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ABSTRACT: We explore the celestial holography proposal for non-trivial asymptotically
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gravitational counterparts described by the Schwarzschild and Kerr metrics, as well as the
Aichelburg-Sex] shockwave and spinning shockwave geometries and their electromagnetic
cousins. We compute celestial two-point amplitudes on these Kerr-Schild type backgrounds
which have the desirable feature, due to the presence of an external source, that they are
non-vanishing for general operator positions and are not constrained by the kinematic
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shockwave backgrounds where the two-point scattering amplitude of massless scalars can be
interpreted as a standard CFT three-point correlator between two massless asymptotic states
and a conformal primary shockwave operator. We furthermore show that the boundary
on-shell action for general backgrounds becomes the generating functional for tree-level
correlation functions in celestial CFT. Finally, we derive (conformal) Faddeev-Kulish
dressings for particle-like backgrounds which remove all infrared divergent terms in the
two-point functions to all orders in perturbation theory.
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1 Introduction

In the past few decades ever more sophisticated methods have been developed to probe
properties of quantum and gravitational systems. Key in this endeavor are scattering
amplitudes whose remarkable simplicity and hidden structure, emerging after extensive
calculations, fuel the search for new conceptual formulations. The prospect that physical
theories can be strongly constrained using general principles alone, and sometimes even solved
or bootstrapped, raises the hope for a non-perturbative understanding of the S-matrix. The
other major tool that has emerged is holography which offers a non-perturbative definition
of bulk quantum-gravitational physics through a conjectured duality with a quantum field
theory at the boundary of the spacetime.

A concrete realization of the holographic principle is achieved in asymptotically Anti-de
Sitter (AdS) spacetimes whose dual conformal field theory (CFT) lives on the timelike
co-dimension one boundary, but it is far from obvious if it applies to more general spacetimes.
Asymptotically flat (AF) four-dimensional spacetimes are a good approximation to many
physical processes in the universe. The S-matrix, which is the basic observable in such
spacetimes, has an obvious holographic flavor in that it is defined by a set of on-shell data
at the asymptotic boundary of the spacetime. Upon a change of basis from asymptotic mo-
mentum to boost eigenstates, scattering amplitudes in four spacetime dimensions transform
as conformal correlators [1-5] on the asymptotic two-sphere at the conformal boundary of
the AF spacetime where the Lorentz group acts as the Euclidean global conformal group. In
a quantum theory of gravity the latter gets enhanced to the full local conformal group [6-8].

These insights have led to the celestial holography proposal which pursues a potential
duality between quantum gravity in AF spacetimes and a celestial conformal field theory
(CCFT) on the co-dimension two celestial sphere. A number of entries in the celestial
holography dictionary have by now been established, though primarily for flat space
scattering amplitudes! and with a focus on the CCFT properties of scattering processes
involving massless particles such as identifying the celestial avatars of asymptotic symmetries,
soft theorems and other universal aspects of the S-matrix.? A litmus test of celestial
holography is whether it can account for non-perturbative physics such as the formation
and evaporation of black holes from the perspective of the boundary theory. This is a
highly challenging open question. A much simpler problem, yet a crucial stepping stone, is
to describe non-trivial AF backgrounds in CCFT and their effects on celestial scattering
amplitudes. In this work we take some intitial steps in this direction. Along the way, we will
draw attention to expectations from AdS/CFT and differences that arise in AF spacetimes.

Focusing on the scattering of massless probe particles, a Mellin transform in the external
particle energies takes momentum space amplitudes prepared with plane waves to celestial
amplitudes which are prepared with conformal primary wavefunctions [18]. The primary
operators appearing in these CCFT correlators [4] can be constructed from an “extrapolate”
dictionary that maps bulk fields to boundary operators [19, 20]. This resonates with the
way boundary correlators in AdS/CFT are extracted from bulk correlators that are pushed

!Some exceptions are discussed in the recent works [9-12].
2See the recent reviews and lecture notes [13-17] and the references therein.



to the timelike AdS boundary [21-23]. In fact, one of the key ingredients of the AdS/CFT
correspondence is the relation between the gravitational partition function in the bulk and
the generating functional of correlation functions for the theory on the boundary [24, 25]
which agrees with the extrapolate dictionary in AdS/CFT [26]. Semi-classically, this implies
that the gravitational path integral for a curved (asymptotically) AdS geometry localizes to
the on-shell action contribution. This motivates us to look for the same principle for the
S-matrix in AF spacetimes.® We will see that tree-level celestial correlators can indeed be
viewed as being generated by the boundary on-shell action evaluated at null infinity, albeit
with some caveats which we discuss.

Another way to utilize insights from AdS/CFT arises as follows. In a hyperbolic slicing
of Minkowski space [1] the standard AdS/CFT dictionary can be applied on each slice and
thus gives insight into celestial holography in flat space [3, 28]. For certain curved AF
geometries one would expect that, at least asymptotically, a similar slicing would exist. We
will show that this is indeed the case for Schwarzschild and Kerr black holes, that is, there
exists an asymptotic Euclidean AdS3/CFTs structure. One might hope to exploit it to
learn about the celestial CFT dual to bulk black holes in AF spacetimes, but we will leave
this interesting question for future work.

The main focus of this work is to study celestial correlators for a class of non-trivial
AF spacetimes, their infrared and ultraviolet properties, as well as their interpretation
as standard CF'T correlators. We will consider backgrounds which admit a Kerr-Schild
description, though our formalism will apply more generally whenever an S-matrix on the
background exists. Kerr-Schild geometries have many convenient features, for example they
linearise the Einstein equations and they naturally provide examples of the classical double
copy [29].* This provides a natural method to relate solutions of the Maxwell equations to
those of Einstein gravity and we will consider scattering in both the electromagnetic and
gravitational backgrounds.

Our approach will be to first compute the two-point, or 1 — 1, scattering amplitude
of probe scalars in the leading Born approximation using the standard basis of momentum
eigenstates.” Such amplitudes would be trivial in empty space but on curved geometries
they encode information about the background solution and the couplings of the scalar field.
We then recast these amplitudes in the basis of conformal boost eigenstates. Unlike their flat
space counterparts, celestial two-point correlators on backgrounds exist at generic operator
positions and have other desirable features which we discuss. Perhaps most interestingly,
in the case where the background itself has an interpretation of being generated by a con-
formal primary operator, the celestial two-point correlators have exactly the form of CFT
three-point functions computed in the standard vacuum with the non-trivial background
encoded in the third operator.

3Here we focus on scalars and gauge fields minimally coupled to gravity, while for pure gravity this
question has been addressed in the early 90s [27]; we are grateful to A. Laddha for pointing out this work.

4See [30] for a discussion of Kerr-Schild geometries, while a recent review of the classical double copy can
be found in [31].

5Going beyond the semiclassical approximation poses interesting but complicated challenges. For example,
non-perturbative quantum effects at short distances like particle production can become relevant [32-34],
and it is not clear how a quantum S-matrix can be defined even for general AF backgrounds.



In addition to providing an arena for extending the flat space holographic description,
scattering on non-trivial asymptotically flat backgrounds is of practical interest in the
study of gravitational radiation. In this context, backgrounds which admit a point-particle
description, such as some black hole solutions, are of particular interest. Particle-like
backgrounds can be generated by classical three-point “amplitudes” with the off-shell
coherent emission of one messenger particle — a photon or a graviton. They can be
explicitly obtained via the classical limit of the in-in expectation value of the relevant
quantum field in an on-shell state. This can be done through the KMOC formalism [35-37]
by using wavefunctions which are peaked around the value of the classical momentum in the
h — 0 limit.% Particle-like backgrounds we consider are the Coulomb potential of a point
charge, its gravitational analogue given by the Schwarzschild metric and their ultraboost
limits given by electromagnetic and gravitational shockwaves.

A related map between amplitudes and gravitational backgrounds occurs in the eikonal
limit. In [38] 't Hooft showed that the Aichelburg-Sex] shockwave solution [39] can be used
to compute the scattering of high-energy, gravitationally interacting scalar particles. In a
frame where one of the particles is moving slowly the other can be viewed as generating the
shockwave background and the 2 — 2 scattering amplitude can be computed semi-classically
from the 1 — 1 amplitude in the non-trivial background. Generalisations of 't Hooft’s
result were considered in [40—44]. In [45] it was shown that the semi-classical two-point
amplitude for scalar fields on any stationary, linearized spacetime has the form of an eikonal
amplitude and proposed a general relation which they tested for linearized Schwarzschild and
Kerr geometries. Recently, an analogue of the eikonal limit for amplitudes in the celestial
basis and its relation with celestial two-point functions in a shockwave background was
considered [46]. To describe the scattering of massless particles with spin it is necessary to
construct the spinning analogue of the Aichelburg-Sexl shockwave. A well known method for
constructing a spinning solution from a non-spinning solution, most notably the Kerr metric
from Schwarzschild, is the Newman-Janis transformation [47]. An analogous transformation
can be applied to the Aichelburg-Sexl shockwave [48] to produce what we will refer to as
the spinning gravitational shockwave.” One interesting feature of amplitudes on spinning
geometries is that the Mellin transform has improved UV convergence properties which are
possibly due to the finite-size effects of the spin.

Going beyond the leading order for the 1 — 1 amplitude and treating the background
non-perturbatively requires exactly solving the wave equation. While the full result for
general geometries is beyond our means, the computation can be organised as a sum over
arbitrary interactions with the background. In the eikonal limit, where the momentum
transferred to the probe is small and which captures the infrared divergent part of the
amplitude, the expression can be resummed into an exponential. This exponentiation
is familiar from the study of infrared divergences in scattering amplitudes, long known
in QED [50] and gravity [51], and provides a unique window into the non-perturbative

SHenceforth we work in units where & = ¢ = 1, keeping G or k = V327G, and use (—, 4+, +, +) signature.

"The resulting metric is that found by [49] as a result of boosting the Kerr metric along the direction
of its spin. However its interpretation as due to a localised source is dubious at best. We are grateful to
T. Adamo and A. Cristofoli for discussions on this point.



low-energy dynamics of the theory. This allows one to address the issue of what are the
correct asymptotic states in the presence of long-range interactions: the Faddeev-Kulish
coherent state dressing [52, 53| guarantees the definition of a proper infrared finite S-matrix
for such theories in four dimensions [52, 54]. In addition, the simplicity of the result calls
for an explanation in terms of (asymptotic) symmetries of the theory: remarkably, the
celestial holography proposal makes this manifest [53, 55-57], and CCFT models for the
soft dynamics have been proposed [3, 20, 58-62]. We can then ask the same questions for
AF backgrounds: can we understand the full CCFT description of the IR dynamics? How
can we define infrared-finite correlators on backgrounds? In this work, we will address these
questions for the simplest observable: the two-point function on point-like backgrounds.

This paper is organized as follows. In section 2 we study wave scattering on classical
backgrounds. We focus on two-point amplitudes for massless scalars in Kerr-Schild back-
grounds that correspond to static and spinning sources both in gauge theory in section 2.1
and gravity in section 2.2. We connect our results for two-point amplitudes on classical
particle-like backgrounds to the eikonal limit of four-point tree-level amplitudes in section 2.3.
In section 3 we recast these results in CCFT. We compute the corresponding celestial
two-point amplitudes for the various backgrounds in sections 3.1-3.4 and discuss their soft
limits in section 3.5. For shockwave backgrounds we show in section 3.6 that the celestial
amplitudes can be interpreted as three-point correlation functions between two massless
asymptotic states and a conformal primary shockwave operator. In section 4 we show
that the boundary on-shell action localizes on the effective source in momentum-space and,
similarly to AdS/CFT, gives the generating functional for the two-point amplitudes. Finally
in section 5, we extend the conformal Faddeev-Kulish dressings of single particle states to
dressings for particle-like backgrounds. In appendix A and B, we extend the computation
of amplitudes and the derivation of the on-shell action localization to the scattering of
massless spinning fields on gauge and gravitational backgrounds. In appendix C we derive
an asymptotic hyperbolic slicing representation for Schwarzschild and Kerr geometries,
which provides some evidence for the presence of a conformal structure near the boundary
of these AF geometries.

2 Wave scattering on backgrounds

To study wave scattering on classical backgrounds we use the method of Boulware and
Brown [63].® This amounts to solving the classical equations of motion in the presence
of a source. The classical fields then serve as the generating functional of the tree-graph
approximation to the corresponding quantum field theory.

