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Abstract

We investigate asymptotic symmetries which preserve the Bondi gauge condi-
tions but do not preserve the asymptotic falloff conditions for the metric near
the null boundary, and their connection to soft graviton theorems for scattering
amplitudes. These include generalized superrotation symmetries parameterized
by a smooth vector field ¥* obeying D,Y* = 0, for which we show that the
associated conserved charge can be derived by applying the Noether procedure
to the Einstein—Katz action. We also discuss the connection between asymp-
totic symmetries and the conserved charge associated with the sub-subleading
soft theorem, and we find that in Bondi gauge this charge is generated by the
combination of a diffeomorphism together with an extra transformation of the
metric.

Keywords: asymptotic symmetries, gravitation, spacetime
1. Introduction

Asymptotic symmetries of gauge and gravitational theories, which are gauge (or diffeomorph-
ism) symmetries that do not fall off at infinity, have seen a surge of interest in recent years. Such
symmetries preserve the gauge-fixed action but not the wavefunction, and therefore promote
the gauge/diffeomorphism symmetry to a physical one. For nearly flat spacetimes, asymptotic
Killing vectors enlarge the Poincaré algebra of symmetries to the infinite-dimensional Bondi—
Metzger—Sachs (BMS) algebra, which may have interesting consequences for the study of flat
space holography and the black hole information paradox (see e.g. [1] for a recent review).
Recently in [2—4] it was shown that the Ward identities of BMS symmetries are related to
soft graviton theorems for scattering amplitudes, which relate N-pt scattering amplitudes to
(N+1)-pt scattering amplitudes in the ‘soft’ limit where one of the graviton momenta becomes
vanishingly small:

lim e,e, M" (g;p1,...,pn) = [So(q) +S1(q) + S2(q) + ... M (p1,...pw) . (1.1)

q—0t
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Here M*” and M refer to scattering amplitudes in momentum space with and without a soft
graviton, respectively, and we have used the fact that for a graviton of definite helicity, the
graviton polarization tensor can be factorized as €, = €,¢,. The leading soft factor is given
by Weinberg’s soft graviton theorem [5], and the subleading and sub-subleading soft factors
are also given at tree level by

(pi-€)’
Z (Pk C]
Si(q) = ;; (pkle()l,)(:.ﬂg)ujk )

(€pqudi) (€p959%7) 17
22 2(Pk q) (-2

where r? = 327 Gy, " is the polarization vector of the soft graviton, Ji"" = (p{/ 9y — py Ok
Y1) is the angular momentum operator including orbital and spin terms, and the sum is taken
over the ‘hard’ (finite) momenta p;, of the other N particles in the amplitude. As discussed in [6],
the leading and subleading soft factor are gauge invariant because of translation and Lorentz
invariance, and the form of the subleading and sub-subleading pieces can be derived at tree
level using the Taylor expansion and gauge invariance. Loop corrections at the subleading level
and beyond are addressed in e.g. [7].

The connection between asymptotic symmetries and soft theorems has many generaliza-
tions, including to gauge fields [8], supersymmetric theories and fermionic soft particles [9],
to massive particles and symmetries acting at timelike infinity [10] and to symmetries at spa-
tial infinity (see e.g. [11]). Connections between multiple soft graviton theorems and the BMS
symmetry algebra were discussed in [12]. The soft theorems were identified with the operators
of a conformal field theory structure at null infinity in [13—18]. The literature on asymptotic
symmetries and soft theorems is quite extensive, and while the references given here are inten-
ded to be illustrative, we emphasize that they are by no means exhaustive. Asymptotic sym-
metries have also been investigated in the context of cosmological correlators in expanding
spacetimes, in which case the corresponding Ward identities can be understood in terms of
relations involving equal-time correlation functions, rather than S-matrix elements [19-21].

In this note we study asymptotic symmetries in Bondi gauge that do not preserve the metric
falloff conditions near the null boundary, finding a new class of symmetries that have finite
charge in the r — oo limit, and we explore the relationship between such transformations and
the soft graviton theorems. In the process we clarify and discuss the role of superrotations
parameterized by smooth non-holomorphic diffeomorphisms. We also identify the asymptotic
symmetries associated with the sub-subleading soft theorem, and we find that although the
conserved charge can be built from pieces of charges generated by asymptotic diffeomorph-
ism symmetries, generating all the pieces together with the desired powers of r in the large-r
limit requires an additional non-diffeomorphism transformation of the metric to enforce the
Bondi gauge conditions. This generalizes to Bondi gauge the results found in [22, 23], in which
a correspondence was found between the sub-subleading soft theorem and an asymptotic dif-
feomorphism symmetry in de Donder gauge. Although there are many similarities between the
two gauges, the form of the allowed transformations are different, and the radial slicing (and
therefore the associated large—r expansion) is different as well. Asymptotic symmetries of



Class. Quantum Grav. 40 (2023) 235009 B Horn

spacetime that do not preserve the asymptotic falloff conditions around the Minkowski space-
time metric near the null boundary have also previously been investigated in the context of
generalized superrotations in [24], and for cosmological correlators in Friedmann—Robertson—
Walker spacetimes in [19-21]. For previous work on the sub-subleading soft theorem and
its associated conserved charges, see also [25], in which it was identified in Newman—Unti
gauge with a part of the supertranslation charge subleading in the large-r expansion, and also
especially [26], which identifies the conserved charge in Bondi gauge and investigates the asso-
ciated transformation on the phase space of the asymptotic Einstein equations. In the present
work we derive the charge from a complementary perspective.

