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Supertranslation invariance of angular momentum at
null infinity in double null gauge*

Po-NING CHEN, Mu-TA0O WANG, YE-KAT WANG,
AND SHING-TUNG YAU

Abstract: The supertranslation invariance of the Chen-Wang-Yau
(CWY) angular momentum in the Bondi-Sachs formalism/gauge
was ascertained by the authors in [12, 13]. In this article, we study
the corresponding problem in the double null gauge. In particular,
supertranslation ambiguity of this gauge is identified and the CWY
angular momentum is proven to be free of this ambiguity. A similar
result is obtained for the CWY center of mass integral.

The friendship of Professor Christodoulou and Yau started in 1981. In the first
months of his commute from Syracuse to the Institute of Advanced Study,
Christodoulou stayed in Yau’s apartment. He also sat in Yau'’s course on min-
imal surface theory and applications for two years [11]. Christodoulou even-
tually applied geometric analysis to hyperbolic partial differential equations,
culminating first in the monumental proof of stability of the Minkowski space-
time with Klainerman [7] and later in the formation of black holes in general
relativity [8] and the formation of shocks in fluid mechanics [9]. We take this
opportunity to celebrate Christodoulou’s achievement and the friendship that
has lasted more than 40 years.

In a series of papers in the 1960s, Bondi [3], Bondi-van der Burg-Metzner
[4], and Sachs [26] provided one of the first convincing theoretical evidences
for gravitational radiation. Assuming an asymptotically Minkowskian isolated
system admits a coordinate system adapted to an optical function u and a
luminosity distance r, Bondi et al. were able to solve the vacuum Einstein
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equation in power series of 7!, defined the energy for the u = const. null

hypersurfaces
1
E(u)=— / m,
41 Jg2

and derived the Bondi mass loss formula'

OE = L NagNAB <0,
327 Jg2
which is interpreted as saying an isolated system emits gravitational waves
that carries mass away from the system.

The Bondi-Sachs coordinate-based approach (henceforth referred to as
Bondi-Sachs formalism [23]) was incorporated into Penrose’s conformal treat-
ment of null infinity. However, it is difficult to construct a large class of space-
times that admit conformal compactifications (or Bondi-Sachs coordinates).
It is in the work of stability of Minkowski spacetime [7] that Christodoulou-
Klainerman give a rigorous treatment of null infinity in the setting of initial
value problems: a detailed asymptotic decay estimate for Ricci coefficients
and curvature components are derived, the Bondi mass is defined by the limit
of Hawking mass, and the mass loss formula is rigorously proved. The work
also leads to the discovery of the Christodoulou memory effect [5].

Defining angular momentum for gravitational fields turns out to be more
subtle. In special relativity, associated with a particle (represented by a curve
v in R®!) are the conserved quantities

energy E = (v, %)

linear momentum P? = (v
angular momentum J;; = (7', 252 — 29 .2)
center of mass C" = (7/, ta(z:i + xl%>

W

If one changes the coordinate system by a translation t = t +a, % = 2° + o,
energy and linear momentum remain the same but the angular momentum
and center of mass transform as

jij = Jij + Oéin — OéjPi,

1 o ; , A
@ C'=C"+aP' 4 o'E.

We conclude that the angular momentum and center of mass have a “4-
dimensional translation ambiguity” that comes from the choice of the origin.

!The function m and 2-tensor N4p appear in the Taylor expansion of metric
coefficients. See Section 4.1 for their definition.
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In Bondi-Sachs formalism, the symmetry group of null infinity is given
by coordinate transformations that preserve the form of metric tensors and
asymptotics. Although structurally similar to the Poincaré group, it is the
semi-direct product of the Lorentz group and an infinite-dimensional abelian
group—supertranslations—instead of the 4-dimensional group of translations.
The transformation law of all existing proposals of angular momentum under
supertranslations bears no resemblance to (1) and physicists have yet to find
an interpretation. This is the “supertranslation ambiguity” that has puzzled
researchers in the field since the 1960s.

The purpose of this article is to explain the supertranslation invariance
of Chen-Wang-Yau angular momentum, and center of mass integral [12, 13]
with the main results presented in the double null gauge rather than the
Bondi-Sachs formalism as in [12, 13].

In Section 2, the definitions of the Chen-Wang-Yau quasi-local angular
momentum and center of mass integral are given. They are extensions of
the Wang-Yau quasi-local mass [28, 29] and defined for spacelike 2-surfaces
in spacetimes. The key idea is to isometrically embed the surface into the
Minkowski spacetime and then pull back the Killing vector fields along the
surface. This resolves two difficulties encountered in the Hamiltonian ap-
proach to define conserved quantities in general relativity: the lack of back-
ground coordinate systems and the absence of symmetries. We take the lim-
its, as r — oo of quasi-local Chen-Wang-Yau angular momentum and center
of mass on r = const. surfaces to get the corresponding Chen-Wang-Yau
quantities for each u = const. null hypersurface. The Bondi-Sachs formalism
is recalled in Section 2.2, In particular, we define supertranslations in the
Bondi-Sachs formalism.

For the rest of the article, we focus on the double null gauge, which
is familiar to the readers of Christodoulou’s work. In Section 3, we discuss
angular momentum at null infinity in double null gauge. We first present A.
Rizzi’s definition of angular momentum proposed in Rizzi’s thesis supervised
by Christodoulou. Then we define the Chen-Wang-Yau angular momentum
in this context.

In Section 4, we study the effect of supertranslation on the total flux of
angular momentum. In Section 4.1, we define supertranslations, compute the
transformations of Ricci coefficients, and discuss Rizzi’s attempt to restore
the 4-dimensional dependence of origin. The definition of supertranslation in
double null gauge relies on the construction of suitable optical functions. We
prove the existence of such optical functions in Appendix A. In Section 4.2, we
compute the supertranslation ambiguity for the total flux of Rizzi’s angular
momentum and show that it agrees with the (classical) Ashtekar-Streubel
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definition [2]. In the final Section 4.3, we show that the Chen-Wang-Yau
angular momentum and center of mass integral transform according to (1)
under supertranslations, which is the main result in [12, 13] and is presented
here in the double null gauge.