Consider the generating functional W[J] = —ilog Z[J] for connected correlation func-
tions defined by

Z[J] = /D%“s[‘l’l”‘l’), (2.1)

where ® denotes the relevant dynamical field. The nth functional derivative of W/[.J]
with respect to J yields the n-point correlator and amplitudes are computed via the LSZ

8See [64] for a nice review.



procedure. In the A — 0 limit the path integral is dominated by the classical solutions
@[ J] of the equations of motion and we find the relation

O[J] = (FI/KEJ]

(2.2)
The n-point connected correlator is thus obtained by differentiating the classical solution
n — 1 times with respect to the source.

We will be interested in scattering massless particles off various gauge and gravity
backgrounds with a particle-like interpretation. The equations of motion are solved in
momentum space order-by-order in perturbation theory

o
Sa(p) = Y. 5 (p), (2.3)
n=0
where @ﬁ?) is of order n in the coupling and we use the conventions for the Fourier transform
d4p DT F T 4, . —ip-x
Do (z) = / e Rale), Balp) = / d'ze PPy (). (2.4)

The n-point amplitude is given by

" ) 5 -
An(p1, ... pp) =" lim p? O (—pn . 2.5
(D1, Dn) kl;[l(piﬂopk) TG0 T 1(—p )J:0 (2.5)

In the following we will focus on two-point amplitudes of massless particles in backgrounds
of Kerr-Schild type. In gravity these take the form

G (T) =N + hyw (), huw () = kb, V(x), (2.6)

while in gauge theory
Au(x) =k, V(x). (2.7)

The scalar function V' satisfies the free wave equation 7*”9,,0,V (x) = 0 and the Kerr-Schild
vector k* is null and geodesic

M kK =0 = g kMK, KFOk, = 0 = k'Y k. (2.8)

Backgrounds that are of Kerr-Schild type include the Schwarzschild and Kerr black holes as
well as their ultraboosted limits, the Aichelburg-Sexl and spinning shockwave metrics. They
can be obtained via the classical double copy of the gauge theory backgrounds corresponding
to the Coulomb field of static and spinning point charges and their ultraboosted limits.

We now derive the two-point amplitudes on gauge and gravitational Kerr-Schild
backgrounds focusing on scattering minimally coupled complex massless scalars, while the
generalization to spinning probes is detailed in appendix A.



2.1 Scattering on Kerr-Schild gauge theory backgrounds

The wave equation for a complex scalar field ¢(z) in scalar QED in the presence of a source

J(x) is
" DuDy(x) = J(z),

with the gauge covariant derivative D, = 8, — ieA,. To solve
N 0,0, ¢ — 2ieAr0,p — ied, Ald — e* A, AlG = T

we recast it in terms of a wave equation with an effective source

10,06 = Joit, Joft = J + 2ie APO, ¢ + ie0, AP + 2 A AP .

Then we go to Fourier space and we work perturbatively in the coupling e

4,/
~0(0) = T0) = [ GE A =)0+ )0 + O)

At leading order this is solved by ¢ (p) = —% while at subleading order
6D (p) = 5 / LV 30— ooy + )W)
2] @)} n T Pu :

The two-point amplitude for real potentials, up to order O(e) is

o 6(—p2)
As(pr,p) = = lim lim pipy———==
2(p1,p2) pflglopglgloplpg 5J(p1)

= (2m)* lim lim pPd™ (p1 + pa) + e(pr — p2)u A (p1 + p2)-
p7—0 p%—>0
In the following we compute
A (pr,p2) = e(p1 — p2)uA¥ (p1 + p2)

for various Kerr-Schild backgrounds.

2.1.1 Coulomb
We consider the Coulomb field of a static point charge

with Kerr-Schild vector
kn=uy—ny, u,=(-1,0,0,0), ny,=0ur.

Noting that n, = rd, logr we can express the gauge potential as

Q
Aﬂ(x) = H“u + O,

(2.9)

(2.10)

(2.11)

(2.12)

(2.13)

(2.14)

(2.15)

(2.16)

(2.17)

(2.18)



where A = % log r, and henceforth drop the total derivative term since it does not contribute
to the amplitude. The gauge potential in momentum-space is given by

_ 27Q)

Aulp) = =500 Wy, (2.19)
where we used .
P Yy
B = 2T 2.20
e = 220

regulating the integral by e ™" as yu — 0. This yields the two-point amplitude

(p1 - w)o((p1 + p2) 'U)‘

A(l) ’ —4
2 (pl p?) F@Q (p1+p2)2

(2.21)

2.1.2 +Kerr

The gauge field corresponding to a spinning charged particle, and which is the single copy
of the Kerr solutions [29], is given by”

Ay(2) = V(@)k,, V(z)=2T1 (2.22)

with Kerr-Schild vector

. N X N rPa®
ky=u,—n,, u,=(-1,0,00), n,= ﬁau log(r2 + a2) + u’\qupgm . (2.23)

In terms of oblate spheroidal coordinates (7, 0, @) defined by x + iy = V72 + a2 sin fe'® and
z = 7 cosf we have ¥ = 72 + a? cos? § and 7 is defined through

2 2 2
TV L P o (2.24)

P2 ra?2 72

Furthermore, we have r, = %a,ﬁ and we take the covariant spin vector a* = (0,0,0, a).
The gauge potential can then be expressed as

Q7 A rPa’
Al = 21 <uu o GW,M> 19, (2.25)

where A = g% log(7 + a?).
To compute the Fourier transformed potential we again drop the pure gauge term and

-

make use of the identities & = cos(a - V)L and L mxi o g x VIMEV) L Thig vields

r 72+a? @v) v’
- 27Q) L o _pSinh(a-p
Aulp) = p—25(p - ) [“u cosh(a - p) + iu"€,uapa pﬁ(a(-p))} . (2.26)

The leading non-trivial term in the two-point amplitude is

((p1 + p2) - u)

A 1. = ame QLB () cosha- (1 -+ 2)

. sinh(a - (p1 + p2))
— i€ u“a”papﬁ
pvas 2 a (1 +p2))

(2.27)

9Here we follow the rewriting of the Kerr metric in [65].



2.1.3 Electromagnetic shockwave

The gauge field corresponding to an ultra-boosted point charge is given by
Ay(z) =V(x)k,, V(z)= —42 log(z)o(k - x) . (2.28)
7y

Without loss of generality we take k, = u, = (—1,0,0,1) so that we can write log(z*)d(k -
z) =log ((z')% + (2%)?) 6(2° — 2?). In momentum-space the gauge potential becomes

27Q)
= T(S

A,(p) ®° = p*)uy. (2:29)

To obtain this expression we changed variables (2!, 22?) = p(cos p, sin ¢) and used
-1
(h)? + (p?*)?

Note that the p integral can be solved from the integral over the product of (modified)

/OOO dpplog pJo (P (p')* + (p2)2) = (2.30)

Bessel functions

/OOO dppKo(bp)Jo(cp) = Re(b) > 0, Re(c) > 0, Im(b) =0, Im(c) <0 (2.31)

b2 + %’
in an expansion near 0 < |z| < 1 where Ko(z) ~ —log 5 — v with vg denoting the Euler-
Mascheroni constant. From b = 2ue™7% with p < 1 the leading O(u°) term in (2.31) is ;—21
which equates to (2.30). A generalization of this argument will be useful for the spinning
case below. The two-point amplitude in the electromagnetic shockwave background is

1 6(p1 +p3)

AV (91, p2) = —4meQ 9.32
2 (pl p2) 7T€Q (p1+p2)2 ( )

where we used null coordinates p* = %(po +p?).

2.1.4 Spinning electromagnetic shockwave

Ultra-boosting the v/Kerr solution along its axis of rotation produces a spinning shockwave
geometry that is of the Kerr-Schild form [49]. The single copy produces an electromagnetic
spinning shockwave and is given by

Au@) = V(ahky, Vie)= —4Q log(22 — a?)(k - 7) | (2.33)
T

where a is the spin parameter and again we take k, = u, = (—1,0,0,1). A slightly more
involved calculation than in the non-spinning case gives

- 1 2

Aulp) = QL HE alp)3(” — ) (2.34)
in terms of a Hankel function where |p| = y/p?. To arrive at this result we follow the same
arguments as above changing to polar coordinates, replacing the logarithm by the modified
Bessel function, computing the integral

- /)2 _ 42 2 2yn/2 T pimj2_ @ @) (/D242
/0 dppKo (b p a>J0(cp)(p a”)™H =5¢ WH_I (a b —|—c), (2.35)



for Re(u) < 1, @ >0, b > 0, ¢ > 0, and expanding the result with b = 2ue~7% up to O(u°).
The two-point amplitude in the spinning electromagnetic shockwave background is

10(pr +13)

2.36
Ip1 + p2| ( )

AL (1, po) = —27%eQiaH® (alpy + pal) 22

Note that ZF |a‘H(2)( lp]) — z% as & — 0. Thus in the limit a — 0 we recover the

non-spinning result (2.32).

2.2 Scattering on Kerr-Schild gravity backgrounds

The wave equation for a complex scalar field ¢(x) minimally coupled to gravity and in the

presence of a source J(x) is'”

1 v
ﬁau(v—ggu dho(z)) = J(x). (2.37)
Quite generally, we can study this equation perturbatively about the flat background where

the metric is g, = 1 + hy with by, taken to be small. The wave equation can be written
in terms of an effective source,

" 0,0,0 = Jog , Jog = J + h'"0,0,¢0 + 0,0 0y — g"" 0, log(v/—g)0ve . (2.38)
The wave equation becomes, to linear order in the metric perturbation,
N 0,0y = J + h*" 0,0,¢ + O, (W™ — Lh* )0, (2.39)

where all indices are raised using the flat metric. We again solve this equation by going to
Fourier space and working perturbatively in the background perturbation. The equation of
motion can be written as

_ _ d*p - _
~p*6(p) = J(p) — / ot =P eur), — 3w (00 =)o), (2.40)
so that at zeroth order we have ¢ (p) = —% while at linear order we get
A1) d'p’ 5 1 12N 7(0)
¢ (p) = p?/ i p N pup, = 30w (- 0 — )] (). (2.41)

The two-point amplitude up to linear order in the perturbation is

So(—
Ma(p1,p2) = — lim lim ppoM
p2—0p2—0 0J(p1)

= (2m)? lim hm p2(5(4)<p1 + ps) (2.42)

Dy 20 p.

- [(pl)u(p2)u — 51 (p1 - p2) | (p1 + p2) -

10T principle we could include additional couplings, for example to the scalar curvature, /—gR¢?, but
we set these to zero for simplicity.



The amplitude

M (p1,p2) = = [(91)u(P2)y — 37 (p1 - )] (p1 + p2) (2.43)

is invariant under linearized diffeomorphisms of the background, Buy(p) — ﬁ,w (p) + P&
as can be seen by substitution and use of the on-shell momentum conditions. We will be
interested in computing (2.43) in various Kerr-Schild backgrounds for which

huw(x) = kuk,V(x), (2.44)

which implies that g"* = n*” — k#k¥V and /—g = 1 so that the wave equations simplifies
and (2.39) is in fact exact. Nonetheless, we still take the perturbation to be small in solving
for the scalar field and the two-point function is given by (2.43), though with the trace
term vanishing due to k? = 0.

2.2.1 Schwarzschild

We first consider scattering in the Schwarzschild geometry which in Kerr-Schild form is

given by
2GM
hu(z) = V(x)kuk,, V(z)= - (2.45)
The Kerr-Schild vector
ky=uy—nyu, u,=(-1,0,0,0), n,=0,r (2.46)

is the same as in the Coulomb case. This allows us to write [65]!

4GM 1
by (z) = — (uuu,, — 2u277w,) + 23@@) , (2.47)
where ¢# = —GM [log(r2)u“ + n#] and we can drop the pure diffeomorphism term hence-

forth. The Fourier transformed gravitational potential is

_ 32mGM 1

) = 250 0) (s — 500 (2.48)

2

where we used again (2.20). Thus the two-point amplitude is

6((p1 +p2) - u)
Vi , = 3212GM (p; - u)? —~— =L 2.49
2 (pl pQ) (pl ) (pl +p2)2 ( )
2.2.2 Kerr
The Kerr geometry can also be written in Kerr-Schild form
hyw = V(@)kuky, Vi) = 2GM%, (2.50)
with the same Kerr-Schild vector
N N > . rPa’
ky=wuu—n,, u,=(—1,0,0,0), @,= ﬁa“ 1og(r2+a2)+u%wam , (2.51)

" Our conventions are AwByy = %(AaBz7 + ApBa).

