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ABSTRACT: The universality of gravitational scattering at low energies and large distances
encoded in soft theorems and memory effects can be understood from symmetries. In
four-dimensional asymptotically flat spacetimes the infinite enhancement of translations,
extending the Poincaré group to the BMS group, is the symmetry underlying Weinberg’s
soft graviton theorem and the gravitational displacement memory effect. Beyond this leading
infrared triangle, loop corrections alter their nature by introducing logarithms in the soft
expansion and late time tails to the memory, and this persists in the classical limit. In this
work we give the first complete description of an ‘infrared triangle’ where the long-range
nature of gravitational interactions is accounted for. Building on earlier results [1] where
we derived a novel conservation law associated to the infinite dimensional enhancement of
Lorentz transformations to superrotations, we prove here its validity to all orders in the
gravitational coupling and show that it implies the classical logarithmic soft graviton theorem
of Saha-Sahoo-Sen [2]. We furthermore extend the formula for the displacement memory and
its tail from particles to fields, thus completing the classical superrotation infrared triangle.
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1 Introduction and summary

At low energies and large distances gravitational scattering exhibits universal behavior in the
form of soft theorems and memory effects that can be traced to an underlying asymptotic
symmetry. The infrared (IR) triangle is an abstraction that encapsulates this universality
of infrared physics in classical and quantum scattering. Until recently, complete infrared
triangles — where all three corners and the connection between them is understood — have
only been established for tree-level scattering processes. Loop effects associated to the long-
range nature of gravitational interactions crucially modify these infrared relations through
novel soft theorems with logarithmic dependence on the energy together with late-time tails
in the gravitational field that give rise to so-called tail memory effects. In this work, building
on [1], we complete the first infrared triangle in gravity where these infrared effects must
be accounted for: the (classical) superrotation infrared triangle.

In gravity, the leading infrared triangle encapsulates the realization [3] that the grav-
itational displacement memory formula in classical gravity [4-14] is the classical limit of



Weinberg’s soft factorisation theorem of gravitational amplitudes [15]. Both these infrared
effects are universal in the sense that they do not depend on the details of the interactions.
The leading soft graviton theorem and the gravitational displacement memory effect constitute
two corners of an infrared triangle. The third corner arises from the realisation [3] that
both of these infrared effects are nothing but the conservation law (Ward identity) of the
supertranslation charge [16, 17] of four-dimensional asymptotically flat spacetimes.

Upon reflection an apparent puzzle arises. In four spacetime dimensions the gravitational
S-matrix trivialises precisely because of infrared effects which lead to e~ suppression factors.
How can we then assert that supertranslations are a symmetry of the S-matrix which may
not even exist 7! This apparent paradox is resolved in the same spirit in which we interpret
Weinberg’s soft graviton theorem in four dimensions. Namely, any factorisation theorem
is really a statement about the ratio of two regularised amplitudes. Both the numerator
and denominator in this ratio are separately ill-defined, but we first regulate them and, in
the limit that the regulator is taken to zero, the ratio remains infrared-finite and equals
Weinberg’s soft factor.

The subtleties involving infrared effects become more pronounced for the subleading
infrared triangle which relates the subleading tree-level soft graviton theorem [18] to a
gravitational spin memory effect [19] both of which can be expressed as a consequence of
superrotation symmetry [20, 21]. The latter constitutes a local enhancement of Lorentz
transformations which act on the celestial sphere at the conformal boundary of asymptotically
flat space as local conformal transformations [22]. This has raised the prospect that a putative
holographic dual to four-dimensional quantum gravity in asymptotically flat spacetimes may
share features with a two-dimensional conformal field theory [3, 22-36]; over the past few
years this has been developed in the celestial holography program [37-41].

However, the long-range nature of gravitational interactions casts a veil of ambiguity
on the subleading infrared triangle. Loop-corrections introduce non-analytic terms in the
soft expansion in the form of logarithms [42]. These render the tree-level subleading soft
graviton theorem ambiguous, and thus also its interpretation as the Ward identity associated
to superrotation symmetry. Consequently, this will affect the conjectured infinite-dimensional
Wil4+0o Symmetry algebra of quantum gravity in four-dimensional asymptotically flat space-
times [43, 44] and any flat space holographic proposal.

In this work, building on [1], we will show that superrotation symmetry is, in fact, a
symmetry of classical gravitational scattering and that its associated Ward identity is the
classical logarithmic soft graviton theorem that was recently established by Saha, Sahoo and
Sen [2, 45]. For massive point particles it has been shown that the latter can be recast as a
tail to the displacement memory effect [2, 46-48]; here we generalize this tail memory result to
massive fields in a formula that is similar to the non-linear memory for massless fields [49, 50].
Thus, our work provides the missing symmetry corner of the subleading infrared triangle which
explains the universality of the logarithmic soft theorem and the tail memory in the form of
superrotation symmetry. We will refer to it as the classical superrotation infrared triangle.

In the remainder of this section we review salient features of soft theorems in the presence
of long-range interactions and present our key findings. In this paper we give detailed proofs
of the results first reported in [1] including a novel extension of our main result to all orders
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Figure 1. Classical superrotation infrared triangle.

in the gravitational coupling and we propose a formula for the gravitational memory and
its tail for massive fields.

In a companion paper [51] we carry out a similar analysis in scalar QED where we
complete the classical superphaserotation infrared triangle associated to the logarithmic
soft photon theorem.

Power-law soft theorems. Tree-level scattering processes involving a low energy, or soft,
graviton with momentum k* = wqg" and N particles with hard momenta p; with¢=1,... N
exhibit tree-level factorization properties expressed as a power-law expansion in the soft
graviton energy w — 0 [15, 18, 52, 53],

o0

MN+1(p17"'7pN;(w7Q7€)) = Z wnSn(pla7pN7(Q7€))MN(p17apN)+ . (11)

n=-—1

The leading [15] and subleading [18] soft graviton theorems are universal in that their soft
factors only depend on the momenta and angular momenta of the hard particles but not
the details of the interactions,
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While the leading soft theorem is tree-exact, the subleading soft theorem receives corrections
at one-loop [45, 54]. Further subleading soft theorems receive both loop corrections as well
as non-universal contributions which, beyond the sub-subleading soft theorem, spoil the
factorization property. A more severe issue, which affects all subleading soft theorems, arises
due to the long-range nature of gravitational interactions which lead to infrared divergences
that render the standard S-matrix in four spacetime dimensions ill-defined. The above
power series expansion breaks down and receives non-analytic contributions in the form
of logarithms [42].

Logarithmic soft theorems. Given the existence of a well-defined soft expansion to
all orders in the loop expansion, it was shown by Saha, Sahoo and Sen in a series of
papers [2, 45, 55] that the ratio between an (N + 1)-point amplitude with a soft graviton
and the N-point amplitude without that soft particle is infrared-finite with its soft expansion



given by [45]
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The n = —1 term is the leading (Weinberg) soft factor S(_hlw) = S5_1. For n > 0 the soft
expansion differs from the tree-level one [18]. In seminal work by Sahoo and Sen [45] the
leading logarithmic soft factor Sélnw) % Sy was shown to be universal and uniquely fixed by
the momenta of the scattering states, and in [55] this was shown to be true also for Sgnw) # S1.
Moreover, it is conjectured [2] that the all-order soft expansion contains a universal tower of
soft factors S\ (the ... contain non-universal terms of the form w”(Inw)™ with m # n+1).
This would mean that the logarithmic soft theorems are valid to all orders in perturbation
theory and independent of the details of the hard scattering! If this is indeed true, we
expect to uncover asymptotic symmetries whose associated conservation laws give rise to
the logarithmic soft graviton theorems.

Our focus in this work is the (leading) logarithmic soft theorem of Einstein gravity

coupled to matter. The log soft factor may be split as [45]
S(()lnw) _ S(lnw) + AS(lnw) (14)

0,classical 0,quantum-*

nw)
classica

The classical log soft factor S((]ly ; can be derived from purely classical scattering and
is valid universally, i.e. it is independent of the theory and the nature of the external
particles [2, 48]. Alternatively, it can be derived from a quantum amplitude computation
which comes with an additional contribution AS&ggntum.

also expected to be universal but has been obtained from direct one-loop computations in

This quantum log soft factor is

Einstein gravity [45] (see also [54]). Neither of the contributions to (1.4) turns out to contain

factors of h and so the split into classical and quantum is only possible thanks to the existence

of a classical scattering computation [2, 42, 45] which yields the classical log soft theorem.
In Einstein gravity the classical log soft graviton factor is [45]

) 2 2,2
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The first term results from the late time gravitational radiation due to the late time acceleration
of the particles via long range gravitational interaction. It arises in the quantum computation
from the region where the loop momentum is large compared to the soft energy w but small
compared to the energies of the other particles. The second term represents the effect of
gravitational drag on the soft graviton due to the other finite energy particles in the final
state which results in a time delay for the soft graviton to travel to the detector. In the
quantum computation this term originates from loop momenta smaller than w and larger
than the infrared cut-off given by the inverse distance to the detector.'

!The drag also contributes to the O(w®) term in the soft expansion, with a term proportional to In R where
R is the largest scale in the problem given by the distance to the detector.



In the quantum computation there are additional terms
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which originate again from different regions of loop momentum integration: the first arises
from the region where the loop momentum is large compared to the soft energy w but small
compared to the energies of the other particles, while the second term originates from loop
momenta smaller than w and larger than the infrared cut-off given by the inverse distance to
the detector. In this work we will focus on deriving a symmetry interpretation for the classical
log soft graviton factor (1.5) while quantum infrared effects will be discussed elsewhere [56].2

Conservation laws for superrotations. Our goal is to give a first-principles derivation
of the classical logarithmic soft graviton theorem from infrared-finite conservation laws in
Einstein gravity coupled to massive matter. We will show that these conservation laws
arise from superrotation symmetry. The starting point is the computation of the symplectic
structure at the asymptotic boundary

Qeyze = QU0 4 Qiad, (1.7)

which consists of a matter contribution at ¥ and a radiative contribution at Z*. In the
absence of long-range infrared effects it has been shown [58-61] that one can construct charges
from the symplectic structure

Qixuz= (6,6v) = 6Q*, (1.8)

when one of the field variations, denoted here by Jdy, implements superrotation symmetry.
Their classical conservation law QT = @, elevated at the level of the S-matrix to the
commutator

(out|QTS — SQ |in) = 0, (1.9)

is equivalent to the subleading tree-level soft graviton theorem [58-60]. In this work we revisit
this connection when classical infrared effects are accounted for.

2An earlier study of the symmetry underlying the loop-corrected subleading soft graviton theorem was
carried out in [57], but there is a discrepancy between their conservation law and the (classical and quantum)
log soft theorem of Sahoo-Sen [45] which was argued to be due to error in [45]. However, in our understanding
the results of [45] are correct: our first principles derivation of the conservation law for superrotation symmetry
is in perfect agreement with the (classical) log soft graviton theorem of [2, 45]; we expect this equivalence to
continue to hold in the quantum theory. Moreover, our analysis allows us to directly compute the tail to the
displacement memory (a classical observable) which is unclear how to extract from [57].



