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It is a long-standing problem in general relativity that the notion of angular momentum of an isolated
system has supertranslation ambiguity. In this paper, we argue that the ambiguity is essentially because of
the gravitational wave memory. When properly subtracting the memory effect of the observer, one can
introduce a supertranslation invariant definition of the angular momentum at null infinity even for

dynamical process.
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I. INTRODUCTION

More than 60 years ago, Bondi and collaborators
established an elegant framework [1,2] of formulating
the Einstein equation as a characteristic initial value
problem to understand the gravitational radiation in full
Einstein theory. In Bondi’s framework, a surprising result
is that the asymptotic symmetry group consists of the
semidirect product of the group of globally defined
conformal transformations of the unit 2-sphere, i.e., the
Lorentz group, and an infinite dimensional Abelian normal
subgroup, the supertranslations. Consequently, the unex-
pected enhancement from translations to supertranslations
arises crisis in the definition of angular momentum in
gravitational systems with radiation, the long-standing
problem of supertranslation ambiguity issue of angular
momentum [3], see also [4—12] for previous efforts and
[13] for a recent review. The most direct resolution for this
ambiguity issue is simply to modify the known definition of
the angular momentum by adding some terms with respect
to the transformation law of the supertranslation and to
construct a supertranslation invariant definition of angular
momentum [14-19]. Nevertheless, the current progress
along this direction is mainly about the mathematical
construction and the physical meaning of such modifica-
tions, in particular, to the observer who detects the angular
momentum, is less known. The aim of the present work is to
fill in this gap. To achieve that, we need first to figure out the
essence of the supertranslation ambiguity.
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In this paper, we argue that the reason of the ambiguity
issue of angular momentum is because of the gravitational
memory effect [20-26], rather than the infinite dimen-
sional supertranslation. In four dimensions, gravitational
memory is mathematically equivalent to supertranslation
[27], see also [28] for a comprehensive review. Naively,
our proposal that attributes the supertranslation ambiguity
to the memory effect is just rephrasing the problem in an
alternative way. However, there are at least two examples
to distinguish those two. The first example is that the
asymptotic symmetry group of three dimensional Einstein
gravity without cosmological constant also includes a
supertranslation part [29,30]. However, the definition of
angular momentum in three dimensions is free of super-
translation ambiguity [31]. One can introduce the notion of
intrinsic angular momentum in its rest frame if the super-
momentum is brought to a constant [31]. Because there is
no gravitational wave in three dimensional Einstein grav-
ity. Once the supermomentum is brought to a constant, it
will not be changed. The second one is from an electro-
magnetic analog. If one considers a charged observer at
rest in the beginning, the charged observer is forced to
accelerate by electromagnetic waves. Finally the observer
will be in another inertial frame with certain velocity after
the electromagnetic wave passed by. This is the electro-
magnetic analog of the gravitational memory effect [32].
Definitely, the angular momentum measured by this
observer is problematic in the context of special relativity
as the final stage and the initial stage of the charged
observer are in two different inertial reference systems.
And the transition of the charged observer is not related to
the larger gauge transformation though it is equivalent to
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the electromagnetic memory [33]. The reason is that the
large gauge transformation does not reflect the action of the
electromagnetic fields on the charged observer. Neverthe-
less, this has never been a real problem in defining angular
momentum in electromagnetism, because the definition of
conserved quantities is normally in the laboratory frame. The
observer in this frame is neutral and does not interact with
electromagnetic waves. In contrast, no observer can be free
of the gravitational effect. In particular, gravitational waves
will induce permanent change to the observer which is the
memory effect. Hence the subtlety in defining angular
momentum in the gravitational system is similar to the
problematic situation of a charged observer in electromag-
netic waves. All in all, the long-standing problem in general
relativity, the ambiguity in the definition of angular momen-
tum, can be summarized as follows. If one gravitational
observer is set to be in the rest frame initially, e.g., in the
context of post-Minkowskian approximation, the gravita-
tional memory will finally force this observer out of the rest
frame. Consequently, the final measurement of angular
momentum and hence the flux of the angular moment
will include reference frame effect. Note that the observer
with memory effect can properly describe the fundamental
laws of physics in the context of general principle of
relativity. However, physical quantities are transformed
covariantly. Reference frame effect is just encoded in the
transformations between different observers, e.g., the
definition of angular momentum for different Lorentz
frames in special relativity. Hence, the key point to resolve
the subtlety in the definition of angular momentum is to
subtract the gravitational memory effect. This is precisely
what we propose for computing the flux of the angular
momentum. And the formula of angular momentum when
the gravitational memory effect has been subtracted is
supertranslation invariant even in the course of the gravi-
tational radiation. When restricted to a stationary case, our
result recovers the supertranslation invariant definitions
in [14-19]. Considering the equivalence of supertransla-
tion and the memory effect in four dimensional gravita-
tional theory [27], the subtraction of the memory effect is
realized by a supertranslation. Thereupon, the observer
with the supertranslation invariant definition of angular
momentum must undergo a supertranslation at the final
stage to subtract the memory effect which is characterized
by the additional terms to the angular momentum defi-
nition in [14—19]. And this should be the physical meaning
of modifying the definition of angular momentum with a
supertranslation invariant expression.

