PUBLISHED FOR SISSA BY @ SPRINGER

RECEIVED: March 24, 2022
ACCEPTED: April 5, 2022
PUBLISHED: May 10, 2022

Transverse spin in the light-ray OPE

Cyuan-Han Chang,” Murat Kologlu,® Petr Kravchuk,® David Simmons-Duffin®
and Alexander Zhiboedov?
@ Walter Burke Institute for Theoretical Physics, Caltech,
Pasadena, California 91125, U.S.A.
b Mathematical Institute, University of Ozford,
Ozford, OX2 6GG, U.K.
¢School of Natural Sciences, Institute for Advanced Study,
Princeton, New Jersey 08540, U.S.A.

dCERN, Theoretical Physics Department,
1211 Geneva 23, Switzerland
E-mail: cchang7@caltech.edu, kologlu.murat@gmail . com,
petr.kravchuk@kcl.ac.uk, dsd@caltech.edu, alexander.zhiboedov@cern.ch

ABSTRACT: We study a product of null-integrated local operators @1 and O3 on the same
null plane in a CFT. Such null-integrated operators transform like primaries in a fictitious
d — 2 dimensional CFT in the directions transverse to the null integrals. We give a complete
description of the OPE in these transverse directions. The terms with low transverse spin are
light-ray operators with spin J; + J2 — 1. The terms with higher transverse spin are primary
descendants of light-ray operators with higher spins J; + Jo — 1 + n, constructed using
special conformally-invariant differential operators that appear precisely in the kinematics
of the light-ray OPE. As an example, the OPE between average null energy operators
contains light-ray operators with spin 3 (as described by Hofman and Maldacena), but also
novel terms with spin 5,7,9, etc. These new terms are important for describing energy
two-point correlators in non-rotationally-symmetric states, and for computing multi-point
energy correlators. We check our formulas in a non-rotationally-symmetric energy correlator
in A" =4 SYM, finding perfect agreement.

KeEYwORDS: Field Theories in Higher Dimensions, Nonperturbative Effects, Scale and

Conformal Symmetries

ARX1v EPRINT: 2010.04726

OPEN AccCESS, © The Authors.

Article funded by SCOAP?. https://doi.org/10.1007/JHEP05(2022)059


mailto:cchang7@caltech.edu
mailto:kologlu.murat@gmail.com
mailto:petr.kravchuk@kcl.ac.uk
mailto:dsd@caltech.edu
mailto:alexander.zhiboedov@cern.ch
https://arxiv.org/abs/2010.04726
https://doi.org/10.1007/JHEP05(2022)059

Contents

1

2

Introduction

Event shapes, OPEs, and transverse spin
2.1 Example: ete~ — hadrons
2.1.1  Symmetries and the density matrix
2.1.2  Symmetries and detectors
2.1.3 Symmetries and matrix elements
2.1.4 A selection rule
2.1.5 The form of the light-ray OPE
2.2 A transverse spin puzzle

Building transverse spin with differential operators

3.1 Local operators, light transforms, and shortening conditions

3.2 Reducibility and primary descendants
3.3 Index-free notation for general tensor representations
3.4 Raising transverse spin

The complete OPE of scalar detectors

4.1 Kinematics of the OPE

4.2 Harmonic analysis on the celestial sphere

4.3 Relation to light-ray operators
4.3.1 Review of light-ray operators
4.3.2 The transverse spin puzzle
4.3.3 Partial waves and light-ray operators

4.4 Emergence of delta-functions from the light-ray kernel
4.4.1 Interlude: distributions and analytic continuation
4.4.2  Action of Dj on K

4.5 The final form of the scalar OPE

The complete OPE of general detectors
5.1 A formula for the light-ray operator kernel
5.1.1  Analytic continuation in spin

5.1.2 Definition of K*
5.2 Derivation of the OPE formula
5.2.1 Harmonic analysis on celestial sphere
5.2.2 Lower transverse spin
5.2.3 Higher transverse spin
5.3 Celestial map without light transforms
5.3.1 Factoring out the light-transforms
5.3.2  Appearance of 6(—2V} 12)
5.3.3 Symmetries of the integrand

© 00 0~ O U

10

11
11
13
14
16

17
18
19
21
21
23
24
26
27
27
29

31
33
34
36
37
37
37
41
43
44
45
46



5.3.4 Computing the light-transforms 48

5.3.5 Low transverse spin case 49

6 Examples 50
6.1 Re-deriving the L[¢;] x L{¢2] OPE from general formulas 50
6.2 Selection rules in the L[7] x L[J] OPE 52
6.3 Selection rules in the L[T] x L[T] OPE 54

7 Example: event shape in N =4 SYM 56
7.1 Direct computation o7
7.2 Computation using the light-ray OPE 61
7.2.1 Celestial blocks 62

7.2.2 Relation to energy-energy correlator 65

8 Discussion and future directions 66
A Comments on existence of light-ray operators 68
B Conventions for two- and three-point structures 69
C A Lorentzian formula for the light-ray kernel 71
D An alternative derivation for the light-ray OPE formula 72
D.1 Review: derivation of [1] 72
D.2 Relation between Dy, ,, and Dy, 77
D.3 Derivation for the higher transverse spin case 79

E Kernel of the celestial map 82
F Spinor conventions 85
G Distributional formulas 85
G.1 Analytic continuation of distributions 86
G.2 An identity 89

1 Introduction

In Euclidean signature, the operator product expansion (OPE) gives a convergent expansion
for correlation functions around coincident-point singularities. This expansion lets us formu-
late nonperturbative bootstrap conditions and perform myriad computations. Lorentzian
correlators are in principle determined from Euclidean ones by analytic continuation. How-
ever, a given OPE may not commute with this continuation. Furthermore, Lorentzian
signature allows for a much richer set of singularities than Euclidean signature [2]. Tt
is important to develop nonperturbative tools for understanding these singularities and
efficiently computing Lorentzian observables.
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Figure 1. The celestial sphere S92 in a two-point event shape. The positions of the detectors are
parametrized by 71, 7is € S42. The light-ray OPE is an expansion in the angle 6 between detectors
(solid red arc). Transverse spin j is conjugate to the angle ¢ of one detector around the other on the
celestial sphere (solid blue arc).

The work [1] introduced an intrinsically Lorentzian OPE for products of null-integrated
operators on the same null plane.! This OPE can be applied to Lorentzian observables
called “event shapes,” which measure the distribution of energy (and other quantities) in a
collider-like experiment [5-7]:

(W[ () - - E(M)[ V). (1.1)

Here |W) is a state, for example created by sending particles from past null infinity and
letting them scatter. Each operator £(n;) is a stress-tensor integrated along retarded time
at future null infinity, at a fixed position 7i; € S?~2 on the celestial sphere. The £(7;) act
like calorimeters, measuring the energy flux at angle n;. We refer to the £(n;) as “detectors”.

The OPE developed in [1] gives a nonperturbative expansion for event shapes in the
separation between a pair of detectors 1 —n; - ma. Specifically, [1] gave a precise description
of the low “transverse spin” terms in this OPE. Here, “transverse spin” j refers to spin
on the celestial sphere: it is conjugate to rotation of the points 71,72 around each other,
see figure 1. The spin J, a different quantum number, is related to selection rules for the
light-ray OPE.

The low transverse spin terms in the £ x £ OPE are given by spin J = 3 light-ray
operators [1], in accordance with an earlier analysis of the light-ray OPE by Hofman and
Maldacena [7]. This is the complete OPE in 3d CFTs, where the transverse direction is
1-dimensional. Furthermore, low transverse spin terms are sufficient for studying two-point
event shapes in rotationally-symmetric states in d > 3 dimensions. This covers many
of the cases studied in the literature, including simple energy two-point correlators in
QCD [6, 8-11] and N =4 SYM [12-14].

In this work, we derive the remaining terms in the light-ray OPE, including arbitrary
transverse spin. Higher transverse spin terms are important in d > 3 dimensional theories

!See also [3] which derived the leading term in the expansion of a particular two-point event shape in
N =4 SYM theory, and [4] which derived leading terms in collinear limits of energy-energy correlators in
the setting of perturbative gauge theories.



j=0,2 4,0, 2 4

>
|
[\VIIsH

Figure 2. Chew-Frautschi plot of light-ray operators in the £ x £ OPE in a hypothetical CFT.
We show Regge trajectories of even signature operators with transverse spins j = 0 (black curves),
j =2 (blue curves), and j = 4 (green curves). Light-ray operators that appear in the & x £ OPE are
marked with dots. They include operators with spin J = 3 and transverse spins j = 0,2,4. (These
are the “low transverse spin” terms described in [1].) In addition, there are primary descendants of
light-ray operators with transverse spin j = 4 and spin J =5,7,9,....

when the initial state |¥) is not rotationally invariant or when other detectors are present.
For example, in an energy three-point correlator (¥|E(n1)E (n2)€(n3)|¥), transverse spin
in the £(n1) x £(n2) OPE encodes dependence of the event shape on the direction of the
tangent vector from 71 to 7o relative to the third direction 73.

In seeking the higher transverse spin terms in the £ x & OPE, we initially encounter a
puzzle: there are no spin J = 3 primary light-ray operators of the type defined in [15] that
can do the job. The resolution is that higher transverse spin terms are “primary descendants”.
They are given by the action of special conformally-invariant differential operators Ds,, on
light-ray operators with higher spins J = 3 + 2n.2 These conformally-invariant differential
operators convert spin J into transverse spin j. They are well-defined only when acting on
objects with special quantum numbers — precisely the quantum numbers that arise in the
light-ray OPE. We find that the £ x £ OPE takes the schematic form

ExE= Z ((O);,FJ:B,]':O + @j,J:&j:z + (O)’?:J:S,j:ﬁl) + ZID?TL@iJ:S—i-?n,j:éL' (1.2)
i

n,t

Here, (O);r J,j are light-ray operators on the i-th Regge trajectory with spin J and transverse

+
i,J=3+2n,j

spin terms. A Chew-Frautschi plot of the light-ray operators in (1.2) is depicted in figure 2.

spin j. The special differential operators Dy, act on O _, to give higher transverse

The higher transverse spin terms are new ingredients in the light-ray OPE. However,
it is interesting that they do not require us to go outside the space of light-ray operators
defined in [15]. Instead, they are hidden in an interesting way inside the usual space

2In applications to event shapes such as (1.1), where the light-ray operators appearing in the OPE
are inserted at spatial infinity (and extend along the future null infinity), the operators D2, are actually
polynomials in the special conformal generators K,,. This happens because an inversion which sends a finite
point to infinity maps the translation generators P, (which act by derivatives) to K,,.



of light-ray operators — at higher values of J. Along the way to understanding higher
transverse spin terms in the light-ray OPE, we will also find a much simpler derivation of
the original light-ray OPE from [1].

We begin in section 2 with an introduction to the kinematics of transverse spin, focusing
on the example of energy correlators in the process ete™ — hadrons. In section 3, we
provide a more detailed introduction to the underlying representation theory and the special
conformally-invariant differential operators that raise transverse spin. In section 4, we
give a new derivation of the light-ray OPE, using null-integrated scalars as an example.
In section 5, we generalize this discussion to the OPE of null integrals of arbitrary local
operators. In section 6, we rederive the scalar light-ray OPE using the light-ray OPE
formula for general operators, and give the light-ray operators that appear in the light-ray
OPE of two charge detectors and the light-ray OPE of two energy detectors. In section 7,
we check our formulas for an event shape in N' =4 SYM with a non-rotationally-symmetric
final state. We conclude in section 8 with discussion and future directions.

2 Event shapes, OPEs, and transverse spin

Event shapes describe patterns of excitations at future null infinity. Perhaps the most
important examples are energy correlators

which measure the distribution of energy at future null infinity in the state |¥). Here, £(n;)
are calorimeters inserted at future null infinity in the direction 7i; € S42 on the celestial
sphere. (We define them more precisely below.)

Suppose that |¥) is created by a linear combination of local operators O; acting on the
vacuum,

) = [l 3 @0, (22)
The energy correlator is

(W[E(nr) - - E(nn)| W) = /ddfﬁddz’ > £ (@) fi (@ ) QIO (@)E () - -~ € (7)) O5(a)|)
%)

d ~ ~
- [ G5 L EWED OG- EE)0w).  (3)
%]
where
0i(p) = [ a0, @)]9), 24)

and f;(p) is the Fourier transform of f;(x). The matrix element on the last line of (2.3) is
defined by stripping off a momentum-conserving delta function:

(Oi(@)|E() - - E(7n)|O;(p)) = (Oi(P)|E(Tr) - - E(7n) |05 (p)) (2m) 6% (p — q).  (2.5)



The delta-function §%(p — q) appears because the detectors £(7;) are translation-invariant:
translations do not alter the direction in which the excitations exit the system at future
null infinity. Thus, we are naturally led to study expectation values of energy detectors in
momentum eigenstates,

(Oi(P)|E€(M1) - - - E(n ) |O4(p))- (2.6)

2.1 Example: ete~ — hadrons

As a concrete example, consider the Standard Model process ete™ — v* — hadrons, treated
to leading order in the fine structure constant, but to all orders in the QCD coupling.®? The
relevant energy correlator is an expectation value in a state created by the electromagnetic
current J,,

e (L P)EML) - - E(n)|Ju(p)) €. (2.7)

Here, €, is a polarization vector for an off-shell photon that depends on the beam direction
and helicities of the incoming e*e™ pair. (We imagine that the collision occurs at high
energies, so the electrons can be treated as massless.) Suppose particle 1 moves along
the €, direction and particle 2 moves along the —&, direction, with total momentum
p1+p2=p=(FE,0,0,0). We henceforth set E = 1. If the incoming helicities are 1727, the
corresponding polarization vector e is

e = Aot = (0,1,4,0). (2.8)
More generally, for helicities 1¥2F, we have
* = =(0,1,44,0). (2.9)

We can think of the ket and bra together in (2.7) as giving an (unnormalized) density
matrix. For example, for helicities 1727, we have the pure state

prea- = |Ju(p))(Ju(p)lee”, (2.10)

where we used ej_“ = ¢". More generally, we may wish to study a mixed state, for example

by averaging over incoming helicities
1
Pz = [Ju) ()] - 5 (ehe +eel). (2.11)

It is common to additionally average over the beam direction, replacing ei e — %(n’“’— p’;—é’”).

However, this discards valuable information, as we explain below.

3In practice, one considers the processes at high energies where hardonization corrections can be argued to
be relatively small [16, 17], and computes the above event shape using perturbative QCD. Such calculations
are one of the ways used to measure the strong coupling constant as, see [18] and references therein.



2.1.1 Symmetries and the density matrix

Let us understand how symmetries constrain energy correlators in the process ete™ —
hadrons. Along the way, we will introduce the notion of light-ray operators with nonzero
transverse spin and understand how they appear in event shapes. Instead of QCD, we will
work in a general 4-dimensional CFT. However, much of our analysis will not depend on
conformal symmetry. We point out when conformal symmetry is used below.

We concentrate on a two-point energy correlator in a density matrix where we average
over helicities (but not the beam direction)

TH(HE(EM)) = (A DIEEGNILP) - (e + ). (212)

Let us separate the tensor l(e "'e¥ + € ¢) into irreducible components under the rotation
group SO(3) that fixes p. Focusing on spatial components i,j7 = 1,2,3, we have the
traceless-symmetric and trace parts

1 1 2 .. 2 .
2(e+e tééd)= (2(e+e teé) - 35”) —i-gd”. (2.13)
The traceless-symmetric part can be written as a sum of products of null vectors ¢ € C3:4

1
2(e+e + €t €+ —75” qu (2.14)

Plugging this in, we have

Tr(pi3€(n1)E(M2)) = Y (o (p)I€ (M1)€ (M2)|Ju(p))a"q” + trace part, (2.15)

where ¢ = (0,¢) and “trace part” refers to the contribution of the second term in (2.13).
Note that each ¢ appearing in the sum is null and orthogonal to p:

P =q-p=0. (2.16)

The form (2.15) makes it easy to analyze the constraints of symmetries, since now we have
only a single vector ¢ instead of a tensor.

4This is a general fact about traceless symmetric tensors. An example decomposition in this case is

1 2 iy
§(E+E +elel) —ngzq‘f
7€Q

where ) contains four null vectors,

1 .
Q= {\/6(1,0,iz) 7(0, 1,iz)}



2.1.2 Symmetries and detectors

Next we need a more precise definition of the detector £(n). It can be expressed as an
integral of the stress-tensor TH” over future null infinity. To state this more concretely, we
can make a conformal transformation that maps future null infinity to the plane = = 0.
We then have

&) — 2/dm+T++(x_ =0,2",7), (2.17)

where # € R%2 is a function of 7i. As explained in detail in [15], such null-integrated stress

tensors can be interpreted in terms of the “light-transform” of 71", denoted by
L[T](z,2), (2.18)

where x is a space-time position marking the starting point of the null integral, and z is a
future-directed null vector. The definition of L is given in (3.3) below. This description
is useful because L[T](x, z) transforms like a primary operator at x. If we send z to past
null infinity, L{T](x, z) becomes the null integral in (2.17). If we instead send z to spatial
infinity, then L[T](z, z) becomes directly related to £(n),

E(n) = 2L[T](o0, 2) (2.19)

where z = (1,7n).
In this work, we derive a nonperturbative OPE between light-ray operators that takes
the schematic form

L[T)(z, z1)L[T)|(x, z2) = Z ZCAi,l’j(zl,22,82,(9w)ID)Ai7j(x,z,w). (2.20)
§=0,2,0. i

Here, Cs j(#1, 22,0z, 0w) is a differential operator that is fixed by Lorentz symmetry, and
D, j(z, z,w) are light-ray operators that we characterize in more detail shortly. For now,
the only information about Da, ;(z,z,w) that we need are its Lorentz transformation
properties. It is a homogeneous function of null vectors z € R¥ 11 w e C¥ ! with
homogeneities

D, j(z, oz, fw) = al_Aiﬁj]D)Ahj(:L‘, zZ,w). (2.21)
Furthermore, z,w are subject to the constraints
zrz=w-w=w-z=0, (2.22)
and the gauge redundancy
W~ W+ A\z. (2.23)

We can interpret zj, z9, and z as embedding space coordinates [19] on the celestial
sphere S92 and w as an embedding space polarization vector on the celestial sphere.
The quantum number j labels spin on the celestial sphere, which we call “transverse spin”.



Further, A; — 1 is a dimension on the celestial sphere, and (2.20) takes the form of an OPE
in a fictitious d—2-dimensional Euclidean CFT.

The dependence of £(7), Dy j, and Cs; on the coordinates 21, 22, z, w relies only on
Lorentz symmetry — not full conformal symmetry.> We will use conformal symmetry later
to derive (2.20) — in particular to constrain which D, ; can appear. However, it is possible
that a similar OPE exists in non-conformal theories, and our analysis of the contributions
of light-ray operators Dy, ; in this section will also apply in that case.

2.1.3 Symmetries and matrix elements

Using the OPE in (2.15), it suffices to compute matrix elements

(Ju(p)IDa, j (00, 2, w)|Ju(p))g"q" (2.24)

In fact, let us analyze a more general matrix element where the density matrix has SO(d—1)
spin [:

M(z,w;p,q) = (Opyeepy, (p)‘DAZ.J(OO, z, w)](’)LkHH_M (p))g - g (2.25)

The virtue of having classified the density matrix and light-ray operators into irreducible
components is that M is fixed by symmetry. The argument is as follows. Because of the
gauge redundancy (2.23), w can only appear in the gauge-invariant combination

[z, W]l = 2Hw” —whz". (2.26)

Because of (2.22), the only antisymmetric tensor we can contract this with is [p, ¢]. Since w
must appear with homogeneity j, we have

M(z,w;p,q) = ([z,w] - [p,q])) X something. (2.27)
Finally, homogeneity in ¢ and z fix the rest of the matrix element up to an overall coefficient:

M(z,w;p,q)  ([z,w] - [p,q)) (2 @) (—p- 2) 2L, (2.28)
2.1.4 A selection rule

The result (2.28) manifests a selection rule: light-ray operators with transverse spin j only
have nonzero expectation values in density matrices with SO(d — 1) spin [ at least j. In
other words, for M to be nonvanishing, we must have

J<l (2.29)

For example, if we average over the beam direction so that only density matrices with [ =0
appear, we discard information about light-ray operators with nonzero transverse spin.

Because of the selection rule (2.29), the low transverse spin terms in the £ x £ OPE (1.2),
which have j = 0, 2, 4, are sufficient for computing two-point event shapes in density matrices
with SO(d—1) spin 4 or less. This includes the scalar density matrix studied in [9, 10, 13, 14].
Higher transverse spin terms are important for density matrices with higher spin and in
multi-point event shapes.

®Note that our use of A to denote one of the quantum numbers of D ; might suggest that we are relying
on conformal symmetry. We are not: here 1 — A is the Lorentz spin of Da ;. The reason for this convention
will become clear soon.



2.1.5 The form of the light-ray OPE

The differential operator Cs; appearing in (2.20) has an expansion in the angle 6 between
detectors, or equivalently in small —2z; - 29 =~ §2. To leading order in this expansion, Cs.j
acts as

Cs,5(21, 22,02, 0w) ([2,w] - [p,q)) f(2) = (=221 - )5 (=21, 2] - [, a]) f(z2) + -
(2.30)

where f(z) is any function of z with the correct homogeneity, and “. .. ” indicates higher-order
terms in 6. Applying this to (2.28), we find

(Opusopn. (P)IL[T] (00, 21)L[T](00, 22)| O, oy (P)) 0 - - 4"

= S (2525 (vl g (- 0) T p) AT L) (231)

where ); ; are OPE coefficients that are not fixed by Lorentz symmetry. The “...” on
the right-hand side are fixed by symmetry and re-sum into a celestial block [1].5 We have
written only the leading term of the celestial block for simplicity.

Let us specialize further to the kinematics of interest. Note that

[217 22] ' [ aQ} = 275/’12 : (77 (232)

where z; = (1,7;), 12 = N1 — N9, and ¢ are the spatial components of ¢. From (2.31), we
can compute the leading terms in the OPE for each possible value of [ and j:

sl (@ ) (E i) = 572k ) 4 (=21-2),

A (CRUATCRY ST F (=0.1=2),

[T (j=0,01=0), (2.33)
where we used (2.14) to replace the sum over ¢. In each case, the “...” are fixed by symmetry

and resum into a celestial block. The fact that light-ray operators with j = 0 appear in two
different ways reflects the fact that matrix elements of a given light-ray operator can admit
multiple three-point structures, each of which comes with its own OPE coefficient. Light-ray
operators with 7 = 1 do not appear in the £ x £ OPE due to permutation symmetry under
n1 <> ng2 (which follows from the fact that energy detectors commute).

To be completely explicit, let us parametrize the vectors as

’ﬁQ = sz(w)(oa Oa ]-)
n1 = R, (1) (sin 0 cos ¢, sin O sin ¢, cos 0), (2.34)

where R, (1) is a rotation by 1 in the zz plane. Here, 1) is the angle between the (nearly
coincident) detectors and the beam, 6 is the angle between detectors, and ¢ represents a

SWe give some example calculations of celestial blocks in section 7.2.1.



Figure 3. Kinematics of a two-point energy correlator in the process e™e™ — hadrons. The picture
shows the spatial geometry in the center of mass frame; time is suppressed. Particles et and e~
propagate in along the +¢&, directions, and we measure energy flux in the directions 7y, ns. (The
correlator is invariant under swapping e™ and e~.) 1 (solid green arc) is the angle between one of
the detectors 73 and the beam direction, 6 (solid red arc) is the angle between detectors, and ¢
(solid blue arc) parametrizes the angle of ; around 72 on the celestial sphere.

rotation of the two detectors around each other on the celestial sphere, see figure 3. The
expressions (2.33) become

g7 (;—COSQ¢Sin2¢) +... (j=2,1=2),

g7 <sm2¢—§)+... (j=0,1=2),

02T . (j=0,1=0), (2.35)
where “...” are higher order terms in 6. As a check on the first line of (2.35), note that

if we set ¥ = 0 or m, so that the detectors are both approaching the beam direction, the
dependence on ¢ goes away, reflecting the fact that our density matrix is invariant under
rotations around the beam direction.

Typically both theoretical and experimental analysis of the eTe™ — hadrons process
focus on observables averaged over the beam direction. As explained above, this amounts to
throwing away the contribution of light-ray operators with non-zero transverse spin, which
contain extra information and can provide further nontrivial tests of QCD. Event shapes
that are not averaged over the beam direction, so-called oriented event shapes, were studied
experimentally at LEP by the DELPHI [20] and OPAL [21] collaborations. For a recent
discussion of oriented event shapes in QCD, see [22].

2.2 A transverse spin puzzle

So far, we have introduced the kinematics of the light-ray OPE inside a two-point event
shape. The next question is: what are the operators Dp, ;7 In particular, what are the
corresponding values of A; and OPE coefficients? In [1], we derived the low transverse spin

~10 -



terms in the light-ray OPE. For simplicity, consider a product of light-transformed scalars
L[¢1]L[¢2]. The result of [1] is”

L[(bl](:c, Zl)L[¢2]($, 2’2) = T ZCAZ,,LO(Zl, 292, 832)@)&”]:_1(3:, 22)

7

+ higher transverse spin. (2.36)

The operators (O)Z% j—_1(x,2) are analytic continuations of null-integrated operators L[O;]
to spin J = —1, where O; appears in the ¢; X ¢o OPE. The quantum number A; becomes
the analytic continuation of scaling dimensions of O;. The operators (O)Zi j—_q(z, z) have
transverse spin j = 0 — in particular they depend only on x and z and not on an additional
polarization vector w. The reason is that only traceless symmetric tensors O; appear in
the OPE of scalar operators. The light-transform L[O;] of a traceless symmetric tensor has
vanishing transverse spin, and thus so do its analytic continuations.

Note that in d = 3 all (bosonic) operators are traceless-symmetric tensors and cor-
respondingly there is no transverse spin in d — 2 = 1 dimension. The higher transverse
spin terms in (2.36) are absent in this case. However, in d > 3 the transverse spin j
can be non-trivial and we expect infinitely many higher transverse spin terms to appear
in (2.36), since there is no reason to expect the event shapes to be independent of the angle
¢ discussed above.®

It is natural to expect that higher transverse-spin terms in (2.36) should also be related
to the ¢1 x ¢o OPE. However, this presents a puzzle: all the primary light-ray operators
Oa,,7(z, z) built from ¢1 x ¢o using the construction of [15] have vanishing transverse spin.
How can we build light-ray operators with nonzero transverse spin to play the role of Da, ;
with j > 07 It turns out that the Dp, ; are primary descendants of Op; j — i.e. carefully
chosen derivatives of Oy, ; that nonetheless transform like conformal primaries. In the next
section, we explain how such primary descendants arise.

3 Building transverse spin with differential operators

3.1 Local operators, light transforms, and shortening conditions

Consider a local operator O*1#/(z) with dimension A and spin J. Throughout this
work, we will use index-free notation, where we contract spin indices with an auxiliary null
polarization vector z € R4~11:

O(x,z) = O P () 20y oy (22 =0). (3.1)

7 As explained in [23], this product is only well-defined for a theory with a sufficiently low Regge intercept.
Here we assume this is the case for the sake of illustration.