Due to the long-range nature of gravitational interactions asymptotic matter fields are
not free but ‘dressed’ by a phase [62],

0= ei(pgogee + eﬂq)(pf_ree, (1.10)

where cp%fee denotes the positive/negative frequency modes of the real massive scalar field .
As we will show in section 3, the dressing ® comes in the form of logarithms at early and late
times and is tied, via the equations of motion, to the asymptotic conditions of the metric in
the form of so-called “tails”. These are weaker compared to the standard radiative fall-offs in
the absence of long-range infrared effects. In section 4 we will identify superrotations that
are consistent with these asymptotics and smoothly interpolate between i* and Z=.

The asymptotic behavior of the matter and radiation fields together with the superrota-
tions defined on i* UZ* serve as input to computing the IR corrected symplectic structure
which differs from its free counterpart. The matter dressing and the radiation tails cause
the symplectic structure to diverge at early and late times, both on the time-like and null
boundaries, as we will show in section 5. To regulate these IR divergences we introduce a
late-time cutoff A~! for both boundaries. We then show that for superrotations the symplectic
structure can be expressed as a total variation on field space. This allows us to construct

a regularized Noether charge

Q* =mA7 QY +08") + (@ + Q)+, (1.11)

where the subscripts H and S refer to the ‘hard” and ‘soft” contributions to the total charge
which originate from, respectively, the i* and the Z* contributions to (1.7). In section 6 we
discuss how the conservation of this charge is connected to soft graviton theorems.

The finite charge

Q0 =W+, (1.12)

whose explicit expression will be given in (5.15) and (5.35), in fact matches the one derived
in [60] where infrared effects were ignored. It obeys a classical conservation law which in an
S-matrix element becomes the subleading tree-level soft graviton theorem

Q¥ =qQY — lim (1 + wdo)Mu+1 = SoMu. (1.13)
w

0as w — 0, becomes ambiguous due

However, this subleading soft theorem, which behaves as w
to the presence of infrared effects. This is also visible at the level of the Noether charge (1.11)
where any rescaling of the IR cutoff A renders any A° term ambiguous.

Instead, the log charge

QI = QY + Q% (1.14)

is unambiguous, and its explicit expression will be given in (5.14) and (5.34). Because it is
also conserved we can divide both sides by In A~! and subsequently take A — 0. In section 6.3
we will prove that the resulting conservation law yields the classical logarithmic soft theorem

QW =Q = 1im w0 Muir =SS0 M. (1.15)

0,classical



In [1], and in much more detail here, we provide a first-principles covariant phase space
derivation of this charge. Moreover, we will extend our earlier results by proving that the
logarithmic superrotation charge (1.14) is exact to all orders in the gravitational coupling x
which beautifully echoes the one-loop exactness of the logarithmic soft graviton theorem.
This paper is organized as follows. In section 2 we collect the basics for discussing the
physics near null and time-like infinity. To compute superrotation charges in the covariant
phase space formalism that account for infrared effects we need two main ingredients: 1) the
asymptotic data of the gravity and matter fields in the presence of long-range interactions
which we derive in section 3 and from which we extract the displacement memory and its tail;
and 2) the superrotation symmetry transformation which, as we show in section 4, smoothly
interpolates across the time-like and null boundaries. In section 5 we compute the symplectic
structure, regulate it and extract the infrared corrected superrotation charges. Finally we
proof in section 6 that the conservation law associated to our novel superrotation charge is in
fact the classical logarithmic soft graviton theorem. In appendices A, B and C we collect
various formulas necessary for this derivation, and in appendix D we show that our novel
superrotation charge conservation law is exact to all orders in the gravitational coupling .

2 Preliminaries

The symplectic structure € is defined on a Cauchy slice ¥ and we have to take great care in
pushing it to the past and future boundary, which each contains a time-like component i+
and a null component Z%. Starting from (asymptotically) Minkowski space

ds® = ndatdzt = —dt® + dE - dZ, 2.1
I

where z# = (t,7) = (t,r2) with r> = ¥ - %, we briefly review the limits that land us on (1.7).
See also appendix A.

Radiation. Massless particles such as gravitons reach future null infinity, Z+ ~ $? x R, in
the limit ¢ +r — oo at t — r = fixed, and so we parametrize it by retarded Bondi coordinates
u = t — r in which the Minkowski metric takes the form

ds®> = —du?® — 2dudr + Tz’yABdIBAdIL“B, (2.2)

with 4 = (z, %) denoting the angles and y4p the round metric on the two-sphere. A

spacetime point in Bondi coordinates is then written as®

ot =uth +rg® with t* = (1,0), ¢* = (1,2) (2.3)

The radiative contribution to the symplectic structure (1.7) is then computed by taking the
t = constant time slice ¥;, on which it is defined, to the future boundary

Qrad — lim  Qrad, 2.4
T+ Et1—1>1%+ t ( )

3We use the notation % to denote a 3-vector restricted to the unit sphere. In a slight abuse of notation, we
also use Z to denote the angular variables: d?# = dzdz~.z is the sphere volume element, and f(Z) denotes a
function on the sphere.



The corresponding contribution on the past boundary is computed in an analogous way in
terms of the advanced Bondi coordinate v = t + r which is held fixed as t — r — —o0. These
limits have to be taken carefully and we will discuss important subtleties below.

Matter. Massive particles originate from past time-like infinity ¢~ and end up on future
time-like infinity i* which are reached by taking ¢t — Foo while holding r/t = fixed. To
describe the neighbourhood of i* we use hyperbolic, or Euclidean AdSs, coordinates which
cover the interior of the past and future light cones with the vertex at an arbitrary point. The
one-parameter family of coordinates inside the future light cone of the point (ug, 6) is defined by

P VER o Tp=r (25

It can be checked that any fixed 7 surface intersects Z+ ~ S? x R at u = ug in the limit
p — oo. Throughout this paper we will fix ug = 0 as in [63], which implies that the (7, p, z4)
coordinates cover the (interior) of the future light cone with tip at (0,0). The Minkowski
metric can be written as

ds? = —dr? + T kapdy®dy”, (2.6)

where y® = (p,z*) denote the coordinates on the three-dimensional space-like hyperboloid

H. at constant 7 with metric

kapdy®dy® = + p*yapdatda®. (2.7)

1+ p?

We will denote by

v = (14 00) (2.8)

a unit vector on Minkowski space parametrized by y* = (p, .IA) and write a spacetime point
in hyperbolic coordinates as

ot = TYM, (2.9)

The ‘blow-up’ of future time-like infinity ¢* is then given by H, as 7 — oo at fixed p. The
matter contribution to the symplectic potential (1.7) on the future boundary is then?
mat __ . mat
Q= H171£n>z‘+ Qe (2.10)
In a similar way the matter contribution on the past boundary is computed, in coordinates

(7, p) inside the past light cone of the origin, by taking the limit 7 — —oo at fixed p which
takes H, — i~

4Note that the hyperboloid #, is actually not a Cauchy slice but describes only its ¢ > r portion. The
completion to a Cauchy slice requires the inclusion of the ¢ < r portion of future null infinity Z* with which
H., intersects at t = r. Since ¢(u,r,z) "=" O(r~*/?) at fixed u = ¢t — r this null infinity contribution to the
matter symplectic potential vanishes and (2.10) is the full answer. See [63] for more details.



Together the contributions (2.4) and (2.10) compute the symplectic structure on a
Cauchy slice spanned by the union of the entire future boundary i* U Z+, for which we
will derive explicit expressions in section 5. The celestial sphere on Z= at u = +o0o can
be thought of as the p — oo boundary of the asymptotic hyperboloid at 7 = +oo. This
will allow us to relate the asymptotic (late time) expansions of the matter and radiative
fields in section 3, and enables us to write down a superrotation vector field that smoothly
interpolates across time-like and null infinity in section 4. A similar analysis can be carried
out for the past boundary ¢~ U Z7.

3 Asymptotic data in gravity

We now turn to the analysis of superrotation symmetries of gravitational scattering in four
spacetime dimensions focusing on Einstein gravity with a minimally coupled massive real
scalar field. We start by discussing the asymptotic phase space. The field content are a
massive real scalar field ¢ coupled minimally to a metric g,, with action
4 2 1 Ny 1 2 2
S=[dzy/—g ?R— 59 OOy — gme” ) (3.1)
Our primary motivation is to analyse the asymptotic conservation laws for gravitational

scattering which uses a perturbative expansion in the coupling constant k = /327G N of
the metric

Juv = N + /ih/u/ (3.2)

around a fixed Minkowski vacuum spacetime 7),,, and perturbation A, . The indices of h,
are lowered and raised by the flat background metric 7, and its inverse. We will adopt
this perturbative approach in the following, but we emphasize that our final result for the
charges, whose conservation law will turn out to be associated to the logarithmic soft graviton
theorem, are exact to all orders in the coupling k as we will show in appendix D.

We work in de Donder (harmonic) gauge,

1
V¥ by = 5 Vuh =0, (3.3)

where h = n#"h,,, denotes the trace, and V denotes covariant derivative compatible with
the flat background 7. The Einstein field equations are

1 K>
Ruy — §g“VR = ZT#V, (34)

where the Einstein tensor G, = Ry, — %gWR, in de Donder gauge and to linear order
in K, is given by

1
G,LLV g —g (v#vyh — VAvuh,i\ - V)\Vl,hf; + vzh#y - 2g“yvgh) . (35)
The stress-energy tensor

Ty = Tt + T}, (3.6)



receives contributions from matter and gravitons. In de Donder gauge in a flat background
the graviton stress tensor is given by®

!, = 2h°) (2v(,v(#h,,>A — YV Vohoy — VUVAhW) — h V2 A+ AV IV g,

3 (3.7)
= VT o + G 2oV 4 VA (59 o~ Vil )|
while the matter stress-energy tensor is
ma; 1 loa
T = VupVoe — S (17 VapVop + m*p?). (3.8)

In de Donder gauge the scalar equation of motion to linear order in x is given by
V2 = m? = khy, VIV ] o = 0. (3.9)

In turn we will discuss the asymptotic fall-offs for the real massive scalar matter and
the metric. We will focus on the asymptotics at it UZ™, but a similar analysis can be
repeated at i~ UZ™.

3.1 Matter

We start with the discussion of the late-time behavior of a real massive scalar field minimally
coupled to gravity. We use hyperbolic coordinates (7,y%) = (7, p, ) in terms of which the
de Donder condition, Einstein equations and the equation of motion for the scalar field are
given in appendix A. In what follows we will derive the late-time expressions of the matter
and graviton fields to all orders in the coupling . We will see that the interaction of the
free matter field with the graviton field leads to a logarithmic dressing of the matter field
and a tail at late times of the gravitational field.
The asymptotics of a free real massive scalar field in Minkowski space,
3 -
(Pfree(fﬁ) = /(2733];@7 [b(ﬁ)ewm + hC:| (310)

with Ep, = /|p]? + m? and p-x = —E,t + p'- Z, is described along time-like geodesics and its
late-time (7 — oo) behavior can be extracted via a saddle point approximation with critical
point p'= mpz. After absorbing various phases into the ‘free data’ given by b, the late-time
asymptotics of the free scalar field can be expressed as

)= ﬂb(y)e_i"" +c.c.. (3.11)

Pfree (T, Y
e 2(27?7)%

Via Einstein’s equations the free matter stress tensor (3.8) sources a ‘Coulombic’ potential.
The 77 component of Einstein’s equations (3.4) is of order O(1/73) and sources a 1/7 late
time ‘tail’ in the metric

11

T—r 00

her(r,y) "= —her(y) + . (3.12)
°The (anti)symmetrization of indices are defined with unit weight, i.e. ¢(,) = 3 (tuw + tuu) and ¢, =

%(tl“’ —tup).