Definition 1.1. Throughout this article, we denote the standard metric on
S? by o. More precisely, o = df?+sin? fd¢? in spherical coordinates. We raise
and lower indices with respect to o. Let V and A be the covariant derivative
and Laplace operator with respect to o. If the volume form is omitted in the
integrals [g. F', it is taken with respect to the volume form of 0. We also
need the spherical harmonics decomposition. Let H¢<; denote the space of
functions spanned by 1,)~(1 = sin f cos ¢,)~(2 = sinfsin ¢,)~(3 = cosf and
He>2 denote the space of functions supported in £ > 2 modes.

2. Chen-Wang-Yau angular momentum and center of mass
2.1. Quais-local conserved quantities

Given a spacelike 2-surface X in the spacetime, we get data (¢, [H|, ag) where
¢ is the induced metric, |H| the norm of the mean curvature vector (which is
assumed to be spacelike), ay the connection 1-form of the normal bundle of
Y. In terms of Ricci coefficients [5, page 1486],

1 1
|H| = /—trxtrx, apg=¢(— idlogtrx—&- idlog(—trx)

are independent of the scaling L — aL,L — a~'L of the two null normal
vector fields along 3.

Consider an isometric embedding X : (X, ¢) — R*! into the Minkowski
spacetime. For the image surface X (), we can compute the norm of the mean
curvature vector Hp and connection 1-form ap,. For a constant timelike unit
vector field Ty, viewed as an observer, let 7 = —(X,Tp). Define the mass
density function and momentum density one-form by

A AT)?
= VIHoP + 57 — IHP + e
V14 |VT|?

AT
= | h_l p >:| a
J pVT+V {sm <\H0HH| +ag, —ag

Note that the sign convention of j is opposite to [15, 20] but coincides with
[14, Proposition 7.1].
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There are many such choices of isometric embedding X and observer
Ty in the Minkowski spacetime. We consider only those pairs (X, 7) with
associated data satisfying the optimal isometric embedding equation

(2) dfvj = 0.

We write K;; = m"% — a7 8‘; for the rotation Killing vector fields and
K, =t 8‘21- +mi% for the boost Killing vector fields; together they form a basis
of the Lorentz algebra. Here is the definition of Chen-Wang-Yau quasi-local
conserved quantities [14, Definition 2.2].

Definition 2.1. The quasi-local conserved quantity of ¥ with respect to
an optimal isometric embedding (X, 7p) and a Killing field K in Minkowski
spacetime is

3) B(S.X,To. K) = o [ ~(K.To)p +3(KT)as

™

where KT denotes the projection of a Lorentz Killing field K onto the tangent
space of the image X (X).

Suppose Ty = A (%) for a Lorentz transformation, then the quasi-local
conserved quantities corresponding to A(K;;) are called the quasi-local an-
gular momentum with respect to 7Ty and the quasi-local conserved quantities
corresponding to A(K;) are called the quasi-local center of mass integrals with
respect to Tj.

Chen-Wang-Yau conserved quantities satisfy the following properties:

1. They vanish for any spacelike 2-surface in Minkowski spacetime.
2. The quasi-local angular momentum coincides with the Komar integral
for an axially symmetric 2-surface in an axially symmetric spacetime.

Given an asymptotically flat initial data set (M, g, k), the limits of Chen-
Wang-Yau conserved quantities of the coordinate spheres 35, give rise to the
total Chen-Wang- Yau conserved quantities. On the one hand, the total energy-
momentum recovers the ADM energy-momentum 4-vector [30]. On the other
hand, the total angular momentum and center of mass integrals agree with
ADM angular momentum and Regge-Teitelboim center of mass for harmonic
asymptotes when the linear momentum vanishes but are different in general
[16].

Moreover, the following properties also hold:
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1. The total angular momentum of any spacelike hypersurface of Kerr
spacetime is an invariant.

2. Let (M, g(t),k(t)) be a solution for the vacuum Einstein equation with
lapse function N = 14 O(r~!) and shift vector v = 7(=1 4+ O(r~2),
center of mass integrals C*(¢) and the total angular momentum J*(t) of
(M, g(t), k(t)) satisfy

7

(4) 8,C(t) = %, 0 (t) =0

where (e, p*) is the ADM energy-momentum 4-vector.

In his lecture given at ETH, Christodoulou proposed definitions of angular
momentum and center of mass integral for strongly asymptotically flat initial
data sets [10, Section 3.3, 3.4] with the dynamical formula (4) proved. While
his angular momentum agrees with ADM’s, the center of mass integral is new.

2.2. Bondi-Sachs formalism, total conserved quantities and
supertranslation

We briefly review the Bondi-Sachs formalism and refer the readers to the
excellent survey [23] for more details.
If we set u = t —r, the metric tensor of the Minkowski spacetime becomes

—du?® — 2dudr + r2UABdmAda:B.

Similarly, the Schwarzschild metric in Eddington-Finkelstein coordinates is

2
—(1— —m)du2 — 2dudr + 1’0 spdr?da®
,

Taking the above two examples as models, Bondi and his collaborators
postulated that the spacetime admits a coordinate system (Bondi-Sachs coor-
dinates) (u, 7, 2) where u is an optical function, 7 is the “luminosity distance”
from the source, and 2, A = 2, 3 are the coordinates of the spherical section;
r € (r9,00),u € (up, u1). In Bondi-Sachs coordinates, the metric tensor takes
the form

(5) —UVdu? — 2Ududr + r*hag(dz? + WAdu)(dz® + WBdu).

Assuming the spacetime is asymptotically Minkowskian, the metric coef-
ficients satisfy

(6) U—1,V =1, hag — oag, WA =0
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as r — 00.