The organization of this paper is very simple. In Sec. II,
we show that the charged observer has a problem with
defining conserved quantities for electromagnetic waves
with memory and the problem has no symmetry origin.
This is a very simple example of how the memory effect is
the essential obstacle for the observer to define conserved

quantities. In Sec. III, we give the definition of angular
momentum at null infinity which is free of the memory
effect. In the stationary case, our definition recovers the
known supertranslation invariant definition of angular
momentum. The last section is devoted to our conclusion
and discussions for future directions.

II. CHARGED OBSERVER
IN ELECTROMAGNETISM

Gravitational memory effect reflects the interaction of
the observer with gravitational waves. The passage of
gravitational waves will cause some permanent changes to
the observer. Obviously, any change of the observer would
affect its measurement. Let us first demonstrate this by a
simpler analog, the electromagnetism. Though an electro-
magnetic analog of gravitational wave memory is known
[32], it is never a problem for defining conserved quantities
for electromagnetism. The reason is that there is a good
observer that is in the laboratory frame and does not
interact with electromagnetic waves. Physical quantities,
such as stress tensor and angular momentum density, are
well defined in the laboratory frame. For instance, if we
start from the Lagrangian of the electromagnetic theory,

1
L= =7 F"Fy, (1)

the symmetric conserved stress tensor is

T;w = _Fﬂvap - 77/41/£7 (2)

and the angular momentum density is [34]

M = xATY — XV TH, (3)

However, if we consider a charged observer that is initially
set to be in the laboratory frame, it will interact with
electromagnetic waves. For simplicity, considering a har-
monic wave whose vector potential in the Cartesian coor-
dinates is given by

B
AV:—ﬂsinw(t—f), A=A, =A,=0, (4)
i w C

a charged particle with certain initial conditions will follow
the relativistic trajectory [35]

< 9 2 sin 2wt
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where 7 is the proper time, e and m are the electric charge
and mass of the observer, and Q = % is the cyclotron
frequency. It is easy to see that the charged observer is not
even in an inertial frame along its trajectory. Hence, one has
to introduce a fictitious force or fictitious field in the frame
of the charged observer to describe physical process.
Suppose that the sources of electromagnetic radiation only
exist for a finite time. Finally, the charged observer will be
back to an inertial frame. The charged observer can finally
have a velocity with respect to the laboratory frame which is
just the electromagnetic memory [32]. Generically, the
charged observer at the initial and final stage is in different
Lorentz frames. So the flux of the radiated angular
momentum evaluated directly by the charged observer is
in principle nonphysical and must be different than the
observer in the laboratory frame. For the charged observer,
the angular momentum at the final stage should be first
transformed back to the laboratory frame through a Lorentz
transformation plus a displacement of the spatial origin.
Then the difference of the transformed angular momentum
at the final stage and the initial angular momentum will be
just the flux of angular momentum in the laboratory frame.
Alternatively, one can consider that the procedure of
transforming back to the laboratory frame at the final stage
is to subtract the electromagnetic memory effect.

It seems redundant to consider a charged observer in
electromagnetism. But a neutral observer does not exist in
gravitational theory at all and any observer must interact
with gravitational waves, just like a charged observer in
electromagnetic wave. Of course, any observer is as good
as they should be in the context of the general principle of
relativity. However, the principle is for the description of
the fundamental laws of physics. For concrete physical
quantities such as angular momentum, the measurements
do have reference frame dependence. This is relevant to the
physical usefulness of the concept of angular momentum.
For instance, only the angular momentum of a star with
respect to its rest frame is important for the description of
stellar structure rather than the orbital angular momentum
with respect to, e.g., the Galaxy [7]. Correspondingly, it can
only make sense to consider the flux of the angular
momentum when the effects from the reference frame
are properly subtracted as we have commented on pre-
viously for the charged observer in electromagnetic waves.
This is also what we will propose for defining angular
momentum for isolated gravitating systems in the presence
of gravitational waves.