8The more accurate statement is that the first line of (2.36) already contains higher-transverse spin terms:
they are generated by the operators Cso. However, since the operators Cso are fixed by Lorentz symmetry,
these contributions are determined in terms of j = 0 contributions and therefore the event shapes would still
be over-constrained if there were no additional contributions to (2.36). For example, one would be able to
write a differential equation in z1, zo that the product L{¢1](z, z1)L{¢2](z, z2) would have to satisfy. It can
be checked that this differential equation is incompatible with the leading term of the L[¢2] X L[¢3] OPE in
(V|L[¢1]L[¢2]L[¢s] [ ¥).
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By construction, O(z, z) is a homogeneous polynomial of degree J in z. Under a conformal
transformation U, we have

UO(z,2)U™ = Q)2 0!, R(2) ), (3.2)

where Q(z') and R(a2) are the local rescaling and rotation associated to U.

Index-free notation is more than a convenience. It allows us to describe a wider class of
conformal representations than those associated to local operators. As an example, consider
the light-transform

L[O|(z,2) = /_O:o da(—a)™2770 (a: — 2, z) , (3.3)

which is an integral of O in the direction of its polarization vector. Using index-free notation,
we can interpret the light-transform as a conformally-invariant transform, changing the
quantum numbers (A, J) by

L:(AJ) = (1—J,1—A). (3.4)

In other words, L[O](x, z) satisfies the conformal transformation law (3.2), with A replaced
by 1—J and J replaced by 1 — A. (This is clearest from the definition of the light-transform
in the embedding space [15].) In general, we define the spin of an object as its homogeneity
in the polarization vector z. Because L[O](z, z) has non-integer spin 1 — A, it cannot be
written in terms of an underlying tensor with 1 — A indices.

Though index-free notation appears to treat the nonlocal operator L[] in the same
way as the local operator O, there is still something special about the representations
associated to local operators. Specifically, a local operator is a polynomial in its polarization
vector. This can be phrased as a kind of shortening condition. Morally speaking, J + 1
derivatives of O(z, z) with respect to z must vanish:

“OEL L QI Oz, 2)” = 0. (3.5)

We must take care to write this condition correctly because z is constrained, z2 = 0. Let us
parametrize z by

z=1,79, §FeR? (3.6)

where we use lightcone coordinates z = (27, 27, 2) with metric dz? = —dztdz™ +dZ-dz. A
more proper shortening condition is

i (FES] —
351 o ag O(x, z) — traces = 0, (3.7)

where we subtract traces using the metric on R9~2. The argument for (3.7) is as follows.
O(x,z) is a sum of products of J factors of 1,%? and the components of . If J + 1
y-derivatives of some term is nonzero, at least two of those derivatives must act on the
same 72 factor, resulting in a nonzero trace. By subtracting traces, we remove such terms.
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The shortening condition (3.7) is naturally a traceless symmetric tensor with spin J + 1
in the “transverse" space R?~2. We can write it more economically by introducing a null
vector 5 € C?2 such that 52 = 0:

(5-07)" T O(z, 2) = 0. (3.8)

We can make (3.8) Lorentz-invariant by introducing a polarization vector w = (0,2y- 5, 5) €
C411. By construction, w is null and transverse to z, i.e. w-z = w?> = 0. We would
like w to encode only the d — 2 degrees of freedom in 5, so we must additionally impose a
gauge-redundancy w ~ w + Az. The condition (3.8) finally becomes

(w-9,)" T O(x, 2) = 0. (3.9)

J+1 preserves the ideal generated

One can check that the differential operator (w - 9,)
by 22 = w- z = w? = 0. More nontrivially, it is gauge invariant under w — w + Az precisely
when acting on functions with homogeneity J in z (we show this in (3.24) below).

The shortening condition (3.9) for O implies a related shortening condition for L[O].
For simplicity, suppose O is a scalar, i.e. J = 0. By integrating by parts inside the

light-transform (3.3), we find

L(w-0,) = ﬁ ((z-az)(w-az)—(z'(?z)(w-@m))L (acting on scalars with dimension A).
(3.10)

Consequently, L[O] satisfies its own shortening condition
((z cO0z)(w-0;) — (2-0,)(w - Bz))L[(’)](x, z2)=0 (O scalar), (3.11)

inherited from the shortening condition (3.9) for O. Just as w - 9, is Lorentz-invariant (also
conformally-invariant) only when acting on scalar representations, (z:0;)(w-9,)—(z-0,)(w-0;)
is conformally-invariant only when acting on representations with the quantum numbers of
L[O], i.e. with dimension 1 —0 = 1.

3.2 Reducibility and primary descendants

The operator (z-0,)(w-0;) — (z-0,)(w-0;) can be compared to other conformally-invariant
differential operators that exist for special quantum numbers. A well-known example is the
operator that takes a current to its divergence

T — 0,T" = (05 - 0,)T (, 2). (3.12)

On the right-hand side, we have written the divergence in index-free notation.
The operator 0, - 9, changes quantum numbers (A, J) by

8y - .: (d—1,1) — (d,0). (3.13)

It is conformally-invariant only when acting on operators with the correct dimension and
spin. This has the following representation-theoretic interpretation. Let Vj ; be a long
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multiplet (i.e. a generalized Verma module, see e.g. [24]) of the conformal group with
dimension A and spin J. Vj 1 is irreducible for generic A. However it becomes reducible
when A =d — 1:

Vdfl,l D) Vd,O- (3.14)

The quotient Vd_m = Vg_1.1/Vapo is the short representation associated to a conserved
current. If | 7(2)) = 2z,|J*") is the highest-weight state of V;_; 1, then the highest-weight
state of Vo C V1,1 is

P-0,|J(z)) (primary descendant). (3.15)
We say that (3.15) is a “primary descendant”. More formally, there exists a homomorphism
P : Vd70 — Vd—l,h (316)

sending the highest-weight state of Vo to (3.15) inside Vy_1,. By replacing P — 0, inside
the expression for the primary descendant, we find the conformally-invariant differential
operator (3.13).

In summary, conformally-invariant differential operators are in correspondence with
reducible generalized Verma modules — i.e. generalized Verma modules that contain primary
descendants. The differential operators arising in this way have been studied in the
mathematics literature, and also in the physics literature due to their relation to poles in
conformal blocks [24-27]. We refer the reader to [24] for a lucid discussion and classification.
In order to compare our operator (3.11) to the classification in [24], we must understand
the quantum numbers of the corresponding primary descendant.”

3.3 Index-free notation for general tensor representations

A general finite-dimensional tensor representation p of SO(d — 1,1) has a Young diagram

with rows of length (my,ma, ..., my), where n = L%J, see figure 4. We define spin J = m; as
the length of the first row of the Young diagram of p. The remaining rows A = (ma, ..., my)

define a representation of SO(d — 2). We define transverse spin j = mq as the length of the
first row of the Young diagram of A.

An operator in the representation p has indices OQF1 = HI¥1Vmai=iP1Pma (1), Each
index group delimited by semicolons is symmetric. Furthermore, O is traceless in all its

9Strictly speaking, we need to be more careful because the notion of generalized (aka parabolic) Verma
module depends on a choice of a parabolic subalgebra of conformal algebra. This choice determines, in
particular, which quantum numbers can be non-integer. In [24] the parabolic subalgebra is the maximal
one for Euclidean conformal algebra, and it allows for non-integer A. Here, we are interested in both A
and J being non-integer, which requires us to consider the maximal parabolic subalgebra of Lorentzian
conformal algebra. Therefore, the classification of [24] is not, strictly speaking, applicable here. It would be
interesting to have a full classification for Lorentzian conformal group. We take a more simplistic approach:
our conformally-invariant differential operators can be identified with analytic continuations in J of the
differential operators classified in [24], and this will be enough for our purposes.
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mnp

Figure 4. A Young diagram for an irreducible representation p of SO(d — 1,1). The rows have
length my,ma,...,m,. We often write m; = J (spin) and my = j (transverse spin). If we remove
the first row of the Young diagram for p, the remaining rows (mas, ..., m,) make a Young diagram
for an irreducible representation A of SO(d — 2). If we remove another row, the remaining rows
(my, ..., my,) make a Young diagram for an irreducible representation v of SO(d — 4).

indices, and satisfies some additional symmetry conditions that we describe below.!? To
use index-free notation, we introduce null polarization vectors z, w1, ..., wy—1 for each row:

Oz, z,w) = O(z, z, w1, ..., Wp—1)

— (OHL RISV Vmg s 501 P . . . e
- O e o (m)zul Z;U'levyl wl»l/’mg wnflvpl wnflvp’mn'

(3.17)

Here we used the notation w to denote the collection of vectors w;, i = 1---n — 1. The
polarization vectors satisfy the relations

O=wi=w1-2

O=w; =w2-wy =wg-2

0= wﬁfl = Wp_1 Wpo =+ = Wyp_1 - 2. (3.18)

The additional symmetry properties of O are equivalent to the statement that O(x, z, w) is
invariant under the gauge redundancies

wy ~ wy + #z

wo ~ wo + Hwi + #z

Wp_1 ~ Wnp_1 + H#Wp_o + -+ + #z. (3.19)
The object O(x,z,w) is a homogeneous polynomial of the polarization vectors z,wy, ..., wp—1
with degrees (J,ma,...,m,). We often abbreviate wy = w.

OFor simplicity, we only consider the bosonic representations, i.e. the representations of SO(d —1,1) and
not of Spin(d — 1,1). Furthermore, we ignore the possible self-duality conditions in even d.
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The index-free formalism we have just developed is essentially the embedding space
formalism for the Lorentz group.'’ In the embedding formalism, a traceless symmetric
tensor operator in d-dimensions becomes a homogeneous function O(X, Z) of variables
X, Z € RHLL gatisfying X2 = X - Z = Z? = 0 and a gauge redundancy Z ~ Z 4+ \X [19].
The Lorentz group SO(d — 1,1) is of course the conformal group in d — 2 dimensions.
Thus the embedding formalism applies, with the d + 2 dimensional X and Z replaced by
the d-dimensional z and w. In particular, z can be interpreted as an embedding-space
coordinate in d — 2 dimensions.

3.4 Raising transverse spin

We can now recognize w - 9, (with w; = w) as a differential operator that raises transverse

spin j, since it increases the degree in w by 1. Specifically, it changes the quantum numbers
(A, J,j) by

w- 9, : (A,0,0) = (A, —1,1). (3.20)

The operator (z - 0z)(w - 0;) — (2 - 0;)(w - 0;), obtained by commuting w - 9, through the
light-transform, changes (light-transformed) quantum numbers (1 — J,1 — A, j) by

(z-0:)(w-0,) —(z2-0,)(w-0z) : (1,1 —A,0) = (2,1 — A, 1). (3.21)

More generally, let us define the operator

1

Dy = —(w-0.)", (3.22)
Dy (An+j—1,7) = (A,j—1,j+n). (3.23)

The operator D/, provides the shortening condition for the Lorentz representation of local
operators with spin J =n + j — 1 and transverse spin j. Note that D/, preserves the ideal
generated by 22 = w-z = w? = 0. More nontrivially, it is gauge-invariant under w — w4+ \z.
To see this, we act with the generator of a gauge transformation z - 9,, on D), f(z,w), where
f(z,w) is gauge-invariant:

|
—

n

Z2 - Op(w-0,)" f(z,w) = (w- 0 (20, —w-0y)(w-0,)" 7L f(z,w)

S <
Il
= O

(24 —n+1)(w-0:)" " f(z,w)

Il I
S %
o

(3.24)

In the first line, we commute z - 9,, past other operators until it acts on f(z,w), which it
kills. In the second line, we use that f(z,w) has homogeneity n 4+ j — 1 in z and j in w.
This computation shows that D], is Lorentz-invariant. Because local operators transform in
irreducible representations of the Lorentz group, Schur’s lemma implies that they must be
killed by DJ,.

U\ ore generally, it comes from the Borel-Weil theorem, see [1] for details.
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By commuting D), through the light transform,
LD, = D,L, (3.25)

we find a new operator D,, given by

(—1)"T(A +j — 2)

Dn = - 81 . DO+ n’
F'A+4+j—2+n)'(n+ 1)( 20)
ngﬂ;u = wu(w Oy — 2 82) + zw - 0.. (326)

Here, (ngu)“ is a weight-shifting operator for the Lorentz group SO(d — 1, 1) in the vector
representation [28]. It can be obtained from the vector weight-shifting operators for the
conformal group in [28] by using the analogy of (z,w) with the embedding-space coordinates
(X, Z). The operator D, is conformally-invariant precisely when acting on the quantum
numbers obtained by light-transforming (3.23):

Dn:(Q_n_jal_Aaj)_>(2_.ja1_A7j+n)' (327)

The operator D, falls into the classification of reducible Verma modules described in [24].
In the notation of [24], it has type Ig,.1%*

To summarize, by commuting D], through the light transform, we obtain a special
conformally-invariant differential operator D,, that raises transverse spin. By construction,
D,, vanishes when acting on the light transform of a local operator with the appropriate
quantum numbers, since

D,L[0] = L[D,0] = 0. (3.28)

Shortly, we will encounter light-ray operators (O);t 7 (z,z) that are conformal primaries with
quantum numbers (1 — J,1 — A;, j), but that are not light-transforms of local operators.
When J =n+ 7 — 1 with n € Z>(, we can act on such operators with D,, to obtain new
primary descendants with higher transverse spin

Dn@z‘i,J:n+j—1,j($> z):(2—J4,1 A5 +n). (3.29)

Primary descendants of this type will provide the higher transverse spin terms in the
light-ray OPE.

4 The complete OPE of scalar detectors

In this section we will explicitly derive the OPE of the form (2.20) for two scalar detectors
L{¢1]L[¢2]. As discussed in [23], products of scalar detectors are not in general well-
defined non-perturbatively. Nevertheless, they make sense kinematically, and give us a nice
playground to demonstrate the key concepts, which we will then generalize to arbitrary
detectors in section 5. Furthermore, in section 7 we will see an example where L[¢;|L[¢2] is
well-defined and the formulas from this section can be verified.

12Similarly, we can think of D’ as an invariant differential operator with respect to SO(d—1,1) (the Lorentz
group), thought of as the conformal group in d — 2 dimensions. In the notation of [24], it has type I1 ».
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4.1 Kinematics of the OPE
Let us understand the general form that the OPE should take. First note that the product
W(z, 21, 22) = L¢1](x, 21)L{¢2](z, 22), (4.1)

is a conformal primary, if it is well-defined. This is because

[K/L’W(Ov Zl>22)] = [K#7L[¢1](0721)L[¢2](07 22)]
[, L[¢1](0, 21)[L[¢2] (0, 22) + L[] (0, 21 ) [K, L[2] (0, 22)] = 0. (4.2)

Similarly, the scaling dimension of W(z, 21, z2) is the sum of scaling dimensions of L[¢;],
Aw=1-J1)+(1-J3)=2. (4.3)

However, the operator W(z, 21, z2) does not transform irreducibly under the Lorentz group —
it depends on two polarization vectors, but they do not satisfy any of the relations described
in section 3 among themselves. The OPE (2.20) decomposes W(z, 21, z2) into irreducible
components, since the detectors D(x, z,w) are irreducible under the Lorentz group.

In fact, the problem of decomposing W(z, z1, 22) into irreducible representations of
the Lorentz group is a familiar one. The Lorentz group SO(d — 1,1) is isomorphic to
the Euclidean conformal group in d — 2 dimensions. Under this isomorphism, z; become
embedding-space coordinates [19, 29] for a fictitious CFT4_5. By the definition of spin we
have L{¢;](z, A\z;) = A2 L[¢;](z, 2;), where A; is the scaling dimension of ¢;.'> At the same
time, primary operators P; in the embedding formalism for the fictitious CFT4_o should
satisfy Ps(Az1) = A"9Ps(21), where § is the (d — 2)-dimensional scaling dimension. Thus, if
we interpret the Lorentz group as a (d — 2)-dimensional conformal group, the transformation
properties of W(z, 21, 20) under Lorentz transformations can be described as'*

W(O0, 21, 22) ~ Ps, (21)Ps,(22), (4.4)
where §; = A; — 1. In particular, if we parameterize z; as in (3.6),
zle, zf:yja, zf:y“(,uzl---,d—l), (4.5)
for i € R%2, then
W(0, 71, 42) ~ Ps, (1) P (i2) (4.6)

transforms exactly like a pair of scalar primaries with dimensions d1, d2 at coordinates ¥, 72
in the fictitious CFT4_s.
We are familiar with taking the usual OPE between two scalar primaries,

7)(51 (371)7)62 (gQ) = Z C5,j;u1-~~u]' (171, 3727 8§2)Pg;uj (g2)7 (47)
6,7

13Recall that spin of L{¢:] is 1 — A,.
14Provided that by Lorentz group we mean the group that fixes z. We take = 0 and use the standard
Lorentz group for concreteness.
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where j is the (d — 2)-dimensional traceless-symmetric spin.!® The differential operator
Csjipr-; (1, Y2, Oy, ) is fixed by (d — 2)-dimensional conformal symmetry and is the usual
operator in Euclidean CFT; 5. It implicitly depends on 41, d2. For example, the leading
term of this operator in the 7; — 7> limit is given by

R b — G .

Csi " (G172, 0g,) = 12"~ 7 (yhy - - 91 — traces) 4 - (4.8)

It will be convenient to work with (4.7) written in embedding space coordinates. For this,

note that traceless-symmetric primary operators Pj ;“ 7(¢) are described in the embedding
formalism as functions of z, w satisfying 22 = w? = z - w = 0 subject to

Ps,j(z,w) = Psj(z,w + az), (4.9)

Psj(z, \w) = NP5 (2, w). (4.10)

In the notation of [19] we have Piere = Zheres Zthere = Where- S0 We can rewrite (4.7) as

P51 (21)7)52 (22) = Z Cé,j(zlv 22, azza 8102)7)5,]'(227 w2)7 (4'11)
0,j

where Cs (21, 22, 02y, Ow,) 18 Cs jipuy-p; (U1, 2, O, ), “lifted” to the embedding space. The
embedding space expression for Cs ; has been studied in a number of papers (e.g. [30-33] to
name a few), but we will not need its explicit form. All we need is that it is SO(d — 1,1)-
invariant and upon restriction to the Poincaré section it becomes (4.7).

Translating this back to W(x, z1, 22), we see that the Lorentz symmetry requires the
detector OPE to take the form

W(.’I}, glv 372) = Z C(siyji;,ufl“'//«ji (glv g27 8@2)W?1muji (I‘, 372) (4'12)
7
or

L{¢1](x, z1)L[po)(x, 22) = W(x, 21, 22) = ZCEi,ji(Zlv22782278102)Wi(x7227w2)5 (4.13)

for some primary operators W;(x, z,w) with (d — 2)-dimensional quantum numbers §;, j;.'6
Note that w satisfies the same properties as the second-row polarization vector w in section 3,
and so the operators W;(x, z,w) transform in irreps of SO(d — 1, 1) with two-row Young
diagrams, with the first row of length —¢; and the second row of length ;.

4.2 Harmonic analysis on the celestial sphere

So far, (4.13) is an ansatz based on kinematics. In this section we will show under which
conditions (4.13) holds, and provide a formula for W;(x, z, w).

We will focus on a generic matrix element of W(z, 21, 22). Specifically, we will consider
an expectation value of the form

W (z1,22) = (Oa(p)[W(00, 21, 22)|O3(p)), (4.14)

5Normally, we would have OPE coefficients in the right-hand side. Since here we are just discussing
kinematics, we omit them. One can imagine that they have been absorbed into the definition of Ps ;.
16 Above, we had set = = 0 but by translation invariance this is valid for any .
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for some local operators Oz, O4. We allow O3 and O4 to carry arbitrary spin and do not
require them to be primary.

In the language of the fictitious CFTy_o, W (21, 22) is a function of two points that
at each point transforms as a scalar primary of dimension ;. The main idea is then to
decompose W (z1,22) into (d — 2)-dimensional conformal partial waves [34, 35]. This is
equivalent to constructing the SO(d — 1, 1) Casimir operators from the Lorentz generators
M,,, defined by

MM = M 4 M (4.15)
v 0 el
M = gt g0 (4.16)

and finding a basis of their common eigenfunctions.'” In fact, note that the standard
conformally-invariant three-point functions

(—4) (w- 2921 - 2 —w - 2129 - 2)7
<7D61(Z1)7352(Z2)7)6,j(27w)> = 51+02—0+] 51+0—0+] 51061 +j
(=221 - 29) 2 (=221 - 2) 2 (=229 2) 2
(4.17)

are eigenfunctions of all the Casimirs for any z,w and §,j.'® This is because by conformal
invariance, the action of the Casimirs on 21, 29 on (4.17) is equivalent to the action on z,w,
and Ps; is irreducible. Modulo technical details that we omit for simplicity (see [1, 35]),
these eigenfunctions form a complete basis and we have

X rgHico s
2 _
W(z1,22) = 2)/01—1'00 %/Dd 2z (7751(21)7752(22)735,]-(2,Dw)>W§7j(z,w) (4.18)
J]= 2
for some W(Sij(z, w), 6 = d — 2 — §. Here the integration measure in z is the standard [38]'
do5(-2\0( 0
Di-2, _ QM (4.19)

vol SO(1,1) ’

and D,, is roughly equivalent to 9, [19] and serves to contract the indices encoded by w
between W’ and Ps j. This can be written in a form more similar to (4.13) by using the fact

<P51 (Zl)P52 (22)7)50'('27 w)> = C5,j(217 225 822’ aw2)<7)5’j(227 w2)P5,j(Z’ w)>7 (4'20)

for the normalization of Cs; as in (4.8) and for the standard two-point function given by!®

(—2(w1 - w2) + 2(w1 - 29) (w2 - 21)/(21 - 22))’
(—221 . 22)5 )

(Ps,j(z1, w1)Ps (22, w2)) = (4.21)

1" These Casimir operators are only self-adjoint if §; € % + iR. The forthcoming discussion is also only
strictly rigorous under this condition and for square-integrable W (z1, z2). In practice, however, usually one
can analytically continue to general §; and work with non-square-integrable W (z1, 22), provided certain care
is taken in the process. See the discussions in [15, 36, 37] for details.

B0Our conventions for tensor structures are summarized in appendix B.

19Upon restriction to the Poincaré section (4.5), this measure becomes simply di%y.
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Using (4.20), we find?"

9GP tico g§
W(zl,@):zﬁ_z o Cog, 7 O, D) W (22 102), (4.22)
j=07F ~i®
where
Wi (22, w2) = / D22 (Ps (22, w2) P (2, D)) WL (2,). (4.23)

Using orthogonality of eigenfunctions, we can now find the inverse to (4.18) to compute
W' and thus W. It is given by taking the inner product with the eigenfunctions,

W i(z,w) = asj /Dd*Qledsz(ﬁ;l(z1)7552(22)7757j(z,w)>W(z1,zg), (4.24)

where the normalization coefficient has been computed, for example, in [1]

(_1)JT‘(]'_|_ %)F(d—Q—}—j —5)F(5— 1) F(6+Ji+251762 )F(5+J’+§2751)
20020 (j+ 00— G2)0(6+j—1) T(4=0tiEdeyp(ddtiton=d.y’

(4.25)

a57j =

and Ps = Ps= Pa_og_s.2t

What is the relationship between the OPE ansatz (4.13) and the integral expres-
sion (4.22)7 If W5 ;(z,w) is meromorphic in the right half-plane of §, we can deform the
integration contour in (4.22).2? In this way, we would obtain

<O4(p)‘Wl(OO, Z, U)) ’03 (p)> = —1'655:51. W&ji (Zv w) (426)
Since p, O3, and O4 were arbitrary, this completely determines W; (oo, z,w) as an operator.

4.3 Relation to light-ray operators
4.3.1 Review of light-ray operators

We now show that W ;(z,w) is indeed expected to be meromorphic, with residues related
to light-ray operators. Let us first review the definition and some basic properties of these
operators.

Light-ray operators [15] are primary operators

@;‘,:J,A(xa Z7W)7 (427)

20 A subtlety is that (4.20) does not converge for all values of the coordinates, for similar reasons that the
usual Euclidean OPE does not converge in all Euclidean configurations. The proper justification of this
step is the same as in the case when one passes from conformal partial waves to conformal blocks in partial
conformal wave expansion of a four-point function [35, 39].

2lFor 6; € % + iR we have gz = 60; and (4.24) just contains the complex conjugate of the wavefunction,
as usual — recall footnote 17.

22In such deformations of the contour in the partial wave expansions one usually encounters “spurious”
poles. Instead of representing physical contributions, they are purely kinematical and cancel among each
other or against the possible discrete series contributions that we omitted in (4.18). See [36] for an example
of cancellation of these poles in usual four-point functions, and [1] for an example of cancellation in event
shapes (for low transverse spin). To simplify the discussion, in this paper we assume that the spurious poles
always cancel.
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parametrized by a spin J (the length of the first row of the SO(d — 1,1) Young diagram),
an SO(d — 2) representation A (the remaining rows of the SO(d — 1,1) Young diagram), a
Regge trajectory label ¢, and a signature 4. Their defining property is that they are defined
for generic complex spin J and are related to local operators for certain integer values of J.
Specifically, we have

~

©z:",:(],>\(x’ Z7W) = L[O] ($, Z,W) (J € ZZO and (—1)J = :|:1) (4.28)

for some local operator O with SO(d—1, 1) representation (J, \) whenever J is a non-negative
integer such that (—1)’/ = 41 (where + indicates the signature). That is, the operators
@TJ , are related to even-spin local operators, while @Z_ J)\ are related to odd-spin local
operators. The light-ray operators @Zi T thus organize the local operators into continuous
families or “Regge trajectories”, and we label different trajectories by the index 4.2

In practice we construct light-ray operators from a product of two primaries O and
05.2% In this section, we are interested in light-ray operators that appear in the ¢1, @9
OPE, so we use O1 = ¢1, Oy = ¢ to construct them. These operators all have A = 0
since only traceless-symmetric operators appear in the OPE of two scalars, and analytic
continuation in spin does not affect the 2nd and higher rows of the Young diagram. We
define, following [15]

/
@X’J(ac,z) =+ - ddwlddachtAJ(a:l,xg;x,z)¢1(x1)q§2(x2)

!/
+ /zlM d*z1dza KX j(21, 205 2, 2) 2 (22) 1 (1), (4.29)
12%14'
where [15]
K3, g(w1,2;2,2) = Ba,1{0161 (21)L[O]62(2)[0),
KX j(x1, 222, 2) = Ba,s (0] 2(22)L[O]61 (21)]0), (4.30)
where (0 - - - |0) denote the standard tensor structures for the Wightman three-point functions

as defined in appendix B.?° The primes on the integrals indicate that we should restrict z;
and 9 to an arbitrary small neighborhood of the null cone of x. The dependence on this
arbitrary choice will go away momentarily. We also used the notation a ~ b to indicate that
points a and b are spacelike, and 2™ denotes the image of x in the next Poincaré patch on
the Lorentzian cylinder. The integrals are understood to be over the Lorentzian cylinder
in order to preserve manifest conformal invariance. The coefficient S5 ; has an expression

Z3The simple picture of operators organized into isolated Regge trajectories is not rigorously proven. We
give a discussion of its correctness in appendix A. Even if it is not correct, the results of this paper are
mostly unchanged, but become more awkward to phrase. For simplicity of presentation, we take it as an
assumption in the main text, and delegate more nuanced discussion to appendix A.

24We expect that we get the same light-ray operators from any pair of local operators with the appropriate
quantum numbers.