,10,



where

1 3
(D2 = 3)hyy = —ZTI:;M. (3.13)

The de Donder gauge condition (A.11) then implies

700 0
hTOt(T7y) = hTa(y)+~--a

) (3.14)
T—00 5
hap(T,y) "= Thap(y) +...
where
1 0 —1 1
- <2Dahm — k% h aﬁ) = hrr,
5
(3.15)

! (DB;;M — KD 4 ;pjw) — v
These ‘Coulombic’ modes all arise from the interactions and come with one power of the
coupling constant, llz.rT = O(k), fle = O(k) and lllaﬁ = O(k). The scalar equation of
motion (A.12), with (V2? —m? — ﬁflzTTT*WE + ...)p = 0 the leading correction to the free
equation of motion, is solved at late times by®

oo e*imT In
olr,y) = i (lnTbo(y)+b0(y)+...> +c.c., (3.16)
where by = 4(2 B b is the free asymptotic data, and
In 'Ll‘f
bo(y) = Smher (y)boly). (3.17)

This expression is ezxact in the coupling k.
The late-time behavior of the dressed matter field (3.16) at i+ determines, via Einstein’s
equations (A.13), the asymptotic form of the matter stress tensor

InT4 InT

matt T200 - matt matt matt =
TTT (7—7 y) 7_311 4 T + T O( 70 )
T%att(T, y) 00 11177' T" matt + Tmatt O(hl%) (318)

T T
In7
bt T—00

T (ry) "= 0( ).

While T2t at leading order is given by the free matter stress tensor, T receives a
logarithmic corrections that dominates over the free expression.” The explicit expressions

for the relevant stress tensor components are

3 3
TR — 29m2b8bg, T = im(bi0abo — bodabp), Tmatt —km? (g, hTT)bObo (3.19)

In appendix D we show that higher powers of In 7 which would contribute to (3.16) at order O(x*) are in
fact absent and the result (3.16)—(3.17) is thus exact to all orders in the coupling .

"Naively, also T receives a leading logarithmic correction but its coefficient vanishes. Higher powers of
In 7 are again absent - see appendix D.
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Meanwhile, the late-time behavior of gravitons at i* determines the asymptotic form of
the graviton stress tensor,

1 13 12

Notice that the 77 component of the graviton stress tensor is subleading compared to that of
the matter stress tensor, while the 7w component is at the same order as the subleading matter
stress tensor component. We will see how this interplay enters the superrotation charges below.

3.2 Radiation

At future (past) null infinity Z+ (Z7) we use retarded (advanced) Bondi coordinates
(u (v),r,2?) in terms of which the de Donder condition and Einstein equations are given in
appendix A. We study the asymptotics of the radiative graviton field at early/late times
u — 00 (v — £00); we focus again on the future boundary.

The asymptotics of the free gravitational field in Minkowski space,

hiree(z) = / L |y ()™ + ay (B) e iF] (3.21)
pv (27)32wy, LM e '
with wy, = k® = ||, k-2 = —wyt + k - Z and aW(E) = 5ﬁ’,ﬁa>\(l¥), can be obtained from

a saddle point analysis with saddle point k& = wy2. The r — oo limit (at fixed u) is
1

f _
o (%) = - 8n2r

/ dwy, {aw(wk,i‘)e*iw’““ - auy(wk,i)Teiw’““] +0(1/r%). (3.22)
0

The free data is given by the two independent polarizations of the graviton. Without loss of

generality we write the polarization tensors as effl, = sljfa;—L where

1 1
Jr — . — — B
ey =—=(—2,1,—4,—2), €&, =—(—2,1,1,—2). 3.23
M \/5( ) En ﬁ( ) (3.23)
After mapping the Cartesian components to Bondi coordinates we have
_ Ve
1422

ef = ef =0, =0, &f (3.24)

z

V2’
and similar expressions for the opposite helicity. This yields the large-r behavior of the
free graviton field

hre =0(r™Y), K =007, hie=nte=nle=0, ni%=0(). (3.25)

What about interactions? In four spacetime dimensions, generic gravitational scattering
leads to an asymptotic radiative gravitational field at Z* that violates the peeling property [64—
66]: in the large-r expansion it contains logarithmic terms that fall off as O(lnT") The
resulting spacetimes are known as asymptotically logarithmically flat spacetimes, [67, 68].
Fortunately, it was shown in [68] that superrotations continue to be asymptotic symmetries
of asymptotically logarithmically flat spacetimes and the Inr terms in the Bondi expansion
do not affect the final superrotation charge at Z* derived in [1]. We can thus omit these

Inr terms for the purpose of our analysis.
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Nonetheless, as the matter stress tensor at i+ have logarithmic tails in 7, it is pertinent
to analyse the effect of these tails on the outgoing radiation as u — +oo. In [2, 42, 46] it was
shown that when the gravitational radiation is sourced by the stress tensor of massive point
particles, the asymptotic behaviour of the radiative field h, (u, %) as u — +oo generates a
so-called tail to the memory. Our analysis in this section shows that the tail to the memory
persists even when the source is a smooth massive scalar field. The late-time fall-off at the
future boundary of Z* can be inferred from the analysis at i*.

We start with the linearized Einstein equations in de Donder gauge sourced by the matter

stress tensor, thj = —5T,,, which we expressed in terms of the trace-reversed metric
hW = huw — hnw, In Cartesian coordinates, its retarded solution is given by

- K

() = 1= / 'Ot — )5 ((x — a')?) T (o), (3.26)

which we evaluate at Ii by first taking » — oo at fixed v and then letting © — oo where the
graviton field is sourced by the late-time asymptotics of the matter stress tensor at i™. The
above equation is premised on the fact that at the co-dimension two boundary of spacetime,
it N I, the co-ordinate system in the neighbourhood of i™ can be smoothly glued with
the retarded Bondi co-ordinates at Z*. This has been shown in [69].

To that end we express the spacetime point z* in Bondi coordinates while we write z'*

in hyperbolic coordinates using the expressions in section 2. At large r and fixed u we have
—(z -2 =2r(u+7q-YV)+ 0@, (3.27)

where ¢# = (1,2). Using d*z’ = d3y/dr'7"® we have to evaluate

3 /13 /
e 87W/dyd7- §(u+7'q- V)T (). (3.28)

The Cartesian components of the stress-energy tensor are related to the hyperbolic ones by

1
Tuu = yunyTT - ; (y,u,yV)TTOc + (Dayp)(p yy) (329)

Inserting the large-7 behavior of the matter and graviton stress-energy tensors (3.18) and (3.20)
at i, we can extract the large-u behavior of the Cartesian components of the graviton field
at Zt as follows®

1 [o In o Lln 11
[ n , (3.30)

hyw () = r hya (@) + Thw(ﬂf“‘) + =By (27) + -

where we used the fact that the metric and its trace-reversed form only differ at subleading
order in r. Using energy-momentum conservation V#T,,, = 0 one finds (see appendix B)
that the coefficient of the Inu/u term vanishes, while the constant term is sourced by the
free matter energy-momentum tensor

) k - 1 3ma
hyw (2) = 3 /dsy(—q V) (y#% + 277,W> T, (3.31)

8We will show in appendix D that there are no higher powers of logarithms in the asymptotics of the
graviton field (3.30).
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and the 1/u term is determined by the leading correction to the matter energy-momentum
tensor due to long-range interactions and the graviton stress tensor

Lo K[ (@ D)D) = (Vude + 50w) D (g V)3 e
h#l’(x )__87T/dy|: Q‘y T'ra

— (020 G K+ (DDDV,) — 50 (DY) (D7) ) Thy .

(3.32)

The relevant Bondi components are rCap = (0az*)(0px”)khw.

Let us summarize these results for the radiation field at null infinity. The free data of the
graviton field at Z in retarded Bondi coordinates where it solves Einstein’s equations (A.15)-
(A.16) is given by

khap(u,r,z) "= rCap(u, ) + ..., (3.33)
while the de Donder gauge condition (A.14) implies
Bow = O™ 1), hya = OFY),  hur = hyr = hpa = O(r72). (3.34)
At late times u — +oo the free data behaves as

1
Canlu,a) "2 O @) + O (0% + Oy, (3.35)

where # is (a priori) any positive number. The 1/7 tail of the Coulombic mode flLTT on
time-like infinity has a counterpart in the 1/u behavior of the radiative gravitational field
hap on null infinity which we note violates the property of peeling.’

The shear mode C’S)])S’+ is sourced by the free matter stress tensor at i "

(0aq-V)(0Bq-Y)+ 3 3
Ty L ) (3.30

q-Yy
(0)

A similar expression can be obtained for the shear mode C,; sourced by the free matter
stress tensor at ¢:~. We now argue that

ACt) =0t — o)~ (3.37)

is precisely the formula for linear displacement memory sourced by a massive scalar field.

Typically, the linear displacement memory formula is written in terms of asymptotic
momenta of massive particles [6]. Our expression (3.37) has the same functional form except
that the asymptotic momenta of the point particles are replaced with a linear momentum
flux of the scalar field. To see this, note that linear momentum density of a massive scalar
field at i is given by

Py) = %‘ﬁ?“(y)ya. (3.38)

9The peeling property of asymptotically flat spacetimes translates to asymptotic fall-offs at null infinity of
the Weyl scalars W), "=~ W97k =5 1 O(F~=) where k = {1,...,4}. Originally conjectured to be a characteristic
of the asymptotic radiation emitted by isolated self-gravitating systems [70-72], there is now growing evidence
that peeling is violated in generic gravitational scattering. See [64, 65, 67, 68] for details.
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We can use this to express (3.36) as

Py (0aq: P)(Oa- P(y) + Lras (Tm0)2(y)
1 Ji+ Y q-P(y) '

This reveals that our formula (3.37) is indeed the linear displacement memory formula for a

(3.39)

massive field and thus generalises the earlier results for massive point particles.

Gravitational interactions at late times u — 400 create a tail to this memory which is
encoded in the 1/u term in (3.35) sourced by the interacting matter stress tensor as well
as the graviton stress tensor,

(q-V)D*Vud) — (VDo + %WW)DQ(‘I : y)3j11nmatt
q . y T

= (040 + g1k + (DVD*D,) = 50 (DYDY ) Ths).  (3.40)

(1),+ K m v 3
Cly =5 (0aa) 0 [ %)

)

()7

A similar expression can be obtained for the tail term C Al ~ sourced by matter and gravitons

at 1~. We propose that
1 1), 1),—
ACKp = CliyT - O3 (3.41)

is the generalization of the tail memory formula for massive point particles to massive scalar
fields. We leave a detailed discussion about universal tail terms sourced by matter fields
to future work [73].