III. SUPERTRANSLATION INVARIANT
ANGULAR MOMENTUM

In this paper, we will work in the Newman-Penrose (NP)
formalism [36] and use asymptotic analysis in the Newman-
Unti (NU) gauge [37]. The connection of the NU gauge and
the Bondi gauge [1,2] can be found, for instance, in [38].
We will use the retarded coordinates (u,r,z,z), where

A = (z,7) are the complex stereographic coordinates. The
future null infinity is precisely the submanifold » — oo, with
topology R x S2. The metric of the celestial sphere in the
complex stereographic coordinates is given by

2dzdz
ds? = 2p.dzdz = 20", P, =

1+zZ
2

P; V2

The angular momentum current derived from surface charge
analysis in NP formalism in natural units 8zG = 1 is [39]

(6)

| _ _
Jy = ~5 [Y2(¥0 + 60060) + Y*(¥) + 60000)]. (7)

N

where Y4 is a Killing vector of the celestial sphere, i.e.,
D,Yp+ DgY, =0, and D, is for the two-dimensional
covariant derivative on the celestial sphere. For other
notations, we would also refer to [39]. The angular mom-
entum current has certain reference frame dependence
which is somewhat similar to the definition of angular
momentum in relativistic theory, such as electromagnetism.
The issue in gravitational theory with radiation, e.g., in post-
Minkowskian approximation, is that even though the
observer is initially set to be in the rest frame, it will be
out of this frame after the gravitational wave passing by
[40—48] because of the gravitational memory effect which is
similar to the case of a charged observer in electromag-
netic waves.

The gravitational memory in NP formalism is the
permanent change of the asymptotic shear o [26]

62(Ai60) = —Ai(ql(z) + Goaut_)'o) + /oo auo'oau(_fodl/l, (8)

—0o0

where A, denotes the permanent change in the retarded
time. This formula basically is indicating that once there is a
gravitational wave, there must be permanent change in the
asymptotic shear oy. Then the angular momentum flux
computed from the definition (7) will inevitably include
the effect from gravitational memory which we would refer
to as reference frame effect. Hence, it is reasonable to
consider that the o, dependence in the angular momentum
current (7) is purely reference frame effect that should be
subtracted from the definition. The physical angular momen-
tum at null infinity is supposed to be defined in the
asymptotically shear-free frame [7], i.e., the good cut
oo =0, see, e.g.,, [49] for a review on the physically
significant effects of asymptotically shear-free null geodesic
congruences. Such a configuration is called the canonical
gauge in [50]. One can consider this frame as the asymptotic
gravitational laboratory frame though no observer can
always stay in this frame due to the gravitational memory
effect [7]. Thus, the strategy for computing the angular
momentum flux is as follows. Initially the observer should
be chosen as in a good cut. Finally the observer will not be in
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a good cut due to the memory effect. Nevertheless, one can
always use a supertranslation to turn off the asymptotic
shear. The angular momentum flux should be computed by
the difference between the final data in a good cut and the
initial data. The supertranslation at the final stage to turn off
the asymptotic shear o, is precisely the procedure to subtract
the reference effect in the definition of angular momentum,
see also [7,51,52] for relevant discussions. Supposing that
the gravitational system is back to the stationary case after
the gravitational wave passed, the asymptotic shear o, does
not have the retarded time dependence. Under a super-
translation which is characterized by the transformation
along the time direction v’ = u + f(z,7), the asymptotic
shear is transformed as o, = 6, + 8°f. The solution for the
good cut is simply a solution of f for the differential
equation 8’ f = —o,,. Note that gravitational memory based
upon physically realistic systems is only of an electric
type [53], namely only changing the real part of the
asymptotic shear. Hence it is always possible to turn off
the asymptotic shear arisen by the memory effect, consid-
ering that it is initially set to be in a good cut. For a generic
case, one has to complexify the time coordinate u to solve
the good cut equation [49].

