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1 Introduction

In general relativity in four dimensions, the asymptotic symmetry groups at past and
future null infinity in asymptotically-flat spacetimes are the (a priori independent) infinite-
dimensional Bondi-Metzner-Sachs (BMS) groups (often denoted by BMS~ and BMS™
respectively) [1, 2] (see also [3, 4] for recent reviews). It is natural to ask how these groups
are related in the limit to spatial infinity along past and future null infinity. It has in
fact been conjectured by Strominger [5] that the generators of these groups match (up
to antipodal reflection) in the limit to spatial infinity and, moreover, that the associated
charges on cross-sections of past and future null infinity are equal in this limit. If this
matching of symmetries and charges can be proven, it would imply the existence of a global
“diagonal” asymptotic symmetry group for classical general relativity and the existence of
an infinite number of conservation laws in classical gravitational scattering. The content of
these conservation laws would be that for each generator of BMS™ and its corresponding
generator' in BMST, the difference of the associated charges evaluated on cross-sections

'Here, by “corresponding” we mean the generator of BMS™ which this generator of BMS™ matches up to
antipodal reflection in the limit to spatial infinity where this limit is dictated by the equations that govern
BMS symmetries on .# (eq. (3.1)).



of past and future null infinity would equal the difference of the incoming flux at past
null infinity and the outgoing flux at future null infinity in the region between the two
cross-sections (see eq. (5.40)). Moreover, if appropriate conditions are obeyed at timelike
infinities such that the BMS charges all go to zero in the limit to timelike infinities (see
Remark 4.6 of [6]), for each such pair of identified generators of BMS™ and BMS™, the total
incoming flux through past null infinity would equal the total outgoing flux through future
null infinity. Strominger has further conjectured that the diagonal asymptotic symmetry
group obtained from the aforementioned matching of symmetries is the symmetry group of
the scattering matrix in quantum gravity. In a series of related developments, the existence
of these conservation laws has also been shown to be related to soft graviton theorems and
gravitational memory effects, and has been conjectured to have implications for the black
hole information paradox (see [7] and references therein; see also [8, 9] where the relevance
of these conservation laws for the black hole information paradox was disputed).

The analogous matching of asymptotic symmetries and charges in Maxwell theory
on asymptotically-flat spacetimes was shown in [10, 11]. In the gravitational case, the
BMS group is the semi-direct product of an infinite dimensional group of supertranslations
with the Lorentz group. For asymptotic translations (which are an invariant subgroup of
supertranslations) it was shown in [12] that the Bondi 4-momentum on past and future
null infinity is equal to the ADM 4-momentum in the limit to spatial infinity. Moreover,
the matching of the all the asymptotic supertranslations and their charges was proven in
linearized gravity around a Minkowski background spacetime in [13, 14]. The extension of
these results to the matching of supertranslation charges in full nonlinear general relativity
was shown in [6], assuming certain “null regularity” conditions on the behaviour of the
relevant Weyl tensor components near spatial infinity. These “null regularity” conditions
are satisfied in linearized gravity (as follows from [13, 14]) and the issue of their validity in
general was discussed in [6].

The goal of this paper is to supplement the result of [6] by proving the matching of
Lorentz symmetries and their associated charges in asymptotically-flat spacetimes that
satisfy certain assumptions which we specify in section 2. For stationary spacetimes the
matching of the Bondi and ADM angular momenta was shown in [15]. It was also argued
in [15] that a similar analysis may hold in non-stationary spacetimes where the gravitational
radiation falls-off towards spatial infinity. We will show that this is indeed true and specify
the sufficient conditions that are needed. The main tool we will use in our analysis is the
covariant formulation of asymptotic-flatness due to Ashtekar and Hansen [16] which treats
both null and spatial infinities in a unified spacetime-covariant manner. In the Ashtekar-
Hansen formalism, instead of working directly at spatial infinity, which is represented by
a point, denoted by i°, in the conformal-completion of any asymptotically-flat spacetime
and where sufficiently smooth structure is unavailable (except in the case of Minkowski
spacetime), one works with a “blowup” — the space of spatial directions at i — given by
a timelike-unit-hyperboloid . in the tangent space of i°. Suitably conformally rescaled
fields whose limits to i® depend on the direction of approach induce smooth fields on #
which can then be studied using standard differential calculus on 7. Since we will be
interested in considering limits of quantities defined on null infinity to spatial infinity, we



will then conformally-complete this hyperboloid into a cylinder, €, (as discussed in [6, 11])
whose boundaries .4+ are diffeomorphic to the space of (rescaled) null directions at spatial
infinity. We then fix the supertranslation freedom in a neighborhood of i to isolate a
Lorentz subgroup of the BMS group. The generators of this Lorentz subgroup are Killing
vector fields on . and conformal Killing vector fields on the space of null directions 4+
at i°. The Killing equation on 4# leads to the antipodal matching of Lorentz symmetries at
past and future null infinity in the limit to spatial infinity. We will then show that, assuming
a certain continuity condition on the Weyl tensor (eq. (5.9)) on the boundaries .4 * of
%, the Lorentz charges on limiting cross-sections of future (past) null infinity match the
Lorentz charges at spatial infinity.? As a consequence of the asymptotic Einstein’s equations
on 7, the Lorentz charges are conserved on 4 which implies that their values on the
past and future boundaries 4+ of € are equal. It then follows that the Lorentz charges at
future null infinity match those at past null infinity in the limit to spatial infinity. This
result along with the proof of matching of supertranslation symmetries and the associated
supermomentum charges in [6] completes the proof of matching of all BMS symmetries
and charges.?

The rest of this paper is organized as follows. In section 2, we review the basic setup
needed to study the matching of asymptotic symmetries and charges, borrowing heavily
from the description given in [6]. In section 3, we give a brief review of the asymptotic
symmetry groups at null and spatial infinity and study various properties of the associated
generators that we will need later in our analysis. We then discuss how fixing the conformal
freedom near spatial infinity allows us to isolate Lorentz subgroups of the asymptotic
symmetry groups at null and spatial infinity and how the antipodal matching of Lorentz
symmetries on past and future null infinity (in the limit to spatial infinity) comes about
in section 4. In section 5, we show that the Lorentz charges on null infinity match those
at spatial infinity and that this leads to the matching of the Lorentz charges on past and
future null infinity. We conclude in section 6 with a discussion of the assumptions used
in our analysis and some open questions. We collect some results that are needed for the
calculations in the body of the paper in the appendices.

We use abstract index notation with indices a, b, ¢, ... for tensor fields. Quantities in
the physical spacetime are denoted with a “hat” on top, while the ones in the conformally-
completed unphysical spacetime are denoted without a “hat” e.g. g, denotes the physical
metric while g, denotes the unphysical metric. Direction-dependent tensor fields are
denoted to be C>~! and their limits to i® are represented by a boldface symbol e.g. Q- Clbed
is C>~1 at i and Cpeq(77) = l_1>rl% Q0 Cipea Where 77 denotes the spatial directions at i°.

2The formulation of charges at spatial infinity has been investigated in [17-20]. In [17-19], the relation
of asymptotic symmetries at null infinity with those at spatial infinity has also been studied.

3Tt has been claimed in [21] that the matching can be proven by converting from Bondi-Sachs coordinates
(adapted to null infinity) to Beig-Schmidt coordinates (adapted to spatial infinity). These coordinate
transformations are valid only if the conformally-completed spacetime is C~' at i° in both null and spatial
directions. Additionally, their analysis implicitly assumes that the unphysical metric is C~° in both null
and spatial directions. While these assumptions are valid in Kerr-Newman spacetimes, neither of these
assumptions have been justified for generic solutions in nonlinear general relativity (see section 6).



Complex conjugates are denoted using “bars,” e.g., Z denotes the complex conjugate of z.
Moreover, we use .#* to denote future/past null infinity and .# without any superscripts
in contexts that apply both to past and future null infinity. We use “=” to denote the
spin-weights of quantities. Finally, we use “=” to go from tensors with abstract indices to
their expressions in some coordinate system and “=” to denote equality on .#. The rest of
our conventions follow those of Wald [22].

2 Relating past and future null infinity: the construction

In this section, we review various elements of the construction that we will use to relate
past and future null infinity in asymptotically-flat spacetimes and address “the matching
problem”, that is, the question of how asymptotic symmetries and charges defined on
cross-sections of past and future null infinity are related in the limit to spatial infinity.
This construction was developed in [6] (see also [11]) and some accompanying results were
derived in [20]. Here, we will simply borrow results from these papers without attempting
to derive or prove them. The interested reader is referred to the aforementioned papers to
fill in the details.

Asymptotic flatness at null and spatial infinity: we will work in a class of spacetimes
which are asymptotically-flat at null and spatial infinity. This notion of asymptotic flatness
is defined using an Ashtekar-Hansen structure [16, 23].

Definition 2.1 (Ashtekar-Hansen structure [23]). A physical spacetime (M , Jap) has an
Ashtekar-Hansen structure if there exists another unphysical spacetime (M, gqp), such that
(1) M is C* everywhere except at a point i® where it is C>!,
(2) the metric gqp is C*° on M — 4%, CY along null directions at i° and C>? along spatial
directions at ¢°,
(3) there is an embedding of M into M such that J(i%) = M — M,
(4) there exists a function  on M, which is C> on M —i® and C? at i® so that gop = Q%Gas
on M and

(a) Q=0 on J(i),
(b) Vo2#£0o0n .Z,
(c) at i, Vo =0, VoV = 294

(5) There exists a neighbourhood N of J(i%) such that (N, ga) is strongly causal and
time orientable, and in N N M the physical metric g, satisfies the vacuum Einstein
equation Rab =0,

(6) The space of integral curves of n® = g®V,Q on .J(i°) is diffeomorphic to the space of
null directions at °,

(7) The vector field w~'n® is complete on .# for any smooth function @ on M — % such
that @ > 0 on M U.# and V4(w?n®) =0 on ..

Here, following [24], we have denoted the causal future of a point i in M by J(i"), its
closure by J (i) and its boundary by .J(i°). Note that null infinity is such that .# = J(i%)—°.
The physical role of the conditions in Def. 2.1 is detailed in [23]. In particular, these



conditions imply that the point ¥ is spacelike related to all points in the physical spacetime
M, and represents spatial infinity. It is worth emphasizing that the metric g, is only
C>Y along spatial directions approaching ", that is, the metric is continuous but the
metric connection is allowed to have limits which depend on the direction of approach to
i9. This low differentiability structure is essential to allow spacetimes with non-vanishing
ADM mass [16, 23]. Given a particular physical spacetime, the choice of Ashtekar-Hansen
structure is ambiguous up to logarithmic translations.* We will comment below on how
this ambiguity is fixed in our analysis.

