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We explore conformal primary wave functions for all half integer spins up to the graviton. Half steps
are related by supersymmetry, integer steps by the classical double copy. The main results are as follows:
we 1) introduce a convenient spin frame and null tetrad to organize all radiative modes of varying spin;
2) identify the massless spin-% conformal primary wave function as well as the conformally soft Goldstone
mode corresponding to large supersymmetry transformations; 3) indicate how to express a conformal
primary of arbitrary spin in terms of differential operators acting on a scalar primary; 4) demonstrate
that conformal primary metrics satisfy the double copy in a variety of forms—operator, Weyl, and Kerr-
Schild—and are exact, albeit complex, solutions to the fully nonlinear Einstein equations of Petrov type N;
5) propose a novel generalization of conformal primary wave functions; and 6) show that this
generalization includes a large class of physically interesting metrics corresponding to ultra-boosted

black holes, shockwaves and more.
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I. INTRODUCTION

Scattering in four-dimensional asymptotically flat space-
times obeys an infinite-dimensional symmetry algebra that
matches the structure of a two-dimensional conformal field
theory (CFT) living on the celestial sphere. In practice,
mapping S-matrix elements to celestial CFT correlators is
an integral transform of on-shell momenta. In principle, it
presents a new paradigm for identifying and organizing
universal features of scattering.

The goal of the Celestial Holography program is to push
beyond kinematics and gain insight into quantum gravity in
the bulk asymptotically flat spacetime from the celestial
boundary theory. Over the past few years, important strides
have been made towards building a holographic dictionary.
Beyond matching soft memory modes to currents [1],
and boost eigenstates to local operators [2-4], recent
advances are beginning to translate known universal
features of amplitudes into this new representation. Soft
theorems map to factorization theorems at special con-
formal dimensions [5—10], collinear limits are captured by
operator product expansions [10—15], double copy relations
in amplitudes persist [16], and the UV/IR mixing intrinsic
to this map has offered more insight into analyticity con-
straints and a new perspective on renormalization [17,18].
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The goal of this paper is to expand the existing frame-
work surrounding conformal primary states [4,19,20] and
connect it to current progress being made in adjacent
subfields so that we will, ultimately, be prepared to apply
their tools to our problems. We take inspiration from recent
successes connecting classical observables to on-shell
quantum scattering amplitudes [21,22] as well as the so-
called double copy relation between gravity and gauge
theory amplitudes [23-25] and its classical counterpart
[26-30]. In particular, we will exploit the machinery of the
classical double copy—of Weyl and Kerr-Schild type—
between solutions in gauge theory and gravity.

Our results are organized around the theme of ‘shifting
spin’, which takes on a double meaning. On the one hand,
we will be examining how to step between radiative modes
of different spin. On the other, we will be considering wave
functions with conformal spins that differ from the bulk
helicity of the corresponding field. We demonstrate that
within the existing formalism for conformal primary wave
functions we can construct exact solutions which may serve
as backgrounds on top of which to perform perturbative
scattering. We then extend this formalism to encompass a
larger class of interesting bulk states. The objective is to set
up a framework that will help us explore bulk physics in a
manner that may be overlooked if we rely solely on a
Mellin transform of perturbative amplitudes.

This paper is organized as follows. In Sec. II, we set up a
convenient null tetrad and spin frame to describe conformal
primary wave functions. In Sec. III, we use this to reorganize
the presentation of conformal primaries. Starting from a
review of each Mellin representative of spin s € %Z for
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0<s<2in Sec. Il A, we then use our spin frame to
promote these to conformal primaries in Sec. III B. This
allows us to quickly write down a series of interesting new
results; identifying the full spin—% conformal primary wave
function, the conformal Goldstone mode for its large-gauge
symmetry corresponding to local supersymmetry, the generic
all-spins expansion of conformal primary radiative modes,
and charge operators for these modes (prerenormalization
counterterms are examined in [20,31]).

Section IV explains how one can jump between different
spins using differential operators. It begins, in Sec. IVA,
with a review of the supersymmetry action on Mellin-
transformed amplitudes introduced by [32], which we
generalize in a manner that allows us to shift the spin of
a conformal primary wave function by arbitrary half-integer
steps. We then show how one can also jump by integer spin
with an operator double copy for curvatures in Sec. IV B.
One of the focuses of this paper is to consider exact vs
perturbative backgrounds. While the gauge equivalence of
perturbative Mellin modes and conformal primary modes
would allow the use of amplitudes constructed from either,
Sec. IV C shows how this gauge equivalence persists for the
finite perturbations. This will make it easier to extract
scattering on finite conformal primary backgrounds from
amplitudes methods.

In Sec. V we use our spin frame to demonstrate that spin-
0, spin-1, and spin-2 conformal primary wave functions
obey the Weyl double copy relations [27]. This makes
manifest the (anti) self duality of these solutions. In Sec. VI
we show that the conformal primary solutions satisfy the
Kerr-Schild double copy. This implies that spin-2 con-
formal primary wave functions are fully nonlinear solutions
to the Einstein equations. We examine the Kerr-Schild
doubly copy for conformal primary wave functions, for
their shadow transforms, and for conformally soft modes in
Secs. VIA-VIC, respectively, both verifying that these
modes become pure gauge when expected and identifying
their Petrov type.

At this point we have a set of nontrivial background
configurations with definite conformal weight and spin on
which to consider perturbative scattering. We find that we

|

aa + bb + c¢ +dd
1 ac + ac + bd + bd
2| i(-at + ac — bd + db)

—aa —bb + c¢ +dd

From this reference direction, one can naturally construct
two polarization vectors

1

1
¢ =04, RS
+ q \/i

V2

o =—uq".  (2.5)

ab + ab + ¢d + cd

ad + ad + bc + be
i(—ad + ad — be + bc)
—ab —ab + cd +¢d

can expand this set to even more useful backgrounds if
we relax our definition of conformal primary wave func-
tions. In Sec. VII we generalize the construction of [3] to
include nonradiative wave functions of definite conformal
weight. We perform a classification for each integer spin in
Secs. VII A—VII C. Finally, we apply this classification to a
series of interesting backgrounds in Sec. VIID. These
include boosted black holes, shock-wave configurations,
and other vacuum to vacuum transitions that would other-
wise be excluded from a conformal primary analysis.
Celebrated as exact solutions when they were discovered
in the 1970s and 1980s [33-35], these metrics have resur-
faced recently in the amplitudes literature. Identifying these
metrics as generalized conformal primaries opens up new
opportunities to apply these same amplitudes methods to
explore nonperturbative bulk physics in the celestial CFT.

II. NULL TETRAD AND SPIN FRAME

In this section we set up a spin frame and null tetrad for
the Minkowski metric that will be convenient for our
discussion of conformal primary wave functions. We use
the spinor conventions of [36] since they are also in the
mostly-plus signature convention. In the Celestial Conformal
Field Theory dictionary [2—4], 2D CFT operators at a point
(w,w) correspond to 4D bulk wave functions defined in

terms of a reference direction
¢ = (1+wiv,w+w i(w —w). 1 —ww). (2.1)

Under an SL(2,C) Mdbius transformation of the celestial
sphere

aw + b _
, w
w+d cw+d

W (2.2)

o

with ad — bc = ad —b ¢ = 1, this reference direction trans-

forms as
g — |ew + d|72A g, (2.3)

where A¥, is the corresponding vector representation of
SO(1,3) = SL(2,C) (see e.g., [37,38])

—aa+ bb — cc + dd
—at¢ — ac + bd + bd

i(ab —ab + cd — &d)
i(ad — ad — be + bc)

- - I X
ad + ad — bt — bc i(ac —ac—bd+ bd
i(—ab +ab + cd—¢d) aa—bb—cc+dd
|
which obey the following inner products
q-€;,=0, 7> =¢€2=0, e;-e_;=1, (2.6)
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We see that we are one null vector shy of a tetrad
for Minkowski space. However, we have one more four-
vector at our disposal for a spacetime wave function, X*.
Let us now proceed to construct a tetrad in terms of
{X*, ¢", ¢, "}, which form a basis for the tangent space
for generic X*#. We would also like to demand that vectors
in our tetrad transform covariantly under SL(2, C). A tetrad
that fits these criteria is given by
-q-X 2
m' = ¢ + (e, - X)I¥,

»=

mt =¢et + (e - X)IF.  (2.7)

One can check that our tetrad obeys the standard normali-
zation conditions
P=n*=m?>=m?>=0,

= (m*)", 2.8)

[-n=-1, m-m=1,

[l -m=n-m=0,

—

and transforms covariantly under SL(2,C) as follows'

Y R I VR Ly
cw+d
cw+d
i > ;:V: 3 (2.9)

An operator or wave function is said to have SL(2,C)
conformal dimension A and spin J if

aw+b aw+b

O, A xv; , -
“( ew+d aw+d)

= (cw+ d)A (e +d) 2 D(A) O, (X3 w, W),

(2.10)

where D(A) is the representation of the corresponding
Lorentz transformation appropriate for the (3 + 1)D indices
of the operator 0. We thus see that /* and n* are real
four-vectors with SL(2,C) conformal weights (h,h) =
1(A+J,A—=J)=(0,0), whereas m* and m* are complex
four-vectors with conformal dimension A =0 and spin
J = %1, respectively.

The flat metric can be written in terms of our tetrad (2.7) as

n ==t — 0t mrmt . (2.11)

"The combination of €’ and ¢" appearing is such that m* not
only transforms covariantly under Lorentz transformations, but
also is invariant under shifts e, — e, + ag, with the same being
true for €, <> e_ and m <> m. Allowing spacetime depen-
dence and demanding conformal covariance gives rise to a
natural spacetime-dependent polarization vector independent of
the standard momentum space gauge ambiguity. Furthermore, the
normalization condition (2.8) prevents us from shifting the
weights of m and m.

We can further decompose the elements of this tetrad into a
spin frame. We want

lal} = 0,0j, mj = 04j,, M, =1,0},

(2.12)

I/l[/li7 — lali),

where for a four-vector »* we go between spinor and vector
indices via [36]

(2.13)

1
vy = (o) = =5 (05),

where
(5,4);;1; _ (ﬂ’_ai)ézb'

(c#),; = (1,6") i (2.14)

Here, the undotted (dotted) indices refer to left- (right-)

handed SL(2,C) spinors and these indices are raised and
lowered with

L 0 1
gh =it = ¢, =—g,; = (_1 0).