Bondi and his collaborators make two more assumptions. The first is a
determinant condition det(hsp) = det(04p). The second is the “outgoing
radiation condition” that all metric coeflicients can be expanded into power
series of % with coefficients being functions of u, z4.

The null vacuum Einstein constraint equations then enjoy a remarkable

hierarchy and all metric coefficients can be determined term-by-term

- 2 -3
U=1 162|C| +0(r™®),
2 1 1 1
V=1- 7’” +3 (vANA + vacABvDCBD + 16|(J|2> +0(r®),

1 1
WA - ﬁVBCAB

C
hap = oap + % + 3 L Coas + 06

(3NA — —VA\C\Q CABVDCBD) + 0™,

where m = m(u,z?) is the mass aspect, No = Na(u,x?) is the angular
momentum aspect and Cyupg = CAB(u,xA) is the shear tensor of this Bondi-
Sachs coordinate system.

Bondi-Sachs extract physical information from the coefficients of expan-
sion; the Bondi-Sachs energy momentum 4-vector (E, P¥) for a u = const.
hypersurface is given by

E(u)—i/szm

1 ~
PF(u) = o 2ka,k: =1,2,3

(7)

where X*, k = 1,2,3 are the standard coordinate functions on R? restricted
to the unit sphere S2.

Let Nag = a%CAB denote the news tensor. From the vacuum Einstein
equations,
1 AB |, loagn
(8) Oym = _gNABN + EV V7 Nag,

one obtains the famous Bondi mass loss formula

1
WE=—— [ NjsgNAB.
9) g 327 /52 AB
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Bondi-Sachs formalism is a coordinate-based approach and one should take
all coordinate transformations that preserve the form of the metric tensor (5)
and the asymptotic conditions (6) into consideration. One such coordinate
transformation is supertranslation: any smooth function f(z) on S? gives rise
to a coordinate transformation

(10) F=r+7uz)+o0

where a9, 7 74D are determined by f [4]. The mass aspect, angular
momentum aspect, and shear tensor transform nontrivially under a super-
translation. It can be shown that (see for example [27]) the Bondi-Sachs
energy momentum 4-vector (7) is supertranslation invariant, but the “super-
translation ambiguity” for the definition of angular momentum has persisted
for decades until the discovery of the Chen-Wang-Yau angular momentum
in the Bondi-Sachs formalism in [12, 13]. In the rest of this article, we ad-
dress the supertranslation ambiguity of angular momentum in the double null
gauge.

3. Angular momentum at null infinity in double null gauge

Suppose the spacetime metric takes the form
(11) g =—4Q%dudv + ¢ , . (dx* — b*dv)(dz® — bPdv)

in a double null gauge where we assume v € (vg, +00) and u € (—o0, +00).
The u,v level sets C,,C, are null hypersurfaces intersecting along 2-
surfaces Sy . Let

be the areal radius.
Associated to the double null gauge is a frame

0 a1 0 a1 (0 A 8)
(12) eA—axA, e3 =€) R eqs =€) (anLb 92h )
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Let D denote the Levi-Civita connection of the spacetime metric. We follow
the convention of Riemann curvature tensors in [8]

R(X,Y)Z = DxDyZ — DyDxZ — Dixy1Z,
R(X,Y,W,Z) = g(R(X,Y)Z,W).

We introduce the Ricci coefficients

XAB :g(D6A€4aeB)7 XaB :g(D€A€37€B)7

1
CA = §g(DeA€4, 63)7

the curvature components

QaAB = R(637 €A, €3, 63)7

1 1
514 — §R(€A,e47€3764)7 éA = §R(€A;e37€37e4)7

p= _R(637647€3764)7 o= Z*R(e3764763764)7

4
and

~ 1 . 1

XAB = XAB — §(tr¢ X ap: Xap = Xap — Q(trﬂ 09 4

Motivated by the result of [7], we assume that along each null hypersurface
Cy, the following limits exist:

13 lim Yag =2 lim r~ %  =Z.g,.
(13) S XAB A,  MMT X p AB>

Let Y{;),7 = 1,2,3 be the rotation Killing vector fields on S?% 25, Figure
3]. Rizzi’s definition of angular momentum reads [25, (2)]

(14) L(Yi) = — lim / Carghs,

&1 v—o0

See [24, Footnote 7 on page 28] for the well-definedness, which is assumed
in this article.
Next we defined the mass aspect function.

Definition 3.1. The mass aspect function is given by the following limit;:

1
(15) 2m(u, ) = hm r (K + 1 tr oy tr X)
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Motivated by the Chen-Wang-Yau angular momentum at null infinity in
the Bondi-Sachs formalism [12, 13], we define the Chen-Wang-Yau angular
momentum at null infinity in double null gauge as

_ 1 A
Lewy (V) = L) = g [ ¥i8s¥am
where the function s is the potential in the Hodge decomposition
1
Yup =VaVps — §A5 oap + (co-closed part).

We assume s is supported in £ > 2 modes and is thus unique. This nonlocal
term appears when solving the optimal isometric embedding equation [20].

Remark 3.2. To give a dictionary between Bondi-Sachs formalism and the
double null gauge, the limits of the Ricci coefficients with respect to null
frame

2 Vv
€ = GT, €3 = E (au — WDaD — 5&)
are given by [12, Appendix A]

1
Sap = —=Cag,
(16) AB 2 AB

ZaB = Nap.

Remark 3.3. For the corresponding coefficients in the Bondi-Sachs formal-
ism, (13), (15), and (14) follow from the expansions of the metric coefficients
discussed in Section 2.2. However, (13), (15), and (14) are well-defined for
spacetimes considered in [7, 6] and likely for more general spacetimes. In this
article, we assume (13) and (15) hold at pointwise level, and (14) holds at
integral level.