A review of the geometry of spatial infinity: for spacetimes satisfying Def. 2.1, we
have the following structures in the limit to i® along spatial directions. Along spatial
directions
n® = lim V°Q", (2.1)
—1

determines a C>~! spatial unit vector field at i® representing the spatial directions 7 at 7°.
The space of directions 77 in T° is a unit-hyperboloid denoted by ..
Given T%,_, a C~~! tensor field at ° in spatial directions, lir% T4y, =T% . (1) is
—1

a smooth tensor field on 7. Moreover, the derivatives of T% " (77) with respect to the
directions 7j satisfy

e 04Ty () = lim QLY. QP T, (2.2)
—1
where 9, is the derivative with respect to the directions 77 defined by

1
09Ty, (1) = lim = [Ty, (7 + ) — T (77)] for all v* € T,

e—0 € (23)
The metric hgy, induced on 7 by the universal metric g,;, at i¥ satisfies
hab = gap — Nty = Oamy - (2.4)

Further, if T%. (77) is orthogonal to n® in all its indices then it defines a tensor field
T intrinsic to 7. In this case, it follows from eq. (2.4) and 8.g,, = 0 (since g, is
direction-independent at i°) that projecting all the indices in eq. (2.2) using hgy;, defines
a derivative operator D, intrinsic to . which is also the covariant derivative operator
associated with h,,. We also define

. d . c
Eabc *= —MN Edabc, Eab = U Ecab, (25)

where €4peq is volume element at i corresponding to the metric g,,, €ape is the induced
volume element on .77, and &4, is the induced area element on some cross-section of 7

with a future-pointing timelike normal u® such that hpulub = —1.

4We will omit describing any details of logarithmic translations in this paper since we will not need them
in any calculations. The interested reader is referred to Remark 4.2 of [20].



Note that 7 admits a reflection isometry which can be seen as follows. We introduce
coordinates (7,04) on # — where 7 € (—00,00), and 4 = (0, ¢) are the usual spherical
coordinates on S>— such that in these coordinates, the metric on J# is

hay = —dr? + cosh? 7(d#? + sin® 0d¢?) . (2.6)
Using Yo to denote the action of the reflection map Y on tensor fields on 57, we see that

Y = A (1,00 = (=1, —67)

(2.7)
with T o hyy = hyyp

where 04 = (6, ¢) — —04 = (7 — 6, ¢ £ 7) is the antipodal reflection on S?; the sign is
chosen so that ¢ + € [0, 27).

We turn now to studying some properties of the Weyl tensor in the limit to i. Note
that the vacuum Einstein equation Rab = 0 can be written as

Sab = =207V, Vi + Q72VQV g,

_ 1 (2.8)
91/25’0,1) = —4Vanb + 40 e <gab - 17277(177b> 7707767
where, as before, n, = Vaﬂl/Q, and Sy is given by

1
Sab = Rab - gRgab- (29)

The Bianchi identity V,Rpqq. = 0 on the unphysical Riemann tensor along with eq. (2.8)
gives the following equations for the unphysical Weyl tensor Copeq (see [25] for details).

v[e(Q_lc’ab]cal) =0, (2103)
vdC’abcd == _v[aSb]c- (210b)

Since the unphysical metric gq is C° at 0, Q" Copeq is C>1 at 0 [16]. We denote
_ . !
Cabcd(n) = 1_1}% Q/2cfabcd . (211)
(2
The “electric” and “magnetic” parts of Cap.q(7) are, respectively, defined by

Eab(ﬁ) = Cacbd(ﬁ)ncndy Bab(ﬁ) = *Cacbd(ﬁ)ncnd . (212)

where *C gpeq(7) == %eabef Cfca(7). It follows from the symmetries of the Weyl tensor that
both E4(77) and B(17) are orthogonal to n®, symmetric and traceless with the respect to
the metric hyp, on . They therefore define smooth tensor fields on 7. eq. (2.10a) implies
that these satisfy

D[aEb]c =0, D[aBb]c =0, (213)

as well as
D’E,, = D’B,,=0. (2.14)



Note that since gq is C~0 at 79, 028, is also C>~1 at 9. We denote Saup(1) =
lim Q72 Sap and define
—40

E(7) == Sap(Mn™n",  Ku(7) = ha"he"Sca(il) — hap B(7]) , (2.15)
which induce the fields E and K, on 7. As shown in [16, 20], multiplying eq. (2.10b) by
€, taking the limit to i, and using eq. (2.13), we get

ho"1n°Sye(77) = D E (2.16)

and
1 1
Eo =~ (DaDyE +haE), Bop = —1€caD°K". (2.17)

Hence, E is a scalar potential for E, while K, is a tensor potential for Bg,.° The
potentials E and K 4, are not free fields on . and are governed by equations which will
not concern us here but may be found in [20].

To define the charge for asymptotic Lorentz symmetries at spatial infinity, which will
be part of our analysis in this paper, we will also need access to a “subleading” piece of
the magnetic part of Weyl tensor for which one has to restrict to a class of spacetimes
where B,, = 0. While it is possible to define Lorentz charges in cases where By, # 0
(see [20, 26]), that formula is significantly more complicated and therefore we will not
analyze those cases here. We point out that the condition B, = 0 is satisfied (at least) in
any asymptotically-flat spacetime which is either stationary or axisymmetric [27]. Having
set B,y = 0, we then require that

Bap = limy +Cocparn’ (2.18)

exists as a C~~! tensor field at . This defines for us the aforementioned subleading
magnetic field. It follows from eq. (2.18) that 8, is tangent to .7, symmetric and traceless
with the respect to h,,. In what follows, we will also need the equations of motion for
Bap- Our main calculations will be performed in a conformal frame where K, = 0 (see
section 4) and in this frame, these equations are given by [16, 28]

D8, =0. (2.19a)

D?B,;, — 2By = —€ca@BE D E . (2.19Db)

Remark 2.1 (Conformal transformations of the asymptotic fields). Def. 2.1 implies that

the allowed conformal freedom 2 +— w(Q is such that w > 0 is a positive function which

is smooth on M — i®, C>Y at i® and satisfies w|;0 = 1. This implies that along spatial
directions that limit to i, we can write

w=1+0"a, (2.20)

where a is C>~! at i°. We denote o = lim a. It can then be shown that E,;, By, and E

—i0
are conformally invariant while

K p— Ky, — 2(Dana + haba) . (2.21)

Since By is curl-free (eq. (2.13)), there also exists a scalar potential for By, (see, e.g., [16] and

appendix B of [20]). However this scalar potential cannot be obtained as the limit of some tensor field in
spacetime.



A review of the geometry of null infinity: we now introduce some quantities at null
infinity that we will need in our analysis. We denote

1
O = Zvan“u, (2.22a)

Dl =2, (2.22b)

where the second equality follows from condition (4.c). Under conformal transformations
(Remark 2.1),
d—w (®+ £ynw). (2.23)

Since Sgp is smooth at .# by the conditions in Def. 2.1, eq. (2.8) implies

Er% Q n%n, =20, Venp = Bgyy, (2.24)

that is, the vector field n® is a null geodesic generator of .#* =2 R x S? which is future
pointing on .#* and past pointing on .# ~. Further, we denote the pullback of g, to .# by
gab- This defines a degenerate metric on .# with gun® = 0. It is convenient to introduce a
foliation of .# by a family of cross-sections diffeomorphic to S?. The pullback of g, to any
cross-section S defines a Riemannian metric on S. Then, for any choice of foliation, there is
a unique auxiliary normal vector field [* at .# such that

", 20, 1"ng= -1, qul’ =0, (2:25)
We further have
Jab = Yab + 2n(alb) sy Eabe = ldEdabc; Eab = N Ecab (2.26)

where €4 defines a volume element on . and e, is the area element on any cross-section
of the foliation. Evaluating the pullback of £,,g,, and using eq. (2.24), we have on .#

°€nng = 2(1)(](11)7 (227)

that is, ® measures the expansion of the chosen cross-sections of .# along the null generator
n® while their shear and twist vanish identically. We also define

Ta = ¢ Vyle, (2.28)

which satisfies n®Vyl, = 7, — ®l,. We see that 7, represents the change in the direction of
[, along the null generators of n®. The shear of the auxiliary normal [* on the cross-sections
S of the foliation is defined by

oa = STEV,lp, (2.29)

where STF denotes the operation of taking the symmetric trace-free projection of a tensor
onto a cross-section. The twist €%V ,1, vanishes since [, is normal to the cross-sections
while the expansion of [* is given by

I(1%) = ¢Vl . (2.30)



For any smooth v, satisfying n®v, = [*v, = 0, we define the derivative &, on the cross-
sections by
@avb = QaCdevcvd- (231)

It is easily verified that Z,ep. = 0 and Z,qpe = 0.

In this paper, we will work in a class of spacetimes where the peeling theorem holds.
It follows then that Cypeg = 0 at ., and thus Q' Cypeq admits a limit to .7 (see, e.g.,
Theorem 11 of [25]). In any choice of foliation of .# we define the fields

Rap i= (Q_lCCdef)qacndqbenf, S, = (Q_lCcdef)lcndqaenf (2.32a)
1

P = (0 Cgeyp)lenien? P* = 5(Q*l(Ja,ef)lwlsﬁ’J” (2.32b)

T i= (7 Claes)nl%q,°1 Tap = (27" Ceaes) @Vt (2.32¢)

These tensors are all orthogonal to n and {* in all indices and therefore can be taken to be
tensor fields on the cross-sections of the chosen foliation of .#. Relations of these tensor
fields to Weyl scalars on null infinity may be found in appendix. A of [4, 6].% For the fields
defined in eq. (2.32), eq. (2.10a) implies the following evolution equations along .#

(£n +29)Sy = (2° + )R, (2.33a)
(£n+30)P = (2% + 2798y — 0™ Ryp, (2.33D)
(£ +3D)P* = (D + 27,)Sy + €150 Roe (2.33¢c)
(£n +20)T, = %(% +37)(q"P — £°P%) — 20,°S,,, (2.33d)
(et )Top = (050" — L0t (e +47)Ta — S0uclas’ —2°P). (2.330)

Finally, the News tensor is defined by
Nab = 2<£n — q))O'ab, (234)

which satisfies Nyyn? = 0, Nabqab = 0 and is conformally-invariant on .#. The News tensor
is related to Sy (eq. (2.9)) by

Nap = STF [Sap — 2P0y + 2(Duts + Ta™)] (2.35)
and to the Weyl tensor on .# by (from eq. (2.10b))

1
7?/obb = §£nNab (236&)

1
S, = §9bN“”‘ (2.36D)

SExpressed in conformal Bondi-Sachs coordinates, P and 7, are related to the Bondi mass aspect, M,
and the angular momentum aspect Na; these relations may be found in eq. 6.10 of [4].