%5In particular, the structures appearing in K* and K" are not related to each other by a direct analytic
continuation. Instead, they differ simply by the substitution 1 <> 2.
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in terms of the Plancherel measure of SO(d + 1,1), shadow coefficients, and Euclidean
three-point pairings [15]. Here we will only need the explicit expression

I(J+DT(d+J - AD(A-1)  T(Atrln)p(At-A)

- 5 ) 4.31
Pa.s 2miD(J + DA — HI(A + J — 1) [ (A T )p(dAt A ) (4.31)
where A12 = A1 — AQ.
We then finally define
OF)(x, 2) = resacn, () 0%, («, 2), (4.32)

where A;(J) are the scaling dimensions of the i-th Regge trajectory. To be more precise,
from the Lorentzian inversion formula the matrix elements of @i ;(z,2) have poles at
A = A;(J) for integer J > 0, (—1)7 = 41, and these poles analytically continue to J € C
(modulo subtleties discussed in appendix A). The poles come from the integration region
in (4.29) where x; and x5 approach the null-cone of z, and thus the residues are independent
of the precise choice of integration region for the primed integrals. The operators thus
defined satisfy

05 (2, 2) = frooL[O](z,2),  when J € Zxg, (—1)7 = +1, (4.33)

for some local operator O, where fi50 is the OPE coefficient appearing in (¢1¢20). For
general J € C we have

OF; (2, 2) = f2(J)OF (x, 2), (4.34)

where f12;(.J) is the analytic continuation of f120 along the i-th Regge trajectory. Note that
@f ;(x, z) was constructed from a particular pair of local operators ¢1, ¢2. The above relation
provides the connection between (O);E ;(x, z) constructed from different pairs of local operators.
While the normalized operators @f ;(z, z) are more fundamental, for our purposes it
will be more convenient to work with the operators @f ;(z, z) constructed from ¢1, ¢o.

4.3.2 The transverse spin puzzle

We now relate W;(z,z,w) in (4.13) to the light-ray operators @Z{[J(a:,z). Consider the
quantum numbers of @f ;(z, z). By construction, they have scaling dimension 1 — J and a
one-row Lorentz representation with spin 1 — A;(J). In particular, they have 7 = 0. This is
the analytic continuation of the fact that only traceless-symmetric operators appear in the
OPE of two scalars.

On the other hand, the operators W;(x, z, w) have scaling dimension 2 and two-row
Lorentz representations with spin —4; and transverse spin j;. If j; = 0, we can match
quantum numbers with light-ray operators by setting J = —1 and §; = Ag(J = —1) — 1,
leading us to expect

Wi(z, z) ~ @Z;_l(x, z) +0p (2, 2) (for W; with j; = 0). (4.35)
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Here “~” means that the left-hand side is a linear combination of objects on the right-hand
side. Note that the expressions such as

W;(x, z) ~ 89%@:,’1(37, z), (wrong) (4.36)

while allowed by dilatation and Lorentz symmetry, are forbidden by the full conformal
symmetry, since W;(x, z, w) must transform as primary operators.26

A relation of the form (4.35) was proven in [1], where W; with j; = 0 were called “low
transverse-spin” terms. Having an expression for the low transverse-spin terms is sufficient
for computing certain even shapes, as explored in [1], but does not provide a complete
OPE expansion.

Finding an expression for W;(z, z, w) with j; > 0 in terms of @fJ(SL’, z) might seem
hopeless due to the mismatch of quantum numbers. Luckily, our discussion in section 3
provides us with a family of conformally-invariant differential operators D,, which have the

property that
(Dn(O)'?,:Jznfl)(xa Zaw) (437)

transforms like a primary with scaling dimension 2, spin 1 — A; and transverse spin n. We
can thus conjecture that for all j;

Wi($7 Zaw) ~ (Dji@)kt‘]:ji—l)(x7 Zaw) + (DinIQJ:ji—l)(Z‘? Zaw)7 (438)

where §; = Ap(J = j; —1) — 1. (We use the convention Dy = 1.) This expression is
similar in spirit to the wrong example (4.36) above, except that instead of 05 we use a
carefully-constructed differential operator D,, that makes the right-hand side transform
as a primary. As discussed in section 3, such operators are rare and it is an intriguing
mathematical conspiracy that the quantum numbers of W;(x, z, w) are precisely such that
D,, exist. In particular, one can verify that no other conformally-invariant differential
operators exist in the classification of [24]? that can be used in the ansatz for W;(z, z, w).
4.3.3 Partial waves and light-ray operators

As we discussed in section 4.2, the matrix elements of the operators W;(x, z,w) are residues
of Ws j(x, z, w) defined by (4.24), which we can write as (restoring z-dependence)

Ws iz, z,w) (4.39)
= g, /Dd*QZlDd”ZzUSal(21)7552(22)7’6,3'(37w)><O4IL[¢>1](%Zl)L[¢2](l“7Zz)|03>-

By expanding the definition of L, this can be understood as a particular integral of

(Osln(z1)p2(22)|O3) (4.40)

over xi,Ts.

26Note that &2 can be conformally-invariant, i.e. produce a primary, but only if it acts on a scalar operator

of dimension %, which is not the case here.
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Similarly, the matrix elements of (Dj([))iE J=j—1)(x, z,w) are residues of
<O4|(Dj@ij:j_1)($, z,w)|Os), (4.41)

which itself is a x1, xo-integral of (4.40). Therefore, we can prove the relation between W;
and Dj(O)iE 7
show that

i1 by simply showing that these integrals are the same. Concretely, we will

Wé,j(% z,w) = A<O4|(Dj@5++1,‘]=jf1)($a Z, W) — (Dj©g+1,J:j71)(xa z,w)|O3) (4.42)

for some constant A.
Let us start with rewriting (4.39) in terms of an integral of (4.40):

W j(x, z,w) = /dd$1dd$2,657j($1,1'2;$,2,w)<04|¢1($1)¢2($2)|03>. (4.43)

By the definition of the light-transform, the kernel Ls; is given by

Lsj(x1,20;2,2,w) = a5 /da1da2Dd*2Z1Dd*222 (Ps, (21)Ps, (22)Ps j (2,w) ) X

X (—al)_‘sl_l(—ag)_‘srléd(m—zl/al —xl)éd(x—ZQ/ag —T2).
(4.44)

To evaluate the a;, z;-integrals, let us first consider the more general integral
/ daD"?2(—a) 154 @ + 2/a) f(2). (4.45)

For the z-integration to make sense, we need f(Az) = A~92+9£(2). Otherwise, we keep f
arbitrary. We restrict to « belonging to the first Poincaré patch, in which case a must be
negative in order to satisfy x + z/a = 0. We find

daD422(—a) 0714z + z/) f(2)
a<0
2

= SOTSOT) Jouy 12420200 > 000”18 (w = 2/a) 1 (2)

_ 2 2 2 d—5—1

= OISO D) Jasso dad(a“z?)f0(ax > 0)a f(ax)

__ 2 2 1

= ol SO, 1) /a>0 dad(z?)0(z > 0)a " f(x)

= 26(2?)0(z > 0) f(z), (4.46)
where we used that vol SO(1,1) = [;° daa™".?" Using this result in (4.44), we find

Lsj(x1, x2; w3, 2, w) = 4o j (7551 (:Elg)ﬁgz (1‘23)7357]‘(2,U))>6($%3)6([L‘%3)0($13 > 0,293 > 0).
(4.47)

Let us now perform the same exercise for the right-hand side of (4.42). First, it is clear
why we want the difference of O and O~ operators with equal coefficients: by comparing

*"Tn a more formal derivation, one would fix the SO(1,1) freedom by Faddeev-Popov procedure.
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to (4.29), we see that this difference only involves the K! kernel and the ordering ¢;¢s,
which is precisely the ordering we need. We find

A<O4|(Dj@§r+1,‘]=jf1)($v Z, W) — (Dj@ngl,J:jﬂ)(fUa z,w)|O3)

/
— 2A/ dd:bldd:cg(Dng_i_l’j_lG(ajl ~at, ry~ x))(x1, 252, 2,w){(O4|P1(x1) P2(22)|O3).
(4.48)

Here we have taken into account the action of D; on x in the integration limits in (4.29) by
writing these limits as an explicit -function.

We would like to relate the kernel in (4.48) to the kernel Ls ; in (4.47). In doing so, there
is an apparent problem: K! is non-zero for generic configurations of points z1, z2, z, while
the kernel L5 ; only contains delta-functions. This problem is resolved by two mechanisms.
Firstly, when j > 0, the differential operator D, annihilates K* for generic configurations
of points. Hence, its action in (4.48) only has support on special loci — precisely the loci
where L;; has support. Meanwhile, when j = 0, we have Dy = 1 and this mechanism
doesn’t work. However, in this case the coefficient 8541 ;-1 in (4.30) contains a 0 coming
from I'(J + 1) in the denominator of (4.31). The zero is only cancelled on special loci,
giving rise to delta-functions again. In the next section, we describe in more detail how
delta-functions of (4.47) emerge from (4.48).

4.4 Emergence of delta-functions from the light-ray kernel

The light transform entering K in (4.30) is given by [15]

(011 (1) L[O) (w3, 2) 2 (2)|0)

~ L(Gi3(0) Bkl
172 (22 )Z1+Z2—(12—J)+(1—A)( 9 )Z12+<1—2J>+<1—A)( ) )—Zm+(1—2J>+<1—A>
L2 —I13 L33
(in the configuration =1 =~ 9,1 > 3, T2 = x3), (4.49)
where
~ ~ ) NA+J-1)
L Ol) = —27i . 4.50
Acting with D; given in (3.26) we find
(0[¢1 (1) (DLIO]) o (2)[0)
—1)72% (= J); L(¢1 2| OD(A + j — 2 ;
VPN LGGONA =2
(A=2)L(+1)
22 - X932 — 22 - L1373 1=A—j
% 13 23 (4 51)
A +Ay—(1-D)+(1-4) Aot (1-J)+(1-A) Ao (1-D)H(1-A) '
(95%2) 2 (_55%3) 2 ($%3) 2

If we set J = j — 1 then for j > 0 this indeed vanishes due to the (—J); factor, and thus
D; with j > 0 annihilates K*, as promised above. This can also be immediately concluded

— 96 —



from the fact that for J = j — 1 > 0 we have above a light transform of an integer-spin
three-point structure, and thus it must be annihilated by D; based on general properties of
D; discussed in section 3.

However, this calculation of the action of D; is not complete. This is because we have
only computed the action of D; on K' in (4.48), but not on the #-function. Derivatives
hitting the theta-function will produce delta-function contributions that are needed to
match (4.47). To derive the explicit form of these delta-functions, we will take a slightly
more general approach.

4.4.1 Interlude: distributions and analytic continuation

To illustrate the approach, it is helpful to consider a toy example

0
%0(33) = d(x). (4.52)

While the right-hand side is obvious, let us re-derive it in a way that will be useful later.

We start with a new definition of the left-hand side. We can think of 6(x) as the case
a = 0 of the 1-parameter family of distributions p,(x) = 2%6(z). The derivative p/ () is
represented by a locally-integrable function when Rea > 0:

Pl (2) = az® 0(z) + 296 (x) = az®"'0(x) (Rea > 0). (4.53)

Specifically, when Rea > 0, we can ignore 9/0z acting on 6(x). Let us define the left-hand
side of (4.52) as the analytic continuation of p),(z) = az*~10(z) from Rea > 0 to a = 0.

As we explain in detail in appendix G.1, the distribution 2%~ '(z) has a pole at a = 0
with residue &(z). It follows that lim, 0 az® 6(x) = 6(z). To see this, consider the integral
against a test function f(z) with a regular Taylor series expansion at x = 0,

[T dvaat @) =a [ deat (70) + (f(a) - £(0))
0 0
—a (Jcio) + 0(1))
= f(0) + O(a) (Rea > 0). (4.54)

In the second line, we used the fact that [dxrz? 1(f(z) — £(0)) is O(1) as a — 0, since
f(z)— f(0) vanishes at least linearly there. Finally, taking a — 0, we obtain f(0), as claimed.

4.4.2 Action of D; on Kt

This strategy of starting in a region where the derivative of a kernel is simple (in particular
where we can ignore derivatives acting on f-functions), and analytically continuing away
works well in the case at hand. First, let us define the expression

KR (1, w250, 2)0(21 = a0 ~ @), (4.55)

as a distribution. This is straightforward if we tune the parameters Ay, As, A, J to a region
U € C* in which all the powers in (4.49) are such that (4.55) is locally bounded (in x, z;, 2).
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This is the analog of choosing Rea sufficiently large and positive in the toy example of
section 4.4.1. For (A1, Aq, A, J) € U we automatically get a distribution in z, z;, z that is
analytic in A1, Ao, A, J. We can then define it for the values that we are interested in by
analytic continuation. In the interior of U we can ignore the theta-function for the purposes
of acting with D;: the theta function only jumps when some x?j in (4.49) vanishes, but
inside U we have a product of all x?j appearing with positive powers, and so K vanishes
on the jump of the theta-function. This is the analog of the computation (4.53) in our toy
example. Therefore, in order to compute the action of D; we can act in U just on K and
then analytically continue to the desired values of A1, As, A, J.
Thus our goal is to analytically continue

(DjKtA,J)(thQ; T3, 2, w)0 (11 ~ w§,$2 ~ x3)
= Ba,7(0[61(21)(D;L[O])2(22)|0)0(z1 ~ 2§ )0(x2 ~ 3) (4.56)

with the Wightman function given in (4.51). We introduce the following coordinates,
§ =2z X313, t=—2z- 11375 (4.57)

Recall that the prime on the integral in (4.48) means that we should only include the configu-
rations where x5 is near the future null cone of 3 and so we can assume z-z23 < 0.28 We can
then rewrite (4.56), assuming for simplicity that all points are in the same Poincaré patch

(—1)72% (=), L($192[O]) (A + j — 2)

- W+ T132 - Toz — W - TogZ - T13 )0
Ba,g A—2)0( +1) (w- @132 - w23 232 - T13)
Aqot(l—J)+(1—A) —Aqot(1—J)+(1-A) .
(2 w) T (2 ) (s + 1) =2790(s)0(1)
9 A +Ag—(1—J)+(1-A) Aot+(1—J)+(1-A) —Aqg+(1—J)+(1-A)
(z12) 2 s 2 t 2

(4.58)

The factors that are not written in terms of s,¢ will not be important in our analytic
continuation: they are either analytic functions of the coordinates (the w-dependent factor),
or can only become singular when x1 becomes almost proportional to x2, or when x; becomes

proportional to z, while at the moment we are interested in more generic configurations.?’
To find the analytic continuation of the s,t-dependent factors, let us define
App+(1-J)+(1-A —Ap+(1-J)+(1-A
a=1-A—j, b=— 121 =)+ ( ), e= _“But(1-J)+1-4) (4.59)
2 2
Then the s, t-dependent part becomes
(54 1)%s"t°0(s)0(t). (4.60)

28This is not true when xa3 is close to being proportional to z. However, here we focus on generic
configurations.

PFollowing the logic similar to below, one can check that no new contributions appear in these limiting
configurations.
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This is well-defined as a distribution analytic in a, b, ¢ for a, b, ¢ > 0. In appendix G.1 we show
that near a + b+ ¢+ 2 = 0 its analytic continuation to general a, b, ¢ has a pole of the form

1 T'(b+ DI(c+1)
a+b+c+2 T'(b+c+2)

(5 +1)*s"t°0(s5)0(t) ~ 5(5)d(t). (4.61)
With our definitions we have

a+b+c+2=J—-j+1, (4.62)

which we want to set to 0. The resulting divergence is canceled in (4.58) by B s for j = 0 or
by the (—J); factor for j > 0. Thus, plugging (4.61) into (4.58) and setting J = j—1, we find

(DjK§+17j_19(x1 ~ x;, x9 & x3))(T1,T2; XT3, 2, W)

—1)i2t+% W T13% - To3 — W - TagZ - T13)7
- lodnsin o vt Il )5(h,)
1T ’ 81 +8+5—3 —810+j+96 512+5+8
(—2$13 . $23) 2 (—22 . l’gg) 2 (—22 . 1’13) 2
(4.63)

Comparing this to (4.47) and to the expression (4.17) for the 3-point structure, which we
reproduce here with the relevant quantum numbers,

P P Y (w2129 23 —w - 2221 - 23)7
(Ps, (21)Psy (22)Ps (2, w)) = ( 12 * <3 221 - 23)

’g ’57(; i ,(; 67:51 j ’g 57’(; J
(—22’1 ] zz)%(—2zl ) z3)¥(—2z2 ] 23)%
(4.64)
we find
—1)
(DngJrLj_lH(a:l ~ x}f,xz ~x))(ry, T2 X3, 2, W) = (27m? Lsi(x1, 22523, 2, W). (4.65)

Thus (4.42) indeed holds with
A= (—1)in. (4.66)
4.5 The final form of the scalar OPE
Combining equations (4.22), (4.42), and (4.66), we find the OPE formula
) .
L{g1](x, z1)L[¢a](x, 22) = mi — Cs5(21, 22, 02y, Oy ) (— 1) (4.67)
5=0

=2 _joo 21

x ((Dj@;+1,J:j—1)(x7Z27w2) - (Dj@5_+1,J:j—1)(377227w2)) .

Deforming the contour to the right and picking up the poles from light-ray operators,?? we
can write

L{¢1](x, 21)L{¢2)(z, 22) = —miz Cai—1,j(21, 22, 0z, Oy ) (—1)? (4.68)

=0 i
X ((DJ'@:J:j—l)(‘T’Z%w?) - (Dj@i_,J:j—l)(xvz%w?)) :
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Here the differential operator Cs; is defined by (4.20). For j = 0, taking into account
Dy = 1, the result (4.67) agrees with (3.96) in [1], which has been tested in a number of
examples [1].3° For j > 0 the result is new. We will explore an example in which the j = 1
term is important in section 7.

Note that in the above expressions, the terms involving O for odd j and terms involving
O~ for even j are related to light-transforms of local operators and are thus annihilated
by Dj; for j > 0. Similarly, for j = 0 we have @Z, j—_1 = 0 due to the superconvergence
sum rule [1, 23], which holds whenever the leading Regge trajectory in ¢; X ¢2 OPE has
intercept below J; + Jo — 1 = —1. We indeed have to assume that this is the case, in order
for the left-hand side of (4.67) to be well-defined [23]. We thus conclude that in fact the
above expressions simplify to

L{¢1](x, 21)L{¢2)(x, 22)

+1i00 dé 1\
- mz /7_ S Cos, 22,02 00s) (PO 1) (w20, w0), (4.69)
and

L1 (@, 20)L[ga)(, 22) = =7 Y D Cayo15(21, 22, 0y, 0) (DO, ) (w22, w0).
j=0 i

(4.70)

An interesting consequence of this simplification is vanishing of the commutator

[L[#1](2, 21), Lg2)(x, 22)] = 0. (4.71)

Indeed, according to the discussion in [1], this commutator has signature (—1)/1t/271 = —1,
We claim that all the terms in (4.69) have signature [1, 15| +1 and thus there are no
contributions to the commutator. To see why

—1)J
Dj@z(',J:)jfl (4.72)

has signature 41, we need to analyze two cases. Note that for j = 0 we have

D0 J—)J 1 =07, (4.73)

which manifestly has signature 41. For j > 0 the operator D; is non-trivial, and we claim
that it changes signature by (—1)7, in which case we again see that

—1)J
Dj@; J:)j_l (4.74)

has signature +1. To understand how D, changes signature, it is convenient to use CRT
symmetry Jy under which the light-ray operators have the property

(jo@ 50,2, W) Ty ) —i@fJ(O,z,w) (4.75)

30The minus in front of @~ has to do with a more explicit treatment of the analytic continuation of (—1)7
factors in this paper.
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for all z, w.?! Writing then

(D;07,)(0,2,w) o< DX, - DL [PH - [P OF (0, 2,w)] -], (4.76)

z wuufl 2, Wi

where DSJ{U .. 1s a differential operator in z,w defined in (3.26), and taking into account

JoPtJy ' = —P# and Pj = —P,, we find

(D00, w) 5 ") = £(-17(D,0)(0. . w). (4.77)

and therefore D; indeed changes the signature by (—1)7. Finally, note that the differential
operator Cs ; does not affect signature because it acts in the transverse space (i.e. on 2z, w)
which is not affected by Jp.

5 The complete OPE of general detectors

In the previous section, we derived the form of the light-ray OPE for a product of light-
transformed scalar operators L[¢1]L[¢2]. We now derive a generalization for light-transforms
of operators in arbitrary Lorentz representations, of which the scalar formula (4.67) is a
special case. The generalized light-ray OPE formula is

L[Ol](l‘ Zl,Wl) [OQ](ZL‘ ZQ,WQ)

G2 tico s Jy+J
= i(—1) Z (a) (=1)71772
—7TZ 12 / ] 2 C(S)\(Zlawlaz27w2762278W2)©5+1 Ji+J2—1,\(a )(.T,ZQ,WQ)
A€A12 ioo 2

1)1+ 7 cl@)
+ mi(— 1+ 22 Z / ' 2m 6/\7(+n)(z1,w1,22,wz,@2,(9WQ)
n= 1761“12 o0

(_1)J1+J2+n

X (D”©6+1,J1+J2—1+n,>w,(a)) (x, 22, W2) (5.1)

Owing to its generality, this expression is a bit unwieldy, so let us unpack it. (We also give
several concrete examples in section 6.) The left-hand side is a product of light-transforms
of operators O and 0o, which have the quantum numbers (4;, J;, A;).32 The right-hand
side contains two sets of terms. The first set (on line 2) contains what we refer to as the
“low transverse spin” contributions, studied in detail in [1]. The second set (line 3) contains
“higher transverse spin” contributions, which are new and require the use of the differential
operators D,, from section 3.

The operators C(gi\) are similar to the operators Cs; from section 4. They encode the
kinematic structure of the OPE in a fictitious (d — 2)-dimensional CFT on the celestial
sphere. There are two important differences from section 4. Firstly, in the general case
considered here, there can be several OPE coefficients that enter a given OPE, each with its

own Céa)?. The structure label (a) labels these different OPE coefficients. A sum over (a) is

31The CRT transformation Jy can be obtained from the CRT transformation Jqo described around (5 26)
below by conjugating with a conformal transformation which brings the point (z* = —o0o,z~ = 0,2 = 0)
to 2 = 0 and the point (zT = 0,27 = —oc0,z’ = 0) to spatial infinity.

32For simplicity we focus on bosonic representations only.
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implicit in (5.1). As an example of the role of the structure label (a), recall that deforming
the d-contour in (5.1) to the right and picking up the poles, we obtain a discrete sum of terms

C(g:l)?(zl,wl, 29, W2, 0., , 8W2)@?,:J1+J2—1,>\(a) (x, 22, W2). (5.2)

Recall that @jﬁ Ji+Ja—1,\(a) AT€ built with reference to 01, Oy and are related to canonically-
normalized light-ray operators as

+ A
(O)i,Jl-i-Jg—l,)\(a) = 1201 (@) Qi sy 4 1o —1.00 (5.3)

where fiy0t (o) are analytically-continued OPE coefficients in the O; x O OPE. Equa-
tion (5.2) then becomes

f12(f)’r’(a)clgfl>?(21, W1, 22, W2, Oz, 8W2)©12‘FJ1+J2—1,>\($7 29, W2). (5.4)

Thus, the index (a) of Céi\) is naturally contracted with OPE coefficients. Similar statements
hold for higher transverse spin terms as well.

The second distinction has to do with the normalization of Cé:l)?. The operators Cs ;
were normalized by equation (4.20), which is formulated in terms of celestial three-point
structures. On the other hand, the OPE coefficients fi501 (,) are defined in terms of
d-dimensional tensor structures, and thus the normalization condition (4.20) is only correct
due to our specific choice of conventions for both d-dimensional as well as celestial tensor
structures. The main result of this section will be the proof of (5.1) together with the simple,
convention-independent, equations (5.68) and (5.69) that determine the Cgi\) in terms of
d-dimensional data.?3 We refer to these formulas as “celestial map formulas” because they
map the d-dimensional three-point tensor structures (which naturally pair with the OPE
coefficients fi901 (4)) to celestial sphere differential operators C(g:l)?.?"l

The remaining notation in (5.1) has to do with quantum numbers of exchanged operators
and the respective selection rules. In the low transverse spin terms we are summing over
transverse spins A € A9 which simply means all the transverse spins that appear in the
usual local OPE O; x Oy and the celestial OPE of operators with (d — 2)-dimensional spins
A1 X A2. These are the transverse spins for which the operators @f I (a) CAD be constructed

from O and Oy and for which the operators C(gf&) make sense.

As an example, when O, Oy are scalars, A1s contains only the trivial representation
of SO(d — 2) because only traceless-symmetric operators appear in OPE of d-dimensional
scalars. In this case, the constraint that A € A2 should appear in the OPE of (d — 2)
dimensional scalars is trivially satisfied. On the other hand, in the example of energy-energy
OPE discussed in section 6 both constraints become non-trivial.

33Note that up to an action by an invertible matrix on the index (a), these operators are completely fixed
by the (d — 2)-dimensional conformal symmetry (equivalently, d-dimensional Lorentz symmetry). These
equations thus simply determine a preferred basis of these operators.

34 As we explain below, it will sometimes happen that C((;'a; vanishes for some values of a, i.e. not all of the
OPE coefficients actually appear in (5.2).
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In the higher transverse spin terms, we sum over Ay, v € I';2. These are the transverse
spins for which the action of the operators D, is well-defined. Concretely, these are
transverse spins with the first row of the SO(d — 2) Young diagram (the second row of
the SO(d — 1,1) Young diagram) of length J; 4+ Jo. We write Ay = (J1 + J2,7y) with v an
SO(d — 4) irrep. Since the action of D,, raises transverse spin, we use the OPE differential
{n)> Where Ay (+n) = (J1 + J2 +n,7). The set I'12 consists of v for which
transverse spin A, appears in d-dimensional O; x 0o OPE and at the same time \,(+n)

operator Céagw(

appears in the (d — 2)-dimensional celestial OPE. (As explained in appendix E, these two
conditions are in fact equivalent.)

Before proceeding with the derivation, let us comment again on the relation of this
section to [1]. In [1], the celestial map formula for lower transverse spin was derived by a
rather non-trivial procedure using the Lorentzian inversion formula. In this section, we
will give a much simpler derivation of the celestial map formula for both lower and higher
transverse spin. The drawback of this simpler derivation is that it is based on the assumption
that the light-ray kernel K& JA(a) (21, x9; x, z) satisfying (5.6) localizes on the null cone of
x as we set J to certain values and possibly act with D,,, analogously to the scalar case in
section 4. This assumption is plausible in the sense that it gives a natural generalization
of the pattern observed in concrete examples, and is furthermore purely kinematical. It
therefore appears to be a purely technical problem to prove it. (See sections 5.2.2 and 5.2.3
for the precise statement of our assumptions and the supporting evidence.)

For completeness, in appendix D, we derive (5.1) by generalizing the derivation in [1].
This derivation, although being more technical than the one in sections 5.2.2 and 5.2.3 (which
is why it is relegated to an appendix), does not rely on the assumptions discussed above.

5.1 A formula for the light-ray operator kernel

Our starting point is the following intrinsically-Lorentzian description of light-ray operators.
Recall that the light-ray operators are defined by the integral [15]

+ _ d . d t .
©i7J7)\(a)(m,z) = resA=A, i/xm d*z1d $2KA’J7>\(G)((I}'1,(172,JI,Z)OlOQ
1~

+/m1 1A% KR (o) (02, 2152, 2) 0201 (5.5)

27T

We claim that the kernel K is determined by the equation

d%zqd%x b
A>x’>1_ W@;)QKZ,J,A(@(%W;%2)<0!O2L[OT]($CZ’)01\0>(+)
zA2,17 ’
1 b
= 5 (L[O)( ) LIOT)(', ) 5,), (5.6)

together with the condition that it has the analyticity and conformal transformation
properties of

(0|0} (21) 0¥ (x, 2) O} (x2)|0), (5.7)
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where OF has the quantum numbers of L[O]. The kernel K" is defined similarly and will
be described below.?® In (5.5) and in what follows we keep the transverse indices (encoded
previously by polarization vectors w) implicit in order to avoid excessive clutter in the
notation. The way these indices are contracted should in all cases be clear from the context.

