. (2.32)
Note that it follows from the above definition that

Napn” = g Nap = Q" Nap = 0. (2.33)
It is straightforward to verify that the News is conformally invariant.

9
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We can also write the News N, in terms of S, as follows. Consider the quantity
STF £,£,g,,- Despite involving covariant derivatives of /,, when evaluated at .#, this quan-
tity is independent of the choice of /, away from .#. By choosing a particular extension of /,
one can show from equations (2.16) and (2.18) that

STF Jgn.f:lga}, = 2 STF(.an'a}, — TaTh) 2]\Iah -2 STF(TaT},), (234)

where the second equality follows from equation (2.32). Using [£,, £;] = £}, together with
equation (2.18), we therefore find that

Nap = STFLL1£18ab + 2D + Ta)To]- (2.35)
Using equation (2.1), we therefore find that
Nab = STF[Sab + 2(911 + 7—cz)’7—b]~ (236)

Further, from equations (2.3b) and (2.36), the News is related to the Weyl tensor components
(defined in equation (2.24)) by:

QaCthOEnch = ZRab, @bNab = 2811, (237)

and
1
P =" | DD, — T)0)" — ENMJ;,C . (2.38)

In the GHP notation these relations can be found in equations (B.16) and (B.18).

As defined by equation (2.32), it is not obvious that the News tensor is independent of our
choice of foliation. However, we show below that this definition of the News coincides with
the covariant definition given by Geroch [27] which makes no reference to any foliation of .#.
While most of the literature exclusively uses only one of these two definitions, we will find it
convenient to use either interchangeably, and (since there does not appear to be any proof that
we could find), we will now show that these two definitions yield the same tensor.

Consider the Geroch News tensor defined in [27] as

Nap: = Sab — Pabs (2.39)
—

where S, denotes the pullback of S, to .# and p,, is the unique symmetric tensor field on .
—

constructed from the intrinsic universal structure on .# defined in theorem 5 of [27].

First note that the Geroch News tensor is conformally invariant, and satisfies the condi-
tions equation (2.33) (see [27]). Moreover, projections of equation (68) of [27] show that
equation (2.37) also holds for the Geroch News tensor. Thus, if A\, is the difference of the
Geroch News tensor and the one defined in equation (2.32), then )\, is a symmetric tensor
field on .# which satisfies

Aav” = 0Ny = 0 Qp £ = D Na = 0. (2.40)

Thus, A\, is a tensor field on S that is symmetric, traceless and divergence-free, and there-
fore vanishes by proposition D.2. Consequently, the News tensor defined in equation (2.32) is
equivalent to the covariant definition by Geroch.

Finally, we review the key property of the News tensor, namely that it characterizes the
presence of gravitational radiation in a spacetime. This can be seen by the following result,

10
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which is due to Geroch (see pp 53-54 of [27]): consider an asymptotically flat spacetime
(M, ga»), and some portion A.# of null infinity. If A.# is asymptotically stationary, in the
sense that there exists a vector field ¢ in a neighborhood of A.# that is a timelike Killing
vector with respect to g., then N, =0 on A.#. Since any notion of gravitational radiation
should vanish in asymptotically stationary regions of null infinity, this motivates the News
tensor as indicating the presence of radiation. It should be noted, however, that it is not known
whether the converse of this statement is true, namely that all regions A.# where the News
tensor vanishes are asymptotically stationary.

3. Universal structure and metric perturbations

In this section, we summarize the universal structure at null infinity. This is the structure that is
common to the conformal completion of all spacetimes that satisfy the definition of asymptotic
flatness given in definition 2.1 and is thus independent of the specific physical spacetime under
consideration.

If (M, g, and (M, gl,, ') are the unphysical spacetimes corresponding to any two
asymptotically-flat physical spacetimes then, a priori, M and M’ are distinct manifolds each
with their own boundary .# and #'. However, we argue below that there exists a smooth
diffeomorphism from a neighbourhood of .# in M to a neighbourhood of .#’ in M’ which
can be used to identify these unphysical spacetimes (in this neighbourhood) and which maps
# to #. Since we are only interested in the asymptotic properties near null infinity, we
can work with just one manifold M and one null boundary .# to represent null infinity
for any two (and thus, all) asymptotically-flat spacetimes. Further, without any loss of gen-
erality, this diffeomorphism can also be chosen so that ' = Q) in a neighborhood of %
and g{;, = gap.

This can be achieved by setting up a suitable, geometrically-defined coordinate system in
a neighborhood of .# and identifying the two unphysical spacetimes in these coordinates,
as we now explain (see also the argument on p 22 in [27]). On the null infinity .# of any
asymptotically-flat spacetime, we define a parameter u along the null generators of .# such
that n°V ,u = 1. We then pick some cross-section Sy = S? with constant # = uy. On Sy define
a coordinate system x4 (with A = 1,2), and extend these coordinates to all of .& by parallel
transport along n:

n‘Vax4=0. 3.1

This gives us a coordinate system (u, x4) on .#. Next, since 2=0 and n, = V,Q Z0, we
can use () as a coordinate transverse to .. As discussed above, there is considerable free-
dom in the choice of the conformal factor at .# which we need to fix to specify the choice
of coordinate used. First, as before, we pick the conformal factor so that the Bondi condition
(equation (2.6)) is satisfied, which leaves us the freedom to change the conformal factor on
the cross-sections of .#. To fix this freedom we proceed as follows. Consider the induced met-
ric g, on the cross-section Sy chosen above. It follows from the uniformization theorem (for
instance see chapter 8 of [28]) that any metric on Sy is conformal to the unit round metric
on S? (that is, the metric with constant Ricci scalar equaling 2). Thus, we can always choose
the conformal factor so that the metric g, on this cross-section Sy is also the unit round met-
ric of S? and from equation (2.9), this holds on any cross-section. Thus, we choose as our

7 The uniformization theorem is a global result depending on the topology of the two-dimensional space. Locally, all
metrics of a particular signature on a two-surface are conformally-equivalent, problem 2, chapter 3 of [26].
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transverse coordinate the choice of conformal factor €2 which satisfies the Bondi condition
and makes the metric on the cross-sections of .# to be the unit round metric on S?. This
gives us a coordinate system (€2, u, x*) at .# for any asymptotically-flat spacetime. Since this
construction can be done for any asymptotically-flat spacetime, we can, without any loss of
generality, identify the null infinities of all asymptotically-flat spacetimes by identifying their
points in these coordinates. This shows that there exists a diffeomorphism between neighbour-
hoods of null infinities of different spacetimes such that we can identify their boundaries with
one ‘abstract” manifold .# and also that we can choose the same conformal factor € in this
neighbourhood.

Next, we show that the unphysical metric at .# can be chosen to be the same for the con-
formal completion of any physical spacetime. Consider a foliation of .# by cross-sections
S, of constant u. Then, by equation (3.1) the null generator n¢, in these coordinates, can be
written as n% = d/du. The one-form on .# normal to this foliation is given by I, = — V,,u.
Using n, = V,Q,1,= — V,uand nl, = — 1, we obtain the following expression for the line
element of the unphysical metric on .# in the coordinate system (£2, u, x*)

ds®* =2dQdu + spp dx? dx?, (3.2)

where 5,45 is the unit round metric on S? in the chosen coordinates x*.® Note that the form of
the unphysical metric equation (3.2) is completely independent of which physical spacetime is
under consideration, that is, a/l asymptotically-flat spacetimes have the same universal unphys-
ical metric at null infinity. Different choices of the physical spacetime are only reflected in the
unphysical metric away from .#. Note that the definition of asymptotic-flatness (definition
2.1) includes an embedding map from the physical spacetime manifold M into the unphysical
manifold M. The existence of the universal structure at . described above implies that one
can embed any physical spacetime into an unphysical spacetime by identifying some physical
spacetime coordinates with the coordinates (€2, u, x*) constructed above so that the unphysical
metric g, takes the form equation (3.2). In the conformal-completion formalism this is the ver-
sion of the statement that ‘asymptotically-flat spacetimes behave like the Minkowski spacetime
to leading order at infinity’ and the difference between two physical spacetimes only shows up
at ‘sub-leading order’.

Note that since the manifold .# is universal, the choice of the foliation can also be made
independently of the physical spacetime. It follows that the auxiliary normal [, = — V,u is
also universal, and (from equation (3.2)) we also have I = — 9/0%) which is the auxiliary null
normal and is also universal.

Many of the choices made in constructing the coordinates at .# are irrelevant to this argu-
ment and are made just for convenience. For instance, the choice of the unit-metric s4p is
irrelevant. In any asymptotically-flat spacetime, we can instead choose the freedom in the con-
formal factor at .# so that the induced metric on the cross-sections gq, = qu,) where qig,) is any
fixed metric on S?. Similarly, one could have chosen a different foliation of .¢# if one wishes.
These choices simply correspond to the freedom of choosing the embedding map from the
physical spacetime into the unphysical spacetime. Then the rest of the construction proceeds
as before and g,| » is universal.

8 The precise choice of coordinates x* on the cross-sections is irrelevant; one could pick polar coordinates x4 = (6, ¢)
to put the unit round sphere metric in the standard form s,z dx# dx? = d#* + sin 0 d¢*, but any other coordinate
system is just as good.
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3.1. Metric perturbations near .¥

Next we consider linearized perturbations of the physical metric and derive the conditions
on the perturbations arising from requiring asymptotic flatness. We consider a one-parameter
family of physical metrics g,,(\) with g,, = g,»(A = 0) being any chosen background space-
time metric, and define the physical metric perturbation by

Lo d
5gab — d)\gab(A) )\:O- (33)

We also use the notation ¢ to denote perturbations of other quantities defined in a similar way as
above. We emphasize that the § denotes changes of quantities when the physical metric is var-
ied; the quantities appearing in the universal structure described above including the unphysical
metric at &, the conformal factor and the choice of foliation do not vary under §. Note, this
does not mean that the conformal factor and foliation cannot be changed—our expressions for
the charges and fluxes are independent of the conformal factor and foliation—it means that
these quantities can always be held fixed when the physical metric is varied.

Taking the one-parameter family of physical metrics g,,(\) to all be asymptotically-flat, we
want to consider the behaviour of the metric perturbations at null infinity. Let g,,()\) be the
one-parameter family of unphysical metrics obtained by the conformal completion of g,,(\).
As discussed above, without loss of generality we can take all the unphysical metrics g,,(\)
to be defined on the same manifold M, with a common boundary .# describing null infinity.
Further, the conformal factor {2 can also be chosen to be independent of the parameter A. Thus,
we get

V) = VgV, 0gup = 08, (3.4)

where dg,, is the perturbation of the unphysical metric. Moreover, since the unphysical metric
at . is universal, we have that dg,, = 0 and thus

68ab = abs (3.5)

for some ~y,, which is smooth at .&.
Since the conformal factor is chosen to satisfy the Bondi condition equation (2.6) in any
spacetime, varying the Bondi condition we get

S(Vanp) =0 = ~un” =0. (3.6)
Thus, since 7y, is smooth at ., there exists a smooth -y, such that
Y = Dy (3.7)

Thus, the perturbations dg,, of the unphysical metric are given by the tensor fields v, and v,
with

Yab = Q_I(Sgab’ Ya = Q_z(sgabnh = Q_l’)/abnb~ (38)

These tensor fields are constrained by the linearized vacuum Einstein equations. A particularly
important component of these equations is given by [21]

VY — 370 — V', 0. (3.9)

13
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Further, using the auxiliary foliation of . we can relate the unphysical metric perturbation
characterized by v, to the perturbation of the shear o, as follows. Varying the definition
of the shear (equation (2.16)), noting that the foliation is kept fixed and that dg,, = 0, from
equation (3.8) it is straightforward to compute that

1
004 = 5 STF Yap. (3.10)

This equation shows that, although v, is a subleading quantity, its value is determined by the
variation of an object that is constructed from quantities at .#: it only depends on quantities
off of .# through the dependence of o, on V,,.

4. Asymptotic symmetries at .#: the BMS Lie algebra

Consider a smooth vector field £ in the physical spacetime M, and let g,,()\) be the one-
parameter family of physical metrics generated by diffeomorphims along £°. The physical
metric perturbation corresponding to this family is given by

5$gab = ££gab~ (41)
The corresponding perturbation of the unphysical metric is
5$gab = Qz"gﬁgab = ££gab - 2Q_I£Cncgab~ (4.2)

For £ to be an asymptotic symmetry the infinitesimal diffeomorphism generated by £“ must
preserve the universal structure discussed in section 3. We now obtain the conditions on £ for
it to be an asymptotic symmetry.

Firstly, since the unphysical spacetime M is smooth up to and including .#, £ must extend
to a smooth vector field on M including at .#. Secondly, since the unphysical metric is smooth
at .#, the perturbation d.g,, in equation (4.2) is also smooth at .. This condition implies that

€y 20. 4.3)

That is, as expected, an asymptotic symmetry £ must be tangent to .# and thus preserves the
asymptotic boundary. For convenience we define

e ="' n,, (4.4)

which is smooth at .Z.
Next, d¢ preserves the universal structure, which implies that (equation (3.8))

Yy = bega, A =N, (4.5)
must be smooth at .. Using equations (4.2) and (4.4), the smoothness of %ﬁ) implies
Legab = 20¢)8ab- (4.6)

while, the smoothness of 7% implies
£5n“ = — a(g)n", £,10[(5) =0. (47)
The pullback of equation (4.6) gives

.fgqa}, = 204(5)%;,. (48)

14
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Intrinsically on .#, an asymptotic symmetry is, thus, given by a vector field £“ tangent to ¥
which satisfies equations (4.7) and (4.8) for some smooth function ay¢). Such vector fields are
the BMS symmetries on null infinity.

In any choice of foliation of .# we can further characterize the BMS symmetries as follows.
Since £“ is tangent to .#, we can write

€92 B 4 X, (4.9)
where

Bi= -1,  X'=0%¢. (4.10)
We note their conformal weights:

Brw =1, X :w=0. (4.11)

That is, 3 is a smooth function of conformal weight one and X is a smooth vector field tangent
to the cross-sections of the chosen foliation on .#. The conditions on 3 and X“ follow from
equations (4.6) and (4.7) as we derive next. Note that equations (4.6) and (4.7) only depend on
the vector field £“ at .# and are independent of how this vector field is extended away from .#.