2m

The transformation law of the Weyl tensor component
‘P(l) under supertranslation is [54]

PO — W0 — 3530, (9)

Note that we consider the supertranslation at the final
stage where the gravitational wave has passed and the
spacetime is back to being stationary for which one has
9,00 =¥ = ¥} = 0. Consequently, the angular momen-
tum current is deduced to

1 _ _
Jo = 5 Y0 + Y959, (10)

N

where we use the subscript G to denote the quantities in
the good cut. In the present case, it is just ¥g) =
P9 —33fP). This formula of angular momentum is
equivalent to the known supertranslation invariant defi-
nitions of angular momentum in [14—19]. To manifest the
relation, we need to write the NU solution [37] in the
Bondi gauge and to switch to the (—, +, 4, +) signature.
The metric is given by

ds* = [1 s + 0(,0‘2)] du® +2(1+ O(p~?))dudp

4 1
- {DZCZZ +— (N, + ud,m) — %0Z(CABCAB) + O(p‘z)} dudz

3p

, 4 1
—_ |:DZCZZ + - (NZ + uazm) - gaz(CABCAB> + O(p_z):| dudz

3p

= [Coe + O(p7")]dz? = [C22 + O(p™")]dZ* = 2[p?y .z + O(1)]dzdz, (11)

where the NU radial coordinate r is related to the Bondi
radial coordinate p as [38]

1 1
r=p+1—6CABCAB;+ O(p™), (12)

and the NP quantities are related to the fields in the
metric as

20'0
P2 =Gz
A

1

lP(z) =-—m-= Eau(CABCAB)v
qjo

C;=0, P—l = —N, — ud.m. (13)

Inserting those relations into (10), one can obtain the
angular momentum current in the Bondi gauge for the
stationary case as

Jg = YAIN, + udsm — 3mo, f]. (14)

[

Note that we are now in a good cut, so the time coordinate
is u’. Hence 041’ = 0. Using integration by part and the fact
that Y4 is a Killing vector on the celestial sphere, the
angular momentum current is reduced to

Jo = YA[Ny —mos(u+ f) — 2mo, f]
= YA {NA - m@Au/ - 2m0Af]

Direct calculation shows that f = —%c where ¢ is the
closed potential of asymptotic shear C,p which is defined
in [15]. Hence, to our surprise, the last expression in (15)
recovers explicitly the supertranslation invariant definition
of angular momentum proposed by Chen et al. [15].
Note that there is an extra term —1Y4C,zDzCPE in the
angular momentum in [15]. But we have chosen a good
cut initially, so this extra term vanishes for the good cut
case. At the final stage, the memory effect only changes

L101501-4



ANGULAR MOMENTUM AND MEMORY EFFECT

PHYS. REV. D 107, L101501 (2023)

the electric part of the asymptotic shear. So it can be
decomposed as Cup = —(2D4Dg — y45D?)f. Then this
extra term is a total derivative [18,55]

1 |
— Y CayDpCPE = 2 DA [YBCAB(D2 L2)f
1 2 2
V(D202 (1)

where one needs to apply the commutator [D?, D,]f =
D, f on the celestial sphere and the fact that Y4 is a Killing
vector on the celestial sphere, namely, D, Yz = —DgY 4 and
D,YA = 0. Thus, by subtracting the memory effect and
writing the angular momentum in the good cut, we end up
with a supertranslation invariant definition of angular
momentum. That means the angular momentum expression
in the good cut is a supertranslation invariant one. Actually,
the key point is to subtract the memory effect and to define
the angular momentum in the frame with a fixed asymptotic
shear. Thus the angular momentum defined in any fixed cut
should be supertranslation invariant by construction. We
will postpone commenting on this point and its possible
applications in the last section.

The subtraction procedure in computing the angular
momentum can be even performed for dynamical process,
i.e., in the course of gravitational radiation. The key
ingredient is the real part of the potential of asymptotic
shears o, and 5,. Let us define 8°(u,z,z) = —0, and
3%7j(u,z,7) = —5," at any cross section (any constant u
slicing) on the null infinity. We would refer to the real part of
the potential # = Re() as supertranslation field. We define
the angular momentum current at any cross section as

YE

Jhew
Y PS

|99 - 3(96) %3 + 3(99)°%2 - (99)°%4)]

Y o 52\ W0 52)2%0 _ (373)390
— o [ B -3(39)98 + 35928 - (35 W] (17)
It is straightforward to prove that the new angular momen-

tum current is supertranslation invariant J'}*" = J}*V fol-
lowing the transformation laws [54]

B =B-F, (18)
v = . (19)
W9 = W9 — (3f) W, (20)
P9 = W) — 2(3f)¥5 + (3f)* %5, (21)

W =) - 3(0f)W] + 3(3f)PW5 - (3L (22)

'The derivation of the potential for generic asymptotic shear
can be found, e.g., in [56].