This paper is organized as follows: in section 2 we review the formalism of metric perturb-
ations in Bondi gauge, and we discuss asymptotic symmetries in Bondi gauge and their associ-
ated charges. In section 3 we review the conserved charge associated with the sub-subleading
soft-graviton theorem and show that it commutes with the S—matrix, and in section 4 we show
how it can be generated by a combination of an asymptotic diffeomorphism and an extra metric
transformation. We conclude and indicate further directions in section 5.

2. Asymptotic symmetries and charges in Bondi gauge

The study of asymptotic symmetries for asymptotically Minkowski spacetimes was begun by
Bondi, Metzger, van der Burg and Sachs in [27-29]. Consider the metric for flat Minkowski
spacetime in retarded time coordinates:

ds® =1, dx"dx” = —du® — 2dudr + 217 yzdzdz. 2.1)

Here u =t — r is the retarded time coordinate, and A = {z,Z} are coordinates on the celestial
2-sphere, which has the round metric

2

_ 22
(1+22)° @2

Yz =

These coordinates are ideal for studying the structure at asymptotic null infinity Z™ in the limit
r — 00, and a similar description using advanced times v =t + r can be applied to the study
of the structure at past null infinity Z~ as well. Allowing fluctuations around this metric, the
Bondi gauge conditions are defined by

8rr = 8rA = Oa detgAB = V4’}/Z22 . (23)

Diffeomorphisms x — x* + &# cause a shift g, = V(, £, of the metric, so the diffeo-
morphisms that preserve Bondi gauge can be shown to be of the form

1 1
¢ = {f, —%DA V' JDADf Y~ rDAf} , (2.4)

parameterized by functions f(u,z,z),Y*(u,z,Z), which are independent of r. Starting from
Minkowski space, these diffeomorphisms generate the metric transformations
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68uu = 04 (rDAY* — 2f — 2970.0-f) ,
1
5gur = (ZDAYA - 8uf) )
- 1 -
08us = 1’0, Y* + 10, <2DAYA — 8uf> — VZZ@DE , 88z = c.c.
08z = 2r*7z0,Y* — 2rD§ , 0g==c.c., 2.5
and so further conditions are usually defined in order to preserve the asymptotic form of the

metric. These metric perturbations will also give corrections to the form of the asymptotic
Killing vector.

2.1 BMS transformations and asymptotically Minkowski spacetimes

Restricting to the functions

fuz) =TED+ 5D, Yzd)=r@, Fww)=-r@. eo

where T(z,7) is the called the supertranslation and ¥ is the superrotation, at leading order
these transformations generate the metric transformations

5guz = _7228205 ) 5gu2 =c.c.
68, = —2rDf, 8g= = c.c. 2.7

around Minkowski space. More specifically, using the Einstein equations, it can be shown that
these transformations preserve the form of the asymptotically Minkowski metric

ds? = —&*8 ((1 — 2’”) du® + 2dudr> —2Uxdx du + gapdx*dx®, (2.8)

r

where to O(1/r?), the corrections have the form

P =1-— LCABCABJF...

1672
1 2 (1 W,
Us=—=DPCap— = | 7CagDcCPC+ Ny ) + =2 4 ...
2 3r\ 4 r
_ 2 1 cD Dap
8aB =1rCap +1"yap+ ZCCDC YaB + — (2.9)

and the Bondi gauge conditions fix the form of the asymptotic Killing vector to be

co=f, =y - Lpiry Lovpyy,
2r 212

1 - 1 1
§" = =3 DAY +970.0:f — - CYDADyf + —U*Daf, (2.10)

up to terms of higher order in 1/r and in the metric perturbations. The subleading metric per-
turbations contain the quantities mp and N4, which are known respectively as the Bondi mass

4
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and the Bondi angular momentum, and they are related to the mass and angular momentum of
isolated systems in spacetime. The Bondi news tensor N4g = 9,,Csp contains information about
the outgoing gravitational radiation. Under a supertranslation or superrotation, the Bondi news
tensor receives a nonlinear shift by 6N,, = —28,,D§f, 0Nz = —28MD%f, which can be under-
stood as coming from the addition of soft gravitons, and a linear (i.e. proportional to Nap
itself) shift, which can be shown to be related to a coordinate transformation acting on the
hard gravitons. It was shown in [2, 3] that the leading part of Weinberg’s soft graviton the-
orem implies that the Ward identities for the supertranslations vanish, and in [4] that the Ward
identities of the superrotations correspond to the subleading terms in the soft graviton theorem.