The only non-trivial component of equation (4.6) is given by its projection tangent to the
cross-sections of the foliation which gives

00 Qv £680a = 2D Xy = 20u6) Qb (4.12)
which shows both that

STF 2,X, =0, (4.13)
and that

1

g = 5 DaX". (4.14)
Next, we consider equation (4.7) on .# using equation (4.9) to get

Len = —£,8= —n'L,0 — £,X'= — ogn”. (4.15)
Projecting along the cross-sections we get

0, £,X0 =0, (4.16)
whereas X1, = 0, the Bondi condition, and equation (2.18) imply that

£, X= =X, £,0°= — X, 7%, na L, X =0, (4.17)
so that

L, X Z=nXyr”. (4.18)
Contracting equation (4.15) with /,, we find that

£,,ﬂ+la£xn”££,,ﬂ—Xﬂ“éa(g), (419)
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where the second equality follows from equation (4.18). As such, we find that equation (4.19)
becomes

1
£n6 ; O((é) — XaTa ; E(@a — ZTa)Xa. (420)

In summary, in a chosen foliation of . any BMS symmetry can be written as £ = gn® +
X“ where X is tangent to the cross-sections of the foliation and the following conditions are
satisfied:

1

£,82 5(% — 27)X°, (4.21a)

£,X4 = nX,7°, (4.21b)

STF 2,X, =0, (4.21c)
1

Qg) = E@,;Xa. (421d)

Note that, using equations (2.8), (2.27), (2.30), (4.4) and (4.11), one can show that these
equations are invariant under conformal transformations that preserve Bondi condition, that
is, with £,w =0 (for the form of these equations when Bondi condition does not hold, see
equation (A.7)).

Let & = fin® + X{ and & = Bon” 4+ X§ be two BMS symmetries (with equation (4.21)
holding for each) then their Lie bracket can be computed to give

=16, 6] =B + X with
1 (4.22)
B=£x, 0 — Eﬁzgaxf —(1+2) X'=£xX5.

It can be checked that £ is also a BMS symmetry, i.e. the 5 and X“ in equation (4.22) also
satisfy the conditions equation (4.21). Thus, the BMS symmetries form a Lie algebra b.

The structure of the BMS algebra can be analyzed using equation (4.22). Consider a BMS
symmetry of the form £ = fin” where fj is a smooth function on .# satisfying £, f1 =0 (from
equation (4.21a)). Then, from equation (4.22) we see that the Lie bracket of £] = fin? with any
other BMS symmetry is also of the form £ = fn with £, f =0, that is the set of such vector
fields is invariant under the Lie bracket. Further, the Lie bracket of any two such symmetries
vanishes. Thus, BMS symmetries of the form fn“ form a preferred infinite-dimensional abelian
subalgebra s which is a Lie ideal of the BMS algebra b consisting of supertranslations. The
quotient algebra b/s can then be parameterized by X“. From equation (4.21c) we see that
this consists of conformal Killing fields on the cross-sections of .#. Since the cross-sections
are diffeomorphic to S? we get that b/s is isomorphic to the Lorentz algebra so(1,3). Note
that the Lorentz algebra is only identified as a quotient algebra—since the Lie bracket of a
supertranslation and X“ is non-zero, there is no invariant choice of Lorentz subalgebra within
the BMS algebra b. Thus the BMS algebra is the semi-direct sum

b=s xso(l,3), (4.23)

of the Lie ideal s of supertranslations with the Lorentz algebra; the x indicates the non-trivial
Lie bracket between the two factors.

There is another finite-dimensional Lie ideal within the BMS algebra given by supertrans-
lations fn® € s which satisfy the additional condition

STR(D,, + 7D}, — 7)f = 0. (4.24)
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It can be checked that this equation is conformally-invariant. Further, the space of solutions to
this equation is four-dimensional and is preserved under the Lie bracket of the BMS algebra
(see remark 4.1 below). This four-dimensional Lie ideal t can be viewed as the space of trans-
lations. In fact, if the physical spacetime (M, g,,) possesses any Killing vectors £, then they
can be extended to .#; moreover, if the Killing field is of the form £&* = fn, then £ must be a
translation in the sense of f obeying equation (4.24) (see [29]).

A special case of the translations are those that are given by a time-translation in some con-
formal frame. A time-translation in a given conformal frame is given by f = 1, a definition that
is motivated by the behavior of the time-translation vector field in Minkowski (and, similarly,
the time-translation vector field in Kerr). Since f transforms by f — wf under a conformal
transformation, a conformally-invariant notion of a time-translation is given by f > 0, since
w > 0.

Remark 4.1 (Characterization of BMS symmetries through spherical harmonics).
Consider the Bondi frame—where the conformal factor is chosen so that the metric on the
cross-sections is the unit two-sphere metric and the foliation is chosen so that 7, =0. A
general supertranslation can then be expanded in spherical harmonics on S?. The condition
equation (4.24) implies that the translations are spanned by the £ = 0, 1 harmonics which
is indeed a four-dimensional space. The fact that the translations are preserved under Lie
brackets can also be shown using some spherical harmonics technology (see the appendix
in [30, 31]). Note that since supertranslations have conformal weight one, this spherical
harmonic decomposition only holds in the Bondi frame. Similarly, the Lorentz vector fields
satisfying

STF 2,X, =0, (4.25)

are spanned by vector spherical harmonics with ¢/ =1 (see, e.g. [22]) which is the six-
dimensional space of the Lorentz algebra so(1, 3).

Remark 4.2 (Supertranslation ‘ambiguity’ in the Lorentz algebra). As noted above,
while the supertranslations form a subalgebra of the BMS algebra, there is no preferred Lorentz
subalgebra. Instead, the Lorentz algebra arises as the quotient algebra b/s: the set of equiv-
alence classes [£7] of b, where £] and &5 are members of the same equivalence class if
g - g=fnes.

For a given cross-section S, one can consider the algebra [g of BMS vector fields of the
form £|s = X“ (that is, vector fields tangent to S). This is a subalgebra of b, and in fact it
is straightforward to show that [ = b/s. The issue, therefore, is not that there is no Lorentz
subalgebra of b but that there is an uncountably infinite number of them, one per cross-section
of Z.

The fact that the members of the quotient algebra b/s are only defined up to super-
translations is known as the supertranslation ambiguity. A similar situation occurs with
the Poincaré algebra, which, while possessing a Lie ideal in the form of the algebra of
translations, possesses no unique Lorentz subalgebra. For each origin in Minkowski space,
there is a Lorentz subalgebra that consists of infinitesimal rotations and boosts that fix that
point, which is analogous to the Lorentz subalgebra [ associated with some cross-section
S of A.

Much like how there is a Lorentz subalgebra associated with each cross-section of .#, there
is moreover a Poincaré subalgebra, given by considering the semidirect product of this Lorentz
subalgebra with the translation subalgebra picked out by equation (4.24). This Poincaré sub-
algebra can be shown to contain any exact Killing vector field that might exist in the physical
spacetime (see theorem 1 of [29]). Similarly, in appendix C3, we review a construction (based
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on twistors) of a Poincaré subalgebra, once again depending explicitly on a choice of cross-
section S. Finally, there is no invariant notion of a set of charges conjugate to Lorentz vector
fields, which would form an invariant notion of angular momentum. Such a set of charges
only exists for a given cross-section, so that (in particular) one cannot have an invariant notion
of the flux of angular momentum between two cross-sections. This is similar to how, since
the Poincaré algebra has no unique notion of a Lorentz subalgebra, with each origin deter-
mining a particular Lorentz subalgebra, the notion of angular momentum in flat space is
origin-dependent.

Remark 4.3 (Extended BMS algebra). There have been various recent proposals for
extending the BMS algebra. These include proposals to extend the Lorentz quotient algebra,
b/s, to the Virasoro algebra [32, 33] and to the algebra of all diffeomorphisms of S? [34-36].
The Virasoro vector fields are however singular at isolated points of S? and hence do not pre-
serve the smoothness of .#. Similarly, as detailed in section 3, it follows from the definition
of asymptotic flatness that the conformal class of the induced metric on cross-sections of .
is always universal. As a result, arbitrary diffeomorphisms of S? do not arise as symmetries in
this context. It has also been shown that the extension to all diffeomorphisms of S? cannot be
implemented in a fully covariant manner [30]. For these reasons, we do not work with these
extended symmetries in this paper.

4.1. Extensions of BMS symmetries away from .

Up to this point, although we started this discussion with vector fields £ defined throughout the
unphysical spacetime, we have worked mostly with the value of £* on . itself. The extension
of the BMS symmetries away from .# into the spacetime is arbitrary—one could choose some
coordinate system or gauge conditions to obtain a particular extension, but then one needs to
verify that any physical quantities (like charges and fluxes) associated with the BMS symme-
tries are independent of such choices. We collect some of the relevant results on the extensions
of BMS symmetries away from % below.
First, we show that the extension of £ away from .¢ is determined up to O(€?):

Proposition 4.1 (Equivalent representatives of a BMS symmetry). If ¢ and £'“
are vector fields in M which represent the same BMS symmetry, i.e. £*=¢'“ € b then £'* =
£+ 0.

Proof. Since &'“ =¢9, let £’ = €% + QZ¢ from which we obtain

Qe — o = Q 'ng(€ — &) = nZ%. (4.26)
Since Legap — 2016 8ab =0 for any BMS vector field we have

0= (Loga — 20uengas) — (£egab — 20©)8ab) =2n(aZpy — 2ncZgap.  (4.27)
Taking the trace gives n,Z* =0. Then we have n(Zy =0 which implies Z* =0. Thus Z° =

O(Q) and £ = £ + O(0?). O

The perturbation %ﬁ) generated by a BMS symmetry £%| » will, in general, depend on the

extension of the symmetry away from .# and hence is not well-defined for the BMS sym-

metries. However, using the above lemma it can be shown that STF 7((5,) on .¢ is, in fact,
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independent of the extension of the BMS symmetry £ away from .#, and thus is well-defined
for any BMS symmetry.

Corollary 4.1.  If£“ and £'* are any two extensions of a given BMS symmetry £°| 5 away
from & then

STF~ = STF~%). (4.28)

Proof. From proposition 4.1, we have £'¢ = £* + Q*W¢, from which (using equation (4.4))
we compute

ey = Q7' = Q7 + QW = ey + Qn W (4.29)
Similarly
Loy = Legap + 4 W) + O(Q). (4.30)

Thus, we find that

/ 1
Q%ﬁ) = Leagap — 200en8ab = Legab — 20¢6)8ap + 4L (n(aWb) — Encwcgab> + 00

, 1 )
— %(5,) - yﬁ) +4 (n(aWh) - EncWLgab> + O(Q)).

4.31)

Evaluating the STF of both sides on .# of the above equation we find the desired result. [

For later computations it will be useful to have an explicit expression for STF 72? at # for
any BMS symmetry £ in terms of the fields defined on .#. We show below that

1 1
STFA{) = — 2 STF LBNM + (Da + 7N Dy — 7)B+ LxOar — 2(%)@)%;,} : (4.32)

Comparing the above formula to equation (3.10) we find that under a BMS symmetry the shear
transforms as

1 1 .
5501117 = STF |:55Nab + (@a + Ta)(@b - Tb)ﬂ + Lxoa — E(@cXL)Uab:| . (4.33)

This is the infinitesimal version of the transformation of the shear found by Sachs [2]. It is also
the same as that given in, for example, equation (2.18b) of [22] for the transformation of the
shear C4p in Bondi coordinates (which is related to o, by equation (6.10)).

In the remainder of this section we detail the computations which lead to equation (4.32).
Let £¢|.» = Bn® + X“ be a BMS symmetry on .#. In the following, let I be any vector field
in a neighbourhood of .# which coincides with the chosen auxiliary normal at .#—the result
of the computation can be checked to be independent of how the auxiliary normal is extended
away from 7.

As shown above in corollary 4.1, STF 72? P is independent of how the BMS symmetry

&% » is extended away from .#. Thus, we can choose to extend the BMS symmetry away from
Z as follows. We first extend £ and X away from . to satisfy

£B20,  £X°20. (4.34)
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With this choice any extension of the BMS symmetry £¢| » can be written as
&= pn + X4 4 QZz° (4.35)

where Z¢ is some smooth vector field. Next from proposition 4.1 we see that Z%| » can be
determined in terms of 5 and X“. To do this, first note that, by equation (4.4),

Oé(g) = - £1(£ana) = - I’lwf:[fa = I’laZa. (436)
Next, we compute /2 £¢8,p,» USing equation (4.6), together with equation (4.34):
PLegaw= — VB + Lxly — Zy + n,l"Zy = 20¢ L. (4.37)

Contracting this equation with /, using equation (4.34) and I“£xl, = — [, £xI° =0, we find
that [,Z% = 0. Therefore, we can rearrange equation (4.37) to solve for Z,: ple

Z,= — VB = 2040l + £xla. (4.38)

Further, since /, is the normal and X is tangent to the cross-sections of the chosen foliation,
we have 0,” £x1, = 0. So

Zi= — DB+ 1(L£yB =206 + I Lxn") = — DB — ae)la, (4.39)

where we have used equations (4.21a) and (4.21b). In summary, with the choice
equation (4.34), we can write any extension of a given BMS symmetry £“| » as

€= Bn® + X — QDB + e l) + LW, (4.40)

for some smooth W¢,
With this choice of extension of the BMS symmetry, we compute STF 71(57) P in terms of 3

and X“. Using the expansion in equation (4.40) we have
My = Legab — 20008ab
= BLngab + £x8ab — 206 8ab — 21l DB + eyl
— Q[2V, V0B + ey £18ab + 21V iy ae) — 4naWinl + Q% Ly gap- (4.41)
We now want to solve this equation for STFwﬁ)‘ﬂ. This can be done by taking the £; of the

above equation, evaluating on .#, and then taking the STF. Using £, = [’n, = —1 and that
£in, x n, at &, along but straightforward computation gives

STF ’}/6(5)) = - STF[ﬂoglo{:ng“h =+ £I£Xgab + Zga@bﬁ — Oé(g).flgab], (4.42)
where we have used equation (4.34). Note that by equation (4.34), we find that
STF £,£xgus =STF £x£18. =2 STF £x04, (4.43)

where the final equality can be shown using equations (2.16) and (4.21c), together with the fact
that X“n, = X“l, = 0. Combining equations (4.42) and (4.43), together with equations (2.16),
(2.35) and (4.21d), we find that

1 1 .
STE~,i) = ~2STF | 28Ny + (Za + 1) (D — )P+ £x0uw — 5(DeX)0up | (4.44)

as claimed in equation (4.32).
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5. Asymptotic charges and fluxes: the Wald—Zoupas prescription

The prescription of Wald and Zoupas [21] provides a method of determining charges and fluxes
at null infinity, and can be applied to any local and covariant theory. However, for simplicity,
we will be specializing to the case of vacuum general relativity. Note that the addition of matter,
for example, does not significantly complicate this discussion (see for example, [21, 37]).