We then see that the decomposition (2.12) holds for

2 <V_V> 1 ( t—z—w(x—iy) >
O4u =\l v s e =\ T+ . ’
g-X\ -1 q- X\ —x—iy+w(t+z)

(2.16)

(2.15)

up to an overall phase ambiguity which we fix by setting
0, = (0,)* and7; = (1,)* in the region where ¢ - X > 0 and
analytically continue from there. The spinor o, has a simple
relation to the spinor helicity variables

|61]a =Vq-Xo,, (gl = V4 -X0i  Guq = —|‘I]a<(]|a-
(2.17)

We also have
041y — 1,05 = V2., (2.18)

as well as the simple linear relation”

*We are essentially using conformal covariance to pick a
reference spinor. From an amplitudes perspective, this would
correspond to using a differential operator in place of an arbitrary
reference spinor, replacing X# with {0y for each external leg, or
an appropriate Mellin basis analog. The linear relationship
between 1 and o is reminiscent of the incidence relation defining
the embedding of Minkowski space into twistor space Z* =
(0, 7y) as the locus (2.19), w® = iX* 'z, so long as the
contour integral in the Penrose transform localizes to 7z, +— 0,
w* — iv/2:%. Tt would be interesting to connect our classical
celestial double copy, in particular Sec. V, to the recent results of
[30] showing that the Weyl double copy can be derived from
twistor theory. We leave fleshing out these details to future work.
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Iy =—X ;0 2.19
\/z ab ( )
where
—t+ x—i
X, = < : y), (2.20)
X+iy —-t—2z

is the matrix representation of the spacetime position vector.

We close this preliminary section by examining the
SL(2,C) covariance of our spinors {o,,1,}. Because of
(2.19) and the covariance properties of the Infeld-van der
Waerden symbols (2.14) and the antisymmetric tensor
(2.15), we need only perform an explicit transformation
of 0,. Under a Mobius transformation

04 > (cw + d)2 (¢ w+d)2(Mo),.

(% %)
M = -,
—c d

is an element of SL(2, C). Meanwhile, from the intertwining
relation of the Infeld-van der Waerden symbols (2.14) we get

(2.21)

where

(2.22)

from which we see that the tensor products (2.12) reproduce
the correct conformal dimensions for the members of our
tetrad.

III. FROM PLANE WAVES TO
CONFORMAL PRIMARIES

This section applies the above framework to reorganize
wave functions relevant to celestial CFT correlators.
Scattering amplitudes are usually calculated with external
states in the plane wave basis, making translation symmetry
manifest. The fact that the 4D Lorentz group SL(2, C) acts as
the 2D global conformal group on the celestial sphere at null
infinity implies the existence of a conformal basis of
asymptotic states which makes conformal covariance mani-
fest. For massless® particles, this change of basis to so-called
celestial amplitudes is achieved by a Mellin transform in the
energy of the external states [3,4,41,42]. As shown in [32],
the Mellin representatives of different spins are related by
supersymmetry. It is also straightforward to show that the
integer spin examples are related by the classical double
copy. We review these massless Mellin wave functions which
were cataloged for integer spins 0, 1, and 2 in [3], and for half-
integer spins § and 3 in [32] in Sec. IIL A.

The Mellin representatives for spins {1, % , 2} fail to satisfy
(2.10); but judiciously adding pure gauge terms yields

. Ty . — AM YV LY .
Xap = (MXM) j, = N X0, (00) g (223) conformal primary wave functions which do transform
We thus have ac_cordlng to (2.10).. Massless.spm-l and.spln—2 confor.mal
primary wave functions were introduced in [3]. We believe
oo T he explicit form of the massless spin-2 conformal primar
> ) a¥m),, 2.24) heexp pin- primary
ta > (ow +d) (@ W +dR (M), ( ) wave function we propose in Sec. IIIB is new. Our
so that presentation of conformal primary wave functions in terms
of the null tetrad and its spin frame reveals that these wave
A 7 functions satisfy double copy relations of the Weyl and Kerr-
Schild types which we discuss in Secs. V and VI.
o, 0 %
o, 0 _% (2.25) A. Mellin representatives
i, O _% Recall the linearized equations of motion for massless
_— | particles of 4D spin s = |J| in vacuum of relevance to any
fa 2 supergravity theory,
|
s =0 Klein-Gordon Ll =0,
s =4 Dirac 70w =0,
s =1 Maxwell A, —0,0°A, =0, (3.1)
s = % Rarita-Schwinger ~ y*0,y, = 0,
s =2 linearized Einstein 9,0,h°, + 0,0,h°, — 0,0,h — h,, =0,

*Massive bosonic wave functions were constructed for the scalar in [2] and generalized to arbitrary integer spin in [39]. Massive
fermionic wave functions were constructed in [38], and generalized to arbitrary dimensions for spin-% in [40].
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TABLE I. Mellin representatives of spins s = {0,5,

1,3,2}.

Plane wave solutions

Mellin representatives

Tiong X

e

P )
Il
ORI —m RI— O

Valgl,e X, £y/w(g|,e X
elie:tiwq-X et eiiwq»x
, €Z
Vo|q) € e X, 1\ /o(q| et et X

v ,tiogX u v ,tiogX
élete , elele

¢A.:t
0§¢A,i’ ibjfgbAi
€i¢A,i’ €/£¢A,i
oFeLptt, toFfer pit
erel piE, etet it

with the linearized metric perturbation given in g,, =
Nuw + hyy. Massless particles are labeled by null momenta
which, in four dimensions, are described by three param-
eters: a point on a two-sphere, a scaling given by its energy,
and k, = wgq,(w,w). The standard procedure for finding
scattering solutions to these equations is to start from the
scalar solution to the massless Klein-Gordon equation
given by the plane wave e**X with k> = 0 and find the
appropriate polarization spinor/tensor to satisfy (3.1). The
authors of [32] showed that the standard Mellin map

M Plane Wave Solution — Mellin Representative
(3.2)

where

(s
M() = / dow® (), (3.3)
0
works for each spin in the supermultiplet, taking the plane
wave solutions of (3.1) to representatives of the gauge
equivalence class of conformal primary wave functions of
conformal dimension A, and spin J equal to the helicity of
the preimage. Starting from the scalar case

o) = [ it (T
0 (—g-X.)*
(3.4)

where X, = X# 4+ ie{—1,0,0,0} is used as a regulator,4
we can translate the results from [32] to the spin frame
language we introduced above. We arrive at the mapping
summarized in Table I. Note that we have implicitly
projected the spinor equations in (3.1) onto irreducible
Weyl representation solutions, and made use of the pro-
perties | — g, = +|g] and (—q|, = —(gq|,. We have also
reinstated the +ie regulators for the spinors o, and o,.
While the polarization vectors depend solely on ¢*(w, w),
the spinors and the scalar wave function depend on both X#
and ¢ (w,w).

“In the spinor definitions from Sec. II, we take X — X,
everywhere to regulate consistently, with the caveat that the
spinors o, and 1, are no longer related by complex conjugation to
0, and 17, respectively, for finite e.

B. Conformal primaries in the supermultiplet

From the null tetrad and the spin frame introduced in
Sec. II, it is now straightforward to see how to promote the
Mellin transformed plane wave solutions listed in Table I
for the various spins to wave functions that solve the 4D
linearized equations of motion (3.1) and transform as 2D
conformal primaries (2.10); substitute m* for any appear-
ance of €, and m* for any ¢*. For convenience and to
match onto the normalization of the conformal primary
wave functions in [3], we will strip off the prefactor (F
i)AT'(A) in (3.4) and thus define

o
(—q 'Xi)A

as the spin-0 conformal primary wave function. Indeed, it
transforms as a 2D scalar in (2.10). In addition, we will add
a compensating phase to our definition of the negative
helicity fermionic wave functions to remove the corre-
sponding =+ signs in Table L.

Spin-1 and spin-2 conformal primary wave functions
were defined in [3] as solutions to the Maxwell and
linearized Einstein equations in (3.1), transforming accord-
ing to (2.10) for J = +£1 and J = £2, respectively, and
were shown to obey the harmonic and radial gauge
conditions. The positive helicity wave functions are given
by

A+

@ = (3:5)

At 4+ At A+ okt AL
A = mgenT, Pog—in = Mm@, (3.6)
while the negative helicity ones are

At o4 A+ At ot A4
A,,;J=_1 =, @™, h;w;J=—2 =, m, ¢~ (3.7)

We define spin-} and spin-3 conformal primary wave
functions as follows: matching the format of [3] for the case
d =2 and treating left- and right-handed fermionic wave
functions separately to emphasize the distinction between
(3 4 1)D helicity and 2D spin. For ease of notation, we will
suppress spinor indices but leave vector indices explicit, and
use bars to denote right-handed spinors. In the Weyl basis

”_<0 0")
y_ 5” 0 )

(3.8)
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which we will use to rewrite the spin-} and 3 equations from
(3.1) for each chirality.
Definition.—An outgoing/incoming (+/—), left(right)-
handed massless spin—% conformal primary Weyl spinor
£ @5*) on R:
a. Is a solution to the Weyl equation

Oy =0, 9,7 =0. (3.9)

b. Transforms as a (3 + 1)-dimensional spinor as well
as a two-dimensional spin—% conformal primary of
conformal weight A and spin J

£ pnxn 20D AW D
ew+d cw+d
= (ew + )2 (Cw +d)A MyH*
_Ai AR XV aw—l—b’c:zv_'v—l—l:?
ew+d ew+d
= (ew + )2 (Cw +d)A~ Mgy (X w, w),
(3.10)

(X w,w),

where M is the (1,0) representation of the Lorentz
algebra corresponding to the Mobius transformation
(2.2), given by (2.22), and M = (M~")" is the (0, 1)
representation.
A complete scattering basis is given by A =1 + il. For
these wave functions, J = :t%.
Definition.—An outgoing/incoming (+/-), left(right)-

handed massless spin-3 conformal primary Weyl spinor

2
At AL .
7 (t,7) on R!3:
a. Is a solution to the chiral projection of the Rarita-
Schwinger equation

JVPK = HUPK
5,0, K] £ =0, e 08/,“ = 0.

(3.11)
b. Obeys the harmonic and radial gauge conditions

6")(MJ =0, X”;(”J =0, (3.12)

and similar expressions for the barred versions.

c. Transforms as a (3 + 1)-dimensional spinor as well
as a two-dimensional spin-3 conformal primary of
conformal weight A and spin J

Al aw—+b aw+b
AR XY , -
gz ( o ewrd ewid

= (ew+d)> (Ew+d) A, My (XFsw,w),
AL aw+b aw+b
il AP, G , =
o ( “ lew+d Ev‘v—i—d)
= (ew+d)> (Ew+d) A, Moy (XFsw,w),
(3.13)

where M is the (1, 0) representation of the Lorentz
algebra corresponding to the Mobius transformation
(2.2), given by (2.22), and A is the usual vector
representation.

A complete scattering basis is given by A =1 + il. For

these wave functions J = +3.