Figure 1. The space ¥ of null and spatial directions N at i. The boundaries A4+ = S?,
diffeomorphic to the space of generators of .#* respectively, represent the space of null directions.
€\ 7 is the space of rescaled spatial directions conformally diffeomorphic to the unit-hyperboloid
. € depends on the choice of the rescaling function ¥ (defined below) and need not be a cylinder
of unit radius in 7%° — a “wiggly” cylinder has been drawn here to emphasize this.

The space ¢ of null and spatial directions at i°: as detailed in [6], to study limits
of quantities defined at null infinity to spatial infinity, one needs to rescale n® to obtain a
set of “good” (non-vanishing) null directions at i and, in addition, conformally complete
S into a cylinder, denoted by €. The boundaries of €, denoted by 4%, correspond
to the space of (rescaled) null directions at i (see figure 1 for an illustration) that are
antipodally mapped onto each other by the reflection map (eq. (2.7)). To carry out this
rescaling of directions, in a neighborhood of i® in M (from hereon in, we use M to denote
such a neighborhood unless otherwise specified), one defines

1 1
N := -¥n* = _3VQ, (2.37)
2 2
where 3, called the rescaling function, satisfies the properties listed below.

Definition 2.2 (Rescaling function ¥). We take ¥ to be a function in M such that
(1) ¥71 > 0 is smooth on M — i°
(2) ©71tis C>Y at i® in both null and spatial directions,
(3) X7 =0, lim VX~" # 0 and
—i
(4) B£,271 =2 at " and on ¥

Note that > is not uniquely defined and the freedom in picking a > is detailed in
Remark 2.3 of [6]. Note also that N is C>~1 at Y and N = lim N # 0 along both null
—1
and spatial directions.

Since X7 !,0 = 0 and X1 is C>°, there exists a function X(5), which is C>~! along
spatial directions, such that
57 () = lim (%) . (2.38)

—40
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We also define a rescaled auxiliary normal L* in M by
L*:=-V's~ 4+ %Navbz*vby1 — %szbvavbzfl , (2.39)
where
L' = -Vt 4 %NaVbZ‘lvi‘l . (2.40)
Our L%, we note, is different from the expression for L® (here denoted as L") in [6] where

the last term was absent.” Note also that L¢ is C>~1 at i® and lir% L% # 0 in both null and
—1

spatial directions. Further, using eq. (2.37) and condition (4), we have
NeL,= 1, L%L,=0. (2.41)

The pullback of Ly to .# equals the pullback of —V,% ! and therefore L® defines a rescaled
auxiliary normal to a foliation of .# by a family of cross-sections Sy, with ¥~! = constant.
It follows from Def. 2.2 and condition (6) that the limiting cross-section Sy, as $71 — 0, is
diffeomorphic to .#*. The auxiliary normal to this foliation, [, satisfying eq. (2.25), is
obtained by

- %ma, (2.42)
which we also take to define our choice of extension of [* into M. In the foliation of Sy,
cross-sections, we have (using egs. (2.37) and (2.41))

N% g =051, (2.43a)
ny =25 1051 . (2.43b)
We turn now to the conformal completion of J#. Let 3 be the function induced on 7 by
3 (7) (defined in eq. (2.38)). Let (JZ, hap) be a conformal-completion of (#, hgy) with the
metric flab := 32h,. Then there exists a diffeomorphism from S onto € (see eq. B.16

of [11]) such that # is mapped onto €\ .4#* and X, as a function on €\ 4+, extends
smoothly to the boundaries .4 * where

Sl =0. (2.44)

Note that we will implicitly use this diffeomorphism to treat fields defined on 7 as fields
on ¥ throughout this paper. Note also that the rescaled metric

Gab = X qab » (2.45)

on Sy, is such that as ¥~! — 0, lin% qab(ﬁ ) exists along null directions N and defines a
—1

direction-dependent Riemannian metric q,;, on the space of null directions .4/ +. Moreover,
this metric coincides with the metric induced on A4+ by ha, on €, that is,

Qop = lim, (hop + Do3Dp3). (2.46)

"Note that the expression for L” in eq. 2.33 of [6] was erroneously written. The corrected version of
that expression is " = —h* DS+ n“(éEthDbEleCZfl — %Eil). However, since this correction
does not effect h“bfb, it does not effect any of the conclusions in [6]. It can also be shown explicitly that

lim 27 'h% LY = lim E_Ih“bfb and so the proof of matching of supertranslation charges in [6] goes

N E — N E
through unchanged with the choice of L® made in this paper.
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Similarly, we have the rescaled area element
Eap = Yeap (2.47)
on the foliation Ss;. This induces an area element &, on .4+ such that

. = 2
Eab = _1)1;1/1:& Ucecab - —E/IVni +3 €ab (248)

where U® := h% L and & := Z3e4, is the volume element on € defined by the metric
hap, = X2hyp. Note also that

. -1 a __ . -2 .a
SR USSR 0 (249)

Null-regular spacetimes at i°: in [6], it was shown that the spacetimes in which the
supertranslations charges on .#~ and .# T match in the limit to i are spacetimes with an
Ashtekar-Hansen structure (Def. 2.1) where

1. the rescaled quantity
Y307 Cpeal®nb1n is €771 in both null and spatial directions at i (2.50)

2. in the limit to i along each null generator of .#
Ny = 0270+ Ry =02~ as ©71 — 0 along .7 (2.51)

for the vector field [* (defined by egs. (2.39) and (2.42); see footnote 7 as well). Such
spacetimes are called null-reqular at i°. It was also shown that these spacetimes satisfy the
property that E,, is even under the reflection isometry given in eq. (2.7). Further, it was
shown in [20] (in eq. 4.31 and the discussion around it) that in such spacetimes, one can use
logarithmic translations to set E to be reflection-even. This then removes the ambiguity
in the Ashtekar-Hansen structure referred to below Def. 2.1. Throughout this paper, we
will always work in these null-regular spacetimes. We will later supplement this with the
condition given in eq. (4.5) and additionally assume that eq. (5.9) is continuous at .4 *.
Note that in our analysis, we do not require that the News tensor vanish in any open region
of .# and therefore do not impose that our spacetimes be stationary (see pp. 53-54 of [25]
for a proof of the statement that if a spacetime is stationary in a neighborhood of some
portion of .#, labeled A, then N, =0 on A.Y).

Choice of conformal frame: one can use the conformal freedom {2 — w{2 discussed in
Remark 2.1 and the corresponding change in ®, given in eq. (2.23), to go to a conformal
frame where ® = 2 not just at i° but in a neighborhood of i®. The appropriate w can be
picked by solving the following ordinary differential equation £, Inw = 2w — ¢ (for some
initial ®) in a neighborhood of i®. This was done, e.g. in [12, 29]. In what follows, we will
also work in a conformal frame where this is true and so all our subsequent calculations
will be performed assuming that we work on a portion of .# that is in a neighborhood of i°
where @ = 2. Since the asymptotic charges at both null and spatial infinity are conformally
invariant (see, e.g., [4, 20]), making this choice to prove matching of asymptotic charges
entails no loss of generality. Note also that after having picked this conformal frame, one
still has the residual conformal freedom given by  — wQ where £,w = 0. We will restrict
this freedom further in section 4.
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Choice of rescaling function: note that since asymptotic charges at both null and
spatial infinity are independent of the choice of rescaling function, we can use any choice of
rescaling function to study the matching of asymptotic charges. A particularly convenient
choice is one where the metric on cross-sections of .# (in a neighborhood of i°) is g = X254
where s, is (a constant multiple of) the unit round sphere metric. This choice can always
be made when ® = 2 (see e.g., appendix. B of [6]) and in the rest of our analysis we will

work with this choice.

Choice of foliation: as in [6], in the rest of this paper, we will work in a context where
# is foliated by ¥~! = constant cross-sections, Sy, . This implies that

Z,571=0, (2.52)

on any cross-section of the foliation. It was shown in [6] that this choice can be made in
any conformal frame and that using eq. (2.52), this implies that 7, = 0 (see eq. 2.31 and
footnote 5 of [6]). Therefore, 7, = 0 in the rest of our analysis.

Limits of integrals to .# and J7: in this paper, we will need to consider limits of
certain integrated quantities to cross-sections of .# and .# (see section 5). In these cases,
the limits to cross-sections of .# will be taken along a sequence of null hypersurfaces, that
exists in a neighborhood of ¥ in the unphysical spacetime. Each of these null surfaces
is foliated by constant  spheres &', that limit to cross-sections Sy, of .#. These null
surfaces are taken to be generated by an affine, null vector field, denoted by K (defined in
eq. (5.14)). This vector field is such that lim Q2K is direction-dependent. Moreover, we
require that the null normal K, be such th_ant 111% K, is direction-dependent. Note that this
difference in scaling between the null generato?;nd null normal uses the fact that on a null
surface they can be scaled arbitrarily with respect to each other. The limit to cross-sections
of 77 is taken along spacelike hypersurfaces that go to spatial infinity. These surfaces are
foliated by spheres, &', that limit to cross-sections of 7.

This completes our review of the construction needed for the calculations in this paper.

3 Asymptotic symmetries at spatial infinity

3.1 Behaviour of the BMS symmetries at i°

In this section, we derive the behavior of BMS symmetries in the limit to .4#* along .#*.
We start by giving a brief review of BMS symmetries (see, e.g., [4] for a more detailed
discussion).

BMS symmetries at null infinity are defined by diffeomorphisms that preserve the
universal structure at .# (that is, the structure common to all physical spacetimes that
satisfy Def. 2.1). This universal structure is given by the equivalence class [n%, ¢,] with
(n%, qap) ~ (W™ In? w2qu), where w is a positive function which is smooth on M —i% C>0 at
i and satisfies w|;0 = 1. The diffeomorphisms on .# which preserve this universal structure
are generated by vector fields £%, in the physical spacetime, which extend smoothly to .7,
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are tangent to .# and satisfy

a ~ a

Len —an®,  Ledab = 206 qab (3.1)

for some function a(¢) which depends on £%, is smooth on .7, C>0 in spatial directions at
i¥ and satisfies ag)|;o = 0 (which follows from the fact that wl;o =1).
Since £% is tangent to ., we can write

£ = Bn® + ¢ X7, (3-2)

where 3 := f —1,X? eq. (3.1) then gives®

(£n—4) "Xy =0, (3.3a)
1
(%C%d - gqaqud> Ded aXe =0, (3.3b)
1
) = £nfl = 20+ 5 Za(d"X"), (3.3¢)

— (£, —2)B2 %%(qabxa) .