~10 -



as for its electromagnetic analogue. Again we take a* = (0,0,0,a). One can then show [65]
that the gravitational potential can be expressed as

T 1 5 \ rfa’
huw(x) = 4GM§ Uptly = S U T + U (€ Apo o +209,8) 5 (2.52)
where ¢# = —GM [log(#* + a®)u* + 7*], and we can drop the linearised diffeomorphism

since it will drop out of the amplitude at the order to which we work. We use the same

identities as in the electromagnetic case to obtain the Fourier transformed gravitational

potential

- 3212GM 1 . ,sinh(a - p

huw (p) = 725@ D) Kuuuy - 2u277#1,> cosh(a - p) — zu(#ey))\pou)‘app ()] .

p a-p
(2.53)
The two-point amplitude is thus found to be
0 + U
M p1.2) = 322G P ([ cosaa- (o1 + 92)

: sinh(a - (p1 + p2))
— i€, u“a”papﬁ .
prad Y2 a (pr+p2)

2.2.3 Gravitational shockwave

The Aichelburg-Sexl geometry describing the gravitational field of an ultra-relativistic black
hole or a massless particle is

hu =V (2)kuk,, V(z)=—4GP" log(z?)s(k - 2), (2.55)

where we take k, = u, = (—1,0,0,1) and P is the lightcone energy of the shockwave.
Following the same steps as in the gauge theory case we find

- 32m2GPt
hﬂu(p) = T‘S(po - pg)uuuu (2‘56)

so that the two-point amplitude is

5 (- 3
Mgl)(p17p2) = —647r2Gp+p1 P2 6(p1 +p3)

TESE (257)

2.2.4 Spinning gravitational shockwave

As previously described, ultra-boosting the v/ Kerr solution along its axis of rotation produces
a spinning shockwave geometry [49]. This geometry shares some features, though it is
different, than gyraton metric describing the spinning analog of a highly boosted spinning
particle or beam of radiation with angular momentum [66, 67]. As we will later see, for our
purposes it is the fact that it corresponds to a conformal primary operator that is most
important. The spinning shockwave metric is

hw(7) =V (2)kyky, V() = —4GP1log(z? — a®)o(k - ), (2.58)

- 11 -



\ 4=

Figure 1. Equivalence between point-particle backgrounds and the 3-pt function with an off-shell
coherent emission.

and we take again k, = u,(—1,0,0,1). In momentum-space the gravitational potential
becomes

- a
mumzwmﬁﬁmﬂﬂwmmw—ﬁmWw (2.59)

The two-point amplitude is

PI Py 0(py +p3)

MY (1, po) = —3203GPFiaHP (alp; +
2 (pl pZ) 1( |pl P2D |p1+p2|

, (2.60)

where for a — 0 we recover the non-spinning result (2.57).

2.3 Particle-like backgrounds and the classical amplitude matching

Particle-like backgrounds arise from considering some kinematic limit of a Lorentz-invariant
field theory particle description in flat space. They can be generated by classical three-point
“amplitudes” with the off-shell coherent emission of one messenger particle, a photon or a
graviton as figuratively shown in figure 1.

We can define particle-like backgrounds from the in-in expectation value

A A~

\Il};artide_hke(m) — <¢‘ST¢/I<$)S‘w>) @I — <£, A'u7 hyw (2.61)

h—0
where S is the flat space S-matrix in the theory, 0 7(x) represents the field operator which
contains both on-shell and off-shell contributions in Lorentzian signature and

) = [ de@)va(o) ) (262

is the on-shell external particle state smeared with an appropriate wavefunction ), (p)
peaked along the classical trajectory of 4-velocity u* [35, 36]. An equivalent procedure
consists in matching amplitudes with effective classical sources in the A — 0 limit [68].
When considering wave scattering on classical point-like backgrounds, we can construct
a map from the four-point amplitude'? to the two-point function on the background. This is
illustrated in figure 2. At leading order in the coupling, this procedure is entirely equivalent
to the matching with the eikonal four-point tree-level amplitude described in a recent
work [45], and indeed we will check explicitly in the following the consistency of such

12In general, the scattering of a wave on a background may require considering higher-point amplitudes
but we are interested here in the leading connected amplitude contribution. For classical wave scattering,
this can be made explicit by using coherent states [69] and in such case only the four-point amplitude
contributes at all orders.
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Figure 2. Equivalence between wave scattering on point-particle backgrounds and the four-point

function, where the background is effectively identified with the classical limit of the dark gray
interaction vertex of the four-point amplitude.

an approach with our solutions of the wave equation in the leading Born approximation.
Nevertheless, our prescription would differ at higher orders in perturbation theory because
in holography we want to also include the quantum terms in the wave scattering.'3

We illustrate the matching between eikonal four-point amplitudes in gauge theory and
gravity and two-point amplitudes on classical backgrounds for the non-spinning examples
considered in the previous section. The Coulomb and electromagnetic shockwave solutions
are both special cases of potentials sourced by point-like charge, with trajectory y*(7) and
four-velocity u* = dy*/dr corresponding to a current j*(z) = —Q [ dr u*(1)6™ (z — y).
The resulting two-point amplitude is

A5 (p1,p2) = /d (P1=P2) U i)y 2.63
2 (pl p2) €Q T (p1+p2)2 e ( )

which for uniform motion, y* = Tu* with u* constant, gives

AD (pr, pa) = 27e@ PP U5 4y 2.64
This describes both the Coulomb, u* = (1,0,0,0), and electromagnetic shockwave, u# =
(1,0,0,1), cases. Similarly, we can view the Schwarzschild and Aichelburg-Sexl geometries
as being sourced by point-like charges. The harmonic-gauge, linearized Einstein equations

can be written as

KJ2

Oy, = —?PWQBTO‘B (2.65)

where we have introduced the perturbative coupling x = v/327G and PH 5 = 5(M(“5V)'B) —
1/ 277“1,770‘5 is the flat space trace-reverser. The stress-tensor can be written to this order, [71,
72],' in an effective, skeleton, form with support along a world-line y*(7)

T = / dr T W (z — ) (2.66)

with 7# a differential operator given in terms of the moments of T and depending
on fields defined along the particle world-line. For the case of uniform, spinless motion

13See [70] for an explicit calculation of these type of (long-range) quantum contributions at one loop.
1See also the MPD approach to extended bodies in General Relativity [73-77].
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THY = rouru?, with 7o and u# constant, the two-point amplitude is

(p1 - w)(p2 - w)d((p1 + p2) - u)
(p1 + p2)? '

M (p1, ) = —3202Grg (2.67)
The Schwarzschild geometry corresponds to u# = (1,0,0,0), 1o = M and the Aichelburg-Sexl
background to u* = (1,0,0,1) with 79 = PT the shockwave light-cone energy.

Following the derivation in [45, 78], at leading order in the coupling we can identify
point-particle backgrounds with a particular choice of the kinematics for the point-particle
entering in the four-point eikonal amplitude. We can therefore match the tree-level two-point
function in the Born approximation with the tree-level classical eikonal amplitude where the
momentum-conserving delta function is stripped off. For the Coulomb and Schwarzschild
backgrounds, corresponding to u* = (1,0,0,0), the two-point amplitudes of massless scalars
with momenta pi, p2 can be expressed in terms of the stripped eikonal four-point amplitudes

276 ((p1 + p2) - )

A (1, p2) = ALLEk (s 1)

R (2.68)
(1) _2m6((p1 +p2) - w) | (1) eik '
My (p1,p2) = AN My Gr (s,t) pi—pli_ps’

where the momenta P* = Mu* of the massive scalars are identified with the background.
The matching (2.68) is achieved in the eikonal limit —t < s,

s=—(p1+P)?, t=—(p1+p2)?, (2.69)

which corresponds exactly to the classical limit for the leading order wave scattering on
a point-like background. The amplitudes involving the electromagnetic and gravitational
shockwave backgrounds, corresponding to u* = (1,0,0,1), become

2mé +p2) -
A (pr.pa) = (pL+ p2) - u)

1),eik
AR (5,0)

2 P+ P“:P“:P” ’
276 ((p ﬁp) w) o (2.70)
1) 1+p2)- (1),eik
p— t .
M5 (p1,p2) QPX M4,GR (s, )PX:PE:PM

where in this case P* = Pf¢# with PJ = 3(P} + P3).

For all the spinless point-particle backgrounds discussed earlier this identification can be
pushed to higher orders, including the quantum long-range effects for the wave scattering as
described in the introduction. For their classically spinning counterpart, the correspondence
is an open question beyond leading order except for low-spin wave scattering.'®

15While for the wave scattering of minimally coupled massless scalar fields there is evidence that the
Compton four-point amplitude captures correctly the classical physics of Kerr, this is not the case for
the scattering of higher-spin massless fields on top of such background [79, 80]. Therefore such classically
spinning backgrounds can be considered as point-like only for some applications, for example like the scalar
wave scattering considered in this paper. It would be nice to understand how to generalize the amplitude
approach to correctly describe the physics of Kerr black holes, perhaps by extending the worldsheet proposal
of [81]. A similar conclusion is valid for other spinning backgrounds such as the gyraton and other charged
spinning backgrounds, but this hasn’t been verified explicitly to date.
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3 Celestial wave scattering on backgrounds

Can we give a holographic interpretation for scattering on non-trivial backgrounds with flat
asymptotics? In celestial holography the basic observables are celestial amplitudes whose
asymptotic states are in a boost basis rather than a momentum basis. They contain the
same information as the momentum-space S-matrix but make SL(2,C) Lorentz symmetry
instead of translation symmetry manifest. General curved backgrounds break these global
symmetries of the S-matrix. For the particle-like backgrounds discussed in section 3 all
two-point amplitudes can, however, be related to Lorentz invariant four-point amplitudes
which can, in turn, be expressed as (flat space) celestial amplitudes. These compute overlaps
between asymptotic past and future states with definite boost weight rather than energy
which we now briefly review.
Focusing on massless particles, we parametrize their on-shell momenta p? =0 as

Pl = miwigt (i, ;) (3.1)

where 1; = —1 (n; = +1) for incoming (outgoing) particles, w; are the particle frequencies
and the null vector ¢; is directed towards a point (2;, z;) on the celestial sphere'S

¢ =1+ |2l 2 + Zi,i(Z — 20), 1 — |2]?) (3.2)
where |zz|2 = 2;z; and we define z;; = 2 — z;. Given a momentum-space amplitude
A, (p1,...,pn) we obtain the corresponding celestial amplitude by a Mellin transform with

respect to the external particle frequencies [4]

-’Z{n(Alvqlv"')Anaqn> = H (/0 dwzwlAz_1> An(plv"'7pn)’ (33)
i=1

and we will henceforth omit the dependence on the ¢; in the argument of the celestial am-
plitude to avoid cumbersome notation. This transformation prepares scattering amplitudes
with conformal primary wavefunctions

(=in)2T(A)

ErEr—— (34)

o .
¢2(‘T’ q) = /0 dwwA—lequ-:v—sw —

rather than plane waves as the asymptotic wavefunctions. This recasts four-dimensional
scattering amplitudes as two-dimensional correlation functions on the celestial sphere!”

An(Al, R An) = <Ogll (Zl, 21) e Oznn (Zn, 2n)>CCFT . (3.5)

For special values of the conformal dimensions A € 1 — Z~ celestial operators become
conformally soft [82], and when inserted into celestial amplitudes they give rise to the
celestial analogue of soft factorization theorems [83-89]. These can in turn can be interpreted
as CCFT Ward identities for asymptotic symmetries in gauge theory and gravity in
asymptotically flat space [3, 19, 82, 90, 91]. The semi-infinite tower of conformally soft

16Strictly speaking this parametrization flattens the sphere to a plane.
1"We omit here the SL(2,C) spin J since we are only considering J = 0.
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operators is organized in CCFT multiplets [92] and obeys interesting holographic symmetry
algebras [93-95].

The goal of this section is to directly express the two-particle scattering on the back-
ground as CCFT observables. This amounts to Mellin transforming the momentum-space
amplitudes Agl)(pl, p2) and ./\/lgl)(pl, p2) considered in section 2 in the external frequen-
cies wi,ws to the celestial amplitudes .%Tél)(Al, Ay) and Mvgl)(Al, Ay). In the following
sections 3.1-3.4 we compute celestial amplitudes for two massless scalars scattering off the
Kerr-Schild backgrounds discussed in section 2. We consider in section 3.5 their conformally
soft limits. In section 3.6 we show that for shockwave backgrounds the celestial two-point
amplitudes can be interpreted as standard CFT three-point functions of two massless
asymptotic states and a conformal primary shockwave operator.