We can find the conserved charge associated with the metric transformations by applying the
Noether procedure to the action. For a manifold with boundary (real or asymptotic) a boundary
term in the action should be introduced so that the variational problem is well-defined'. We
make use of the specific boundary terms given in the Einstein—Katz action [30] (see also [31,
32]), which has the form

1

= — 4 — — “oR 2
S=1erG d*x (vV—gR—/—gR+ 8,k") , (2.11)

where g, = 7),,,, is the unperturbed Minkowski metric, and we are including the improvement
term on the boundary

I
e

where the difference 6I' = I' — I of Christoffel symbols is itself a tensor. The Einstein-Katz
action is manifestly covariant but not background-independent, since the unperturbed metric
1. appears explicitly, but this is perhaps not surprising, given that the asymptotic charges are
defined as perturbations around flat Minkowski space. The boundary terms remove the second
derivatives of the metric, which simplifies the calculation of the Noether charge. They also
enforce the compatibility of the variational procedure with the Dirichlet boundary conditions
&uv = Ny at the asymptotic boundary [32]. It can be shown that this action reproduces the
ADM mass formula [33] in the appropriate limit, as well as the asymptotic charges associated
with the leading and subleading soft graviton theorems. We find that the Noether current has
the form j#* = V,K*# on-shell, where

k- Dy (vV—gg"™") =v/—g (g ors, —g""ors ), (2.12)

1
167G

nz

(v=eviee” - v=gvlee + y=gelk) @13

Like the action, the Noether current is manifestly covariant but not background-independent.
The fact that the Noether current has only a boundary contribution is consistent with the obser-
vation that there are no local observables in a gravitational theory. The charge can be found
by integrating over the future null boundary Z™ in the limit » — oo:

Q: *J:/ *K:/ I(ru7 (2.14)
T+ i i

! In general, different choices of boundary term lead to the same bulk equations of motion, but they may lead to
different quantization procedures. It would be interesting to investigate further what the consequences of the boundary
terms may be for a quantum theory of gravity defined on the asymptotic boundary.

5
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where Z7 are the slices of the boundary in the limits where # — 00, and the part finite in the
limit lim,_, o is given by?

0=

3
/ d*zy. (4mf+ 2N, YA+ =YDy (CCDCCD)) . (2.15)

167Gy 16

It can be shown (see [3, 4], or see e.g. [12] for a review) that for ordinary supertranslations
and superrotations, the charge commutes with the S—matrix. Using the Einstein equations,
the metric perturbations can be expressed in terms of the Bondi news N4z and its derivatives.
Terms that are linear in the Bondi news correspond to the soft graviton insertion, and terms
quadratic and higher generate transformations on the hard modes. If there is a matter part of
the action as well, the Einstein equations also include terms in the charge coming from the
matter Noether current j# = T#¥¢,,, contributing the following terms to the charge:

O = [ duzn (41,7 + 1157 2.16)

(=2) (=3
where the stress tensor has been expanded as 7, = 45— + —#5— +.... The matter part of

the Noether current can also be derived by working in the approximation of a fixed (non-
dynamical) background metric, and applying the Noether procedure to the matter action only.

2.2. Asymptotic symmetries with finite charges

The conditions 8:Y* = 8, Y* = 0 for superrotations are important for preserving the asymptotic
falloff conditions for the metric perturbations in the r — oo limit, but they are not needed for
satisfying the Bondi gauge conditions. In [24] the superrotation Y*(z,Z) was promoted to a
smooth vector field: this helps simplify the proof of equivalence between the soft theorem and
the Ward identity, at the cost of considering transformations that do not preserve the asymp-
totic Minkowski form of the metric. In what follows we will start with the asymptotically
Minkowski form of the metric given in equation (2.8) and consider transformations that pre-
serve the Bondi gauge conditions, but not necessarily the asymptotic falloff conditions on the
metric perturbations. Additional metric perturbations will be generated by the transformation,
but these are initially set to zero.

Taking the ansatz f(u,z,z) = [ du%DA YA, the metric transformations generated at leading
order around Minkowski space (2.5) reduce to

08w =0(r
6guz 76gu2 =0 (r2)
882,08z =0 (1) 2.17)

and further restricting to the subset of transformations of the form f = 0,D,Y* = 0 for other-
wise arbitrary Y (u,z,7), the metric transformations generated reduce to

2 Note that the coefficient of the term quadratic in C4p differs from the one reported in [4]; however, it can be shown
that for superrotations this term does not contribute to the action of the hard part on the charge on the graviton operators.
Different conventions for this term are discussed in e.g. [34].
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08u: = Py=0,Y" + ..., 08z = C.C.
08 =2 7z0,Y 4+ ..., gz =c.c. (2.18)
plus terms of higher order in the metric perturbations around Minkowski space. Starting with

the metric in (2.8) and applying the Noether procedure to the Einstein—Katz action, we can
find the charge associated with this transformation:

1
=— li 227z (2rU YA + 2N, Y 2.1
0= "Torgym | d U (2rUaY" +2N, 1) (2.19)
For the case where D4Y* = 0, we can use the Einstein equations Uy = —%DB Cap, together

with the boundary condition Cqp = DsDpC adopted in [3], to show that the divergent term
will vanish by integration by parts in z and z.