4. Supertranslation and angular momentum in double null
gauge

4.1. Supertranslation in double null gauge
Suppose the spacetime metric takes the form
(17) g = —4Qdudv + ¢ , ,(dz — b dv)(dz” — b dv)

in a double null gauge that covers a neighborhood of null infinity {r >
ro(u), —0o < u < oo} x S2.
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7+
r = ro(u)

;0

Assumptions on the metric coefficients. We assume that

(18) Q=1+0(1),
9y =r’0aB +o0(r?)
(20) b =0(r?)

along each outgoing null hypersurface C,,. We assume the remainders satisfy
(21) ZQ=0(1),2¢ =o(r*),Zb=O(r?)

where Z consists of the derivative 0, and covariant derivative V on S? but
with? a stronger

b4
(22) e = o(r?).

Remark 4.1. We prove (in the appendix) the existence of suitable optical
functions in order to define supertranslations in double null gauge. To this

end, we assume also (54) and (55) on the derivatives of the metric coefficients.

iven a sm unction n nsider n rdin
Given a smooth functio on S?, consider a change of coordinate

(23) u=1u+ J(z)
2
and v, 4 remain the same. The metric tensor becomes
X of
g = —40%dadv — 492%—Adm‘4dv + gAB(dmA — bAdv)(dz? — bPdv).

Note that @ is only an approximate optical function since

9" = Q720 0uf + g Poafosf = O(r™?).

’In view of % = 402(§~)*B(p [8, (1.199)], it is equivalent to (4 = o(1) or
¢=o(r7h).
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In the appendix, we show that there exists an optical function u such
that 4 = @ + O(r~!). One can then consider the new double null gauge
uv—va—x with?

(24) u=1u+ @ +O0(r ).

We henceforth referred to (24) as supertranslation in double null gauge.
In the new double null gauge the metric tensor is given by

g = —AQ*dudv + ¢ , ,(dz* — b dv)(dz” — b”dv)
and we compute how the Ricci coefficients transform.

Proposition 4.2. Under a supertranslation in double null gauge (24), the
limits of the traceless second fundamental forms (13) transform as

(25) f]AB(ﬁ,x):EAB (E-F @,.T) —‘rVAVBf—%AfJAB,
(26) ._JAB(U x) = HAB ( foE) ) .

If, additionally,

(27) Tlggor p=P,
(28) Tlggo B, = Ba,
(29) Tll{go’r AAB = AAB7 )

then P transforms as
~ 1
(30) P(i,x) = P—VAfB, + ZVAfVBfAAB
where P, B, and A, g on right-hand side are evaluated at (ﬂ +1 1:)

27

Proof. We compute

3Af

du = du + —==d7 + O(r ™)

3The discrepancy of (24) and (10) comes from the fact the optical function u used
in double null gauge (resp. Bondi-Sachs) is equal to * 5= (resp. t —r) in Minkowski
spacetime.
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dv =dv

da? = dil.

Thus the coordinate vector fields transform as

= (rorh)
=40
and the frame (12) transforms as
€4 = (8147]0 + O(r_1)> Qes +ex

&= (07 +00™)) es
e, = Qey — bleq + be
= (Q + O(ril)) eq + (EA — b+ 0(773)) e

4 (BA¥Q 4 0(r3)> es.

Recall we identify ¥, 74 with v, 4. From the relation of coordinate vector
fields, the metric coefficients are related by

Q=0Q+0(

(31) ’ngB =9Jap
9,507 = QP0af +g,,b° +00™)

where the left-hand side are evaluated at (u, v, z) and the right-hand side are
evaluated at (17 + %, v, :U)
We have

0

(Deyes, ep) = —{e3, Deyen) = —(es, [es, en]) = 050 e, Em

) =0.
Hence,

(D;,8,88) = (710 +00")) (De,es, en)
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and take limit to get EAB = ZAB.
Next we compute

<D 63, Q€4>

((aAf 1)) Qes + €A> (<8§f +O(r™ ) Q) A

Oaf &
+ <; + O( )> Q <D(%+O(r1))953+ef;€3’ Qe4>

+ <D(agf+o(rl))ge3+eAeB, §g4> :
Denote the first line on the right-hand side by I and the rest by /. We have
I'=—-040pf+o(1).
On the other hand, we have by (22)

<D63€3764> = 0(1)7
<DeA637 €4>, <D63637 64> = 0(1)7

and hence

IT = {(D.,ep, ey + (0° = 0%)ec) +o(1)
= (D. ep,Qeq) + §“POp f(De,en, ec) + o(1)

where we used (31) in the second equality. Putting these together, we have
<DgA€B> f~254> = —VaVgf+ (De,en, Qey) 4 o(1).
and hence
~ 1
Yap =¥ap +VaVpf— §Af oAB

by taking the limit of the traceless part. Finally, we compute the transforma-
tion of p

SO R
P = ZR(637€47€37€4)

1 1~
= 13(63, eq,€3,€4) + 5(()’4 — M R(es, e4,€3,¢4)
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1 ~ ~
+ Z(bA — M) (0P —bP)R(es,ea,e3,e5) + O(r™)

1 1 -
=p= VB + VIV faus + o)

and take limit. O

The supertranslation can be used to kill the closed part* of the shear
tensor X.

Theorem 4.3. Suppose

(32) sup  ZapEAP < 48.

(—00,00) %52

Then for a fized u = up and any Yy € Ho<1, there exists a unique ¥ € H>o
such that with ¥ = vg + U, the symmetric traceless 2-tensor

¥(x)
2

- _ _ 1
(33) ZAB(U) EEAB<U+ ,1‘)+VAVB¢— §A¢UAB

has no closed part.

Since the vector space Hy<; is 4-dimensional, the result singles out a
cut, with a 4-dimensional degree of freedom, of null infinity. In Section 4.2
of [24], Rizzi considers the lapse transformation L — a 'L, L — aL with
lim, . a = ¥ along each null hypersurface. This leads to a linear equation

A(A+2)p = VAVE(YE4p),

which is the linearized equation of (34), whose solution is used to describe a
procedure that retains the 4-dimensional dependence of origins in his defini-
tion. See Chapter 4 and 5 of [24]. The original proof of Rizzi’s version [24,
Theorem 1], due to Christodoulou, requires the upper bound 16. We follow
his argument with improved estimates.