Actually, this definition is a direct extension of the definition
for the stationary case. The quantity P9 —3(38)¥9 +
3(0p)*WY — (98)°YY is just WY at any cross section.
However, the presence of gravitational waves will create
a magnetic part in the asymptotic shear. So it is impossible to
set the observer back to the good cut through supertrans-
lation. Nevertheless, the new formula of angular momentum
is supertranslation invariant at any cross section.

To close this section, it is worthwhile to point out
that there are ambiguities when deriving the potential of
the asymptotic shear. This can be seen clearly from the
expansion of the spin weighted spherical harmonics [57].
More precisely, the [ =0, 1 components in the spherical
harmonic expansion of the potential cannot be fixed by
construction. Those four components correspond to the
translation ambiguity. It is obvious that the / = 0 component
would not affect the definition of angular momentum. So
this ambiguity is equivalent to the choice of spatial origin for
defining angular momentum in special relativity.

IV. CONCLUDING REMARKS

In this paper, we argue that the supertranslation ambiguity
in the definition of angular momentum for isolated gravi-
tational system is essentially because of the gravitational
memory effect. Then we propose a new formula of angular
momentum which is free of memory effect, namely the
memory effect has been subtracted from the definition of
angular momentum. The new proposal for the angular
momentum is supertranslation invariant even for dynamical
process. For the stationary stage, we choose the good cut
oo = 0 to construct the angular momentum. Nevertheless,
one can indeed choose any cut to define the angular
momentum. The main point of our proposal is that one
should properly subtract the gravitational memory effect
and maintain the evaluation of the angular momentum
always in the same cut. The physical consequence of other
cuts for the definition of angular momentum has been
addressed in [50]. It should be very meaningful to test our
proposal in the post-Minkowskian approach which has
more direct applications in gravitational wave detection.
The radiated angular momentum becomes a relatively
urgent issue [19,50,58-60] since the seminal work [61]
for highly accurate calculation of post-Minkowskian
dynamics. In particular, setting the asymptotic shear in
the intrinsic gauge defined in [50], we expect that the
angular momentum flux in [58] can be recovered from the
supertranslation invariant definition, for which one needs to
apply the connections between the asymptotic expansion in
the Bondi framework and the post-Minkowskian expansion
[62]. Meanwhile, it is important to point out that our
prescription is valid in general for defining conserved
quantities for observers with memory effect. More precisely,
our prescription can be directly applied for defining con-
served quantities from the near horizon symmetries [63] that
are compatible with the black hole memory effect [64-66],
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which has a very important application for the under-
standing of the black hole soft hairs [67].

ACKNOWLEDGMENTS

P.M. would like to thank Glenn Barnich, Geoffrey
Compere, and Reza Javadinezhad for enlightening discus-
sions, and Glenn Barnich again for long term collaborations

and support in relevant research topics. This work is
supported in part by the National Natural Science
Foundation of China under Grants No. 11905156,
No. 11975164, No. 11935009, No. 11731001,
No. 12275350, No. 12247103, and No. 12047502, and
Natural Science Foundation of Tianjin under Grant
No. 20JCYBIC00910.

[1] H. Bondi, M. G.J. van der Burg, and A. W. K. Metzner,
Proc. R. Soc. A 269, 21 (1962).

[2] R. K. Sachs, Proc. R. Soc. A 270, 103 (1962).

[3] R. Penrose, in Seminar on Differential Geometry, edited by
S.-T. Yau (Princeton University Press, Princeton, 1982),
pp. 631-668.

[4] J. Winicour, J. Math. Phys. (N.Y.) 9, 861 (1968).

[5] C.R. Prior, Proc. R. Soc. A 354, 379 (1977).

[6] M. Streubel, Gen. Relativ. Gravit. 9, 551 (1978).