We start with the Einstein—Hilbert Lagrangian four-form L:

1.
L= Ré,. 5.1

where R is the Ricci scalar and &, is the four-form volume element of the physical metric. The
dynamical field is the physical metric g,5, and varying this dynamical field we obtain
OL = E®5gy + dO(58), (5.2)

where the three-form @ is the symplectic potential, and E®” is a tensor-valued four-form which
gives the equations of motion in the form E* = 0. For general relativity, we have [38]

1 “
ab _ " A ab
E® = 167764(; , (5.3a)
0(63) = —gsm”g N 8845- (5.3b)

The symplectic current is defined by taking a second, independent variation of the symplec-
tic potential and antisymmetrizing in the perturbations:

w(018,028) = 010(628) — 9,0(0,8). (5.4)

Computing dw from this equation, using the fact that d and § commute, using the second
variation of equation (5.2), and using the fact that §; and J, commute, one finds that (for
example, [38])

dw (618, 028) = HE518ap — S1E528ups (5.5)

which vanishes whenever the perturbations satisfy the linearized equations of motion SE*> = 0.
When the dynamical fields g, satisfy the equations of motion, and g, satisfy the linearized
equations of motion, one can show that (see [39-41])

w(0g, £e8) = d [0Q, — - 6(59)] (5.6)

for all infinitesimal diffeomorphisms generated by £, where the two-form Q; is the Noether
charge associated with £“. In general relativity, we have that [21, 38]

F I cgeroni[e n & o

w(018,08) = Eﬁdabcpd feh [52gefvg51ghi -1 +2)], (5.7)
where
pabcde. ~ae s fb~c 1AaAeAc 1Aa ~cdref 1A0AaeA 1A0Aa ~ef
prbedel . greglhped — —grdgheglt — —g®gedgel — —ghegreglt 4 —ghegigel. (5.8)

2 2 2 2
Moreover, the Noether charge is given by [40]
1 ~ =~
Qf = ——6€dahv fd. (59)

167
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The symplectic current introduced above, when integrated over some hypersurface X, pro-
vides a symplectic product on phase space. As discussed in [21, 39], a perturbed Hamiltonian
should be constructed by considering the symplectic product of an arbitrary perturbation g,
with 5£gah = Jgggabi

st = [wisa. £ = [ 150~ ¢-660] = [ 0.~ ¢-00). (5.10)

) z (2>

where the second equality follows by equation (5.6) and 0¥ is the boundary of X.. Thus, the
Hamiltonian can then naturally be thought of as an integral over the boundary 0.

Now consider the case where the hypersurface 3 extends as a smooth surface to . in the
unphysical spacetime which intersects .# at a cross-section S. We take equation (5.10), rewrit-
ten in terms of the unphysical fields which are smooth at .#. In general relativity, using the
behaviour of the unphysical metric perturbations detailed in section 3.1, the symplectic current
has a finite limit to .#; as shown in [21]. However, one should not conclude from equation (5.6)
that 6Q, — £ - 0(62) has a limit to .#; in general relativity it can be shown that 6(5¢) again has
a finite limit to .# (see [21]), but 6Q, diverges in the limit to .#. Note that any procedure to
‘subtract out the diverging part’ is highly non-unique. Fortunately, there is no need to resort
to any such ad hoc procedure as we can use some elementary differential geometry to proceed
directly as follows.

Lemma 5.1. Let S’ be some sequence of two-spheres in unphysical spacetime which limits
(continuously) to a chosen cross-section S of &. Then, the limiting integral

tim [ [50; - ¢ 660) 5.1
S/

defined by first integrating 6Q, — & - 6(0g) over the sequence of two-spheres S" and then taking
the limit as the sequence tends to S C . exists and is independent of the chosen sequence of
two-spheres used in the limit.

Proof. Let S, be some two-surface in the unphysical spacetime and let - be a smooth three-
surface which extends from S, and intersects .# at a cross-section S. Note that this surface >
is a compact three-manifold in the unphysical spacetime. The integral of w(dg, £¢g) over X is
necessarily finite since w(dg, £¢§) is a continuous three-form on ¥ (including at the ‘boundary’
at S). Thus integrating equation (5.6) over ¥ we obtain’

[wtte £ [ [0~ ¢-060)] - tim [ [o0, ¢ 66R)]. .12
S/

p So

where the last expression on the right-hand side means ‘integrate over some two-sphere S’ C
>, and then take the limit of this two-sphere to the boundary S°. This limiting procedure is
necessary because, although the integral on the left-hand side of equation (5.12) is always
finite (as argued above), the two-form integrand on the right-hand side need not have a finite

9 We note that on the left-hand side, we have taken X to be future-oriented while on the right-hand side, the two-
spheres do not have the usual outward-facing orientation within 32, but the opposite. This choice of orientation is more
natural, since (as mentioned in remark 2.1), the limit of the orientation as S’ — S is the future-directed orientation of
S within ¥ as specified by &,. This choice of orientation is the opposite of the one that is used by Wald and Zoupas
(see footnotes 2, 3 and 8 of [21]), and so some of our equations have the opposite sign.
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limit to .# in general. It follows that the limit in the last expression on the right-hand side of
equation (5.12) exists. The limit is also independent of the choice of sequence of S that is
used in its definition due to equation (5.6) and the fact that 3 is compact and w(6g, £¢2) is
continuous on X.. Further, by Stokes’ theorem, this expression is the same for any choice of the
three-surface ¥ whose boundary is also S, since dw(6g, 6¢8) = 0 by equation (5.5) and since
w(d8, 6¢8) extends continuously to .&. O

Remark 5.1 (Necessity of w extending continuously to .#). We emphasize that the

condition that w(dg, d¢g) extend continuously (as a three-form in M) to .# is necessary in the

above argument. For instance, if we instead only assume that [w(dg, 6¢2) is finite on every
»

surface X (or that the pullback of w(dg, 6¢g) to every X is continuous within X), then dw = 0
does not imply that the limit of [ [6Q, — & - 8(63)] is well-defined since it can depend on the
S/

choice of surface ¥ used to define the limiting integral. As this point is often overlooked in
the application of Stokes’ theorem at .# we provide a simple example on the Euclidean plane
below.

On R?, let (x, y) be the usual Cartesian coordinates. Consider the one-form

1

W= ppn

[V*dx — xydy] . (5.13)

This one-form can be written as the exterior derivative of a 0-form (i.e. a function) as'”

X

Note that w does not extend continuously to the origin (x, y) = (0, 0), but dw = 0 everywhere
else and extends continuously to the origin. Further, it can be checked that the pullback of
this w to any smooth curve X through the origin is continuous at the origin within this curve.

However, we cannot use Stokes’ theorem to conclude that f w is independent of the choice
b
of curve X joining the origin to some other point, since w is not continuous at the origin as a

one-form in R?. A direct computation shows that for any curve ¥ from the origin to (1, 1), we
have

1
/w—ﬁ—cos 0, (5.15)

P

where 6 is the angle with the x-axis of the tangent of 3 at the origin. So the integral of w along
any curve through the origin is finite but depends on the curve Y. Thus, we cannot define the
value of Q at the origin by taking such integrals over curves X since it depends on the curve
used in the limiting procedure. This can be explicitly checked from the expression of Q given
above.

Next we show that, in general relativity, the limiting integral of [5Q5 —-&- 0(5@)] is
independent of the choice of extension of the BMS symmetry away from .Z.

10The choice of the constant in the function Q is irrelevant for our argument.
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Lemmabs.2. If¢ and €% are equivalent representatives of a BMS symmetry on % in general
relativity then

S/

hm (60, — ¢-0(69)] = hm / (60 — & - 6(5)] . (5.16)

S/
for all background spacetimes, all perturbations 5g,, and all cross-sections S of &.

Proof. From proposition 4.1, two equivalent representatives of a BMS symmetry are related
by £'¢ = £ 4+ Q*W* for some smooth W¢. Hence to prove the desired result we only need to
show that the above integral computed for the vector field Q> W vanishes. In general relativity
it can be shown that the three-form 6(2) is finite at .# [21] and thus (Q*W) - 8(68) = 0. So
we only need to the compute the Noether charge term which can be written as

1 - 1
= —— V(P WY) = —— 4 VWY 5.17
Oy L6 abed ( ) [6 Cabed (5.17)
Note that this is manifestly finite at .# and so we can dispense with the limiting procedure
used in the integral and evaluate the variation of the above expression directly at .#. Using
the asymptotic conditions on the metric perturbations (equation (3.8)), we get (we ignore the
overall signs and factors)

6Q2w| 5 < Eapeany? W°. (5.18)

Using the definition of the volume-forms (equation (2.14)) and n,/* = — 1, the integral over
the cross-section S is then (using y,,1n” = Q,)

/5QQ2W /52}’1 'YabW /EzQ’Va —0 (519)

O

The results of lemmas 5.1 and 5.2 prove that the limiting integral of [0Q, — & - 8(63)] is
well-defined on BMS symmetries at .. Thus, from equation (5.12), it would be natural to
define a charge associated with the asymptotic symmetry £ at S as a function Q[&; S] in the
phase space of the theory such that

s01¢: 1= lim [ [6; - € 663)] . (5.20)
S/

for all backgrounds g, all perturbations dg,5, and all cross-sections S. However, in general,
no such function Q[&; S] exists, since the right-hand side is not integrable in phase space;
that is, it cannot be written as the variation of some quantity for all perturbations. To see this,
suppose that the charge defined in equation (5.20) does exist. Then, one must have (5,0, —
0261)Q[&; S] = 0 for all backgrounds g, and all perturbations 61 2,5, and 0,8, (satisfying the
corresponding equations of motion). However, it follows from equations (5.4) and (5.20) and
the commutativity of §; and §, that

(0102 — 0201)QIE, ST = —/5 - w(018,028). (5.21)
N
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Thus, a charge defined by equation (5.20) will exist if the right-hand side of the above equation
vanishes. This is the case if £ is tangent to S. However, in general, the right-hand side is
non-vanishing, and so one cannot define any charge Q[¢; S] using equation (5.20).

Remark 5.2 (Subtracting the ‘non-integrable part’). It might be tempting to simply
stare at some explicit expression for the right-hand-side of equation (5.20) and then subtract
off the ‘non-integrable part’ of the expression to obtain an expression which is manifestly
integrable to define the charge at S. But this ‘procedure’ is very ad hoc; for instance suppose
one manages to write the right-hand side of equation (5.20) as A + B where A is a manifestly
integrable expression and B is not. However, one can trivially write this in the alternative form
0A 4+ B = 6(A + C) + (B — 6C) where C is some tensorial expression in terms of the available
fields. Obviously, d(A + C) is integrable while (B — 0C) is non-integrable for any choice of C.
Thus the procedure to ‘subtract off the non-integrable part’ is highly ambiguous—without
any additional criteria one cannot know which ‘non-integrable part’ B or B — §C should be
‘subtracted off’.

The obstruction to the non-integrability of equation (5.20) was resolved by the rather gen-
eral prescription of Wald and Zoupas [21]. Their procedure for defining integrable charges
associated with asymptotic symmetries can be summarized as follows: let ® be a symplectic
potential for the pullback of the symplectic current to .#; that is,

w(018,028) = 01©(0:8) — 020(018), (5.22)

for all backgrounds and all perturbations, with appropriate asymptotic conditions and
equations of motion imposed. Following [21], we require that the choice of © satisfies the
following properties:

(a) © must be locally and covariantly constructed out of the dynamical fields g, the pertur-
bations dg,,, and finitely many of their derivatives, along with any fields in the ‘universal
background structure’ present at .# described in section 3;

(b) ® must be independent of any arbitrary choices made in specifying the background struc-
ture; that is, ® is conformally invariant and independent of the choice of the auxiliary
normal [/“; and

(c) If g, is a stationary background solution, then @(g;dg) = 0, for all (not necessarily
stationary) perturbations 6g,.

The first of these criteria is motivated by the fact that, as laid out in the introduction, the
prescription used to define charges should only require the tensor fields that exist on .#, and
should not depend on additional structure that can be used (for example, some choice of coor-
dinates). The second is required to ensure that the charges that are defined by this prescription
are associated with the physical spacetime and do not depend that the particular choices that
go into the conformal-completion (such as the conformal factor) or other additional choices
like the foliation of .#. The final criterion plays an important role in showing that the flux of
these charges vanishes for stationary spacetimes as we shall see below.

If such a symplectic potential ® can be found, define Q[&; S] to be a function on the phase
space at .# by

5016:51:= lim [ [50. ~ ¢ -009)] + [¢- OG0 (5.23)
s N

It can easily be checked (using equations (5.20)—(5.22)) that this expression is integrable
in phase space; that is, (6102 — 0,01)Q[&; S] = 0. Together with some choice of reference
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solution g, on which Q[¢;S] = 0 for all asymptotic symmetries {* and all cross-sections S,
equation (5.23) can be integrated in phase space to define the WZ charge Q[€; S] associated
with the asymptotic BMS symmetry £ at S. We note the following properties of the WZ charge
defined by the above procedure:

(a) Since O is locally and covariantly constructed from the physical metric and the universal
structure of &, the charge can similarly be written in terms of quantities that are defined
at . In particular the charge only depends on the BMS symmetry at .# and not on any
choice of its extension into the spacetime. While this is clear for the term that is an integral
of ¢ - ©, that this is also true for the remaining terms, which are defined by a limit in the
unphysical spacetime, follows by lemmas 5.1 and 5.2.