BMS symmetries on .# are parametrized by (f, X%) that satisfy these conditions. It can
be shown (see, e.g. [4, 25, 30]) that symmetries of the form (f, X® = 0) form an infinite
dimensional subalgebra, s, which is a Lie ideal of the BMS algebra, b. These symmetries are
called BMS supertranslations and they satisfy (£, —2)f = 0 (which follows from eq. (3.3c)
with X = 0). Further, one can see from eq. (3.3b) that ¢%, X? satisfies the conformal Killing
equation on cross-sections of .# and since these cross-sections are diffeomorphic to S?, it
follows that ¢%,X? are elements of the Lorentz algebra, so(1,3). One can show that the
Lie bracket of a BMS supertranslation and a Lorentz symmetry is a BMS supertranslation
and therefore, the Lorentz algebra forms a quotient subalgebra of b. The structure of b is
therefore that of a semidirect sum,

b=s0(1,3) xs. (3.4)

Finally, there is 4-dimensional Lie ideal, t, of § which corresponds to BMS translations.
These are BMS supertranslations which satisfy

STF 2,2,f = 0. (3.5)

Next, we study the behavior of £ in the limit to .#'* along .# by solving eqs. (3.3a)
to (3.3c) in a coordinate system adapted to .# that is well defined in a neighborhood of "
(constructed in appendix. B of [11]). In these coordinates, g, = X254, where sqp is the
unit round sphere metric, given in stereographic coordinates by (eq. (A.2a))

sap = 2P 2dzdz, (3.6)

8Recall that we have specialized here to ® = 2 and 7, = 0. The corresponding expressions in arbitrary
conformal frames and arbitrary foliations of .# may be found in appendix. A of [4].
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where P := HT‘;E Written in these coordinates,
¢ X" = PX0; + PX0, . (3.7)

Here X = s = —1 which is determined by the fact that ¢%X? is invariant under spin
transformations (see eq. (A.5) for the definition of spin transformations). Using the
definition of d in eq. (A.6), eq. (3.3b), written in stereographic coordinates, is the same as

3X =0, (3.8)

which, in terms of spherical harmonics on the unit-sphere, implies that X is £ = 1. Note
also that,
Da(q®X%) = (0X +3X). (3.9)

With n® = 2% 71951 (eq. (2.43b)), egs. (3.3a) and (3.3c) lead to
1
25 10y 1 (B72X) —4(272X) 20, 2271ogap-28= 5.@a(qabxb) . (3.10)

The first equation above implies that X is constant in ¥ ! and therefore has a well defined
limit as ¥~ — 0. It then follows from eq. (3.9) that Z,(¢%X") is also constant in %71.
Further, the solution to the second equation above gives

52070 — 1 Zu(g"sXY), (3.11)

~

where 3 is a constant in ¥~!. Using Q) = £, we then obtain
ag =257 16 (3.12)

Recall that a BMS supertranslation is given by £%|xa—g evaluated on .# and we see that
in this case, £ 8(X® = 0) = ©f = Sy has a non-vanishing limit to .#*. As already shown
above, ¢%, X" has a limit as ™1 — 0 and we see therefore that a BMS symmetry on A4 * is
given by (2f, ¢%X?) where ¢% X" is a conformal Killing vector field tangent to 4+,

3.2 Spi symmetries on the space of null directions .#*

In this section, we will study some properties of the asymptotic symmetries at spatial
infinity, called spi symmetries, that we will need in our analysis.

Spi symmetries correspond to diffeomorphisms that preserve the universal structure
at spatial infinity. The consequences of this were discussed in section 6 of [20] where it
was shown that this implies that the generators of these diffeomorphisms, £, are such
that Luz% QJ/QE“ is direction-dependent and £* satisfies L¢gqp = 4Q*I/Q§cncgab on J7. Spi

symmetries are parametrized on % by (f, X?) where
X" i=1lim QR fi=1limQ 7, (3.13)
—0 —0

where f is a smooth function on .7# which parameterizes spi supertranslations. The action
of a spi supertranslation on the asymptotic fields on 7 is that of a linearized conformal
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transformation with e = —2f (where o was defined in Remark 2.1). Further, X satisfies
N, X" = D, Xy = 0 on 5 which implies that X“ is an element of the Lorentz algebra,
50(1,3). These symmetries comprise the spi algebra which is very similar in its structure
to the BMS algebra in that, spi = so(1,3) x s; that is, it is given by the semi-direct sum
of spi-supertranslations, s, (which form an infinite dimensional Lie ideal of spi) with the
Lorentz algebra which like in BMS algebra forms a quotient subalgebra of spi. Finally, the
spi algebra also has a 4-dimensional subalgebra t of spi translations which forms a Lie ideal
of t. These are given by the spi-supertranslations f which satisfy the additional condition

D.Dyf +hyf=0. (314)

The limiting behavior of spi supertranslations to .#* was studied in [6] where it was shown
that for spi-supertranslations that match onto BMS-supertranslations at null infinity in the
limit to spatial infinity, F := X f has a limit to .#*. Since only these spi supertranslations
are relevant for the matching problem we are studying here, we restrict our attention only
to them. In this paper, we will also need some properties of X¢, including its limiting
behavior to A4 *. We turn to deriving that next.

Lorentz symmetries on J7: to study the limiting behaviour of X“, we explicitly solve
D, X}) = 0 and analyze the behavior of the solutions to this equation in the limit to ./ +,
We use coordinates (a, z,Z) on . (see appendix. B of [6] for details), in which the metric
on S, hgp, has the following form

1

hoyp =— do? +
" (1-a?)?

1
— sapdfidoP . (3.15)
Here 64 = (2,%) and s4p = 2P~2dzdz. Note also that here « is related to 7 used in eq. (2.6)
by a :=tanh7, —1 < a < 1 and a — +1 corresponds to the limits to A4+,

The vector field X can be written as

X = Z0, + (PX)0: + (PX)0,, (3.16)

where
Z=s=0, X=s=-1. (3.17)

As before, the spin weights are determined by the fact that X is invariant under spin
transformations. Note also that Z is a real function while X is complex on 7. In these
coordinates, the components of the equation D, X3) = 0 are given by

0=(1-a%0.Z+2aZ, (3.18a)
0=(1-0?)0,X —03Z, (3.18b)
0=0X, (3.18c¢)
0=(1-a*)(0X+03X)+2aZ, (3.18d)

where the operators d and d are defined in eq. (A.6). Note that eq. (3.18¢) is the same
equation that we encountered for X in section 3.1 which, in terms of spherical harmonics
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on the unit-sphere means that X is £ = 1 (or, stated in a conformally invariant way, that
X4 is a conformal Killing vector field). Using this, eq. (3.18b) implies that Z is also £ = 1.
As a result, the solution to eq. (3.18a) is given by

(1—a?) Z K Y (3.19)

m=—1

where K, labels three complex constants. Using eq. (A.10a), the fact that Z is real relates
these constants through
KyeR, K ;= —E, (320)

leaving us with three independent real constants. Similarly, using

X = Z Xon (@)Y (3.21)
m=—1
we see that eq. (3.18b) becomes
0=0aXm(a) — Kp,, (3.22)
and so we have
Xm(a) = Ry + aK,y, . (3.23)

Moreover, eq. (3.18d) implies that

Ry = (—)""R_,,. (3.24)
As a result, R, also labels three real constants (with m = —1,0,1). We then see that
K,, and R,, each represent three real numbers. They parametrize boosts and rotations
respectively which can be seen by noting the fact that the divergence of X on a cross-
section of 7, which is given by 8 X + 0 X, is zero when K,, = 0VYm and only non-zero
when dm : K,,, # 0.

The expression for the Lorentz charge on .7 depends on *X* (see eq. (5.5)), which is
defined by *X¢ := %sabCDbX c. The properties of *X* were discussed in appendix. B of [20].
In particular, it was shown that it satisfies

DXy =0, (3.25)
and therefore, *X* also represents a Lorentz symmetry on 7.
To study the behavior of *X@ in the limit to 4 *, we start with
X = (*Z)00 + P(*X)0: + P(*X)0, . (3.26)
Evaluating this explicitly and rewriting the resulting expression using d and 9, we obtain?
*Z = —%(1 — o)X -3X),
"X = % 37 + (1 a?)0uX + 20X (3.27)

:i(5Z+aX),

In our conventions, the volume form on 4 in (o, z,Z) coordinates is given by €qpc = Wda A
dz N dz.
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where the last equality uses eq. (3.18b). Then, using the expressions for Z and X obtained
above as well as egs. (3.20) and (3.24), we obtain

m=1 m=1
*Z=(1-0%) > iR, X = > i(Km+aRn)YST ) (3.28)
m=—1 m=—1

We therefore see that this “dual” transformation, X — *X ¢, effectively interchanges K,
and R,, i.e. boosts and rotations. Note also that in the limit « — +1, *Z — 0 and one can
check by explicitly evaluating the Hodge dual in (z,%) coordinates that

XK e = =Xy (3.29)

where *X ¢ := §,2X°.

We now study the transformation of X under the reflection map (a, 4) — (—a, —04).
Note that K,, and R,, are reflection-even since they are constants. From the transformation
under the parity operation of the spin weighted spherical harmonics (eq. (A.10b)), we can
conclude that

Z(—a, —0) = —Z(, 04), (3.30)
as well as
o m=1 - [
X(=a,=0%) = 3[R — aKpn| V5 1(-0%)
m=—1
m=1
= 3 | R = a( )" K] ()Y (0N (331)
m=—1
= 37 (R + alp] Y50 (0%) = €9X (0, 0%),
m=—1

where €% = z/z. Similarly, X(—a, —04) = e7%?X(a,#4). Using the fact that under
antipodal map (0% — —0%: z — —1/%)

PO, — e %7 Po;
Pz — €9P0, (3.32)

we find that X* — X® under the reflection map and X is hence even under this map. It
is straightforward to show that in the same way, *X ¢ is also even under the reflection map.

Recall from eq. (3.19) that Z| ,+ = 0 and therefore X* becomes tangent to .4 * in
the limit. Thus, on .4 * a spi symmetry is given by (F*, X?) where F = X f and X% is a
conformal Killing vector field tangent to 4+,

4 Fixing the supertranslation freedom at 2°

Our goal now is to show the matching of Lorentz charges at past and future null infinity in
the limit to spatial infinity. We will show that this matching follows from requiring the
continuity, at 4%, of a quantity constructed from the Weyl tensor and a vector field in
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spacetime that limits to a BMS symmetry on .# with its BMS supertranslation part being
zero and a spi symmetry on S with its spi supertranslation part being zero. This will
define for us our notion of a “pure” Lorentz symmetry. Recall from the discussion of the
asymptotic symmetry algebras in section 3.1 and section 3.2 that the Lorentz algebra forms
quotient subalgebras of bms and spi and therefore Lorentz symmetries are only defined
as equivalence classes of symmetries that are related by supertranslations. Therefore, the
notion of a “pure” Lorentz symmetry only makes sense when the supertranslation freedom is
fixed. We will show below that restricting the conformal freedom in spatial directions near
spatial infinity restricts the allowed spi supertranslations. This will then be used to restrict
the allowed BMS supertranslations by requiring the continuity of a quantity constructed
from S,; (defined in eq. (2.9)) in the limit to spatial infinity along both null and spatial
directions.