The positive helicity solutions to (3.9) and (3.11) are
given by the left-handed spinors

A+ 4+ A+ A+ + .+ A:t
WJ:+%_0(/) ’ ){”J +3_0m(p

(3.14)
while the negative helicity solutions are given by the right-
handed spinors

This completes the list of spin s = {0,1 5. 1, 2 , 2} conformal
primary wave functions whose 4D helicity +s is identified
with the 2D spin J. Table II summarizes the positive
helicity conformal primary wave functions in spinor
notation. The negative helicity wave functions are obtained
by the replacements o — 0 and 7 — 1. Because the value of
J uniquely labels the kind of particle, it is convenient to
introduce the compact notation ®, ;(X;w,w) for 4D
solutions to (3.1) which transform as 2D spin-J conformal
primaries (2.10) with conformal dimension A =1+ iA.
Unless necessary we omit the +ie regulator henceforth.
Besides the basis of conformal primary wave functions
corresponding to ®, ;, we can construct from their shadow
transform a basis of conformal shadow primaries

;= ‘D;:._J, (3.16)

whose conformal dimensions are flipped and shifted by
two, while their 2D spins are flipped. We note that while
each of the nonshadow modes ®, ; has J = £, where J is
the 2D spin and ¢ = +s is the (34 1)D helicity, the
shadow modes ®,; have J = —7. The shadow wave
functions of spin-0, spin-1, and spin-2 were constructed
in [3], and are given by

TABLE II.  Positive helicity conformal primary wave functions
in spinor notation.

Dy Wave function Reference
Dyp s (3]

Dy 4 1//§:+% = 0¢p® [32]
Dy A§:+1 = ol [3]
LN )y = oop® =
IV hy_., = oollg" (3]

086020-6
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TABLE III. Negative helicity conformal shadow primary wave
functions in spinor notation.

[6) AJ Wave function Reference
(?A,o P = (=Xx*)2"p? (3]
(DA,+‘ y:/§:+] \/_l )A—- A c.
(i)A,+1 A?:H = 01(=X?)4"1p* (3]
Py ):(§,+z = \/5077(_)(2)A_%§0A o

)
D, 4y fzﬁfﬂ = 0011(=X?)A"1p" (3]

@A.j: _ (—X2 )A—l(pA,i Aﬁjﬂi — (—X2 )A lAﬁji,
b = (=X2) . (3.17)
We add to this list the following fermionic wave functions,
noting that the 4D helicity and the 2D spin are no longer
identified. The positive helicity conformal shadow primar-
ies are given by the left-handed spinors

= At )A—— Ak

g =Vt (-X1)

;?ﬁjji:_g = V2t i (—X3 2 )AmyphE (3.18)
B 2

while the negative helicity shadow wave functions are
given by the right-handed spinors

= A+

- _3
Pt = VA (X,

~3Ji a= flimi( )A——(pAi

(3.19)
We will demonstrate in a forthcoming paper [31] that
the proposed half-integer spin solutions (3.14)—(3.15)
and (3.18)—(3.19) are indeed related by the shadow
transformation.

For now, we postulate that we can generically reach the
shadow primaries @, ; with the same SL(2, C) conformal
dimf;nsion and spin (A, J) as the primaries @, ; via the
map

= (X218,
(3.20)

which is not to be confused with the shadow transform.
This takes us from Table II to Table III. We will see below

>We would like to point out the tension between the normali-
zation that grants our spin frame the desired inner products to
produce our null tetrad, and the factors of X2 needed for them to
satisfy the Dirac equatlon for the respective Weyl splnors The
spinors are conformal primaries of dimension 0 and spin ﬂ: 5 in
either case, but the spinors which are left-handed solutions to the

. . NG
Dirac equation are {0,, %71}

that the factor of \/§ in the map matches the normalization
of the conformal primaries and their shadows for the spin-1
and spin-2 field strengths.

We conclude this section by observing that this tabu-
lation of conformal primary wave functions adds another
conformal Goldstone mode to the mix. While the large
gauge symmetry of the gravitino

VA 4 (3.21)
was studied in connection to a corresponding soft theorem
in [43,44], and that soft theorem was connected to a
conformal soft theorem for the Mellin representatives in
[32], we are pleased to identify the spin—% conformal
primary Goldstino in this paper.

Although the large-gauge symmetry of the gravitino
(3.21) is eliminated by our gauge fixing condition (3.12),
we will see that for certain values of A the spin-3 conformal
primary reduces to being pure gauge. To this end we
introduce the analog of a ‘field strength’

Luw =00, — 0y (3.22)
This combination will vanish precisely when the conformal
primary is pure gauge

fuw=0Sy, =0y (3.23)

Evaluating this expression allows one to read off the entries
in Tables IV and V.

For the nonshadow modes, we will be more explicit.
Note that the Mellin representative of [32] in Table I and the
conformal primary wave function in Table II differ by a
large gauge transformation of the type (3.21), up to a
normalization. For the positive helicity spin—% conformal
primary (3.14), we have

AL+ A _‘(il)

T(a) o+ 0 P (3.24)

wl=+ T A +1 1 F(
where
+ + AE A+ €r - Xy
=A , =, 3.25
o T A (g xu)8 (3:25)
and a?'i is the residual gauge term for spin-1 seen in [20].

The conformal primary (3.24) reduces to pure gauge
precisely for A = , matching the conformally soft pole
for the celestial amphtudes identified in [32]. In particular,
we see from (3.24) that

1
L

Ay = 0 (3.26)
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TABLE IV. Goldstone modes of spontaneously broken asymptotic symmetries for particles with spin 1 < s < 2.

Ay i s
A 1 1 1 0
Symmetry Large U(1) Large SUSY Supertranslation Shadow superrotation € Diff(S?)

TABLE V. Shadow Goldstone modes of spontaneously broken asymptotic symmetries for particles with spin

PHYS. REV. D 104, 086020 (2021)

1<s<2.

Ay n iy
A 1 2 1 2
Symmetry Large U(1) Large SUSY Supertranslation Superrotation

One obtains a similar expression for the A :% negative
helicity spin-% conformal primary (3.15). Table IV summa-
rizes this result, adding the spin—% Goldstino to the spin-1
and spin-2 [3,42] conformal primary Goldstone modes of
spontaneously broken asymptotic symmetries. Meanwhile,
the spin—% conformal shadow primaries (3.18)—(3.19) and
their opposite helicity expressions become pure gauge for
A= % This is summarized in Table V, whose entries
correspond to the shadow transforms of the conformal
primaries appearing in Table IV.

Curiously, whenever the shadow modes for spin 1 <
s <72 are pure gauge, they have conformal dimension
matching the classical scaling dimension for the corre-
sponding free field. Moreover, away from isolated points
where both X> =0 and ¢-X =0, conformal shadow
primaries of any spin s = {0,1,1,3,2} obey the standard
radiative fall offs. Indeed, it is these shadow modes that
pick out the stress tensor [45], supercurrent [32], and
large gauge current [19] in amplitudes. This is done via
charges constructed from the shadow Goldstone and
Goldstino modes [20,31].

In equations, using the compact notation ®, ; for the
conformal primary wave functions and a similar notation
O, for the quantum fields, we have

1+ioco
Om = Z /dZW[ . (—idA)

J=+|J] -
X [N;_A,mq)z—A.—J(X% w, W)ap j(w;w)

+ Ny @as(Xosw w)ag , (wiw)T], (3.27)

where, as in [20], the normalization factors are designed to
guarantee the canonical commutation relations

-
T

[an(w; W), ap y(W;w')']

= 8,6@ (w—=w)d(i(A + A" =2)), (3.28)

(with [,] + {, } for the fermionic case) and follow from the
inner product of the conformal primary wave functions.
These factors were computed for the spin-1 (O; = A) and
spin-2 (O, = h) cases in [20]. We will compute the
remaining ones (scalar and fermionic cases) in a companion
paper [31].
From these mode expansions, we can define the oper-
ators
Qas(w. W) = i(Oy. @5 _;(Xsw.W)).  (3.29)
with similar expressions for the shadow modes. For any
(A, J) for which the field appearing in this inner product is
a Goldstone mode, this operator reduces to the canonical
charge for that asymptotic symmetry.6 In [31], we will
detail the appropriate inner products for the spin-% missing
in [20]. We will also show that there exists a corresponding
interpretation for spin-0 and spin-} operators. While there is
no corresponding gauge symmetry, these operators are
related by supersymmetry to fields which do possess large
gauge freedom.

IV. INCREMENTING SPIN WITH OPERATORS

In Sec. IV A, we recall the action of the generators of the
(super-)Poincaré algebra on bosonic and fermionic Mellin
representatives studied in [32,46] and extend this formalism
to allow us to make an arbitrary number of half-integer
steps in spin between our conformal primary wave func-
tions. We then phrase the classical double copy relation
between the curvatures of the bosonic Mellin representa-
tives as an celestial operator statement in Sec. IV B. Finally,
we contrast these Mellin expressions with the correspond-
ing ones for conformal primary wave functions and show in
Sec. IV C that the Lie derivative relating perturbative
Mellin representatives to conformal primary wave func-
tions exponentiates.

®This may require an appropriate renormalization as in [20].
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A. Shifting spin with supersymmetry

We will now discuss operators that shift the spin of
conformal primaries by half-integer steps. The natural
physical setting for this would involve supersymmetry.
The authors of [32] studied the N/ = 1 supersymmetric
extension of the 4D Bondi—van der Burg—Metzner—Sachs
(BMS) algebra. Supermultiplets of conformal primary
wave functions for bosonic and fermionic states are related
via supersymmetry. In 2D superspace, the supersymmetry
generators are given by7

Qa = 89|Q]aeaA/2’ Qil = 0<qlizeaA/2 (41)
where 6 is a Grassmann variable. These obey the expected
four-dimensional supersymmetry algebra

{Qaa Qa} = _Uﬁ&,P;u (42)
where the translation generator of the Poincaré algebra is
given by the differential operator [46]

P, = qﬂeaﬁ. (4.3)
The action of (4.3) on an operator or a wave function

PrOx (W, W) = ¢*Oppy s (w, W), (4.4)
shifts its SL(2, C) conformal weight by an amount opposite
to that of ¢* (2.3), and therefore matches our expectation
that a Lorentz vector operator has conformal dimension
A = 0. Because the null vectors (2.5) and (2.7), as well as
the spinors (2.16), have no A dependence, it suffices to
consider (4.4) for the spin-0 wave function

Prot = g™t (4.5)

to infer the action of (4.3) on all spin s = {0,%, 1,%,2}
Mellin representatives and conformal primary wave
functions (which agree for spin-0 and spin—% up to nor-
malization). In celestial amplitudes, the translation gener-
ator relates operator insertions of different conformal
dimensions.