[7] J. Winicour, in General Relativity and Gravitation: One
Hundred Years After the Birth of Albert Einstein, edited by
A. Held (Plenum Press, New York, 1980), Vol. 2, pp. 71-96.
[8] A. Ashtekar and M. Streubel, Proc. R. Soc. A 376, 585
(1981).
[9] R. P. Geroch and J. Winicour, J. Math. Phys. (N.Y.) 22, 803
(1981).
[10] A. Ashtekar and J. Winicour, J. Math. Phys. (N.Y.) 23, 2410
(1982).
[11] R. Penrose, Proc. R. Soc. A 381, 53 (1982).
[12] T. Dray and M. Streubel, Classical Quantum Gravity 1, 15
(1984).
[13] L. B. Szabados, Living Rev. Relativity 7, 4 (2004).
[14] G. Compere, R. Oliveri, and A. Seraj, J. High Energy Phys.
10 (2020) 116.
[15] P.-N. Chen, M.-T. Wang, Y.-K. Wang, and S.-T. Yau, Adv.
Theor. Math. Phys. 25, 777 (2021).
[16] G. Compere and D. A. Nichols, arXiv:2103.17103.
[17] P.-N. Chen, M.-T. Wang, Y.-K. Wang, and S.-T. Yau,
Commun. Math. Phys. 393, 1411 (2022).
[18] R. Javadinezhad, U. Kol, and M. Porrati, J. High Energy
Phys. 04 (2022) 069.
[19] R. Javadinezhad and M. Porrati, Phys. Rev. Lett. 130,
011401 (2023).
[20] Y. B. Zel’dovich and A.G. Polnarev, Sov. Astron. 18, 17
(1974).
[21] V.B. Braginsky and L. P. Grishchuk, Zh. Eksp. Teor. Fiz.
89, 744 (1985) [Sov. Phys. JETP 62, 427 (1985)].
[22] V.B. Braginskii and K. S. Thorne, Nature (London) 327,
123 (1987).
[23] D. Christodoulou, Phys. Rev. Lett. 67, 1486 (1991).
[24] A.G. Wiseman and C. M. Will, Phys. Rev. D 44, R2945
(1991).
[25] K.S. Thorne, Phys. Rev. D 45, 520 (1992).
[26] J. Frauendiener, Classical Quantum Gravity 9, 1639
(1992).

[27] A. Strominger and A. Zhiboedov, J. High Energy Phys. 01
(2016) 086.

[28] A. Strominger, arXiv:1703.05448.

[29] A. Ashtekar, J. Bicak, and B. G. Schmidt, Phys. Rev. D 55,
669 (1997).

[30] G. Barnich and G. Compere, Classical Quantum Gravity 24,
F15 (2007).

[31] G. Barnich and B. Oblak, J. High Energy Phys. 03 (2015)
033.

[32] L. Bieri and D. Garfinkle, Classical Quantum Gravity 30,
195009 (2013).

[33] S. Pasterski, J. High Energy Phys. 09 (2017) 154.

[34] J. D. Jackson, Classical Electrodynamics (Wiley, New York,
1998).

[35] J. Krueger and M. Bovyn, J. Phys. A 9, 1841 (1976).

[36] E. Newman and R. Penrose, J. Math. Phys. (N.Y.) 3, 566
(1962).

[37] E. T. Newman and T. W. J. Unti, J. Math. Phys. (N.Y.) 3, 891
(1962).

[38] G. Barnich and P-H. Lambert, Adv. Theor. Math. Phys.
2012, 197385 (2012).

[39] G. Barnich, P. Mao, and R. Ruzziconi, Classical Quantum
Gravity 37, 095010 (2020).

[40] L. P. Grishchuk and A.G. Polnarev, Sov. Phys. JETP 69,
653 (1989).

[41] P. M. Zhang, C. Duval, G. W. Gibbons, and P. A. Horvathy,
Phys. Lett. B 772, 743 (2017).

[42] P.M. Zhang, C. Duval, and P.A. Horvathy, Classical
Quantum Gravity 35, 065011 (2018).

[43] P. M. Zhang, C. Duval, G. W. Gibbons, and P. A. Horvathy,
J. Cosmol. Astropart. Phys. 05 (2018) 030.

[44] Y. Hamada and S. Sugishita, J. High Energy Phys. 07 (2018)
017.

[45] G. Compere, A. Fiorucci, and R. Ruzziconi, J. High Energy
Phys. 11 (2018) 200; 04 (2020) 172(E).