3.1 Coulomb and Schwarzschild

We consider massless scalars with momenta parametrized as in (3.1) and take particle one to
be incoming (1, = —1) and particle two to be outgoing (172 = +1). Their celestial two-point
amplitude in the Coulomb background is

1+ |22
1+ |22

Ag—1
P ) T(AL+ Ay — 2), (3.6)

~1 1
Aé,éoulomb(Al’ AQ) - 7T€Q <
while in the Schwarzschild geometry it is given by

1—H21‘2
1—1—’22‘2

Ag
Mggchwarzschild(AhAQ) :87T2GM (1+‘22’2) < > I(A1+A2_1)' (37)

|212]?

Here we have defined the integral

I(s)= /OOO dww™t, (3.8)

which we may regard as a generalized distribution Z(s) = 2md(is) defined in [19] that
reduces to the ordinary Dirac delta function I(s) = 27d(Im(s)) when Re(s) = 0.

When the conformal dimensions of the massless scalars are on the principal continuous
series of the Lorentz group, that is A; € 1+i\; with \; € R, the integral Z(A; + Ay —2) =
d(A1 + A2) can be interpreted as a distribution. Thus scattering massless scalars in a
Coulomb potential leads to a well-defined celestial amplitude (3.6). In general, Mellin
transforms of momentum-space amplitudes are not convergent even in flat space, and so
it comes as no surprise that neither is the integral in (3.7). Indeed, the extra factor of
Py = wa(1 + |22]?) in the gravitational amplitude results in a shift in conformal dimension
Ay — Ay +1in (3.7) compared to the Coulomb background (3.6). This spoils the marginal
convergence of (3.8) when A; € 1+ iR for the Schwarzschild geometry.

Note that while we have picked a specific reference direction u* = (1,0, 0,0) for the
backgrounds we can easily generalize the celestial two-point amplitudes to any constant
timelike u#. This is achieved by replacing 1 + |2;]?> — ¢; - u in (3.6) and (3.7). What is
striking is the dependence on the relative separation of the celestial coordinates z;;. Unlike
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celestial (low-point) amplitudes in flat space which have kinematic delta functions in the
zij, celestial two-point amplitudes in the Coulomb and Schwarzschild backgrounds have
power-law behavior! We will return to this point in section 3.6.

3.2 Shockwaves

The ultra-boosted Coulomb and Schwarzschild backgrounds have the factors of p{ in the
scalar two-point amplitudes replaced by p,” = %(po —p?). In the parametrization (3.1) this
amounts to 1 + |z|%> — |2/ The celestial two-point amplitude for scattering massless

scalars in the electromagnetic shockwave background is

. AP EA
(1) (A1, As) = 1eQ <1> I(A + Ay —2), (3.9)

2 shockwave |Zl2 |2 |Z2 |2

while in the Aichelburg-Sexl geometry we find

2\ A2

M ctowave (A1, Az) = 167°GP ’2112|2 |22/ <’2| ) Z(Ar+Ax—1), (3.10)
with the integrals Z(s) defined in (3.8). Thus we also get a well-defined celestial two-point
amplitude in the background of an electromagnetic shockwave, which has distributional
support when the conformal dimensions lie on the principal continuous series. The two-
point amplitude in the gravitational shockwave background has again shifted conformal
dimensions. By replacing |z;|? — %qi - k we can generalize these celestial correlators from
k* = (1,0,0,1) to any constant null direction of the shockwave backgrounds.

3.3 Spinning shockwaves
Celestial wave scattering on backgrounds with classical spin yields several new features.
Defining the integral
oo
T'(s) = iTraHS/O dwwsH(fl)(Qaw), (3.11)

we can express the amplitude for massless scalars scattering on the spinning electromagnetic
shockwave as

Ag—Ag

) (A A —2), (3.12)

iy (A1, Ag) = me@

2,spinwave

a2—A1—A2 ( ’Zl |2

|z12|A1FA2 | |22

while for the spinning shockwave metric we have

) al—A1—A2 9 ‘21|2 A272A1+1 ,
(Al,Ag): 167T GP+W‘22’ I(A1+A2—1)
(3.13)

For the integral in (3.11) we have o = a|212|@ and thus, with Re(a) > 0 and Im(«) = 0,

2]

M)

,Spinwave

we obtain
it (14 s/2)

=10 —)

(1+icot(ms/2)), 0<Re(s)<3. (3.14)

17 -



This result is quite remarkable. Celestial two-point amplitudes on spinning elec-
tromagnetic shockwave backgrounds have support away from the principal series unlike
their non-spinning counterparts.'® Moreover, while for the non-spinning gravitational
backgrounds the Mellin integral diverges, we find well-defined celestial amplitudes in the
spinning shockwave geometry! We attribute this to the fact that the classical spinning
solution provides a finite size a, and therefore the UV behaviour of the scattering amplitude
is better than what we would expect from the scattering of higher-spin particles [96].

3.4 +/Kerr and Kerr

The celestial two-point amplitude in the background of a spinning charge is

Ao—
a2—A1—A2 <1+‘Zl|2> 2—1 (1_|_|22’2)A1+A2—2
[2(

(1) _
A (A1, Az) = meQ ERNE 1+ |22 212 — |22[2)]B1 522

2V Kerr

- 5 (3.15)
2129 — 2921
X [Ie/zlven(Al + A —2) - R = [P odd(A1 + A — 2)} ;
while in the Kerr geometry it is given by
A
o) (A1, Ay) = 87r2GMa1_A1_A2 1+ |z 2\ (1 4 |2g|2)R1H42
2,Kerr ’ ‘212’2 1+ |22‘2 [2(|21’2 _ ’22|2)]A1+A2—1 (316)
2129 — Z9%
T4 80 = 1) = 2RI T A+ 80— 1)
Here we are again considering a* = (0,0, 0, a) and we defined the integrals
oo o0
Il on(s) = ozs/ dwweosh(aw), ZVa(s) = ozs/ dww®* ™1 sinh(aw), (3.17)
0 0
where o = 2a%. These integrals are well-defined only for imaginary spin parameter a,

or Re(a) = 0, for which we find

TV o (s) = i° cos (7;8) [(s), ZIU4(s)=1°sin (?) I'(s), 0<Re(s)<1. (3.18)
We then analytically continue the final result for the celestial amplitudes to real value of
a. Remarkably, the Mellin transform gives a well-defined celestial amplitude with support
away from the principal series both in gauge theory and gravity.

It is worth commenting here on the relation with the spinning shock-wave results. While
the original v/ Kerr and Kerr metrics are related to the electromagnetic and gravitational
spinning shockwaves by an infinite boost along the direction of a* [49], it is unclear how such
a boost limit is encoded in the two-point amplitude discussed above. As we will see later in
section 3.6, it is expected that we need a combination of conformal primaries to represent
massive background solutions while a single operator is sufficient for shockwave metrics.

18Strictly speaking the principal series A; = 1 4 iR is not included in the range of the integral in (3.11).
Nevertheless, we can analytically continue the result. In the s — 0 limit we recover the behavior of the
amplitude in the non-spinning shockwave background.
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3.5 Conformally soft limits

Let us discuss the behavior of celestial two-point amplitudes on particle-like backgrounds
in the conformally soft limit. In the momentum basis this corresponds to probing the
backgounds by low-energy scatterers. Taking the soft limit w; — 0 in the momentum-space
amplitudes implies also wy — 0 by momentum-conservation. Energetically soft limits of
momentum-space amplitudes map to poles in celestial amplitudes. To see this note that
the Mellin integral up to some cut-off w <« w, takes the form

" dwwt ! = ‘% Re(s) > 0. (3.19)
0

Let’s first look at the static amplitudes

~ 1 . Azfl
AP (A, Ay) = "eQr (cn Z) (A1 + Ay —2),
12 q2 (3.20)

M ) 1 A
5 (A1, Ag) =87 Gro—ry(q2 - 1) Z(A1 4+ Ay —1),
|212] q2 - u
corresponding to Coulomb and Schwarzschild (with ro = M) for constant time-like u# and
to their ultraboost limits for light-like u# (with ro = PT, the lightcone energy, for the
Aichelburg-Sexl shockwave). The energetically soft limit maps to a pole at Ay + Ay =2
such that
Ag—Aq

. ~ . 1 Q- u 2
1 A+ Ay — 2 AN (A, Ag) = 1 ( > . 21
Aﬁlg%( 1+ Qg —2) A5 (A1, Ag) A1+1£H27T€Q|212|2 U (3.21)

For the Schwarzschild and Aichelburg-Sexl geometry we have s = Ay + Ag — 1 so that the
energetically soft limit maps to a pole at A1 + As = 1 and we get

Ag—Aq+1

; Yyt s 2~ (q2-u) (qlu) 2
Ahlgg;_)l(Al—i—AQ 1) My (Al,AQ)—AliliI;_}ISﬂ' Gro ool \pu . (3.22)

The same behavior is obtained for the Kerr and spinning shockwave backgrounds. In
particular from (3.12) and (3.13) we see that in these “simultaneous” conformally soft limits
the dependence on the spin drops out! This can be traced back to the spin and the energy
appearing in the combination (aw)®.

3.6 Celestial shockwave correlators

Finally, let us return to the question raised at the beginning of this section. Can we
extend the map between bulk scattering processes and celestial CFT correlators beyond
flat spacetimes? Non-trivial backgrounds such as the ones considered in this work explicitly
break Lorentz symmetry. Nevertheless, the electromagnetic and gravitational shockwave
backgrounds do so in a very mild manner, and in fact can themselves be interpreted as
conformal primary backgrounds. Interestingly, we can use them to construct celestial
correlators that transform covariantly under SL(2,C) and are free of the kinematic delta
functions that celestial low-point amplitudes in flat space are plagued by. In the case of

~19 —



gravity, this requires an analytic continuation off the principal series A € 1 + iR which
renders the divergent Mellin integrals finite.

From the perspective of the celestial CFT, the electromagnetic shockwave corresponds
to a generalised conformal primary vector of A = 0, J = 0, while the gravitational shockwave
is a generalised conformal primary metric of A = —1,J = 0 [97]. Consequently, we can view
the propagator of massless scalars in a shockwave background as a three-point function of
two conformal asymptotic states and a shockwave primary in the celestial CFT.

To make this explicit consider the three-point function for two massless scalars and an
off-shell photon of momentum p,

Az, (p1,p2,p) = 6(27)45(4) (p1 + p2 + p)(P1p — P2u) - (3.23)

This quantity is essentially the momentum space form factor, (p1|j.(p) [p2) of the electro-
magnetic current j, = ie(¢0,¢* — ¢*0,¢). To go from the on-shell plane-wave momentum
eigenstates for the scalars to conformal primary wavefunctions we simply carry out the
Mellin transform, while to deal with the off-shell plane-wave basis we make use of the fact
that the electromagnetic shockwave wavefunction can be written as [97]

0. (73 ¢) = —qulog(2?)d(q - )

— 8712 / d4p 6(p ) Q) eipT (324)
"Joemt p? ‘

Thus, defining a shockwave null vector ¢s with components

QQLW = (1 + ‘st’27 Zsw + Zsw, i(zsw - ZSW)) 1-— ‘ZSW’2) s (325)
we find for the transformed amplitude
~ 2 _ _ 5 * Ysw
A3(A1, A2, Agw = 0) = (Qﬂ)z/dwldwgwfl Lpfe—t /d4p(pp§)qsw - As(p1,p2,Dp)

B e(2m)38(i(A1 + Ay — 2))
B |21 A1HA2 | 215 | A1 A2 2gg, [ A2 A1

(3.26)

where zijsw = 2; — 2sw and 6 reduces to the ordinary Dirac delta function for A; € 1 + iR.
We see that the coordinate dependence is simply that of standard two-dimensional CFTs
consistent with Ay, = 0! This amplitude also agrees, up to a factor of the background
charge, with the two-point function in the shockwave background which can be seen upon
substituting (3.25) into the generalized version of (3.9). Thus we see that, in celestial
coordinates, two-point functions in the shockwave background can be interpreted as three-
point correlation functions between two asymptotic states and a shockwave operator.

Repeating the argument for the gravitational case we write the shockwave metric
as'? [97]

1
S—“LO;;M/(@'? Q) = _EunV 10g(x2)5(q : J;)

— p-

(3.27)

19Gince we are now computing the quantum amplitude with perturbative expansion Guv = Nuv + Khp we
have to divide by & in (3.27).
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and so transform the three-point amplitude for two massless scalars and an off-shell
graviton?’