The fermionic analog of (4.5) is given by the action of
the differential operator in the supersymmetry generators

(4.1) relating the spin—% to the spin-0 wave function
v = lgle? gt = gt (4.6)
This action is equivalent to the relation displayed in Table II

via spin frame multiplication and shows that, similar to the
action of the translation generator in celestial amplitudes,

"Note that our definitions differ from [32] since we continue to
use the conventions of [36].

the supercharge relates operator insertions of different
conformal dimensions.

By dropping the 6 dependence from the supercharges of
[32]—which made them satisfy the N' = 1 supersymmetry
algebra but also makes them nilpotent—we can define a
more general spin-shifting operator that takes us between
conformal primary wave functions of arbitrary spin. Let us
start by defining

V) . =2
TZ EFXuinga’ TZ EVSMXZ’”, (47)
where X% = Xﬂ(6")i’“, so that
0, = T91,, o, = T4, (4.8)

It is natural to define a field with all left- or right-handed
indices, depending on the sign of J. For J > 0, we let

o

2 o

q)A,J;al‘..azj = H Taler,-q)A,J;al‘..amizl...izm . (49)
i=1

It is straightforward to check from (4.8) and Table II that
these modes obey

A

Dy = (0)7 Dy = (|g)e?/2) YDy = || Dy .

(4.10)
For J < 0, we use T to write
[-/]
. o
D gay..ivyy = H T ®aviy. i paya ., (411
s
so that

By = (0)Vdyg = <<CI|60A/2)2‘J@A,0 = <Q|2‘J‘qA)A+\J|,O'
(4.12)

We thus have a multiplet of fields <i>A, 7 constructed from
radiative solutions of the equations of motion ®, ;. A key
point is that the map ®, ; — o A,y can be inverted to return
a radiative solution with the corresponding spin. Since the
fields CTDA, ; are totally symmetric in their spinor index, we
can use

- 1 i
(T71)§ = ——ze,, X"

V2

to write

(T =—=X;eb%  (4.13)

/]

_ | | — 1\ 41+ G
q)A,J;aI...améu..‘ézw - (T )ai q)A,J;a]...azj
i=1

(4.14)
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for J > 0, while for J < 0 we have

=/

— T 147114 G
D iy irpay...apy = H(T Jai " Pa 1y iy
i1

(4.15)

We can combine these results to write a differential operator
that shifts us between conformal primary wave functions

®, ; of different spin, avoiding the new multiplet o A~ For
J > 0, we have

(I)A,J;a] ...am&z] ""IZUJ

[/ |7]
= {H |41, e®2 TT(T"|q))s, €%/ 2} Dyp. (416
i=1 j=1

and for J <0

(I)A.J;izl .ap_nai...aj_y

=71 =4
= | ITtak e TT T a2 0s. 817
=l

i=1

If we were interested in amplitudes instead of wave
functions, we would expect to replace every appearance
of X* with a differential operator. In the plane wave basis
this would be {0y, whereas for conformal primary wave
functions we would use

1
D™ = AX, 0" = X, 00 = . e 99,0, (4.18)

We leave subtleties regarding on-shell restrictions that
complicate such manipulations in amplitudes to future
work. It is worth pointing out that the A dependence of
(4.18) implies that the operator ordering matters in this
representation.

We can also use the operators defined in this section to
create a multiplet for the shadow modes. Observing that

- _ 7X_2
T, T =—T,

T-! _x
2 2

(4.19)

and letting S denote the action of the map (3.20) on the
spinors {o,1}, we find the intertwining relation

ST = -T8, §? =1, (4.20)
meaning that up to the price of an overall sign, we can apply
the map S before or after mapping to a multiplet with
uniform indices.

Finally, we note that one can also go back down in spin.

: a _ 5.5
Using 1,0% = 1,6 = /2, we have

Wy Oal(I)A.J—%
T _ 1 T-15)01d
- ( 0) AJsa;...ay0

é;a2~~021 \/E

for J > 0 or, equivalently, for the original radiative modes®

ay...ayy?

(4.21)

L = 9a/2 o
(DAJ;ul...umal.“am - |q]ale q)A,J—%;az...amal...aw,

1
Dy =

Vay.apniy..ay, —E(T_] (g)e? /> Dy g,

..a“}ill am

(4.22)

for J > 0 and odd, and

— -1 0a/2
q)A,.I;al..,amizl...izm - (T |Q])izle s/ q)A,J—%;al..‘(lw"l'lz.“l.luj,

q)A,J—l'a

75 1...61"‘/]6‘12...6‘1{” amalaw

= % <q|aleaA/2®A,J;al.
(4.23)

for J > 0 and even. It is straightforward to write down the
analogs for negative helicity.

We have thus found that incrementing (+ decrementing)
spin in wave functions by half-integer steps is achieved by a
modified (@-stripped) version of the supersymmetry gen-
erators which, in turn, can be seen as the “square root” of
the translation generator. Integer steps in spin can be
achieved with even powers of these operators within the
multiplet ¢A>A, 7» via multiplication by €; ~ d;¢g for Mellin
representatives, or by m or m for conformal primary wave
functions @, ;. The latter amounts to the classical double
copy which we will discuss in detail in Secs. Vand VI. The
perturbative double copy for amplitudes was recently
shown to hold for celestial amplitudes in the form of an
operator statement that involves the action of (4.3) on
individual external states given by the Mellin representa-
tives [16]. We will now demonstrate its classical analog
involving the curvatures for the Mellin representatives.

B. Celestial operator double copy

The perturbative double copy for celestial amplitudes
involving (the Mellin transforms of) plane waves has a

*Note that depending on the use case, these expressions can be
written in two different suggestive forms. First, as a relation
between shifted A and J; second, as a differential operator
shifting 2 = 1 (A — J). For example,

(I)A,J;alu.amé;,...&w = |‘I}ulq)AJr%A,J—%;aZ...amé,..jzw = |q}e i/ Dy

The final form is schematic on wave functions with spinor indices
but could be interesting from the point of operators in the 2D
celestial CFT in contexts where one considers analytically
continuing J [47].
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simple classical analog. Electromagnetic waves ¢, ,e/*X

in gauge theory with field strength F,,., = i(k,e,., —
ky€,.c)e™X and gravity waves €,..€,.,¢** with Riemann
tensor R/uxpa;f = %(kﬂel/lf - kueﬂ;f)(kpea;f - kvep;f)eik.x
satisfy an obvious squaring relation after stripping off
the scalar wave function e?*X. This simple relation between
the curvatures gets promoted to an operator valued double
copy in the conformal basis.

The curvatures of the integer Mellin representatives of
Table I are easily computed in terms of the celestial
momenta K7 introduced in [16] by

3¢A: Aqﬂ P = KB,

4.24

The field strength for the spin-1 Mellin representative

6”;J¢A is

F/el/f - (K/eeu;./ - Ktée/d;J)qﬁA’ (425)
and the Riemann tensor for the flat background perturbed
by the spin-2 Mellin representative gi,.; = 7, + €,./€,./¢"
— ejesgt is

L A
with inverse ¢, = n*

1 1
Rﬁbﬂa;] = ) <1 +K> (Kﬁev;l - Kléeﬂ;f)

X (KSeqs; — K2e, ). (4.26)
The A-dependent factor is familiar from the double copy
for celestial amplitudes [16] and arises from the spacetime
dependence of the celestial momenta. Expressing the latter
via the action of the translation generator (4.3) on the scalar
wave function

1
Pt = K22, PMPU¢A_(1+K>K5K§¢A, (4.27)

promotes the celestial momenta in (4.25) and (4.26) to
momentum operators. Defining

Fﬁw = Fu 9™, Rﬁww Ruvpod ™. (4.28)
we see that the Riemann tensor is related to the field
strength via the operator valued squaring relation

_272’/414)0';/ = fﬂb;.lj:po‘;J7 (429)
when acting on the conformal wave function ¢*. This
resonates with the double copy for celestial amplitudes
[16], where the operator valued numerator in gauge theory
squares to the operator valued gravity numerator when
acting on the amplitude of scalar wave functions. Indeed,
they have the same origin.

C. Gauge equivalence for finite deformations

While the Mellin representatives ¢, €, ,¢* and the
corresponding conformal primary wave functions of
.y = my.ym, ;¢ were originally obtained as solutions
to the linearized equations of motion (3.1), i.e., as pertur-
bations around the Minkowski background, we will show
in Sec. VI that they are actually exact solutions to the
nonlinear Einstein equations, by virtue of the Kerr-Schild
double copy. In this section, we show that the Lie derivative
along the diffeomorphism relating these wave function
perturbations exponentiates, and thereby demonstrate that
the nonlinear solutions constructed from the Mellin repre-
sentatives and the conformal primary wave functions are
gauge equivalent.

In [20] it was pointed out that the Mellin representative
and the conformal primary wave function

A1 (£0)A
At (yu. _ e hAE
hﬂl/./(X W, W) A + 1 F(A) €I4J€DJ¢
+ 0,000+ 0,000 (4.30)

are related, up to a normalization, by a diffeomorphism

(61 X.)? )

)A+1

£ 1 € (€ Xs) 14q
Eysi T 2(A+1) ((_Q'X:I:)A 2(—q
(4.31)

In the above expression, the Lie derivative is acting on the
flat background around which both wave functions are
perturbations. It is straightforward to show that

Eﬂ{? ('l + a€J€J¢A’i)/u/
= aple, €,y (&3 -De* +ﬁ(aﬂgf;l + 8'/Cﬁ;J)
+ aﬁ(aﬂéﬁ;gevd + aué‘ﬁ;(yeﬂ;l)el;afﬁA

= ﬂ(aﬂé‘uAJ + aué’ij)’ (4'32)
where we have used (2.6), the spacetime independence of
the null vector g, as well as

&= Al (4.33)

Since {4 only involves the span of €; and ¢, we can raise
and lower indices with the flat metric. The final form of
(4.32) demonstrates that we can exponentiate the Lie
derivative and that the exact gravitational solutions con-
structed from the Mellin representatives and conformal
primaries are gauge equivalent.

To complete the discussion, we report here the curvatures
of the conformal primary wavefunctions A2, = m,. ;"
and hy, ; = my;m,. ;9" of Table II. The field strength for
the / = +1 conformal primary is given by
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1)(l,m, - lym”)goA, (4.34)

Fﬁu;1:+l = (A -
while the Riemann tensor for the J = +2 conformal
primary is

1
Rﬁvpa;./:-kZ = _EA(A - 1)(l/4mv - leM>(lpmo' - lamp)(ﬂA,

(4.35)

and equivalent expressions for J - —J with m +— m. Here,
we have chosen to write these field strengths in terms of our
tetrad (2.7), due to its nice conformal covariance properties
(2.9). Comparing (4.25)—(4.26) to (4.34)—(4.35) using
(4.33), we observe that the curvatures involving the
Mellin representatives and the conformal primary wave
functions are the same up to an overall normalization
(which will be an important distinction in the conformally
soft limit associated to asymptotic symmetries below), in
line with the result (4.32) above.

