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Figure 1. The Regge limit of a four-point function: the points x1,...,x4 approach null infinity,
with the pairs x1, 22 and x3, x4 becoming nearly lightlike separated.

1 Introduction

Singularities of Euclidean correlators in conformal field theory (CFT) are described by
the operator product expansion (OPE). However, in Lorentzian signature there exist sin-
gularities that cannot be described in a simple way using the OPE. One of the most
important is the Regge limit of a time-ordered four-point function (figure 1) [1-6].! The
Regge limit is the CFT version of a high-energy scattering process: operators O1(x1) and
Os(x3) create excitations that move along nearly lightlike trajectories, interact, and then
are measured by operators Oy (z2) and O4(z4). In holographic theories, the Regge limit is
dual to high-energy forward scattering in the bulk [8].

In Lorentzian signature, the OPE O; x O; converges if the product O;0; acts on the
vacuum (either past or future) [9]. That is, we have an equality of states

0;0;(Q) = Zfijk0k|9>a (1.1)
k

where k runs over local operators of the theory (we suppress position dependence, for
brevity). Thus, in figure 1 the OPE O; x O3 converges because it acts on the past vacuum,
the OPE Oy x 04 converges because it acts on the future vacuum, and the OPEs O x O4
and Oy x O3 converge because they act on either the past or future vacuum. (Here we use
the fact that spacelike-separated operators commute to rearrange the operators in the time-
ordered correlator to apply (1.1).) However, each of these OPEs is converging very slowly
in the Regge limit. They can be used to prove results like analyticity and boundedness in
the Regge limit [10, 11], but they are less useful for computations (unless one has good
control over the theory). Meanwhile, the OPEs O; x Oy and O3 x Oy are invalid in the
Regge regime.

In perturbation theory, Lorentzian singularities correspond to Landau diagrams [7]. Tt is possible that
this is also true nonperturbatively.



The problem of describing four-point functions in the Regge regime was partially solved
in [3, 8, 12]. The behavior of the correlator is controlled by the analytic continuation of
data in the O; x Oz and O3 x O4 OPEs to non-integer spin. For example, in a planar
theory, the Regge correlator behaves (very) schematically as

(01020504)
(0102)(0504)
Here, fi20(J) and f3s0(J) are OPE coefficients that have been analytically continued in

the spin J of O. The parameter ¢ measures the boost of 01, Os relative to Oz, O4. Jy € R
is the Regge/Pomeron intercept, and is determined by the analytic continuation of the

~ 1= fi20(Jo) faso(Jo)e o™V + ... (1.2)

13

dimension Ay to non-integer J.2 The “...” in (1.2) represent higher-order corrections in
1/N? and also terms that grow slower than et/o=1) in the Regge limit t — oco.

A missing link in this story was provided recently by Caron-Huot, who proved that OPE
coefficients and dimensions have a natural analytic continuation in spin in any CFT [16].
The analytic continuation of OPE data in a scalar four-point function (¢jp2¢3¢4) can
be computed by a “Lorentzian inversion formula,” given by the integral of a double-
commutator ([¢4, ¢1]p2, #3]) times a conformal block G j44-1,A—d+1 with unusual quantum

numbers. Specifically, A, J are replaced with
(AJ) = (J+d—1,A—d+1) (1.3)

relative to a conventional conformal block. Caron-Huot’s Lorentzian inversion formula
has many other useful applications, for example to large-spin perturbation theory and the
lightcone bootstrap [17-26], and to the SYK model [27-30].3

However, Caron-Huot’s result raises some obvious questions:

e Can operators themselves (not just their OPE data) be analytically continued in spin?
e What is the space of continuous spin operators in a given CFT?

e Do continuous-spin operators have a Hilbert space interpretation (similar to how
integer-spin operators correspond to CFT states on Sdil)?

e What is the meaning of the funny block in the Lorentzian inversion formula, and how
do we generalize it?

Answering these questions is important for making sense of the Regge limit, and more
generally for understanding how to write a convergent OPE in non-vacuum states.

It is easy to describe continuous-spin operators mathematically. Consider first a pri-
mary operator OM1""#J(x) with integer spin J. Let us introduce a null polarization vector
2z, and contract it with the indices of O to form a function of (z, 2):

O(x,z) = OMYHI(2) 2y, - - - 2y, (2 =0). (1.4)

2In d = 2, the Regge regime is the same as the chaos regime. In d > 3, it is related to chaos in
hyperbolic space. See [13, 14] for discussions. Note that Jy — 1 plays the role of a Lyapunov exponent, and
it is constrained by the chaos bound to be less than 1 [10, 15].