Proof. Since V4AVph — %AhO'AB =0 for any h € Hy<1 and
VAVH(VAVpH — L AR oA5) = LA(A + 2)H

for any smooth function h’, the equation to be solved is

(34) A(A +2)0 = —2VAVB <2A3(a ;Y zwsl , x)) |

41t is called the electric part in physics literature.
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Set up an iterative equation

\Ijn S
A(A+2)T,,, = —2VAVE <2A3(ﬁ+ %x}) .
and start with Uy = 0. We will show that ¥,, converge to ¥ in L? and this

proves the existence.
Let hyp11 = ¥,01 — ¥, and we have

A(A +2)hp i1
_ _ovAyB <2A3(ﬂ+ Un 42- 1/151713) S+ \I/n_12+ 1/)51’ >>
Let us analyze the equation
(35) A(A+2)g = VAVEnup

for g supported in £ > 2 modes and a symmetric traceless 2-tensor napg.
Multiplying by ¢ and integrating, we get

1
/ Ag(A+2)g = / NAB (VAVBg — —AgaAB) )
52 S2 2

Decompose ¢ into spherical harmonics g = > ;25 g;. Because of the orthogo-
nality of ¢;’s, we have

/AgA+2 =Y [t +1)] 2—€(£+1)]/5293224/S2g2

=2

On the other hand, for any smooth function f on S2, integration by parts
yields the identity

/32 <VAVBf - ;Af(TAB> <VAVBf Afo AB) = ;/52 Af(A+2)f.

By Cauchy-Schwarz and Hoélder inequality, we get

1 1
/ naB (vAng— 2A90A3> < \/ / Inl? - / V29 = 5(Ag)al”
52 5?2 52

Putting these together, we obtain

21 [ <5 [
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By the Mean Value Theorem, for each z € S?

San(i+ T @), 0) - San(i+ T (o), )

1
< sup | | ’ §|\I]n - \I/n,1|(:1:),

(~o0,00) x {a}

and integrating over S? we get

1
h? 22 [ K2
Joti = 5 IR 0%

If sup |Z|? < 48, then h, converge to 0 and hence ¥,, converge to ¥ in L.

The uniqueness follows similarly. Suppose ¢1, ¢2 solve the equation with
the same 1y. Then ¢ = ¢y — ¢1 solves A(A +2)¢ = —2VAVE (S p5(0 +
w, x) — Yap(u+ %l;‘z’l ,x)). The above analysis implies that

/¢ S@bUPFP/ ¢?

and hence ¢ = 0 by (32). O

4.2. Total flux of angular momentum and the supertranslation
ambiguity

We first recall the following evolution formulae for the mass aspect function
and Rizzi’s angular momentum. First we state the mass loss formula:

Lemma 4.4. We have the following mass loss formula:
— _l =2 1 ByCxo
(37) Oum = 4|_’ + 2V V™ =pc.

Proof. The mass loss formula is derived in various formulations of null infinity.
We sketch the proof for double gauge using the null structure equation in [8].
We start with the Gauss equation

Lo
7(X7X)

1
K+1trxtrxz—p+2

We differentiate p using the Bianchi identity [8, Proposition 1.2] and replace
[ via the null Codazzi equation [8, (1.152)]. For the second term on the right-
hand side, we apply [8, (1.171)] and [8, (1.59)]. The lemma follows from the
asymptotically flat assumption. O
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The evolution of Rizz’s angular momentum is given by [25, (4)]

OL(Y(1) 1 - o, 1 —CB CwB= A
o E/sz {—HABVCE +3 (BapVeET — 2EV _CA)}i/(k).
Remark 4.5. While [25, (4)] is stated with strong asymptotic conditions. The
evolution formula is valid with much weaker asymtotics using the Bianchi
identity for D, f3.

Remark 4.6. Note that the factor is ﬁ rather than %. The reason is that
the parameter u used in [5] or [25] (and used in Bondi-Sachs formalism) is
equal to t — r plus some constant in Minkowski spacetime. When citing their
formula, the derivative 28% should be replaced by a%' For one more example,

equation (5) of [5] now reads

o
ou

—_
—

(38)
For the rest of the paper, we assume

(39) Eap = O(Jul~"7%)

for some € > 0 as u approaches +oo.

We fix the rotation Killing vector Y4 = eABV 3 X* for some k € {1,2,3}
for definiteness. Integrating by parts the last term and then integrating from

u = —0o0 to u = 400, we obtain the total flux of Rizzi’s angular momentum
1
0L =—-
8w
+oo >
/ (/ y4 (EABVCECB - EABVCECB) 1 ABXE (EQECB» du.
—0 92

The integral is finite because of (39). In view of (16), the result, up to a
minus sign®, coincides with the classical Ashtekhar-Streubel flux of angular
momentum [2], see [12, Theorem 1.2].

The total flux of angular momentum changes when computing in different
double null gauges.

PFirstly, the factor g- is omitted in [12]. Secondly, take into account the discrep-
ancy in u. Lastly, for Kerr spacetime Rizzi’s definition gives ma while Chen-Wang-
Yau gives —ma.
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Theorem 4.7. Consider a supertranslation in a double null gauge v = u +
@ and let 6Ly denote the total flux of angular momentum computed in
(w,v,z) gauge. Suppose (39) holds, then

1
(40) oLy —6L=— | fYAVs(m™ —m")
41 Js2
where
mE = lim m(u,z).
u—rF00

Proof. We sketch the proof. For details, see Section 5.1 of [12]. First rewrite
0L as

1 +o00 _ _ B
g/ ( < VoY AL URECE — VAV S AgECE — YAZ 45V 2B
—0o0

-+ 6AB)?]€E§ECB) du

For 0Ly, simply replace ¥, =, du by 3, 2, dii. Applying the chain rule to (25)
yields

VoXap(l, ) = —Zap(i+ gax)vgf + (VeEap)(u+ ga )
" FVO(VaAVsS — 5 Afou)
1

VeEP(a,0) = ~EP(a+ g)x)Vch + (Voz©P) (@ + g,m)

1
+ 5VB(A +2)/,

where we used (38).
After a series of change of variables and integration by parts, the difference
of total flux is put into the following simple form

— 1 e A =2 BwC—
5Lf—5L_—ﬁ/_oo </5sz Va (2P - 2vPy _BC)>du.