M (p1, 2, 9) = —k(27)*D (p1 + p2 — p) [Prup2v — 20 (p1 - p2)] (3.28)

into the celestial three-point function

— 2 oA 5(p-asw) o,
MS(AhAQyAsw:_l)E (27r)2/dw1dw2w1A1 1w2A2 1/d4p@Z);”qgquwM3§MV(plap27p)

. (277)22(A1+A2—2)
|212|2| 215w | 222 | 206w | 22272

(3.29)

This quantity does not have the form of a CFT correlator and suffers from the usual
divergence for operators on the principle series. However, if we continue away from these
values such that Re(A; + Az) = 1, we can write this as

Vi (2m)%8(i(A1 + Ag — 1))

Ms(B1, Ao Ao = —1) = |219[ A1+ B2 H] 2 [A1= B2 [A2—Ar T

(3.30)

which has the correct coordinate dependence. This agrees, up to a factor of the background
charge which in this case is the light-cone energy, with the two-point function (3.10) in the
Aichelburg-Sex] geometry.

The case of spinning shockwaves is particularly interesting as the transformation to the
celestial basis is well-defined even in the gravitational case. The conformal vector primary
and conformal metric primary are related to the off-shell plane wave basis by the transform

E’)?E]V”u (X7 q) - qM¢SSW(X7 q)7 S—S‘]ﬁo;u (X7 q) = qHQV¢SSW (X7 Q)7 (331)
with

(X, q) = ~b(q- X)log(X* — a?) = 4n%ia [ d%‘“’fp‘,%@f (@phe™X.  (3.32)

Following similar steps as before, and defining a null vector g parameterised by complex
parameters zgw, we find the celestial three-point functions

~ e(2m)2a?> 2122 T (A + Ay — 2)

A1, Ao, Agey = 0) = 3.33
A3( 1, 52, Sssw ) |212|A1+A2’leSW‘A1—A2|ZszW|A2—A1 ( )
for the electromagnetic spinning shockwave and
. 2 2 I—Al—AQII A + A o 1
Ms(Ar, Ag, Ay = —1) = 10T (A1 485 1) (3.34)

N |Z12|A1+A2+1 |Z].SSW’A1_A2_1 |Z2SSW|A2_A1_1

for the gravitational spinning shockwave, where we defined zZjssw = 2; — 2Zssw. Again their
dependence on the celestial coordinates is that of CFT three-point correlators. Compar-
ing (3.33) and (3.34) to the two-point functions (3.12) and (3.13) in the spinning shockwave
backgrounds we again find agreement.

20This quantity is the momentum space form factor of the scalar stress-energy tensor Ty, = 0,60, ¢ —
% gmﬁ)‘qb@A ¢. Such a quantity is not a good observable in gravity, however once we contract with the conformal
primary wavefunction it becomes the matrix element of the integrated quantity f d*e/—gf(x)g"q" Ty ().
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4 Boundary on-shell action localization

In the previous section we made use of the fact that the classical solution to the equations of
motion on AF backgrounds is the generating functional for tree-level correlation functions in
CCFT. In AdS/CFT this role is played by the boundary on-shell action. In asymptotically
flat space we, similarly, expect the on-shell action to localize near the asymptotic boundary
at infinite radial distance and that it will generate correlation functions in the boundary the-

1 For massless particles we anticipate localization on the celestial sphere at null infinity
as we will now show, focusing for simplicity on the two-point function. The procedure can,
however, be extended to higher functions by turning on the appropriate number of sources.

The action for a complex massless scalar ¢ minimally coupled to the background metric
Juv is given by

§= [ doy=g6"(@)Dow) - [ d'aygV,I8" @)y Vo)), (4.1)

where we have already isolated the boundary term

Shay = = [ d'av/=g9,(6" (@) V(). (+2)

and we must include additional source terms, S¢ = [ d*z(J¢* + J*¢). We assume that all
our backgrounds have an asymptotically flat spacetime region described at leading order by
the Minkowski metric

ds® = —dt® + dr® + r2(d6? + sin® 0d?) . (4.3)

We reach past and future time-like infinity by respectively taking t -+ —oo and t — 400
while keeping r fixed, spatial infinity corresponds to taking » — oo while keeping ¢ fixed,
while past and future null infinity are reached by taking » — oo while respectively holding
advanced time v = t 4+ r and retarded time u = t — r fixed. The surface term in the action is
an integral over the null boundary .#~ U .. Following [27], we may define a general null
hypersurface in terms of the zero of a piecewise smooth function 7(z) whose sign is chosen
so that the direction of growing 7 points outward. Gauss’s theorem can then be written as

Stay = = [ d'ay/=g8(r(@)) [6" ()9 ¥ 6(2)] V,u(r(a)). (44)
The contribution to (4.4) from .#* is then obtained from
1 1
T+(ZE) :_U(CC) +’77 Ti(x) :+m+77 (45)

21The fact that the classical action contains all the relevant information for the tree-level scattering
on a background is a well-known statement (see the nice discussion in appendix B of [98] for plane-
wave backgrounds). In the eikonal case, this localization has also been shown recently for point-particle
backgrounds in [45]. Here we extend such analysis to derive a more general statement which include both
classical “eikonal” and quantum contributions to the wave scattering.
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in the limit v — 0 which pushes the hypersurface to null infinity. In the asymptotic region
near £ we have v(z) = u + 2r, while near .#~ we have u(x) = v — 2r. Evaluating the
integral over r by means of the d-function we find for the boundary action

: 2m T2 [ [T %+ O e
Sy-ug+ =~ lim ; d(p/o df sin Or [/ du(¢ n, 0 ¢)+/

— 00 —0o0

v ((b*nﬂf)“(b)}
(4.6)
where n} = 0,(+3v) and n; = Ou(—3u).

The flux factor defined by (4.6) is what determines the two-point function for the wave
scattering, as pointed out in the classical analysis of [45]. In the spirit of the scattering
problem we can decompose the field ¢ as a superposition of the incoming and the outgoing
contributions

() = ¢in(T) + Pout(7) , Pin(T) = e (4.7)

where the momentum pointing towards the celestial sphere is parametrized by p* = w(1, p),
and we can focus on the in-out contributions to the scattering from the action

Y == 3 [ Aoy =gt @0, dm o). (4.8)
n=+77"

The wave equation for the scalar field can be written in terms of the scalar effective source
as showed in section 2,

n"o 8,,¢( ): eff( ) (4-9)

where Jog includes the external source J and the coupling of the field to the non-trivial
background. This equation can be formally solved by using standard Green’s functions
methods,

dko d3k ik-x _ . .
Pout (T / / c Toa (K0, F = |E|R) (4.10)
¢ — |k|2

where the contour C specifying the Green’s function is chosen according to the boundary
conditions. We will focus on the cases of advanced and retarded Green’s functions which
correspond to placing all sources in the causal future or past of the field.

We then take the large r limit, holding either v or u fixed, to obtain the leading
component of the scalar field around each null boundary: .#~ from the advanced contribution
or #* from the retarded, (see e.g. [69, 99]). The saddle point approximation then localizes
the k integral near .#* at k = &4 where 2 = #/r and we obtain

R 1 dw _
Gout(t F 7, &) = — irm/R 27rk e Tk(tFT) ] ot (Fwp, wi @) + O ( 2) (4.11)
where c; = 1, c_ = 0 for the retarded choice of contour and c; = 0, c— = 1 for the advanced.

This is more general than the eikonal wave scattering solution in [45], because it also allows
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for quantum contributions to the scattering of waves on top of the (classical) background.

We are now ready to compute the boundary term as a function of the momentum??
. 1 4
sin/eut (p) =— == lim ¢ dudfdp sin 6 e
7+ B} + ¥
gmirsoee W - (4.12)
X / dwy; (twgr — 1)Jeff(wk,wki)e_w’““e_lw(p'x_l)
R
for the future null boundary, and
Sijn/ out (p) =— b lim ¢ dvdfdyp sin 0 e“?
7 — 2 r — _
Brérmee s (4.13)

X / dwy, (iwpr — 1) Jo(—wy, wpd)e ™ ke or @l
R

for the past null boundary. The integrals over retarded and advanced time localize w; = w,

in/ou 1 . . . 7 AN —i - —
Sj/_U;JF (p) = —— lim E cnn/dﬁdap sin 0 (iwr) Jog(w, nwi)e @ @a=n (4.14)
+

47 r—o00
77:

where 7 = + for .#*. To solve the integrals over the angles we again make use of the saddle
point approximation setting & = 4p for .#* which yields

in/ou cy +c- T A
S ) = () Tenlen o) (4.15)

This is a very interesting result: the boundary term in the action localizes to the Fourier
transform of the effective source evaluated at large distances along the incoming momentum.
The normalisation of the result depends on the choice of contour and with the advanced
or retarded prescriptions the boundary action is essentially half of the effective source. If
one considers linear combinations of solutions, which would still have vanishing bulk action
when all sources are at the boundary, one sees that for the antisymmetric combination,
corresponding to using the causal propagator, the boundary action vanishes while the
symmetric combination gives a boundary action equal to the effective source.

The relation with the two-point function discussed in the section 2 is then easily found.
From (2.5) and using (4.10) and (4.15) we find

Ma(p1,p2) = — lim lim pyp3

2 25¢_)ou_t(_pl)
p3—0p3—0 6J(p2)
)

25jef£(—p1

pim0pio0' 2 8T (p2) (4.16)
2 in/out
T : 25[ (C++07) SﬂfujJr(_pl)}
lim lim p _ ’
p?—0p2—0 5J(p2)

where we have set p = p; as the incoming momentum. It is important to note that all
the quantities in (4.16), and their corresponding physical interpretation, depend implicitly

%2Note that while in section 2 we used the in-in formalism labeling states by n = —1 (incoming) and n = +
(outgoing), here we are working in the in-out formalism.
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on the choice of contour. This shows that, similarly to the AdS/CFT case, the boundary
on-shell action is the generating functional of the two-point function. It is straightforward to
extend this derivation to a complex massless scalar minimally coupled to a Kerr-Schild gauge
background, which is flat by definition. In appendix B, we also extend this construction to
a U(1) gauge field minimally coupled to a gravitational Kerr-Schild background.

5 Conformal Faddeev-Kulish dressings for backgrounds

In the previous sections we have considered only the leading contribution to the two-point
function. At higher orders in perturbation theory, infrared divergences will appear as a
consequence of the non-trivial asymptotic dynamics in the presence of long-range massless
interactions. This can be seen by iteratively solving the wave equations.

In the electromagnetic case (2.10) for Kerr-Schild type potentials (2.7), where the
non-linear A? term vanishes, we have

_ 1 & kO AN (p, —kW) AV D, —k@) AW (=D )
_ D, ) ) (n)
o) =~z 2 / g (W o - T,

(5.1)
This solution can be re-summed in the eikonal approximation, where we treat the integrated

momenta k¥ as soft, by expanding propagators e.g. 1/( ) + p1)? — 1/2k(1) -p1 and
dropping powers of k(z) in numerators. The connected part of the amplitude then becomes

4 A(—
ASMR () 5) — exp [6/(;ZWI§4A(k2 ]A(l)( 1,D2) - (5.2)

Thus we see that the amplitude factorises into an exponential pre-factor capturing the IR di-
vergences and a hard factor in a manner familiar from scattering amplitudes [50]. Noting that

4
/@;’; A(kk])gzm i / ds pi A, (pes) (5.3)

we see that the prefactor has the well known operator interpretation as a Wilson line for
the hard particles. This result is actually slightly more general than for just Kerr-Schild
backgrounds as in this approximation we would additionally neglect the A? contributions
even if they were present. For electromagnetic potentials sourced by uniform velocity
charged particles, that is Coulomb and shockwave potentials, the integral is given by

/ d'k A(—k)-pa  eQpa- u/ d*=2%k 6(u - k) _ieQ
(2m)* k-py 83 (k2 +1i0%)(k - pa +1i0T)  8me

(5.4)

where we introduced an i0" prescription for the propagators and used dimensional reg-
ularisation, with the corresponding parameter ¢, to remove the IR divergence. In this
background, as the IR divergences are independent of the momenta, they are invisible to
the Mellin transform and so the two-point function in the celestial basis can be similarly
factorised into a divergent soft factor and an IR finite hard factor

A (Alv AQ / H dwz '—1AC0n R (wlv w2,41, qQ) = Z;Oftjgl) 3 (55)
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with APf = ¢iQ¢/87¢ Ag we will see below, this factorisation can be understood in terms
of the conformal hard-soft factorisation of scalar QED amplitudes studied in [57].