For book-keeping’s sake, let us also write the curvatures
for the conformal shadow primaries of Table III

- 2
o o = (A =1)(n,m, —n,m,) P(pA, (4.36)
and
RA __Lasnna-2
Rm/pa;J:JrZ - _5( - )( - )(nﬂmb_nvmﬂ)
2\2_,
X (n,m, — nym,) (F) P, (4.37)

V. WEYL DOUBLE COPY FOR
CONFORMAL PRIMARIES

Conformal primary solutions exhibit definite (anti)self-
duality—a property that proves useful when considering
scattering in nontrivial backgrounds.9 Conformal primaries
thus naturally satisfy a Weyl double copy which we now
demonstrate.

In vacuum spacetimes, the Riemann tensor coincides
with the Weyl tensor R =W The spinorial form of

UUpc nvpo:
the Weyl tensor is

Woaaniceda = Caveatai€eq + Capeifaveas  (5.1)
where C,p.; and C i g are the antiself-dual and self-dual
parts of the curvature. They are completely symmetric and

Capea = (C,j.q)" if the Lorentzian spacetime is real.

9See, for instance, reference [48] and related work for an
example application of antiself-dual backgrounds to MHV
scattering amplitudes computed in the twistor formalism.

Analogously, the field strength F,, in gauge theory can
be written in spinorial form as

Foapp = Fav€ai T Fai€ans (5.2)
where £, and f ., are the antiself-dual and self-dual parts

of the field strength. They are symmetric and f,;, = (f,;)*
if the field strength is real. Using

v _ 1 ~u)ed
Oy = %é‘f] Edb>

(5.3)

we can express the antiself-dual parts of the curvature and
field strength as

1

Cabcd = Z Wﬂypofle;,ff/c);, (54)
and
1 v
fab :EFﬂudﬂah' (55)
The Weyl double copy is defined as [27]
1
Cabea = Ef(abfcd)’ (56)

where the scalar S and the field strength spinor f,, are
uniquely determined by the Weyl scalar of the gravity
solution.

From the decomposition of the tetrad into Weyl spinors
(2.12) relation (2.18), we see that the tensor structures
appearing in our field strengths (4.34) and (4.36) and Weyl
tensors (4.35) and (4.37) reduce to

Lagmyjy = Lpmg, = \/Eaaobeaj),
Luatityy, = Ly aq = V2040,
NgaMyy — Ny Mgy = —\/Eiafbeab,

iy — Npi gy = —\/Elalbedb. (5.7)
We thus notice that
a. the conformal primaries with positive helicity
{A%_. | h%_.,} are antiself dual,
b. the conformal primaries with negative helicity
{A3__ |, h%__,} are self dual,
c. the conformal shadow primaries with negative helicity
{AS_ | W5 ..} are self dual,
d. the conformal shadow primaries with positive helicity
{A%__| h%__,} are antiself dual.
In terms of the Weyl double copy field strengths, we arrive
at table VI. Performing a decomposition in terms of the
tetrad for the flat metric suffices for analyzing linearized
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TABLE VI. Weyl double copy for conformal primaries.

fab Fab S
Dyss0 V2(A = 1)o,0,0" 0 —2851ph
Dy <o 0 V2(A = 1)0,0; 0" —2485008
D, s 0 —V2(A - 13 %@A -2 2—:;% Pt
Py <0 —V2(A - Vg1, 2 9" 283 50"

solutions. In Sec. VI we will show how to generalize this
tetrad for the corresponding nonlinear solutions.

VI. KERR-SCHILD DOUBLE COPY FOR
CONFORMAL PRIMARIES

The Kerr-Schild double copy is a powerful tool for
identifying exact solutions of Einstein’s equations. It relates
a class of Kerr-Schild spacetimes to solutions of Maxwell’s
equation [26]. Kerr-Schild spacetimes [49] possess the
property that they admit coordinates for which the metric
gy may be written in the form

9w = NMw + 77, 772,Q, (61)
where Ny is the Minkowski metric, ¢ satisfies the scalar
wave equation 70,0, = 0, and the vector 72z, has the

property that it is null and geodesic with respect to both the
Minkowski and the full metric

mHN g, « m,, m"Om, xm,.  (6.2)
Note the inverse metric is simply
g =" —mtme, (6.3)

and the index on 77z, may be raised with either 7 or g**.
The famous property of the Kerr-Schild form is that it
linearizes the Ricci tensor with mixed indices

R = L 0,0t ) + 0, b g) = B, ),
(6.4)

where 0* = #*0,,. The Kerr-Schild double copy now states
that if g,, is a solution to the Einstein equations, then the
gauge field given by

AL =Tm,p, (6.5)
is a solution to Yang-Mills theory [26]. Since T® are just
constant color factors here, (6.5) lives in a U(1) sector of
the gauge theory, with A, = 772,¢ a solution to Maxwell’s
equations.

A. Conformal primaries

It turns out that the spin-1 and spin-2 conformal primary
wave functions satisfy a celestial Kerr-Schild double copy

Aﬁ;J = m”;,(pA, hﬁw = m#;lmwgaA, (6.6)
with Kerr-Schild vector
e; - X
My = €45 — 4 / (6.7)

ﬂqX

To see this, notice that the Minkowski background per-
turbed by the spin-2 primary takes the form of a Kerr-
Schild metric

gﬁy;] = Nw + mﬂ;]mp;,](pAy (68)
with inverse
9B =0 — mmiet. (6.9)

With respect to the flat metric 77, and the perturbed metric
9u» the Kerr-Schild vector (6.7) is indeed both null and
geodesic

Ay _ v —
gy gy =y e,y =0,

u _ _
mhN ., = mh0,m,,; = 0.

(6.10)

For fixed spin J = #1, the Kerr-Schild vector corre-
sponds to two of our flat null tetrad members

Myy = My, 7y = 1My (6.11)

To construct the null tetrad with respect to the Kerr-Schild

metric gﬁy; ; for fixed helicity J = 32, observe that the only

inner product that changes is that of the Kerr-Schild vector

of opposite helicity —J = 1, namely g5, ;72" ;72" ; = p*.

It is straightforward to complete the curved space null tetrad
via a suitable linear combination of {7z, 72_}

A

A _
mﬂ;_J = m”;_J + 7%,,;]. (612)
Notice, however, that raising the index on this mixed

helicity vector with the inverse Kerr-Schild metric g7**
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(e, m™ =m", - %A 772'}) no longer yields the same result
as raising the index with #*¥, as was the case for the Kerr-
Schild vectors of definite helicity. In terms of the tetrad

{Lin,my,m",}, (6.13)
the Kerr-Schild metric can be expressed as
Govs = =Ly =yl + s 4 m . (6.14)

The Maxwell field strength for the gauge field in the
Minkowski background is

FA

uvlJ (A - 1)(lymu;l - lumy;l)(pA» (615)

and the Riemann tensor for the Kerr-Schild metric is

1
Rﬁvpaj - EA(A - 1)(11477’&,/;1 - lumy;l)

X (l My — lamp;J)(pA- (6'16)

P
The A-dependent factors in (6.15) and (6.16) ensure the
curvatures vanish when the conformal primaries Aﬁ; ; and

hﬁy; ; reduce to pure gauge and diffeomorphism terms,

respectively, when A =1 and A = 0, 1. Furthermore, the
Ricci tensor for the Kerr-Schild metric (6.8) vanishes

Rﬁw =0. (6.17)
This can be seen using the properties of the null tetrad
implied by ¢> = ¢ -€; = 0; or, alternatively, by starting
from the famous property that Kerr-Schild metrics linearize
the Ricci tensor with mixed indices, as in (6.4), and using
the null and geodesic properties of the Kerr-Schild vector
(6.10). Hence the Minkowski background “‘perturbed” by
the spin-2 conformal primary h%_,,, originally constructed
as a linearized solution, is actually an exact solution to the
vacuum Einstein equations.

Because of (6.17), the Riemann tensor (6.16) is equiv-
alent to the Weyl tensor as expected for exact gravitational
wave solutions in the vacuum. Out of the five Newman-
Penrose Weyl scalars only one is nonvanishing10

1
_ (A UyppV a0y O —
Yy = Cpoynt'm? nfm?,; = 2A(

A-1)p”  (6.18)

Hence the conformal primary h%__, gives rise to a Petrov-
type N solution to Einstein’s equations.

""Note that these definite helicity solutions have complexified
Newman-Penrose scalars, so ¥; and ¥; are independent.

B. Conformal shadow primaries

The shadow transformed conformal primary wave func-
tions also satisfy a Kerr-Schild double copy

Aﬁ;] = mu;lprv ljl;eu;f = mM;va;JﬁbA’ (6.19)
for the same Kerr-Schild vector (6.7), which is null and
geodesic with respect to the Kerr-Schild shadow metric

gﬁy;/ = N + mﬂ;Jmu;J(ﬁA' (620)
The expressions for the field strength and Riemann tensor,
which are rather complicated, can be vastly simplified by
adopting a modified version of the null tetrad (6.13),
namely

{l,n, 7y, 72} (6.21)
where
A
2 =t - "’7 . (6.22)

In terms of this tetrad, the field strength for the Maxwell
shadow gauge field is

FA

2
uvlJ T (A 1)(” Myy —nN mﬂ./)F{pA’ (623)

and the Riemann tensor for the Kerr-Schild shadow metric
(6.20) is

RA

1
uvpei] — 5 (A - 1)<A - 2>(numv;J

ctmernemn (37

- nbmﬂ;.])

e (6.24)

Note that the curvatures have the same tensor structure
predicted by the map (3.20). Meanwhile, the numerical
prefactor matches the behavior expected from Table V. The

conformal shadow primaries AA .y and h ,.; become pure
gauge when, respectively, A = 1 and A = 1, 2. The Ricci
tensor vanishes

WJ =0, (6.25)

and the sole nonvanishing Weyl scalar is
2\2
Vo= bt o, == 5(8-1(8-2)(55) 9%
(6.26)

The conformal shadow primary fzﬁfﬁ is thus also an exact
solution to Einstein’s equations of Petrov-type N.
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Notice that the roles of principle null directions / and n in
(6.26) are exchanged as compared to (6.18). Hence, there is
a sense in which the primaries #%__, and h5_, for fixed J
and reference direction are counter propagating.