Above, we use the notation that O; is at point z;. The kernel K! carries Lorentz
indices for points x1,x2 that are in the dual representations to 01, Oz, and these indices
are contracted with Oy, Oz in (5.5) and (5.6). We prove (5.6) in appendix C. An advantage
of (5.6) relative to the definition in [15] is that it makes reference only to Lorentzian
objects. By contrast, the definition in [15] includes the Plancherel measure for the Euclidean
conformal group and Euclidean shadow coefficients, and is thus more awkward to use in a
purely Lorentzian setting.

In order to use (5.6) for non-integer J, it remains to explain the meaning of the objects

(L[O](z, 2)LIO")(«', ), (5.8)
010L[O) (o, )01 [0 (5.9)
for such J.
5.1.1 Analytic continuation in spin
We define (5.8) and (5.9) by extending the definition of the underlying structures
(O(z,2)0' (', 2)), (5.10)
(0|00 (2, 2/)01[0) ) (5.11)

to non-integer J and then taking the necessary light-transforms.
Note that fixing the normalization of local operators and setting the conventions for
three-point structures of local operators involves specifying the expressions for

(O(z,2)01 (2, 2)), (5.12)
(O1(x1,21) Oz (22, 22) O (2, 2)) P, (5.13)
for integer spin J. We will now impose certain constraints on these choices which will
simplify our general analysis with regard to factors of (—1)7 which have ambiguous analytic

continuation in J.
For the two-point function, note that for any fixed n € Z

<O(LE1, Zl)OT(ZI;Q, 22)>(*221 . I($12) . Zg)n_J (514)

35 An intuitive picture behind (5.6) is as follows. The Wightman three-point structure in (5.6), together
with the condition 2 > 2’ > 17, can be viewed as one of two parts of the light-transform of a time-ordered
three-point structure [15]. The integration against &' is then similar to producing L[O] from O1, O inside
of this time-ordered three-point function, which should be equal to the two-point function in the right-hand
side of (5.6). It would be interesting if this intuitive reasoning could be made precise: our derivation of (5.6)
is based on the generalized Lorentzian inversion formula of [15], where the latter is derived from Euclidean
harmonic analysis. It would be instructive to bypass the Euclidean argumentation altogether.
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is conformally-invariant with quantum numbers independent of J. Moreover, for sufficiently

t36

large n, the Lorentz weights with which it transforms are dominant®® and we can take this

structure to be equal to a fixed, J-independent, two-point function of local operators
<O(:L’1, Zl)OT (332, 22)>(—221 : I(l’lg) . Zg)ni‘] = f@(l’l, Z1,T9, ZQ). (515)
So we find that one can always choose

<O<1‘1, Zl)OT(.’EQ, ZQ)) = fo(l‘l, 215X, ZQ)(—Zl . 1(1‘12) . ZQ)J_n. (5.16)

We allow to modify this convention by exponential factors such as 27 but not by (—1)7.

Note that the expression (5.16) can be rewritten as

fo(w1, 21522, 20) (=21 - I(212) - 22)" "
= folwr, 21,2, 22) (221 - w12) (22 - 212) — (21 - 22)atp)” " (ahy)" ™7 (5.17)
Using the fact that 2(z;1 - 12)(22 - 212) — (21 - 22)23 > 0 for generic configurations,?” we

see that the usual time-ordered ie prescription unambiguously defines the time-ordered
two-point function (5.16) for generic configurations of x;, z;. This is sufficient to apply the
light-transforms in (5.8).

A similar argument for (O (1, 21)Os(x2, 22) Ot (, 2))®) shows that we can write, for
sufficiently large integer J,

2 2 \J—n
b 22-293T79—22-213T
<01($1,21)(92($27Z2)0T(w3723))(b)Zfé)(331721;332722;333723)( T J,n23) ;
T12 Ta3 T13
(5.18)

where n is sufficiently large so that the Lorentz weights of fy are dominant, and the
basis féb) (21, 21; X2, 22; 3, 23) can be chosen to be J-independent. There are two possible
subtleties here. Firstly, the operators O and O3 can be identical, in which case permutation
invariance will typically constrain the structures for even and odd J differently. Secondly,
some of 01, Oy can be conserved currents, in which case the conservation constraints will
typically require some non-trivial polynomial dependence of féb) on J. In both cases, our
solution is to use the generic basis of structures, ignoring these constraints. The OPE
coefficients computed in this basis may satisfy some linear equations, but this will not affect
any of our arguments.

The problem of defining three-point structures for non-integer J is complicated by the
fact that 2z-x93 35— 22713 735 is in general not sign-definite [15]. We will define the analytic
continuation directly for (0|00 (z3, 23)01]0)(®) in the configuration 2 > 3,1 ~ 3,1 ~ 2,
where we have

27 - o3 Ty — 22 - L1335 < 0. (5.19)

361.e. the first row of Young diagram is at least as long as the second one.

37To see this, note that one can always write z10 = az1 + B2 + x1 for 1 - z; = 0. We have then
2(z1 - x12)(22 - 212) — (21 - zQ)fo = (-2 - zg)xﬁ_ > 0, where we used that x, is spacelike due to being
orthogonal to the timelike vector z1 + z2.
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For integer J we have
(0|00 (23, 23)01]0)) = (=1) (=22 - mpg 2?5 + 22 - w13 223)7 x (---), (5.20)

where the dots represent the standard analytic continuation of all the other factors. For
general J € C we define

<0|020T($3, 2’3)01|0>££) = :E(—QZ - T93 xfg + 2z - 213 .%33)‘] X ( .- ) (5.21)

In all other configurations these Wightman functions are determined by the usual analytic
continuation, which is unambiguous for this ordering even for J € C [15]
We will additionally use the “time-ordered” structures, which are defined to be equal to
(22 - o3 235 — 22 - 213 w34) "

b
<Ol(£[]1,21)02($2,ZQ)OT($3723)>3_) - fo($1,21;1‘2,22;$3,23) T—n J—-mn _J—n
L1 Ta3 T3

X 27 - Tog w3y — 22 - w13 w347 (5.22)

for spacelike-separated points and are defined in other configurations by usual time-ordered

ie-prescriptions applied to everything except |- - - ]J . These structures are useful because

(0,0,L[0MN Y = (0|0,L[010,0)P0(2 >3 >17) + (--)0(1 >3>27),  (5.23)

similarly to the relation between the light-transform of integer-spin time-ordered and
Wightman correlators [15]. Here dots represent a structure that is a bit awkward to describe
but which we won’t need in what follows.

Our choice of conventions for traceless-symmetric operators described in appendix B
satisfies the above constraints.

5.1.2 Definition of K%

The kernel K is defined by requiring that it has the analyticity and conformal transformation
properties of

(0|0} (22) O (2, 2) O] (21)|0), (5.24)

and the requirement that when we set * = —ooz and 2° = z! = 1,2* = 0, the following
equality holds

/le ddiﬂlddﬂj‘QKZ’J’)\(a)(l‘Q,l‘l;1‘,2)0201 = /122 ddﬂjldeJQKtAJ’/\(a)(iL‘l,ZL‘Q;:Z?,2)0102.

2T =1

(5.25)

Here, we have defined the linear operation
A= (JoATGHT. (5.26)

Here Jq is the anti-unitary operator implementing the CRT symmetry, where the reflection
acts as ! — —z!. This relation should hold for all J. For integer J it is equivalent to

/ MKU (21, zo; , 2) (0|01 L[OT] (2, /) 05]0)®
1>x1>22: VOl(SO(l,l))Q AT (a) 1y 42500y )

1,
1

= —(L[O)(x, )L[O")(a/, 2'))3(,). (5.27)

211 a
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5.2 Derivation of the OPE formula
5.2.1 Harmonic analysis on celestial sphere

We have given a review of harmonic analysis on celestial sphere in section 4.2. In this
section we need a generalization which we state here without proof, and refer the reader
instead to [1].

Suppose we have a choice of two- and three-point structures on the celestial sphere

(Psa(2)PLL(2) (5.28)
(P, a (21)Poy ag (22) PLA (2)) @ (5.29)

We assume that the three-point structures are linearly-independent and span the space
of conformally-invariant tensor structures for the given quantum numbers. Given these

structures, we can find OPE differential operators Ct )3 satisfying

CL (21, 223 020 ) (Pop (22) P (2)) = (Psy ay (21) Pgng (22)PL (2)) @) (5.30)

Here and below, the P; ) carry SO(d —2) indices for A, which we suppress for brevity. These

indices are implicitly contracted between (?((Sa/\) and Pjs (22).

Now suppose that conformally-invariant kernels ks A7(a)(zl, z9; z) solve the equation

s (a) (215225 2) (Poy xy (21) Py xa (22)PLL () = (Poa(2)PLL(2))5).
(5.31)

/ Dd_221Dd_222
vol(SO(1, 1))

Here, ks x (a)(21, 22; 2) carries SO(d — 2) indices dual to Pg, », and Ps, », and these indices
are implicitly contracted in (5.31). If the above conditions hold for all A’s that can appear
in the (d — 2)-dimensional OPE Ps, \, x Ps, »,, then we have

—Jrzoo dé
L[Ol]($7z1) 02 J? 22 Z d > QWZ(?g)?(zla227aZ2)W6)\( )(33,22)7 (532)
where
W57)\7(a)(a7, Z) = /Dd_QZIDd_222k67A7(a)(Zl,22;Z)L[Ol}(l’,Zl)L[OQ](fL’,ZQ). (5.33)

For the validity of (5.32) the same caveats as in footnote 20 apply. Note that it is not
important which basis of structures one chooses in (5.29) and (5.28) — the above statement
is basis-independent. We utilize this freedom below, making convenient choices when
appropriate.

5.2.2 Lower transverse spin

For lower transverse spin, we will assume that when we set J — J; + J2 — 1, the light-ray
kernel K¢, A JA(a) degenerates to

./\/’(Ca))(;)\ /x%2 dd$1dd$2Kg+LJ7)\’(a) (."L‘l, o, X, Z)Ol(ﬂj‘l)OQ(l‘Q)

1T

o / D22 DT 2k (o) (21, 225 2)L{O4] (2, 21 )L[O2] (i, 22) (5.34)
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where k; ) () is a basis of Lorentz-invariant kernels, and /\/'((Ca)) SA is a rectangular matrix
(implicit summation over (a) is understood). The matrix N is needed because not every
Kg +1,J0,(a) degenerates in this way. We assume that all Lorentz-invariant kernels ks ) ()
can be generated in this way i.e. A is full rank.

The evidence for this assumption comes from several lines of reasoning. First of all, it
agrees with the scalar example in section 4. Moreover, we have additionally studied the
example of L[¢]L[V] OPE, where V is an operator with spin 1, which has a non-trivial
matrix N and verified this statement. Furthermore, from the counting of structures in
appendix E one can see that the dimensions of the spaces of structures match (specifically,
the rank of A/ can be predicted from (5.40) below, and it matches the number of k5 ())-
Finally, (5.34) yields the same results as in [1] and in appendix D, where they have been
obtained by an different, although more complicated, method. It would be interesting to
find a direct derivation of (5.34).

Plugging (5.34) into (5.6), we obtain

o, pi- O|L* [Oa) () L[OT)(a’, )L~ (O], 21)[0)
Dd 2 Dd 2 k . < ) ) ’ +
/ 21 22 5,A(c)<217227z> VOI(SO(]., 1))2
1 a

= 5 - (LIO)(@, 2)L[OT)(@', 2 NN 5, (5.35)
where LT [Os] indicates that the light transform contour is restricted to 2 > 2’ and L~ [O1]
indicates that the light transform contour is restricted to ' > 17. On the left-hand side, one
factor of vol(SO(1,1)) cancels against a zero-mode in the integral over zi, z2, and the other
factor cancels against a zero-mode in the triple light-transform of the three-point structure.

Let us define a matrix MEZ)) 5. Wwith the property

(c) (a) (e
M(a),é,AN(c'),é,A = 5(0’)' (5.36)

This is always possible to do since N is full rank. However, M defined in this way is in
general ambiguous because we can replace

ME% s MEZ)% it mg)) (5.37)

for any mgz)) such that mgz))/\/'((gg s = 0. We make a choice of M and rewrite (5.35) as

(O|LH[02](z, 22)L[OT] (2, /)L [O4] (i, 21)|0) "
vol(SO(1,1))2

/ D22 DY 20kis A (o) (21, 22 2)

1 Y
= 5 (L[O)(z, 2)L[O)(a', = )G -

In the left-hand side we have a celestial “bubble integral” of ks /\(c)(zl, 29; z) against

(OIL*[02](z, z2)L[O1](2’, )L [O1](x, 21)[0)
vol(SO(1,1))

M5 (5.39)
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Since ks \(c) (21, 22; 2) form a basis, it follows that this bubble integral is non-degenerate [35],
i.e. it vanishes for all (c) if and only if the above expression vanishes. Due to (5.37) it then
follows that

(OIL* O]z, 22)LIOY (@', )L (O], 20)[0)
vol(SO(1, 1)) ()

=0 (5.40)

for any mgz)) such that mgz))/\/'((gg 5o =0.

Equation (5.38) has almost the same structure as (5.31) if we identify, for fixed z,a’,

(O[L+[0s](z, 2)L[OT] (@', 2L [O1] (@, 20)|0) (o)

(Poy. 0 (21)Poy o (22)7);)\('2»(6) AR vol(SO(1, 1)) . M(a)@/\’
(5.41)
(PirRIPLAE) & 5 (LIO)(@, 2)LIOM (&, ). (5.42)

However, we cannot quite write equality signs in the relations above, because while z1, z9
and the transverse indices of L*[O5], L™ [O4] transform under the Lorentz group at z, the
polarization 2’ and transverse indices of L[O'] transform under the Lorentz group at z’.
Fortunately, we can perform two steps to rectify this problem. First, there is a subgroup
L, ~SO(d — 1,1) of conformal transformations that fix both z and 2/, and act as Lorenz
transformations locally at these points.?® Second, we can “translate” the indices and
polarizations of L[OT] from 2’ to z, so that the action of L,, is the same on all indices and
polarizations. Specifically, we can write

0L+ [O2](z, 22) (Lyw LIO) (2, Lwr 2 )L™ [O1] (2, 20) |0} (e
<P517/\1(21)7352,)\2(Z2)Pz;r,>\(z)>(6):< Lo ) V[ol(]S)(()(l,l)) L Lk Mga)),é,)\’

(5.43)
(

! 5.44)

= omi

(Psa(2)PI(2)) = 5= (L[O] (2, 2) (Lo LION) (2, L 2')),

where
(Lpp)Hy =08 — 2:1:“55,,/902, (5.45)

and I,,sL[O] indicates the action of I on the transverse spin indices. Importantly, the
presence of I, means that while z’ and other indices now transform in the same way under
L, as the indices and polarizations at x, the representation that they form is reflected
relative to that of L[OT]. This reflection is crucial, because it is precisely the difference
between the d-dimensional and (d — 2)-dimensional T operation, and so the representations
match in the above identifications.

Equation (5.38) implies that the set of three-point structures defined by (5.43) is
complete, otherwise we wouldn’t be able to get the Kronecker delta in the right-hand side
of (5.38). We can therefore use the statement of section 5.2.1. Specifically, let us define

38For example, we can set £ = 0 and 2’ = oo, in which case the group in question is the standard
Lorentz group.
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operators CA((;L? by (5.30), which now takes the form

LG (21, 22 0y WL(O) (2, 22) L IO (@, L)

21
 {OILF[00) (2, 2) (Lo LIOT) (&, Luw 2 )L [O1] (2, 20)[0) | (o)
N vol(SO(1, 1)) Moo (5.46)
In this equation we can cancel the I, matrices on both sides
50 (21,22, 02,) (L0, 2) L[0T (o', )
<0|L+[O2]($722)L[0T](x,aZ,)L_[Ol](-razl)|0>$) (c)
= . 4
vol(SO(1,1)) Mia) s (5.47)
Then we find
7—}—100 do o)
L[O:](z, 21)L[Os](z, 22) = Z P2 . 9w Ca 3 (215 225 025 )Wis 5 (o) (2, 22), (5.48)
)\ ?—ZOO
where
W57)\’(C)(x, z) = /Dd72z1Dd72z2k‘57)\’(c)(z1,zg;z)L[(’)l](az,zl)L[Og](x,ZQ). (5.49)

In our case, the kernel ks () arose from K ! through (5.34). This means that we can
alternatively rewrite Ws ) (7, 2) as

EVORE _
W&MC)(%Z) _N(c),é,,\Q (©;5‘—+1,J1+J2—1,>\,(a)( z) — @5+1 Ji+Jo— 1,\(a)( )>' (5.50)

Plugging this into (5.48) we conclude

1 GO A5 a) e
LOJ(@ 2)LO) (e 22) = 5 > [, 5 NG5G (e, 22:0)
)\€A12 5o
(@3;1 Ji+J2—1,\,(a )( 2) = O3 4 1 (a )(x Z)>+ "

(5. 51)

In the last step we fixed a subtlety that we glossed over before: the identification of
three-point structures in (5.43) can only be performed for low transverse spin \ since the
right-hand side simply does not exist for higher transverse spin. Therefore, in (5.51) we
have only correctly identified the low transverse spin contributions, and (---) denotes the
higher transverse spin contributions that we deal with in the next sections.

We can simplify equation (5.51) further, by defining

a 1 a C
ng,,\) (21,22;05) = %Af((c )757,\5((37))\(21’ 225 0z,). (5.52)

Note that while é\l(;c/z are linearly-independent, C(ga)? are not. In terms of Cé’a/\) we get

2 fico dé
L[O1](z, z1)L[O2](x, z2) = i Z / : " 5)?(;21,22,8 )
A€A12
((O)Ll Ji+J2— 1)\(a)( z) = ©6_+1 Ji+J2— 1/\((1)( ))+

(5.53)
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Using (5.47) and (5.36) we can give an equivalent characterization of Céa/\),

(O[LF[0s](w, 22)LIOT](2/, 2 )L~ [O1](, 21)[0)
vol(SO(1,1)) ’

€33 (1,22,0:,) (L[O)( 2)LIO") (&', 2)) =

(5.54)
Equations (5.54) and (5.53) reproduce equations (3.97) and (3.98) of [1], respectively.?® We
refer to (5.54) as the “celestial map” formula because it maps the d-dimensional tensor

structures appearing on the right-hand side to the (d — 2)-dimensional OPE differential
operators C(gaA). Note that (5.40) implies that m4) such that N, ((CCS) s (a) = 0 satisfy

(O[LF[0s](, z2)L[OT](2, 2/)L~[O1](x, 21)]0)
vol(SO(1,1))

Ma) = 0, (5.55)

i.e. the kernel of AQ(;) S is the same as the kernel of the celestial map.

Finally, to reproduce the low transverse spin terms in (5.1), we note, analogously to the
discussion around (4.69), that in order for the left-hand side of (5.53) to be well-defined,
we need the Regge intercept to satisfy Jy < Ji + Jo — 1, in which case we can use a

DR (2,2) = 0. This allows

superconvergence sum rule [1, 23] which states that O S+1,J1+Ja—1,,(a)

us to rewrite (5.53) as

L[O1](z,21)L[O2](z, 22)

P2 tico (5 Ti+T

. J1+J. 2 a X —1)7172

=ri() e 3 [ R 00k s 650)
€N12 2

which reproduces the first sum in (5.1).

5.2.3 Higher transverse spin

Now we would like to understand the higher transverse spin terms in the OPE (5.1). The
logic in this case is similar to the low transverse spin case, but with some extra complications.
Similarly to (5.34), we assume that

N((:)),(S,)\—y,npn </zz2 ddxlddngngLJ’)\%(a)(ml, o, Z)Ol(wl)OQ({L‘Q))

21

JaJ1+—Jg>71+n /Dd_QZlDd_QZQk(;’)W(+n)7(c) (21, 225 Z)L[Ol](x, Zl)L[OQ] (.Z‘, 22). (5.57)

The evidence for this assumption is the same as for (5.34) and is discussed in section 5.2.2.
Using this statement in (5.6) requires some care. Indeed, plugging in this relation
(again defining M to be the left inverse to N'), we find

d-2. -  (OILH[00] (2, 22) L[0T (&, 2 )L [O4] (. 20)[0) (e
/ D21 D 2okis () (0) (21,223 2) Vol(SO(L,1))? M5

— (DO (@, LT, )3, (5.58)

39There is a (—) sign in (5.53) which is not in (3.98) of [1], which is due to the more explicit treatment of

(—1)7 signs in section 5.1.1 of this paper.
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The equality holds if J = J, = J1 + Jo — 1 + n. But for this value of J, the action of D,, is
conformally-invariant, and the right-hand side of (5.58) contains a conformally-invariant
two-point function for operators D, L[O] and L[Of]. However, the quantum numbers of
these operators are not Hermitian-conjugate to each other, and thus such two-point functions
do not exist! This means that the right-hand side vanishes, and so the left-hand side must
also vanish. Equation (5.58) at J = J,, is thus trivially satisfied.

To obtain nontrivial information, we must shift away from J = J,. For this, it helps to
act with D,, on L[O] on both sides of (5.58). We obtain on the right-hand side

! —((D,L[O))(x, 2)(Dy, L[OT])( )>5(C’)

21 (c

)

After acting with D,, on the second operator, the limit

i L (DAL[O)) (. ) (DLLIOT) (. )
J—=Jn 271 J—Jn

(5.60)

is a conformally-invariant two-point function [27].

We now need to analyze the left-hand side of (5.6) away from J = J,. One might
worry that we would need to know the subleading term in (5.57) in order to determine the
leading non-zero piece in the left-hand side of (5.58). Fortunately, this is not required. To
see this, let us first write for general J, from (5.6) and the above,

dd:Bldde t,+ _
D, ((0|0L[OT](', 2)01[0) (2 > 2’ > 17))

_ 1 (DuL[O))(z, 2) (DR LIOT) (2, 2)) <v)
= (= Jn) i 55 J—Jn %)
Since the right-hand side is O(J — J,,), this should be true for the left-hand side as well.
We claim that in fact
/ dd.%'lddw2
vol(SO(1,1))?

+0((J = Jp)?%)  (5.61)

F(z1, 22,7, 2)D (<0|02L[0T](x 2)0,10)P0(2 > 2/ > 1—)) cO(J - J,)
(5.62)

for any conformally-invariant kernel F' that transforms at x with the quantum numbers of
D, L[O]. This statement implies that we can use (5.58) directly at J = J,, = J1+Jo—1+n
for the purposes of determining the O(J — J,,) term.

We actually need the following refined version of (5.62),

d.f[f d.’E
/\MF(xl,xz,x 2)D (<0|(92L[0T](ZE 2)0110)P0 (2>m’>1_))
dl‘ d.’L‘
_(J_J”)/vcfli(scl)il,i))F(xl’m%x 2)D (<0!O2L[OT](@“ 2')01)0) b)0(2>x’>1*)) ’J:Jn
+O((J = Jn)?). (5.63)
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Note that the expressions on the left-hand and right-hand sides differ by the power of the
factor vol(SO(1,1)). The reason for this is that while at J = J,, and J # J,, both integrals
have 2 reparameterization zero modes, in the integral on the right, one of the modes is
similar to x — ax in

/ drd(z) = 1, (5.64)

and doesn’t require Faddeev-Popov fixing. A simple model for the above equation is
provided by the integral

o
/0 Vd(sgﬁmz =TI, (7= ()) = 2(J — J). (5.65)
Clearly, the coefficient 2 in front of (J — J,) can be computed by setting J = J,, and
removing the vol(SO(1,1)) factor. The result (5.63) can be shown by an explicit calculation
in the case when Oy, Oy are scalars,*” and then noting that integrands in both sides have the
same transformation properties under weight-shifting operators acting on O, O3, O [28, 35].

Combining everything together, we find the following equation for the kernel ks x_ (1n),(a);

/ D2 DTz T
Vol(SO(1, 1)) oA (Hm () 151, 2232
x Dy (O 03](ar, 2)LIOT (', )L (O], )| 0)) M
T ro )
~ i L SPeL[O]) (@, 2)(DaL[OT])(2, 2)) (/)

J—dn 2700 J—J, (e)

(5.66)

From this equation, following precisely the same steps as in the derivation of low transverse

(a)

spin terms in the previous section, we find that if the operators Cj A, (4n) aTe defined by

Crgflk)w(m) (21, 22, 02,) Jlim ((DuL[O]) (@, 22)(DaL[OT]) (2, 2"))

—Jn J — Jn
= (~1)"D, ((O[LH[02)(, 22)LOT] (o, VL [O1) (. 20)[0) ), (5.67)

then the contribution of higher transverse spin terms is given by the second sum in (5.1).4!
In appendix E we consider which representations A,(+n) can be generated in this way,
and show that there are enough d-dimensional structures that survive this celestial map to
account for all the celestial OPE structures.

5.3 Celestial map without light transforms

In the previous section we derived the celestial map formulas (5.54) and (5.67) that determine
the OPE differential operators C(g:l)? appearing in (5.1). These formulas involve taking several
light-transforms of tensor structures analytically continued to Wightman correlators, which
in practice can be a difficult calculation. Fortunately, as first observed in [1] and proved for

40Tt is easy to convince oneself that it suffices to ensure that the result of this section agrees with the
result of section 4.
“Here we introduced a sign (—1)™ by hand in order to simplify (5.1).
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traceless-symmetric operators, there exists a simpler version of the celestial map formulas
that contains only simple algebraic manipulations.
We will show that the following is equivalent to (5.54),

Céf? (21, W1, 22, W2, 0z, Ow, ) ((—2H20)<O(X2, Z5, W2)O' (X, ZO»W0)>>

celestial

= X9 |-2Vo 21| (O1(X1, Z1, W) O (X, Zo, Wo)Oo( X, Za, W) . (5.68)

celestial

and the following equivalent to (5.67),

a . DLOY( X2, Zo, W2)(D.,0N (X0, Zo, W
Cé’)?,y(+n)(ZlaW1>Z2>W2502278W2)< hm (_2H20) <( )( 2 2 2)( )( 0 0 0)>

J—Jn J—Jn

celestial

—-1\"X a
= LD (6(V42)(01 (X1, 21, W1) O (Xo, Zo, Wo) O(Xz, 22, W2)) ()

celestial

(5.69)

(Note that we have used the (-- )Sf) structures defined in section 5.1.1.) In the above
equations, we have explicitly reintroduced polarization vectors w; for the second and higher
rows of Young diagrams of O;, as described in section 3. Furthermore, we have used
embedding space notation [19] on the right-hand side, with the standard tensor structures

Zi- XiXi- Xp — Zi - X Xi - X
Vi = J J 5.71
i,jk Xj ) Xk 3 ( )

Finally, the notation (---)|celestial Stands for substituting the following values for the em-
bedding space coordinates,

Zy = —(1,0,0), Zy =—(0,1,0), Zy =—(0,1,0),
XZ' = (0,0,Zi), Wi,j = (0,0,wi,j), (5.73)

where we specify coordinates in the order (YT, Y~ Y#) u = 0,---,d — 1. Note that
in (5.69) we divide by 6(—2Vp 21). By this we mean that the result of the action of D}, is
proportional to §(—2Vj21), and we simply read off the coefficient of this delta-function.
Note that this coefficient is only well-defined in configurations where Vj 21 = 0, which is
indeed the case for the celestial locus (5.73).