[46] P. Mao and X. Wu, J. High Energy Phys. 05 (2019) 058.

[47] E.E. Flanagan, A. M. Grant, A. L. Harte, and D. A. Nichols,
Phys. Rev. D 99, 084044 (2019).

[48] P. Mao and W.-D. Tan, Phys. Rev. D 101, 124015 (2020).

[49] T. M. Adamo, C.N. Kozameh, and E. T. Newman, Living
Rev. Relativity 12, 6 (2009).

[50] G. Veneziano and G. A. Vilkovisky, Phys. Lett. B 834,
137419 (2022).

[51] E. E. Flanagan and D. A. Nichols, Phys. Rev. D 92, 084057
(2015); 93, 049905(E) (2016).

L101501-6


https://doi.org/10.1098/rspa.1962.0161
https://doi.org/10.1098/rspa.1962.0206
https://doi.org/10.1063/1.1664652
https://doi.org/10.1098/rspa.1977.0073
https://doi.org/10.1007/BF00759549
https://doi.org/10.1098/rspa.1981.0109
https://doi.org/10.1098/rspa.1981.0109
https://doi.org/10.1063/1.524987
https://doi.org/10.1063/1.524987
https://doi.org/10.1063/1.525283
https://doi.org/10.1063/1.525283
https://doi.org/10.1098/rspa.1982.0058
https://doi.org/10.1088/0264-9381/1/1/005
https://doi.org/10.1088/0264-9381/1/1/005
https://doi.org/10.12942/lrr-2004-4
https://doi.org/10.1007/JHEP10(2020)116
https://doi.org/10.1007/JHEP10(2020)116
https://doi.org/10.4310/ATMP.2021.v25.n3.a4
https://doi.org/10.4310/ATMP.2021.v25.n3.a4
https://arXiv.org/abs/2103.17103
https://doi.org/10.1007/s00220-022-04390-1
https://doi.org/10.1007/JHEP04(2022)069
https://doi.org/10.1007/JHEP04(2022)069
https://doi.org/10.1103/PhysRevLett.130.011401
https://doi.org/10.1103/PhysRevLett.130.011401
https://doi.org/10.1038/327123a0
https://doi.org/10.1038/327123a0
https://doi.org/10.1103/PhysRevLett.67.1486
https://doi.org/10.1103/PhysRevD.44.R2945
https://doi.org/10.1103/PhysRevD.44.R2945
https://doi.org/10.1103/PhysRevD.45.520
https://doi.org/10.1088/0264-9381/9/6/018
https://doi.org/10.1088/0264-9381/9/6/018
https://doi.org/10.1007/JHEP01(2016)086
https://doi.org/10.1007/JHEP01(2016)086
https://arXiv.org/abs/1703.05448
https://doi.org/10.1103/PhysRevD.55.669
https://doi.org/10.1103/PhysRevD.55.669
https://doi.org/10.1088/0264-9381/24/5/F01
https://doi.org/10.1088/0264-9381/24/5/F01
https://doi.org/10.1007/JHEP03(2015)033
https://doi.org/10.1007/JHEP03(2015)033
https://doi.org/10.1088/0264-9381/30/19/195009
https://doi.org/10.1088/0264-9381/30/19/195009
https://doi.org/10.1007/JHEP09(2017)154
https://doi.org/10.1088/0305-4470/9/11/008
https://doi.org/10.1063/1.1724257
https://doi.org/10.1063/1.1724257
https://doi.org/10.1063/1.1724303
https://doi.org/10.1063/1.1724303
https://doi.org/10.1155/2012/197385
https://doi.org/10.1155/2012/197385
https://doi.org/10.1088/1361-6382/ab7c01
https://doi.org/10.1088/1361-6382/ab7c01
https://doi.org/10.1016/j.physletb.2017.07.050
https://doi.org/10.1088/1361-6382/aaa987
https://doi.org/10.1088/1361-6382/aaa987
https://doi.org/10.1088/1475-7516/2018/05/030
https://doi.org/10.1007/JHEP07(2018)017
https://doi.org/10.1007/JHEP07(2018)017
https://doi.org/10.1007/JHEP11(2018)200
https://doi.org/10.1007/JHEP11(2018)200
https://doi.org/10.1007/JHEP04(2020)172
https://doi.org/10.1007/JHEP05(2019)058
https://doi.org/10.1103/PhysRevD.99.084044
https://doi.org/10.1103/PhysRevD.101.124015
https://doi.org/10.12942/lrr-2009-6
https://doi.org/10.12942/lrr-2009-6
https://doi.org/10.1016/j.physletb.2022.137419
https://doi.org/10.1016/j.physletb.2022.137419
https://doi.org/10.1103/PhysRevD.92.084057
https://doi.org/10.1103/PhysRevD.92.084057
https://doi.org/10.1103/PhysRevD.93.049905