C. Conformally soft double copy

1. Goldstone modes

The field strengths and Riemann tensors for the pri-
maries, (6.15) and (6.16), and for their shadows, (6.23) and
(6.24), vanish for A = 1. At this value of the conformal
dimension, the conformal primaries and their shadows
degenerate and become the Goldstone modes of sponta-
neously broken large-gauge symmetry

- X
with at = - ,
q-X

AL, =Al, =V,al, (6.27)

and of spontaneously broken diffeomorphism symmetry

illlll/;f = h/ip;‘] = v(”gi e Wlth

1€J'X 1 €y X
:4;.] = _Eq,X (6}4;! E ). (6.28)

From the Kerr-Schild double copy

hl

il = (6.29)

ﬂ;JAll/;J = mﬂ;fmb;.](p]’
it follows that the generator of BMS symmetry f}l is related
to the generator of large U(1) Kac-Moody symmetry a'. In
this sense, BMS symmetry is a double copy of large gauge
symmetry [28,29]. Since all Weyl scalars vanish, the Kerr-
Schild metrics (6.8) and (6.20) become Petrov-type O, as
expected for a pure diffeomorphism.

2. Conformally soft primaries

A linear combination of conformal primaries and their
shadows has been constructed in [19] in the conformally soft
(CS) limit A = 1. The conformally soft photon is given by

ASS = [O(X?) + log[X)(¢ - X)8(¢ - )AL, (6.30)
whose field strength on the flat background is
Cs 1 1 2y 94X
Fooy=2X,A,—X,A,,)|6(X?) +75(q~X) .
(6.31)
The conformally soft graviton is
hvy = [O(X?) + 1og[X?|(q - X)b(q - X)hy,y.  (6.32)

and the Riemann tensor for the perturbed metric

s = M+ Mo (6.33)
is given by
Rl(;l/s/)rfj { [(’7/);4 ZXS?Z(”) hgle (p < 0)}
~Gen o)+ L 0] 63
The Ricci tensor vanishes
REEJ =0, (6.35)

and the conformally soft graviton thus gives rise to an exact
solution to the vacuum Einstein equations as well.

Indeed, the conformally soft gravitons and photons also
satisfy a Kerr-Schild double copy

CS
hﬂl/./ -

ﬂQJAS;§ = mu;lmu;ﬂ”csv (6.36)
with Kerr-Schild vector (6.7), which is also null and
geodesic with respect to (6.33). This in turn defines the
conformally soft scalar

S = (O(X?) + log[X?](q - X)d(q - X))o (6.37)

4 g q q @,

which solves the massless Klein-Gordon equation in the
flat background and transforms as a A =1 conformal
primary wave function.

In terms of the null tetrad {/, n, 772, 7725} where

nCS = m!, — %m’;, (6.38)
the Riemann tensor can be expressed as
X2
R;(;VS/)GJ |: ) (lpmrr;l - lormp;J)(lumy;J - lumu;l)
2
+ F (”pma;J - no'mp;./)(nﬂml/;J - nvmu;./)
q-X

We thus obtain a superposition of solutions with the tensor
structures we found for the primaries 45_,, and h%__,, but
with singular support at the loci X> = 0 and ¢ - X = 0. Up
to symmetries of the Weyl tensor, the only nonzero
Newman-Penrose scalars are given by the contractions

X? X
o= [5(X%) + qX

CCS gyt S5 P m 6(qg-X)|e

(6.40)

086020-15



SABRINA PASTERSKI and ANDREA PUHM

PHYS. REV. D 104, 086020 (2021)

and
2 q-X
Chlpralt S UmSY =55 |306) + 0l X) o'

(6.41)

From this result, it appears that the CS modes are not of
type N. However, there is a subtlety here. In the limit that
q - X — 0, the tetrad components /* and n* diverge and, so
long as X? # 0, are both approximately proportional to g*.

If we are careful about the space of test functions, we can
elect to keep only the leading-order terms at each locus of
nontrivial support.

CS
R;wpa;]

2
= F (Xpmg;J - X,,mp;J)(Xﬂmy;J — X,,mﬂgj)é(Xz)

+ (mea;J - qdm[);f)(Qﬂml/;] - %mﬂ;l)5<q ) X) (pl

(6.42)

which, although singular as a distribution, is type N.

VII. GENERALIZED CONFORMAL
PRIMARIES

The previous section showed that conformally soft
modes lead to distributional curvatures. This suggests we
may also want to put more thought into allowing distri-
butional versions of our conformal primary wave functions.
Another issue we have avoided up to this point is that
removing the ie regulator opens up the possibility of
sources. We will address both of these topics by introducing
the notion of a generalized conformal primary wave
function.

A. Generalized scalar

Since we are ultimately interested in constructing non-
trivial backgrounds for celestial CFT, we consider only
bosonic fields in this section. As we saw from the double
copy result, it is convenient to build up the spin-1 and spin-
2 wave functions in terms of the scalar.

Definition—A generalized conformal primary scalar is a
wave function on R'* which transforms under SL(2, C) as
a conformal primary of dimension A.

o (A’jX”'aW+ b aw+b

’cw+d’m> = |ew +dPA " (XM w,w).

(7.1)

We do not impose any condition on the equation of motion.

Wave functions which are analytic in X* take the form
1
(-q-X)*

for some f(X?), while for distributional wave functions we
should allow the ¢* factor to vary as well. For instance

Py =f(x?) (7.2)

limi(p"t — ¢'7) = 226(q - X).

=0

(7.3)

While singular, one may also start from the distribution

gen 1

A= )

(7.4)

and other distributional combinations, depending on the
use case and the space of test functions one wants to allow.

The f(X?) term can also be a distribution. If support is
restricted to one of the Milne regions, one can also multiply
by ©(X?) and not ruin the property (7.1). The key point to
remember is that we have the hyperbolic foliation [41] and
the hyperplane g - X = 0 at our disposal. The leaves of the
foliation [41] are defined by §(X?> —7?), and §(X* +
72)®(£X") for real 7. Figure 1 shows a schematic of the
submanifolds on which a distributional generalized scalar
wave function can have support.

To be more concrete, consider the case w = 0 so that
g¢" = (1,0,0, 1) and let the 3D volume projected onto the
page in Fig. 1 be the hypersurface y = 0. The bold line in
Fig. 1 is the wordline of a massless point particle, while the
dashed lines are the loci {t = z,x*> + y*> = 72 > 0}, i.e., we
are seeing a 3D cross section of a world sheet in (3 4 1)D,
rather than two worldlines.

1. Source interpretation

While we do not impose any conditions on the equation of
motion, we do stress that the quantity Clp}™ should retain the
same conformal transformation properties as 5", so that if it
is nonvanishing it also has conformal dimension A and spin
J =0. We can use this feature to reach more general
distributions than the examples given above. For instance
starting from (7.3), wave functions of the form [1"8(q - X)
will also have generalized conformal dimension 1. Alterna-
tively, we can look at solutions where the support of the
source is of higher codimension than the support of the wave
function. The locus of support for the source should also
possess the structure described in Fig. 1, and should be a
subset of the support of the wave function itself.

2. Off-shell interpretation

One can also use this construction to look for off-shell
solutions, e.g., to the Klein-Gordon equation

Ogl™" = +m2e™". (7.5)
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FIG. 1. Loci of support consistent with conformal covariance.
Wave functions obeying (7.1) are naturally written in terms of
data on the hyperbolic foliation of Minkowski space, multiplied
by a homogeneous function in the distance from the hyperplane
q - X = 0. Wave functions with restricted support will have that
support on a union of some leaves of the hyperbolic foliation with
constant X2, on the hyperplane ¢ - X = 0, or on an intersection
thereof (bold and dashed curves).

In [2], we were interested in positive and negative fre-
quency solutions to the standard real-mass [i.e., + sign in
(7.5)] Klein-Gordon equation

. Ar(-X3)A! .
¢§,m(X”;W, W) :%ﬁKA_l (lm —Xi),
(7.6)

where we picked the Bessel function with good falloff
behavior and restored an ie prescription to avoid singular-
ities/sources on the submanifold of real X*. To arrive at
(7.6) we actually, somewhat ironically, solved (7.5) for the
“wrong sign”, and then analytically continued away from
m € —iR . Here, we are essentially pointing out that we
can use a hyperbolic foliation of off-shell momentum space
to capture off-shell exchanges if we take this analytic
continuation literally. Dealing with strictly massless par-
ticles, we would expect cutting rules to return us to the on-
shell Mellin (or shadow Mellin) solutions. While not
specifically looking for off-shell solutions, the machinery
one would want to use is likely related to the auxiliary
exchange modes studied in [50].

3. Generalized conformally soft scalar

In looking for examples of generalized conformal
scalars, the case A =1 relevant in Sec. VIC is subtle
and requires special care. We will start by looking at
solutions that satisfy the massless Klein-Gordon equation
away from singular loci, and then see how the A — 1 limit
can lead to solutions other than one considered in [19], if
one avoids imposing the standard ie prescriptions.

Starting with the factorized ansatz

Py = f(X?)$%(q - X), (7.7)
where
X+0,8% = —ASA, (7.8)
one can show that [3]
Op&™" =0 X2f"(X?) - (A-2)f(X*)=0. (7.9)

For generic A, this differential equation has the solution

f=ci+e(X?)>A, (7.10)
while for A = 1, it has the solution
f =\ + chlog(X?). (7.11)

One can also obtain this log solution from a limit of the
power-law ones [which was implicitly done in [19]]. It is
straightforward to see that the multiplicative function

CDt (7.12)

log(Xz) - E—»l A—-1

arises via the limit

_ log(X3)

log.+ = 1imd A+ 72-AE) .
@ lim 8y (o™= +¢72%) =g X.)

(7.13)

The conformally soft mode of [19], which appears above as
the Kerr-Schild zeroth copy (6.37), is constructed via

€0CS — %(gologﬁ _ (plog.—)
Tl

= (O(X?) + log[X*](q - X)8(q - X))o'.  (7.14)

Looking back at the definition (7.1), it becomes clear that
either one of these terms individually meets our require-
ment for a generalized conformal scalar of conformal
dimension A = 1. We can readdress the concerns we raised
at the end of Sec. VI C about the singular behavior and the
Petrov type of the solution by restricting each of the terms
in (7.14) separately. Defining
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, 1
< =0(X) —

—x ¢ =lelXlelg - X).

(7.15)

one can check that these wave functions are separately
responsible for the two terms in (6.42). At the end of this
section, we will consider an alternative Kerr-Schild vector
for the double copy construction that uses the wave
function ¢" to construct the Aichelburg-Sexl ultraboost.