(b) Moreover, since @ is chosen to be conformally invariant and independent of the choice of
the auxiliary foliation of .# and the choice of the reference solution is to be specified with-
out any particular choice of its conformal completion or the choice of auxiliary foliation,
the WZ charge is also conformally invariant and independent of the choice of the auxiliary
foliation. Note, however that the WZ charge does depend on the chosen cross-section §
on which it is evaluated and hence can depend on the auxiliary normal /, at S (but does
not depend on the choice of /, away from S).

The flux of the perturbed WZ charge, through a portion A.¢# of .# whose boundary is given
by two cross-sections S; and S», is given by (see equations (28) and (29) of [21])

OFIE AF) = 0QIE: S2] - 6QIE 1] = / (w8, £ + df¢ - ©6D)}] (5.24)
AJ

The last term of this equation can also be written as
dl€ - ©(08)] = £cO(08) = —w(98, £e&) +0O(Lc8), (5.25)

where in the first equality, we have used the fact that © is a three-form intrinsic to .#, and so

its exterior derivative is zero, and the second equality follows from the definition of ® as a

symplectic potential for w (equation (5.22)). The flux of the perturbed WZ charge is therefore
—

simply given by

SFIEAS] = / 5O(£eR). (5.26)
AF

To get the unperturbed charge and flux, we have to choose a reference solution g, on which
the charges are required to vanish. Since the symplectic potential ® is required to vanish on
stationary backgrounds, we choose the reference solution g, to also be stationary. For our con-
crete case of general relativity, we will pick g, to be (any conformal completion of ) Minkowski
spacetime. Then, the flux of the WZ charge is given by

FIE AS] = O[&: S,] — Q[&: Si] = / O(L:d). (5.27)
AF

There are two important properties that follow from this expression for the flux. The first,
which the flux inherits from ©, is that, for any stationary background, the flux will vanish.
This property captures the fact that, if there is no radiation, there should be no flux and the
charges should be conserved quantities. The second is that, if £ is an exact Killing vector field
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in the physical spacetime, then the flux will vanish as well. This follows from the vanishing
of £¢84 for such vector fields. This property is reminiscent of Noether’s theorem: if there is
an exact symmetry, then there should be a quantity related to that symmetry (in this case, the
charge) that is conserved. In the next two sections, we will find expressions for the WZ flux
and the WZ charge in vacuum general relativity. Since the charge and flux calculations will be
performed in different ways, we will check these calculations by showing that they agree with
equation (5.27).

Finally, we remark that the WZ prescription has certain ambiguities related to the choices
of the symplectic potential 6 and the choice of @. However, it was argued in [21] that
these ambiguities do not affect the final result. As the proof is quite involved, we do not
present it here, and turn our attention to computing explicit expressions for the WZ flux and
charge.

5.1. Wald-Zoupas flux in general relativity

We first consider the flux of the WZ charge. From equation (5.27), it is apparent that determin-
ing this flux requires finding ®. First, a lengthy calculation starting with equation (5.7), then
using equation (3.8) for the unphysical metric perturbation dg,,, along with the variation of
the vacuum Einstein equations (equation (2.1)), shows that [21]

N a ”
w(618,028) = — 35— (01875” — 228ai’) &3. (5.28)

Since Y*n, =0 by equation (3.8), S, in this expression can be replaced with 6S,;,. Moreover,
—
Pap 18 universal, and so dp,;, = 0; as such, equation (2.39) implies that we can replace 4.5, with
—
ON ., yielding

FEN 1 a a
w(018,028) = — Ton (61N Ys" — 02N V(?) €3
~ 1 ab ab
= E ((51N 510ab — (52N 510ab) €3, (529)

where the final equality uses the fact that the News tensor is traceless and equation (3.10).
A symplectic potential for w is therefore given by
—

00 = — éNﬂ”%m = %N“béaabsy (5.30)
One must check that this symplectic potential satisfies the requirements above. First, it is con-
structed from g, dg,,. their derivatives (such as S,;), and fields that are part of the universal
structure at & (such as n” and, less obviously, p,, [21]). Moreover, it does not depend on the
arbitrary structure that we have provided at ., the choice of conformal factor 2 and auxiliary
normal [“. To see this, first note that the only piece that depends on [ is €5 = [ - €4, but upon
taking the pullback, this dependence drops out. To see that it is conformally invariant, use the
fact that ,, = 084, and so under a conformal transformation €2 — w(,

N s w™ N, Vab + WYabs €3 — wes, (5.31)

and so we find that ® is conformally invariant. Finally, note that this choice of ® vanishes on
stationary solutions g, for any perturbation dg,,, by the argument on pp 53—54 of [27] (which
shows that N, vanishes for stationary vacuum spacetimes).
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Using a chosen foliation of ., we now provide a more explicit expression for the WZ flux
in terms of fields defined on .#. Note that, since the News tensor is traceless, we have that

N5 20 TR 632

As such, from corollary 4.1 we have that our flux is independent of the extension of £ off of

#. Plugging in our expression for STF~ from equation (4.32), we therefore find that'!

1 o o~ 1 .
FIGAA = = 1 [ eNPy) = — 1 — [ &N
AT AT

1 1 .
X [EBNab + (@a + Ta)(@b - Tb)ﬂ + £X0ab - E(@cXL)Uab]~ (533)

As mentioned in [21] this flux formula is equal to the one obtained by Ashtekar and Streubel
[43]; the explicit computation of this equivalence is given in appendix C1.

Note that the first expression is manifestly independent of any choice of foliation of .#, a
property it inherits from @®. This is not obviously true for the second, which instead is more
useful for explicit computations (such as comparing with expressions in Bondi coordinates).
Both, however, are clearly local and covariant, and can be easily shown to be independent of
the conformal factor. We reiterate that these properties of the flux are motivated by the desire
that these expressions not be dependent on any arbitrary choices that we could make, such as
a coordinate system, conformal factor etc. As mentioned below equation (5.27), the flux in
equation (5.33) has both the property that it vanishes for stationary backgrounds, as well as
when £ is an exact Killing vector field in the physical spacetime. The first of these properties
is evident both in the first and second expressions in equation (5.33), as the integrands are both
proportional to the News. That the flux vanishes when £ is an exact Killing vector field follows
immediately from the fact that %(i) vanishes for such vector fields.

In the case where £ is a translation, namely £ = fn“, where f obeys equation (4.24), it is
the case that

Flfn,AF] = — b €3 fFN°N,. (5.34)
327
AS

In the case where f is everywhere positive, £¢ corresponds to a time-translation in some confor-
mal frame, as mentioned below equation (4.24). In this case, the flux is negative, corresponding
to the /loss of mass/energy during the emission of gravitational waves.

Remark 5.3 (BMS fluxes and Hamiltonians). On any region A.# of null infinity we

can consider the integral of the symplectic current | w(8,2, 6,8) as defining a symplectic form
N
on the radiative phase on A_#. Then, equation (5.24) implies that

sFIE A = [wip £+ [¢-060 - [¢- 00 (535)
AS S5 S

Note that if the boundary terms at S| and S, vanish for all perturbations dg,, and all background
solutions g, then the WZ flux F[&; A .#] would define a Hamiltonian generator corresponding

! The first form of the WZ flux in equation (5.33) was anticipated by Geroch and Winicour long before Wald and
Zoupas (see equation (28) of [42])!
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to the BMS symmetry £“, as defined by [21, 39]. But these boundary terms do not vanish in
general and the WZ flux does not define a Hamiltonian. However, in the case where we consider
all of null infinity, instead of some finite portion, and use appropriate boundary conditions at
timelike and spatial infinity, then F[&; .#] will be a Hamiltonian generator on the full radiative
phase space on .#. To see this, let u be a parameter along the null generators of .# such that
nV,u =1, and impose, as u — +o0, the following boundary conditions:

N = O/ [ul't),  ya = O(1), (5.36)

for some € > 0. These conditions ensure that the integral of the symplectic current over all of
¥, as given in equation (5.29), is finite. Further, equation (4.21a) implies that £ = O(|ul), and
so it follows from equations (5.30) and (5.36) that

lim &-©(38) = 0. (5.37)

Note that the conditions equation (5.36) are preserved by all BMS symmetries, and thus the
total flux F[&; .#] defines a Hamiltonian generator for the BMS symmetry £ on the radiative
phase space on .#.

5.2. Wald-Zoupas charge in general relativity

Having obtained the WZ flux we now wish to find an expression for the WZ charge in terms
of fields on .#. From equation (5.23), the WZ charge Q[¢; S] is determined by

5016:51 = lim [ (50~ ¢ -669)] + [¢- (G0 538)
S/

N

along with the requirement that Q[£; S] vanish on Minkowski spacetime for all BMS symme-
tries £“ and all cross-sections S. The main difficulty in carrying out this computation directly
is that the two-form 5Q§ does not have a limit to .#; as mentioned earlier, it can be shown
that 0(0g) does have a limit to .# in general relativity. To compute the right-hand-side of
equation (5.38), one must first choose some family of two-spheres inside the spacetime, eval-
uate the integral and then take the limit as these two-spheres tend to the chosen cross-section
Sof Z.
To compute this term, we note that by the general arguments in lemmas 5.1 and 5.2,

tim [ [50; ¢ 6(6)]. (539
S/

is guaranteed to exist, is independent of the family of two-spheres chosen to take the limit
and is independent of how the BMS symmetry is extended into the spacetime away from .#.
Moreover, it is manifestly independent of the choice of the conformal factor and the choice
of the foliation of .#. Thus, we can compute equation (5.39) in the choices given by the con-
formal Bondi—Sachs coordinates in a neighbourhood of .#. The detailed construction of these
coordinates and the form of the unphysical and physical metrics in these coordinates is given
in section 6.1. The conformal Bondi—Sachs coordinates give us a family of null surfaces N,
labeled by a coordinate « and a family of two-spheres S’ labeled by the coordinates {2 and u
along each null surface JV, such that as 2 — 0 the two-spheres limit to a cross-section S of .#.
We use this family of two-spheres to evaluate equation (5.39) and then take the limit 2 — 0
along this family.
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With this setup, we take the form of the unphysical metric in Bondi—Sachs coordinates
(given by equations (6.2) and (6.5)), the corresponding expressions for the unphysical metric
perturbations along with the expression for £ derived in equation (6.19). We use this to eval-
uate equation (5.39) using equations (5.3b) and (5.9), after converting the physical metric and
physical metric perturbations to their unphysical counterparts. The resulting expression for the
two-form 60, has a term that diverges as {2 — 0, which is given by

&2 (2X'0U) = —e20 X FF5Cop. (5.40)

The indices A, B are abstract indices for tensor fields on the chosen family of two-spheres, and

94 is the covariant derivative on these two-spheres. The equality equation (5.40) follows from

equation (6.7) which is a consequence of the (linearized) Einstein equation in the Bondi—Sachs

coordinates. Now, since X is a Lorentz vector field (satisfying equation (6.14) in the conformal

Bondi—Sachs coordinates) and dCyup is traceless, this term vanishes when integrated over the

two-spheres. As a result, the limit of f 5Q§ as §' — S, i.e. Q — 0, is finite. Then, computing
S/

the remaining terms in equation (5.39) (which are manifestly finite as {2 — 0) we obtain

§'—S
S/

1 1
lim [ [5Q; — ¢ 0008)] = —5=0 / & [ﬁ (P + 50wN") + X7,
N

1 .
+ X0 Dot — Zaabaah@CXL

— — [ &8N®50,,. (5.41)
167
S

where we have used equation (6.10) to convert the metric components in the conformal
Bondi—Sachs coordinates to covariant quantities defined on .. We can immediately see this
expression is non-integrable due to the last term!?.

Using equations (2.14), (5.30) and (6.19), we have

1
/ £-O%) = o 28N 50 4. (5.42)
S S

Thus we have the perturbed WZ charge
5016:51= lim [ [00. — ¢ -000)] + [¢-©(60)
s s
1 1 ab a a be 1 ab c
= —gé 1503 ﬂ(,P + Egng )+X \.7a+X o—ab@ca - Zaabo— @cX . (543)
s

Therefore, the expression for the WZ charge is given by

12 As emphasized in remark 5.2 above, this should not be taken to mean that the last line above is the ‘non-integrable
part’ of the expression which should be ‘simply subtracted away’ without specifying any additional criteria.
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1 1 .
Q& S1= — @/52 {ﬁ(P + EaabNah) +XTu + X 0u(D — T
S

- %aahaah(@c - zn)x‘} . (5.44)
Note that in equation (5.44) we have added terms which depend on 7,; these terms cancel
amongst each other using the identity equation (D.3). These additional terms make each term
in the integrand of conformal weight —2 (which can be verified using the conformal weights
given in equations (2.29)—(2.31) and (4.11)) which, along with the conformal weight +2 of
€,, makes the charge conformally-invariant. Further, since these 7, terms cancel the charge is
independent of the choice of the foliation and only depends on the chosen cross-section S. We
will verify below that the flux of this charge across any region A.# is given by equation (5.33).
Finally, since the flux vanishes in Minkowski spacetime we can compute the charge on any
cross-section of .#. Using a shear-free cross-section we see that the charge also vanishes on
any cross-section of . in Minkowski spacetime. Thus, the charge formula in equation (5.44)
satisfies all the properties required by the WZ charge.