The boundary condition can be understood by writing the contribution of C4p to the integral
as

K : - Ou -
C,.= /duNZZ = —gvzzul}glow [ai‘t (wx) +a™ (wx)q ) (2.20)

and the same up to a complex conjugate for Cz. Here we have performed the mode expansion
and used the method of steepest descent when performing the integral over u (see e.g. [3, 12]),
assuming that ¥ (u,z,Z) = Y*(z,Z) is independent of u. It is then straightforward to show using
the leading soft-graviton theorem that when this is inserted into the scattering amplitude, the
insertion of C, contributes a factor

2 RY:
{out| [C.., S] [in) = féiﬂ%zz (H<0ut|5]|in>. 2.21)

We can check that this term gives a vanishing contribution to the charge. Using the holomorphic
coordinates

z,1,—i,—z) =¢€", (2.22)

(z+2) —i(z—2) (1-2) 1
) e

q#:E(l’ (1+z) (1+z) (1+z2)

we can show that
K (Pn-e4)’ Ko
—g’)’zzgn:m—_al)zzn:(@nﬂ)ln( nq)—(P-q)), (2.23)

up to terms that vanish by momentum conservation. Therefore the boundary data obeys Cap =
D4DgC, and the divergent part of the charge vanishes when 8,Y* = D, Y4 = 0.

For terms that depend on a higher power of u, such as Y*(u,z,z) = u*¥*(z,z) with k> 1,
the term containing the soft graviton insertion contributes a factor

WC,, = / Qudly () = — e (i) (10,)* [a () + (-1 )|, 229)
T

and the 0,, derivatives make the contributions from the subleading soft theorem (as well as the
parts of higher order in the soft momentum w) vanish. There will still be a contribution from
the leading order soft theorem which is divergent as w — 0, but as before, this will cancel after
integration by parts in z and Z.
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It should be emphasized that we have restricted the metric perturbations to the asymptotic-
ally Minkowski form in equation (2.8), in order to keep the charge finite in the » — oo limit.
The finite charge generates a transformation of the metric that will include additional types
of metric perturbations. Turning on all of these metric perturbations before making the trans-
formation, will give additional terms in the Einstein equations and to the Noether charge, some
of which are divergent, however, they can be initially set to zero®.

It can be shown using the subleading soft-graviton theorem that the finite part of the charge
(equation (2.25)) commutes with the S—matrix as in [4] (also reviewed in [12]). Therefore
for Do Y* = 0, although the asymptotic symmetry transformation does not preserve the usual
asymptotically Minkowski form of the metric, it nevertheless gives rise to a finite conserved
charge using the same Noether procedure as for the holomorphic superrotation.

2.3. Summary

To summarize this section, there exist asymptotic symmetries of Bondi gauge of the form
given in equation (2.10), parameterized by the functions f(u,z,7z) and ¥*(u,z,7), and for f =
0,D,Y* =0, the associated conserved charge derived from the Einstein—Katz action in the
metric (2.8) is finite on the null boundary as r — oo and is given by

0=

- d?zv.- (2N Y1) . 2.25
o [ Fe ) @2.29)

This includes generalized superrotation symmetries with Y4 = Y4(z,7),DsY* = 0, as well as
symmetries with nontrivial dependence on u. The existence of additional symmetries of Bondi
gauge, and the existence of finite charges in the case where f = D, Y* = 0, raises the possib-
ility that these could give rise to additional asymptotic symmetries and corresponding Ward
identities. Nevertheless, since they will not preserve the form of the asymptotically Minkowski
metric, they will in general generate transitions between asymptotically Minkowski and more
general spacetimes, and therefore it is not necessarily guaranteed that the corresponding Ward
identities should have an expression in terms of Minkowski space S-matrix elements.

We will show, nevertheless, in the sections that follow, that there is a conserved charge
associated with the sub-subleading soft graviton theorem for S-matrix elements at tree level
(see also [26] for previous work on this topic), and that it is associated with a transformation
with ¥ linear in u obeying D, Y* = 0, together with a part of the generalized superrotation
charge that is subleading in the large r limit. While this is similar to the story in de Donder
gauge [23], in de Donder gauge a pure diffeomorphism is sufficient to generate the charge
associated with the sub-subleading charge, while in Bondi gauge that the symmetry requires
an extra transformation of the metric in addition to the one generated by the diffeomorphism.

3. Sub-subleading soft theorem and charge

In this section we show that at tree level the sub-subleading soft graviton theorem is associated
with the conservation of the following charge

3 We could even set Cap to zero, to simplify the charge further; however, this restricts us to a spacetime without
gravitons at the asymptotic boundary.
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mu>DsDpX*8 + 2uN, DXt

1
2 — _ d27v.-
0 167Gy /ﬁ Yz

3
+ 22 DX Dy (CepCP) + 6X*P Dy

16 . 3.1

See [26] for previous work on the charge associated with the sub-subleading soft theorem, from
a different perspective and using a different formalism. In the next section we will discuss the
connection between the sub-subleading charge and the asymptotic symmetries investigated in
section 2.

The conservation of the charge can be verified by starting with the metric in equation (2.8),
using the Einstein equations for m, N, and D4p, and expanding the result in terms of creation
and annihilation operators.