5.3.1 Factoring out the light-transforms

We start by proving (5.69). The proof of (5.68) is only a simple modification that we
comment on below.
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The proof proceeds with evaluation of light-transforms in both sides of (5.67). We start
with the right-hand side

D, (01 [02](z, 22, wa)LIO I (z0, 20, wo) L™ (O] 20, w)[0)”) . (5.74)
Here D,, acts on (zg, 20, Wg). We can rewrite this equivalently as
= DL Ly ((0]0s (2, 22, W2) L[0T (20, 20, W0) O1 (, 21, w1)[0)0(2 > 0 > 17))
= Dy LaLy ((O1(x, 21, W1)Os(x, 25, W2)L[OT] (20, 20, W0)){0(Vo,12) ), (5.75)

where L; denotes light-transform acting on (x;, z;, w;). In the last equality we used the
following fact. First of all,

2 2

Vo2 = (5.76)

Ty
is positive for 1 ~ 2 and 2 > 0 > 17, and is negative for 1 ~ 2 and 1 > 0 > 27. In (5.23)
we have two terms, and multiplying by 6(Vp12) selects the first term, which is the one
appearing in the first line of (5.75).

Now we can use (3.25) to rewrite this further as

= LiLo LoD, ((O1(2, 21, w1)Oa(, 2, w) O (20, 20, w0)) 0(V 12) ) (5.77)
where we took into account the easily verified fact that Vj 12 commutes with L.

5.3.2 Appearance of §(—2Vp 12)

Note that without the theta-function we would have
D! (O (x, 21, w1) O, 20, W) O (20, 20, wo)) @ = 0. (5.78)

This is because for J = J,, all possible three-point tensor structures above are polynomial
in zp, and hence killed by D;,. To see this, note that the way non-polynomial structures in
zp appear is through the factors of the form

(O1(z, 21, w1)Oa(z, 227W2)OT(900, 207W0)>(a) = (- )%{fzk (5.79)

when J < k, where k > 0 is the degree of zg in (- --). Non-polynomiality cannot appear in
any other way, because we require that all polarizations except zy enter polynomially, and
V0,12 is the only invariant that involves only zg. We see that for sufficiently large integer J
all structures are therefore polynomial, and the appearance of non-polynomial structures
is indicated by the reduction in the number of polynomial structures. The number of
polynomial structures can be computed using group-theoretic counting rules [40], and a
simple calculation shows that the polynomial structures start disappearing for J = Ji+Jo—1
(see appendix E). This means that for J = J; + Jo — 1 the maximal non-polynomiality is
V0T112, and for J = J, = J; + Jo — 1 +n with n > 0 there are no non-polynomial structures.
More generally, the smallest possible exponent of Vj 12 is

Vil ™% (5.80)

45 —



Since all structures are polynomial for J = J,,, the properties of D/, discussed in section 3
ensure (5.78).

However, we are interested in
D (<(91(x, 21, w1)Oa(z, 22, w2) O (20, zo,wo)>$)9(%,12)) . (5.81)

We can obtain derivatives of delta functions §(™) (—2Vj 15) from D/, hitting the theta-function.
We claim that we get a result which is proportional to §(—2Vj 12). To see this, we regularize
by analytic continuation in J. Note that in (5.81) the most negative power of Vj 12 is

J—J1—J2— J—Jn—1
Vo T = Vo (5.82)
because D), has n derivatives which will therefore hit ‘/0“7172‘]17‘]2, which is the most negative

power of Vj 12 before acting with D},, at most n times. In other words, we have for each (a)
D, (<01(9U, 21, w1)O2(, 22, W2) O (20, 2'07W0)>Sf)9(vb,12))
= (J = ) (Wi 0 (Vo) + B, (5.83)

where R involves higher powers of V{12 or (J — J,). As we send J — J,, we then find
R — 0 and

(J = TV 0(Voa2) — 6(Vo2)- (5.84)
We therefore conclude that
D, ((Ol(x, 21, w1)Os(x, ZQ,WQ)OT(QJO, zo,w0)>5f)9(V0712)> = 0(—2Vp21) x finite. (5.85)
5.3.3 Symmetries of the integrand
Defining
J(X1, 21, W1; Xo, Zy, Wa; Xo, Zo, W)
=D}, ((01(X1, Z1, W1)Oa(Xa, Zp, W) O' (X0, Zo, W) 0(Vo,12) ) (5.86)
and

flar, a2, a0) = f(Z1 — 01 Xoo, —Xoo, W13 Zo — a2 X oo, —Xoo, Wa; Zg — a9 Xo, —Xo, Wy),

(5.87)
where
Xoo = (0,1,0),  Xo=(1,0,0), (5.88)
Z; = (0,0, %), Wi;=1(0,0,w;), (5.89)
we can rewrite (5.77) and thus (5.74) for x = 00,2’ = 0 as
D, (0L O3] (00, 22, wa)L[OT](0, 2, wo) L™ [O1] (00, 21, w1)0) '
= /+OO doydasdog f (o, g, ap). (5.90)
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Our goal here will be to find an expression for f(ai, @z, ag) based solely on symmetries.
First, we check that the boost in the embedding space which sends

Xoo = Moo, Xo— A1X, (5.91)

implies that for A > 0
flag, ae, ) = )\J1+J2_Jlf()\a1, Ao, A ), (5.92)
where J' = J, —n = J; + Jo — 1 is the spin we get after the action of D],. That is, we have
flaq, s, o) = Af (A, Ao, A tayg). (5.93)

Second, the symmetry that in Minkowski space is represented by translation along zg
acts on embedding space coordinates as

Xo—> Xo+ Xy, Z; — Z;i+ Q(ZZ' . ZQ))\XOO (’L =1, 2), (5.94)

leaving all other coordinates invariant.*?

for f,

We can check that it implies the following equation

flag, ag,a0) = (1 — Oéo/\)_A_J,f(Otl —2(21 - 20)\, 2 — 2(22, 20) A, (oegl — )\)_1) (5.95)

for 1 — apA > 0.
Now recall from the previous discussion that f(aq,as,ap) is proportional to 6(—2Vp 21),
and so we can write

a1(zo - z2) — aa(z0 - 22)
(2:1 . 22)

flai, a2, 00) =06 ( ) g(ae, ap), (5.96)

for some g. Here we eliminated the a;-dependence using the delta-function. In terms of g,
the symmetries discussed above read

g(ag, ) = g(Aae, )\_1040), (5.97)
glag, a0) = (1 — ap)) ™2 glag — 2(22, 20)A, (ag L — )71, (5.98)

for A > 0 and 1 — agA > 0 respectively. Let us consider gg defined by
go(ag, ao) = ‘042050 - 2(22 . Zo)’fAle. (599)

It is easy to check that gy satisfies the same symmetries as g, and thus g/go is simply
invariant under the above transformations of as, y. Note that we have two continuous
families of transformations, and it is easy to verify that the 2 vector fields by which they are

42T be more precise, we have
Wi — Wi+ 2(11)»;,3‘ . Zo))\Xoo (7, = 1,2),

but since in (5.87) W;,; are inserted with first-row polarization — X, the shift by X« has no effect on the
value of f.
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generated are generically linearly-independent. Since we have only two coordinates o, ay,
we find that g/gop should be locally constant and can only change value where these vector
fields degenerate. This only happens when asag — 2(22 - 29) = 0 or a9 = 0.

Note that g(ag, ap) comes from a three-point structure, and the three-point structures
are analytic away from X;; = 0, which are given by

X12 = —2(21 - 22), (5.100)
X10 = a1ap — 2(21 - 20), (5.101)
X20 = 0y — 2(22 . Zo), (5.102)

so g/go cannot have a discontinuity at g = 0. We thus only need to determine how g¢/go
changes when crossing Xo9 = 0. Since g comes from a time-ordered three-point structure, a
non-analyticity near Xsg = 0 must have the form

(Xog + i€)¥, (5.103)
where we use the usual ie-prescription for time-ordered correlators. It follows that
glag, a) = A(aaag — 2(z2 - 20) +ie) 27 (5.104)
for some A, for all real values of ag, ag. It is convenient to express A in terms of ¢(0,0),
g(ag, ag) = (225 - 20)2T7 g(0,0) (@ — 2(22 - 20) +ie) 2. (5.105)

5.3.4 Computing the light-transforms

We can now compute the integrals in (5.90),

/daldot2doéof(04170é2,040)

- /daldo@é <O‘1(ZO'Z(22) —za§(20‘22)> /do‘o(—2z2'ZO)AHIQ(O,O)(O@%—2(22~Zo)+i6)7A7‘]/
1°22

:9(0,0)(—222-20)/da1da25 (al(zo"z(zz);zj;(’z”@)) /dao(a2a0+1+i6)—A—J’

= %9(070)(*222'20)/(1@1@425 <a1(z’o-z(zz);z<324§(zo.z2)> §(a)

—2ms
_ A o, 5.106
Ay ("2a2)9(0,0), (5.106)

where we used the equation

oo (@y+1ltio® a- 70() (5.107)

/+°° dz 271

which we prove in appendix G.2. Unwinding the definitions, we check that

(=221 - 22)9(0,0)

X a
= 2D (8(Vh12){O1 (X1, 21, W1)OT (X0, Zo, Wo)Os (X, Zo, W) ()
6(=2Vo,21)

celestial

(5.108)
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It only remains to compute the light-transforms in the left-hand side of (5.67). For
this, note that

((DuL[O]) (2, 22, W2) (DnL[OT) (0, 20, Wo))

i J—
D! 0)(Xa, Zo, W) (D OV (X0, Zo, W
=L2L0Jlim ((DLO) (X2, Z2, W3)(D;,0")(Xo, Zo, Wo)) (5.109)
—Jn J—Jn
and defining
_ D! 0)(Xa, Zo, W2 (D!, 01 (X0, Zo, W.
9'(X2, 25, Ws; Xo, Zp, Wo) = lim (PrO) (X2, 22 {]2)_(1] )Xo 20 Wo)) (5 119

q (a2, 0) = ¢ (Zo— a2 X oo, —Xoo, Wa; Zo— a9 X0, — X0, Wp),  (5.111)
we find that ¢’ satisfies the same properties as g above, and the same arguments lead to
(a2, a0) = (=222 - 20)2F ¢'(0,0) (g — 2(20 - 20) +ie) 277" (5.112)

We can then similarly compute

((D},0)(X2, Zy, W3)(D,,0") (X0, Zo, Wy

LoLyg Jli)lg T—J >> :/dOQdaog/(OQ’aO)
—2m1
=— (—225- "(0,0).
A—I—Jl—l( z2 ZO)Q(?)
(5.113)
Since (—2z3 - 20) = —2H2o|celestial, We find
D OV X, Zo, Wo) (D! OV (X, Zy, W
(_222'20)9/(0’0): lim (_2H20)<( no)( 25 42, 2)( no )( 05 Z0; 0))
J=dn J—Jn lestial
(5.114)

Combining with (5.67), (5.90), (5.106), (5.109), (5.113), and (5.108), we arrive at (5.69).

5.3.5 Low transverse spin case

The only modification to the above proof required for the case of low transverse spin —
(5.54) and (5.68) — concerns the appearance of the delta-function in the analogue of (5.81).

(<01(.7}, 21, Wl)OQ(.CI}, 22, WQ)OT(xo, 20, W0)>$)9(‘/0712)). (5.115)

In principle, there is no delta-function here. Instead, from the discussion in section 5.3.2 we
know that for J = J; + Jo — 1 there are structures which contain the most negative power
of V21 which is

(- )(—2Vo.21) ' 0(Vo,12).- (5.116)

This inverse power of Vj 21 leads to the divergence in the triple light-transform in (5.54)
which is canceled by the SO(1,1) factor. Similarly to the discussion around (5.63) we can
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remove the vol(SO(1, 1)) factor and replace (in fact, this is exactly the same replacement
as in (5.63))

(—2%721)_19(‘/0712) — 5(—2‘/0,21) (5117)

and then the above proof can be applied to (5.68). The only remaining difference is that in
the final formula we prefer to factor out (—2Vp21)~! before the above substitution instead
of factoring out §(—2Vj21) after the substitution.

6 Examples

6.1 Re-deriving the L{¢;1] X L[¢2] OPE from general formulas

In this section we rederive the scalar detector OPE (4.69) from the general result (5.1).
The first step is to work out the low-transverse spin terms in (4.69). The set of transverse
spins A1 is constrained to consist of traceless-symmetric representations A of spin j because
L[¢1] and L|¢o] both transform as scalars on the celestial sphere. In d-dimensional language,
the transverse spin j is the length of the second row of the Young diagram of a SO(d — 1, 1)
irrep, and is therefore constrained to be j = 0 since only traceless-symmetric light-ray
operators appear in ¢; X ¢o OPE. The low-transverse spin contributions are then given by

%—H’oo ds i
——Csj=0(21,22,0:,)05 ¢ ;—_y(z,22) +--+, (6.1)

L{¢1](z, z1)L¢2](x, 22) = mi

where we also substituted J; = Jo = 0 and removed dependence on the transverse polar-
izations w; since all operators are traceless-symmetric. In order for this to agree with the
J = 0 term of (4.69), we need to verify that Cs,—¢ normalized as in (4.20) also satisfies
the celestial map (5.68). We do this by computing the structures entering in (5.68) and
comparing them to the structures in (4.20).

First of all, we need to determine the expression for the three-point structure enter-
ing (5.68). Our d-dimensional structures for integer J are defined in appendix B, and
the analytic continuation should be performed following the conventions of section 5.1.1.
Comparing (B.3) and (5.18) we see that n =0 in (5.18) and fj is given by some product
of distances x;; which is positive for space-like separated points. Looking at (5.22) we see
that in our case the analytically-continued three-point structures appearing in (5.68), when
all points are spacelike-separated, are equal to the absolute value of (B.3).

We can therefore use (B.5) and substitute the celestial locus values (5.73) into it. We
find for J = —1,

Xi2|—2V3 12|(d1(X1)P2(X2)O(X3, Z3)) |celestial

1
T T A 4A;-A-1  A+A-Ag—1  AgtA-Aq-1
X12 2 X13 2 X23 2 celestial
1
= 51+05—0 51 +0—dg 534007 ) (6-2)

(—221 . ZQ) 2 (—221 . 2’3) 2 (—222 . 23) 2
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and since this is positive and all X; are space-like separated in (5.73), it follows, according
to the discussion above, that this is equal to the right-hand side of (5.68) after substitution
3 —0.

The left-hand side of (5.68) is easily computed from (B.4) to be equal to

(—=2H93)(O(Xa, Z2)O(X3, Z3))|celestial = (—222 - 23) %, (6.3)

after substitution 3 — 0. Using these results in (5.68) we see immediately that it gives the
same normalization of Cs j—o as (4.20).

A similar logic works for the higher transverse spin terms in (5.1). We have A, (4+n) =
(n,7). The set I'13 in (5.1) then consists of just the trivial representation, because only
traceless-symmetric representations appear in the ¢; X ¢o OPE. We thus find that the
contribution of higher transverse spins is

L[O1](z, 217W1) [Os](z, 22, W2)

B 2 2 tioco d5 (—1)" '
mz Cs,j=n(21, 22, 02y, Ow, ) (Dn, @5+1n (T, 22, Wa) + -+ . (6.4)

77100

Therefore, in order to verify that (5.1) reproduces (4.69), we need to check that the
normalizations of Cs; defined by (4.20) and (5.69) are consistent.

Reasoning analogously to the lower transverse spin case, we find that we need to compute
the action of D), defined by (3.22) on the absolute value of (B.3). Since in (5.69) we have
6(Vo,12), we need to restrict to the region where Vp 12 is positive. In this region, we have

D} (p1(x1)p2(22)O (3, 2)) +

_p (=22 wa3a%s + 22 - w13035)7

n A1+A2 A+JxA1+A—A2+JxA2+A—A1+J

13 23
J(J—l) (J=n+1)
2 2

= oy (—2w - x93 75 + 2w - ;13 253)"

(=22 - 293223 + 22 - 113 x§3)‘]*”
xA1+A2—A+JxA1+A—A2+JxA2+A—A1+J ’

12 13 23

X

(6.5)

Multiplying by 6(Vp,12) and taking limit J — n — 1, we find
D;, ({¢1(z1)pa(x2)O(x3, 2)) 10(Vo,12))

1 (—2w - 293 35 + 2w - 713 735"

T o AIAyAtntl Ai+A-Aztn—1 At a—m 10 (—2Vo12). (6.6)
T12 T13 L23

Lifting this to embedding space and evaluating at the celestial locus (5.73), we find that
the right-hand side of (5.69) is

"X
G52 1y (037,10 61 (X1 O (Ko, Zo)oa( X))
6(—=2Vo1) " .
celestial
1 (—4W~X2X1'X3—|-4W-X1X2-X3)n
= n  AIFAy—Atn-1 AjFA-Apin—1 AptA-Ajfn-1
X12 2 X13 2 X23 celestial

1 (—dw - 2921 - z3 +4w - 21 29 - 23)"
5105 —0+ PP Soto—01+
(92 - 22)%“(_221 _ z;;)lfw(—%g . 23)2#1“
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which up to a factor of 1/n agrees with the standard three-point structure (4.17) which
appears in (4.20).
We now need to compute the left-hand side of (5.69). We have

(D, 0)(2, 22) (D, 0) (0, 20))
(—222 . I(xgo) . ZO)J

= D2
Do
(J)in n (=229 - I(z90) - 2 J-n
= nE ) n2(—222 - I(220) - wo) (22 [ 222) )
. x20
" (n\ (J)m) (n J—=n)m_ e
= Z ( )( ) ( )(k)( )( k) (—211}2 . 1(3320) . w0>k<—222 . I(afgo) . 'U}Q) k
= \k n! n!
—9% - I(x .2 J—2n+k
X (—2ws - I(x20) - ZO)"—’f( 21 Qg)A 0) : (6.8)
220
where we have defined (a)4) =a(a—1)---(a —b+1). We now send J — n — 1 to find
1

Jlim m«%o)(% 22)(D,0) (0, 20))

= i <Z) %(—1)n_k(—2w2 - I(x90) 'wo)k(—222 I (z20) - wo)n_k
k=0

—4z9 - 1\X L2n) LT k
X (=2ws - I(w0) - zo)"*k( 229 - I i%)A ) |
20
= % ((=2ws - I(z20) - wo)(—222 - I(20) - 20) — (—2ws - I(x20) - 20)(—222 - I(220) - wp))"

y (—22’2 . I(:L’Q()) . Zo)_l_n

2A
L0
1 n (—2H20)_1_n
= — ((=2HY"Y(—2H5) — (—=2HWV?)(—2HZWV)) 20 .
= ((—2H3™)(~2Ha0) - (-2Hy7)(~2H5")) BT (6.9)

where H ;?B is defined by replacing Z; by A; and Z; by B; in H;;. This can now be evaluated
in the configuration (5.73) which yields, after multiplying by —2Hjs, for the structure in
the left-hand side of (5.69)

( lim (~2Hy) ((D,0) (X2, Z2, W2)(D;,07) (Xo, ZO,W0)>>

J—Jy

celestial
_ 1 (42 20wp - wo — L2 - wozg wa))" (6.10)
n (=229 - 29)0tn

This agrees up to a factor of 1/n with the standard two-point structure (4.21) which appears
in (4.20). We thus find that both sides of (5.69) differ from (4.20) by a factor of 1/n, and
therefore the two equations are equivalent.

6.2 Selection rules in the L[J] X L[J]| OPE

In this section we consider the light-ray operators that contribute to the light-ray OPE (5.1)
of two identical charge detectors, i.e. to the two light-transforms of identical U(1) currents
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L[J]. (The analysis for the non-abelian case is similar.**) For concreteness we focus on
d = 4 and we do not assume parity symmetry. However, the results we find will be valid in
any dimension d > 4.

In d = 4 the SO(d—1,1) = SO(3, 1) representations are parametrized by two-row Young
diagrams, which can be supplemented with self- or anti-self duality constraints. However,
since we are considering a non-chiral setup, it is convenient to use real tensor representations
of SO(d — 1,1) which do not have self-duality constraints. We thus parametrize these
representations by pairs (J, j). Local operators always have J > j.

First, we consider the local OPE of a U(1) current J with itself. Using the counting
rules of [40] it is easy to see that for sufficiently large J we have operators in the 7 x 7 OPE
in irreps (J,0), (J,1) with even and odd J, and in irreps (J,2) with even J. This generic-J
behavior determines the light-ray operators that appear in the J x J OPE. To see this
explicitly, recall that for even J+ j the number of structures is given by the dimension of [40]

(s*0e ResﬁSEi;”(J,j))SO(g) , (6.11)
where [ is the SO(3) vector irrep?! and for odd J + j we need instead
(7?0 @ Resgo(3 (7, j))so(g) . (6.12)
We have
SO =rm@e, A’O=0, (6.13)
where e is the trivial representation, and the restriction of (J,j) to SO(3) is
J
Resgoy (J:7) = >(1) (6.14)
1=

where (1) is the spin-/ irrep of SO(3). We get tensor structures by matching SO(3) irreps
between (6.13) and (6.14). We immediately see that there are no structures with j > 2,
and that for j = 2 the spin J must be even. For j = 0,1 J can be of any parity.

The transverse spins that appear in the 7 x J OPE are thus 0, 1,2. All these spins are
traceless-symmetric in d—2 dimensions and thus are allowed to appear in the celestial OPE.*>
So, the set Ao in (5.1) is given by A1a = {0,1,2}. We then have the low transverse-spin
contributions, schematically

L[J] x L{J] = Z@Z}:u:o + ©:J:1,j:1 + @ifJ=17j:2 teee (6.15)

A subtlety here is that the celestial map (5.68) typically maps multiple three-point
tensor structures to zero, see appendix E for details. As we discuss there, the only structures

43 Although note the discussion of contact terms in [1].

4 Using an SO(3) irrep instead of an SO(4) irrep takes into account the conservation of 7.

45Note in d > 5 three-row Young diagrams would appear in the 7 x J OPE, but the corresponding
transverse spins are not allowed to appear in the celestial OPE of two scalars.
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that survive are those that contain ‘/'07_112, which are precisely those that are polynomial for
J > Ji + Jo — 1 but stop being polynomial exactly at J = J; + Jo — 1. In our case we are
interested in even-spin structures which are polynomial for J = 2 but are not polynomial for
J =1, i.e. those which disappear from the counting above as we change J = 2 to J = 1.46
We see that for j = 2 the number of structures changes from 1 to 0 and for j = 0 from 2 to
1. This happens because the SO(3) content of (J,j) changes: the spin-2 irrep disappears
and cannot be paired with the spin-2 irrep in S?[J. However, for j = 1 the number of
structures doesn’t change because the only structure comes from pairing with the spin-1
irrep in A2[7, and thus all j = 1 structures are annihilated by the celestial map.
The final form of the low transverse spin contributions is therefore

L[J] x L|J] = Z@:J:Lj:o +Of gyt (6.16)

This is of course consistent with the fact that on the celestial sphere we have two identical
scalars, and thus only even j should be allowed.*”

For higher transverse spin we find that the label 7 in (5.1) is trivial because SO(d — 4)
is trivial in our case. We have A(4+n) = 2 + n and thus the higher transverse spin terms
take the schematic form

LI x LT =Y D00 g+ (6.17)

n,t

However, since @; Jj=2 do not appear in the J x J OPE, we find

LTI X LIT) =Y D20 )y 19n i+ - (6.18)

n,.

Note that these contributions have even transverse spin j = 2 + 2n and thus this expansion
is again consistent with permutation symmetry on the celestial sphere.

Summarizing, we have the following schematic contributions to the OPE of two charge
detectors in d = 4,

LTl x L[J] = Z <©ZJ:1J:O + @:le,j:2) + ZIDQH@Z_leJrQn,j:T (6.19)

i n,t
6.3 Selection rules in the L[T] x L[T] OPE

We now discuss the case of the OPE of two energy detectors, i.e. two light-transforms of T.
We use the same setup as in the previous section, i.e. we work in d = 4 and in terms of real
tensor irreps of SO(3,1).

The transverse spins appearing in the 7' x T OPE are analogous to the J x [J case. We
have spins 7 = 0,1, 2,3 for both even and odd J and spin j = 4 for even J. This translates

4®Here we need to detach the notion of signature (even-spin or odd-spin) from parity of .J since we are
analytically continuing in J. That is, for J = 1 we still use S>0J for j = 0,2 and A?0) for j = 1.

“THere we assume, as usual, that the product L[] x L[7] is well-defined and thus the two light-transforms
commute. This requires the Regge intercept Joy to satisfy Jo < J1 + Jo — 1 =1 [23].
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to the following analogue of (6.15)
L[T] x L[T] = Z©ZJ:3,j:O + O g o1+ OF g oy + OF g s + OF jg g+
1
(6.20)

However, we again must take care of the fact that the celestial map (5.68) annihilates some
tensor structures. In this case, using the same logic as before, we find that only j =0, 2,4
operators have tensor structures that are non-vanishing under the celestial map. Therefore,
the low-transverse spin contribution is actually

L[T] x L[T] = Z @;J::,)JZO + @:J:&].ZQ + @g‘,zg,jﬂl 4 (6.21)
7

Again, this is consistent with the permutation symmetry on the celestial sphere that only
allows even j.

The analysis of higher transverse spin contributions is also the same as in the J x J
case. We have from (5.1)

LIT] x LIT] =3 D00,y g+ (6.22)

Taking into account that only even-spin j = 4 operators appear in T' x T" and combining
with the low transverse spin terms, we find

LIT) x L[T) =" (07 g 0+ OF g joa + OF ygoa) + D Don Oy g joa (6:23)

7 n,.

As mentioned above, although we have derived (6.23) in d = 4, the result is valid for any
d > 4.

It is interesting to ask what are the leading operators appearing at various transverse
spins in the above expansion in a weakly-coupled gauge theory. At j = 0 it is well-known
that the leading twist is 79 = 2 operators which can take the schematic form,

anﬁuiq T 8,3J0'6J¢’ &dlaﬁzdz T aﬁ.ﬂiﬂvbﬁu Fd1d2aﬁ3d3 T 8/BJdJF51ﬁ27 (6-24)

where we assume that the gauge indices are implicitly contracted, and the dotted and
undotted indices are implicitly symmetrized. At j = 2 the leading twist*® is also 7 = 2, for
the operators

Fﬁlﬁzaﬁﬁsdﬁs T 85J+2!ij+2F5354‘ (625)

To see that this is the minimal possible twist, note that 7 > 2 is the unitarity bound in
d = 4 for generic-J operators. To see that there are no other operators, note that the twist
of a product of symbols is bounded from below by the sum of constituent twists, and the
classical twist of all fundamental fields is 1, while the twist of a derivative is 0. Therefore
only products of two fundamental fields and any number of derivatives can have twist ~ 2,

48For all transverse spins we define twist as A — J.
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provided no indices are contracted. Fixing the value of transverse spin then leaves us with
the above options.