ANGULAR MOMENTUM AND MEMORY EFFECT

PHYS. REV. D 107, L101501 (2023)

[52] A. Ashtekar, T. De Lorenzo, and N. Khera, Phys. Rev. D
101, 044005 (2020).

[53] J. Winicour, Classical Quantum Gravity 31, 205003 (2014).

[54] G. Barnich and C. Troessaert, J. High Energy Phys. 03
(2016) 167.

[55] G. Compere and J. Long, J. High Energy Phys. 07 (2016)
137.

[56] X. He, X. Wu, and N. Xie, Commun. Theor. Phys. 75,
045403 (2023).

[57] E. T. Newman and R. Penrose, J. Math. Phys. (N.Y.) 7, 863
(1966).

[58] T. Damour, Phys. Rev. D 102, 124008 (2020).

[59] A. V. Manohar, A. K. Ridgway, and C.-H. Shen, Phys. Rev.
Lett. 129, 121601 (2022).

[60] P. Di Vecchia, C. Heissenberg, and R. Russo, J. High Energy
Phys. 08 (2022) 172.

[61] Z. Bern, C. Cheung, R. Roiban, C.-H. Shen, M. P. Solon,
and M. Zeng, Phys. Rev. Lett. 122, 201603 (2019).

[62] L. Blanchet, G. Compere, G. Faye, R. Oliveri, and A. Seraj,
J. High Energy Phys. 02 (2021) 029.

[63] L. Donnay, G. Giribet, H. A. Gonzalez, and M. Pino, Phys.
Rev. Lett. 116, 091101 (2016).

[64] L. Donnay, G. Giribet, H. A. Gonzélez, and A. Puhm, Phys.
Rev. D 98, 124016 (2018).

[65] A.A. Rahman and R. M. Wald, Phys. Rev. D 101, 124010
(2020).

[66] H. Adami, D. Grumiller, M. M. Sheikh-Jabbari, V. Taghiloo,
H. Yavartanoo, and C. Zwikel, J. High Energy Phys. 11
(2021) 155.

[67] S. W. Hawking, M. J. Perry, and A. Strominger, Phys. Rev.
Lett. 116, 231301 (2016).

L101501-7


https://doi.org/10.1103/PhysRevD.101.044005
https://doi.org/10.1103/PhysRevD.101.044005
https://doi.org/10.1088/0264-9381/31/20/205003
https://doi.org/10.1007/JHEP03(2016)167
https://doi.org/10.1007/JHEP03(2016)167
https://doi.org/10.1007/JHEP07(2016)137
https://doi.org/10.1007/JHEP07(2016)137
https://doi.org/10.1088/1572-9494/acb7cf
https://doi.org/10.1088/1572-9494/acb7cf
https://doi.org/10.1063/1.1931221
https://doi.org/10.1063/1.1931221
https://doi.org/10.1103/PhysRevD.102.124008
https://doi.org/10.1103/PhysRevLett.129.121601
https://doi.org/10.1103/PhysRevLett.129.121601
https://doi.org/10.1007/JHEP08(2022)172
https://doi.org/10.1007/JHEP08(2022)172
https://doi.org/10.1103/PhysRevLett.122.201603
https://doi.org/10.1007/JHEP02(2021)029
https://doi.org/10.1103/PhysRevLett.116.091101
https://doi.org/10.1103/PhysRevLett.116.091101
https://doi.org/10.1103/PhysRevD.98.124016
https://doi.org/10.1103/PhysRevD.98.124016
https://doi.org/10.1103/PhysRevD.101.124010
https://doi.org/10.1103/PhysRevD.101.124010
https://doi.org/10.1007/JHEP11(2021)155
https://doi.org/10.1007/JHEP11(2021)155
https://doi.org/10.1103/PhysRevLett.116.231301
https://doi.org/10.1103/PhysRevLett.116.231301