4 Superrotation symmetry

We are now ready to look for a symmetry transformation that is consistent with the logs
and tails in the asymptotic behavior of the graviton and matter field. Our starting point
is a diffeomorphism vector field £ = £/, which acts as a Lie derivative on the metric on
Z* and on the real massive scalar field ¢ on T,

it
5g,uu = ££Iig,ul/a dp=¢&" - 0p. (4'1)
In de Donder gauge the vector field satisfies
+ i
Vi =V =0. (4.2)

In the following we will also fix the residual gauge freedom by imposing the radial gauge
condition

XHV (46, = 0. (4.3)

We will now identify diffeomorphisms fii and fIi on, respectively, time-like and null infinity,
consistent with long-range interactions, and show how to smoothly connect them. The leading
and subleading soft graviton theorems can be recast as Ward identities for supertranslations
and superrotations whose symmetry parameters on i+ UZ* depend only on the angles 2 on
the S2. While the associated supertranslation charges are exact, the superrotation charges
receive corrections from long-range infrared effects. We will focus on the future boundary,

but analogous expressions hold for the past boundary.
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Superrotation on Z+. Our ansatz for the large-r limit of the diffeomorphism vector field
on Z* in de Donder and radial gauge is [32]

& (uyrz®) = |=D-Y4+0()|0u— |zD-Y+—-|—=—+2|D-Y+0O(3)| 0
2 r 2 2 2 r
(4.4)
U
+ [YA + 5 ((D*+1)y* - D*D-Y) + 0(1}2)} 4,
with DY = DY 4 where Y4(2) is a vector field on the S2. The Lie derivative along (4.4)
on a metric of the form gap = r?yap +rCap + ... is given by a superrotation which acts

on the sphere metric as
dyvaB = 2D4Yp) — D - Yyag, (4.5)
and on the gravitational shear as

Sy Cup = [c ~lp.y(a- uau)} Cun
(4.6)

1
+u |Da(D*+1)Yg) — DaDpD - Y — §7AB(D2 +4)D-Y]|.

Vector fields Y4 = (Y*(2),Y?(2)) that are holomorphic (antiholomorphic) except for isolated
points generate Virasoro superrotations [20, 21], while smooth vector fields Y4 = Y4(z, 2)
generate Diff(S%) superrotations [59-61]. The enhancement by such superrotations of the
BMS group (which is itself an enhancement of the Poincaré group by supertranslations) are
referred to as extended BMS (for Virasoro) and generalized BMS (for Diff(S5?)).

It is worth emphasizing that despite the fact that superrotations act non-trivially on the
celestial sphere (4.5), they nevertheless preserve asymptotic flatness as defined by the fall-offs
of the Weyl tensor (see footnote 9). Smooth Diff(5?) vector fields preserve the peeling property,
while meromorphic Virasoro vector fields satisfy a local notion of asymptotic flatness (with
topology change at isolated singular points [74]). The novel superrotation charge reported
in [1], and shown here to hold to all orders in the coupling &, is agnostic about the nature of the
vector fields on the S? and thus covers both classes of superrotations. For an incomplete list
of references discussing Virasoro and Diff(S?) superrotations, see [20-22, 32, 58, 59, 75, 76].

Superrotation on iT. Our ansatz for the large-7 limit of the diffeomorphism vector field
on it is [60]

&' (ry) "IV 0. +0(1), (4.7)
where Y% (y) is a vector field on hyperbolic space. In de Donder gauge it satisfies
DY = 0. (4.8)
It acts on the real matter field as a superrotation

5p = YO tp. (4.9)
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Superrotation on it U ZT. The last step is to identify a superrotation that smoothly
interpolates across the union of the future time-like and null boundaries it UZ™". To this
end, note that the vector field Y on it is given in terms of the vector field Y4 on Z7 [77],

o) = [ o)y @), (4.10)

where G9(y; ) is the bulk-to-boundary vector Green’s function (see appendix C) which
satisfies

(D* — 2)G%(p, 2;2") = 0. (4.11)

In the large-p limit it behaves as

lim Ga(p,2;2') = 050%(2 — &'). (4.12)

p—r00

At the boundary of i*, using (2.5), we then find

p—r00,T—00

E (rp ) TCET YA L (4.13)

Choosing the same vector field YA(Q%) at the boundary of i™ we have at leading order

YA(p,2) "= YA(R). (4.14)

Thus we have identified a superrotation vector field that smoothly extends across the future
boundary i UZ". Such a smooth extension is indeed expected as we consider the action of
asymptotic symmetry generators on an asymptotically flat metric with a smooth gluing of
the (neighbourhood) of i* with retarded Bondi co-ordinates as u — oo.

5 Symplectic structure and charges in gravity

For the asymptotics of the matter and radiative fields discussed in section 3 which account
for the long-range nature of the interactions, we can now compute the symplectic structure

Qg+ (6,8') = QP(6,8') + 22(6.). (5.1)

The more relaxed fall-offs of the fields in the form of late-time logs and tails will lead to
infrared divergences in the symplectic structure which we will regularize. After taking one
of the variations to correspond to the superrotation identified in section 4, we will be able
to extract (regularized) charges from the symplectic structure

Qi+uz+(0,0y) = 6Q4[Y]. (5.2)

Again we focus on the future, but a similar analysis can be repeated in the past. Our final
goal is to extract conservation laws that account for the long-range nature of the interactions
and match onto the logarithmic soft graviton theorem. Moreover, we will show that our new
conservation laws are exact to all orders in the gravitational coupling .
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5.1 Matter symplectic structure and hard charge
In the following we derive the (asymptotic) symplectic structure on the space of solutions
of a massive real scalar field minimal coupled to Einstein gravity!'?

Q, = / S, Wb = 6pVrS o — (6 ¢ 8). (5.5)
=,

On a 7 = constant hyperbolic slice H, the symplectic structure of a free massive real scalar
field is given by

leat,free - H d3y 7-3wgee7 W%—ree = _5‘;0freea7'5/90free - (6 A 6/)' (5'6)

The free-field symplectic structure defined in terms of the vector space of free-data at time-like

infinity is the well-known Fock space symplectic structure

Qrabiee _ yy qmatfiee _ gy, / &Py (653800 — (6 ¢ 6] . (5.7)
it

Hr—it

In four spacetime dimensions long-range interactions dress the asymptotic free fields by
‘Coulombic tails’ which will give rise to infrared divergences that we have to regularize. Our
starting point is thus the symplectic structure of a massive real scalar field

et = / dyriaT, WT(6,8) = 09,80 — (5 ¢+ &), (5-8)
H,

whose 7 — 0o asymptotics accounts for long-range interactions. For the scalar field expan-
sion (3.16) with (3.17) accounting for these infrared effects, we find

W (8,8') = 2im{ 03050 + 083 Bo | + [b50be] + ...}~ G ). (59)

Note that this expression is exact in the coupling x.
We evaluate the symplectic structure on i+ by taking the late-time limit 7 — oo,

QI(6,0) = lim QI (5, ). (5.10)

Hr—1

ONote that we have omitted perturbative gravity corrections to the symplectic structure, QS°™, since these
vanish as we approach the time-like boundaries ¥, with fall-off conditions on the fields (and their variations)
given in (3.16). To see this, consider the leading gravitational correction to the symplectic structure of the
asymptotically free field

T—00 T—00

lim Q°(6,6") = lim 735/ dPyh™ 0,08 o — (5« §). (5.3)

.

As T — 0o we have h™d,p ~ O(7~%/?InT) and as a result

lim Q°7(8,6") = 0. (5.4)
T—00
This argument depends on the variation of the matter field falling off no slower than ¢ ~ In 7/73/2 which
is true for the variation generated by superrotation symmetries considered in this work. In contrast, higher
spin symmetries such as those associated which the sub-subleading soft graviton theorem will in fact lead to
8o = O(7~"?In7) and hence for such symmetries Q°°™ will contribute to the matter symplectic structure.
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To regulate the In 7 infrared divergence in (5.9) we introduce a late-time cutoff A=!. This
will allow us to extract observables that remain finite when we eventually remove the cutoff
A — 0 (corresponding to 7 — o0). When one variation is taken to be a superrotation with
vector field (4.7), we can extract from

QR (5, 65) = 0Qf 4 [Y] (5.11)

the hard Noether charge

Qb V] =im [ Py d 20 A 1500 bo — bodabs] + [bidube — bodebis + O(
H+ —’Lmi+ Yy n 0VYa V0 000 00| + |090ab0 00abq + (’i) )

(5.12)
where we used integration by parts and the property 9,Y® = 0. Expressing this as
Y% — In) v 0 =
QY Y] = A1QY Y] + QY [V, (5.13)

we identify two contributions to the hard matter charge on the future time-like boundary.
The ‘hard log charge’ is given by

In) 1 rkm3

QY = ~ 45y

_ 1
/ A3y Y *(Dahrr )b*b, (5.14)
it

which we stress is ezxact in the gravitational coupling k, while the coefficient of the cutoff-
independent term is given by

2

0) v/ im O (% *
QW V] = - o /i+ By VO (b*0ab — bOub") + O(K2). (5.15)
Here we have used by = %b to write the final expressions in terms of modes that

satisfy the standard Poisson bracket i{b(p), b(p")}pp = (27)3(2E,)5* (9 — §'), or in hyperbolic
coordinates P = mpZ,

. 2
ifb(y), b(y)}en = (21)° —36%(y — v/). (5.16)
Analogous expressions are obtained at the past time-like boundary i~.

5.2 Radiative symplectic structure and soft charge

The radiative symplectic structure is given by
Q(5,68') = / dS,wh(6,8'), (5.17)
X
with pre-symplectic form

1
wh(8,8") = = [ — 9726952V, 8" g" — g6 goa V(970 gui) — 09" V1, (672 gor) 5.15)
+ 26,5 V" 8'gh — 39,5 V"'g" — (6> 8')].
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On a Cauchy slice X of constant ¢ with dS,, = d®z n,, and normal n, = d,t the symplectic
structure is Qy, = fzt d3x w!. We can evaluate this on future null infinity by going to retarded
Bondi coordinates v = t — r and pushing r — oo while holding u fixed,

Qv = zthfﬁ Oy, = — . dud®s rw,. (5.19)
For a graviton field with ‘standard’ large-r fall-offs (3.34) and (3.33), and for variations
that respect these fall-offs, the radiative symplectic structure is simply

Qiad’AS = 3 wt, wh = _iz(sCABat(SICAB — (0« 5I)- (5.20)
PN K

Upon pushing the Cauchy slice ¥; to future null infinity this becomes [78, 79]

rad,AS __ radAs _ 1 24 '/ ~AB /
07 = lim 0 3 | dudd (6CAp0.'CAP — (50 8)]. (5.21)
This is the famous Ashtekar-Streubel (AS) radiative symplectic structure. It is finite provided
that the shear at early and late times falls off as

Capln) 2% O @)+ 0( 1 ). (5.22)

where # is any positive number. While this includes the asymptotic behavior (3.35) involving
1/u tails, the Ashtekar-Streubel symplectic structure cannot account for superrotations which
change the metric on the celestial sphere as (4.5).