For a supertranslation symmetry with 8 = f satisfying £, f = 0 itis straightforward to verify
that equation (5.44) reproduces Geroch’s supermomentum [21, 27]. Further, if at some chosen
cross-section S we pick 3|s = 0 then the resulting formula is equal to the linkage charge defined
by Geroch and Winicour [21, 42]; this was proven in [21] and we show this more explicitly in
appendix C2. Now, while on any fixed cross-section S we can decompose a general BMS sym-
metry into a supertranslation part and a part tangent to S, this decomposition is not preserved
along & (see also remark 4.2). Thus, in general the WZ charge is not the sum of Geroch’s
supermomentum with the Geroch—Winicour charge. For an exact Killing vector field £ in the
physical spacetime, the WZ charge agrees with the charge that is given by the Komar formula.
We discuss in more detail appendix C2. To see this, note that, for exact Killing vector fields, the
linkage charge agrees with the Komar formula for Killing vector fields which asymptotically
become Lorentz vector fields at S, and agrees up to a factor of two for Killing vector fields
that become translations at S. The WZ charge, similarly, equals the linkage charge for Lorentz
vector fields at S, and up to a factor of two for translations; as such, the WZ charge and the
Komar formula agree for exact Killing vector fields. Note that the Komar formula is (up to
constant factors) the integral of the Noether charge in equation (5.9).

By the general arguments following equation (5.24), the change in the charge
equation (5.44) between two cross-sections is given by the flux formula equation (5.33). How-
ever, showing this explicitly is a non-trivial computation, which we detail in the remainder of
this section.

Let S, and S| be any two cross-sections of .#, with S, to the future of Sy, and let A.# be
the portion of .# bounded by these cross-sections. Then, the change in the charge is given by

~ ~ 1 1
FIEAIL]= QIS 8] — QIS Sil= — 3 /53£n [ﬁ(PJr EaabNab) +XTa
As

1 .
+ X0 D" — 4%,,0“@6)(‘] : (5.45)
Note that we have dropped the 7, terms from the expression since they do not contribute to the
charge as explained above.

Now we simplify equation (5.45) term-by-term starting with the first and second terms.
Using J,n“ =0, as well as equations (2.25b), (2.25d), (2.37), (4.21a) and (4.21b) and the
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integration-by-parts formula equation (2.22), we see that the first two terms in equation (5.45)
contribute

_ L / . [N“” (15Nab + M D4 7Dy — 1B+ (D + 7K
87 4 2
AF

1 1
+ Zaa,,(% - n)x€> - EeabX“ (2, +31,) P, (5.46)

to the flux. Now consider the contribution of the third term in equation (5.45):
LnXlop Do) = %X“Nah@mb" + X0 £n Do (5.47)
where we have used equations (4.21b) and (2.32). For the last term above we have
£3D:0" = £,(0°0" Va0 + 0.0 4 £,V 0™
= QT + QT + 5 DN (5.48)

) 1
= (Qacnth)vaULd + E(@a + Ta)Nah,

where we have made liberal use of the Bondi condition (equation (2.6)) along with
equations (2.11) and (2.18), and commuted the £, past the V, using 0*n, = Q,,n* = 0. Using
the above expression in equation (5.47) the first term vanishes by o,,n° =0 and we get

o1 . 1 . 1 .
Ly(X 00 Do) = EX“Nab@co’“ +5(Ze+ )X 0, N*) — 5V D" (X,0%). (5.49)

Note that the second term on the right-hand side above drops out of the flux formula using
equation (2.22).

Consider now the fourth term in equation (5.45). Since oqe) =1 Z,X* and £,04) =0
(equation (4.7)), using equation (2.32) we get

1 1
— Z,E,,(aaba“b@CXc) = — Za“bNab@CXc. (5.50)

Putting together equations (5.46), (5.49) and (5.50), we see that the flux is given by

1 1 1
Fl&EAI] = — - /63 {Nah <45Nah + E(@a + T INDp — 1)
As

1 \ 1 1 \ 1
+ 5(% +27,) (X ope) — Eaaﬂcx‘ + EXa@CO'hL> - zs;’X“(@b +37,)P*| .

(5.51)

Next we simplify the last term using the identity equation (2.38) for P*. The term arising from
this identity which involves derivatives of the shear reads e3 %¢,’X( D), + 31,)[Du(D. —
7.)0.“]. This term can be shown to vanish upon integrating over the cross-sections as follows.
Note that this term is conformally-invariant (which can be seen using equation (2.38) and the
conformal weights given in equations (2.28), (2.29), (2.31) and (4.11)). Therefore, we can eval-
uate this term in the Bondi frame where the metric on the cross-sections is chosen to be the unit
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round metric and 7, = 0. This allows us to make use of spherical harmonics—o; is a symmet-
ric and trace-free tensor and thus is supported on ¢ > 2 tensor spherical harmonics while X is
supported on ¢ = 1 vector spherical harmonics (see remark 4.1). Using the orthogonality of the
spherical harmonics, the integral of this term over the cross-sections vanishes. The remaining
term arising from equation (2.38) contains the News tensor which, after an integration-by-parts
using equation (2.22), becomes

1 \ 1 _ .
—Ze"hengMa;,‘(@d — 22X = 5 50l DX — N ot XET9, (5.52)

Replacing the above for the last term in equation (5.51) we get

~ 1 1 1
FlEAA] = — S /53Nab |:45Nab + 5(@“ + 7Dy — )
AT

1 . 1 o1 . | .
+ E(@a + ZTa)(XLUhc) - EaachXL + EXa@LUhc + EahL@[aXc] - UhLX[cTa] .

(5.53)

The last term on the first line and first term on the second line in the expression above can
together be written as

1 N 1
N(Xopety — 5 0aTeX) =Ny X7y — EQdeTf’). (5.54)

Moreover, it follows from equation (D.3) that N,,0”. = pure trace term + Ny,0? and so
equation (5.54) becomes N“”ach[CTa]. This exactly cancels the last term in equation (5.53),
and therefore the flux formula simplifies to

~ 1 1 1
FlEG AL = — S /€3Nab |:45Nab + E(ga + 7Dy — ™)
AF

1 . 1 : |
+ E@a(XLO'},L-) + EXa@Lo'bc + EabL@[aXc]:l . (555)
The second line above can be simplified using equation (D.5) to get

~ 1 1
f[f, Aj] - - E E.3>]Vab |:25Nab + (@a + Ta)(@b - Tb)ﬂ"‘ £XUab - z(chc)o—ab]

Ag
(5.56)

which matches the WZ flux derived in equation (5.33).
6. Expressions in some coordinate systems

Our entire preceding analysis was completely covariant, without referring to any particular
coordinate systems. In this section, we consider two examples of coordinate systems for the
unphysical spacetime in a neighbourhood of null infinity. These coordinates can be used to also
obtain asymptotic coordinates for the physical spacetime. We will find the asymptotic form of
the metric, both physical and unphysical, and derive the expressions for the BMS symmetries
and their charges in these coordinates.

33



Class. Quantum Grav. 39 (2022) 085002 A M Grant et al

As described in section 3, one can construct a geometrically defined coordinate system
(9, u, x*) at & where x* are coordinates on the cross-sections of ., u satisfies nV,u = 1 and
the conformal factor €2 is chosen so that the Bondi condition is satisfied and so that the induced
metric on the cross-sections is the unit round metric sy on S?. Then for any asymptotically
flat spacetime the line element of the unphysical metric at . is

ds>=2dQ du + sup dx? dx®. 6.1)

These coordinates can be extended away from .# in different ways, and these give rise to the
different coordinates that are often used in the analysis of asymptotic symmetries and their
associated charges. Two commonly used coordinates are the Bondi—Sachs coordinates and
conformal Gauflian null coordinates, and we will focus on these in the remainder of this section.
We emphasize that the form of the (physical or unphysical) metric in these coordinates follows
directly from the construction of the coordinate systems and the covariant definition of asymp-
totic flatness without any additional assumptions. We also show that in any such coordinate
system one can obtain the BMS symmetries as coordinate transformations which preserve the
asymptotic form of the metric.

6.1. Bondi-Sachs coordinates

One way to extend the coordinates described above away from .# is as follows. Let S, be cross-
sections of .# with u = constant, and consider a family of null surfaces A, which intersect
# transversely in the cross-sections S,,. These surfaces N, foliate a neighbourhood of .# by
null surfaces. We first extend the coordinate u away from . so that it is constant along each
null surface A,. Then [, ;== — V,u is the null normal to each N, with [/, = 0 in addition to
I“n, = — 1 as above. Then we extend the angular coordinates x* on each cross-section S,, by
parallel transport i.e. [V x4 = 0.

Fixing the induced metric on cross sections of .# to be the unit round sphere metric fixes the
conformal factor, €2, on .#. To extend () away from ., we use the freedom in the conformal
factor off of .# to demand that the two-spheres at constant « and {2 have the same area element
as the unit sphere, that is, if /145 is the two-metric on the surfaces of constant u and €) then we
demand that deth = det s in the x*-coordinates. This fixes € uniquely away from .#. Thus we
have set up the conformal Bondi—Sachs coordinate system (€2, u, 6*) in a neighborhood of ..

The most general form of the unphysical metric in conformal Bondi—Sachs coordinates is
given by "3

ds? = —We?B du? + 2?8 dQ du + hap(dx® — UAdu)(dx® — UBdu), (6.2)

where the metric components g, and g, vanish everywhere due to the conditions /], =
I“V,x"* =0, and W, B, hyg, and U* are smooth functions of the coordinates (€2, u, x*). Since
the metric at . is given by equation (6.1) we also have

W = 0(), B =0(1)), U* = 0(0), hap = sap + O().  (6.3)
Further, evaluating the Bondi condition V,n, = 0 (equation (2.6)) gives

W = 0(0%), B = 0(?), U4 = 0(0). (6.4)

13 Note that the function we denote by B is conventionally denoted by 3, but we use a different symbol to avoid conflict
with the n“-component of a BMS vector field.
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We therefore consider the following expansion of the metric components

W =Q*W® —20°M + 0(0Y), UA = Q2UP" 120314 + oY,

(6.5)
B = Q?B? + 0(0%), hag = sa + QCug + Ddag + O().
Next, imposing det & = det s, we get
1
sBCyp =0, By = Ecf“f?cm_!;. (6.6)

We then impose the Einstein equation, equation (2.1), order by order in 2. At O(Q°), it gives
@ @ 1 s @ l 5
w9 =1, B = ——C""Cyp, U = —=2"Cas, (6.7)
32 2
while at O(2) we get

0, STEdyg = 2" STFdyp = 0. (6.8)

Since d4p is a smooth tensor on a two-sphere this implies that STFdsp = 0 and thus (from
equation (6.6))

1
dap = ZCCDCCDSAB- (6.9)

The metric component C,p is related to the shear and the News tensor while M and L, are
related to the Weyl tensor components (equation (2.24)) through

1
OAB = _ECAB, Nag = —0,Cas,

1

P =-2M+ ZCABNAB, (6.10)
3 BC 3 B 5C

Jr =304 — _32@A(CBCC ) — ZCA D" Cpe.

Imposing the Einstein equation to higher order in {2 either relates the higher order metric
components to the lower order ones or gives evolution equations along u—for instance, one
gets equations for 9,M and 0, L4 which are equivalent to equation (2.25) using equation (6.10).
We will not need the explicit form of these higher order equations in our analysis.

The conformal Bondi—Sachs coordinates defined above can be used to define the physi-
cal Bondi—Sachs coordinates (r,u, x*) which are often used in the asymptotic analysis near
# .14 Define the physical ‘radial coordinate’ r:= Q! and using (r, u, x*) as coordinates, the
physical metric g, = Q 2gap = 2gap has the line element

ds? = —Ue* du® — 2¢*8 dudr + rPhyp(dx? — U2 du)(dx® — UBdu), (6.11)

14 We present these equations in the two-sphere covariant form appearing in [44], and in a more modern form in [22,
45], instead of the original notation of [1].
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where, from equations (6.2), (6.5), (6.6) and (6.9), we have the asymptotic expansions
2 2 2
U=r W:l—;M+0(1/r),

B— C*8Cup + 0(1/1),

—23
32r (6.12)

1 2
UA = —ﬁ@BCAB + 73LA +0(1/r%),

1 1
hap = Sap + ;CAB + ESABCCDCCD +0(1/r).

Note that since €2, and hence r, is chosen so that det 2 = det s, the area (in the physical metric)
of the two-spheres of constant u and r is precisely 4772, Thus r is a ‘radial coordinate’ along
the outgoing null surfaces NV, as constructed by Bondi and van der Burg [1]. We emphasize that
the Bondi—Sachs asymptotic form of the physical metric (equations (6.11) and (6.12)) directly
follows from the covariant definition of asymptotic flatness in a particular choice of coordinate
system and does not involve any additional assumptions.

Having chosen the conformal Bondi—Sachs coordinate system, the asymptotic BMS sym-
metries are coordinate transformations which preserve the Bondi—Sachs form of the unphys-
ical metric. We shall only consider the infinitesimal coordinate transformations, i.e. we take
(Q, u, x*) and (€, 1/, x'*) to be two conformal Bondi—Sachs coordinates, as constructed above,
related by an infinitesimal coordinate transformation parametrized by a vector field £*. We next
obtain an expression for this vector field in the coordinate system (2, u, x4).

Since in both coordinates (€2, u, x*) and (€, /, x"*), null infinity .# lies at 2 = €’ = 0, the
component £ vanishes at 2 = 0, i.e. £ must be tangent to .#. Thus, £* can be written in the
coordinate system (€2, u, x*) as

&4 = O, + X204 + QZ°0, + PW9, + O, (6.13)

where each of 3, X4, Z% and W are functions of (, x*).

Next we note that, since we are using the conformal factor itself as a coordinate, an infinites-
imal change in the coordinate system is accompanied by an infinitesimal change of the con-
formal factor parametrized by the component £*. Thus, when changing the coordinate system,
the unphysical metric changes infinitesimally by £¢g,, — 207 1¢ anb; note that this is finite
at & since £ vanishes there. We now require that this change preserve the Bondi—Sachs
form of the metric obtained in equation (6.2) along with equation (6.5) and the equations
below.