B. Generalized vector

Building on the pattern we started for the generalized
conformal scalar wave function, we will now consider the
analog for integer spin. We start with minimal assumptions,
only enforcing conformal covariance, and then examine, in
turn, how these solutions are restricted by the tracelessness,
the equations of motion, and the gauge choices we had
imposed to select the corresponding conformal primary
wave functions. We begin with the vector field case.

Definition.—A generalized conformal primary vector is
a wave function on R'3 which transforms under SL(2, C)
as a conformal primary of dimension A and spin J

ew+d ew+d
= (ew + d)A (W +d) A AVAS (XP W, ).
(7.16)

e (A"X”' aw + b aw+13>
AJp v 5

While for the spin-1 radiative solutions we had |J| = 1, we
will see that generically rank-s tensor fields in (3 4+ 1)D
can have 2D conformal spins |J| < s, matching what one
would expect for decomposing the spin states of a massive
particle—after all we are not imposing the massless
equations of motion at this stage. One can view the
conformal spin as measuring the (3 + 1)D spin along
the axis parallel to the reference direction. See, for instance,
the examination of the massless limit of massive spin-1
primaries in [51], or the general massive classification [39].

Using (2.7) and their SL(2, C) transformation (2.9), we
see that our desired J = 0 solutions take the form

1 2
AX0, = L™ + el (7.17)
where the two generalized conformal primary scalar wave

functions that appear are generally different, and any one of
them can vanish. Meanwhile, for / = +1 we have

Aie.,j—l;ﬂ - mﬂq)ien’ Aie,rll;u - mﬂ(/)ien’ (7'18)
again for arbitrary generalized conformal primary scalar wave
functions. Because the inner products of the tetrad elements
(2.8) are just £1 or zero, this is all the freedom we get.

We note the radial gauge condition imposes one con-
straint on (7.17), but is automatically satisfied by (7.18).
Spatial derivatives hitting ¢%" will be in the span of
{X*, ¢"}. Furthermore,

X-l=-1, X-n=—

’ X :O’
3 m

while derivatives of the tetrad take the form

ol, = 1,1, oyny, =ny, +n,l,
o,m, = myl,, 0y, = 1m,l,, (7.20)
from which one can check
Ow =0, On =2/, Om'=0, 0On*=0. (7.21)

This allows us to compute the constraints on the generalized
conformal scalar wave functions that appear when imposing
the harmonic gauge condition or spin-1 equations of motion.
We will only do so explicitly for the analytic generalized
conformal primary scalar (7.2), where the only freedom is the
choice of f(X?). Table VII summarizes the results. When
harmonic gauge is not imposed, the entries of this table need
to be combined as in (3.1) to identify the current.

For the J = 41 examples, we see what would be the
nonshadow and shadow modes arising from the second-
order differential equation for f in the last column. For the
J =0 case, we have two functions constrained by a
coupled system of second-order equations. Trying to
impose the same gauge fixing we used for the radiative
modes makes the system highly constrained. For instance,
Table VII shows we would need f; = X{ f» to obey the
radial gauge condition. The harmonic gauge condition then
forces A = 2. The last column then tells us that we have a
harmonic solution for

[r+X2f3=0= fr=ci +cylog[X?], (7.22)

so that there are two independent A = 2, J = 0 harmonic
and radial gauge generalized conformal primary vectors
given by

TABLE VII. Modes relevant for various constraints one can impose on a generalized conformal primary vector field. The allowed
forms for negative J solutions are related by complex conjugation.
X*A, oA, UA,
Af 0 0 A2 -0 + X2 f im0
en 2
ARo [=f1 +% fale? [=2f1 + 3 = A)f2 + X2 fr]e* {41 = A) 1 + X2f1 + 5 o]l + 413 = A)fy + X2 f3]m, }ot

086020-18



SHIFTING SPIN ON THE CELESTIAL SPHERE

PHYS. REV. D 104, 086020 (2021)

TABLE VIII. Modes relevant for various constraints one can impose on a generalized conformal primary metric. The allowed forms
for negative J solutions are related by complex conjugation.
1 hy, X*h,, *thy,
e 0 0 0
cn 2
e 0 (—f1 +% falm,e® (<21} + (4 = A)f> + X2 fh]myp
o P2aafdet A=A AR =Sl A B L= (= flndet AR+ 2= A)fs + X3(f5 = fi) +AfuL,

2

X
A” = |:I’lﬂ —+ 71”:| (Cl =+ Cy 1Og[X2D(ﬂ2, (723)

which satisfy the free Maxwell equations almost everywhere.

C. Generalized tensor

We can now see the pattern one would need to build up
an arbitrary symmetric rank-s tensor; one constructs super-
positions of symmetric products of tetrads with definite
conformal spin |J| <s multiplied by a generalized con-
formal primary scalar of weight A (allowing an indepen-
dent solution for each independently allowed tensor factor).
We will now demonstrate the rank-2 example relevant to
generalizing our metric solutions.

Definition.—A generalized conformal primary metric is
a wave function on R'3 which transforms under SL(2, C)
as a conformal primary of dimension A and spin J

e ( Ay BT aw +E)
iy ’

ew+d ew+d
= (ew+ )2 (@w +d)> NN RS, (X5 w, W),
(7.24)

and is symmetric under exchange of the (3 + 1)D indices.

Using (2.7) and their SL(2, C) transformation properties
(2.9), we see that our desired J = 0 solution takes the form
|

HA = A+ X2f) = 2(f5 = f)Im e
oy = LLos™ + mmy @i + (L, + n, L) g5
+ ™ (7.25)

where the four generalized conformal primary scalar wave
functions that appear are generally different, and any one of
them can vanish. Meanwhile for J = +1 we have

gen,2
+ (n/lmv + mﬂnu)(pA ’

(7.26)

,1
hie,il;ﬂy = (l;tmu + mylu)goien'

and the same for J/ = —1 with m + m. Finally, for J = +2
we have

gen _ gen
hA,+2;;w =mm,py

(7.27)
and the same for J = =2 with m — 1.

We will now compute the constraints on the generalized
conformal scalar wave functions that arise from imposing
standard gauge constraints or equations of motion on the
metric. Again, we will only do so explicitly for the analytic
case (7.2), where the only freedom is the choice of f(X?).
The results are summarized in Table VIII. The fact that
there are several allowed tensor structures makes the table
entries rather long, so we have separated out evaluating the
d’ Alembertian

4
41 = A)fy + X2 f1 + ol (Lmy, +my, L) +4[(3 = A)f5 + X2 f3)(n,my, + m,n,)p®,
4

Dhiej—Z;/w = [(2 - A)f/ + Xzf”}mﬂmy(pA,
Dhg:j—l;/w =
OhX o, = 4[=AF + X1+ 3L Lo + 4[4 = A) f5 + X2 fo]n,n,e

1
+4[fo+2-A)f, + Xzfg’](lﬂn,/ + n,llv)(pA +4 Efg +(2=A)f, + X*fY r],wgoA.

When we do not impose harmonic gauge or tracelessness,
this result needs to be combined with the entries of
Table VIII into the linearized Einstein tensor to identify
the matter stress tensor.

Recall, the point of this formalism was to set up a way to
look at sourced solutions or nonradiative backgrounds on
which to do scattering. We have now reached the point

(7.28)

[
where we have built enough machinery to dive into
interesting particular examples.

D. Boosted black hole, shockwave, and shift states

We will now show that combining our generalized
conformal primary scalar with the Kerr-Schild double copy
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formalism allows us to identify the Aichelburg-Sexl ultra-
boost metric with a generalized conformal primary metric
of Sec. VIIC, as well as several other examples.

We start with the generalized scalar mode ¢, defined
in (7.15) and appearing as one of the two terms in the
conformally soft modes examined in [19]. Because this
mode appeared as a limit of source-free radiative modes, we
expect its source to have support only where those modes
had singularities in the ie — O limit. It is easier to identify
this source if we pick a reference direction g. Without loss
of generality, we take w = 0 so that ¢* = (1,0,0,1) = q’é.
We then have

log[X?]8(qq - X) = log(x* + y*)8(t — z), (7.29)

then

O(log[X?]8(qo - X)) = [(0% + 97) log(x* + y*)]é(t - 2)

+ log(x? + y?)(=0% + 82)5(t — 2)
= 276(x)8(y)6(t — z), (7.30)

where we have used (0,4 0,)8(t—z) =0 to kill the
second term and employed the 2D Euclidean Green’s
function identity for the first term. Promoting this to
generic g, we get

C(log[X28(g - X)) = 27 / dad (X —ag).  (131)

Thus, the Klein-Gordon equation for this scalar mode is
sourced by a massless point particle.

We will now use this scalar as a starting point for the
double copy formalism. In Sec. VI, we observed that the
conformal primary wave functions take the Kerr-Schild
form where the polarization vectors m or m serve as the
Kerr-Schild vector. Given what we saw in the previous
subsections, we can try to generalize these solutions further
by looking at other entries in our null tetrad to see if the
Kerr-Schild form holds.

It is straightforward to check that the null geodesic
requirement is satisfied by / since

"V, 1, = IF9,1, + I'Ty,1, = 0. (7.32)
The same also holds true for g,. Because the profiles which
interest us are supported at g - X = 0, where the prefactors
used to define our normalized tetrad diverge, we will use
the g, in place of /, within the double-copy formalism. This
does not get in the way of the classification we performed in
the last section, but highlights the care with which one
should approach excluding certain distributions. The only
thing to note here is that, while a double copy with [, relates
fields of the same conformal dimension, a double copy with
q,, shifts the dimension down by one as the (3 + 1)D spin

goes up by one (but the 2D spin stays constant). Starting
with the generalized conformally soft scalar ¢S, we land
on a metric with conformal dimension A = —1 and
spin J = 0.

1. Aichelburg-Sexl

The generalized conformal primary metric (7.25) of
dimension A = —1 and spin J/ =0

1,1,10g[X?6(q - X)(—q - X)* = q,q, 10g[X?]6(q - X)
(7.33)

corresponds to the Aichelburg-Sexl ultraboost metric [33]

9w = M — 4GNaq/4qv 10g[X2]5(q : X)’ (734)
with energy E = aq". The matter source is the bold line in
Fig. 1. In interesting recent work, [21] derived this form of
the metric starting from an off-shell amplitudes construc-
tion. We can proceed to match the other metrics considered
in that paper to generalized conformal primaries.