1 1
dym = —=DoDpN*? — _N,gN*E — 47 Gy lim r*T,,
4 8 r—>00
1
0uNa = Oam — 7D (D®DCcp — D4DCC)

1 1 1
+ 150 (NP€Cpc) — ZNBCDACBC — ;D5 (CPNea — NP€Cey)
— 87 Gy lim Ty,
r—o0

1 1 1 5 1 )
8uDzz = gDzNz =+ Emczz + EDZszDzCZZ + ﬁczzDgczz - gczz (Dz) sz
1 .
+ BD? (C¥Cx;) —4m Gy lim PT...

Here Dg4p is part of the metric perturbations at sub-subleading order: gap = rz'yAB +rCap +
%CCDCCD’YAB + Dap/r+ ..., and we note that the Bondi gauge conditions fix Cy4g, Dap to be
traceless. (Note also that this is different from the notation used in [35], where D, is used for
the O(r°) term in the metric. It can be shown using the equations of motion, however, that this
piece can be self-consistently set to zero.)

It can be checked that this satisfies (out| [Q®),S] [in) =0 as long as the sub-subleading
soft graviton relation is satisfied. The soft part of the charge can be rewritten as

1
o5 = / dud’z7yz
I+

12 AB 'D
- ~u*DsD DcDpX©
167Gy 3" DaDpN"DcDp

1
— Zusz (DcDpDPDpX*P — DcDyD* DpX®P)

1 u?
=— dud®zv,: | —D? (D,D.X¥)N¥ + c.c. 3.2
167TGN/I+ U Z'7<,z|:2 z( Uz ) +CC:| (3.2)

where in the first line we have integrated by parts and discarded the singular term

1 9 1
AQY = / Parag [4u2C,§ (DCDBDBDDXAD—DCDBDADDXBD)}. (3.3)
T+

S T 16w Gy



Class. Quantum Grav. 40 (2023) 235009 B Horn

A similar integration by parts had to be performed for the charge associated with the subleading
soft theorem (see e.g. [12] for details). We can then use

/du u'N,, = %’Yszli)ngr o (wa+ (wx) + wa— (wﬁc)T> 3.4

to express the Bondi news in terms of soft graviton insertions. Crossing symmetry will relate
the amplitudes involving incoming and outgoing soft gravitons. Expressing the sub-subleading
soft factor in holomorphic coordinates, this is given by

Z (eugv i) (€p95977)
2 (Pe-q)

== =32
_ K ( (Z—z)(1 +72) B,

2N = +zz(1+2)

(z—2)*(1 +7zz) 1
2= 2 M 9p b — —O-
* - (l+zz) \ 7% B*

(Z*Zk)3(1+zk2k)i 5 2(z Zk)(lJrsz)ha

(z—z)(1+22) E % (z—z)(1+7%2) KOE
2@z (1 +zz) b, @201+ 2z) (e — 1) 53)
(z—z)(1+22) E * (z—z)(1+22) E; '

for an outgoing soft graviton of positive helicity. For an outgoing soft graviton of negative
helicity, the expression needs to be complex conjugated, and in the last (spin-squared) term
hi(hi — 1) needs to be replaced by hy (b + 1). The soft part of the charge therefore gives

2 . 1 u? N
(out] [Qé ),S} in) = — 167G /1+ dud®z; [sz (D.D.X*)N*= +c.c.}
K2 z—z0) (1+z2)°
=—— [ d|D*(D.D.X* 2
1287T2GN/ 2| Dz (DDXT) —z) (I +zz) (1 +z) « &

+2

z-2)° (1 +2z%) 1 G-z’ (U +zz) 1,
- (1+2) <5Ek& Ek@k>+ (z—z) (1 +zz) Ex

2(2-2)° (1 + %) he
(z—z)(1+72) E *

2(z—z) (1 +zz)
(z—z) (14+72)

(z—z) (1 + zizk) hye(hye — 1)
(z—z) (1 +22) Ey

h,(aEk +

+ c.c.| (out|S|in) (3.6)

where the complex conjugate also includes the substitution /(i 4 1) in the last term. Using
k% = 327 Gy, and integrating by parts and using the Cauchy—Pompieu formula

az( L ):(2w)5(z—zk), 37)

(Z—2)

10
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this becomes

(out] [nghs} lin) = Z( D2 X% (E,0p — 2hidp, + E; i (he+ 1))
k

1 _
+ ZD%XZW (ExOp, + 2h0p, + Ex~"hy (b — 1))

_ DszaZk

_DkaszA ( +hk ) (8Zk - thZk)

) (aa =+ tha)

+§){Mkf(a — ) + X" (@k+th7k))<out|S|in>
k

where the derivatives act on the hard amplitude, and €2, = 1T'Z is the spin connection.

27z
The quadratic (hard) part of the gravitational charge is given by

2
O L[| — NN DD 1 L0, (NepCP) DX
H 167TGN/ ud 27z g Vas cPp +8 A( cD ) B

— gNCDDACCDDBXAB — gDC (CCDNDA — NCDCDA) DBXAB + 3mCABXAB
1 5 3
+ D4 CepDpCePXE - 2 CacDDp CPxAB ZCACDCDD CppX*8

3
+ EDADBuau (CCDCCD) XAB

1 u? u
=— dud®z7: | — =—NigN*BDcDpXP — 9, (NepCEP) DX
167TGN/ u Z%z[ g vAB cp 2 A( cD ) B

u u
- ENCDDA CepDpX*® — 7Dc (CPNps — NPCp,) Dpx*®

3 1 5
+ ZDCDDCCD CapX'? + e CepDpCePXAB + ZCACDBDDCCDXAB

3
— ZCACDCDD CppX2B|.