3In the 1-dimensional SYK model, the analog of analytic continuation in spin is analytic continuation
in the weight of discrete states in the conformal partial wave expansion [29, 31].



The tensor OF1HJ(x) can be recovered from the function O(z,z) by stripping off the
z’s and subtracting traces. Thus, O(z, z) is a valid alternative description of a traceless
symmetric tensor. Note that O(z,z) is a homogeneous polynomial of degree J in z. The
generalization to a continuous spin operator O is now straightforward: we simply drop the
requirement that O(z, z) be polynomial in z and allow it to have non-integer homogeneity,

O(z,\z) = N O(z,2), A>0, JeC. (1.5)

Continuous-spin operators are necessarily nonlocal. This follows from Mack’s classifi-
cation of positive-energy representations of the Lorentzian conformal group é()(d, 2) [32],
which only includes nonnegative integer spin representations.* CFT states have positive
energy, so by the state-operator correspondence, local operators must have nonnegative
integer spin, and conversely continuous-spin operators must be nonlocal. Mack’s classifi-
cation also shows that continuous-spin operators must annihilate the vacuum:

0@, )| =0 (J ¢ Zs), (L6)

otherwise O(z, z)|€2) would transform in a nontrivial continuous-spin representation, which
would include a state with negative energy.

If continuous-spin operators annihilate the vacuum, how can we analytically continue
the local operators of a CFT, which certainly do not annihilate the vacuum? The answer is
that we must first turn local operators into something nonlocal that annihilates the vacuum,
and then analytically continue that. The correct object turns out to be the integral of a
local operator along a null line,

/ da@(az,z):/ da OM M (az)zy, - 2, (1.7)

This can be written more covariantly by performing a conformal transformation to bring
the beginning of the null line to a generic point z:°

o0

L[O](z, 2) E/

— 00

da(—a)™2770 (a; - 2, z) . (1.8)

This defines an integral transform L that we call the “light transform.” The expression (1.7)
corresponds to L[O](—o0z, z), where z = —o0z is a point at past null infinity.

After reviewing some representation theory in sections 2.1 and 2.2, we show in sec-
tion 2.3 that if Oa ; has dimension A and spin J, then L{Oa j](z,z) transforms like a
primary operator with dimension 1 — J and spin 1 — A:

L:(AJ) = (1—J,1—A). (1.9)

4For non traceless-symmetric tensor operators, we define spin as the length of the first row of the Young
diagram for their SO(d) representation. For fermionic representations spin is a half-integer and for simplicity
of language we include this case into the notion of “integer spin” operators.

5As o — 07, the point = — z/a diverges to future null infinity, and the integration contour should be
understood as extending into the next Poincare patch on the Lorentzian cylinder. We give more detail in
section 2.3.2.



In particular, L[Oa j| can have non-integer spin. The average null energy operator £ =
L[T] (the light transform of the stress tensor) is a special case, having dimension —1 and
spin 1—d. We will see that L is part of a dihedral group (Dg) of intrinsically Lorentzian inte-
gral transforms that generalize the Euclidean shadow transform [33, 34]. These Lorentzian
transforms implement affine Weyl reflections that preserve the Casimirs of the conformal
group. For example, the quadratic Casimir eigenvalue is given by

Co(A,J) = AA —d) + J(J +d—2), (1.10)

and this is indeed invariant under (1.9). The transformation (1.3) appearing in Caron-
Huot’s formula is another affine Weyl reflection. The Lorentzian transforms do not give
precisely a representation of Dg, but instead satisfy an interesting “anomalous” algebra
that we derive in section 2.7. Mack’s classification implies that L{Oa ;] must annihilate
the vacuum whenever O j is a local operator. This is also easy to see directly by deforming
the a contour into the complex plane, as we show in section 2.4.