The conclusion follows from the mass loss formula (37). O

When f is supported in ¢ < 1 modes, the difference is equal to the total
flux of linear momentums. However, if f has £ > 2 modes, the formula bears
no resemblance to (1) and physicists have yet to find an interpretation. This
is the so-called “supertranslation ambiguity”. For more on supertranslation
ambiguity, we refer the readers to Ashtekar-De Lorenzo-Khera [1].
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4.3. Supertranslation invariance of the Chen-Wang-Yau angular
momentum and center of mass integral

Following the argument of [12], the total flux of the Chen-Wang-Yau angular
momentum §.J is given by

1 Foo

6] =00 — — [ Y45V am
8 52

™

—0oQ

where the function s(u, x) is the potential in the Hodge decomposition
1
Yap =VaVps — §A5 oap + (co-closed part).

The main result in [12, 13] is that the total flux of the Chen-Wang-Yau angular
momentum transforms according to (1) under supertranslations.

Theorem 4.8. Consider a supertranslation in double null gauge (24) and let
0J¢ denote the total flux of the Chen-Wang-Yau angular momentum computed
in (w,v,x) gauge. Suppose (39) holds, then

(42) §Jp —6J = —* 0,6 P

where fi<1 = ap + ozl-)?", € 1s the Levi-Civita symbol, and

1 ~
6Pl = E - Xl(m+ —m_)

is the total fluz of linear momentum.

Proof. By (25), we have

(43) 55 (z) =57 (2) + frz2.

It can be argued from (30) (see Remark 4.11 below) that
(44) mE(z) = m*(z).

Putting these together, we obtain

§Jp —0J = i/ fec YAV a(m™ —m™).
m Jg2 ' =
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Recall that YA = 48V B)~( k and we have
YAVAfggl = Eiklai)?l.
O

Next, we turn to the effect of supertranslation on the center of mass
integral. In double null gauge, the total flux of Ashtekar-Streubel center of
mass integral 6C* is given by

1
87

+oo ~
/ [ o VAXk (—%VALE’Q + ZABVDEBD — EABVDEBD>] du,

—00

5C*

up to a minus sign. Again, compare [12, Theorem 1.2].

Theorem 4.9. Consider a supertranslation in double null gauge (24) and let
0C' denote the total flux of Ashtekar-Streubel center of mass integral computed
in (w,v,x) gauge. Suppose (39) holds, then

- ~ 1 - -
6C —6C* = (—6X*(m* —m™) + 204X V4 (mt —m7)) f.

T Js2

Proof. First of all, note that the first term of 6C* is equal to [ —uX*|Z|2.
For 0CY, simply replace ¥, =, du by 3, Z, du. Applying the chain rule to (26),
we get

(45)
VpEPP(u, x) = 0,287 (a + Ma:) Vol | g, =80 (ﬁ + Mﬂﬂ) :

2 2
Combining with (41), we obtain

~k ~k
5Cf —6C
LX*|=)?
52 2

1
=/
Ak 1 —p YD/ —BD
+V4X (VAVBf—gAfUAB)(ﬁu: —= +Vp=~7)| du

2
L[+ Ak sp VD[
— XX p0,2°" —=
* 8 /;oo |: S2 v ( AB 2




1656 Po-Ning Chen et al.

\Y
(-2 vra ) )] du
1 [ Shi=p2 Ak =BD
87r/ / L XhER 4 vAR (VAVBf——AfUAB) du
1 [t ~ \Y 1
+—/ / VAXH <|_2y A/ —EABVB(A+2)f)] du
8T J_o 52 2
where we integrate by parts in u and use (38) together with the identity
Z4p=BC¢ = 152|E]2 in the second equality. Further integration by parts on

S? (see the proof of Theorem 5.3 [12]) leads to

~k ~k
5Ck — 5C

1 +o0 - =|2
_ 87/_ VS FX* (% - VAVBEAB)
+VAXE (‘“2’ VBVCEBC> Va4 f] du
= 8%7/ (—6)~(k(m+—m*)+2VA)~(kVA(m+—m*))f
5‘2

O

On the other hand, the total flux of the Chen-Wang-Yau center of mass-
integral transforms according to (1) under supertranslations.

Theorem 4.10. Consider a supertranslation in o double null gauge u =
u+ @ and let 0Cy denote the total flux of the Chen-Wang-Yau center of
mass integral computed in (u,v,x) gauge. Suppose (39) holds,

(46) 5CF — 0C* = —agé P* — aydE

where fi<1 = ag +a; X', and 0E = ﬁ Jg2mt —m™ is the total flur of energy.

Proof. The Chen-Wang-Yau center of mass integral has the correction term
on the total flux
~ 1 ~ ~ +oo
5O = §5C* 4 / 65 sm + 2VAK sV 4m
81 Jg2

—00

Recall that under the supertranslation,
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and we obtain

1 - -
50’; —5Ck = 8—/ (—()’X"“(mJr —m7) +2VAXEV 4 (mT — m‘)) fe<a
7 Js2

1 -
= —/ 200 X" (mt —m™) = 2a(mT —m7),
81 Jg2

where we used the identity VAXFY X = 5tk — Xk X1, O

We remark that for non-radiative spacetimes, namely = = 0, the Chen-
Wang-Yau angular momentum and center of mass integral are constant in
u and transform according to (1) under supertranslations. See [12, Theo-
rem 6.2] or [13, Theorem 2 and Section 5]. Regarding the effect of Lorentz
transformations (defined in Bondi-Sachs formalism), the total fluxes of the
Chen-Wang-Yau angular momentum and center of mass integral transform
equivariantly; similarly, the Chen-Wang-Yau angular momentum and center
of mass integral themselves transform equivariantly in non-radiative space-
times. They are established in Theorem 4.1 and 4.4 of [17].