From this argument it is clear that no j = 4 operators with twist 7 = 2 exist. To build
the lowest-twist j = 4 operators we need to use more than 2 fundamental fields but as few
as possible. Since F' carries the most transverse spin among all fundamental fields, we find
that the lowest-twist operators j = 4 have twist 74 = 4 and are schematically given by,

Fol'"Fo”Fo’s F, (6.26)

where we keep spinor indices uncontracted and symmetrized, with J, 4+ Jo + J3 +4 = J.
Note that there are multiple ways in which the gauge indices can be contracted. The fact
that j = 4 operators have higher twist than required by the unitarity bound is in general a
consequence of the improved unitarity bounds of [41], which state

T > max{2,j}. (6.27)

In terms of the celestial quantum numbers, we get the following contributions. At j =0
and j = 2 we have the leading contributions with dimension

S=A-1xT1i+J-1=7;+2=4. (6.28)

Note that this dimension corresponds to the singularity of the form 6°—91—% = =2 For
Jj =4+ 2n > 4 we get

d=A-1xny+J-1=7+2n+2=06+2n, (6.29)

which corresponds to the leading short-angle dependence of the form #?". Since the leading
classical twists 7; are all at the (improved) unitarity bounds, the anomalous dimensions
should be positive. Therefore, the leading short-angle asymptotics from these contributions
in the interacting theory should be softer than the ones given above.

7 Example: event shape in N =4 SYM

In this section we consider an example of an event shape that includes the transverse spin
structures discussed above. More precisely, we consider the following event shape in N = 4
SYM:

(Oa0 ()| L[Oapr] (00, 21 ) L[Oay ] (00, 22)|J (p, 23)), (7.1)

where J is the R-symmetry current, which is in the same multiplet as the half-BPS operator
Ogy. We will first compute (7.1) directly by performing the light transform of the relevant
four-point function. Next, we compute it using the light-ray OPE formula. In both cases,
we will derive a Ward identity that relates the event shape (7.1) to the energy-energy
correlator calculated in [1]. The result is given by (7.30) and (7.64). Despite the simplicity
of our result, the fact that the Ward identity can be derived in two independent ways still
provides a nontrivial check of our formulas.
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7.1 Direct computation

The computation takes a few steps, summarized as follows. We start with the expression for
the correlator (Ooy Q0 Og¢rJ) in terms of the scalar correlator (O Qg OoyOgyr). The
two are related via the superconformal Ward identities [42]. Then, we go to the Mellin
space representation of the correlator, and perform the light transforms there. Finally, we
Fourier transform the separation of the in and out states to obtain the desired event shape.

The relevant four-point function is given by the following expression, see (3.15) in [42],

1
(Oa0/ (74) O20r (71) O20 (22) Jac,aar (73)) = 1 (D)4 (Va3 Va2a — vy a3 Yara — syt Vo1 aar
O (u,v)
X (X324, X314) (af) 555> (7.2)
2 x%ﬂ%ﬂﬁ

where our spinor conventions can be found in appendix F. The function ®(u,v) is the part
of the four-point function of Oyys that contains the nontrivial dynamical data, see e.g.
section 7.2 in [1]. It satisfies ®(u,v) = ®(v,u) = 1®(%,1). The rest of the ingredients are
various kinematical factors that require some unpacking. The o, & = 1,2 are spinor indices
for the Lorentz group SU(2)r x SU(2)r. The y; are auxiliary variables keeping track of the
SU(4) R-symmetry, see [42] for details. The structures X;j; and Y;j;, are defined as follows:

(i) ag iy (Thi)va :
(Xijk)aa = - OB (51,) 7 o~ % Yiik)aa = Wii)ab W) (i) bar - (7.3)
i *

The commutator bracket (, ) for spinor indices?” is defined as
(a, b>(a5) = aadbé‘vew - badad%w . (7.4)

Note that (a, b)) is automatically symmetric under permutation of a and .

To connect with the event shape, we set x4 = 0, and z3 will eventually be Fourier
transformed with momentum p. For now, we can replace the derivative (Oxs)ﬂ 5 With %pﬂ &
We pass to index-free notation by introducing the polarization vector %z?o‘, such that 23 = 0,
and contracting %zg‘o‘ ae = 24 J,,. Contracting with the polarization vector produces a term

: 1
pﬁazéw = §<Z3,p>(ﬁa) + (23 - p)e™*. (7.5)

In terms of the polarization vector, the correlator becomes

l

(O20/(24) Oy (1) O20/ (22) Jaar (3, 23)) = == (Y1ay14 Y324 — VYi0y34 Y314 — uy34¥34Y321 ) awr

32
P(u,v
x (23,p) ") <X324,X314>(a5)%. (7.6)
L12%24T14

In this formula we only Fourier transformed the external derivative while keeping the rest
in coordinate space. The contraction of the brackets can be performed by the identity

(a, b)) (c, d)(ap) = 8(g"7 9" — g g"7 +ie""P7)aubyc,dy - (7.7)

49We use angular brackets to denote the commutator in spinor indices to avoid a clash with the commutator
in vector indices denoted by the traditional square brackets.
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To compute the event shape, we place the detectors at embedding space coordinates
Xi=Xw=1(0,1,0), Z;=(0,0,2;), fori=1,2, (7.8)
and take the light-transforms

L[O0](00, 2) = / da; Ogy (Zi — a4 Xoo), (7.9)

while the external states are placed at X3 = (1,23, 23) and X4 = (1,0,0).
We find it convenient to work in the x Poincaré patch and approach the spatial infinity
insertion as follows

L[OQO/](OO, ZZ) = / doy; Tlgnm TZ‘QOQO/ (rizi + aiéi), (7.10)

where 22 = 0, (—z; - z;) = 3, and Z; is arbitrary otherwise. In the embedding space, (7.10)
corresponds to choosing

1
Z; = lim Z! = <,o, z>
T

r—00 i
(o
Xoo = lim X7 = (0, 1, m) . (7.11)

Note that (Z)? = (X%)? = (Z - X%) = 0. It is clear from the definition (7.9) that the
final result does not depend on the particular choice of z;. For convenience, we also define
the null coordinates

Tie = (=2 2z) = /2,
x3i— = (—x3 - 2;) — Ti—, (7.12)
fori=1,2.
Next we evaluate the integrand in the kinematics above. The cross ratios v and v take
the form
2
r521 - 2 T1_X32_
= 22 = (7.13)
2T9_x31_ L2-T31—

and the commutator becomes

1 1

Xao, X -
(X324, X314) () 2 22 T

1
<—$32—<Z17$3>(a5) + w31 (22, 73) (a) + §$§<22, Z1>(a6)) :

(7.14)
With these expressions, the light transforms are evaluated by the integral
(020 (0)|L[Oag] (00, 21)L[O20] (00, 22) | Jaar (23, 23))
o0 )
= / d$1—dx2—3*2(y%2y%4%24 — VYY1 Y314 — UY4Y14Y321)awt
—00

P(u,v

x <23>p>(aﬁ)<X3247X314>(a5) () (7.15)

(—22:1 . 22)1'1_:(}2_ '
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To perform the light transform integrals above, it is very convenient to use the Mellin
representation for ®(u,v), see e.g. [43],

v dvyi2d
D(u,v) = */ EIETA D (912)2T (14)°T (2 — 12 — 714)2M (12, 10 u 12074
uJe, (2mi)
Co: Re[yz] > -1, Re[na),Re[ys] > 1, (7.16)

where 712 + 713 + 714 = 2. The condition Re[y13] > 1 thus becomes Re[y12 + 714] < 1. The
weak and strong coupling results take the form

2
Y12

(v14 — 1)% (913 — 1)%
Y2 (1 + 712)
(via—D(mz—1)°

We can plug the Mellin representation (7.16) above into (7.15), and perform the

MY (y19,714) = —

N~ =

MStrong('}/127’714) — _ (717)

light-transform integrals using the formula

l—a—br(a +b— 1)

/_Z dr_ (v +ie) (=2 x) — 2 +ie) " = —2mi(—z - x) T (@) ()

(7.18)
The integral converges for Re[a + b] > 1.

At this point, we observe that the terms in the correlator proportional to y3, produce
a divergent result. This means that the event shapes for the corresponding R-symmetry
structures are not well-defined. To obtain a well-defined event shape, we set %, = 0, so that
only the —uy3,y%,Y321 term survives. This term produces a finite result for the integral,
which converges for Re[y1a] < 0. Note that the condition y?, = 0 keeps representations
84, 105, 175 in the OPE of scalars Oy [43], whereas in the J x Oyy OPE we have the
representations

15 x 20" = 15 + 20’ + 45 + 45 + 175. (7.19)

Therefore, the only representation that appears in the event shape determined by 32, = 0 is
175. From now on, we will focus on this finite event shape in the 175 R-symmetry channel:

(020 |L[Oa0/IL[O20/)| Jaar) |2, —0 = (y31571Y321)aar (O20 [L[O2pr|L[Ooy][ T)17s.  (7.20)

Performing the light-transforms for the event shape in the 175 channel, we arrive at
the expression

(O20 (p) IL[O20/](00, 21)L[O20/](00, 22)|J (p; 23)) 175

__v 1 / dyiadyia M(vi2,11a) 27t
32 (Zl . 22)2 Co (27TZ)2 Y12 (Sil’l 71")/12)2

4 e'rr -1
Dp/d IL‘T’Y’YH s (721)
X

(—z-21)(—222)
x2(21-22)

where v = 2 . The differential operator D, is given by

1
D, = (a0,0) ) (1= D 1,0, a2 By~ (=D 2,0 a1 Oy~ 5 2 01} a3 )
(7.22)
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Finally, the Fourier transform can be performed using the following master formula:

-t QFI(_b7_bal+a_b_g7C)

DT
/dd'%.(xze' b _ 9(1?) X 21—2a+d7r1+%(_p2)a_gf

—zewo)‘ﬂ Fa+bI(l+a—-b—9%)
(7.23)
where we introduced 6(p) = 0(p°)0(—p?) and the cross ratio
Y, PO —p?
= (=221 - 22)(—p°) . (7.24)
(=2p-21)(=2p- z2)
Setting a = 2, b = 712 — 1 and d = 4 we obtain
[ et = IR [ gy e (7.25)
712

Acting with D, on the result of the Fourier transform (7.25) and using crossing symmetry
of the Mellin amplitude M (v12,7v14) = M (712, 713), we get

(O20 (p)[L[O20r](00, 21 ) L[O20] (20, 22)[ T (p, 23))175

[z3,p] - [21722]9(17)/ dyi2dyia w4 ( ¢ )1%2
N M ") 7.26
7 (_2;;1 . 22)2 Co (2m’)2 (712,714)5111 o p2 1—¢ , ( )

where the commutator [a, b]*” is defined in the same way as (2.26), and contracting a pair
gives

[a,b] - [e,d] =2[(a-c)(b-d)— (a-d)(b-c)]. (7.27)
We can rewrite the result above as

5 [23,0]-[21, 2] (=p*)0(p)

(Oap (p)|L[O20/](00, 21)L[O2/] (00, 22) [ (p, 23)) 175 = 16i7 (—2p-21)2(—2p-22)?

Fro(¢),

(7.28)
where
1 dy12d7y14 m ( ¢ ) e
= —— ——M . 7.29
Fio(C) 12 /Co (2mi)? (7127714)8111 Pl (7.29)
The result (7.29), see e.g. [12], immediately implies that
Fro(Q) = ~ 5 Fe(c), (7.30)

where Fg((¢) was defined in [1] and computes the energy-energy correlator.

Using (7.30) and the formulas [1], or directly computing the Mellin integral in (7.29)
with the Mellin amplitudes (7.17), we get the results at weak and at strong coupling
¢

Fi6" Q) =7 (7.31)

alogl —(

weak _ v
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7.2 Computation using the light-ray OPE

Now we compute the event shape (7.1) using the light-ray OPE formula. The complete
light-ray OPE formula for two scalars including higher transverse spin terms is given
by (4.69). Plugging the formula into (7.1), we have

(Oa0/ (p)|L[O20r] (00, 21)L[Oa0/] (00, 22)|J (p, 23))

- [2Hico gA N
= 7”/2 (CA1,0(215ZZaaz)<020’(p)|@A7J:—1(ooaZ)|J(pv 23))

—i00 21

+ Ca—1,1(21, 22, 0z, 0uw)(O20/ (p) (D10 _;_) (00, 2, w)|J (p, Z3)>)

' 2+ico JA n (a)
= —77@/2 (C’a (A, =1)Ca—1,0(21, 22, 0:)(O20 (p)[L[OA 1] (00, 2)[J (P, 23)) +

—400 21
+ C; (A, 0)CA_1.1(21, 22, 02, 0) (O (p) D1L[OA o] (50, 2, w) | (p, z3>><_‘”),
(7.32)

where CF(A, J) is a coefficient function that encodes the OPE data. It has poles of the form

+ pg,a}
Ca (A, J) ~ —m (733)

)

(a)

where p; ; and A; j are the product of OPE coefficients and the scaling dimension of an
exchanged operator. Note that there’s just one structure label in CF(A,.J) because the
three-point function from the two Osy’s only has one tensor structure. In the second
equality in (7.32), we use the relation between light-ray operators @i ; and C(A, J) [15]

(O 0% ;J)q = —CE(A, ) (0|0 L[04 4] 710)L, (7.34)

where (0|OyyL[OA s]J ]0>(f ) is the analytic continuation of the continuous-spin Wightman
function (0|OgyL[O ;]J|0)(® from either even or odd spin. It can be defined straightfor-
wardly following section 5.1.1. We will give their explicit expressions later in section 7.2.1.
Furthermore, as discussed in section 7.1, we focus on the 175 R-symmetry channel
event shape defined in (7.20). Since the 175 representation is antisymmetric under the
exchange of Oyy’s, the OPE should only contain operators with odd spin, and we have
C*(A,J) =0 for all J. The 175 R-symmetry channel event shape is then given by

(O20/ (p)[L[O20r] (00, 21)L[Oay] (00, 22)|J (P, 23)) 175
) 24100 dA B a
= —Ti /27, 27@'0‘/1 (A,0)Ca—1,1(21, 22, 0, 0u)(Oa20 (p)| D1 L[O 0] (00, 2, w)|J (p, Z3)>£)7
(7.35)

where C/~(A,J) is simply given by the coefficient function C, (A, J) without the R-
symmetry factor (y3,4%4Y321)-
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7.2.1 Celestial blocks

In order to compute (7.35), we first note that by Lorentz invariance and homogeneity,
(O20 (p)|D1L[O 0] (00, 2,w) | I (p, 23)) o (2w- 232 p—2w-pz-23)(—2p-2) 01 (7.36)
Therefore, we need to solve for the j = 1 celestial block defined by
Cs.1(21, 22,05, 0y) ((Qw ~z32-p—2w-pz-23)(—2p- z)ﬂs*l) . (7.37)

This is the higher transverse spin version of the celestial block computed in [1]. Lorentz
invariance and homogeneity imply that

Co1(21, 22,0z, 0u) ([, 2] - [23,p)(~2p - 2)77")

59 +09—6+1
(—p?)~ 2

< (12081 21, 200(0) + {29} - (21,22} h(O) — - e o). @3

where once again [a, b]*” is defined in the same way as (2.26), and similarly
{a,b}" = a"b” + bM'a”, (7.39)

and the cross ratio ¢ is given by (7.24). One way to obtain the functions ¢g(¢) and h(() is
using the fact that (7.38) is an eigenvector of the quadratic Casimir of the Lorentz group
acting simultaneously on z1, zo with eigenvalue §(6 — d + 2) + d — 3. Proceeding this way,
one gets two coupled second-order inhomogeneous differential equations of ¢g(¢) and h((),
and their boundary conditions are given by the OPE limit of (7.38). However, finding the
solutions to these differential equations is a nontrivial task. Furthermore, the system of
differential equations gets more and more complicated when one has even higher transverse
spin. We would like a method that allows us to compute celestial blocks with general
transverse spin. Fortunately, this can be achieved by using weight-shifting operators [28]
and the j = 0 celestial block calculated in [1].

First, note that [w, 2] - [23, p](—2p-2) °~! can be written in terms of a “bubble diagram”
5-1 DL Do 5-1
: —2p-z)07 = o : —2p-2)7°" 4
(w2} [za.p)(2p2) ™" = e gy (e Banl(2p0) ) (140)

where DT/ and DY/ are weight-shifting operators defined in [28], with the embedding
space coordinates (X, Z) replaced with (z,w). The explicit expression of DSL" is also

01 decreases the

given in (3.26). The operator ngﬁ increases the transverse spin and D

transverse spin, so acting ng{u . Dg;u will basically give us the same expression with some
overall factor. One can perform crossing on the weight-shifting operator Dg;ﬁ such that

DY ([w, 2 - [z, p)(=2p - 2) 1) = Dh(~2p- 2) (741)
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where Dy} is a differential operator acting on p. By explicitly evaluating the left-hand side
of (7.41), we find that Df is given by
(d—4) 8 o 0 0
Db =———=((0—d+3 — ——61 —4+d(0—d+3)z
(7.42)

Alternatively, (—2p - 2)~ and [w, 2] - [23,p](—=2p - 2) 70!

can be viewed as spin 0 and spin 1
bulk-to-boundary propagators in AdS,;_1/CFT4_», and Dy is simply an AdS weight-shifting
operator [44]. In particular, it is the AdS weight-shifting operator that increases spin by 1
multiplied by a bulk-to-boundary 65 symbol.

On the other hand, one can also perform crossing between Dgf{l}“ and the OPE differential

operator Cs 1:

6(51,0 6270)D0+H—C DO o 6(5171752, )+C D+Ou C((Sl 1,0,02,0 )+ D Op C((51+10(52,0)

21,w1 9,0 21,w1 4,0 21,w1 ?

(7.43)

where C(gfsjl 91:9232) iy the OPE differential operator of Ps.j € Psy.jr % Psy.jy- To obtain the
coefficients ¢, co and c3, we apply (7.43) to a scalar two-point function (PsPs) and compare
the two sides of the equation. The result is given by

0(0+01 —d2—1)

DT @— )6 — 1) (-0, +d—3)
5
2T 161 —2)(— +d—3)(201 —d +2)
5(—8y — 8o+ 0 +d—3)(5—2d+ 6 + 36, — b2)
- . 44
@ 2(—01 +d—3)(20 — d + 2) (744)
Combining (7.40), (7.41) and (7.43), we have
Cs,1(21, 22,02, Ou) ( [z3, ] (—2p - 2)7571>
o 1 0— (61,1,02,0)
T d-49)0 -0 —-d+3) (1D PGl
+e2Dy - D0, O MY + 5D, - DO, T ) (—2p - 2) 0 (7.45)

Now the calculation is straightforward since Cso(—2p - 2)7% is simply the j = 0 celestial

block calculated in [1].°° Finally, we obtain that the functions g(¢) and h(¢) in the j = 1
celestial block (7.38) are given by

9(¢) =¢

561651 _ L §o— _
5 (l(1+§id_?_1:2,>2F1(6+61 o2 175+62 61+175+2_%,<>

%(1+5 d+3)2F (5+61 52+1 0+02— 51 1 5+2_§’C))
6—81—8g+1
p)

=g

(%(1 + 653;_(?_13)2}71(54-51552—1’ 5+52561+175 + 92— g=€)

— 3+ Py (SRRt Mhehol Gy 9 d (). (7.46)

"The celestial block Cé%’l’éz’o)(—h) -2)7% was not calculated in [1], but it can be easily obtained using
the Casimir equation method.
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One can check that (7.46) is indeed the solution to the Casimir differential equations of
g(¢) and h(() obtained by applying the quadratic Casimir to (7.38). For 6; = 2 = 64, we
have h(¢) = 0 and

3=254-1 §—1 6+1 d
o)== aR (5 a2 - 5.¢)
A=28¢ A—-2 A d

Having solved for the celestial blocks, we can now calculate (Oqq (p)|D1L[OA o]|J (p, 23)) @
to obtain the proportionality constant in (7.36). For an operator O with weights (A, J),
the three-point function (0|0 O.J|0)(*) has two tensor structures. With our choice of
conventions in appendix B, their expressions in the embedding space for integer J are given by
J
(0102 (X)OXa, 22)J (X5, Zg ) = — 2 ERA] (7 45)
Xoy ? Xp3? Xy ?

—2Va34)7 "1 (—2H.
(0|00 (X4)O (X, Z3)J (X3, Z3)|0)?) = (M.,?;” )M.,é ) (7.49)

2 2 2
X24 X23 X34

where the structures V; j and H;; are defined in (5.71) and (5.72). Note that after setting
J =0, the first structure (7.48) is still a valid three-point function of local operators, and
hence it should be annihilated by the shortening condition D} (or equivalently D;L). So
we can just consider the second structure (7.49). As explained in section 5.1.1, its analytic
continuation for complex J should be given by
J-1
(0103 (X0)O (X, 22)T (X3, Z5) 0) = 5o 2 (50)
Xog? Xo3? Xy °

where F is due to the (—2‘/'2734)J ~1 factor. Using the algorithm for computing light trans-
form and Fourier transform of three-point functions described in [23] and applying the
differential operator D;, we obtain

(020 (p) | DIL[O A 0] (00, 2, )| T (p, 23)) P
(A —2)

P(2)T(EF0(452)

= 167*

A—2

2 0(p), (7.51)

where 0(p) = 0(—p*)0(p°). Finally, combining (7.35), (7.38) and (7.51), we have

X (=2p-2) 22w - 232 - p — 2w - pz - 23)(—p?)

[23,] - [21, 22) (=p*)8 (D)

(020 (p)IL[Oa0/] (00, 21 ) L[O20r)(00, 2)|J (p, 23)) 175 = 16im” (—2p- 21 2(—2p - 2)? Fio(¢),
(7.52)
where the function F;0(() is
— oo % /— F(A — 2) 2,2
Fiol© == | 3 A0 s sy O (0

— 64 —



and gZQ(C) is the j = 1 celestial block (7.47)

A

S A- 1,g) . (7.54)

292 A—4 A—2
’ = F _—
ga~ (€) C221< 5

Now the remaining task is to find the OPE data C3 (A, J) at J = 0 and calculate the event
shape. In the next section, we will show that there’s a superconformal Ward identity that
relates C (A, J) to the OPE data of the (OgpOay OgyOagr) 4-point function. Using the
identity, we can derive a simple relation between F;o({) and the energy-energy correlator
calculated in [1].

7.2.2 Relation to energy-energy correlator
Deforming the contour of the A-integral in (7.53), we get

T(A —2)

PRAFINE)

Fro(¢) = - ZPA,J:OF<A 92" (0), (7.55)
A 2

where pa ; is the three-point coupling of (Osp Oy OayJ) corresponding to the struc-
ture (7.49), analytically continued to J = 0, and the sum is over Regge trajectories.
We can obtain pa_; from the four-point function (Oay Oy Oa¢J), whose expression is

given in (7.2). Note that the function ®(u,v) can be written in terms of superconformal
blocks as [45]

v
D(u,v) = (2m)' = > an sgaya.s(u,v), (7.56)
u
A
where ga j is the usual 4d conformal block, and aa ; is the product of the three-point
couplings to a given superconformal primary. Plugging this into (7.2) and specializing to
the configuration z1 = 0,23 = 1,24 = 0o, we find®!

<020/(OO)020’(0)020’(U7 U)J(l»
=02m)*Y a <—A+1G Uy V —i—w(? _1(u,v
(2m) AZJ AJ g Gats(u,v) S+ 1) At3,7-1(u,v)
(A+3

128(A + 2

RO eS))
128(J + 1)

(A +4)(A+ J +4)?
(A+J+3)(A+J+5
A+3)(A+4)(A - J+2)?
A—J+3)(A—J+1)(A+2

] Gags,g4+1(u,v)

—_ o~ |~

)GA+5,J—1(U7U)>7 (7.57)

where G'a j is the conformal block of one conserved current and three scalars with dimension
2, which can be calculated using e.g. [46]. The above expression should agree with the usual
conformal block decomposition

(020 (00) O (0) Oy (1, v) J (1)) =Y " pa,sGa,s(u,v). (7.58)
A

51Ty obtain this equation, we studied the small z, Z limit on both sides and matched each term in the
series expansion.
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Therefore, there is a superconformal Ward identity that relates the three-point coupling
coefficients pa y and ap j:

A—2 J(A =2
pag = (2m)* <— g 4a-3J-1 + 8(<J+2)>CLA—3,J+1
N (A=2)(A-1)(A+J—2)? .
128(A —3)(A+J —3)(A+J—1) 27>/

B J(A =2)(A—1)(A—J—4)?2 (7.50)
128(J +2)(A — J —3)(A — J —5)(A —3) A+ ) '
Setting J = 0 in the above identity and plugging it into (7.55), we have
A2 (A-2)3 r'(A-2) 2.2
Fro(¢)=—(2m)* <— AA—3—1F o 5 GA—5,— ) - - 9a (€)
2\ TTE e g P NS
I'(A-2) ( 2,2 (A=1) 99
=—2m)* ap_4_ go (O)+ 9N C). 7.60
( ) ZA: A—4, 18F(%)3F(%) A 1( ) 4(A—2> A+1( ) ( )
The sum of j = 1 celestial blocks in the parentheses satisfies
2.2 (A—1) 99 44
In_1(C) + mgAH(C) = (fp (€), (7.61)
where fiA(C ) is the j = 0 celestial block:
- A—-1 A-1
ng(C) :C¥2Fl (2727A_17C) . (762)
This gives
¢ A=)
F =—= 4 ’ . 7.63
10(6) = =5 (S as-s i ma A0 (763

Note that the term in the parentheses is simply the function Fg(¢) related to the energy-
energy correlator calculated in [1], see (7.11) and (7.16) there. Therefore, we have

Fro(Q) =~ 5 Fe(0) (7.64)

which agrees with (7.30) from direct computation.

8 Discussion and future directions

We have seen that a product of light-transformed local operators L[O;]L[O3] is encoded
in a nontrivial way inside the space of light-ray operators. Low transverse spin terms in
the product are special linear combinations of light-ray operators with spin J; + Jo — 1.
Higher transverse spin terms are primary descendants, obtained by acting with the special
conformally-invariant differential operators D, on higher-J light-ray operators.
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The differential operators D,, appear in the general classification of reducible generalized
Verma modules described in [24]. Most of the operators in this classification act on multiplets
with quantum numbers below the unitarity bound. Thus, when they were first identified, it
was not obvious a priori what roles they could play in physical unitary CFTs. However,
light-ray operators naturally have quantum numbers that violate the unitarity bound, and
indeed we have identified a role for D,, acting on this space. It is interesting to ask whether
there are similar roles in Lorentzian observables for other conformally-invariant differential
operators. In addition, it would be interesting to further explore interrelationships between
conformally-invariant differential operators, conformally-invariant pairings, conformally-
invariant integral transforms, and weight-shifting operators.

One way to motivate the light-ray OPE is by thinking about null-integrated operators
as primaries in a fictitious d—2-dimensional CFT. Now that we have a complete description
of the terms in this OPE, can we push the analogy with CFT;_o further? For example,
what are the implications of the light-ray OPE for multi-point event-shapes, such as the
three-point energy correlators studied in [47]? Associativity of the light-ray OPE should
give rise to a nontrivial crossing equation satisfied by three-point event shapes, and it would
be interesting to study this “celestial” crossing equation using bootstrap techniques. One of
the first lessons of the analytic bootstrap is that the crossing equations imply the existence
of “double-twist” operators with arbitrarily large spin, via the lightcone bootstrap [48, 49].
Similar arguments for the light-ray OPE could imply the existence of terms with arbitrarily-
large transverse spin j. It would be interesting to understand the relationship between
these operators and the usual large-spin operators in the lightcone bootstrap.

To fully develop a celestial bootstrap program, one would need to understand OPEs
of more general light-ray operators, such as a product of a null-integrated local operator
L[O] with a general light-ray operator O s, or even a product of two general light-ray
operators. This is an important problem for the future. A key conceptual question is: do
new types of operators appear beyond the ones constructed in [15]7 For the OPE explored
in this work, the answer turned out to be “no” for rather nontrivial reasons. For more
general light-ray OPEs, the answer is less clear. It is natural to conjecture, however, that
any light-ray operators allowed by symmetries will appear. For example, we expect that the
leading light-ray operator in the three-fold OPE of average null energy operators is L[X4],
where X4 is the lowest-twist spin-4 local operator. This claim and its implications should
be testable using the results of [47].