The Ashtekar-Hansen gauge: recall from section 2 that we picked a conformal frame
in a neighborhood of i® where ® = 2. This choice fixes the dependence of w on the

0

null generators of .# near :°. However, it does not restrict lin%a = « (defined below

eq. (2.20)). One can use this freedom to do a conformal transf:rrlnation such that K., —
K., —2(D,Dya + hypar) = 0, as discussed in detail in Remark 6.3 of [20]. This is what
we refer to as the “Ashtekar-Hansen gauge” since this choice was first made in [16]. Note
that this does not exhaust the freedom in the choice of . In particular, it leaves “un-fixed”
the spi supertranslations that satisfy D,Dyf + hepf = 0 which precisely correspond to spi
translations (see eq. (3.14)). We will return to these at the end of this section.

We now show that the condition K ,;, = 0 can be used to restrict the supertranslation

b in a neighborhood of i¥ in the

freedom at null infinity. Consider the quantity X~1S,,m*m
(unphysical) spacetime. We take its limits to .#"* along both null and spatial directions and
require that this quantity be continuous on .4 *. We take these limits along the null and
spacelike hypersurfaces described in section 2. Here, m® along with its complex conjugate
m®, forms an orthonormal basis on cross-sections of the surfaces described in section 2
such that mem® = mm® = 0, mgm® = 1 and ¢, the metric on cross-sections, S’, of the
surfaces described in section 2, is such that ¢, = 2m, ;). Note also that this metric limits
to the intrinsic metric on cross-sections of .# and . On ., we have

Eilsabmamb = ESCLb77~/La7/77Jbv (41)

where m® satisfies m® = X ~!m® and is such that G, = Qm(,ﬁb). Recall that g is the
rescaled metric that limits, along .# (eq. (2.45)), to a direction-dependent metric q,; on
A%, Next, note that in the limit to i® along spatial directions, we have

lim X7 Sgpmm” = B Symm® = BK i1’ = SSTF K 4 - (4.2)
—1

Here, the direction-dependent limit of m® to i® has been denoted by m®. Further, m? is
such that m® = X7'm® and q,, = 2m,my). Note also that the third equality in eq. (4.2)

follows from STF K., = STF S, (which follows from eq. (2.15)). We then see that when
K, = 0, assuming continuity of ¥~ 1Sgm®*m? at A4+ implies that in the limit to A4+
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along .7, we have
. ~a~b . o
j/r}li YSupmim’ =0 = ilfyni STF(XS.) =0, (4.3)

which, using

Nay» = STF S, — 2B0, (4.4)

(which follows from eq. (2.35) with 7, = 0) and the fact that Ny, = O(X~(1+9)) as =1 — 0
along .# (see section 2), implies

_l)ij‘/ni Yo =0. (4.5)
Requiring this fall-off on o, reduces the supertranslation freedom at null infinity to
translations since general supertranslations (that are not translations) do not preserve this
fall-off.

Although we have now fixed the supertranslation freedom at both null and spatial
infinity, to unambiguously define a notion of “pure” Lorentz symmetry, we still have to
contend with the translation freedom. To fix that, we proceed as follows. We consider
a vector field, £%, that limits to a BMS symmetry at .# and a spi symmetry on 7. We
require that lil% Yag) = lirl% O~ 1% £2V,Q vanishes along both null and spatial directions.

In the latter limit, this implies lir% Q12 ¢%, = 0 which means f = 0= f = 0 on
—1

A . Therefore, this condition sets the translations that were left unfixed in going to the

Ashtekar-Hansen gauge to zero and lir% 9_1/25“, subject to these conditions, gives us our
—1

notion of a “pure” Lorentz symmetry on 5#. To see what lir% Yoy = 0 taken along ¥
—1

implies, recall from eq. (3.12) that ey = X.£,8 = 28y. Since By is independent of »1,

requiring lin% Ya(g) = 0 along .# implies that it vanishes everywhere (in the neighborhood
—i

of i% on .# where we have set ® = 2). This gives us our notion of a “pure” Lorentz
symmetry on .. Note that since we have only specified the asymptotic behavior of “pure”
Lorentz symmetries, we are free to extend them into the spacetime in any way. Denoting
“pure” Lorentz symmetries on .# by X% we pick this extension to be one which satisfies
Y 2KV, X% = 0 where K¢ is defined by eq. (5.14) and is the (affine) generator of null
surfaces along which we will consider limits to .# (discussed in section 2). This will turn
out to simplify some of our later calculations.

Having clarified what we mean by “pure” Lorentz, we will refer to these simply as
Lorentz symmetries henceforth and to the associated charges as Lorentz charges.

Remark 4.1 (Matching of Lorentz symmetries). It follows from the analysis in section 3.1
and 3.2 that the Lorentz symmetries as defined above correspond to conformal killing vector
fields on A4* in the limits along #* as well as €. There is therefore an isomorphism
between Lorentz symmetries at null and spatial infinity in this limit. Moreover, since, as
shown in section 3.2, X is even under the reflection map on % which maps .4~ to AT,
we see that in the limit to spatial infinity, Lorentz symmetries at past and future null
infinity match each other up to antipodal reflection.
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To recap, the fall-offs along .# that we will assume to hold are (for some small € > 0)

Nap =0 (2709) Ry =0 (27049)
ooy = O(E~ 049 as 271 — 0 along .7 . (4.6)

where the first two were part of the definition of null-regular spacetimes (section 2) and the
fall-off of o,y follows from eq. (4.5). These fall-offs imply certain conditions on the behavior
of P* in the limit ¥~ — 0 along .# which we turn to deriving next.

Fall-off of P*: in our foliation of ., P* (defined in eq. (2.32)) can be related to the
shear and News tensors through [31]

1
P* 2 e\ 9, Doy, — 5 Nacow® | - (4.7)

Let us consider its behavior as ¥~ — 0. Using eq. (4.6), we see that

e® Dy Doy = OB~ (349 (4.8a)
e®N,eo® = O(2~(72429)) (4.8b)

Note also that since o, is a symmetric and trace-free tensor, in terms of spherical harmonics
on the unit-sphere, it is supported only on ¢ > 2 tensor harmonics. Since X%¢%, comprises
purely ¢ = 1 vector spherical harmonics (as shown in section 3.1), as a consequence of
the orthogonality of spherical harmonics, the first term in P* drops out when integrated
against X®¢% on a unit-sphere. Using this, we obtain that sz £ 2 X% 9, P =
—% sz E5 72X % % P, (Ny.0.°), where & is the unit area element and where we have
implicitly used the fact that Sy are 3 = constant cross-sections and therefore factors of
Y~! can be pulled outside the integral over Sx.. This goes to 0 as ¥~! — 0 because of
eq. (4.8b) and the fact that X%¢%, has a finite limit as ~! — 0, as shown in section 3.1.
Hence, we have

lim / &YX % PPt = 0. (4.9)
X-1-0J8y

The same argument also shows that

lim / 552X P,P* = 0. (4.10)
2-1-0J8x

One can contrast this with our assumed fall-off for P which can be deduced from eq. (2.50)

using eq. (2.32b) and is that the limit lim N3P exists.
X150

5 Matching the Lorentz charges

In this section, we consider limits of the Lorentz charges along #* and € to 4 *. A priori,
the limits to 4 * along #* and € are completely independent. However, we will show that
there is a tensorial quantity in spacetime that reduces to the limiting expressions for these
charges in each of these limits. Therefore, if we assume that the aforementioned quantity
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is continuous at .#*, the Lorentz charges at null and spatial infinity match in the limit
to A#*. We will then discuss how this leads to the matching of Lorentz charges between
past and future null infinity. Comments on the validity of our continuity assumption are
deferred to the next section.

Consider first the charges at null infinity. In our chosen foliation, the expression for the
charge associated with a BMS symmetry, £%, on a finite cross-section, Sy, of .# T is given
by [4]

1 1
Qlesu = - - [ = [,@ (P 4 QUGbNab> + %X T + 40X 0 D™ (5.1)
>
1
- zaabaabgc(chXd) ,

where the Weyl tensor components appearing in the expression above were defined in
eq. (2.32), o4 was defined in eq. (2.29), N, was defined in eq. (2.34) while § and X®
parametrize £% as in eq. (3.2). We now consider its behavior in the limit ¥~ — 0. First,
solving the evolution equations for P and 7, given in eq. (2.33) using 7, = 0, n® = 2X 1951,
® = 2, the fall-offs given in eq. (4.6) as well as eqs. (2.36b), (2.47), (4.7) and (4.10), we
find that

lim / £ 2 X0, (ja + 1%79) is finite (5.2)

Y1055 4

where €5 denotes the unit area element and we have dropped terms that integrate to zero
because of the orthogonality of spherical harmonics. We then take the limit ¥~! — 0 of
eq. (5.1) using eq. (4.6). For a Lorentz symmetry (that is, where 5y = 0), we see, using
egs. (3.11) and (5.2), that in the limit to .4, the charge becomes

1 1
QX" ]2~ / 502Xty (ja + %73) . (5.3)
T J+ 4

It can be shown by similarly taking limits to .4~ along .#~ that the charge associated
with a Lorentz symmetry on .4~ is given by

1 1
QX4 N7 = —— EN 72X, (ja + @,ﬂ’) . (5.4)

&8t J y- 4
We now turn to the charges at spatial infinity. The charge associated with a Lorentz
symmetry, X in Ashtekar-Hansen gauge on a cross-section S of 7, is given by [16, 20]

1
Qx*,8) = - [ eauBuX", (5.5)

where recall that u® is the future-directed timelike normal on S and *X° was defined in
eq. (3.26). It follows from eq. (2.19a) and eq. (3.25) that this charge is conserved on 7.
This implies that 3,, has a definite behavior under the reflection map defined in eq. (2.7),
which can be deduced as follows. Consider two cross-sections S; and Sy of 77 such that
T 051 = Sy where To denotes the action of the reflection map. Then, charge conservation
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implies that
0= / eau’B,, X" — / eou’B,, X" = / [e2u?B,,* X" — Y o (€2uBy,*XP)],
Sa S1 Sa

frd [EQUa,Bab*Xb + €2uaT O (ﬁab*Xb)} 5 (56)

Sa
where in the last equality, we have used the fact that T o (eou®) = —equ®. This follows
because Y o e9 = —&9 and because u® is future-directed on both &; and S; and therefore

does not get acted on by the reflection map. Moreover, since *X ¢ is even under the reflection
map on % (as shown in section 3.2), it follows that the charge only receives contribution
from reflection-odd solutions of 3,,. Using this as motivation, in the rest of this paper we
will restrict our attention to only reflection-odd solutions for B, (derived in appendix B).19
Since we have specialized to spacetimes where F is reflection-even as remarked in section 2,
it follows from eq. (2.19b) and the fact that the reflection map preserves the volume form

on s that the reflection-odd solutions for 3,, satisfy the equation
(D? —2)8,, = 0. (5.7)

In fact, one can show by solving for the reflection-even solutions to this equation in the same
way as for the reflection-odd solutions in appendix B that the £ = 1 reflection-even solution
diverges in the limits to .4 and therefore for these solutions the Lorentz charge diverges
in these limits as well. While we have not shown it explicitly, we expect this property
to remain true even for the reflection-even solutions to eq. (2.19b). Since these solutions
are clearly pathological, this serves as further motivation for discarding the reflection-even
solutions for B,;.