While the electromagnetic case is essentially trivial this is not so for gravitational
backgrounds where there is non-trivial momentum dependence in the IR divergent factor.
After iteratively solving the wave equation (2.39), again considering Kerr-Schild backgrounds
or simply neglecting non-linear terms,

_ 4RO Mh(p, —KD) MY(ED, kD) MyED, k)
T2 Z / H ™) 1(1)2 £(2)2 o (n)2 J(E)
(5.6)
where we defined an off-shell tree-level amplitude M (p, k) = —h* (p + k) [ppky — 30 (p
k+ kQ)], and taking the eikonal limit, the connected part can again be written as a prefactor

times the tree amplitude

con d*k b (—k v
M (p1, pa) = exp [—/ (27)1 (% )iz”m M (p1,ps) . (5.7)

Again the exponential prefactor has exactly the form of a Wilson line, familiar from the
eikonal approximation of scattering amplitudes in gravity [100-102]. For the linearized
geometry describing uniform velocity particles, which includes linearized Schwarzschild and
Aichelburg-Sex] geometries, the metric perturbation in harmonic gauge (2.65) implies an
IR divergent prefactor

_/ d*k " (—k)poupa _(p2- u)2Gro / d*=2%k §(u - k) __ilp2-u)Gro
(2m)4 2k po B 2 (k2 +i0%)(k - p2 +i0F) €

(5.8)

where rg is a constant corresponding to the mass M in the case of Schwarzschild or lightcone
energy PT in the case of the shockwave. Thus we see that the all-order amplitudes in non-
trivial gravitational backgrounds can also be split into a hard part and a IR divergent phase.

The same splitting occurs in the celestial basis but in this case the soft prefactor
becomes an operator acting on the amplitude. In the case of the shockwave, using the
null momentum parameterisation (3.1) and taking u* = ¢* as in (3.25), we can write the
celestial two-point amplitude as

MB (AL, Ag) = MPEMSY (AL, Ay) (5.9)
with
—~ iGPT
M%Oft = exp [_ (77168A1 ‘lew‘2 _ nQeaAQ Z2SW‘2)] (510)
where we see the appearance of the dimension shifting operators 92k, For particle-like

backgrounds, we can derive a dressing for the background states which removes these
divergent terms at all orders in perturbation theory in the two-point function calculation
by using the matching to four-point amplitudes discussed in section 2.3.
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5.1 QED amplitudes

The IR divergences in QED amplitudes have long been known to exponentiate [50, 51]. Let
us denote by p1, p3 = P4 the incoming momenta and po, py = Pp the outgoing momenta.
We take the momenta p; and ps to be massless probe particles while P4 and Pg are particles
generating the non-trivial background.?® The S-matrix element can be written as

(p2PB|S|p1Pa) = Wiqep(P2PB|S|P1PA)1ard » (5.11)

where (Pppa|S|Papi)y,,q is the hard IR-finite part and the IR divergent prefactor Wy qrp
can be reproduced by replacing the external particles by Wilson lines

Waqep = (0] [ Wenqen(—=00,0) [ Wp...qen(0,00) [0) (5.12)
n=1,3 m=2,4
with
b
W, qep(a, b) = exp (—ie/ ds p“Au(ps)> ) (5.13)

For the case of the Coulomb background the two-point amplitude is related to the eikonal
scattering from a massive particle where P} = Pg = Mu* with u a unit time-like vector e.g.
u* = (1,0,0,0). The exponential IR divergent prefactor is, using dimensional regularisation
with d = 4 — 2,

1 enlmMnmm [1 1+ Bum .
WaQED = expy — ——5~ Snlmlntim | 2y (=20 s,
Q 1672¢ mmz:;"B Brm 9 1 — Bpm NnsM

1 .

© 167% mz::1 EnemThulim (I (2|pn - pml) = im0y, 9,0
1 20pn - Pl .

~ aie ;2 enemMnlm [ln (T]‘WQT”) — zﬁénn,nm] } (5.14)

m:AV,B

where for massive particles we define the relative velocity

e 1/2
)

7(Pn P (5.15)

Brm = |} -

The first line in (5.14) corresponds to IR divergences due to virtual photon exchange
between the background particles and are not present in the two-particle amplitude where
the background is entirely classical. Similarly the second line is due to photon exchange
between the probe particles and is again not present in the two-particle amplitude as it is a
quantum effect and would require including dynamical photons. The last term corresponds
to exchange between the background and probe particles and these IR divergences are

Z3Here, and below, we take all momenta to be positive energy and explicitly write the factors n = +
previously included in the momenta.
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present in the classical computation of the two-point amplitude, which however only includes
absorption by the probe particles and so is reduced by a factor of two.

In the case where the background particles are also massless the IR divergent prefactor
can be written more compactly,

1
82

W4 qQED = exp {— Z enmMnMm [0 (2|pn - pm|) — iwénnmm]} (5.16)

n<m

where the double sum goes over all ordered pairs of legs and we have dropped n = m terms
in the sum which are necessary for the complete cancellation of IR divergences. These
terms do not occur in the two-point amplitude and so are not relevant to our considerations.
This is also consistent with the treatment of IR divergences of celestial amplitudes in [57].
Importantly, the imaginary term only receives contributions from pairs of legs that are
either both incoming or both outgoing.

For the Coulomb background in the charged particle rest frame we have,

.,
)

P — M(1,0)

Pl — M(1,0), (5.17)

which implies

Baa=PBpp =Pap =0, Pa-pm=Pp pm— —Mpy,. (5.18)
We can now focus on the mixed contributions, take the probe of charge e; = e3 = ¢ and
the high energy particle generating the background of charge e4 = ep = Q. Then (5.14)
becomes, since the real contributions involving P4 and Pg cancel out,

ou ZeQ
Widtp = exp {} . (5.19)

47e

This phase is a fully classical contribution, and it is indeed what we would expect from
the scattering on a stationary background within the classical eikonal approach (see [45], for
example). In particular, using the Mandelstam variables s = —(p; + Pa)?, u = —(p1 — Pg)?,
t = —(p1 — p2)?, the eikonal limit corresponds to —t < s ~ —u and in this limit the real
In|s| and In|u| contributions cancel while the In [¢| contributions are sub-leading. The
imaginary terms however do not cancel and can be identified with the IR divergent phase
factors seen in the two-point amplitude in the Coulomb background (5.4). The agreement
is up to a factor of two which is due to the fact that the formula (5.16) includes couplings
of the exchanged photons to both the background and the probe particles and so gives
twice the contribution seen in the two-point amplitude (5.4).

A similar calculation can be done for the electromagnetic shock wave solution by taking
the massless limit for P4 and Pp and by taking them collinear with a null vector gy,
Py = Pp = Ptqs,. We can then use the matching condition in (5.14)

Pi — P7(1,0,0,1), PE — P7(1,0,0,1), (5.20)

and get from (5.14) that

SW ieQ
W4,QED = exXp {} . (521)

47re
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This corresponds to the IR divergent phase due to photons exchanged between the massless,
high energy particles of charge e4 = ep = ) generating the background and the probe
particles of charge e; = e3 = e which is captured by the classical two-point amplitude.
There is again a factor of two difference due to the two-point amplitude corresponding to
the fact that the background corresponds to a single Wilson line, and therefore we are
double-counting the coupling to the probe particle.

In [57] it was shown how to define IR finite celestial amplitudes in massless scalar QED
(neglecting collinear divergences) by dressing the external charged particles by clouds of
Goldstone modes. This corresponds to the Faddeev-Kulish dressing method [52] but with
an alternative choice of the dressing factor that is consistent with conformal invariance but
not energy finiteness. The dressing of single particle states is given by

e iR |wk, 2k, ZKek) (5.22)
with RkQED = nperP (2, zx) where ®(z, 2) is a free, periodic, two-dimensional boson with
two-point function

_ _ 1
(D(2i,2i)P(25, 7)) = ﬁln\zz’j\z (5.23)

and which has the interpretation as the Goldstone boson for the spontaneous breaking
of the large U(1) gauge symmetry [58]. The real part of the IR divergent prefactor of
scattering amplitudes can be written as a correlation function of the operators B and
so is cancelled by the product of single particle dressing factors.

To make contact with the two-point amplitude we note that properly accounting for
the phase terms is essential and so we introduce two bosons ® and ®~ which have the

two-point functions

) _ . _ i .
(B (22, 2)® (25, 5)) = 2 (In g2 — iy, (5:24)

We define the dressing factor for in-/out-going particles as
RPYP — ¢, 0T (21, 21) (5.25)

where we absorb the factor of n; into the definition of the fields ®7+. To define a dressing
factor for the background we consider the OPE of the two dressing factors for the background-
generating, high-energy particles which are collinear. As we are taking the background
to be entirely classical we can take as a background dressing operator the appropriately
normalised normal ordered product

. % »p—QED % p+,QED
SR e;RPA 6;RJ’gB : (5.26)
so that
RID = (0 (2w, Zow) + @ (Zow, Zow)) - (5.27)

The soft factor of the two-point function can be written as

~ . »QED . p—,QED . p+,QED
Aaoft — <61st ele GZR; >7 (528)
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where the terms involving the contractions between R?ED and RQQED are sub-leading and
neglected, thus we see that the dressing factors will cancel the divergent phase and give an
IR finite result. As described in [57], IR finite celestial amplitudes between massless scalars
are obtained by dressing the conformal primary operator for outgoing or incoming states
Oik (21, Zx) With exp(—ie,®*(zy, z)) where the dressed operator @ik-ﬂ?k has a shifted

2
dimension, with d = —&, and is defined by appropriately accounting for the collinear
singularity
A+ 5 ; —20 —ier®t(2,2) .. o) -
Op, 46, (7,2) = 1}}1£n>z\z — | "W IR (2) Op, (w,w) : . (5.29)

We similarly define a dressed shockwave operator by taking the operator product of the
undressed shockwave operator Ogy and the dressing exp(—iRSQWED),

A .Q _ _ _
Osw (2sw, Zsw) = zggl - 713 (BT (2w Zow) + 27 (2w Zow)) . Osw(z,2) : (5.30)
where, as we are treating the shockwave classically, there are no collinear singularities or
shifts of dimension. The IR finite two-point amplitude in the shockwave background is then

A = (O (25w, Zw) O, (21, 21) O3, (22, 22)) (5.31)

where the extra factors arising from the contractions between the Goldstone bosons cancel
the IR divergent phases.

5.2 Gravitational amplitudes

Similar results are known for the virtual infrared divergences of gravitational amplitudes [51].
Let us again denote by p1, p3 = P4 the incoming momenta and po, py = Pp the outgoing
momenta. Starting with the case of scattering from a massive particle we take the momenta
p1 and po as massless probe particles while P4 and P are massive background particles.
The S-matrix for the four-point amplitude can again be written as

(p2Pp|S|p1Pa) = Wacr(p2PB|S|P1PA) hara » (5.32)

where (paPp|S|p1PA)y.q 15 the hard IR-finite part and Wy g is the infrared divergent
factor. The IR divergences can be again be found by replacing the external legs by Wilson
lines and computing the appropriate expectation value [100, 102]

Wicer = O [T Wpoer(=20,0) T Wp,.cr(0,00)]0) , (5.33)
n=1,3 m=2,4
with
Kk b
Wyr(a,b) = exp (=it [ ds pp b (ps) (531
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which in d = 4 — 2e dimensions is given by [51]

_ G . 1+2, Lo (14 Bum .
Wy Gr = exp {4“ § m; Bﬂnan Bom(1— 32 V172 {2 In <1 — 5nm) = Z7T577n777m:|

G .
+ o Z Nt (2]pn - Pml) [(I0 (2]pn - pml) — i76n,, 9,
dme n,m=1,2

+ 2%6 ;1:’2 Tt (2| Ps - P [m (W) —manmm} } (5.35)
m=A,B

This can also be derived from the one-loop soft function, by generalizing the derivation done
in massless case [100] to the case of massive lines [103, 104]. In the first two lines of (5.35)
we can recognize the pure massive and massless contributions to the virtual IR divergences
which are not reproduced by the classical two-point amplitude. The first term corresponds
to including corrections to the background while the second term in (5.37) is the standard
massless contribution, [100], and it suppressed in classical calculations on backgrounds
because it has a quantum nature. In the last line we have the mixed contributions which
are present in the background two-point function and are thus captured by the classical
calculation. When the background particles are massless we can write (5.35) in a compact

form as in QED,

G

Wi Gr = exp [2“ > i 2lpn - pml) (0 2]py - pm| — i?f(?nn,nm)] (5.36)

n<m

For the Schwarzschild background, we have the same matching condition as for the
Coulomb case and we can use (5.17) and (5.18). In particular, considering the mixed
contribution in (5.35) we get,

€

iMG
Wzﬁl}{ = exp {— (p(l] ~|—pg)} ) (5.37)

This classical contribution can be compared with the two-point amplitude in the
Schwarzschild background (5.8) with rg = M, where it can be seen, after using energy
conservation mp) + n9pd = 0 with 13 = —n9, that there is agreement up to a factor of two
which has the same physical explanation as in the QED case. A related phase has been
found in the study of soft factors for low energy graviton amplitudes [105].