Currently, the best available data about multi-point event shapes comes from Hofman
and Maldacena’s calculation of energy correlators in N' = 4 Super Yang Mills theory at
large 't Hooft coupling [7]. They computed the first few terms in the large-A expansion of a
multi-point energy correlator up to order 1/ A3/2_ Tt would be interesting to understand the
structure of their result from the point of view of the light-ray OPE, and also the “¢-channel”
expansion of [23].

Correlators of average null energy operators do not capture complete information about
the energy distribution of a state. In particular, they are blind to the value of retarded
time when excitations reach future null infinity. To probe this more refined information, it
is natural to weight integrals along null infinity by non-constant functions of retarded time.
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In [50], it was shown that meromorphic weighting functions with carefully-chosen poles can
give rise to useful “dispersive sum rules” that constrain the data of a CFT. Alternative
weighting functions may have other useful applications and are worth exploring.

Finally, it would be interesting to explore the structure of the short-angle expansion of
energy-energy correlators and other event shapes in non-conformal theories, and in particular
how the higher-transverse spin terms arise there [4]. When the conformal symmetry is
present, the operators D,, acting on light-ray operators inserted at spatial infinity (in which
case D, become expressed in terms of special conformal generators) define some new discrete
set of translationally-invariant detectors. As the conformal symmetry is broken, this relation
between these detectors and the continuous Regge trajectories gets broken as well. We thus
expect that in theories such as QCD some new discrete set of anomalous dimensions should
appear in observables for which higher transverse spin is important (such as higher-point
event shapes or oriented two-point event shapes).
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A Comments on existence of light-ray operators

In section 4.3.1 we described a picture in which light-ray operators exist in any CFT and
provide analytic continuation of local operators in the sense of equation (4.28). This picture
is supported, for example, by perturbative examples, where explicit expressions can be
given for @Zi 7@, 2, W) in terms of fundamental fields and (4.28) can be verified. However,
this picture is not rigorously known to be valid in non-perturbative CFTs as we now review.

In [15] a construction was given for light-ray operators in general CFTs, which we
reviewed in 4.3.1. The following statements need to be established before it can be claimed
that the story of section 4.3.1 is correct.

First of all, it needs to be shown that the functions

(V|0 ,(x,2)|®) (A1)

are meromorphic in A for general J. Furthermore, we need to prove that the positions of
the poles are independent of the choice of the states W, ®, as well as of the operators ¢, ¢o
used to define (O)i ;- Finally, we have to argue that the residues of these poles depend on
o1, P2 only through an OPE coefficient fi90t.
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All these statements are known to be true for non-negative integer .J (with (—1)7 =+) [15]
but, to the best of our knowledge, no proof is known for other values. In the main text
we assume that these are true, since this simplifies the statement of our results. However,
even if none of the above statements hold, the results of this paper, and in particular (5.1),
continue to hold in the following sense. One needs to take matrix element of (5.1) between
the states of interest, which for concreteness we take to be created by single insertions of
primaries Oz, Q4. The right-hand side is then given by J integrals of

<(93@§:+17J’)\7(a)(94>7 (A.2)

which can be expressed in terms of the function Cyp(A, J, ) which is computed by the
Lorentzian inversion integral [15] for the four-point function

(010,050,). (A.3)

The Lorentzian inversion integral and thus Cyp(A, J, \) is well-defined on the ¢ integration

contour of (5.1), and so we get a rigorous interpretation of (5.1) without assuming any of

the above facts about the light-ray operators. Moreover, the entire derivation of (5.1) can

be carried out in this language, which is what is essentially done in [1] and appendix D.
In this language, where the matrix elements

(O3L[O1]L[02]O4) (A.4)

are expressed as an integral of Cy(A, J,\) along principal series in A, the analysis of the
small angle limit between the detectors can be carried out in the usual way, by analytically
continuing Cyp(A, J, \) away from the principal series and deforming the integration contour
to the right, picking up the singularities that one encounters on the way.

B Conventions for two- and three-point structures

We follow the same conventions for two- and three-point structures of traceless-symmetric
operators as in [15]. In particular, we define

(—221 . 1(2712) . ZQ)J

(O(z1,21)0(x2, 22)) = A (B.1)
12
where
1z iz ah,
", (z) =0", -2 2 (B.2)
For three-point structures we define
(22 - wo3 235 — 22 - 113 733)” (B.3)

(#1(21)2(22)O(23, 2)) = AtDB2—AtT AM+A—DotJ DotA—A1+J"
T12 13 L23
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In terms of embedding-space formalism these become

—2H;5)’
(O(X1, 20)0(X, 7)) = 2H2)” (B.4)
X175
(—2V3,12)”
(91(X1)92(X2)O(X3, Z3)) = A tA3-B-J A11A-DBgtJ  BogtA-A1+J 0 (B.5)
Xy 7 X3 7 Xy3 7
where as usual
Zi XiXi Xp— Zi - XpXi - X
Vi, = 2 o ! t 7 B.7
1,5k Xj i Xk ) ( )
Hij = —Q(Zi . ZjXZ' . Xj — ZZ‘ . Xij . Xz) (BS)
Recall that we project from embedding space using
(XT, X7, X" = (1,222, (Z%,27,2") = (0,22 - z,2"), (B.9)
and the embedding space metric is
X?=-XTX" 4+ XX, (B.10)

We use these conventions both for d-dimensional structures as well as for (d — 2)-
dimensional celestial structures. For example, replacing X — 2,7 — w,A — § and J — j
we find

(_2 W 21229 —W 22221 )]

(D1(21)P2(22)O0(2,w)) = 51 +35—0—j 21.532 55,17 P
(_221 ] 22) 1+ 2 J (_221 . Z) 1+ - 2+ (_222 - %

(4w - 212 - 29 — 4w - 292 - 21)7
51109017 5110—0517 50 10—0115
(=221 - 20) = 3 ](—221'2)1 22](—2z2-z B

(—4)(w- 20221 —w- 212 - 22)7
31469 =047 61+5—89+7 do+5—061475

(=2z1-20)7 2 (=2z1-2)" 2z (—2z-2)" 2

(B.11)

in agreement with (4.17).
Sometimes we need the standard tensor structures for continuous spin. We define them
for the Wightman functions as

(22 - w3 233 — 22 - 13 035)”
(0]p1(71)O(3, 2)p2(22)[0) = A +A2—AtT AM+A—Dot] Aot A—A1+J "
L2 L13 L3

(B.12)

For non-integer J, this is defined to be positive for m?j >0 and 2 - 293795 — 2 - 113235 > 0.
The values in other configurations are obtained by analytic continuation assuming standard
analyticity properties of Wightman functions.
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C A Lorentzian formula for the light-ray kernel

In this appendix, we prove the Lorentzian formula for the light-ray kernel (5.6). We follow
the notation of [15]. Our starting point is the generalized Lorentzian inversion formula

Cl(A,J\) = -1 Mﬁmm[@,og[@, 03]|2)Go, (C.1)
2mi J324 vol(SO(d, 2))

(200001010} " (T (0]OLI0]O510)®)
[LIOLOT)

Go = (C.2)
We have written the formula in slightly different conventions relative to [15]. Firstly, we
made the change of variables x9 — Toxs and x4 — Tix4, so that the causal relationships
become 3 > 4 and 1 > 2 with all other pairs spacelike separated. This choice makes it
simpler to apply the Lorentzian two and three-point pairings defined in [15]. In addition,
we only wrote the t-channel term in the inversion formula. The treatment of the u-channel
term is analogous. In our notation, O is a representation with quantum numbers (A, J, \).

The object Go is a conformal block with internal quantum numbers (J+d—1, A—d+1, \).
In (C.2), we have written it in schematic notation, where the three-point structures in the
numerator should be glued using the two-point structure in the denominator. In more
precise notation, G is defined by

-1
Go = / @D 22 A g (w1, 22,2, 2) (TA(0|OL[0]03]0) ) (C.3)
1>z>2

where the kernel A, satisfies

L Dt A ., ) LO) @ L0 ) = (T0102LI0") @ )01 0) )

(C.4)

Recall that dual structures (---)~! are defined using the Lorentzian two and three-point
pairings defined in [15]. In [15], the block Gp was defined by specifying its behavior in the
OPE limit x; — x9. The above definition in terms of the integral kernel A, is equivalent
and more convenient for our purposes.

The light-ray kernel should satisfy

/ d"e1d s KA gy (01,72, 2, 2) (] 0401 0205]Q) = —CLy (A, J, \) (0| O4L[0] O05]0)®).
1>x>27
(C.5)

In the expression (C.5), we can replace (2]04010203|Q2) with a double commutator. The
reason is that the kernel KtA JA(a) factors through null integrals of xz; and xo, which
annihilate the past and future vacuum, see [15] for details. Furthermore, let us make the
change of variables x9 — Toxs and x4 — Tix4, so that we have
/1 | 21d"ws (TR 130 Te Tl [0, 01][02, 03] 2) = =Ciy (A, A Ta(0|O4L[0]03]0) ).
>z>
(C.6)
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For brevity, here and in the following, we assume the arguments of 7’2KtA JA(a) e
(71, 72; 7, 2). The arguments of L[O] will always be (x, z), and we use the notation L[O'T]
to indicate L[OT](2/, 2).

Pairing both sides with the dual of the right-hand structure, we obtain
d%xqdxodtrsdix die D22
volSO(d,2)
X'T27:1<Q|[04,01][02,03]|Q> (C?)

L (AT N) = (TaKh 5 (Ta(0IOLIO)05]0)®)
ab > 1>z>2 2 A’J')‘(a‘) 4 4 3

3>4

Comparing with (C.1), (C.3), and (C.4), we conclude

1 -1

/ d'eD* 22 TN 3o (LIOILIOT) ™ = —— (T:(0|0:L[0101[0)@) . (C.8)
1>2>2 - 2mi

This is essentially the desired result, written in terms of dual structures. To put it in a

more conventional form, we must apply the two- and three-point pairings that appear in

the definition of the dual structures. Pairing both sides with 7T3(0|OoL[OT] (2, 2/)O1]0)®,

we find

/ deridirod®s D2 2d% D42,/
?5522 volSO(d,2)
1

_ 1w
= 5300 (C.9)

(Toh yr) (T2 01O:LIOT|01 |0)® ) (LIOJL[O'T))

Comparing with the definition of the Lorentzian two-point pairing in [15], finally gives

/ _dTnd%e et 010,000 = L 6O Lo, (C.10)
15as2 (VOISO(T,1))2 27 A Aa)) 12AF12 L 97 0(a) (G

where the equality is valid if 2’ ~ 1,2. Finally, after changing variables zo — 7;711‘2, we

obtain (5.6).

D An alternative derivation for the light-ray OPE formula

In this appendix, we give another derivation for the light-ray OPE formula (5.1). We will
first review the derivation for the low transverse spin terms given in [1]. Then we will derive
the “higher transverse spin” terms by generalizing the derivation in [1].

D.1 Review: derivation of [1]

We first briefly review the proof given in [1]. We are interested in an expansion for
L[Ol](x,zl)L[OQ](x,ZQ). (D.l)

For simplicity, we assume 1, O9 are traceless symmetric tensors. Generalization to arbitrary
representations will become straightforward after finishing the proof. We will study the

matrix element

W(Zl, Zg) = <Q|O4L[01](l‘, Zl)L[OQ] (:E, 22)03|Q>, (D.2)
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where O3, Q4 are some local primary operators. Then we can apply harmonic analysis on
the celestial sphere to expand W (z1, z2) into partial waves. The result is given by (4.22)
and (4.24). The object Ws j(z1, z2) can be further written as

W j(x, z)
= as, / D¥ 22 D22 (PL (21)PL (22)Psj (2)) (QO4L[O1] (2, 21 )L[Os) (, 22) O3€2)

= /ddl‘ldd.%'ng_zZlDd_ng 55,]’(.7}1,Zl,xg,22;.21?,Z)<Q|O401(ZL'1,21)02($2,22)03‘Q>,
(D.3)

and the kernel Ls ; is

Ls (21, 21,72, 22; T, 2)
= a5 (P}, (21)P}, (22)Ps(2))
X / daldag(fozl)_él_h_l(fag)_‘sz_h_lé(d) (x —z1/01 — 1) 5@ (r — z9/cvg — xa) .

(D.4)

Note that we have suppressed the Lorentz indices carried by Ws; and Ls;. They are
contracted with the indices carried by Cs; in (4.22).

Using (D.3) and the fact that L[O;] annihilates the vacuum, we have

Wsj(x,z) = /dd$1dd$2Dd_221Dd_222£57]‘(./,Ul,21,552,22;55,2)9(4 > 1)0(2 > 3)

X (Q[Oy4, O1(x1, 21)][O2(x2, 22), O3]|Q).  (D.5)
By conformal invariance, we also have
W2, 2) = 4(6,1){0]OLIO) (2, 2)05/0), (D.6)

where O has quantum numbers (A, J,\) = (6 +1,J1 + J2 — 1,7), (b) is the tensor structure
index, and (0|O4L[O](x, 2)03|O>SI_’) is the continuous-spin structure analytically continued
from even spin.’? In order to proceed, we need to introduce conformally-invariant pairings
for two-point and three-point continuous spin structures in the Lorentzian signature. The
pairings are described in detail in appendix E of [15]. For a two-point structure of O in
representation (A, .J,\), it can be paired with a two-point structure of O° in representation

52The analytic continuation of (0|O4L[O](x,2)O5]0)® to complex spin has to be done separately for
even and odd spin due to our convention of the three-point function, so we have to make a choice in the
right-hand side of (D.6). However, this choice doesn’t affect our final result. It will only change how we
relate C*(A,.J) and OF (A, J) in the final step of our derivation. With our choice in (D.6), we need to
identify C* (A, J) — (O)Z’J and C7 (A, J) = =0, ;.
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(d—A,2—d—J,\). The two-point pairing is defined by

((0ot), (0s0sh)
vol(SO(1,1))?
Ao Ao D=2 5, DA—25,
= . d 1dv012(§6(d7 ;i 2(0%(21, 21)O% (22, 22))(OF (w2, 22) O (21, 21))
_ <Oa(0a Zl>ObT(OO7 Z2)><ObS<OO, ZQ)OET(O’ Zl)) 1
— 92d—2 VOI(SO(CZ — 2)) (_221 . 22)2_‘1’

(D.7)

where in the last line we use S\O/(d, 2) transformations to gauge-fix to 1 = 0, x2 = oo, and
a, b are the indices carried by the representation A. The three-point pairing is defined by

((010,0), <(5T(5T05T>)L
_/ d%zqd%zod®e D22
m2~<112 vol(SO(d, 2))

_ 1 (01()02(0)O (00, 2)) (O] (%) O (0) 0% (00, 2))
22d=2v0l(SO(d — 2)) (—2z - 60)2 d '

2 (01(1) 0 (w2) O, 2))(O] (1) O} (22) O (3, 2))

(D.8)

Similarly, in the last line, we gauge-fixed z; = €°, 29 = 0,2 = o0.
We can then obtain Ay(d, j) by taking a Lorentzian three-point pairing of both sides
with a dual structure

45,5 = ((TOIOL(O) . 2)0a/0) V) TiWis(2.2))

/ ddl'lddxgddwgddx4Dd7221 Dd722’2
41 vol SO(d, 2)

L

(Q[O4, O1(21, 21)] [O2(22, 22), O3] |2)
< Tyl [ / d'z D22 (T3 (0| O4L[O) (=, 2)03|o>3f’>)_1

X (T2Ls ;) (1, 21, T2, 2052, 2)0(4T > 1)0(2F > 3)], (D.9)

where 72, T4 translate the points xo, 24 to the next Poincaré patch on the Lorentzian cylinder.
They are introduced so that the causality configuration in the three-point Lorentzian pairing

—1
is satisfied. The structure (74(0|O4L|O](x, z)O3|0 ®) is defined by
+

(TooLOlw 20:00) " TOOLOl@ 200") =5 (D.10)

The derivation up to this point is true for all transverse spin j. In the rest of this section we
first finish the derivation assuming j < jmax, and explain what goes wrong when j > jmax,
where jnax is the maximal allowed transverse spin in the O; x O OPE. We then give
the derivation for j > jmax in section D.3. Note that since we assume O, Oy are traceless
symmetric tensors, in what follows we will simply use jmax = J1 + Jo.

n (D.9), the term in the bracket is a conformally-invariant four-point structure, and is
an eigenfunction of the quadratic Casimir acting on 1,2 (or 3,4). Therefore it is a linear
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combination of conformal blocks, and we can study it by taking the OPE limit. In the OPE
limit x3, 24 — 2/, the 34 three-point structure should be given by a linear operator B30

acting on a two-point function:®?

(T 0/OALION . 2)0310)?) " = Buso(s, 24,000, 0:)(OF (@', YO (@, ), (D.11)

where O has quantum numbers (Ag, Jp, jr) = (J+d—1,A—d+1,7), where J = J; +Jo—1
and A = § + 1. Plugging this into (D.9), one can then show that the bracketed term is the
conformal block that appears in the Lorentzian inversion formula, and therefore we can
relate Ay(6,5) to C*(6 +1,J1 + Jo — 1,7). Using (D.6) and the relation between light-ray
operators (O)ZE,J and C*(A,.J), we obtain that

L[Ol] (.ZC, Zl)L[OQ] (1‘, 22)
GFitioo d§

_ (a) + -
= 2 o i (21022, 0) (@6+1,J1+Jz—1,j(a>(x=z)_@6+1,J1+J2—1,j(a>(fc’z))
j<di+J2 " T2 T

+ higher transverse spin, (D.12)

where the differential operator Céflj)(zl, z9,0,) can be obtained from a celestial map formula
(0]L 03] (00, 20)L[OT](0,2)L~ [O1] (00, 20)0)

€47 (21.72:0.) (L[O] (00, 22)L[O1)(0,21)) = IS0

(D.13)

This result agrees with the first sum in (5.1).

When j > J; + Jo, the invalid step in this derivation is (D.11). The reason is that the
linear operator Bsso becomes divergent when j > Ji + Jo. To see this, consider a conformal
block

C340 (w3, 24,02 ){O1(21)O2(22)O(2)). (D.14)

It has been shown that this conformal block has simple poles in A, the scaling dimension
of O, due to null descendant states [24, 27].°* Furthermore, the poles come from the
differential operator C34» and have the form

Cs40 ~ Cs340'D, (D.15)

A—A,
where N is some coefficient, O’ is a primary descendant of O, D is a differential operator
such that O’ = DO (at A = A,), and Csy¢r is the OPE operator for O’ € O3 x O4. The
possible pole positions A, are classified in [24] using representation theory of the conformal
group. For us, the relevant cases are what are called type I and type II poles in [24]. If the

3For continuous spin, the operator Bsso should be an integral operator. See appendix H of [15].

54In even d, some of the poles can become double poles when more than one simple poles are at the same
position. However, one can explicitly check that for the case we are discussing (type II poles with k = 2),
the poles don’t overlap with other poles and hence remain simple poles in even d > 4.
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exchanged operator has representation (I1,l2,...,Ix), where I is the number of boxes of
the k-th row of the Young diagram, then the positions of the type I and type II poles are

Apn=k—l—n (n=1,2,... k1 — 1)
Aﬁkm =d+1l,—k—n (n: 1,2,..., 1 —lk+1), (D.lﬁ)

and we call D for the type I and type II case Dy, ,, and Dy, 5, respectively.”® In (D.11),
the operator OF has scaling dimension Ap = J+d —1 = d + J; + Jo — 2. Therefore, if
Jj=dJ1+ J2+nforsomen >1, then Ay, =d+j—2—n=Ap. This implies that the
linear operator Bsso is divergent for all j > J; + Jo. To fix (D.11), we can separate the

* .
IIo,n"

pole part and the finite part of B3so near Ap = A

1 ni
Bzyo = WCMO'DHQ,TL + B§4(9te7 (D.17)
F = 2hn

where n = j — J; — Jo, and C34¢r is a new linear operator proportional to the OPE operator
of D, ,OF € O3 x O4. Plugging the above expression for Bsso into (D.11), we obtain

-1 .
(TAOIOMLIONw,2)03/0)) " = B (23, 24, 0,1, 0. (OF o/, 2O (2, )
+ C34(’)’ (563, T4, aa:’a az’)<DHQ,TLOF (x/a Z/)OFT (I’, Z))lim’

(D.18)
where
Dit, nOF (2!, 2)OFF (1, 2))
D F( 1 \mFt im = li (Dtin : —. D.1
(D11, n OF (2, 2) O 1 (2, 2)) AFirAanQ,n Ap—Af, , (D-19)

Note that (D, ,OF (2, 2)OFT (2, 2)) ~ O(AF — A}

[1,.,n) because when Ap = Afy it is a

two-point function between two primaries with different scaling dimensions and therefore
is zero. So the above limit should be finite. This structure is not conformally-invariant,
since it doesn’t vanish under the special conformal transformation K. However, the result
we get by integrating it against 72Ls ; is still a conformally-invariant three-point structure.
To see this, note that [K,, D, | = O(Az — Afb,n) since Dy, ,, is conformally-invariant at

Afy, »- S0, we can define

[KIM DHzm]

D, = li — 0 el D.20
TV R e ca (D-20)

Then, we have

KM/dded*QZ(DHQ’nOF(m’,z’)(’)FT(x,z)hingE&j(m,zl,xg,zg,x,z)

= /dded_Qz(DuOF(x',z')(’)FT(x,Z»Tzﬁa,j(xl,zl,xQ,zQ,x, 2). (D.21)

55D127n is the differential operator D,, we use extensively in the main text.
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This is simply a derivative of the Lorentzian shadow transform of 73Ls;. In [1] it has
been shown that the Lorentzian shadow transform of 73Ls ; vanishes for j > Jy + J2, and
therefore (D.21) should vanish as well.

The operator Dy, ,OF has quantum numbers (J +d —1+4n,A —d+ 1,5 —n). Thus,
the appearance of Cs3yo in (D.18) suggests that for j = J; + Jo + n, Ap(0,7) should come
from exchanged operators with quantum numbers (6 + 1,J; + Jo — 1 4+ n, J; + J2). As we
will see briefly, this is indeed the case.

D.2 Relation between Dr, ,, and Dry,,,

We now describe an interesting relation between the differential operators Dy, ,, and Dy, -
This relation will be used later in the derivation for the j > J; + Jo case. First, note that
Dr,n and Dry, ,, change the quantum numbers in the following way:

Dy 2—-j.li,j—n)—= 2-Jj+nh,j)

Dityn: (d+j—n—22—d—1,j) = d+j—2,2—d—1,j—n), (D.22)

and their explicit expressions can be chosen to be®®

DTG mn—1-h) ) g
Pron = I(j—1-1)C'(n+1) (8”” Dz’w)

DTG mn—1-h) ) g
Dy = T =1 =0T +1) ((% Dz,w) , (D.23)

where ngv and Dg;u are weight-shifting operators that increase and decrease the transverse
spin, respectively [28]. As shown in [35], in a pairing between operators one can always

integrate weight-shifting operators by parts. In particular, we have

(DY) = =2i(h — 2+ )P, lo—d—sj-1, (D.24)

where h = %, and D|;; indicates that D acts on a multiplet with usual spin J and

transverse spin j. Using this relation, one can show that

(Diynld—A-n2—-d—11,5)" = NnjDiymlai, j—ns (D.25)

where

rG+1H)r(h—1+7)
F'G—-—n+1DI(h—-1+j—n)

Nyj=2" (D.26)

Note that this relation holds for general A, but Dy, ,, and Diy, ,, are conformally-invariant
only when A = 2—j. More explicitly, for an operator @ with quantum numbers (A, 1, j—n)
and Oy with quantum numbers (d — A —n,2 —d — [y, ), we have

/ddedfzz O1(z, 2)(Dr1,,n02)(x, 2) = ij/ddedﬂz (D1, nO1) (2, 2)O2(, 2).
(D.27)

In other words, Dy, , and Ny, Dy, , are adjoint to each other.

56 After replacing j —n — j and I3 — 1 — A, the definition of Dr, ., agrees with (3.26).
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We end this section by deriving two relations that will be used later in the derivation
for the higher-transverse spin terms. First, consider operators (J; with quantum numbers
(A1,l1,7 —n) and Oy with quantum numbers (Ag,2 —d — I3, j), where Ay + Ay = d. Then
by (D.25), we have for general A, Ay

/ dixdis’ D¥2 D42,/ <DH2 n 02D112 n Og> <01 O/1T>
!

= N2, / diad’s! DY (0,04) (D1, 01Dy, nOF), (D.28)
=T

where we use the short-hand notation that O; is at point (z, z) and O; is at point (2/, 2’).

Setting Ay — Af, , and Ag — Afy, , this equation can be rewritten as

_ _ . Dit, 002 Di1, 0 O) /
Ao — A¥ / ddl'ddl'/Dd 22Dd 22/ lim < 2,1 2, 2 O OT
( 2 Hzﬂ’b) ! A2%Af12,n AQ - Aflz,n < e >
D1y O1D1, n OFf
= Ngj(Al — AJ, n)/ ddmdda:’Dd”de*Zz'<(92(9§> lim (D1z.nO1 Ii’" ! >
) ’ oo 1_>A’Ik2,n Al — AI%n
(D.29)
Finally, using (A2 — Afy, ) = —(A1 — Af, ), we can conclude that
D D, O} D, 201 D1, , 0}
PO Pa0) 6 0l)) _ 2 ;[ (0:0]), lim D121 P1ynO1) )
A2_>Af12,n AQ - AIIQ,n L ’ A1—>Af2’n Al - AI277”L L
(D.30)

The second relation is about the integral

/ddxlddxgddx'Dd_Qz'<D1127n(9F(1", NOF (2, 2)\F(xy, 20,2, 2)
x T2(0|OoL[OT](2, 2/)01]0) 4 0((1 > 2) ~ '), (D.31)
where OF has quantum numbers (Ap, Jr,j), O has (A, J,j —n), and F(x1,z2,2,2) is a
conformally-invariant kernel that transforms as ((91 O;DIZML[OD. Note that Ap +n+ (1 —

J) = d in order for the integral to be conformally-invariant. By applying (D.25), we have
for general Ap

/dd$1ddﬂj‘2dd{l}/Dd_2zl<'DH27TL0F($/,Z/)OFT(ZE,Z)>F({L‘1,{L‘2,$,Z)
< To0|OSLIOT)(o!, ) 01[0) 1 0((1 > 2) = )
— Ny, / Ay dlzadde’ D22 (OF (o, ) OF (2, 2)) F (21, 22, 2, 2)

x D, n (T2(0|02LIOY) (2, ) 04]0) 10((1 > 2) > 2)) . (D.32)
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Now we set Ap — Aiklz,n and J — JJ = Afb,n —d+ 1+ n, then Dy,, and Dy, , are

conformally-invariant, and the above equation becomes

<D112,nOF(x’, O (z, 2))
Ap — Aiklg,n

x Ta{0|02L[O")(2', 2/) 01]0)10((1 > 2) ~ &)
= Ny ;(J —JI) /dd.%'lddwgddxlDd72Z/<OF(.f/,Z/)OFT(CC,2)>F({L'1,.%'2,.Z',Z)

1
X lim ——
Py

(Ar — Af, ) / dx d%zoda’ D722 lim F(x1,x9,2,2)

*
AF A)AH2 n

D, n (T0|0:L[OM](', 2)O1[0) 1 6((1 > 2) = ')
(D.33)

Moreover, in the right-hand side we can apply (5.63) and finally obtain

<D1127nOF(x’,z’)(9FT(x,z))
AF—ATIg,n

X T2(0|O2L[O")(',2)010) . 6((1 > 2) ~ ')
:VOI(SO(L1))Nn7j/ddxldd$2dd$/Dd_22/<OF($/,Z/>OFT<1',Z)>F($1,:C2,1‘,Z)

/dd$1ddx2ddx'Dd_2z’ lim

F
AF—>A;‘12 (33'1,1’2,13,2)

,n

XD, o (T3(0|O2L[OM](2/,2)O1[0)40((1 > 2) ') ), (D.34)
where we also use the fact that (Ap — Afy, ) = (J — J7).