Remark 4.11. In the following, we show that (44) holds under the assumptions
of [5]. By (3) of [5], we have

1
(47) 2m = —P + §ZABEAB.

Moreover, by virtue of equations (2) and (6) of [5],

0
D —
V"E4up = Ba, DuoAB = —Aup,

(30) and the assumption on the decay of Z (39) imply P¥ = P*. In the Bondi-
Sachs formalism, (44) is established through [13, equation (15)]. Both (43)
and (44) should hold for more general spacetimes.

Appendix A. Construction of optical function

The goal of this appendix is to construct an optical function in a neigh-
borhood of the null infinity with prescribed asymptotics in order to define
supertranslations in double null gauge.

In double null gauge, the spacetime metric takes the form

(48) g = —40%dudv + gAB(d;EA _ bAdv)(de B dev)
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with nonzero components of the inverse metric given by

1 1
(49) guv — _EQ Q,QUA — gAu _ _59 QbA,gAB _ gAB.

We assume that the double null gauge covers a region
{r>ro(u)} x 5
on which the metric coefficients are smooth and have asymptotics

(50) Q=1+o0(1)
Fap = r’oap + 0(7"2)

(52) b=0(r"?).

along each outgoing null hypersurface C,,. We also assume decay of the deriva-
tives

(53) Z(QPg ) =0(r?),Zb=0(r?)
and
(54) ZQ(Q2g*1) = 0(7"*2), Z%p = 0(7"72)

where Z consists of the derivative 9, and covariant derivative V on S2. Lastly,

we assumeﬁ

or
(55) 5 1+ o(1).
The convergence assumption means that for any e there exists a t(u,¢)
depending continuously on w such that [Q — 1|, |r™2¢ — of, [r?Z(Q%¢1)],
Ir?Z2(02¢~1)| < e provided r > t(u, ). Moreover, b, Zb, Z°b = O(r~?) means
that |b], | Zb],[2%b] < & on {r > ro(u)} x S* for some constant Cy. Note that
we compute norm of tensors on S? by o.

Remark A.1. We do not need (22) in proving Theorem A.2.

The main theorem of the appendix is the following existence result for
optical functions:

6This follows from the more geometrical assumption try = 2 + o(r~!) and the
first variation formula of area.
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Theorem A.2. For any C? function f(x) on S?, there exists an optical
function @ in a neighborhood of null infinity {r > r.(u)} x S% such that
u=u— f(z)+O0(r1).

Observe that it is easy to construct such an optical function on the
Minkowski spacetime which admits a smooth compactification. Indeed, the
Minkowski metric is n = —4du® —4dudr+r?o with u = t_T’" and the unphysical
conformal metric is given by

f=r"2n=—4s*du® + 4duds + o

where s = % Consider level sets of uw — f(x) on the boundary s = 0 and
the null hypersurfaces emanating from them. One gets an optical function
u whose level sets are these null hypersurfaces. Moreover, u exists on some
region {0 < s < 59} x S? as the (unphysical) metric is independent of u. Since
the eikonal equation is conformal invariant, @ is the desired optical function
on the Minkowski spacetime.

To simplify notation, we will henceforth omit the factor S? in the de-
scription of regions. For example, {vg < v < 0o,u; < u < ug} stands for
{vg < v <oo,up <u<ug} xS

For any C? function f(z) on S?, the function u — f(z) is an approximate
optical function as direct computation shows

lgrad(u — f)]? = O(r™).

We would like to add a small correction U so that u — f(z) + U becomes a
genuine optical function. U will be solved in regions of the form

(56) {r > ra(u),u, <u<u"}
Suggested by [22, Section 10], we will first solve optical functions Ur with

(57) gaﬂaa(u — f+Ur)0s(u— f+Ur) =0,
(58) Ur=0on{v=T}

and then show that Ur converges to U in C! as T — oo. The solutions U
obtained in two regions of the form (56) will thus coincide on the intersection.

Fix two constants —oco < u, < u* < oo. Consider the level sets of
u — f(x) on the cylinder {v = T,u, — maxg: |f| < u < u* + maxge |f]|}.
Because the spacetime under consideration is close to the Minkowski space-
time, for sufficiently large T' the null hypersurfaces emanating from these
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2-surfaces have no focal points and the (disjoint) union of them contains a
region {r > r(u),u, < u < u*} where r1(u) is independent of 7. Ur is
uniquely determined by (58) and by requiring u — f(z) + Up are constants
along these null hypersurfaces.

Let @ = u— f(x)+U be an optical function. By (49), the eikonal equation
—02g*80,u0p7 = 0 reads

(1 4+ 0,U)0,U + b1 + 0,U)(—0uf + 04U)

(59) —QQgAB(—é?AeraAU)(—an+8BU) =0.

We rewrite it as a transport equation
(60) VU =600 f + QPg"Poafopf
with the vector field

V= (1+0,U)0, + b (—0af + 0aU)0, + b204 — 20°¢*P 04 fO5

61
(61) —2¢PoU 0.

The next lemma provide the necessary estimate up to second derivatives.

Lemma A.3. There exist a constant Cy and a function ro(u) that are both
independent of T' such that on {v < T,r > ro(u), u, < u < u*} we have

C.

(62) Ur| < =2
C C:

(63) |2Ur| < =2,10,Ur] < =2
T r

C: C.

(64) |Z2U7| < 72 0,ZU7| < 722

where Z consists of the derivative 0, and covariant derivative V on S2.