As discussed above, the metric on &, given by equation (6.1), is universal and so we require
that at O(Q°), £ega —2Q7"'¢%g,, = 0. This gives us the following conditions [46]: X* is
constant along u and satisfies the conformal Killing equation on the cross-sections, that is,

1
DuXp) = 5qAB@CXC, 9,X4 =0, (6.14)

while the components of Z¢ satisfy

1
Z%=9,6 = E%XA, Z' =0, Zy = —Dafs. (6.15)

36



Class. Quantum Grav. 39 (2022) 085002 A M Grant et al

The first condition in equation (6.15) allows us to solve for the u-dependence of 3 to get
1
B=f+ - u)2aX", (6.16)

where f is an arbitrary function of x* which denotes the value of 3 at some choice of cross-
section with u = uy.
At O(€), requiring that the form of the unphysical metric be preserved, we further obtain

1
w" =0, Wy = EcAB@Bﬁ, (6.17)

and the requirement that the metric component C4p remain trace-free with respect to the unit
round sphere metric gives us
o 1 A 1
W = —D\Z2" = ——D°p. (6.18)
2 2
At this order one also obtains the transformation of C4p under a BMS symmetry which, upon
using equation (6.10), coincides with equation (4.33) (see also equation (2.18b) of [22]).
Putting all of this together, we obtain

4= B0, + X200 + U—D* B Oy + %@AXAaQ) + %QZ(—@% da + C* DB d4) + O(P).
(6.19)

Up to O(£2), this expression agrees with the covariant expression derived in section 4. The
form of the O(92?) terms here is fixed by the choice of the conformal Bondi—Sachs coordinates
and that also matches equation (2.16) of [22]. One could continue this computation to higher
orders in €2, which gives expressions for higher order terms of the components of £&* (which
appear in equations (3.5)—(3.7) of [46]) and also the transformation laws for the various metric
components, but we will not require these expressions.

Using the relations equation (6.10) in equation (5.44) the WZ charge on any cross-section S
of .# can be written in terms of the metric components in the Bondi—Sachs form of the metric
to get

Q[¢,81= — % / o {—2M[3 + x4 <3LA - ;—ZQA(CBCCBC)— ;CAB@CCBC” . (6.20)
S

The above charge expression matches the charge expression given by Flanagan and Nichols
in equation (3.5) of [22], even though their expression was calculated on a cross section of &
where the News vanishes. A similar expression was also obtained by Barnich and Troessaert
[24] with non-vanishing News but they do not find the integrable charge.

From the above expression we also see that the function M determines the Bondi mass
at any cross-section of .# and can be called the mass aspect. In the Bondi—Sachs coordi-
nates it coincides with the (constant) mass parameter of Kerr spacetimes. Similarly, in the
usual choice of Bondi—Sachs coordinates in Kerr spacetime the angular momentum parame-
ter a appears in the metric component L4 [25]. Note however, on cross-sections with shear,
there are other terms containing the C4p in the charge formulae. In any case, since there is no
preferred Lorentz subalgebra in the BMS symmetries (see remark 4.2), there is no preferred
notion of ‘angular momentum aspect’—so identifying any particular metric component with
‘the angular momentum’ is a moot point.
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6.2. Conformal GauBian null coordinates

Instead of extending the coordinates (€2, u, x*) away from .# along null hypersurfaces, we
can extend them into the (unphysical) spacetime along affine null geodesics, transverse to .#.
We recall this construction below which leads to the conformal GaufSian null coordinates in a
neighborhood of ..

We fix the conformal factor to leading order away from .# as follows. Consider the
expansion of [* at .# defined by

1,
0= Q"Vul, = 59 Y £18ab- 6.21)

We can set this expansion to vanish by suitably choosing the conformal factor away from .# as
follows. Note that the conformal factor on .# has already been fixed so that the induced metric
on cross-sections of .# is the unit-sphere metric. So consider a new conformal factor Q=wn
(with w = 1) so that g, = w?ga. Then, the expansion of the new auxiliary normal [¢=[% can
be computed to be (the behaviour of the auxiliary normal away from .# is not relevant here)

- 1=
I= EQ“”ingva;, S+ 2£w. (6.22)

Then, choosing w to be any solution of ¥ 4+ 2£,w = 0 with w = 1 we can set U= 0. In the rest of
this section we work the choice of conformal factor where the auxiliary normal is expansion-
free at .#—we drop the ‘tilde’ from the notation.

Having made this choice, we then extend the vector field I = — 9/0) away from .# such
that it is the generator of affine null geodesics so that [”V,I* = 0. We can further use the
remaining freedom in the conformal factor ) so that €2 is the affine parameter along these
null geodesics generated by /“. To summarize, we can always choose the conformal factor €2
and extend the auxiliary normal away from .# so that in a neighbourhood of .# we have

F=—1"  9=0, [FlL,=0, PV,l=0. (6.23)

Finally, we extend (u, x*) into the spacetime by parallel-transport along %, that is, we require
I'Vu = 1"Vx* = 0. (6.24)

This construction gives us the conformal GauBian null coordinates in a neighbourhood of .#.
The most general form of the unphysical metric in these coordinates is given by

ds® = 2du(dQ — adu — B4 dx?) + hap dx? dx®. (6.25)
To see why this is the most general form, note that g =0 by [/l, =0 and g, =0
by I'V,x* = 0. Then, I’V,I* = 0 gives 85—69 = 0 which implies g, = 1 by the condition
1“n, = — 1. Further,

a = O(Q)a 5A = O(Q)a hAB = SAB + O(Q)’ (626)

since the metric at . is given by equation (6.1). Imposing the Bondi condition V1, = 0 leads
to the following conditions

a = 0>, Ba = O(P). (6.27)
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We therefore consider the asymptotic expansions

a=0%?+ P +0QY,  Bi=087 + 8 + 0

(6.28)

hag = Sap + Q2Cap + thft); +O0(Q).
The condition that the expansion of [ vanishes on .# gives us

SBCyp = 0. (6.29)
We then impose the Einstein equation (2.1). At O(QO), this gives the conditions

o 1 @ 1 s B, _ 1 o ap
a® = -, D = ——DPCup, BN = —C*BCyp, (6.30)
2 2 4
while at O(2), it implies
1 1
DPhsp = g Pa(CscC™), Duhiiy = £5a50(CcpCD). (6.31)

As in the Bondi—Sachs case, this implies that 4y is pure trace.
The metric coefficients Cap, o® and 3} are directly related to the shear and the Weyl tensor

components as follows

1 3
OAB = _ECAB, P =22, Ja = 3 . (6.32)
One could continue computing the Einstein equations to higher orders but we will not need to
do so.
To write an expression for the physical metric define A := Q! so that in the coordinates
(\, u, x*) the physical metric g, = Q2 2ga» = A2ga» has the components

& =0, 8ax =0, & = —1,

1
gf>4—XP+mUVL

o — ~BC 2 0(1/\? (39
8w =3 AB_§L7A+ (1/X\),
1
8ap = Nsug + ACap + gsABCCDCCD + O(1/N).
Note that the vector field

- 0 0

= =0 — =" 34
! D) o0 & (6.34)

generates outgoing null geodesics which are affinely parametrized with respect to the physical
metric g, with the affine parameter being \. Equation (6.33) is consistent with equations (5)
and (58) of [13] put together (with the additional condition that our Cyp is tracefree since
we picked [ to be expansion-free; see remark 6.1). This also gives the physical metric in
the coordinates used in the affine-null form used in [47, 48], as well as the Newman—Unti
coordinates [49].

We can also derive the form of the BMS vector fields by considering infinitesimal coordinate
transformations between two conformal Gauflian null coordinate systems and demanding that
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the conditions on the unphysical metric derived above be preserved. Since the computa-
tion proceeds exactly as in the case of Bondi—Sachs coordinates detailed above, we skip
the details. The end result is that the BMS vector field in conformal Gaussian null coordi-
nates takes the same form as equation (6.19) above—the difference in the form of the BMS
vector fields written in conformal Gauf3ian null coordinates and conformal Bondi—Sachs coor-
dinates only appears at O(Q®) and higher. Note that this form is different than the one obtained
by [13] since our coordinates differ slightly from theirs as explained in remark 6.1 below.
The WZ charge (equation (5.44)) can be straightforwardly written in these coordinates using
equation (6.32).

Remark 6.1 (Comparison of different conformal Gaussian null coordinates).
The conformal Gaufian null coordinates constructed in this section are closely related to, but
not the same as, the ones used in [13, 50, 51]. Note that these references use the freedom in
the conformal factor to set the metric coefficient a'® = 1/2 (as in equation (6.30)) and then
the Einstein equations imply that the expansion ¢ of the auxiliary normal [ is constant along
n® on .4, i.e. £,9=0. In contrast, we used the conformal freedom to set ¥ =0 and then
a® = 1/2 follows from the Einstein equation.

7. Discussion

The aim of this paper was to obtain, using the WZ prescription, manifestly covariant expres-
sions for the charges and fluxes corresponding to the BMS symmetries at null infinity in
asymptotically flat spacetimes in vacuum general relativity. While (special cases of) these
expressions have appeared in various places in the literature, they are usually written in a
way that obscures their covariant and conformally-invariant nature, for example, by restricting
to specific coordinate frames near null infinity. The expressions we obtained are manifestly
covariant, conformally-invariant and do not rely on a preferred choice of foliation of null
infinity or on any arbitrary extension of the BMS symmetries away from null infinity. We
also recast our charge expression in two specific choices of coordinate frames near null infin-
ity and showed, for example, that in Bondi—Sachs coordinates, it reduces to the expression
obtained by Flanagan and Nichols, even on cross-sections of .# where the News tensor is
non-vanishing. In appendices C1-C3, we compare the WZ charge and flux formulae to some
other expressions that have appeared in the literature, including the Ashtekar—Streubel flux
formula, the Komar and linkage formulae and Penrose’s twistor charge formula. In particular,
we explicitly show that the flux of the WZ charge matches the flux expression of Ashtekar and
Streubel.

While our analysis was limited to null infinity in asymptotically flat spacetimes in vac-
uum general relativity, the WZ prescription is, in fact, much more general and can be used to
obtain local and covariant charges for arbitrary diffeomorphism covariant Lagrangian theories
of gravity including gravity coupled to electromagnetism [37] and Brans—Dicke theory [52].
The WZ prescription has also been applied to the context of symmetries and charges associated
with finite null surfaces and horizons [53, 54] and spatial infinity [S5] in asymptotically flat
spacetimes in vacuum general relativity. We hope that the explicit computations presented here
will be useful for similar analyses in other contexts, for instance, in spacetimes with compact
extra dimensions [56].
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Appendix A. General choices of conformal factor

In the body of the paper, we worked in a conformal frame where

1
P .= Zvana

1

0, (A.1)

which, as a result of the FEinstein equation (equation (2.1)), implies the conditions
equations (2.6) and (2.7). This choice, however, was made purely for convenience and is not
essential to the results of this paper. In this appendix, we state some of our main results in
general conformal frames where ® # 0 and therefore the Bondi condition does not hold. In
this context, one is allowed more general conformal transformations of the form

Qs wQ,  where £,w 0. (A.2)
Using the fact that S,;, is smooth at .#, equation (2.1) implies that in general

Vany = ®gop, lim Q 'n,n® = 29, (A3)
=5

which generalize equations (2.6) and (2.7). In these conformal frames, the pullback of the
unphysical metric to .#, g, satisfies

£nqab = 2<I)qab~ (A4)

It is important to note that ® is universal in the sense of section 3, that is, it is independent of
the physical spacetime under consideration and can, without any loss of generality, be picked
to be the same for the conformal completion of any asymptotically-flat physical spacetime.
Hence, & =0 on phase space.

In these general conformal frames, evolution equations for components of the Weyl tensor
on .# given in equation (2.25) also get generalized and may be found in equation (3.3) of [4]
(see also equation (B.13) for their expressions in the GHP formalism). Moreover, the definition
of the News tensor is generalized to

Nah = ZQaCth(OEn - (I))Ucd, (AS)

(given by equation (B.15) in the GHP formalism) where o, is (still) defined by equation (2.16)
and has conformal weight one. In addition, equation (2.36) is generalized to

Nup = STF [Sap — 2800, + 2 (D + 7a) 7] » (A.6)

(which corresponds to equation (B.17) in the GHP formalism). Note that these expressions for
the News tensor are defined in any conformal frame and are conformally invariant under all
conformal transformations, including those of the form equation (A.2), whereas, for example,
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the expression due to Geroch, discussed in equation (2.39), is only defined in frames where the
Bondi condition holds.

In general conformal frames where ® # 0, a BMS symmetry is given by & = fn + X
where X“I, = 0. Here, 3, X satisfy the relations (which are derived using the same method as
for equation (4.21))

1
(£n - (I))ﬁ = E(@a - ZTa)Xa, <£nXa gnaXbTb;
' (A7)
STF 2%, =0, 0@ =8 + 5 2uX",

which correspond to equation (B.22) in the GHP formalism. It is worth emphasizing that this is
not a different symmetry algebra than the one considered in the body of the paper. The observa-
tion that, for example, in these conformal frames a pure supertranslation, &* = fn, is no longer
constrained to satisfy £,/ =0 and that f can have a non-trivial functional dependence on the
normal direction along ., should not be taken to mean that symmetry algebra has become
bigger. The point is simply that supertranslations are associated with conformally-weighted
functions which have different-looking functional forms in different conformal frames.

With these considerations all of our computations can be carried out in a similar manner;
one only has to keep track of the chosen ® through the calculations. For any BMS symmetry
with 3 and X“ subject to equation (A.7) and N, given by equation (A.5), the expressions for the
WZ flux (equation (5.56)) and charge (equation (5.44)), remain unchanged in these conformal
frames and are given by

1 1 1
—— [ &N {mb (Do + 17Dy — ) B+ £x0ap — (%xwaah] :
167 2 2

AT

FIGAI = —

(A.8)

and

1 1 1
Q& S1= — = / & {5(7? + Ea"”Nab) + X TA X 0D — T — Zaaba“b@c - 2TC)X“]
S

(A.9)

respectively. These expressions are invariant under all conformal transformations including
those of the form equation (A.2).

Appendix B. The GHP formalism at .#

In this appendix, we include a brief review of the GHP formalism (see [4, 57, 58] for details)
applied at null infinity. We also present some of the expressions written in the body of the
paper, including those for the WZ charge and flux, in this formalism.