The superrotation action on the angular components of the metric at leading order turns
out to render the radiative symplectic structure linearly divergent in r,

i fin
?ﬁ = / dud® rw,, r2w, = rgu:: + Wy (5.23)

This O(r) divergence is well-known in the literature [32, 61, 75] and can be removed via an
appropriate renormalization of w. Expressing the pre-symplectic form as w(d,d") = 60(d") —
(0 +» &) exposes the freedom to perform a shift in the definition of the pre-symplectic
potential © — © + df where 0 is a spacetime co-dimension 2 form. After exploiting this
freedom to remove the linear in r divergence, our starting point is the radiative symplectic
structure [32]

1
—— | dud’
I+

Qrd = 6C189,6'Cap + %MABDQ(S’C’AB — (6. (5.24)

If one of the variations is a superrotation (4.4) the radiative symplectic structure (5.24)
for a gravitational field with the long-range tails (3.35) turns out to be a total variation
in field space,

QA8 y) = 0QEL[Y], (5.25)

which allows us to extract the charge

QY] / dud2 —ud,)CAB (2D Y + DADpD - Y) +uN4BD?D AYB}. (5.26)
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Acting with a superrotation results in the charge (5.26) being linearly divergent in u, which
we can remove by adding a suitable boundary term,

Q5+ / dud? T Oy uOAB (2DAYg + DaDpD - Y)} , (5.27)

which is a corner term on Zt.'' This yields

Qrad—i-D[ ] _ Qrad [ ] + QE_AY]
1 5.28
= —— | dud’2uN*?|[2D4DpD-Y — (D? —4)D4Vp| . (5.28)
K4 JT+

The u-integral in (5.28) along the null direction is logarithmically divergent but this is due
to the long-range nature of the interactions. We regulate this divergence at early and at
late times © — 400 via an infrared cutoff A=!: we pick a finite but large ug, and split the
u-integral into three segments (—A~1, —ug) U (—ug,ug) U (up, A~1), so that the contribution
from the middle segment is finite.!> We may approximate the integrand of the upper and
lower segments using (3.35), with an error of order O(ugy ') which is finite since ug is finite
(and large). This implies that the integrals are logarithmically divergent in A=,

/+A1 duu0,Cap = — /+A1 du ( C(l)> /_uo du ( C(l)) + (finite)

—A-1 +ug A1
= —mAT(CYE - ClST) + o),

(5.29)

One may readily check from (3.35) that the expression in parentheses correspond to the
integral of —8,(u?0,Cag),

-1
/ +AA1 duud,Cap = In A~ / O:O du 0, (u20,C.uz) + O(A?). (5.30)

Long-range interactions now add a drag: due to the spacetime curvature caused by the
matter the soft graviton experiences a gravitational drag at late times. This effect can be
taken into account by solving Einstein’s equations at Z7. The gravitational drag on photons
takes the form of a phase that is logarithmically divergent in r [80]. By the equivalence
principle gravitons undergo the same effect, which results in the shift

lim Cap(u,z) — lim
u— AL u— AL

0
Cap(u,#) — S A~ hw(:i‘)auCAB(u,:%)] C(5.31)
The shift in C4p amounts to an additional contribution to the charge

erag reg[ } 2 lnA - dud2$ hw@ C AB [QDADBD Y — (D2 _ 4)DAYB} , (5.32)

1 Contributions to the symplectic structure which are localised on co-dimension two boundaries can be
interpreted as the inherent ambiguity in the definition of symplectic structure. Hence the removal of the
linearly divergent term Qg’ . [Y] is equivalent to fixing such a corner term ambiguity.

2This is true as long as Cap(u,2) is analytic in (—oo,00) and this is indeed true for smooth classical
asymptotic data at I*. If the asymptotic data is distributional (for example the data associated to shockwave
geometries) then the charge in (—A™!, A™!) will have a divergence, but we do not consider such a scenario in
this paper.
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where we have integrated by parts in u and used the fact that the resulting boundary term
vanishes since 9,Cap falls off as O(u~?2), as can be seen from (3.35).13

After this cutoff regularization we can then define the soft charge on the future null

boundary
Q8.+ [Y] = Q5T E Y] + QY] _—
—1(n 0 '
= AT QY]+ QYL IV,
where we identify two distinct contributions. The ‘soft log charge’ is
(In)pyq L 2 { 24 ~ABy KD AB}
Y)|=-— dud*® |0y (u*0,C — —hp 0, C
QS,+[ ] w2 T+ ( ) 9 (534>
X [QDADBD Y —(D* - 4)DAYB} ,
with Cap given in (3.35). The coefficient of the cutoff-independent term is
(0) _ 1 24 AB 2
QLY =~ | dudiud,C 2D4DBD Y — (D* = 4)DaYp|,  (5.35)

where, in slight abuse of notation, C'4p now denotes the early/late time fall-offs (3.35) without
the Coulombic tail. Analogous expressions are obtained at the past null boundary Z—.

6 From charge conservation laws to soft graviton theorems

We are now finally in a position to establish the connection between the conservation laws
for superrotation symmetry and the logarithmic soft graviton theorem. As a byproduct of
our analysis, we will see that superrotation symmetry continues to imply also the subleading
tree-level soft graviton theorem. For comparison we will also review the relation between
supertranslation symmetry and the leading soft graviton theorem.

It will be convenient to express the hard charges in terms of the energy-momentum
tensor. The charge that generates a diffeomorphism ¢ on i* can be written as [60]

Qule) =~ [ ds,1v.¢" (6.1)

For supertranslations £ = f0, and superrotations & = Y®9,, the expressions for their charges
at 9T are given, respectively, by

QH,—F[JF] = Tli_{glo ” d3y TSTTT]?v (6'2>
Qu+lY] = lim / &y 3T, Y, (6.3)
T Jaq.

and similar expressions at 7.

13The integration range Z" in (5.32) should be understood as being regularised by the cutoff A~*. However
as the integral is not divergent as A™' — oo, we simply replace (—A™', A7) with ZT.
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6.1 Leading soft theorem

We start by briefly reviewing the symmetry interpretation of the leading soft graviton
theorem [3, 60]

lim wMpyi1 =S Mpy. (6.4)
w—0

For a supertranslation ¢Z° = f (2)0, at null infinity such that the shear transforms as
§Cap(u,2) = —(2DaDp — yapD?) f(#) we get the expression for the soft charge

_ 1 . R _
Qg‘,i)[f] =3 /52 d*2 (2D4Dp — yapD?) f(2) J/(;B%i (6.5)
in terms of the leading soft graviton operator on ZT,

- oo ustoo 1
jng%—)&-E/_oo dud,Cap(u,&) with Cap "= Cg% +O(’ ‘#> (6.6)

where # is any positive number; a similar expression is obtained on Z=. For A, B = z,Zz
we recover the expressions

- 2 ~1),2%
Qs ¥ =—5 / @3 [D2f g0 4 D2pg U (6.7)

familiar from the literature [3, 81]. For a supertranslation g =f (y)0r at time-like infinity
such that do(7,y) = f(y)d-p, we get the expression for the hard charge [60]

n= [ dvit ) Tt () (6.8)
in terms of the free matter stress tensor (3.19). Using by = #b we have
3 m3
Tmatt — * )
2<27T>3b b, (6.9)

where b and b* are the scalar modes that satisfy the canonical bracket (5.16).

Both soft and hard charges are exact in the gravitational coupling «. The superscripts
(—1) anticipate the connection of these soft and hard charges with the leading soft graviton
theorem which scales as w™! in the soft expansion. Indeed, upon antipodal identification of
the symmetry parameters f (y) and f(Z) between i UZT and i~ UZ ", we obtain charges

QF Y = Qs + Qi (6.10)
on the future (+) and past (—) boundary that satisfy
V=0, (6.11)

Upon quantization this charge conservation law for supertranslation symmetry corresponds
to the leading soft graviton theorem [60].14

14Gee [3] for the relation between supertranslations and the soft graviton theorem for massless particles.
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6.2 Subleading tree-level soft theorem

In [58, 60] it was shown that the subleading tree-level soft graviton theorem
lim (1 + w0, ) Mny1 = SoMn (6.12)
w—0

can also be understood from a conservation law of charges

QY =Y (6.13)

associated to superrotations (4.4) and (4.7). The hard and soft contributions to the future (+)
and past (—) charges,

QY = QY + QY. (6.14)

are precisely (5.15) and (5.35). So, as a byproduct of our analysis which took into account
the long-range nature of gravitational interactions, we rediscover the result of [60].!
The soft charge is given by

1
QLY = 7 i [2DDPD .Y — (D* - )DYP] 7)) | (6.15)

in terms of the subleading soft graviton operator on Z+

e u—s 00 1
jﬁ‘gﬁz/ duudyCap with Cap " =2 Cfl);’i—l—O(W), (6.16)

where # is any positive number > 1; a similar expression is obtained on Z~. For A, B = z,Zz
we recover the form

2 zz z zZz
QY] =~ L |D2Y=g0 4 DIV EgOE (6.17)

familiar from the literature [58, 60]. The hard charge can be written as

Q.lV] = / L&y Yo (y)Lraly), (6.18)

where the energy-momentum tensor obtains contributions from matter and gravitons,
3 3 o By

Troa=T2"4+T7,. (6.19)

The graviton contribution is at least of order O(k?), while the matter contribution (3.19) has

a free part of order x° and no interacting part of order O(x?) so that

im?2

3
Thet = b*Dab — b b* 2
is actually exact. We have again used by = , /4(;"7#)31) to write the matter stress tensor (3.19)

in terms the modes b, b* that satisfy the canonical bracket (5.16).

15See [58] for the relation between superrotations and the subleading soft graviton theorem for massless
particles.
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6.3 Logarithmic soft theorem

Our goal in this work is to identify a conservation law of charges derived from a first
principles covariant phase space approach which is equivalent to the classical logarithmic
soft graviton theorem

. 2 1

3}1_% 6“’ (w 8WMN+1> = S(() rcll::s)swal'/\/lN (621)
We expect the latter to be associated with the same diffeomorphism (4.4) and (4.7) as the
tree-level subleading soft graviton theorem corresponding to superrotations but with an
infrared-corrected Noether charge given by our soft and hard logarithmic charges (5.34)
and (5.14). The soft log charge is given by

n 1 Eo 5
QY] =3 [ &% [2D*DPD.Y —(D* — DY P] 74,
(6.22)
1 PN AnB Ay B
+ﬂ/d:z:hrr{2DDD-Y—(D DAY ] gl

in terms of the leading soft graviton operator (6.6) and the ‘log soft graviton operator’

) _ [T 2 : u—rtoo ~(0),+ (1),+
g = /_Oo du 0, (1?0,Cap) with Cap o0 4 WCAB +O0(n L) (6.23)
and # any positive number. For A, B = z, 7 we find!®
n 2 n n ZZ
QY] =~ [ d% [Div=g{™ 4 iy g
) SR B (6.24)
+ = dQlA, hrr [Dgyzj—i(_—l),zz + Dgyéj_i(_—l),féz} ’
K Jg2
where d?% = 7,zdzdz. The hard log charge can be written as
QYLIY / By v T Ymat, (6.25)
where the expression for the interacting stress energy tensor (3.19) using by = ﬁb
is given by
3,In kms 1
Twat = Oohrr)b*D 6.26
T 4(27'(')3 ( ) ’ ( )

with the b and b* modes satisfying the canonical Poisson bracket (5.16). Both soft and hard
logarithmic charges are exact in the gravitational coupling k.