Using the mode expansions
iK o ‘ »
C.= @fyzz/ dw (aie’“’” —age ’“") ,
0
K o0 . .
N, = —@fyi/ dww (aie“"“ +a+e_“”“) ,
0

it can be shown that the hard part of the gravitational charge takes on the form

1

3.8)

(3.9)

(3.10)
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@ _ 1 > >
d“z7,z dw
0

1
i = 163 — ZDADBXAB (a1w85a+ —i—atw@ia,)

4 DpX*? (ai (=14 wd,,)Daay +al (—1 —l—w@w)DAa_)

3
- EXAB (aLDADBa+ + aiDADBa_> + D, X% (—EalDza_,_ + ZaJLDZa_> +c.c.

3 1
+ Dgxzzai (—4 + w8w> ay + D?X”’ai <4 - w8w> a_+c.c. (3.11)
and that acting on outgoing graviton operators, the commutator
[Q)(le)ya:t (Ekfck)} (.12)

generates a transformation that is nearly consistent with the soft-graviton theorem. Only the
helicity squared terms disagree, and the missing piece in the hard part of the charge that would
be needed to fix this is given by

1 e 3
AQ}_Iz) _ /dZZVZZ/ dw |:_4DADBXAB (ala_,'_ +aT_a_):| . (313)
0

T 1673

Note that the operators a,,a_ create outgoing gravitons with helicities +2 and —2,
respectively.)
If there is a matter sector present, the matter part of the hard charge is given by
1 3
s = lim 72 / dud®z7; <4u2DADBXABTW + uDpX T,y + 2XABTAB) RNEREY
For a massless scalar field T, = 0,¢0,¢ — %(&b)zglw, and we can make the asymptotic

expansion ¢ ~ M + .... Using the mode expansion near null infinity and using the sta-
tionary phase approximation, we have

T S\ iwu S\ —iwu
87r2r/0 dw (a' (wx) €' —a(wx)e "), (3.135)

¢ =
and therefore the matter part of the charge becomes

1 3
N matter = / dud’z.: <4u2DADBXAB 0" +uDpX* o’ 04 + EXAB Onep 83%)

1 o

1
—DpX*8a'Dya — %XABaTDADBa + EDADBXABaTa .

1
— ZDADBXABaTwzaf)a + DBXABaTw[“)wDAa

(3.16)

All terms inside the brackets except for the last one generate the expected transformation of
creation and annihilation operators to cancel the contribution of the soft part of the charge.

Therefore, to ensure that the soft and hard contributions to the charge will indeed commute
with the S —matrix, we need to restrict to transformations of the form

DaDpX*® = 0. (3.17)
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In this case the problematic terms in the gravitational and matter charges drop out, and Q?) =
Q§2) + Qf,,z) commutes with the S—matrix.

4. Sub-subleading charge and asymptotic symmetries

In this section we explore the connection between the conserved charge in equation (3.1) and
the asymptotic symmetries of section 2. We begin with the metric in equation (2.8) and consider
the following symmetry of Bondi gauge:

fu,z,2)=0,  Y'(u,z,2) = uX" = uDpX"?, 4.1)

where X4, X*8 are functions on the two-sphere, XA = DpXA8, and DyX? = D,DX48 = 0.
From equation (2.25), the associated charge is given by

0=

— 4%z, (2uN,DpX"B) . 4.2
167TGN/ Z'sz( UNADp ) 4.2)

This agrees with a part of the conserved sub-subleading charge described in the previous
section, with D4DX4® = 0; however, the terms proportional to D4zX*8 are missing.

Following the example of [23], we seek to identify the missing terms with terms propor-
tional to a superrotation charge. We consider therefore also a transformation closely related
to that in equation (4.1), given by f =0, Y* = X*(z,Z), where D4X* = 0. The charge is of the
form

1 2
oM = _ 67 / d*z7.z (2N X*) (4.3)

and using the equations of motion, this contains both soft and hard contributions to the grav-
itational charge, as well as a matter part of the form

Qr(r:a)tter = rl—lglo r / d’z Yz (TrAXA) : 4.4

The finite part of Q(') will commute with the S—matrix, as described in section 2, and we
need also the part of the charge subleading in the r — oo limit:

11 2
Qilit)ﬂeading = 7 167Gy / &’z (4WAXA + 3CA)_!;]\’AXB)
11 2
= dud®z7yz | 40,WaX* + 29, (CasN*) XB | . 45
”67TGN/ ud“zyz < 0uWaX* + 20, (CasN") (4.5)

Here the quantity W, comes from the g,4 terms in the metric: g4 = %DBCAB + %NA +
L CapDcCBC — LW, + ... We can rearrange these terms using the Einstein equations

13
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_ 2 . 4
167Gy (19 -1 ):4auwz+wau6wa— 27 (DO:N. — DINE) = 3N,