As shown in appendix B and section 3.2, reflection-odd solutions for B, and *X“ have
a finite limit to .#*. Using this and eqs. (2.48) and (2.49), we see that the limit of the
charge in eq. (5.5) to .4 F is non-vanishing and is given by

1

a 1 _ -
X", AT =~ »

. 1 o 3
= v, X" = & /ﬁ X lUB 8. XC (5.8)

where the last equality uses eq. (3.29).
Let us now consider the following quantity in a neighborhood of i in the unphysical
spacetime,

_si B QP sk Cug UC(VEQP) (VI R) (P XYY (5.9)
T Js
where, as before, &5 is the unit area element, L* was defined in eq. (2.39) and U® is a C>~1

vector field at ¥, is defined as
1
U =L — N“( —Qly2 4 2vb2—1vb2—1) , (5.10)
whose limit to J# satisfies U® = h%,L?. Further, X% is such that Q72X limits to a

Lorentz symmetry on ¢ and X limits to a Lorentz symmetry on .#. We now explore how
this quantity behaves in the limit to .4+ along € and along .#*.

"This condition on B, is satisfied in the Kerr-Newman family of spacetimes; see, e.g., appendix. C
of [16].
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5.1 Limit to 4+ along ¢

Consider first the limit of eq. (5.9) to cross-sections of ## along the sequence of spacelike
hypersurfaces described in section 2. Using lin% Q72X = X in addition to eq. (2.1) and
—i

eq. (2.38), we see that in the limit to S, eq. (5.9) becomes

1
_87/ 522_1 * Cacbdnc’l’]dUaXb, (5.11)
mJS

where S is a cross-section of .7. Using eq. (2.18), we obtain

~1
lim — / Eo X7 % CompannU X = &xluep,, X, (5.12)
S

¥+ 81 _g Vs

This, from eq. (5.8), corresponds to the Lorentz charge, on .4 *, for any Lorentz symmetry
given by &,°X?.

5.2 Limit to 4/ * along /*

Consider now the limit of eq. (5.9) to 4+ along .#+.!1 Throughout this calculation, we
will often implicitly use eq. (2.32), the symmetries of the Weyl tensor and the fact that
under the replacement Cypeq — *Claped, the expressions for the Weyl tensor components in
eq. (2.32) change as follows

PP Sa—Sela, TJu— Toca’ Rab— Raecn. (5.13)

As described in section 2, we will take the limit to cross-sections Sy, of .# T along a sequence
of null hypersurfaces, that exist in a neighborhood of %, that intersect these cross-sections.
We will then take the limit X~! — 0 along .# T which will define for us the limit of our
expression to .4 7. We define

K% :=1*—-Qa", (5.14)

where K¢ is the affine null generator of the aforementioned null surfaces. Here, a® = —[°V,1%.
As indicated, this expression only fixes a® at .# T and its expression away from £ is
chosen to ensure that K°V,K® = K®K, = 0 all along the null surfaces. Converting the
integrand in eq. (5.9) into quantities defined on £ using eqgs. (2.37), (2.42) and (5.10)
(and relabeling the indices for later convenience), we get

—2y—2
QY 5 Cop UH(VEQLE) (VAR ) (@ o) = 2

* Chege n?nb 1 X€ . (5.15)
Using a® = —1°V,1%, it follows that

K%n, = —14+0(0%). (5.16)

1The reader who wishes to skip the details of this somewhat involved calculation may jump directly to
eq. (5.38) where the final expression is given.
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We can then write

1
lim — / Ea 072072 % Cpoge n? nbI° X©

S’—Sx% 2
1
— lim - / E QKVo (52 Q2 4 Choge n 1 1° X°)
S'—S8s, 2 Jgr
— lim 1 E KV, (07 22 xC dpbie xe
2 a( * Upede ™ M ) (517)
S'—Ss, 2 Jor

Consider the first term on the right hand side of eq. (5.17). This can be written as

1
lim f/ QK V(272072 % Chege nnb 1€ X)
S'—Ss, 2 '

Q
= lim —/ & KaVa(ZTQ Q72 % Cpegen®nl € X°)
S'—Ss 2 ’

: d €221 b N N A — b
—1im Q- [ 2520715,69, X)) — 1 f/ 529K S, e XY, (5.18
Q@o dQ( o 2 a€b ) 5/1—{{1922 152 (K®)Sce% X7, ( )
where in the first equality, we used the fact that S’ denote £ = constant cross-sections to
move {2 outside the integral and in the second and third equalities, we used eq. (5.13) and

eq. 2.23 of [32], which, translated into our notation, states that'?

d% / @B = | &[(E"V.B+I(K)B)(-nK") ], (5.19)

for some scalar B that has a finite integral over cross-sections S’ as S’ — Sy. Additionally,
we have used eq. (5.16), along with the fact that the limit S” — Sy coincides with  — 0.
Note that the expression in the round brackets in the first term in eq. (5.18) is finite on
'+ for the following reason. Since S, = $2° Ny, (eq. (2.36b)), using eq. (2.52), up to a
total derivative term that would drop out upon integrating over Sy, &% 72S,e% X =

—£ 272 Ny, 2%, X¢. Since €%, X? is a conformal killing vector on Sy, (as shown section 3.1),

this vanishes upon contraction with N, since Ng, is a symmetric traceless tensor. As a
result, [¢ 25728, % X? is O(£) and hence

. d €2 \—20y—1 a b\ _
é1£nm9m<[ql22 018, e bX>_O. (5.20)

As a result, we have

1
lim - [ &Q7222%C dpbie xe
S/l_r)rklgE 5 // £9 * Upede ™ M

= Jim / £ X2 (K S, e% X"

1
~ lim 5/ £y KOV (572 % Chogenn? 1€ X°) . (5.21)

12Note that the definition of expansion used in this paper (eq. (2.30)) is twice the definition in eq. 2.25
of [32].
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Using ¥2K°V,X? = 0 (recall the discussion at the end of section 4), the second term on
the right hand side above becomes

s'hféz _71 / B X KVo(Q2T 72 % Cheae ndnl1°). (5.22)
Since X€ is tangent to .# T, we write it as X¢ = —n°l, X" + ¢% X" + O(Q), where
q% = 0% + nCly + npl®. (5.23)
Then eq. (5.22) becomes

-1
lim — / &y (—nl X + ¢ XT) KOV, (27 272 % Chege n¥ 0P 1)
S'—Sx 2 Jgr

. -1 el we
= S;g%E 5 /.2 Q71872 % Chege 0P 1€ 1 XT KOV n® — X7 KV ,q%]

1
— Jim 5/ &y XT KV (Q7 1272 % Cheae n¥ b 19 ¢%) . (5.24)
» i

Using V np = 2g4p (from eq. (2.24), adapted to ® = 2) and eq. (5.23), the right hand side
can be expanded out and written as

m [ & Q71872 % Chegendn®¢1° Kp X
S'—Sy. Jgr

1
— lim f/ £y XT KV (Q71 272 % Cpege n?n®1°¢°) (5.25)
S'—Ss, 2 Jg

where in simplifying this expression, we used X%n, = 0. Note that since K¢ = [® and
1. X = 2 P,(q"X°) (from eqgs. (3.2) and (3.11)), the first term above becomes

1 1
“ | & ETEP* D, (%X = - / & X 2% X 9,P*, (5.26)
4 Jss 4 Jss,

where, because the integrand of this term is finite on .# T, we took the limit and evaluated
it directly on Sy, and in the last step we did an integration by parts. Note that as we take
Y1 = 0on £, this term will go to zero from eq. (4.9). As a result, we can discard this
term. Turn now to the second term in eq. (5.25)

-1
S,lgg 7/ &y X7 KVa,(Q7 1272 % Cyeqe ndnlie q“r)
b3} I

~1
:S,ILI% — / & X KOV ,(2 272 % Cpeae 1'nnq%y) , (5.27)
P

where we have simply relabeled the indices for later convenience. To evaluate this term,
consider the Bianchi identity for the Hodge dual of the Weyl tensor.

v[a(Q_l * Cbc]de) =0, (528)
which can be rewritten as

va(Q_l 2_2 * Cbcde) + VC(Q_I 2_2 * Cabde)
+ V(21272 % Crpge) — Q71 % Crege Vo X 72
— O % Clge VX 2 — Q5 Cpge Ve X2 = 0. (5.29)
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Contracting this equation with K% 14 n¢n ¢® f, we obtain

1
5K“VG(Q*1272 * Chede ldncneqbf)
1
= 5| K QTS x CreacVa('nnd"p)
- nCVC(Q_IE_2 * Cubde K“ldneqbf) - qbbe(Q_lE_2 * CcadeKaldncne)
+ QY2 % CopgenVe(K 1P ) + ¢° p Q71872 % Clrgae Vi (K 1%00°)
+ Q7 % Choae KU g0 4V, 872 + Q71 s Cgae K900y V872

+ Q75 Capae K1 oV 272 (5.30)

Each of the terms on the right hand side of this expression is individually finite on T
and therefore we can evaluate this expression directly on .#*. Using n°V.e,? = 0 (which
holds since 7, = 0), eq. (2.32), eq. (5.13), K¢ = [% (from eq. (5.14)) and L£,57 = 2
(condition (4)), the two terms on the second line in this expression combine with the second
term on the fourth line to give

&’ 2 2 &’ 2 2 2 2
—7ncvc(2_ ja) + T.@bp* == 7(22_ \.7(1 - Z_ £n\7a - 42_ \7(1) + T .@bp* .
(5.31)
This can be simplified using the evolution equation for 7, (eq. (2.33d) with 7, = 0) and we
obtain
gba c —2 272 *
- 771 VC(Z ja) + T.@[{P

2—2 2—2 a
= 272 Ebaja + T 9{;7)* - cb

PP + Y260, S, . (5.32)

We now evaluate the remaining terms in eq. (5.30). In what follows, we drop terms
proportional to X729, P* everywhere. This is because they contribute terms proportional
to [q €2 Y72 X%, 2,P* to eq. (5.27) and therefore, from eq. (4.9), drop out in the limit
¥~! — 0 which we take in the end. We use --- to indicate that these terms have been
suppressed in our expressions. We obtain, altogether, that

1 1w
iKava(Q 12 2 % Cbcdeldncneqbf)
—2

b))
= —2728faja — Taf“.@(ﬂ? + 302 5f“aab8b

Ot _ »-2
-5 Y72 % Chede qbf n°nfal 4+ £728, e, O"l;‘ =~ ﬂ(la)ebf Sy

-1
+ Cheaclnn®q® j KOV, 272 -+ (5.33)
Note that since e, is antisymmetric and o, is symmetric and trace-free, g,0% is a
symmetric tensor (see, e.g., appendix. D of [4] for a proof). Using this, the third term in the
first line above cancels with the second term in the second line. Next, using K°V,X72 =
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19V, 272 = -1V, 271VeS~! (where the last equality follows from egs. (2.37), (2.39)
and (2.42) and condition (4)), along with egs. (2.32) and (5.13) in the last term, we get

1
iK'aVa(Q*lE*2 * Cbcdeldncneqbf)
2 01!