In order to be consistent with our conventions for the signature and Riemann curvature of
the metric, we will use the sign conventions of [59].'3 We pick a null tetrad (n%, [, m, m%)
which is normalised such that n,/* = —m,m® = —1, with all other inner products vanishing.
The metric then takes the form g, = —2n 1) + 2mmp). It is easy to see that the form of the

15 Note however that / in the notation of [59] corresponds to our n* while their k& corresponds to our .
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metric is invariant under the following transformations,
I ANE = QN e m s AN Tme, (B.1)

for any complex scalar \. These are called GHP transformations. A scalar field &, associated
with a choice of null tetrad, is said to have GHP weight (p, ¢) if, under the GHP transformations
in equation (B.1), £ transforms as

£ MAL (B.2)

We will indicate the GHP weight of such fields by writing £ = (p, ¢).

We now adapt the choice of the null tetrad to .. Note that the conformal factor €2, and
therefore V“(), are independent of the choice of null tetrad. To use the GHP formalism con-
sistently with the transformations equation (B.1), we therefore need to define (on .#) a scalar
field A such that

An®Z=VQ  whereA = (1, 1). (B.3)

When converting to tensor expressions used in the body of the paper, we set A = 1 at the end
of the calculation. As in section 2.1, we choose [ to be the auxiliary null normal to a foliation
of Z. The tetrads (m”, m") are then a complex orthonormal basis for the cross-sections of .#
in the chosen foliation, and are related to Q,;, and £, by

Qab = ZWZ(amh), Eab = 2imlam;,] . (B4)

The definition of the GHP spin coefficients in our conventions can be found in equation (7.2)
of [59]; see also footnote 12 above. This definition differs by a sign from the ones used in [57,
58]. At Z, using V,V,Q| » = g, (from equation (A.3)) and equation (B.3) we obtain

1
e= — E(n”l”vhla — WPV ymy),

1 )
B2 0V, n A+ Wb ym,), ®-5)

1
€= 5(—,5” In A+A"'® + mn’V,m,),

1
g2 E(_WV” In A + m“m’ V),

while the spin coefficients x, p, o, T are arbitrary. Note that when the conformal factor is chosen
to satisfy the Bondi condition we have ® =0 and thus p’ = 0. Also, equation (B.5) implies that

(P'+p)A=0A=0, (B.6)

which is equation (9.8.26) of [60].
Further, since /, is chosen to be normal to the cross-sections of .#, we have p = 7 (i.e. the
twist of [, vanishes), and the expansion of /, is given by

9= —2Rep= —2p. (B.7)
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The spin coefficient £ depends on the choice of extension of /, off of ., while ¢ and 7 are
related to the tensors o, and 7, defined in equations (2.16) and (2.17) by

o~

I

Oap = — OM My — T My, o= — aabm“mh,

(B.8)

1

Ta= — Ty — T, T= —T1,me.

Note that the spin coefficients ¢, 3, €/, (' are not GHP-weighted quantities, and in fact their
GHP transformations contain derivatives of . These are used to define the GHP derivative
operators (b, p',0,0") (see equation (7.41) of [59]) which map GHP-weighted scalars to
(other) GHP-weighted scalars.

Recall that, under a change of conformal factor 2 — w(), the transformations of the metric
and null tetrad on .# are given by

Sab = W2gay (1, m ) s w (0, 1, m T, (B.9)

where w has GHP-weight (0, 0). Under this transformation, a scalar field £ associated with the
choice of null tetrad will have an additional conformal weight w if it transforms as & — w"¢.
We will indicate the combined conformal-GHP weight of such scalars by writing £ = (p, ¢; w).

Under the conformal transformation in equation (B.9), the GHP derivatives of a
conformally-weighted GHP scalar £ will, in general, pick up derivatives of w. However, using
the fact that the spin coefficients p’ and 7 are not conformally-weighted and transform as (see
also equations (2.5) and (2.30))

P=wlp —Phew), 7wl(t-0hw), (B.10)

we can ‘correct’ the conformal behaviour of the GHP derivatives by adding suitable combina-
tions of p’ and 7 to define the conformal-GHP derivatives. For our purposes we only need the
conformal-GHP derivatives tangential to .#, which are given by (see equation (5.6.36) of [61],
where we set wy = w; = —1/2 as in equation (5.6.26) (iii) of [61] for compatibility with the
conformal transformations of the null tetrad given in equation (B.9))

b +w+ i+ ¢= (-1, Lw-1),
P+w— -7 €= (p+1,q-Lw-1), (B.11)
O +w+3p— )7 €= (p—1g+ Lw—1),

where £ = (p, ¢; w) is any conformally-weighted GHP scalar. We note that the spin coefficient
7' is, in our formalism, conformally-invariant on .#, contrary to its transformation given in
equation (5.6.27) (iii) of [61]. This difference arises because, under €2 — w{2, the normal n,,
in our definition, transforms away from .% as n, — wn, + QA~'V,w. For this reason, we have
defined the conformal-GHP derivative corresponding to &/ with 7 instead of 7’. This definition
corresponds to the conformal operators % (04 4—5%) and% (04 + 0., ) that were introduced in
equation (5.6.36) of [61]. The conformal-GHP derivatives are useful for translating expressions
from a Bondi frame to arbitrary choices of conformal factor and foliation, as follows: in the
Bondi frame, where p' = 7 = 0, the conformal-GHP derivatives equation (B.11) are equivalent
to the usual GHP derivatives. Thus, to generalise any expression in the Bondi frame to arbitrary
conformal frames, we replace the usual GHP derivatives in that expression with the conformal-
GHP derivatives, taking into account the appropriate weights. We will summarize the essential
relations below; see appendix A of [4] for details of this procedure.
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By the peeling theorem (see theorem 9.6.41 of [60]) the usual GHP components V; of the
Weyl tensor vanish at .# and the components of Q' Cpeq are smooth at .#. We denote the
components of 2~ "Cpeq in the chosen tetrad at .#, which we call the (unphysical) Weyl scalars,
by

Yy =R m’ = (—4,0;-3),

3 =S, m" = (=2,0;-3),
1
)y = 5(7’ +iP*)  =(0,0;-3), (B.12)
Py = Jm” =(2,0;-3),
Yo = Tpm“m® = (4,0;-3).

The relations between the spin coefficients, ¥; = Q);, and components of the Ricci tensor in
the GHP formalism can be found in [58].

Equation (2.3a) implies that the Weyl scalars 1), in the unphysical spacetime satisfy the same
Bianchi identity at .# as the Weyl scalars 0, defined by the physical Weyl tensor, with all the
physical Ricci tensor components set to zero by the vacuum Einstein equations (see equations
(9.10.1) and (9.10.2) of [60]). Taking the prime transform (defined by equation (2.7) of [58])
of the Bianchi identities equations (2.33)—(2.36) of [58], with their U; replaced by 1; and the
Ricci tensor terms set to zero, we have

(b'—4p" )5 = (0 —7)ty, (B.13a)
(b" =3p" )12 = (0 —27)1p3 + oty (B.13b)
(b =20 ) = (0 =37)1py + 2003, (B.13¢)
(b —p )by = (0 —47)y + 301, . (B.13d)

If the conformal factor satisfies the Bondi condition (i.e. p’ = 0), these reduce to equations
(9.10.4)—(9.10.7) of [60]. Using equations (B.5) and (B.12) and setting A = 1, we see that
equation (B.13) is equivalent to equation (2.25).

The spin coefficient o has conformal-GHP weight (3, —1; —1). The complex News function
N is defined by

N= —po=(2,-2;-2). (B.14)
The conformally-invariant News tensor N, is given by
Ny = 2Nmgmy, + 2N my, 2N = Ngym“m”. (B.15)

Using equations (B.8), (B.14), (B.15) and (B.17), we reproduce the definition of the News
tensor in equation (2.32). Note that equation (B.14) differs from the definition of the News
function in equation (9.8.73) of [60] by terms involving the spin coefficient 7, which van-
ishes in the Bondi frame. In arbitrary conformal frames we choose equation (B.14) as the
definition of the News function, since the corresponding News tensor in equation (B.15) is
conformally-invariant.
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The News function is related to the Weyl scalars by
Ay = (P =20 )N, A3 =0N. (B.16)
Rewriting the above in terms of tensors using equations (B.12) and (B.15) and setting p' =0

and A =1, we get equation (2.37). Moreover, using equation (2.25) of [58], along with
equations (B.5) and (B.14), we have

N =&y —po—(0—7)7, (B.17)
where, in our conventions, O, := %Sahm“mb [59]; this corresponds to equation (2.36) when
p =0, or equation (A.6) when the Bondi condition is not imposed.

Using ¥; = Q; with equations (B.5) and (B.17) in equation (2.34) of [58], we also get

Alm )y = Im [(8' —7)(d' +7)o + o N] , (B.18)
which corresponds to equation (2.38). Similarly, from equation (2.21) of [58] we have

Oy =0p—0 o, (B.19)

where ®y; = %Sa;,l“mb; using equation (B.7), this corresponds to equation (C.5).
For any vector £“ tangent to .#, we have the tetrad components

=BV + X = (AR + Xm® + Xm", (B.20)
where the conformal-GHP weights of 5 and X are:
AB=(1,1;1), X=(-L11). (B.21)
The conditions for £ to be a BMS symmetry are given by
(b +20') (AB) = Re[(d+27)X], .
P +20)X =0, ¥X=0.

For a supertranslation (3 = f,X = 0) to be a translation we have the additional condition
(0—7)(0+7)(Af) =0. (B.23)

Using equation (B.5) and setting A = 1, we reproduce equations (4.24) and (A.7); when p’ = 0,
the former reduces to equation (4.21).
Finally, the WZ charge in equation (5.44), in GHP notation, takes the form

Q[ 8] = —LRe /52 {/5(1&2 —A7'oN) + AT X + A2 Xo(047)7 — $A %05 (0+27) X |,
5
(B.24)
while the WZ flux is given by

46



Class. Quantum Grav. 39 (2022) 085002 A M Grant et al

Fl&as) = —LRe [ & N|[1BN + 0-7)0+7)8
AST

—2A" Y (Re[X 8]0 + 00 X) + A 'oRe[d X]|.

(B.25)

Appendix C. Comparison to other charge formulae

In this appendix we compare the WZ prescription to other formulations of the charge and fluxes
associated with the BMS symmetries. In particular, we consider the Hamiltonian formulation
of Ashtekar and Streubel, the Noether/Komar charge formula and their linkage versions and
also the charges defined by considering twistors at null infinity.

C1. Ashtekar-Streubel flux and charge

In this appendix, we compare the expression for the WZ flux given in equation (5.55) to the flux
given by Ashtekar and Streubel [43]. Rewriting the expression for the flux given in equation
(4.14) of [43] in our conventions, we obtain

FMEALI= — o esN (£eDy — Do L) Iy, (C.1)
s

AT

where D, is the derivative operator induced on .# by the unphysical derivative operator V,, as
defined on pp 46 of [27]. The derivative operator D, satisfies

Danb = Oa Daqbc = 0’ Da'Ub = (5aC + nalc)((sbd + ndlb)vcvd’ (C2)
—

where v, is any covector field in in the unphysical spacetime and v, is its pullback to .#.

To compare the flux equation (C.1) to the WZ flux we neea to compute the quantity
STF[(£¢Dy — Dy £¢) 1] for a BMS symmetry £°. First, note that (£¢D, — Dy £¢) I, can be
expressed in terms of the Riemann tensor of D, which can, in turn, be written in terms of S,
using equation (3.5) of [43]. This gives

(£§Da — Da££) I,=¢¢ (qb[cSa]d + Sb[c5a]d) lg — 1D DpE°. (C.3)

For a BMS symmetry £ = n” + X, we get
~ 1 1
STF[(,€5Da — Da£5) I,]=STF EX,,SL,CIC + ESabﬁ + D,DpS — 1.D,Dp,X°| . (C4)
Next, we use the following relation (which follows from equation (B.19) in the GHP notation)
1 c a - a 1
SO Sacl" = D oa — 5D, (C.5)
2 2
where ¥ = Q%V 1, is the expansion of /. Therefore, the first term in equation (C.4) gives

1 1
STF[EXbSaClC] =STF | X, P 0,4 — EXb@aﬂ . (C.6)
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Using equation (2.36), the second term in equation (C.4) is
1 N 1
STF[ESabB] =p STF[ENah — (Damp + Tamp)]. (C.7)

The third term in equation (C.4) can be expressed as

STED,Dy3 = STH( Dy D3 — £V alp)
1 :
=STF\ DuDv — 5(De = 21X 0us | , (C.8)

where we have used £,8=3(%,—27,)X" (equation (4.21a)). For the fourth term in
equation (C.4), using [,X“ =0 we have —1.D;D,X‘ = D,(X“Dyl.) + DpXD,l.. We substitute
Dy, =0 + %Qabﬂ — 1,7, and take the STF of the resulting expression. Using STF 2,X, =0
(equation (4.21c)), we get

o~ . 1 . .
STF[—I.D,DyX1=STF[Z,(X 0p.) + Exb@“ﬂ — X100 + 0. DX, ] (C.9)

Putting together equations (C.6)—(C.9) we get

STF[(£¢Dy — Da£¢) 1;] = STF BﬂNab +(Da+ 1) Dy — 7)8

. 1 : : :
+ Xp D 0uc — E@cXLUab + Da(X0pc) + UaL@hXL} : (C.10)
Finally, we simplify the second line above using proposition D.1. As a result, we find

1 1
FME AL = — o e3N [EﬂNab + (Do + 1) Dy — 1) B+ L£x0a — anb@cXC] :

AT
(C.11)

This is the same as the WZ flux formula given in equation (5.56). A charge expression whose
flux is given by the Ashtekar—Streubel formula, for the case where 7, = ¢ = 0, was also con-
sidered in [62]. Our charge expression, when adapted to 7, = ¢ = 0, differs from the one in
[62] which we believe to be a result of sign errors in some of the terms given in [62].