1z

1
a (CeN°) — 2D* (mCy;) — gczzDzCZZ
1
(DZ>3 Cee — EszDZDgczz
(D) € ~ D2C) DFC

+

ow~m~m\~w
0

+

S —

(Dz (CZZDZCZZ) - Dz (CZZDZCZZ)) )
2 1
8 GyT ) = —20,D.. + SN+ mCe 4 £D.CocD.C¥ + IZCZZDZCZZ
1

1
- Zsz (Dz)z sz + §D§ (szczz) ) (4-6)

where T, = rlz T,SVZ) + = T,(“,3) + ... are the terms in the 1/r expansion of the stress tensor.
Making frequent use of the condmon D, X* = 0, the expression in equation (4.5) can be sim-
plified step by step:

l 1
lelll))leadmg rl16r GN dud Yz (48 WAX + 8 (CABNA) )
1 1 _
=~ 16x GN dudzz“y,Z (167r GN — TSZ 3))XZ — 0,D*D_X*

2
+37 Y¥(D.0:N, — DN;)X* + NX7+2DZ(mC,Z)X7

1
- ECZZ(DZ)3CZZXZ + ECZZDZDgcrHXz - 5((DZ) C.. — D}C¥)DC X

1

1
De(D¥(CaD.C) = D(CDC))X* + S €D CZZXZ—i-c.c.)

11 4
== / dud’zyz [ 167 Gy(T® — T3)XF — 9,D°DX° + - D*(D.N,) X
r 16w Gy " 3

1 1
2D (MC)X* = D% (C D) Co)X 4 D% (Coe(D2)C)X:

1
+ gDZ(DZ(CZZDZCZZ))XZ + c.c.)

11 _ _ _
= 16:Gn / dud’zy; (167r Gn(TL Y — T )X + 167 GyD* T D X

+30,D°D_ X" + c.c.) . 4.7

The stress tensor contributions to the charge can be simplified using the conservation law
VET, = 0:
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Q;:l,)maner,subleading l/dzZ’yZZ ((ﬂ 3 — ﬂrz’”)Xﬂ—c.c.)
oot )

- /dzzvz(Dz T 2))Xz+cc (4.8)
;

where we have integrated by parts and used the condition D,X* = 0 to get rid of the 7§{ 2)
term, and discarded the total u-derivative. This is justified if the matter fields vanish at u & oo,
as we expect it will for localized massless particle insertions. The expression in equation (4.5)
then becomes

Oubleading = 7 167Gy / dud’z7.z (48u WaXA + gau (CasN*) XB>
1 1
= ; 167 GN /dudzz’YZZ (SauDZDZZXZ +C.C.) . (49)

This can be combined with the charge derived in equation (4.2), with Y# given by Y* =
D.D*X?,Y* = D.D*X?, which obeys D, Y* = 0 because D, X" = 0. This charge is given by

1
167 GN

0=- / A’z [uNs (AX* +X4)] (4.10)
I+

where A = D,D* is the Laplacian on the two-sphere, and we have used the identity D,D°X* =
% (AX® + X?). Adding this to the charge from the non-flat superrotation in the linear combina-
tion Q — 2rQ("), the divergent part of the charge in the limit r — oo is proportional to a gener-
alized superrotation with D, X” = 0 and therefore commutes with the S—matrix, and the finite
part of the charge in the limit r — oo becomes

(Q(Z) _ 2,,Q(U>

/dzz%f (2”NADA (DAxB)TF +6Dyp (DAXB) TF) )
(4.11)

finite - 167w Gy

where (DAX®)p refers to the trace-free part of this quantity. We recognize the finite part of
the charge as the charge (3.1) from in the previous section, which was shown to commute with
the S—matrix.

The charge —2rQ"") is not generated by a pure diffeomorphism, since the transforma-
tion &4 = —2rX* which would be required generates a shift §g, that takes us out of Bondi
gauge. Nevertheless, performing this transformation while also transforming the metric so as
to enforce the constraint §g,4 = 0 will generate a symmetry of the asymptotic equations of
motion. To see this, we can apply the Noether procedure to the Einstein—Katz action with the
transformation &4 = —2roX?, where r is a constant, with value equal to rp = r for some large
but finite value of r. This is a symmetry of Bondi gauge, and the corresponding charge will
act as a symmetry upon the asymptotic data (which does not depend on r). There is also a
divergent part proportional to r( times the finite part of Q(1). This is not a problem, however,
since we already know this this commutes with the S—matrix due to the subleading soft the-
orem. Setting ro = r and taking the » — oo limit, we obtain a charge that is not generated by
the diffeomorphism alone; however, it will still act on the boundary data in the same way, and
therefore it will generate a transformation between solutions of the equations of motion.
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To summarize the results of this section, we have shown that a transformation generated by

§A:—2rXA+g(A+1)XA+...7

2 1
6gur = UpX? — =Ny X4 — —

1
CapDcCBEXA + =W XA + ...
3r 6r r2

DapX®
8gm = —r*apXP — rCapX? — 22
.