Proof. We write U = Ur in the proof. For convenience, assume || f{|¢c2(s2) < 1.

We have 0,U = VU = 0 on {v = T} by definition. The eikonal equa-
tion (59) then implies |0,U| < 3§t on {v = T} algebraically. This enables us
to make the bootstrap assumption

15C4

r
15C
2

[0uU], VU] <

|0,U] <
.
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in the region D = {v < T,r > ro(u),u. < u < u*} where ro(u) presumably
depends on T

We estimate ZU by the transport equation of it. Differentiating (60) by
Oy, We obtain

V(0,U) = 0,6"0af + 0 (22¢*7) 0410 f
(65) + 0ub104U — 9,604 fOLU + 0,b"04U0,U
+20,(Q2¢*P)0a fORU — 0,(Q?¢*P)04UOBU
with
V=V+0,U0, +b*9,U04 — Q2g*PopU0,4.

Differentiating (60) by Oc, we obtain

V(0oU) = dc (b 0af + Q2§*P0afOp )
(66) + 0cb 04U — 0c (6204 f)0,U + Dcb 04U 0, U
+20c(Q?§*P)0a fOBU — 0c(Q2¢P)0aUOBU
Suppose 7 is the integral curve of V that goes from (uy,v1,x1) € D, the
point we want to estimate U, to (ug, T, z2) and let s be the affine parameter

of v, Vs = 1, that is equal to s; and T at the initial and terminal points
respectively. By (55), we have

Vr=1+o0(1).

As a consequence we bound the integrals of r—* along :

T T2 2
/r_k :/ rFds < / 2 Fdr < (ry)~F 1
Y S1 1 k-1

where 71 = r(uq1,v1) is the area radius at the initial point.
By the assumptions on the metric coefficients and the bootstrap assump-
tion, each term on the right-hand side of (65) is bounded by < as long as ro(u)

is sufficiently large depending on C1, t(u, £). Hence |V(8,U)| < % Therefore

10, U|(u1,v1,21) < 11?1 by integration. Similarly, we obtain the estimate of

VU |(u1,v1,21) < % (here we choose the normal coordinates centered at x;

on S?; therefore the partial derivative ¢ is equivalent to covariant derivative
and the projection of v on S? lies entirely in this coordinate neighborhood
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since V = @, + O(r~2)). Finally estimate [9,U](u1,v1,21) < 25 from the

— (7.] )2

eikonal equation (59) and the estimate of ZU. We thus justify the bootstrap
assumption and obtain the estimate in D with ro(u) now independent of T

The pointwise estimate (62) is obtained by integrating the transport equa-
tion (60) and using (63).

The estimate of second derivatives proceeds identically. First note that
Z2Ur = 0 on {v = T} by definition. Estimate of Z2U follows from their
transport equations and a bootstrap argument. Estimate of 0, ZU then follows
from (65) and (66) algebraically. O

Proof of Theorem A.2. By (55), there exists a function r3(u) > r1(u) so that
(67) 09r <ov<1lr

on the region {u, <wu < u*,r > r3(u)}. Let R be a compact set of this region.
We would like to show that Ur converges in C*(R) to U. Then u — f(z) + U
is the desired optical function.

We start with the C° convergence. Let Ty < T5 and write U; = Ur, and
Us = Ur,. Uy — Uy satisfies the transport equation

(68) Vo(Uy —Up) =0
with

Vo = Oy 4 0yUs0y + 0yU10y — b204 [0, + 204 + b20,U204 + b204U10,,
+02(2¢"P0p fO4 — §1P04U205 — ¢ P 04U 0p).

By (62) and (67), |Us—Uy| < % on {v = T1} and hence by (68) |Us—Us| < %2
on R. This proves that {Ur} forms a Cauchy sequence in C°(R).

Next we show the convergence in C*(R). Let T' < Ty < Ty. Subtracting
the transport equations of 9,Us and 9,U; in (65), we obtain the transport
equation of 0, (Us — Uy):

(Vo + 0,020, + 640,004 — Q2§*P0U204) (0u(Uz — U1))
+ (Vo = V1)0,Uy + 0,(Us — Uy) 02Uy
+ 040, (Us — U1)040,Uy — Q* P05 (Uz — U1)040,Un
= 0,604 (Us — Uy) — 0,004 f0,(Us — UY)
+ 00 (04(Uy — U1)0,Us + 04U10y (U — Uy))
+20,(2°¢"P)0a fOB(Us — Uy)
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— 8u(QQgAB) (GA(UQ — U1)83U2 + 8AU183(U2 — Ul)) .

Here Vs, (resp. Vi) is the vector field V with U replaced by U, (resp. Uy).
We denote the vector field in the first line by V4 and compute Vo, — V; =
8u<U2 — Ul)(?v -+ bAaA(UQ — Ul)au — QQQABaA(UQ — U1)8B.

By (63), we have |9, (Us—U1)|, |V(U—Uh)| < 222 and |9, (U»—Uy)| < 222
on {v = T} which, together with (67), enables us to make the bootstrap
assumption

1

0u(Uz — U)], |V (U = Ur)| S T
1

_ < __

|a'U<U2 Ul)‘ ~ TT

in the region {r > r3(u),v < Th,ux < u < u*} for some r3(u) presumably
depending on T1,7T5.

By the bootstrap assumption, the assumption on metric coefficients, and
(64), we see that [V} (9,(Us — Uh)) | S 7z if r3(u) is sufficiently large depend-
ing on C1, t(u, ). Here we used the fact that v-derivatives (underlined terms)
decay faster by a factor of % in contrast with Z-derivatives. Integration yields

1
(U —Uh)| £ —
10u(U2 = UW)I S 7
and we get an improved bound if r is sufficiently large. Similarly, we obtain an
improved bound |V (U — Uy)| < % by its transport equation and finally an
improved bound [0,(Us — Uy)| S 7= from (68). This justifies the bootstrap
assumption and we conclude that {Ur} is a Cauchy sequence in C1(R). O
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