For the Aichelburg-Sex] metric we can use the matching condition in (5.20) which
implies Py - p; — —2P*p; so we get from (5.35)

2iPYG
WiGr = exp{— - (v1 +p2)} ) (5.38)

which is the IR divergent phase for a probe particle travelling in a gravitational shock-wave
background. Using the light-cone energy conservation n1p; + n2p; = 0 with 91 = —n2 we
again, as in all the previous cases, find a factor of two difference compared to the two-point
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amplitude in the Aichelburg-Sex] background (5.8) with ro = Pt due to the identification
of two Wilson lines with a single background.

As for scalar QED, it is possible to define IR finite amplitudes of massless scalars
in the gravitational case by using the appropriate dressing [56] which can be extended
to the celestial amplitudes [57]. The dressing in [56] is defined in terms of a Goldstone
boson C(z,Z) for the supertranslation symmetry such that the correlation function of
exponentiated operators reproduces the IR divergences of massless scalars. In order to
capture the phase information we will introduce two scalar fields C*(z, z), for incoming (—)
or outgoing (+) particles, which have the two-point function

) _ . _ M5 .
(C™ (21, 2)C" (2, 25)) = —4;2j€|zij|2(1n |25 ” — im0y, - (5.39)
The IR divergences of massless scalars can then be reproduced by the correlation function
. +,GR
of the exponentiated operators e*%
. »+,GR . »+,GR
Whcr = (i eftn) (5.40)
where
REOR = gwkCi(zk, %) . (5.41)

We can use the same operators to reproduce the IR divergences of celestial amplitudes
by making the replacement w; — exp(9a,). To define IR finite two-point functions we must
define a dressing for the background and, as in the QED case, this can be done by taking
the collinear limit of dressings for the background particles. For the shockwave background
we find the dressing

ar _ KPPy 5 - z
Ry = T(C (Zsw, Zsw) + C™ (2Zews Zsw)) (5.42)
so that the correlator
M — (I RER iRy O iR Sy (5.43)

correctly reproduces the IR divergences of the two-point amplitude in the shockwave
background, again neglecting subleading quantum corrections. Correspondingly, we can
define dressed operators

N ﬂ.Rki,GR

- - A - _iRGR -
Oik (Zk, Zk) =€ Oik (Zk, Zk) ) OASW (ZSVW zSW) =€ ZRSW OASW (ZSVW zSW) I (544)

such that the IR finite two-point amplitude is
MGl = (O (25w, Zow) O3, (21, 21) OF, (22, 22)) - (5.45)

The extension of the Goldstone boson dressing to massive particles, which correspond
to the Schwarzschild background, has been discussed in [56] however it is slightly more
involved and as the two-point function in massive backgrounds does not yet have such a
clear interpretation as a three-point function we leave this case to future work.
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6 Conclusions

Flat space scattering amplitudes have been recast as CFT correlators on the celestial
sphere, in a way that makes manifest the symmetries we would expect for an underlying
holographically dual theory. The asymptotic symmetry analysis, however, suggests the
existence of a celestial conformal field theory also for more general asymptotically flat
backgrounds. The main goal of this paper was to start exploring its properties for Kerr-
Schild backgrounds in four spacetime dimensions.

To that end we focused on a particularly simple object: the two-point amplitude for
the scattering of a massless field on top of such backgrounds which we have computed using
the method of Boulware and Brown. For general asymptotically flat curved spacetimes
the global Lorentz symmetry of the S-matrix is broken, but this does not prevent us
from giving an interpretation for the scattering of conformal primaries in these geometries.
Indeed, at least for point-like backgrounds all the semiclassical two-point amplitudes can
be related to suitable Lorentz-invariant four-point amplitudes in flat space which do have
a clear CCFT interpretation. Moreover, we can define classical point-like backgrounds
as the ones generated by three-point amplitudes with an off-shell coherent emission in
the h — 0 limit [36] which guarantees that a proper holographic description must exists
for such backgrounds, thanks to the holographic map from S-matrix elements to CCFT
correlators. The backgrounds in this class for which we computed celestial amplitudes are
Coulomb, Schwarzschild and the electromagnetic and gravitational shockwave. We have
also studied the classically spinning counterparts of these solutions, i.e. v Kerr, Kerr and
their corresponding ultra-boosted limits, which exhibit interesting finite-size spin effects
and might ultimately require an intrinsic worldsheet-type description.

We find that the celestial two-point amplitudes on the electromagnetic and the grav-
itational shockwave backgrounds at leading order in the coupling exhibit the structure
of vanilla three-point functions in a CF'T. This can be attributed to the fact that such
backgrounds can be interpreted directly as conformal primaries on the celestial sphere [97].
Interestingly, the kinematic delta functions of flat space three-point amplitudes are absent,
suggesting that no shadow or light-ray transform prescription [106-109] that alleviates
them in flat space is needed. For massive scalar point-like backgrounds like Coulomb and
Schwarzschild, we similarly find a power-law, rather than distributional, behaviour in the
celestial sphere coordinates for the two-point function which calls for an interpretation of the
corresponding bulk solutions in terms of dual operators in the CCFT. We also considered
classically spinning backgrounds, both massless and massive, where new interesting features
arise. For example, the celestial two-point amplitudes for the v/Kerr, Kerr and spinning
shockwave solutions are well-behaved in the UV and not restricted to the principal series
provided an appropriate analytic continuation in spin is performed. All these features make
the study of these amplitudes very interesting from the holographic perspective, and we are
looking forward to finding a full description of such bulk solutions in terms of conformal
primary operators.

In AdS/CFT, the on-shell action plays a special role in the derivation of the holographic
two-point function as it localizes along the boundary. A similar calculation can be done
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for asymptotically flat backgrounds: we have shown that the boundary on-shell action
evaluated at null infinity is the effective source for the wave equation localized on the
celestial sphere, both for spinless and spinning wave scattering. The boundary action is
therefore the generating functional for tree-level correlation functions on the celestial CFT,
consistent with the holographic principle.

Finally, we have studied the infrared sector for wave scattering on top of backgrounds.
As expected, infrared divergences exponentiate into a divergent phase dressing for the
two-point amplitude. While this is irrelevant for cross-section observables, it is crucial in
order to define an infrared finite S-matrix. For point-like backgrounds we have derived
a conformal Faddeev-Kulish dressing along the lines of [57], which removes the IR phase
divergences at all orders in perturbation theory and which is generated by a pair of Goldstone
bosons arising from the spontaneous breaking of large gauge and gravitational symmetries.
This solves the problem of describing the infrared dynamics for two-point amplitudes on
asymptotically flat point-like backgrounds. We expect our result to be valid also for spinning
backgrounds, since the spin dependence drops out for the infrared dynamics as we showed
explicitly by considering the conformally soft limit of wave scattering on such backgrounds.

We conclude with some open questions. An important step is to understand what
operators or combination thereof represents bulk massive background solutions, beyond the
simple shockwave case. It is conceivable that a suitable combination of conformal primaries
can represent physical massive black holes in the CCFT, and this is a promising direction
for further studies. Here, we have only considered in detail the scattering of massless scalars.
The perturbiner method, however, can also be extended to the scattering of spinning waves,
as we showed in the appendices, and it would be interesting to study spinning two-point
amplitudes. Finally, it would be nice to understand to what extent the energy scale of bulk
gravitational solutions is going to affect the dual description in the CCFT. So far we have
treated such energy scale as a parameter by considering the scattering of external conformal
primaries on the original geometry, but perhaps there exists an alternative intrinsic dual
description of geometry itself purely in terms of conformal primaries. A last tantalizing
possibility would be to study the two-point function with ingoing boundary conditions at
the horizon for asymptotically flat black hole solutions, which would allow the exploration
of the structure of the dual CFT description.
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A Spinning wave scattering on backgrounds

We generalize the analysis of scalar wave scattering on gravitational backgrounds, section 2,
to the spinning case with s = 1, 2.

Let’s consider first a U(1) vector field A, minimally coupled to a gravitational Kerr-
Schild background, where the corresponding action is

1
S = ~1 /d4:n V=99"9" " F, Fps + /d4x V—gJ"'A,. (A1)
We have the following equation of motion
OA* — V¢V, AY — RH AY = —JH | (A.2)

where the underlined quantities refer to the background Kerr-Schild metric. To construct the
two-point amplitude with the perturbiner method, it is convenient to work with cartesian
Kerr-Schild coordinates. The equation of motion in Lorenz gauge can be written in terms
of an effective source current

nP0,05AF = JH VAR =0, (A.3)
where
Ty = 0o (WPV5A) = 500, (L, AY) — T4 g*V 5 A7 + R, A" — JF. (A.4)

This can be inverted to give the classical solution in terms of the source

40 = [ G o e e (A5)
@) ) — 7P + ie P P '
which can in practice be solved iteratively for weakly curved backgrounds. We can perform

the standard LSZ reduction to define the two-point amplitude for spin 1 fields on the
Kerr-Schild gravitational background

§AH(—
Ao, ) = — lim Tim pipd i (~pr)eg(pn) S P

c A6
p1%0p2%0 5JV(p2) ( )

A similar procedure can be carried out for graviton perturbations on a Kerr-Schild back-
ground, by using the Einstein-Hilbert Lagrangian coupled to a matter source

1 0(V/=CLomaiter)
-5 / Ao V=GRIGI+ [ d'oV/=Cluaier, = e )

We can then express the total metric as the sum of the spin-2 tensor perturbation H,, and
the Kerr-Schild background g,,,

G;w =g + H;w > (AS)

and we can express the perturbative wave equation in terms of trace-reversed perturbations

1
Hy, =Hy, — gWHO‘ Vu(H™W =0. (A.9)
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The wave equation for the spin 2 perturbation on the Kerr-Schild background is therefore
defined as

Q(Htr)pu - Eaﬁ (guu(Htr)aﬂ - (Htr>uugaﬁ + QQﬁ(u(Htr)V)a)
+ 2RV (HY) = 26 B [HY] — JH (), (A.10)
where §E,,, includes all the quadratic, cubic and higher order contributions of (H'),,, to

the Einstein tensor and the equation has to be solved self-consistently in powers of k. At
each order in perturbation theory, an effective source can be defined for (H™)*

T (@) = 0 (WOT (P — 2 90 (LY (H™))P) — 29" LY 5 (™)
. QEMaVb’(Htr)aﬁ + Eaﬁ [g;uz(Htr)aﬁ - (Htr),uugaﬁ + QQ’B(M(H“)V)Q}
+ 25E‘“’[Htr] — JW(x) (A.11)
such that the equation of motion is
NP 0n0s(HTYW = JHY (A.12)

which can be solved iteratively for (H")"" as a function of the source. As before we can
perform the standard LSZ reduction to define the perturbative two-point amplitude

O(H" )i’ (—=p1)

cl

5jo<,3 (p2)

Summarizing, it is always possible to define an effective source for the wave scattering of

Mo (pT',p3?) = — lim_lim pip3 €7t (—p1)ety(p2) (A.13)

pf —0 p§—>0

massless spin-s perturbations on Kerr-Schild backgrounds in perturbation theory. If we
collectively define our scalar, vector and tensor perturbations as

V= {6, A, H} (A.14)

then the solution wave equation in cartesian Kerr-Schild coordinates can be always written
in the form

d4p eip~x _ 0

B Spinning boundary on-shell action localization

We show here that we can extend the relation between the boundary on-shell action and

the generating functional of the two-point function for a U(1) gauge field minimally coupled

to a Kerr-Schild gravitational background, working for simplicity in radial gauge A, = 0.
The original action in (A.1) is equivalent to

1 4 v v v
s=3 [ dev=gar (537, - ©,9" - BY) A,

- / d'zy/=gg" g vy, (Ay](l[pAg])) : (B.1)
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where the boundary term can be now isolated
Sbay =~ ) /ﬂ P2/ =gima A (2)n” 1V, Ag (). (B.2)
n=+""