C2. Komar formulae and linkage charges

In this section we review the Komar formulae for conserved charges associated with Killing
vector fields and the linkage charges which generalize these to asymptotic BMS symmetries.
We show that for translations and Lorentz symmetries these reproduce the WZ charge formula
(up to proportionality constants), however for supertranslations the linkage charge does not
coincide with the WZ charge.

For physical spacetimes with a Killing vector field a prescription for a corresponding con-
served quantity was given by Komar [63]. For stationary spacetimes (with a timelike Killing
field #) and axisymmetric spacetimes (with an axial Killing field (}5") this gives a prescription
for the Komar mass M® and Komar angular momentum 7®), respectively, defined as

16w

1 A 1 BN
MO= — / S Lo (PSR P -t (C.12)
T
S S
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Using the vacuum Einstein equation and the Killing equation it can be checked that these
expressions are identically conserved and so can be evaluated on any two-sphere S in the space-
time. The relative difference in the sign arises because 7 is timelike while (}5" is spacelike with
the choice dictated by standard conventions for fields in Minkowski spacetime. The relative
‘factor of two’ between the two formulae is essentially put in ‘by hand’ to match the standard
notions of mass and angular momentum in the case of the Kerr spacetime.

Note that the integrands in equation (C.12) are proportional to the Noether charge two-
form (equation (5.9)) evaluated for the respective Killing fields. Thus, for asymptotic BMS
symmetries we could define the asymptotic charges using the Noether charge to get

QMg S = L im / EapeaVE! = ~ L i / EabeaV (D). (C.13)

167 s/ 167 s'—s
s s
It can be shown that the limit of the integrals defined above is finite and is independent of the
manner in which S limits to S (this is similar to the proof of lemma 5.1; see [42]). However, a
major drawback of using the Noether charge as the charge associated with a BMS symmetry
is that equation (C.13) depends on how the BMS symmetry is extended away from . if &'
and £ are equivalent representatives of a BMS symmetry, so that £'¢ = £ + Q*W* (from
proposition 4.1) then we have

QVIE:S1 - QVIES =~ [ VW, ©14)
" s

It is clear that one can obtain any value for the Noether charge on S associated with the BMS
symmetry simply by using different extensions of the symmetry into the spacetime. Note, if £
is an exact Killing vector field of the physical spacetime then £“ is determined everywhere by its
value on .# by the Killing equation in the physical spacetime, or equivalently the conformal
Killing equation in the unphysical spacetime and this ambiguity does not arise. Thus, for a
Killing vector field the Noether charge (i.e. the Komar formula) at S is unambiguously defined.
But for asymptotic BMS symmetries which need not be exact Killing fields the Noether charge
cannot be unambiguously defined.

A way of avoiding this dependence on the extension of the BMS vector fields would
be to suitably modify the Noether charge formula (so that it reduces to the Noether charge
for a Killing field) and/or prescribe a choice of extension for the BMS vector field. Such a
prescription is given by the linkage charge which we summarize next.

(a) One formulation of the linkage charge is given as follows [44, 64]: consider a fixed cross-
section S of .#, and let N be an outgoing null hypersurface which intersects .# in S. Let
[ be a null geodesic vector field (defined on ') which is tangent to A/ and coincides with
the auxiliary normal at S. Given a BMS vector field £ on S we extend it along the null
surface A/ by the condition

1
(755,) - Ev(f)gab> I
&)

where ,;’ is the unphysical metric perturbation generated by £“ (see equations (4.2) and
(4.5)) and 7© is its trace. Then the linkage charge at S is defined by

=0, (C.15)
N

1 . _ _
QP& STi= — (. lim / [eabea V(776D + Q71 Vey] (C.16)
S/
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where the integral is evaluated on two-sphere cross-sections S’ of the null surface A\, with
area-element £, == £pcqnl4(I°n,)~", and then the limit is taken to S along V.

(b) Another formulation of the linkage charge, which does not require fixing a cross-section
and a null surface was given by Geroch and Winicour [42]. In this formulation the BMS
vector field £ on . is extended away from .# by the condition

7O =0, (C.17)

and the linkage charge is defined by

1
oM S]:= — — lim / EapeaVE(Q D), (C.18)
167 s'—s
S/

where now the integral is evaluated on any family of two-spheres S’ in M and then the
limit is taken as S’ limits to S.

It was shown in [42] that both formulations of the linkage charge give the same charge on
any choice of cross-section S (when the respective conditions in each formulation are satisfied).
The advantages and disadvantages of both formulations are also discussed in [42]. An explicit
expression for the linkage charge in terms of fields on . was computed by Winicour [64].
After integration-by-parts on the cross-section S, the expression for the linkage charge given
in equation (5.6) of [64] (in the GHP notation) can be written as'®

oWig 8] = ﬁRe/EQ [;/3(¢2 ~ AT'oN) = 1BAT 0 -7)(0+7)7
S

+ A7 X + A Xo(0+7)7 — LA %00 (0427) X
(C.19)

The linkage charge expression is conformally-invariant and thus only depends on the phys-
ical spacetime and not on the choice of the conformal-completion. If we pick S|s = 0, i.e. £“ is
a Lorentz vector field at S, the linkage charge coincides with the WZ charge equation (B.24);
this was argued by Wald and Zoupas [21]. For a BMS translation (with § = f satisfy-
ing equation (B.23) and X = 0) note that the third term in the first line of equation (C.19)
vanishes upon integration-by-parts (also using equation (B.6)) and we get half of the WZ
charge. Thus, the linkage charges also have a ‘“factor of two’ discrepancy between the mass
and angular momentum similar to the Komar formulae equation (C.12). Note that the WZ
charge gives the correct relative factor between mass and angular momentum without any
need to fix these factors in an ad hoc manner. Since exact Killing vector fields in the phys-
ical spacetime can be shown to be part of some Poincaré algebra at .# (see remark 4.2),
we conclude that the WZ charge of an exact Killing vector field agrees with the Komar
formula.

However for supertranslations which are not translations the third term in equation (C.19)
does not vanish when the shear o on the cross-section S is non-zero, and the linkage charge

16Note that the function N defined in equation (3.30) of [64] is in fact Py, in our notation and we have used
equation (B.17) to convert to our notation. Similarly, the quantity P defined in equation (3.31) of [64] vanishes at
% due to the Bondi condition. We have also restored factors of A (defined in equation (B.3)) to make the expression
invariant under GHP transformations (equation (B.1)).
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does not coincide with the WZ charge or the Geroch supermomentum [27]. Thus, the linkage
charge for supertranslations is non-zero even in Minkowski spacetime when the cross-section
is not shear-free. This also implies that the flux of the linkage charge between arbitrary cross-
sections does not vanish in Minkowski spacetime; though the flux does vanish when computed
between two shear-free cross-sections. A detailed comparison of the linkage flux and the
Ashtekar—Streubel flux (which equals the WZ flux, see appendix C1), with similar conclusions,
was given in [65].

C3. Twistor charge

Another expression for a charge associated with the BMS symmetries was given by Penrose
[66] motivated by twistor theory (see also [23, 60, 67]). To compare to these references we
will work with the GHP formalism, set p’ =0 (i.e. the Bondi condition is satisfied) and 7= 0
(equivalent to a choice of foliation where 7, = 0).
With these choices being made, we choose a cross-section S of .# and define two-surface
twistors (w°, w') on S satisfying!”
yu'=0, dw'=ou,
0 . . L. . (C.20)
W= (_1707 /2)7 w :<170; /2)7

Given two solutions (w°, w') and (0%, &') of equation (C.20) we can form the (complex) vector
field

& = (APB)n® + Xm", B = —i(o" + w'@), AT'X = —2iw’2°, (C.21)
where A is as defined in equation (B.3). Then equation (C.20) implies

¥X =0, (C.22a)

*(AB) = 100X +0(0X). (C.22b)

The first equation says that Xm“ generates a (complex) Lorentz transformation on S, while
the second is a restriction to a (complex) Poincaré subalgebra at S. The ‘complexification’ is
necessary since equation (C.22b) in general does not have any real solutions for 5. A fixed
choice of cross-section S is necessary since equation (C.22b) is not preserved along the null
generators of .# unless 3 = 0 or N = 0, i.e. the News vanishes. For this choice of subalgebra
the (complex) twistor charge at S proposed by Penrose [66] is

QP[ee; S1= — % / &2 [(@°0" + W@ + W% +w'd'ys] . (C.23)
N

Using Ap3 = 0 N (equation (B.16)), and integrating by parts on S we can write this charge
in terms of the vector field £¢, defined in equation (C.21), as

OM[¢c; S1= % / &2 [28(, —A7'oN) + A7 Xy ] (C.24)
N

17 The pair (w°,w') are the components of a two-spinor defined at S in a spin frame compatible with the GHP tetrad
frame at S; see [67].
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Using equation (C.22) and integrating-by-parts on S, equation (C.24) can be written as (see
also equation (11) of [23])

QM[ee; 8] = L /52 281y — A™'oN —iA" I '8 o)
g (C.25)
+ AT XY + A2 X007 — LA 050 X .

To compare this expression to the WZ charge we can use equation (B.18) (with 7 = 0) to get

QMee; S 2 & / €9 {25Re(z/}2 —A7'oN) + +A7 X + A2 X0 0T — %A%aax} .
5

(C.26)

Comparing to equation (B.24) we see that the twistor charge is the same as the WZ charge
for the complex vector field £ = On® + Xm® in the Poincaré subalgebra at S chosen by
equation (C.22). The flux of the twistor charge was shown to be equivalent to the (complex)
Ashtekar—Streubel flux in [67].

Appendix D. Symmetric and tracefree tensors in two dimensions

This appendix collects some useful identities for symmetric, tracefree tensors in two dimen-
sions. In the main body of the paper these are applied to tensors on a cross-section S of &,
but they hold for any two-dimensional orientable manifold S with a Riemannian metric Q,;;
as such, for simplicity, we drop the hats on all equalities.

The results of this appendix primarily rely on the following relation between the two-
dimensional Riemannian metric Q,, and the corresponding area-element €., (see equation
(B.2.12) of Wald [26]):

ey =201 0", (D.1)

For a tensor field A, let STFA,, be the symmetric tracefree part as defined in
equation (2.13). Then, we can decompose A, into an antisymmetric part, a pure trace part,
and a symmetric, tracefree part:

1.
Aah = A[ah] + EALcQab + STFAah (D2)

Most of the tensors on S which arise in our main analysis are symmetric and tracefree, so
we collect the identities satisfied by such tensors in the following proposition:

Proposition D.1. Let A,, and By, be symmetric and tracefree tensors on S; then the
following identities hold:

STF (AuBp) = 0, (D.3)
@[aAb]c = Qc[a @dAb]da (D4)
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where 9 is the covariant derivative compatible with Q ,;,, and
1 ) : .
STF <£XAab - 5@,%}&) = STF [X, Z°Apc + DX Ape)+ Ad° DXl (D.5)

for any vector field X on S.
Proof. For any tensor A, on S, define a notion of left and right dual, respectively, by
(A)gp = €caAps (A)ap = Ad Ecp- (D.6)
It follows from equation (D.1) that
("Aap = —Aap, (Aap = —Aap, (A*),, = A Qab — Apa. (D.7)
Using equation (D.7), we therefore can characterize A, by how its left and right duals are

related:

(*A)ah <= A, =STFA,,
(A")ap = (D.8)
—("A)y <= STFA,, = 0.

Now, let A, and B,;, be two symmetric, tracefree tensors, and consider the left and right duals
of Uy, = AueB¢p. Using equations (D.6) and (D.8) we obtain

(Uap = Auac(B*) )y = Aue(B) )y = Aucc™Bp
= —(A")acB b = —(A)B s = —(U) (D.9)

Then, using equation (D.8) we get that STF(A,.B“,) = 0.
To show equation (D.4) we start with the fact that

e’ D Ape = 2D (QQM Ay) = DAY, (D.10)

where the first equality uses equation (D.1) and the compatibility of &, and %, and the second
follows from the fact that Q“bAa;, = 0. As such, the trace of equation (D.1) implies that

e’ D Ape = eca DA%, (D.11)

The result equation (D.4) then follows by equation (D.1).
Finally, consider the Lie derivative of A,, with respect to some vector field X* on S. We
have that

1
STF <£XAab — EAab@CXC>
. . 1 .
= STF (XL DAwp + 24, DX, — EAah@CX‘>

1
= STF {2){0@[6/4“],, + DX Ape) + AL DX, — 2Aah@€Xc} . (D.12)

where the first equation follows by the definition of the Lie derivative and the second from the
Leibniz rule. Using equation (D.4) for the first term in this expression and rewriting the last
two terms as

STF [As° DX + Ad° STF 2,X.] = STF [A* D X] (D.13)
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and using equation (D.3), we find equation (D.5). U

Finally, we show that divergence-free, symmetric, and trace-free tensors A,, on S must van-
ish. Unlike the above proposition, which holds for any two-dimensional manifold S, this is a
consequence of the fact that any cross-section S of .# has the topology of S%. Our proof is
based on one given in lemma 5 of [27] (for similar discussion, see appendix A.4 of [62] or
appendix C of [68]):

Proposition D.2. Let A, be a symmetric, trace-free tensor on S that satisfies 2,A° = 0.
Then Ay, vanishes.

Proof. Consider any conformal Killing vector £“ on S, and define
Vg = Agpl. (D.14)

First note that, since A,;, is symmetric and trace-free and £“ is a conformal Killing field on S,
v, 1s divergence-free:

D" =A% D6, = 0. (D.15)
Next, we show that v, is curl-free. To do so, we use equation (D.1) to show that
et Al = QA" =0,  Que®Al = caA” =0, (D.16)
so that €A, is also a symmetric, trace-free tensor. Then, proposition D.1 implies that
DALY = Qb , DAy = 0, (D.17)
and so
e? Doy = Du(e“ALE) = e“AL Dby = 0. (D.18)

As such, v, is both divergence- and curl-free, and so it must vanish (as S has the topology of
S?): that is,

A€’ =0, (D.19)
for any conformal Killing vector £ on S. However, at each point, the set of conformal Killing
vectors on S spans the tangent space, and so we find that A, = 0. (]
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