D.3 Derivation for the higher transverse spin case

Now we give the derivation for the higher-transverse spin terms, where j > J; + Jo. We
can follow the same steps for the j < J; + Jo until (D.5), but we should change (D.6) to®7

W ;(x, 2) = Ay(8, )(0|O4Dr, nLO] (2, 2)O03]0) L, (D.35)

where O has quantum numbers (A, J,j) = (0+1, 1+ Jo—14+n,J1+J2) andn = j—J; — Jo
in order for Dy, , to be conformally-invariant. We expect that Ay(9, j) is related to the
OPE data of O; x Oz OPE. In particular, we want to show that A,(d, j) is proportional to
Cto+1, i+ Ja—1+nJ1+ )+ C (6 +1,J1 +Jo — 1+n,J;1 + J2). We follow the old
derivation and take the Lorentz pairing with a dual structure:

48.5) = ((T 010D L(O) . 2)0af0) V) TiWi(z.2))

. / ddl’l ddwgddxgddl’4Dd_221 Dd_22’2
1 vol SO(d, 2)

L

(Q[O4, O1(21,21)] [Oa(w2, 22), O3] |)
< Ty Tyt [ / d% D2 (Ti{0|0sDy, LIO) (2, 2)0|0) )

X (T2Ls ;) (21, 21, T2, 2052, 2)0(4T > 1)0(2F > 3)1 (D.36)

5"Note that this is just a rewriting of (D.6), but in (D.6) the operator @ has quantum numbers (§ +
1,J1 + J2 — 1,7). Here we use the relation L[Os41,5;+75-1,5] X Diy,nL[Os41,71+J5—14n,J,+J5] and call the
operator Osq1,7,+J2—14n,J,+Jo a5 O. We hope that this does not cause confusion.
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In the OPE limit where 3,24 — 2/, the step functions (4" > 1)8(2% > 3) should become
0((1 > 2) = 2’). Also, from the discussion in section D.1, we know that the three-point

-1
function (72(0|O4D12,nL[(9] (x, z)03|0>(b)) in the OPE limit is given by
®)~!
(74(0104Dy, W L[O) (2, 2)05]0) )
= Bite (13 24, 0,0, 0.)(OF (2, 2)OF T (, 2))
+ C340/ (23, 24, Or, 021) (D11, n O (2, 2) 0TV (2, 2) - (D.37)

As shown in [1], one gets zero after integrating the finite part Bitite(OFOFT) against T2Ls ;-
Therefore, we have

-1
/ de D22 (30|04 Dy, wLIO)0s[0) ) (Tals (. 21, 72, 2212, 2))0(47 > 1)0(2F > 3)

. 1
— 6340’ (iﬂg, 23,T4, %4, ax’v az’) hm* A A*
Ap—=Af, , BF — IIz,n

X / ,dded*2z<DHQ,n(’)F(:c',z')OFT(x, 2))T2Ls (1, 21, T2, 225, 2)0((1 > 2) = x’)

= Ca40 (3, 23, T4, 24, Oy, 07 ) (D110 S T2 Ls i) tim (21, 21, T2, 2052, 2)0((1 > 2) = '),

(D.38)
where S represents the Lorentzian shadow transform, and we have defined
(Dr1, nS[T2Ls ;) tim (@1, 21, 22, 2232, 2")
1
= i —_— d?xD422(Dyy, , OF (2!, 2 OFT Ls; 1, 2).
N v | D 2Dy, O (@, O ,2)) Talls (. 21,00, 21, 2)
(D.39)

This is a conformally-invariant three-point function that transforms like <(5]1L(5$D1127ROF ).
The expression in (D.38) should then give a conformal block. To compute it, let us first act
Dr1, 5, on both sides of (D.37):

e\t
Dityn (7Z<0|O4DIQ,nL[O] (z,2)03]0) )

(DIIQ,'ROF(ZJ? Z/)DIIQ,TLCQFJr (.%', Z)>
Ap — Aiklg,n .

= C340/ (3, 24,0, 0)  lim (D.40)

*
AF%AIIQ n

Using (D.25) and the definition of the three-point dual structure <ﬁ<O|O4L[O] (x,2)O03 \O>(b))_1,
one can find

D (T DN (o)~
it 0 (T2(0101 D1, L) (2,2)03(0)Y ) = Noj (T (0|OAL[O) (=, 2)05]0) ) . (D.41)
Combining (D.38), (D.40), and (D.41), we obtain
—1
[ dtaDt 22 (T0/0uD1 LIO0s)0) ) (ToLslan, 21,0, 205, 2)

/ ®)\
(Dria,nSIT2Ls imf((1 > 2) = ') (T2 (0]O4L[0]0s]0) )

= N li (D11y,n OF Dr1, ,n OFT) (D.42)
1mAF—>Af12,n AF*A{IQ,n
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This is a conformal block whose exchanged operator has quantum numbers (J; + Jo + d —
2+ n,0 —d+2,J; + J2). Plugging this into (D.36) and comparing with the Lorentzian

inversion formula, we find

1
Ap(6,7) = —2mix 5(0;27(5+1,J1+J2—1+n,J1+J2)+C&J((5+1,J1+J2—1+n, J1+J2))
(LIOJL[OT]) !

XNnj

o Di1, nOF D1y, ,, OFT

hmAF—>A;I27n< HQ’AFngz:n i

% (D11, nS[ToLs  Drim((1> 2) x’),7‘2<0102L[0T](91|0>$>)L. (D.43)

This result can be simplified by integrating Dry, ,, by parts. For the second line, using (D.30)

we have
-1
. i (D1, nL[O] Dy, n L[O1])
N LOLOf) ! _ N (hm“fl T D4
n,J : <DHQ,nOFD112,n0FT> —iVnj <(QF(9FT> ) ( . )
hmAF_}AikIQ,n AFfAﬁ%n

where J; = Ji + J2 — 1 + n. For the third line, using (D.34) we have

((DHz,nS[TzE&j])limH((l >2) & x’),7§<0|O2L[(’)T]@1|0>$¢))L
d d d,.l jd d—2 d—2 d—2 1 d—2
:vol(SO(Ll))Nn’j/ d*z1d*zod®x’'d*x D Ale 29 D32/ D=2,
arr! volSO(d,2)

X ToLs (w1, 21,22, 22;%,2) D1, (7'2<O|(92(m2,22)L[(9T](:E’, z/)Ol(xl,z1)|O>S?)9((1 >2) x’)) )
(D.45)

<(9F(x',z’)(9FT(x,z)>

Plugging in the definition of Ls; in (D.4), we find that Ay(d, ) is given by

Ab(d,]) = —ﬂi(C&E(&—I— 1, i+J—14n,J+ JQ) + C&,(é—i— 1,.Ji+J—14n,J+ Jg))

. D L[O]D L[of ! a
<<h J JI* < Ip,n [ }7 Ifg,n [ ]>) 7( )((573)>
L

% Vol SO(1, 1) ’ (D.46)

where

Q((Sflj)(mazaxlvzl) = Oéa,j/Dddled*QZz <75§1(21)75§2(22)P57j(z)>

x (O|LT[Oy)(x, 22) D1, nL[OT) (2, 2 )L™ [O1 (2, 21)]|0)™,  (D.47)

where L*[05] indicates that the light transform contour is restricted to 2 > 2/, and L™ [01]
is restricted to 1 = /. Finally, comparing the expression of A;(d,7) with the old derivation
for the lower transverse spin case, we find that the for higher transverse spin j > J; + Ja,
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L[Ol] (ac, Zl)L[OQ](:L', ZQ)

2 a
- Z(_l)n i . 2 .Céy')('zlszvaZ)
n=1 o —ico AT
+ —
X (DI27”@5+1,J1+J2—1+n,J1+J2(a) (z,2) = D1y 0541 114+ Jy— 140,01+ (a) (, Z)>

+ lower transverse spin, (D.48)

where n = j — J; — J2. The celestial map formula for Cé? is given by

—Jy J — Jix
= (—=1)™{(0[L*[O4](00, 22, W2) Dy, nLIOT](0, 20, wo)L ™ [O1](00, 21, w1) |0} (D.49)

a Dy, ,L , 22, W2) Dy, , L[OT](0, 20,
C(g,j)(zluwla227W2)82278W2) (Jlim*< Ty L [O)(c0, 22, w2 )Pty nLOTNO, 20 WO)>>

This result agrees with the second sum in (5.1).

E Kernel of the celestial map

In the main text we have given the celestial map formulas (5.68) and (5.69) which map d-
dimensional three-point tensor structures to OPE differential operators in (d—2)-dimensional
space. The latter are in turn in one-to-one correspondence with three-point tensor structures
in (d — 2)-dimensional space. In general the space Ty of three-point structures in d and
the space Ty o of three-point structures in d — 2 dimensions have different dimensionality.
Therefore, the celestial map T; — T;_o in general has non-trivial kernel or cokernel. In
this appendix we identify a part Ko C K of the kernel K C Ty of this map and conjecture
that it is in fact the entire kernel (K = Kj) and that the cokernel is trival, i.e. that the
celestial map is surjective. We give support to this conjecture by matching the dimension
of Ty/ Ko with the dimension of Ty 5. Finally, we consider the SO(d — 2) representations A
that can be generated by the celestial map and show that they cover all the representations
appearing in the (d — 2)-dimensional OPE.

We begin by identifying Ky. Let us start with the low transverse spin case (5.54). We
are instructed to evaluate the structure from T} in configuration (5.73) after multiplying by
V0,12. Since in this configuration Vj 12 vanishes, the only structures that survive are those
which contain Vojllz. Structures with more negative powers of Vj 12 will be singular and the
structures with non-negative powers will vanish. We claim that no structures have more
singular power of V12 and that there is a simple rule for counting those with 1/(;112.

To see this, let us label the SO(d — 1,1) irreps of the operators as p1 = (J1, A1), p2 =
(J2,A2) and p = (J,\). For large J the number of three-point tensor structures is .J-
independent. This is because the number of structures is given [15] by the dimension of

(1 ® pa ® p)*O 1. (E-1)

The dependence on J can be exhibited by first computing the SO(d — 1) content of p; ® po
and matching SO(d — 1) irreps there to dual irreps in SO(d — 1) content of p. As J is

~ 82 —



increased, all that happens is that new irreps appear in SO(d — 1) decomposition of p, but
any given irrep appears at most once.”® Since p; ® py contains finitely many SO(d — 1)
irreps, at some point the number of matching dual pairs stabilizes.

As J is decreased to sufficiently low values, some structures disappear from this counting.
In terms of explicit expressions this happens because the structures at large J depend on
Vd{f{” for various n, and as J becomes less than n such structures cease to be polynomial
in z and have to disappear from the above counting. We are interested in the maximal n
among all structures, which is therefore the same as the value of J at which the number
of structures stabilizes. As J is increased by 1, the SO(d — 1) content of p is appended by
representations with the first row of length J. Since the maximal length of the first row
of SO(d — 1) representations in p; ® py is J1 + J2,%9 it follows that the stable number of
representations is achieved starting from at most J = Jy + Jo. This implies that n < Jy + Jo.
This means that the power of 1} 12 is no smaller than

Vil (E2)

This finishes the proof of the claim that structures analytically continued to J = J; + Jo — 1
have at most ‘/0’*112 singularity.

We thus find that the map (5.68) is well-defined and the structures with V4 12 to non-
negative powers get mapped to 0. These structures constitute the set Ky. We conjecture
that (5.68) is non-degenerate on the remaining structures in Ty, i.e. those which contain
1/(;112. To support this conjecture, let us count these structures and match their number to
the number of structures in Tj;_s.

To do that, note that the above discussion implies that the number of structures with
Voj112 is precisely the difference between the number of polynomial structures for J = J; + Jo
and the number of polynomial structures for J = J; + Jy — 1, i.e. the dimension of%°

(P ® p2 @ (J1 + J2, A)3°U D 0 (p1 ® po @ (J1 + Jo — 1, 1))5OED

= (M ®p® Resggggj’)n((h +J2,A) 6 (J1 + J2 — 1,X)))506D), (E.3)

We can simplify this by noting that

Resgory 1 (1 + N e(h+h—10)= @  (J+7) (E.4)
SO(d~2) y

TERGSSO(d_S)

In particular, this only involves SO(d — 1) irreps with the first row of length J; + Jo. As
mentioned above, this is the maximal length of the first row in SO(d — 1) irreps in p; ® p2,

8n what follows we use facts about dimensional reduction of SO(N) irreps. See, e.g., [51] for a review.

59To see this, note that the length of the first row of the Young diagram gives the maximal eigenvalue under
any given boost. Since it is J; for p;, it must be J1 + J2 for p1 ® p2. Choosing a boost in (a complexification
of) SO(d — 1) yields the desired result.

50Here we use the formal difference ©. To make this precise one can interpret all identities involving it as
character identities.
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and this part of the tensor product p; ® ps simplifies®!

ResSog 1) o1 @ p2 = ) (14 Jom) @ (E.5)
TERGSSgEZ:g)‘l@)‘Q

where the dots represent irreps with shorter first row. By comparing the last two equations
we see that

(p1®p2® (J1 + T2, N5 © (1 @ po @ (1 + Ty = 1,4)%0¢Y
= (Qu@ e @)™ (E.6)

which is the same rule as for counting the structures in Ty .

We now turn to the higher transverse spin case. In this case the celestial map is applied
to three-point structures with representations (J;, \;) and (J, ) where J =J; + Ja —1+n
and A = (J1 + Jz,7). As discussed in section 5.3.2, the structures that contain V{12 to
powers higher than the minimal possible J — J; — Jo are mapped to zero by the celestial
map (5.69). Similarly to the above, we can determine the number of structures which
contain 1/'0‘7]172‘]17‘]2 by taking the difference between the number of polynomial structures at
J=J+ Jyand J = J; + Jo — 1. However, since A = (J; + Ja,7), there are no polynomial
structures for J = Ji +Jo — 1. Therefore, all tensor structures with such A contain %{1_2‘11_‘]2.
In this case K is trivial and we simply would like to match the dimensions of Ty and Tj;_».

Since A = (J; + J2,7), the minimal length of the first row in SO(d — 1) irreps contained
in (J,\) with sufficiently large J,52 is J; + Jo, in particular

Res§8E§:1;”<J, N= P (h+lrn)+-, (E.7)
SO(d-2)

TGResSO(d73>

where the dots represent irreps with longer first row. Taking into account (E.5), we find
(01 ® pa ® (J,\)50U71 = (A1 @ Mg @ A)SOU9), (E.8)

Since \A; has first row that is no larger than J;, it follows that A\; ® A2 only contains SO(d—3)
irreps with first row at most of length J; + Jo. Since the first row of A is already J; + Jo, it
makes no difference to increase it by n,

(p1 @ p2 ® (J,1)5CU1) = (A\; @ Ay ® A(4n))3003), (E.9)

This establishes the equality of dimensions of T; and Ty_s.

Finally, let us discuss which representations A can be generated through celestial map.
The low transverse spin terms contain \’s which are parts of the p = (J, \) representations
which appear in O; x Oy OPE. We claim that they cover all X’s that can appear in

510One can see this by treating SO(d — 1,1) irreps as shortened parabolic Verma modules of SO(d — 1, 1),
in which case it is analogous to the statement that all primaries of dimension A; + A2 one can build out of
primaries Of, O3 of dimensions A1, Ay are those given by decomposing O%©3 into irreducible Lorentz irreps.

52We need the number of analytically-continued tensor structures, which is the same as for very large J.
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(d — 2)-dimensional OPE and have first row length at most J; + Ja. Indeed, using any such
A in (E.6) we find that

dim(p1 ® p2 @ (J, 1))5CU"D > dim(A\; @ Ay @ A)SO6—3) (E.10)

for J = J; + J2 and thus for any larger J. Since the right-hand side is non-zero whenever A
appears in (d — 2)-dimensional OPE, and the left-hand side being non-zero implies that
(J, \) appears in d-dimensional OPE, we obtain the desired result.

It remains to establish that the higher-transverse spin terms cover all A’s in (d — 2)-
dimensional OPE with first row of length more than J; +.J5. Any such X’ can be represented
as A(+n) where A has first row J; + Ja. This can be then used in (E.9) to conclude that
(J,\) appears in O; x Oz OPE for generic J.

F Spinor conventions

We use conventions from [42] but switch to mostly plus signature, see appendix A in that

0

paper. A four-dimensional vector z# = (2", Z) is represented by 2 x 2 matrix

Zoaa = 2u(0")aa = 6%+ 2. 3,

29 =z, (") = -2 + 7. 7 (F.1)

where o = (1,3), * = (—1,7) and & = (o', 02, 03).

Convention for lowering and raising of indices is

258 — eﬁo‘xadeé‘B,

a®f = ea'yaw;e‘w. (F.2)

The Levi-Civita tensors are normalized as follows

==y =€?=1. (F.3)

The X matrices are defined as follows

(Tif) o o (Zhi )
(Xijk)aa = g2 (wjk)m( ’”2)”&. (F.4)
Tij Tik

Using sigma matrix identities we can simplify

Tij * TikThip + Tjk * ThiTijp — Tij - Thiljkp
Xijk = — ) g . (F5)
L35 Tk

G Distributional formulas

In this appendix we formally derive some of the expressions involving distributions that

were used in the main text.
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G.1 Analytic continuation of distributions

In this section we prove (4.61), i.e. we study the analytic continuation of the distribution
(54 1)%s"t°0(s)0(t) (G.1)

from the region a, b, ¢ > 0, where it is represented by a locally-integrable function, to general
complex a, b, c.

First, let us clarify the idea of analytic continuation of a distribution. Let us restrict to
one-variable case with one parameter, i.e. we consider a distribution g,(z) defined for values
of parameter ¢« € U C C. Assume that this distribution depends on a holomorphically.
That is, for any test function f(z) the pairing

(ga, f) = /dxga(x)f(:v) (G.2)

is a holomorphic function of a. We say that a distribution h,(x) defined and holomorphic
for a € V C C is an analytic continuation of g,(x) if U C V and for any test function f(x)
we have

<haaf> = <gaaf> (G3)

for all @ € U. Similarly, we say that g,(z) is meromorphic for a € U if (g,, f) is meromorphic
for any test function f and the set of poles is independent of f (of course, some poles
may disappear for a specially chosen f). We say that h(x) is the residue of g,(x) at a, if
(h, f) = resq—q, (ga, f) for any f, etc. All these notions generalize straightforwardly to the
case of several variables and several parameters.

Before studying (G.1), let us consider a simpler example,
ga(z) = 2°0(2). (G.4)

For Rea > —1 this is an integrable function of x, and is holomorphic in a as a distribution.
We claim that it admits analytic continuation to C\ Z-g that is meromorphic in C with
simple poles at negative integer a. As a simple example, consider a test function f(z) that
is equal to e™* for x > 0 and for z < 0 is completed in some smooth way so that it decays
quickly at  — —00.9% We have then

(9a, ) = /OOO e Tx%dr=T(a+1), (G.5)

which is indeed meromorphic and has simple poles at negative integer a. To see that this
statement holds for more general test functions, recall that

(z £ ie)” (G.6)

53Everywhere in this section we can work with tempered distributions, so that e~*

function for « > 0 (i.e. it is Schwartz).

is an appropriate test
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is a distribution that is an entire function of a.%* For Rea > —1 we can write the equality
of distributions
T — i€ aeiﬂ'a — (x4 e aefiﬂa
x%(x) = ( ) ( ) ) (G.7)

2isina

where the right-hand side is in fact analytic for all a € C\ Z. We can compute the residue
at a = —n as
(x —i€)%™ — (x4 i€)%e ™ (z —i€) " — (x4 ie) ™"
réSg=—n . = -
2isinTa 297
(=)™
= ED™ s ).
(n—1)! (z)

(G.8)

In particular, this vanishes for n < 0, consistently with g,(x) being analytic for Rea > —1.
We conclude that gq(z) = z*0(x) can be analytically continued so that it has simple
poles at a = —n with residues

_1\n—1
resg——nr0(z) = ((n1_>1)!5("_1)(a:). (G.9)

Let us perform a simple check with the f(x) defined above. We have

_1\n—1
s f) = reso- a4 1) = (G.10)
and this is indeed equal to
_1\n—1 _1\n—1
<T€Sa:—ngm f> = ((nl_)l>!<5(n_1),f> = ((nl_)l), (G-H)

Note that the non-trivial part of this analytic continuation is taking care of the singularity
at x = 0, since for z > x9 > 0 the function z*0(z) is locally-integrable for any a € C.

This simple result for 2%0(z) can be extended a more general setup: consider a finite
set of k smooth functions ¢;(z), z € R™ and consider the function

k
ga(2) =TT 0as(w)as(w)" (G12)

i=1
For Re ; > 0 this defines a locally-integrable function. Provided that the functions ¢; are
in general position (clarified below), we claim that the distribution g,(x) can be analytically
continued to a distribution meromorphic for a € CF. To see this, suppose we want to
define the analytic continuation in a neighborhood of some point xg where r functions

gi, (), -+, qi, (z) vanish. Provided that the matrix of derivatives

Mjl = qui]. ((IZQ) (G.13)

54The notation (z £i€)® means the boundary value of 2% on real line, approached either from above or
below. Since z® has at most power-law singularity for any a, Vladimirov’s theorem [52] ensures that it’s
boundary values are well-defined tempered distributions in z, analytic in the parameter a. See, e.g. [53] for
a review of these facts.
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has rank r (in particular, » < n), we can use y; = ¢;;(z) as the first r coordinates in a
neighborhood U of xy. This condition is what we mean by “general position” above. With
this choice of coordinates, we simply have

0u0) = () T 029 0(y). (G.14)
j=1

where g4 (y) is a smooth function in U. Each of yjzj 6(y;) can be analytically continued as

above, and we can take their product because they are distributions in different variables

yj. We can then finally multiply the resulting distribution by the smooth function g,(y).
This more general result still doesn’t apply to (G.1) because in (G.1) we have functions

q1 (Sa t) =S, q2(87 t) = t) q3(87 t) =s+t (G15)

which are not in general position near s,t = 0. The conclusion about analytic continuation,
however, still holds. To establish it, one needs to use a general result about resolution of
singularities. We do not reproduce this argument, and instead refer to [54, 55]. Here we
simply work out the required resolution in the concrete example of (G.1). Our goal is to
define the integral

/dﬂd&+ﬂ%%%@ﬁ@ﬁ@¢) (G.16)
for test functions f. To do so, we define new coordinates u, v by
s=uv, t=u(l-—0o). (G.17)

The region s,t > 0 is mapped one-to-one onto the region v > 0,0 < v < 1, and the
integral (G.16) can be written as

/dudvua+b+6+lvb(1 —0)0(u)f(v)0(1 —v) f(u,v) (G.18)

where

Flu,v) = fluv, u(l —v)). (G.19)
Importantly, f(u, v) is a test function in u,v. Therefore, if we manage to define
u? ey (1 — 0)°0(u)f(v)0(1 — v) (G.20)
as a distribution meromorphic in a, b, ¢, we are done. In this case, setting

ql(”?“) = u, QQ(U,’U) =, q3(u7 ’U) =1- v, (GQI)

we find that g; are in general position at all points xy where at least one function vanishes.
(The coordinates u, v “resolve the singularity” that we had at s, = 0.) In particular, we
find poles at

at+b+c+1l=-n (G.22)
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with residues proportional to 5(”)(u), poles at

b=—n (G.23)
with residues proportional to §(™ (v), and poles at

c=—-n (G.24)

with residues proportional to 6™ (1 — v). As explained in the main text, we are interested
in the pole near

a+b+c+1=-1, (G.25)

in which case from the analysis above we get

1

a+b+c+1, b1 . \c )~
u v’ (1—=0)0(u)f(v)0(1—v) T bieio

§(u)vb(1—v)0(v)0(1—wv). (G.26)

Now we only need to pull this back to s,¢ coordinates, i.e. evaluate (G.18) with f given
by (G.19). We find

/ dsdi(s + 1) s"°0(s)0(1) f (s, £)
= /dudvuaJFbJrc+1 b(1 = v)0(w)0(v)0(1 — v) f(u,v)

~ m/dudvé(u)vb(l —0)0(v)0(1 — v) f(u, )

1 b ~
- (1-0)° 1-
a+b—|—c+2/dm} v)°0(v)0(1 — v) f(0,v)
:a+b—i—c+2/dvv (1 —v)0(v)d(1 —v)
f(0,0) TO+1)I(c+1)
= . .2
a+b+c+2 T(b+c+2) (G.27)
This implies that
1 T(b+1)I(c+ 1)
t)*s"t°0(s)0(t) ~ 5(s)o(t G.28
(s + O 00 ~ o S T o) 00 (G.28)
as stated in (4.61).
G.2 An identity
In this section, we show
+oo dz 27
=— ) G.29
/_OO (xy + 1+ ie)® a—1 ) ( )

We define the integral by analytic continuation from the region Rea > 1. Thus, let us
evaluate it assuming Rea > 1. Suppose first that y is nonzero. If y > 0, the integrand is holo-
morphic in the upper-half plane for x. Furthermore, because Rea > 1, it decays sufficiently
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quickly at infinity that the integration contour can be deformed into the upper half-plane,
giving zero. If y < 0, a similar argument shows that the integral can be deformed into the
lower half-plane, giving zero. It follows that the distribution (G.29) is supported at y = 0.

Now consider the integral against a test function f(y). Because (G.29) is supported at
y = 0, we can restrict the y integral to the range [—1, 1] (or any finite-size interval containing
the origin). We furthermore substitute the Taylor expansion of f(y) and integrate term
by term:

1 +o0 dx >, fM(0)
ay [ , n G.30
/,1 V) (xy + 1+ ie) nzzo nl 7 ( )

Let us evaluate the term proportional to f(0). Swapping the order of integration, we have

+oo B oo (1+ietx)! ™ — (14ie—x)' ¢
/ dw/ ;Uy—l—l—i—ze) —f(O)[m de (1—a)x

(G.31)

Because the integrand on the right-hand side is holomorphic at z = 0, we can deform the
contour so that it moves slightly above the origin (staying below the singularity at x = 14ie).
We denote this by [0 — [ . After this deformation, we split the integrand into two terms

£(0) / dx<(1+ie—l—m)1_“ B (1—|—ie—x)1_“> (@.32)

1—aJ/J~ T x

The first term is holomorphic in the positive imaginary direction for z, so we can deform
the contour that direction and obtain zero. The second term is holomorphic in the negative
imaginary direction for x, except for the pole at x = 0. Thus, we can deform the contour
that direction and pick up only the residue at x = 0. We obtain

21

£(0). (G.33)

1—a

Finally, consider the terms in (G.30) proportional to f(™(0). For these terms, note that

n

y " 1
(xy +1+41ie)* — *(xy+1+ie)e ™

(G.34)

This is a total derivative in x, and hence integrates to zero. Together with (G.33), this
establishes (G.29).
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