= _2—2 5fax7a _ Tgfa -@ap _ T 2—2 % Cbcde qbf ncnt ad
2—2 b
— =)y S - %f SV ntvenl 4. (5.34)

Let us now consider the term —%71 Y 2% Chede qbf n°n®ain eq. (5.34). Using a® = —1°V,[®

as well as egs. (2.32) and (5.13), this term can be written as

»2 Scf
2

(M Sl®Vol® — Ry 19V o10) . (5.35)

Then using egs. (C.5) and (C.14) to simplify this, we obtain

1 r2 2
517(@%(9*12*2 % Chegel 'nn®q? p) == 2" T, — 5" 2P — 01 ErSy+ .
(5.36)
Putting all of this together, we have
1
li - = Q—2 2—2 d,b cxe
Sll—l;ré'z 5 /, &9 * Cpege N0l
. —&2 -2 a c yb
=1 —=% K X
S, Jo 2 T IR Sy
1
— lim - / £y KOV a(Q ' S % Choge n n? 1° X©)
S'—Ss 2 Jg
1
~ [ & {z—?xbeba (Ja + .%D) b } , (5.37)
Ss, 4

where we used ¢(K®) = 9(1*) to simplify the final expression. As shown in eq. (5.2), the
right hand side of eq. (5.37) is finite in the limit ¥~ — 0. As a result, the limit of eq. (5.9)
to AT along .# T gives

L = [y-2xt ( 1 )}
- /w 52[2 X" (Ja+ ;%P )| (5.38)

which, from eq. (5.3), corresponds to the limit of the charge associated with any Lorentz
symmetry given by £°X? (using the fact that £, = £,%). In the same way, the limit of
eq. (5.9) to A~ along £~ also yields

N )
o /Wi 52[2 Xt (Ja+32:P)|. (5.39)

Therefore, assuming continuity of eq. (5.9) at .#*, Lorentz charges, in the limit to 4+
along #*, match the Lorentz charges in the limit to .#* along %. Since, as discussed
earlier, the Lorentz charges (in Ashtekar-Hansen gauge) on . are conserved and therefore
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their values on the .#* are the same, it follows that the Lorentz charges on £+ and .#~
match in the limit to spatial infinity.

Using the proof of matching of supertranslation symmetries and the associated super-
momentum charges in [6], we then conclude that all BMS symmetries on past and future
null infinity match antipodally in the limit to spatial infinity and their charges become
equal in this limit. This immediately implies the following infinitely many conservation
laws (one for each pair of “matched” generators £ and £%7)

Qlemtsst] - glemisg| = Fr et ast |+ Fo AT (5.40)

where £%* denotes a BMS symmetry on .# T, €%~ denotes the BMS symmetry on .~ that
this matches onto in the limit to spatial infinity, 7+ (F~) denotes the incoming flux'? of
charge associated with a BMS symmetry on . (#7), A+ (A7) denotes a portion
of 4T (£7) between spatial infinity and a cross-section, S5 (S5), of future (past) null
infinity. As discussed in [6], if suitable fall-off conditions are satisfied on the future and past
boundaries of future and past null infinity (i.e in the limit to timelike infinities) such that
the BMS charges go to zero in those limits then we obtain the global conservation law

Ft [fa+;Af+] +F[¢5A77] =0, (5.41)

that is, the total incoming flux equals the total outgoing flux for all BMS symmetries and

therefore that the flux is conserved in any classical gravitational scattering process from
I~ to ST,

6 Discussion

We showed the antipodal matching of Lorentz symmetries and the equality of the associated
charges on past and future null infinity in the limit to spatial infinity in a class of spacetimes
that are asymptotically-flat at null and spatial infinity in the sense of Asthekar and
Hansen. Combined with the result of [6] where the matching of supertranslation symmetries
and supermomentum charges was similarly shown, this proves the matching of all BMS
symmetries and charges in these spacetimes. While we did not require that our spacetimes
be stationary, we did make the following assumptions about our class of spacetimes:

1. we assumed that at null infinity the peeling theorem holds;

2. that B,, = 0, which, as discussed earlier, is known to be true (at least) in
asymptotically-flat spacetimes that are either stationary or axisymmetric;

3. that 8, is odd under the reflection map on J7;

4. that the spacetimes are null-regular at i in the sense of egs. (2.50) and (2.51) as
assumed in [6];

31n the orientation conventions picked in this paper, as in [6, 11], the fluxes at both #%* are incoming.
14YWe only need enough regularity at null infinity so that the Weyl tensor components Rap, Sa, P, P*, Ta
are defined.
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5. that the trace-free projection of (rescaled) Sy is continuous at .4 * (in the precise
sense discussed in section 4); and

6. that the (rescaled) Weyl tensor component (appearing in eq. (5.9)) is continuous

at N E.

These conditions are sufficient (but possibly not necessary) to prove the matching of the
BMS charges at spatial infinity.

To confirm the viability of these conditions, one can check them for explicit solutions
like the Kerr-Newman family of spacetimes. In this case, following [33], one can construct
a conformal-completion where the unphysical metric is C>° at spatial infinity along both
null and spatial directions. The smoothness conditions at null infinity are automatically
satisfied, and one can explicitly check that all our regularity conditions at spatial infinity
are also satisfied. Further, these conditions also hold if one assumes that the unphysical
spacetime is C>! and the unphysical metric is C>? at spatial infinity in both null and
spatial directions (as has implicitly been assumed in [21]).

The validity of these conditions for general solutions of the Einstein equations remains
an open problem. To definitively settle the validity of these conditions, one would have to
show that there exists a “large enough” class of initial data — with some suitable topology

— on a Cauchy surface or on .#~ which evolve under the Einstein equations to spacetimes
which satisfy the conditions we have imposed. The Ashtekar-Hansen structure (Def. 2.1)
is motivated by the construction of asymptotically-flat initial data at spatial infinity on
a Cauchy surface by Geroch [25]. However, this formulation does not easily allow us to
evolve the data all the way to null infinity. The evolution of initial data to null infinity
would be most naturally addressed in the formalism of Friedrich [34] (see [13, 14] for the
analysis in linearized gravity around Minkowski spacetime). Of particular interest would be
polyhomogenous spacetimes at null infinity [35], where the peeling theorem is not satisfied
and J, does not exist at null infinity. Similarly, the definition of the Lorentz charges at
spatial infinity must be modified if By, 7# 0 (see [20, 26, 36]) or if the Ashtekar-Hansen
falloff conditions at spatial infinity along spatial directions do not hold [37]. It would be of
interest to investigate the matching of Lorentz charges in these cases.

It would also be interesting to investigate matching conditions between symmetries and
charges defined on black hole horizons [38] and those associated with null infinity. This
would require analyzing symmetries and charges in the limit to timelike infinities using the
framework developed in [39]. We leave a detailed study of this to future work.
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A Spin-weighted spherical harmonics

In this appendix, we include some results on stereographic coordinates, spin transformations
and spin-weighted spherical harmonics that are used in the body of the paper.

Stereographic coordinates: stereographic coordinates 84 = (z,%Z) are related to the
usual spherical polar coordinates (6, ¢) by

z=e%cotthh, z=e?cotth. (A1)

The unit round sphere metric and the area-element in these coordinates are given by

sap = 2P %dzdz, (A.2a)
eap = iP7%dz ANdZ = —sinfdf A dé, (A.2D)

where 14 2z
P = (A.3)

7

The antipodal map is implemented by the transformation
04— -0 2 —1/z — P ldz — 2P 1dz, (A.4)
where €% = 2/z.
Spin transformations: a function 7 is said to have spin-weight s if
Pldz— 2P ldz = n— Ny, (A.5)

where )\ is any smooth function on S?. We denote this as 7 = s. On spin-weighted functions,
we defined the operators & and o by

—s a S X, S 8 —S
oni= P = (P*y), = P (PT). (A.6)

Note that if i has spin-weight s then d7 has spin-weight s + 1 and d7 has spin weight s — 1.
Further, we have the relations

(00 —-030)n=—sn, P*n=(00+0d)n, (A7)
where 22 is the Laplacian corresponding to the unit round metric on S2.

Spin-weighted spherical harmonics: the spin-weighted spherical harmonics YZm(HA)
are eigenfunctions of the Laplacian with spin-weight s. They satisfy [44, 45]

PV == [0+ 1) = 8] Vi (A.8)

{—3s)(L 1 = 14 f— 1
aYzm=—w ey, aYzm:\/( R )

Note that the harmonic Y/’ is non-vanishing only for £ > |s| and £ > |m[. An explicit

expression for Y%, as functions of the coordinates (z,%) is given in eq. 3.9.20 of [45].
Further, under complex conjugation and antipodal reflection we have

V5 (0% = (4)" Y2, (0%, (A.10a)
Yo (=04) = (-)F7e2°0Y, 2 (67). (A.10b)
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B Solutions for reflection-odd g3,

As discussed in the body of the paper, we restrict ourselves to solutions for 8, that are
odd under the reflection map defined in eq. (2.7). In this appendix, we solve the equations
of motion that govern these solutions, that is, eqs. (2.19a) and (5.7), and study the limits
of the solutions to .#'*. As in section 3.2, we make use of (a, z,%) coordinates in which the
metric is given by eq. (3.15) and the limits to .4#* correspond to o — #1. Using the fact
that B, is traceless, its components can be written as

1
Boa=H, Bo;=P7'J, B..=P7G, Br= P?(1-a)H, (B
where
H=s5s=0, J=s=-1, G=s5=-2, (B.2)
Note that the condition that 3, be reflection-odd gives us the following conditions
H(_a7 _HA) - —H(Oé, QA) )
J(—a, —04) = e %9 (a, 04),
G(—a, —04) = —e 4G (a, 04). (B.3)

In terms of these components, Dbﬂab = 0 corresponds to the following equations
0=(01—-0?)0,H—aH—-03J—-03J, (B.4a)
1 _
0=(1-a%0J — 5(1—042)651—5)(:, (B.4b)

while (D? — 2)8,, = 0 corresponds to

0=(1-a*02H — 400, H — (2> +2)H , (B.5a)
0=(1-0a?02J —4adsJ — (2% +1)J + 200H , (B.5b)
0=(1-0a?dG — 400,G — 2°G + 4ad.J (B.5¢)