2. Ultraboosted Schwarzschild-Tangherlini

Reference [21] also discussed the generalization of
Aichelburg-Sexl to higher dimensions; the ultraboosted
Schwarzschild-Tangherlini metric studied in [34]. The
comparison to results in [21] does not stop there. First,
we point out that the analog of (7.9) for D >4 (d > 2 in
[3]) implies the higher-dimensional analog of ultraboosted
Schwarzschild corresponds to the shadow modes for a
generalized conformally soft mode with A =1

P s

A=1

(7.35)

: (25
=10+ 877Gyaq,q, 2. ___5(q-X), (7.36
G =My NG D (XD (g-X). (7.36)
again a A = —1 spin J = 0 conformal primary, now in a

celestial CFT_,.

3. Dray-’t Hooft planar shell

Consider the factorized form (7.2). For the analytic
conformal primary wave function ¢, the class of gener-
alized conformal primary wave functions is captured by the
free function f(X?). In the last few subsections, however,
we saw physically interesting solutions with distributional
support on the locus g - X = 0. For any such (g - X) asin
(7.7), one has a choice of f(X?). In this and the following

086020-20



SHIFTING SPIN ON THE CELESTIAL SPHERE

PHYS. REV. D 104, 086020 (2021)

subsections, we will look at this type of generalization of
the examples we have just considered. Namely, we take
Pan = f(X)$* g - X), 4 =6(q-X),
and show that different f(X?) take us from the Aichelburg-
Sexl metric to Dray-’t Hooft’s planar shell, to the ultra-
boosted Kerr solution. Moreover, this freedom to choose
f(X?) is isomorphic to the freedom examined by Ferrari,
Pendenza, and Veneziano [34]. We will start with the
specific example of Dray-’t Hooft, demonstrate the gener-
alization of [34] corresponds to our classification here, then
return to the specific example of the Kerr ultraboost, which
ties in directly to comments on spin memory and super-
rotation vacuum transitions with which we would like
to close.

As pointed out in [34], for the case f(X?) = X?, we have

(7.37)

O [Xzé(qo : x)} = 875(t — 2), (7.38)
so that in place of the localized source (7.30) (bold line in
Fig. 1), there is a constant density of matter across the plane
q - X = 0 (plane tangent to light cone in Fig. 1). This holds
for arbitrary D with the change 87 > 4(D — 2)x coming
from the derivatives hitting > ¢} x?. We see that the metric

2

X
9w = My — 47ZGNaq,4qu5(6] : X),

(7.39)
reproduces the Dray-"t Hooft plane-wave solution [35] with
energy density p = aq’.

4. Beamlike gravitational waves

Ferrari, Pendenza, and Veneziano showed in [34] that by
changing the profile function f(X?), parametrizing the
relative freedom (7.37), one can build up an arbitrary
beam. In our language, functions that respect the hyper-
bolic foliation of [41] keep the correct conformal covari-
ance properties. Because the authors in [34] are already
restricted to the plane ¢ - X = 0, they have X* = r> where r
is the radial coordinate of a beam surrounding the null ray
X* «x g*. The two dashed lines in Fig. 1 represent the
intersection of the null hyperplane ¢ - X = 0 and a hyper-
boloid of constant X2, which only happens for X> > 0. As
explained in the discussion surrounding Fig. 1, this surface
is actually a world sheet in the full (3 4 1)D spacetime of
which the figure shows a cross section.

Sticking to the case D = 4 here, [34] points out that the
metric

Guw = My — 4GNaf(X2)quy5(q ’ X) (740)
describes the metric surrounding a beam of null matter with
energy profile

E(r) = ag® VX2 £ (X?). (7.41)
The authors go on to examine geodesics in this background.
From the framework we have set up in this paper, we
identify this metric as a generalized conformal primary
metric of weight A = —1, spin J =0, and double copy
form. Moreover, the space of solutions [34] considers is
precisely the degree of freedom we have in picking a
generalized conformal primary scalar of dimension A = 1
for the choice of SA=! in (7.37). This encompasses the
limiting Aichelburg-Sexl/Schwarzschild-Tangherlini and
Dray-’t Hooft shells we have seen above, as well as the
ultraboosted Kerr gyraton we turn to next.

5. Ultraboosted Kerr gyraton

The final example [21] considers is the gyraton metric of
a spinning particle. The gyraton metric

Guv = M — 4GNa10g(|X2 - a2|)quD5(q : X) (742)
describes ultraboosted Kerr (or the metric surrounding a
highly-boosted spinning particle of mass m and spin s)
where a” gives the spin to mass ratio via

a' = —sH,

. (7.43)

s# is the spin vector, and a - ¢ = 0. The Kerr black hole can
be obtained from the Schwarzschild solution via the
Newman-Janis shift
Xt - X* + ia*, (7.44)
which has reared its head in recent studies of the double
copy [21,22,52]. Here we see the ring singularity of Kerr at
X? = a?, which extrudes a world sheet (dashed curve in
Fig. 1) surrounding the worldline through the origin (bold).
We conclude this section with a couple of comments. First,
if we think of the gyraton as an ultraboosted Kerr black hole
as opposed to an approximate metric of an arbitrary spinning
particle, we have a bound on ¢ < 1 in natural units. We see
that any singular behavior is isolated to the hyperbolic slices
within a Planck length of the light cone. This world sheet
appears quite distinct from the geometry introduced in [52].
The complexification of Minkowski space required in the
Newman-Janus shift and employed in the world sheet
effective action of [52], however, lies at the heart of resolving
collinear singularities of on-shell three-point correlators [4],
and most likely presents a step towards establishing a world
sheet interpretation of the celestial sphere CFT. It would be
interesting to pursue any connections that might manifest,
now that we have identified this background as a generalized
conformal primary state.
Second, the nature of this solution implies it should act as
a canonical example of a source inserting spin memory [53]
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at a point on the celestial sphere. Its matter stress tensor
should give a nonzero flux of angular momentum through
null inﬁnity.11 Similar to the electromagnetic case [54], a
single-boosted particle will not radiate. However, scattering
between configurations that are approximately of this form
at early and late times would be expected to give a nonzero
radiative memory mode [53,55], as opposed to just a
change in the angular momentum aspect.

6. Superrotation vacuum transitions

The Aichelburg-Sex] metric we began with is an exam-
ple of a p p-wave. Shock waves of the form studied by Dray
and 't Hooft are relevant for inserting supertranslation
hair."* Furthermore, we mentioned in the previous sub-
section that the gyraton should source spin memory, the
canonical partner to the superrotation Goldstone. With
these ideas in mind, it is natural to turn to another cut
and paste proposal relevant to the asymptotic symmetry
analysis. In [59], Strominger and Zhiboedov proposed
interpreting superrotation vacuum to vacuum transitions
as snapping cosmic strings. Such geometries were further
conjectured to generalize the celestial sphere to nontrivial
topologies, which makes them of particular interest to
celestial CFT with respect to possible constraints that could
arise from modular invariance.

A metric which glues finite superrotations across the
light cone takes the form

ds? = —du?® — 2dudr

+ <2r2yzz + % u?O(—u)(1 + z2)%{¢, 2}H¢, z}) dzdz

— ru®(—u)({¢, 2}dz?> + {C.z7}dZ?), (7.45)

where

B "o 3 C// >

We can massage this into the form of a classical double
copy with generalized conformal primary metric form if we
allow ourselves to complexify this metric. It is straightfor-
ward to see that for the complexified case, by choosing

"Note the condition a - g = 0 does not get in the way of this
fact. In the rest frame of a spinning particle, the four momentum

(m,0) and spin vector (0, 5) are orthogonal. This remains true in
the ultraboost. In the massless case, s* is replaced with the Pauli-
Lubanski pseudovector and we measure the helicity of the
particle moving with four-momentum parallel to g*.

12See [56] for the original proposal, [57] for a near-horizon
perspective and [58] for an examination of the effect of these
modes on the experience of an infalling observer. Note that we are
looking at a planar shell here, as opposed to the spherical ones
considered in those references.

1 _
_ {Zz =0,

(z=w)

{¢€.2} = (7.47)

which can be achieved with the finite complexified con-
formal transformation

1 _
{=tan—, (=12, 7.48
eI (7.48)
the metric (7.45) reduces to
G = N + [O(=X)O(X?) = 1]h,,  (7:49)

where Eﬁy is the superrotation Goldstone mode analyzed
in [20] and g,, —n,, is a generalized conformal primary
metric of weight A =2 and spin J = 2 with Kerr-Schild
vector m,. We would also emphasize the difference
between solutions of this form and solutions we would
expect to source spin memory. In the Bondi gauge, the zero
mode corresponding to spin memory should be paired with
the superrotation Goldstone. This observable is not, itself, a
vacuum to vacuum transition between finitely superrotated
solutions.

While concocting a complexified version to guarantee
Kerr-Schild form is of interest from the point of view of this
paper and looking at scattering around finite backgrounds
[though one may need to go to a (2,2) signature], sticking
to infinitesimal transformations allows us to superimpose
the complex conjugate mode, keep the metric real, and still
find an application for our generalized conformal primary
metrics, albeit not the Kerr-Schild double copy.

So long as one sticks to linearized solutions, one can
superimpose conformal primaries of various reference
directions to build up more general angular profiles. One
could expect to straightforwardly construct the general
form (7.45), which [59] showed matched Penrose’s cosmic
string metric, but the full C-metric bulk solution seems
more subtle. In [27], it was shown that the C-metric can
be written as a double copy. From the classification of
source geometries in Fig. 1, however, we do not expect the
C-metric to be a single conformal primary. It would be
interesting to generalize our setup to other sourced and/or
double-copy examples.

VIII. OUTLOOK

We would like to conclude this paper by looking towards
the future. In the previous section we covered examples
introduced decades ago by [33-35] in the interest of finding
exact solutions to Einstein’s equations. Interestingly, recent
literature like [21,22,26] is finally appreciating how these
solutions arise from the double copy. This change in
method is powerful. For our purposes, we are particularly
interested in what it can teach us about a celestial CFT
reorganization of scattering amplitudes.
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In particular, let us point out that the method [21] used
makes the comparison here all the more interesting. That
paper showed how certain interesting exact solutions to the
Einstein equations arose from an off-shell scalar-scalar
graviton three-point function. Here, we have shown that the
metrics that appear in various interesting double copy
examples are generalized conformal primary metrics.
Combining this realization with the computation of [21]
seems to imply that we should also see this structure in the
OPE coefficients of the celestial CFT. It would be particu-
larly interesting to pursue a celestial CFT interpretation of
the method to reach these backgrounds rather than merely
the metrics resulting therefrom.

The goal of the Celestial Holography program is to gain
insights into bulk physics and not just rewrite what is
guaranteed from on-shell kinematics of scattering states.
As such, we have sought to systematize our approach to

building conformal primaries of different spin for radiative
states, and generalize our formalism to nonradiative/off-
shell states so that we gain more categories of candidate
bulk physics interpretations for operators that might appear
within celestial CFT OPE expansions and conformal block
decompositions.
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