We can now write the incoming and the outgoing gauge theory solutions as

Al o (2) = e (p)e’™

m,o

N 1 dwi - 7 N _
AloLut(t +rr IE) = —Cx— A /]R % e:szk(t:FT) :ff(:l:wk‘awk’x) + O(’l“ 2) ) (B3)

where we have considered only the leading radiative component of the gauge field around
the null boundaries .#*. This means that we can write the in/out boundary contribution
as a function of the momentum for the future null boundary as

Sin/out( U) _

P ——cy hm 7“/ dudfdy sin(0)

(872)
X /]Rdwk le—ip~m€;[§(p)np] Z[p (e_iwkujeﬁ"g] (W, wki))
— e3¢ (p) (e TG (wn, wd)n) vpe"P“] . (B4)

and for the past null boundary

in/ou 1 . .
S/t (o) = il Tim 7 . dvdfdyp sin(0)

X / dwy, leip-xgz[ﬁ(p)np] vy, (eiwkvjeﬁﬂ(_wk’ wm)>
R
—5¢(p) (eiw’“vji%(—wk, wkf)np]> Vpe"”"”] . (B.5)

We notice that in radial gauge Aj, = Jeg, = 0 some of the terms are vanishing,?* and
following some steps similar to the scalar case, we are left with

in/ou o cy +c- % = R
Sf/—utf+ ) = (+2> e (p) Jett g (wp, wph) , (B.6)

which depends on the contour prescription as in section 4. Therefore, we can conclude
that the boundary on-shell spinning action is the generating functional of the two-point
amplitude:

M2(p(f1,p32) = — lim lim plng*gl( pl)gzz(m)w
p1—>0p2~>0 6sz( 2)
6Jy(p2)

2 in/ t o
0 [(C++C—) SJ—OJJﬂL(_pll)}
= lim lim p3e%2(po) = .
p}—0p3—0 5],,(])2)

= lim lim pj 8:101 (—p1)el? (p2)

pi 20 2 20

24Tt is an interesting problem to extend this derivation to other gauges, like the harmonic one.
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This calculation can be generalized also to the tensor source of graviton perturbations
in (A.11), but the steps are quite involved we leave this for future work. It has been shown
explicitly in [110] how to isolate the boundary terms in the Einstein-Hilbert action up to
quadratic order in the graviton perturbation, and we believe that the procedure can then
be generalized recursively also at higher orders in perturbation theory.

C Hyperbolic slicings of Schwarzschild and Kerr

We have shown in section 3 that the wave scattering on asymptotically flat backgrounds
can be recast as a celestial two-point function on the CCFT. A complementary approach to
celestial holography in Minkowski spacetime makes use of the so-called hyperbolic slicing, as
shown in the seminal work of Soludukhin and de Boer [1]. The relevance is two-fold. First of
all, this allows to make contact with the standard AdS3/CFTy holography [3, 28]. Second,
this gives a manifestly Lorentz-invariant description for the bulk physics in a way that
smoothly connects to the celestial conformal field theory (indeed Weyl-invariant theories
are very interesting models for flat space holography?°).

Here we show that we can also provide, at least locally in some coordinate patch, a
hyperbolic slicing of asymptotically flat space solutions like Schwarzschild and Kerr in 4
dimensions starting from their Kerr-Schild form. Besides the importance of showing how
the Euclidean AdS3 geometry and its conformal boundary arises from these geometries in
the future and past Milne regions, this justifies the use of the conformal flat space basis for
the scattering on top of those backgrounds. Moreover, it might also be relevant for setting
up the holographic bulk reconstruction method in asymptotically flat spacetimes, which is
well-developed in the AdS/CFT literature [118, 119].

C.1 Warm up: Minkowski flat metric
Let’s start with the usual Minkowski spacetime in cartesian coordinates (z° = t, x!, 22, 23)

ds3inic = Muvdatda” . (C.1)

In this case the change of coordinates we are seeking boils down to choosing Minkowski
proper distance as the new time coordinate 7 = 3 log(—z?). In detail [3]

1 (142 z+z) . i(z—2) 1 1— |22
:E'u‘: (pe <p2|’+1>7( )e y ( )e 77106 <]‘_l|>> ’ (02)

2 2p 2p 2 P

where we have expressed our Cartesian coordinates in terms of (7,p,z,2). Clearly
(t,zt, 2%, 23) € R?* while (1,p,2,2) € R? x C?. If we express everything in terms of

25This coordinate system was first studied by Dirac in 1949 for the so-called point-form quantization [111],
where the dilatation operator is the time-translation Hamiltonian in the bulk. Then this was revisited
further in the early 80’s by a variety of people [112-117] in order to understand dual resonance models at
the early stages of the development of string theory.
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spherical coordinates (t,7,0,¢) € R x (0,+00) x [0,7) x [0,27) we get

1 (1+]z 1.,
tzipe < g +1], r=ge G(z,2,p),
2 2 1 >
6 = arccos % , ¢ = iarctanh (Z i) , (C.3)
pG(2,2,p) z+Z
where we have conveniently defined a function
_ p—1)2+z2) ((p+1)2+ 2|2
g(z,zvp):\/« )+ | |L§< )2+ 12%) (©4)

which has a singularity on the light-cone. By applying now the change of coordinates (C.3)
to the Minkowski metric we get

1
dsipg = €7 <—d7’2 + dsidsg> , dsias, = i (dp2 + dzdé) . (C.5)

C.2 Schwarzschild metric

We use the Kerr-Schild form of the Schwarzschild metric
2GM 9
ds%chw,(i) = ds%/[ink + T (dt, + d?") ) (CG)

where the sign + denotes the two possible choices for this coordinate system, which is
well-adapted to ingoing (4 sign) or outgoing (— sign) null geodesics in the Schwarzschild
geometry. Indeed, (C.6) is usually called Eddington-Finkelstein system of coordinates.?%

This representation of the metric is highly convenient for the holographic approach:
the principal ingoing/outgoing null directions provide an intrinsic characterization of
the spacetime in the dual picture. In this case we would like to use the Schwarzschild
proper distance as our new coordinate time: in EF coordinates, this will approach again
T — %log(—xQ) at large distances like in flat space. We can therefore set

t’:%Pe" (CCQJQF1+1> , T:%e”Q(C,E,Q%
0 = arccos (%) , ¢ = tarctanh <§—_Fé> , (C.7)

where (0, 0, ¢, ¢) are the analogue of (7, p, z, Z) for equation (C.3) with the crucial replacement
t — t'. We then obtain, focusing for simplicity to outgoing null geodesics, that for each
slice labelled by the new time coordinate o the metric becomes asymptotically

2 _ (do)® + d¢d¢
dSSChW,(_) ‘dJ:O =€ [ 92
4GM 5 9 »8GMdo(d¢ + ¢dC) 3
+ 0e? —————(dp)* — p“€e’ Olo C.8
(ENRER T +1CP) (@) ©9
26This follows from defining a new the time coordinate ¢’ from the standard Schwarzschild representation
r dr
di’ = di = 1-2GM/r’

where t is the coordinate time.
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t/

A
v = const
u = const e
—\
> >
(a) Outgoing case: u =1t —r (b) Ingoing case: v=1t"+1r

Figure 3. The region in orange shows, in the (r,¢) space, the patch covered by the hyperbolic
system of coordinates adapted to outgoing (see figure 3(a)) or ingoing (see figure 3(b)) null geodesics.
The straight lines in blue represent null geodesics, while the red lines represent (one side of) the
hyperbolic slices at fixed time o.

in the expansion of g near the boundary (identified with ¢ = 0). We see that we find exactly
an empty AdS3 metric up to order o°. The Ricci scalar on each slice up to order o°® reads

Rcr—slicc,(—) = _66_20 + O(Q5) ) (Cg)

which confirms the interpretation of the AdSs for the asymptotic structure on each slice.?” A
completely parallel calculation can be done for ingoing null geodesics (+): we have compared
the two cases in figure 3, where the region of validity for this system of coordinates is also
highlighted.

C.3 Kerr metric

As for Schwarzschild, it is highly convenient to use the Kerr-Schild form of the Kerr metric
(see for example [120, 121])

2GMT

2
s 2
m (d?" + dt — asin HdQO) s (ClO)

ds%(err,(:l:) = dSIZ\/Iink +
where 7 is defined implicitly from
- 72 <7~2 — az) — a*(rcos0)? = 0. (C.11)

It is worth noticing that ¥ — r for @ — 0: the Kerr metric in the Kerr-Schild form gives
manifestly the Schwarzschild metric in the Kerr-Schild form when a — 0.

Let us focus on the coordinates adapted to outgoing null geodesics. If apply the
transformation (C.7) to the Kerr metric, on each hyperbolic slice we get, in the small p

2"This shows also that further coordinate transformations can be done to achieve an AdSs-like metric
structure up to higher orders in the p variable on each hyperbolic slice.
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expansion,

ds? _ ’ =e
Kerr,( )do':() 2

Y
AGM(doP | 16GMido(CdC—CdS) 516G M(CdC—(dd)?
D (1+[C7)? ¢ (1+1CP)°
16iGM (C2(dC)? —2(dC)?) 8GMdo(CdC+CdC)
2 _ 2.0 3
tee A+ PP eyt o)
(C.12)

which again confirms the interpretation of AdSs plus corrections in the o — 0 expansion.
Moreover, if we compute the Ricci scalar on each o-slice we find, as expected,

Ra—slice,(—) = _66_20 + 0(92)' (Clg)

As for Schwarzschild, the procedure can be repeated for ingoing null geodesics and the
region of validity of this construction is highlighted again in figure 3.

C.4 Gaussian normal coordinates for Schwarzschild and Kerr

A Gaussian normal coordinate system provides a foliation of spacetime with spacelike
hypersurfaces, in way that is convenient for the holographic interpretation (see [1]). We
would like the new ¢ time coordinate to measure the proper time of “stationary” observers,
i.e. observers with constant spatial coordinates. These coordinates always exist, at least
locally: one merely takes each spatial position on the 3-manifold of the foliation ¥, builds

the geodesic orthogonal to X, and takes these to define the new proper time.?®

Instead of explicitly solving the geodesic equation (which would be quite cumbersome
in our coordinates), we will perform a redefinition of our ¢ in the asymptotic expansion in
0 in order we remove the undesired terms. Again, without loss of generality we will focus
on outgoing null geodesics. After performing the change of coordinate (C.7) to the Kerr
solution in Kerr-Schild coordinates (C.10), we perform the following change of variable

. GM(40, — 1) w0 GM (120, + 1)
_) + 3 Up—p’ _) . Up—p’
R S TR TAB A T
oy 8iaGM( s o GM(120, +1)¢,
C = Cp+ phe 2r — P B0 ,
N T R 1+
- o, SiaG M, . GM (120, + 1)
4 -2 P 5 —o P p 14
S CE IV N Tt (C14)

Z8The related observers are called fundamental comoving observers, and the fundamental property of this
system is that geodesics remain orthogonal to X, for all o in the region of validity of the construction.
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to get the metric in Gaussian normal coordinates,

g2 ey et dGdGy 200 () g 16GM (2d02 —dGydd, )
e A (R
0 a48ideGM(deép_épde) —0 a2e~p 16GM(<pd€Tp_§pde)2
P (1+]¢p?)* P (1+[¢pl?)?
s = ; ) 2 42037 \2
+ 2eong YIBGM GG +GiG) | MM (GUGI—GGS)
peor (1+]¢p*)* b (1+1¢p/2)° b
(C.15)

Upon setting a = 0, this gives also the result for the Schwarzschild metric in (C.8),

16GM (2(doy)? — dGyds,)
(1+16%)?

+0(0)). (C.16)

(dé’p)z + dedgp o
%
op 96GM(de)(de§p + gpde)
1+ 16

It is easy to check that the Ricci scalar of the foliation is still constant and negative on

— 620’p

e*r (dap)2 — 0pope’?

ds%chw,(—)

+ Qf,ope

each slice of fixed o, and we therefore still have an asymptotically AdS3 space (because the
redefinitions of the coordinate, despite involving o, start at order ¢?), both for Schwarzschild
and Kerr. Using Brown-Henneaux boundary conditions [122], our result shows that the
asymptotic metric on the foliation is clearly preserved under the action of conformal Killing
vectors near the boundary, which suggests the presence a two-dimensional CCFT structure
for Schwarzschild and Kerr. Moreover, such Killing vectors can be locally uplifted to the
superrotation Killing vectors of asymptotically flat spacetimes [28, 123].
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