Note also that to simplify the first and second equations above, we used eq. (B.4a) and
eq. (B.4b) respectively. Expanded in terms of spin-weighted spherical harmonics, we have

H - Z Hé,m(a)YZiLO(QA) I
Lm

=Y Jim(Q)Y N6,

>1,m

G= Y Goml@Y2(0Y). (B.6)

>2m

The conditions for the solutions to be reflection-odd in eq. (B.3) then imply the following

relations
Hﬁ,m(_a) = (_I)E—HHE,m(O‘)a
Jem(—a) = (=) Zp(a),
Gﬁ,m(_a) = (_1)1+£+mGZ,—m(O‘) . (B7)

~32 -



Note also that since H is real, it follows from eq. (A.10a) that

Hin = (—1)"Hy . (B3)

)

Then, eq. (B.4) becomes

1
0= (1~ 0 Hypy a4 D (4 (17T ). (B.9%)
d 1 00+ 1) C—1)(¢+2)
_ o2\ . 2 N A S
0= (1= )5 dom — 5 (1 = 02| = Him G (B.9D)

Moreover, using eq. (A.8) and eq. (B.8), eq. (B.5) becomes

d? d
_ 2
d? d LC+1)
_ _ 2 _ el _ AR
0=(1—0%) - Jem —da—Jpm + (L +1) = 2] Jym + 20 Hyp,  (B.10b)
R d—— S L+1)
=(1-0a®)— — do— 1)—2 2(—1)™ H,_
0=(1-a )da2Je,m adan,m+[€(£+ ) =2 Jom +2(—1)" 5 0—m
(B.10c)
=(1-a%)-— —do— 1)—4 doy | ———
0 ( « )da2 Gﬁ,m ada Gé,m =+ [E(E + ) ] Gﬁ,m + 4o 9 Jf,m )
(B.10d)

where in each of these equations, we have suppressed the dependence of Hy ,, Jy, and
Gym on a. Note also that eq. (B.10c) was obtained by taking the complex conjugate of
eq. (B.10b) and using eq. (B.8).

We now proceed to solving these equations, starting first by deriving explicit solutions
for the £ = 0 and ¢ = 1 cases. Note that G = 0 in both these cases. For £ =0, J = 0 and
we have the solution

Hy—gm=o(a) = (1 —a*) " (Hy + Hia), (B.11)

which satisfies eq. (B.9a) only for Hy = Hy = 0. Therefore all £ = 0 solutions are zero.
For £ = 1, we have the solutions

Hy—ym(a)=H9 + HD(a(1 — a?)~! + tanh ' ,
r=1,m(c) (o ) ) (B.12)
+

Putting these in eq. (B.9) gives us the conditions

HY =0, JO 4+ (g9 =0, HO =710 4 (=m0

m

and the last two equations together imply

JD = (=,

Il
(an}
—

w

—_

=
S—
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With these constraints, the free functions correspond to 6 degrees of freedom

JWioec, i

m=

JeR, JY ec, JU eRr. (B.15)

m

We will see below that these encode the 6 charges associated with Lorentz boosts and
rotations. Note that we have shown that the ¢ = 0,1 solutions are finite in the limits
a — +1. We now proceed to showing that this finiteness property holds for all £. Note that
the solutions of eq. (B.10a) for £ > 1 are spanned by

1y 1y
(1—a®) %P (), (1-a?) Q7 ) (B.16)
where P, (a) and @, '(a) are the Legendre functions, which satisfy

Pl (—a)= ()" e), @l (—a) = (-)'Q; N («). (B.17)

We see that reflection-odd condition on Hy,,, in eq. (B.7) picks out the solutions spanned
by (1 — ozg)_le[l(oz) for Hy,,. Hence, we have that

Hys1m(a) = em(1 = o) 2P @), (B.18)

for some constants ¢,,. It follows from the following recursion relation

_ i)‘5‘1(042 —1)¢ for£>1, (B.19)

(1- a2)*1/2P€—1(a) = m(da

that these solutions are finite as &« — =+1 for all £ > 1. Note also that eqs. (B.10b)

and (B.10c) can be combined to give
d? - d
=(1-a?)— — (=)™, _ ) — da—

+ [ +1) = 2] (Jom — (1) Tt —m) (B.20)

(Jean = (=1)"Je,—m)

This shows that Jy () — (—1)"Jp _m () satisfies the same equation as Hy ,, and therefore
the solutions to this equation are also spanned by linear combinations of

(1—a®) 2P Y o), (1-0a®)"2Q; (). (B.21)

Using the reflection-odd condition on Jy,, given in eq. (B.7), we see that Jy (o) —
(=)™ Jp—m(@) = Jom(a) — (=1)°Jpm(—a) which is odd (even) under o — —a for even
(odd) ¢. From eq. (B.17), we see that this property only holds for the solutions spanned by
(1-— a2)_1/2P[1(a) which leads us to discard the solutions spanned by (1 — a2)_1/2Q[1(oz).
Hence, we have

Testm(@) = (=1)"Tio1 —n (@) = din (1 — 0*) 2P, (a), (B.22)

for some constants d,. Using eq. (B.19) again, we conclude that the solutions for J ,, —
(—=1)™Jy, _y, are finite as o — %1 for all £. Next, note that we can rewrite eq. (B.9a) as

- 5 d
T+ (0" =\ 7 [(oﬂ 1) Hep B (for€>1).  (B23)
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Using eq. (B.19), we see that (o — 1)L Hy,, is finite as & — £1 which, using eq. (B.23)
and the finiteness of Hy,, in these limits, implies that Jy,, + (—=1)"Jy_p, is also finite
as o — +1 for all £ > 1. Using the finiteness of Jy,, — (—1)™J; _, for all £ in the limit
a — %1, we then conclude that Jy,,(«) is finite as a — %1 for all £ > 1.

Finally, we note from eq. (B.9b) that

2 d 1 L0+1)
Gg,m = —(f — 1)(€+ 2) [(QQ _ 1)@Jg7m — §(a2 _ 1) 5

Hg7m‘| (fOI" 12 > 2) .

(B.24)

Using egs. (B.22) and (B.23) to obtain the functional behavior of J;,,(a) and using

eq. (B.19), one can also show that (a? — 1)%J[7m is finite as @ — £1. This, using the

finiteness of Hy,, in these limits, shows that Gy, is finite as o — %1 for all £ > 2. This

completes our proof of the fact that the reflection-odd solutions for B, are finite in the
o — %1 limits for all /.

One can show that in the coordinates used in this section, _1>1erni SUY yx = 40,

We therefore see from eq. (5.8) that the (integrand of) Lorentz charge at .#* is proportional
to B, X" where A = (z,%). Since X* (as shown in section 3.2) is an £ = 1 vector field, it
follows that the charge receives contribution only from Jy—q ,,. The six degrees of freedom
of Jy=1m (eq. (B.15)) therefore encode the six Lorentz charges associated with boosts and
rotations.

C Affinity of 1

For the calculation in section 5, we need the expression for the affinity of [*. Recall that we
are working in a conformal frame where ® = 2 and so from eq. (2.24) we have

Vany = 2gaqp - (C.1)
Using eq. (2.42), we have
19 oy = %ZL“(ZVGL,, +LVLY). (C.2)
Then, using egs. (2.37) and (2.39) and eq. (C.1), we get
Voly =~V Vp2 ' + %znbvavcz—lvcz—l + %vcz—lvcz—l(nbvaz + 2%g4p)
— %va(szcvbvczfl) : (C.3)
which gives
19V, 1, = iszLavaz + iz%“ { — V. V2t + %znbvavcz—lvcz—l

1 1 —c _
+ Zvczflvczfl(nbvaz + 22%{,)} — g22Lava(§zzL ViV (C4)
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Let us use this to compute, ¢°. 1V 4l on .#. Using ¢% ne = ¢% Ly = 0and LoV,Q = —2%71
(where the last equation follows from egs. (2.37) and (2.41)), we have

1 1 —
QUIValy = =122 LV VS + 122 LV, VST 20, (C.5)

where the last equality follows because L® = L” (see eq. (2.40)). Next, we evaluate n’1%V,1°
on .#. Using eqs. (2.37), (2.41) and (C.2), we have

nblOV = iz%anbvaLb + izLanbvaaz
= %EL“NI’VQLI, — %L“VGZ. (C.6)
Note that using eq. (2.39)
L'V,Y = -V*271V, 2 + %N“vaxvczflvczfl - %szbvavbzflvaz
= %22va2*1w2*1 : (C.7)

where the second equality uses N?V,X~! = 1 (which follows from condition (4)
and eq. (2.37)) and the fact that @ = 0. Moreover,

LON*V Ly = — L°LyVo N + LoV, (N°Ly)
= _ [OLy(—XN°V, 27t 4 26%,) + LAV, (NLy)
= - 'YV, 27! (C.8)

1 )
+ L“Va< — NV, 21+ §NbNbVCZ*1VCE*1 — 2QELbNCVCVb21> ,
where the first line uses eq. (2.37) and eq. (C.1) while the second line uses egs. (2.39)

and (2.41). Further, using N%N, = %2Q + O(9?) (which follows from eq. (2.37) and the
fact that lim Q~'n%n, = 2® = 4), and LV,Q = —2% 7! this becomes

— 7
LNV, Ly = —Lo%V, 57! + L“Va< — N2t 4 ézmvbzlvbzl)
+ LNV, Vv, 2! (C.9)
= _LONVE T - LV (N2 -2V, 2 tven L 4+ TNV, V2T
Putting all of this together, we have
nlloV 1, = %EL“NbVaLb - %Lavaz
= —iﬁvazflvaz*
+ ;( — L2V, 27 - BLAV, (NPV, 2 — 22va2—1va2—1)

1 —a _
+55L NAvAVS Yl (C.10)
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Note that using eq. (2.39) and N*V,X~! = 1, we have

1 1
Lv,x = —vex-ly,m-t 4 §vaz—1vaz—1 = —ivaz—lvaz—l , (C.11)

and therefore

1 1
—EEZV“E’IVaZ’l — 52%“%2* =90, (C.12)

Hence, we get

nl1oV 1, = —%(EL“VG(NbeE_l) 1+ 22y, 57 lves ! - SNV, v, 2 )

1
= _(DLOVXV,NY + 22y, nlven !
2

1 1
= -5 (ZL“VbZ_l (2nbvaz + zaﬁ) + zgvaz—lvaz—1>
~ 1 a 1 21a —1 1 2 —1lwavy—1

1 1 1
= - PV 4 ORIV, ETIVOST - oYLV (C13)

where in going to the second line, we used the fact that L% = L* and in the subsequent
steps we used condition (4) and egs. (2.37), (C.1) and (C.11). We therefore see that

1
nlloV 0, = —522va2—1va2—1 : (C.14)
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