One obtains soft and hard charges, an_) and Qgrj)_, on the past null and time-like
infinities, respectively, by a similar analysis. Upon antipodal identification of the symmetry
parameters Y%(y) and Y4(2) between it UZ* and i~ UZ~, we obtain charges

QM = Q5" + QY (6.27)

5Note that our expression for the soft charge agrees with the BRST cocycle analysis of [82]. We thank

Tom Wetzstein for pointing this out to us.
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on the future (4) and past (-) boundary satisfying

QY = Q™. (6.28)

In the following we will establish that this classical conservation law, when recast as a
symmetry of the S-matrix,

(out| (Q™S = SQ™) Jin) = 0, (6.29)

corresponds indeed to the classical logarithmic soft graviton theorem. Before we proceed let
us clarify some points. It may appear surprising that we have to turn to quantisation of the
classical conservation law to show its equivalence with the classical logarithmic soft theorem.
However, this is simply because the classical soft theorems are written in terms of asymptotic
data of point particles as opposed to fields. Moreover, our classical charge derivation uses
retarded propagators and we therefore recover the classical but not the quantum log soft
theorem. To derive the latter the effect of quantum propagators would have to be taken
into account and we leave this for future work.'”

To prove that our superrotation charge conservation law implies the classical logarithmic
soft graviton theorem we make use of the split into soft and hard charges. In turn we show that
the commutator of the soft charge with the S-matrix gives rise to the soft graviton insertion,
while the action of the hard charges on the matter fields lands us on the logarithmic soft
graviton factor. Since the superrotation charges are smeared over the celestial sphere, to make
contact with the soft theorem we make the following judicious choice for the superrotation
vector field'® on ZT,

(2 — w)? :

Y* = . YP=0. (6.30)

(2 —w)
Using the identity D3Y* = 476 (2) (z—w) this choice projects to negative-helicity gravitons; the
log soft theorem derived via the Ward identity of this superrotation charge shall correspond

to (1.5) with negative-helicity polarization tensor €.

Soft log charge insertion (0ut|[Q(Sln), S]|in). The soft log charge for the choice of vector
field (6.30) takes the form

In 87T ww In 47T w'i)o — —1
Qg,-i)-[y] = 7?7 ’L%’III?-F + ?’Y hrr(wyw)jléw’i. (6.31)

0 0
The sourced graviton, obtained from (3.31) via hy, = (0rz")(0px”)hy, is given by

) = —= [ Py (gt ) - V)T ), (6:32)

"Note that for the leading soft theorem (and all subleading tree-level soft theorems) the distinction between

classical and quantum propagators do not matter.
8This is the same vector field as was considered in [59] in deriving the subleading tree-level soft theorem
from superrotation symmetry.
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3
The matter energy-momentum tensor 7™ is given by (6.9). Upon quantization, the Poisson

bracket (5.16) becomes the following equal-time commutator for the ladder operators b(y)
and b'(y),

2
[b(), 0" ()] = 2m)* —0°(y — o). (6.33)
0
Thus the action of h,. on an outgoing Fock state is simply

(out| hrr(w W) = —— Z p;) (out]. (6.34)

zeout

The insertion of the leading soft graviton operator jé;li (3]
K

oo = =TT g Ay [va-(@d0) + wal (wi)] (6.35)

yields the Weinberg soft graviton factor. Here ai is the annihilation operator of a graviton
with positive/negative helicity, and &, = 1+ww (0 + w,i(w — w),l —ww) is the unit 3-
vector that points in the direction defined by (w,w). The insertion of the logarithmic
soft graviton operator juglg) 4 corresponds to a negative-helicty graviton insertion with the
projector wd2w = d,w?d,,

In IR o A
Tais = Gl e Ay 00 [a-(wdw) = al (wdw)]. (6.36)

Following a similar analysis on the past boundary, we obtain the following expression for
the soft charge insertion to the scattering amplitude,

(out|(Qg hl)S SQ 1n))]in> = —; hn% Dw?d,, (out| a® (wiy,)S — Sa'f (wiy,)! [in)
—
a2 (6.37)
2R .
S Y B s,
Trzeout J€in,out i 4

where wg!(w,w) is the momentum of the soft graviton, and in the second line we have
used momentum conservation ;i ot Pi = 0 to replace the sum over incoming momenta
with the sum over outgoing ones.

Hard log charge insertion (out|[Q(ln) S]|in). The hard logarithmic charge (6.25) con-

tains the ‘Coulombic’ graviton operator hTT It satisfies the differential equation (3.13), so
the inhomogeneous (sourced) solution can be written using the Green’s function derived
in appendix C,
1
K d (y y) 2 %matt
/ y y/ TT

Here Y and Y'* are the four-vectors parametrized by y and y’ respectively as (2.8). The

hers) = ). (6.38)

matter energy-momentum tensor is given by (6.9). Upon quantization, we obtain the
following expression for the hard log charge,

o 2 a VYV =5 40
%)[Y]:—ZT o) @bt &y J(# B ()bl

(6.39)
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The colons denote normal ordering with respect to the ladder operators by and bg. With the
choice (6.30) for the vector field, the map (4.10) from Z* to it implies that [60]

-0 p-eT _ 0 0
yo— =5 g [pr— —pr— ], 6.40
997~ pog n (p p ) (6.40)

where p#* = mY* and ¢* = (1,2,). Using this and the commutator (6.33), we obtain the
action of the future hard charge on an outgoing Fock state to be

- 2 — . 2 1,2 2
1K £ . . a a . — =M -

(out] Qi = — 1o Pig, <p7 o~ bl ) i i) — aPi5 | (o
T Pi-q piv Dip \/(pi pj)? — p2p?

,j€in
i#]
(6.41)
The normal ordering of operators in (6.39) results in the sum in (6.41) being over distinct
pairs of outgoing scalars, in exact agreement with the soft factor (1.5) of Saha-Sahoo-Sen [2].

Applying the momentum derivative, we land on the following expression

2

2 - 0 . NV oV
In K €07 q, (pi - pj) (05 P — PiPY)
| = > i e (s - pj)? — 3p%p?] {out|. (6.42)

(out| QYY) = — oo
i 32m 5. Pitd [(pi'pj)Q—pzszQ‘]g/Q
i

When we repeat this analysis on the past time-like infinity, the action of the past hard charge

anz on the incoming state is analogous to (6.42) but with an overall minus sign. Thus,
the hard charge insertion amounts to

(out| (QY".S — SQY ) [in)

= s 3 €D 0 (D - p3) (0} P} — PYPy) 6.43
82 3 2(pi - p;)* — 39292 (out|S[im),  (6:43)
327r77i77j=1 pi-q [(pipj)?— pip3)3/? i Pj i Dj

where 7; = +1 (—1) if the i-th particle is outgoing (incoming).

Log charge conservation implies log soft theorem. Collecting the two results (6.37)
and (6.43) for the soft and hard charge insertions, we find that the classical conservation
law (6.29) can be recast as the equation

lim0 Dw?d,, (out| (a®(wi)S — Sa'l (w)') |in)
w—

i(%£)3 o7 qu (i - i) (0% — PEDY) ,
1) > - o [2(pi - py)? — 3pip]] (out]S]in)

. o1 )2 - 209213/2
4 i piva  (pi-py)?—pipj]¥ (6.44)
]
i(5)3 pj e )? :
s gy B usiing
™ 1€out j€in,out pj-4q

The operator lim,_o d,w?2d,, projects to the coefficient of Inw in the soft expansion. One
recognizes the r.h.s. to be exactly the leading logarithmic soft factor (1.5) (times two, since
the Lh.s. is a sum of two insertions).

We have thus derived, from first principles, a classical conservation law for superrotation
symmetry that accounts for long-range infrared effects and established its equivalence with
the classical logarithmic soft graviton theorem.
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A Useful formulas

Hyperbolic and Bondi coordinates. We list the metric components and the Christoffel
symbols for the coordinates near the future time-like infinity i* and the future null infinity
Z" that are used in the main text.

Time-like infinity. Near i*, we employ the hyperbolic coordinates (7, p, %), where T and
p are related to the Minkowski time ¢ and radial coordinate r by

r
T = \/t2—7‘2, p:\/ﬁ, t:T\/l—FpQ, r=Tp. (Al)

The line element in these coordinates takes the form
ds? = —dr* + T%kapdy®dy”, (A.2)

kagdyadyﬁ = + p?yapdz’da®, (A.3)

1+ p?

where y4p is the unit sphere metric. The metric k.3 describes a three-dimensional hyperboloid
with unit negative curvature, and therefore the associated Ricci tensor is given by (3)7?,@5 =
—2kqp. As a consequence, we have the following identities for any covariant vector X,
on the hyperboloid,

[Da DB]Xﬁ = 2Xa, (A.4)
[D*, D? X, = —D*X,, (A.5)

where D, is the covariant derivative on the hyperboloid, compatible with kg, and D? = DD,
The only non-vanishing Christoffel symbols for the metric (A.2) are

1
Top=Thas, Do =—03, 5, =01, (A.6)

Here (3)1“%‘7 denotes the Christoffel symbol for the metric (A.3) on the hyperboloid. Written
out explicitly, we have the following non-vanishing components:

T 9 1 P
or =1 2 N
.7
1 1
FZB =—p(1+ PQ)’YAB; FfB = ;5§, FfB = ;51@‘; Fgc = (Z)Fgc,
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where (Z)Fgc is the Christoffel symbol for the sphere metric y45.'° The Riemann tensor
is given by the simple form

(3)736,575 = —kaykgs + kasks. (A.8)

Null infinity. Near Z7, we employ the retarded time coordinate (u,r,#) where u =t — r.
In these coordinates, the Minkowski metric takes the form

ds® = —du® — 2dudr + r*yapdz?da®, (A.9)

where y4p is the unit sphere metric. The only non-vanishing Christoffel symbols are
1
I'ip = r74B; I'yp = —ryaB, Il = ;52%, Iie = ®Tge, (A.10)

where <2)I"§C is the Christoffel symbol for y45.2°

Equations of motion and gauge condition. We summarize here the equations of motion
for the real massive scalar field minimally coupled to gravity as well as the gauge conditions
in, respectively, hyperbolic and retarded Bondi coordinates.

Time-like infinity. The de Donder gauge condition (3.3) in hyperbolic coordinates takes
the form

3 1

1 1
— a af
0 — _587-}1/7-7- + TQD hO!T - ;hTT - Zk aThaB,

272

; . , (A.11)
= - Thra - *hra —D"h a 7Do¢h7
0 19) - + = 8 5

with the trace in hyperbolic coordinates given by h = %k:aﬁ hag — hrr. The equation of
motion (3.9) for the real scalar field is given by

3 1
— 2 2 2
0= {—87—7_(974-7_22) —m}gp

2 1 1

2

+ /1[ — herl + Sl (GTDO‘ - Tpa) ~ —thag (DO‘DB - TkaﬁaT) ]cp. (A.12)
91n the stereographic coordinates 7.z = ﬁ, we have AI'?, = 11—255 and DTz, = 112;2.