— %CABCBCXC—&—... (4.12)
where D4X* =0 and A = D,D* is the Laplacian on the two-sphere, and the metric trans-
formation is in addition to the one already generated by the diffeomorphism, generates the
sub-subleading charge. This charge includes a term which is proportional to r multiplied by a
generalized superrotation charge, which therefore does not interfere with the symmetry of the
S—matrix. As stated above, we emphasize that this is not simply a diffeomorphism symmetry,
because the constraint dg,4 = 0 is enforced by an additional transformation of the metric. This
can be compared to the situation in de Donder gauge, where the sub-subleading charge is
generated by the diffeomorphism

fA:rXA+z(A+5)XA+..., (4.13)

found in [23]. This symmetry also generates a divergent piece that is proportional to a gen-
eralized superrotation charge, which commutes with the S—matrix, and a finite piece associ-
ated with the sub-subleading soft graviton theorem. We have therefore identified the charge
associated with the sub-subleading soft theorem with a combination of charges derived from
asymptotic symmetries, extending the analysis of [23] to Bondi gauge.

While it is perhaps not surprising that there are corresponding transformations in both
gauges that are associated with the sub-subleading soft theorem, it is interesting that they
correspond to pure diffeomorphism symmetries in some gauges but not in others. It is further-
more not guaranteed that they had to operate at the same order in the 1/r expansion, since the
radial slicing is different between Bondi and de Donder gauge. In [25] it was found that in
Newman-Unti gauge the subleading and sub-subleading soft graviton theorems were associ-
ated with the part of the supertranslation charge subleading in the 1/r expansion. It would be
interesting to understand the symmetry structure from a more gauge-invariant perspective; see
e.g. [19, 20] for a discussion of similar issues in the context of cosmological correlators.

5. Conclusions and open questions

In this paper, we have investigated asymptotic symmetries of Bondi gauge and their conserved
charges, and their connection with the conserved charge associated with the sub-subleading
soft graviton theorem at tree level. This extends the analysis of [23] in de Donder gauge,
where the corresponding symmetry is a pure diffeomorphism, to Bondi gauge, where it is not.
Nevertheless, individual pieces of the charge associated with the sub-subleading soft theorem
can be associated with those generated by asymptotic diffeomorphism symmetries. Our results
also complement those of [26], where the sub-subleading charge and symmetry are investig-
ated from the perspective of the asymptotic phase space.

Since the sub-subleading soft theorem receives loop corrections, we expect that the sym-
metry transformation will as well, and it would be interesting to study this further, and to
understand whether there is a quantum corrected version of the symmetry transformation and
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of the charge. Some discussion of the origins of the corrections to the sub-subleading soft
charge can be found in [26]. It would also be interesting to study the contribution the sub-
subleading charge Q® makes to the BMS algebra and its extensions, extending the analysis
of the BMS charge algebra and its extensions begun in e.g. [12, 16, 26, 36].

As a corollary of this analysis, we have also made it clear how the superrotation transform-
ation can be extended beyond (anti)holomorphic transformations of the form Y*(z), Y*(z) to
include smooth diffeomorphisms ¥ (z,z) that obey DsY* = 0, by using the same (Einstein—
Katz) action to derive the conserved charge directly using the Noether procedure. It was previ-
ously noted in [24] (see also [12]) that smooth functions for Y4 improve the proof of the equi-
valence between the soft theorem and the Ward identity, and smooth functions may generalize
more readily to the symmetries of the near-horizon limit for black holes as well [37, 38].

It would be interesting to understand whether and how the analysis here can be extended
beyond transformations with D4¥* = 0. Our analysis in section 3 indicates that some addi-
tional terms in the charge will be required. Moreover, it is less clear how to generate the charge
in this case. One possibility might be to consider additional improvement terms to the Einstein—
Katz action. In [26] it was proposed that the charge associated with the sub-subleading soft
theorem could be generated by a ‘pseudo-vector’ which generates a symmetry transformation
containing terms with more than one derivative, and it would be interesting to explore the
origin and nature of such objects further.

The analysis in this paper also makes it clear that there exist additional asymptotic
transformations of Bondi gauge with charges that remain finite in the r — oo limit. These
are parameterized by functions Y*(u,z,zZ) which obey D,¥* =0 but which have arbitrary
u—dependence. We have attempted to generalize the procedure here to higher order in u (for
instance, to transformations of the form ¥* = u?>X"(z,z) with D4X* = 0) and connect these to
soft theorems, but so far without success—the soft theorem beyond sub-subleading order is not
fully fixed by gauge invariance even at tree level [6], and attempting to replicate the analysis
of section 4 for this choice of Y generates terms in the charge that cannot be simply removed
by a term proportional to previously known charges. It would be interesting to study further
the meaning of these symmetries and the corresponding Ward identities. Since these do not
preserve the form of the asymptotically flat spacetime metric, as the BMS symmetries do, they
should perhaps not necessarily be expected to generate symmetry transformations that can be
simply described in terms of the S —matrix—for example, a sub-sub-subleading soft graviton
may generate a transformation that relates a flat space amplitude to a correlation function in a
spacetime with a different asymptotic structure. From this perspective, it would be interesting
to understand better from this perspective why a description of the Ward identity in terms of
flat space S—matrix elements can still work at the level of the sub-subleading soft theorem.
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