208ee footnote 19.
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There is no radiation at i* but the matter stress tensor T lﬁatt sources a ‘Coulombic’ metric
field via Einstein’s equations which in hyperbolic coordinates take the form

K 1,/ 1 3 1
_7TTT - 3 2 (s T | — 5 _ Ut 7,D2
. 502 (TQk hap + h ) 5 0rh+ 55 Dh

3 1 2 4 2
+ —0cher + ﬁp%w — 50:D%hra — ﬁkaﬁhaﬁ + ﬁka%hqﬁ,
1
72

K

1 2 1
2T =0, [72 (kﬂVDahg,y — D*Bhagﬂ + =Dahrr + (D? — )y — ﬁpﬁpahﬂ;,

2

K 1
—~5Tap = DaDsh + (D*has — D Dahsg — D' Dgha — 4hag)

1 1 2 1
+ kag [—2D2h —4hor + 5723% + =Dy +70; <2h - 2hTT>}

1 1 1
+ —0rhap — O2heop + —Dahrp + ~Dghra + 0- (Dahrs + Dghra) (A.13)
Null infinity. In retarded Bondi coordinates the de Donder condition (3.3) takes the form

2 2 1 1
0= (au + ar + ) hur - <a’r + ) huu - 8uhrr + jDAhuA - *Q/YABauhABv
T T T T
2 2 1 1 1
0= <8T — > hur + <8u + > hrr + ?DAhTA + 72’YAB (Br + > hAB, (A14)
T T T T T

2 2 1
0— (&« P r) B — (ar + r) hua+ Da(2hur — hor) + 577 (Dishac — Dahsc).

Einstein’s equations (3.4), expressed in terms of the trace-reversed metric,

- 1
h,uzz = huu - inyyh, (A15)

are given by DEW = —5T,, whose components take the form

K [ 2 1 -

*Tuu = 2 -2 uwUr T —\Ur — Uy DQ] huu;

; 92 20,0, + (0~ 0)+ 3

K s 2 1 2] 2 2 .-

—5tur = -2 uUr T —\Ur — Uy —D hur 5 huu_hur ——=D hu )

5 Tor = |07 20,0+ (8= 0u)+ + 5 )= =5 D" hua

- 1 B - -
= 83—28U8T+T2(D2—1)] = > Dl ),

K :2 2 1 5]+ 4 - - 4 a7 2 By
_5 rr — _ar_Qauar‘f’;(ar_au)"i‘ﬁD :|hrr+72(hur_hrr)_73D hrA‘i‘Tj'Y hA37
B 2 Ll n et ph ko — 2 DB

9 rA = _87« Qauar"’_TQ(D 5)] hrA+r2huA TDA(hur hrr) TSD hABa

r 2 1 .]- _ _
_gTAB — 83 - 28uar - ;(ar - au) + T’2D2] hAB +2'7AB(huu +hrr - Qhur)
L 5 ) ) i i
+= [Da(hen —hup)+ Dp(hra—hua)| (A.16)
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B Tails from time-like to null infinity

The u — oo behavior of the Cartesian components of the trace-reversed graviton field (3.28)
at It is

lnu 1,ln

1 11
) 4 2 By (@) 4+ =) - | (B.1)

>
=
N
2
|
S|
| —|
>lo

where the coefficients can be obtained using the expression (3.29) for the energy momen-
tum tensor,

0 P 3 3
h,ul/(mA) = 8777' /dsy(_q : y) lyuyuTTra

Lln K 4ln . 3,In

h,U«V(xA) = g /dgy (yuyVTTT -D (yp,yu)TTQ> ) (BQ)
1 1 K 5 4 3 2

hyw (27) = 8 / By VIVTrr — DVI)Tra + (DY) (DP V)T op (B.3)

4,In 3,In
- In(*q : y) (yunyTT - Da(yuyzz)TTa> ] .

0 1,In
The graviton energy-momentum tensor fall-offs (3.20) imply that A, and h,, receive contri-

butions only from the matter energy-momentum tensor. Now we use energy conservation
VT, = 0, which in hyperbolic components translates to

3 1 1
- <87- + ) 17-1- + 72Da17-a - ?kaﬁjaﬁ — 0 (B4)
T T T

4,In 3,In 4 4,In
For the relevant terms in the 1/7 expansion we have T, + DT = 0 and T77 — Trr +

3 2
DT o — ko‘fBTag = 0.2 As a consequence the Inu/u term takes the form of an integral
over a total derivative which vanishes,

}’ln A K 3 3,11‘1
hﬂl’(x ) = _g/d yDa y/,Lyl/T’Ta =0. (B5>
Now we use momentum conservation V#T),, = 0, which in hyperbolic components translates to
(0, + 2\ T+ 2 DPT5 = 0 (B.6)
T o Ta 72 apf — Y. .

3,In 2
From the large-7 expansion we have Ty, — DT op = 0. The 1/u term simplifies to

3,In

1 3,ln 2
Py (2) = % / d*y {—yMyVDaTmHn(—qy)Da <yuyuTm> + (VD kP + (DY) (DPV))) Tap

8
) ¢ (VD02 - VDDV 4, !
= g/dsy (—q~:))) T7a+(ypyuka6+(Dayﬂ)(D6yV)) TQB ) (B7)
4,In 3,In

21Note that while (B.4) together with the fall-offs (3.18), (3.20) imply Tr + D*Tro = 0 at O(k?), we will
show in appendix D that this actually holds to all orders.
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where we have integrated by parts. The graviton energy-momentum tensor (3.20) does not
3,In

contribute to Tro, and the matter energy-momentum tensor (3.18) does not contribute to

2 - -

Tnp. Finally, we use h,, = h,, — %nw,h and ) -)Y = —1 to obtain expressions for the

coefficients in the large-u expansion of hy, in (3.30),

0 K . 1 3
h,lw(xA> =5 /ddy(_q : y)il (yp,yy + 77#”) T?}att,
8w 2

0

1,In

hpu(xA) =Y,

Lok [ (@ VDY) — e + 50 D@ V)R (B.8)
by () = 87r/dyl =y T o

1 1 2
- ((yuyy + )k + (DY) (D7) - QUW(DQ%)(DW“)> Tiig] :

C Green’s functions and bulk-to-boundary propagators

Vector Green’s function G9. The Green’s function G%(y; &) used in (4.11) is defined
in terms of a scalar bulk-to-boundary propagator of the type D2G(™ = n(n — 2)G™ with
n = 4, [77]

G%(y;2)00 = —GD (y; 2) LY (2) T (y), (C.1)

with LY = ¢"Dag” — ¢"Dag" and J,, = 2,0, — 2,0, Here ¢* = (1,2) and

3 1

G338 = 5y g

which satisfies lim, 0o p72G™W (p, 3;2') = §2(2 — ).

Green’s function G for sourced graviton. In this appendix we derive the Green’s
function satisfying the differential equation

(D*=3)G(y;9) = -8y —v/), (C.3)

where y and 1/ are two points on a constant-7 hyperboloid. Parametrizing the hyperboloid
using the p, & coordinates in (2.7), the delta function on the r.h.s. takes the form §(y — /) =

VL 50— )62 (3 — #

e & — &'). In these coordinates the Laplacian takes the form

2 + 3p? 1
D? = (1+ )02 + (Jrip)ap + ?DQ, (C.4)

where D? is the Laplacian on the unit sphere. By symmetry, the solution to (C.3) only depends
on the proper distance between two points on the hyperboloid. The proper distance squared is

(¢ —a)? = (@Y -V =2r21-D-)), (C.5)
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so we take G to be a single-variable function of P = —) - ). Note that P > 1, and P =1
corresponds to the contact point y = 3/. Without loss of generality, arrange the coordinates
such that g’ sits at the origin. This drops all angular dependence of P, and the map from
p to P becomes simply P = /1 + p?.

Let us first solve the equation outside the source: P > 1. In this case the equation (C.3)
becomes

(P?> —1)G"(P) + 3PG'(P) — 3G(P) = 0. (C.6)

This has the following solution,

(P* —3)

P)=A
9(F) P?—1

— BP, (C.7)
where A and B are integration constants. As this is a Green’s function, it should be singular
at the contact point P = 1, so we set B = 0. We fix A by going back to the differential
equation. Writing G in terms of p, we have

_ @+
Gly)=A % (C.8)
and the differential equation is
1 V14 p?
(D* = 3)G(y) = == L—(p). (C9)

4T p

On the r.h.s. the angular delta function has been replaced by ﬁ since at p = 0 both angles 0,
¢ are degenerate. The source is at the origin, so we can capture its contribution by integrating
over any small volume around the origin and using Stokes’ theorem. Integrating both sides
over an infinitesimal volume 3. around the origin bounded by the surface p = €, we have
lim [ d3y(D? —3)G(y) = —1. (C.10)
e—0 Jx,
The integral of —3G can be done explicitly using the expression for G(y). One finds that
this contribution vanishes in the ¢ — 0 limit. What remains is a total derivative, so we
use Stokes’ theorem to write

d3yDaDG(y) = / d?2n°DyG(y) (C.11)

—1 =lim
e—0 Jx, p=0

The unit normal vector n® has only one non-vanishing component n” = p?+/1 + p2. Plugging
in the expression for G(y), we find that

= —27A A= —. 12
o TA, = o (C.12)

-1= /dQJE n*DaG(y)

Therefore, the Green’s function for the differential operator D? — 3 is given by (C.7) with
A= % and B = 0, which with P = - - )’ reads
1 (YV-Y)P-3
Glysy) = )2
2r (V- Y')?2 =1

(C.13)
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D Logarithmic charge to all orders in the coupling

In this appendix, we show that the expressions (5.14) and (5.34) for the logarithmic hard
and soft charges in gravity are one-loop exact, in the sense that they do not receive further
corrections at higher orders in k.

To incorporate terms of higher power in the coupling constant, we allow for terms with
higher powers of In7 in the large-7 expansion of the real massive scalar .

(InT)™
_ ZmT
o(r,y) =e ’; o:; Oj T§+’f ben(y) +coc. . (D.1)

Matching with the notation used in the main text, we shall also refer to the first few coefficients

In
as by = by and by = by 1. The graviton has falloffs given by (3.12) and (3.14) with one
power of In7 in the next-to-leading order,

11 In7ln 12
her(T,y) = —her(y) + —5 her(Y) + 5 her -+,
T T T
0 In71n
h'ra(7'7 y) = h'ra( ) + ThTa( ) e (DQ)

—1 In
hap(T,y) =T hap(y) + InThag(y) +

It does not admit higher powers of log at this next-to-leading order in the large-7 expansion;
4n  3n

such modes with n factors of In7 are sourced by the n-th logarithmic modes T, T, and

2.n

T, of the energy-momentum tensor, but we shall see below that these vanish for all n > 2.

Since the leading falloffs of the graviton remain unchanged by higher order coupling
corrections, the leading large-7 asymptotics of the graviton energy-momentum tensor (3.7)
also remain the same as the one-loop falloffs (3.20),

1 4 13 12
h h h h h h
TTT:7—4TTT+"" TTOc ﬁTTa_‘_"" TB:TiTO‘ﬂ_‘_'“’ (D3)

to all orders in the coupling k.

To find the large-T behavior of the matter energy momentum tensor, we solve the scalar
equation of motion to all orders in the coupling. The scalar modes in (D.1) relevant for
our purposes are ones up to order T_g(ln 7)™, and for these it is sufficient to solve the

2 22

equation (3.9) with just one k* correction,

[(g/u/ — kh™ KQhMUhZ 4. )VMVV _ mﬂ p =0, (D.4)

which one may readily see by counting powers of 7’s with the falloffs (D.1) and (D.2). Plugging
the expansions (D.1) and (D.2) into (D.4), we find that the scalar equation of motion has
the following large-7 expansion that is exact to all orders in k:

—imT - (ln T)n —imT - (ln T)n
0=e Z 7'5/2 qu,n t+e Z 7'7/2 Eq%:n teco 4, (D'5)
n=0 n=0

22There are other corrections to the equation at this order in x coming from corrections to the covariant
7
derivative, but they contribute to the equation only at order 7~ 2 (In7)™ and higher in the large-7 limit.
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where

1
Eq%n = mQﬁhTTbom + 2im(n + 1)bo,n+1, (D.6)
s 3 1 0 -1 P , 2
Eqz, = <D + i 3imekhr — 2tmkh.o DY — im/iko‘ﬁhag +m*k*(hrr)* +m H,h7—7—> bon
29
— 2imby , + 2im(n + 1)by py1 — (0 +2)(n + 1)bonr2 + (7 + 1)bo i1

1 1 In
+ m2/~ih77b1,n + 2imk(n + 1)hrrbo i1 + mQ&hTTbO,n,l. (D.7)

n = 0 fixes all bp,, in terms of by,

Solving Eqs
2

b —1<i i)nb (D.8)
O,n—n! QmK‘ T 0, .

and bg is the unconstrained free data. This implies that the leading (k = 0) set of terms
n (D.1) exponentiate to a phase,

1
mf{hﬂ—

— (In7)™
o(r,y) =e "7 bo—l-z Z 3+k ——bpn(y) +cc.|. (D.9)
k=1n=0 T2

Using (D.8) to simplify expressions, we can write the equation Eqz , = 0 as
27

_ —1 2 3 . 2 . 0 a afs -1 2 2 (ZH)n
bip = m [ (D +1 —5iH + H” —2imkh;o D" —imrk®” hog+m kh r o bo
In (n+1)
+m HhTTbOn 1|+ 1+Z.Hb1,n+17 (DlO)

where we define by,_1 = 0 for the special case n = 0. We have employed the shorthand

1

H = —mrh., (D.11)

| =

to avoid notation clutter. The factor (1+iH)~! is a formal expression that represents the series

(—iH). (D.12)

M]3

1+4¢H ;

I
=)

The equation (D.10) defines a recurrence relation, which allows us to write by, as

i = 1 3 0 -1 2
D*+= —5iH+H?—2i DY —imrk™” 2 i H)*
bip= an' (1+’LH)k n+1< +4 5iH + tmkhrq imrk“’ hog+m /@h77> ((z ) bo>
m2/-£h bo = Kk(iH)*!
— . D.1
T i) kz:%(lﬂ'H)k*"+1 (D-13)
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After applying the derivatives D? and D%, we find that each series is a Taylor expansion
that reduces to a simple closed form:

bim=— [n(n —1)(GH)"? 4+ 2n(iH)"" ' + 2(iH)"|(D“H) (D, H )by

2imn!

L. n ; n—1 1 o 1 2 9 « i ln
+ ﬁ[(zH) +n(iH) ] (m(aaH)D + %(D H) — ikho(D*H) — §m1€h7-7- bo

120 3 -1 2 0
+ ézzmzz' (DQ + 1 5iH + H? — imlik‘aﬂhag + mPkh, — Zimmhml)o‘> bp. (D.14)

Now we use this expression to derive the large-7 expansion of the relevant matter energy-
momentum tensor components that is valid to all orders in the coupling constant. The
matter energy-momentum tensor is given by

1
T = 00,0 (guutrhw) [(67) = KA + 2K R + O(1)) 95 p0rp +m?@?| , (D.15)

where O(h3) represents terms with three or more graviton factors. Plugging the expan-
sions (D.1) and (D.2), we find that the energy-momentum tensor has the following large-7

expansions
Tmatt — Z (lnT)n?)z:Lmatt + Z lnT Tmatt T
n=0 7
> 1 n3mn
T:&att — Z (r;;—) Tmatt 4. ’ (D16)
n=0
matt - (111 T)n 27nmatt
g = 30 ) e
n=0 T
The coefficients take the form
3.n
Tmatt =2m 5(1) T matt — msg’g,
. (D.17)
TmaLtt = mk:ag(QHsg) + 5O, T — _9mHsY + ms + 2m2sl),
given in terms of the four finite series
n n
= Z bakbO,n—ka 87(127)0[ =1 Z banfkaabo,k +c.c.,,
= k=0
it n (D.18)
s =i (n+1—26)b5 kbonr1—r si) = 3 biabi g +cc.
k=0 k=0

Let us evaluate these one by one:

. 59) and 37(1221 we find using the expression (D.8) that both are simple binomial expan-

sions of the form (1 —1)"~! = dn,1, that reduce to either 0, or d,1:

s = |bo| %600,

o , . ) (D.19)
S, = —2(8QH)|1)0’ 5,171 + Z(boaab() — boaabo)(smo.
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(3)

o sy’ with (D.8), the expression for s3 can be written as a sum of two binomial
expansions,

n+1 _1\k
()—’L(ZH n+1‘b’ Z n+1-— 2k)( 1)

K(n+1— k) D20,
_ bt 2n+1 n+1) =~ (n\, .k '
AR DO K ISHILRE) o (A TSN
: k=0 k=0

The first term in square brackets is d,,41,0 which is identically zero since n is non-negative.
The second term is simply 24, 9. Thus,

s = —2H|bg|?,.0. (D.21)

. 3%4): this one involves both by, and by ,. Using (D.10) and (D.8), we find that each
term that appear in the expression for 5%4) is a simple binomial expansion that is
proportional to either 6,2, d,,1 or d, 0, and that the terms proportional to d, 2 cancel

out. We end up with
(4) Ono [« 2 2 af —1 2 0 * Ty
syl = —ﬁ [zbOD bo + 5H|bo|” + mrk® haglbo|” + 2mkhrobgD by + C.C.]
1
+ — (Gno + 0n,1) (0 H) (B5Dbo + byD™b5) + (D*H)|bo 2] . (D.22)

Putting the results together, we obtain

Tmtt = 2m>bjbodn 0, (D.23)
Tmatt -m /4,(3 hT.,-)bOb[)(sn 1+ zm(boa bo — boaabz;)(sn’o, (D24)
Tmatt 0, (D.25)

and
1 -1 0
Tmatt —mdy 0 [ (b5 D?bo—boD?b) +mk(Thrr +2kP heag)|bo|?+2mkhy o (b5 D*bo +boDbY)
1 1
+m?k (6p.0+0n1) [(aahTT)(bSDo‘bo+boD“b3)+(’DQhTT)\bO\Q . (D.26)

In particular, combining these with the falloffs (D.3) of the graviton energy-momentum tensor,
we find that the total energy-momentum tensor satisfies

4,n 3,n

2.n
0=Trr=Tra=Tas foralln>2. (D.27)

2n>2 1,n>2 0,n>2
These are the modes that source the graviton modes h;r, hro, hos with two or more
powers of In7 at the next-to-leading order in 1/7; the fact that they vanish justifies the

graviton falloff condition (D.2).
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Therefore, to all orders in the coupling constant, the large-7 behavior of the energy-
momentum tensor components T, and T, is given by

. 13 . Inrdn 14
TTTatt — 7_71'17_7_?%1: 4+ 7_ T att ﬁTTTatt 4. ,
T;I;att ln; T gl(?tt ?T?;tt + (D.28)
7'
Tmatt Tmatt
where
3matt 27 %
TTT =2m bobo(sn,o, (D29)
Sjl—‘nmatt _ 2 6 ;L b*b
ra — M K( o TT) 000, (D.30)
3
T3 — im (b Oabo — boOaby), (D.31)
Tmatt 0. (D.32)

The subleading coefficients 45711’ nmatt %matt are given by the coefficients of d,, 1 and d,, o in (D.26)
respectively. What is 1mp0rtant for us is the fact that T does not develop higher powers
of logs of the form 7=#(In7)" with n > 2, to all orders in the coupling; their explicit form
is not of interest in this paper.

Logarithmic hard charge. The logarithmic hard charge is given by

(In) [ 3 Ol31n
QualYl= | dyYTr. (D.33)

The energy-momentum tensor has matter and graviton contributions,

Tro = TR L T (D.34)
The graviton part (3.20) is of order O(k?), and goes as 773,
13
Tfa = ﬁT];a +o (D35)

so it does not contribute to the log hard charge. The matter part takes the form (D.30),
which implies that the log hard charge is given by

(In) ro — 2 3, Vo ! *
Q7] = —m? [ dy ¥ (@uher)tibo. (D.36)

This expression, which is exact to all orders in &, is in agreement with (6.25) and (6.26),
which demonstrates that the hard log charge of gravity is one-loop exact.
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Subleading ‘tree-level’ hard charge. The ‘tree-level’ hard charge takes the form
O 51— [ Buved
Qi [Y]= . Ay YT 1. (D.37)
(2

3
The coefficient T, receives contributions from both matter and gravitons,

3 3 o 3h
Tpo = T2 4 Th (D.38)

The graviton contribution is of order O(x?), while the matter term (D.31) is of order x’; it
does not get corrections at higher order in x. Thus

QY. V] = im / By Y (Bi0aby — bodabis) + O(12). (D.39)
(2
The higher-order correction comes only from the graviton energy-momentum tensor.

Logarithmic soft charge. Higher powers of In 7 in the energy-momentum imply that we
should consider a generalization of the large-u expansion of the graviton field (3.30),

huy<x>=i[2uuw‘> S B ) 4 D)
n=1

(D.40)

The coefficients in the expansion are related to those appearing in the generalization of (B.1)
for the trace-reversed field by h,, = Bw/ - %nuyﬁ,

- 1 0 > (Inu)™ 1 n 11 A
hyw () = r Z ) + Ehw(w )+ (D.41)
where
2 K 3 1
h v = 5 d - vl T,
o= ae [ @y ) INT
1n
= r
h _l 7‘771
8 / Z <n> n(
4,r 2.r
Vo Trr (yMyV>TTa + (DV)(DPYV,)Tag | (D.42)
1 1,0
and h;w = hW Since we saw in (D.28) and (D.2) that both TTT and Tm vanish for all r > 2

2,0 2
and that T o vanish for all r except for Tag = Tgﬂ, we have

1In
huw =0 for all n > 2,
1,1

3,1
B = / &y (yuyy . —D%yuyy)Tm)? (D.43)
1 4 3 2
By = 8% / ddy [yMyVTTT — DV V) Tre + (DY) (DPY,) T

4,1 3,1
- ln(_q : y) (yMyVTTT - Da(yuyu)TToc> ‘| .
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1,1
For hy,, we can integrate by parts and use the energy-momentum conservation V17, =0
which reads

4,n 3,n 4n+1 2,n
Ty + DT = (n+1) Tpr + kT (D.44)

42
to write the integrand as T ,, which is zero. Therefore the © ™! Inu mode vanishes as well:

1,1 K 5 4,1 3,1 K 5 4,2 2,1
B = o / PyYpdy | Tre + D Tra | = o= / PyVu, | 2Trr + kT, ) =0.  (D.45)

1n 1,n
This establishes h,, = 0 for n > 1, and therefore h,, = 0 for all n > 1, to all orders in the
coupling: the expansion (D.40) does not admit corrections of the form W with n > 1

even at higher powers in the coupling.
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