We claim that the operators L[Oa ;] can be analytically continued in J, and their
continuations are light-ray operators.® As an example, consider Mean Field Theory (a.k.a.
Generalized Free Fields) in d = 2 with a scalar primary ¢. This theory contains “double-
trace” operators

[08) 7 (1, v) =: (1, ) P(u,v): +y(...) (1.11)

with dimension 2A4 + J and even spin J. Here, :: denotes normal ordering and we have
written out the definition up to total derivatives (which are required to ensure that this
is a primary operator). We are using lightcone coordinates u = = — t,v = = + t, and for
simplicity focusing on operators with 0, derivatives only. The corresponding analytically-
continued light-ray operators are

04(0,—o0) J+1/ / ds < 8+Z€)J+1+(_S+IZ.E)J+1>:(;5(0711-1—5)@1)(0,2}—8):.
(1.12)

When J is an even integer, we have

il(J + 1) 1 1 _976(s)
27 ((s i)+ (s — ie)J+1> -~ 0s/ (T € 2220). (1.13)

Thus, when J is an even integer, Q; becomes

07(0, —00) =277 /00 dv /OO ds a;igs) :9(0,v 4+ 5)p(0,v — s):

= [ dvi0l0:0.0) = Lliodll0. ) (Te 2. (114)

®Note that L[Oa,s](z, 2) has dimension 1 — J and spin 1 — A. Thus, analytic continuation in J is really
analytic continuation in the dimension of L[Oa, ;] away from negative integer values. We will continue to
refer to it as analytic continuation in spin, since J labels the spin of local operators.



By contrast, when J is not an even integer, O is a legitimately nonlocal light-ray operator
whose correlators are analytic continuations of the correlators of L[[¢¢]s]. In particular,
three-point functions (O1020) give an analytic continuation of the three-point coefficients
of <0102 [¢¢]J>

Similar light-ray operators have a long history in the gauge-theory literature [35, 36|
(see [37—40] for recent discussions). There, one often considers a bilocal integral of operators
inserted along a null Wilson line. Such operators were discussed in [41], where they were
argued to control OPEs of the average null energy operator £. In perturbation theory, it
is reasonable to imagine constructing more operators like (1.12). However, it is less clear
how to define them in a nonperturbative context where normal ordering is not well-defined,
and there can be complicated singularities when two operators become lightlike-separated.
It is also not clear what a null Wilson line means in an abstract CFT.

Our tool for constructing analogs of O in general CFTs will be harmonic analysis [42].
Given primary operators Op, Og, we find in section 3 an integration kernel K j(z1,x2, z, 2)
such that

Oa,y(z,2) = /dd:clddngAJ(:Ul,mz,x,z)Ol(xl)Og(xg) (1.15)

transforms like a primary with dimension 1 — J and spin 1 — A (when inserted in a time-
ordered correlator). The object Oa s is meromorphic in A and J and has poles of the form

1

Oa,u(z,2) ~ AN

0i,5(z, 2). (1.16)
We conjecture based on examples that poles must come from the region where z1,zo are
close to the light ray z +R>0z (we have not established this rigorously in a general CFT).
The residues of the poles can thus be interpreted as light-ray operators Q; j(z,z) that
make sense in arbitrary correlators. Furthermore, when J is an integer, the residues are
light-transforms of local operators L{O]. Thus the O; ; give analytic continuations of L[O]
for all © € 071 x Os.

In section 4, we show that (030404 ) can be computed via the integral of a double-
commutator ([O4, O1][O2, O3]) over a Lorentzian region of spacetime. This leads to a simple
proof of Caron-Huot’s Lorentzian inversion formula. The contour manipulation from [31]
is crucial for this computation. However, the light-ray perspective makes our proof simpler
than the one in [31]. In particular, it makes it clearer why the unusual conformal block
Gytd—1,A—d+1 appears. The reason is that the quantum numbers (J +d — 1,A —d + 1)
are dual to those of the light-transform (1 — J,1 — A) in the sense that the product

dz d?z 5(z2) O1-71-a(2,2)Og4d-1,a—d+1(x, 2) (1.17)

has dimension zero and spin zero. Our perspective also leads to a natural generalization of
Caron-Huot’s formula to the case of arbitrary operator representations, which we describe
in section 4.2. Subsequently in section 5, we generalize conformal Regge theory to arbitrary
operator representations as well, along the way showing that light-ray operators describe
part of the Regge limit of four-point functions as conjectured in [6].



As mentioned above, the average null energy operator £ = L[T] is an example of a
light-ray operator. The average null energy condition (ANEC) states that £ is positive-
semidefinite, i.e. its expectation value in any state is nonnegative. Some implications of
the ANEC in CFTs are discussed in [41, 43, 44]. The ANEC was recently proven in [45]
using techniques from information theory and in [46] using causality. By expressing £ as
the residue of an integral of a pair of real operators ¢(x1)¢(x2), we find a new proof of the
ANEC in section 6.7 Furthermore, £ is part of a family of light-ray operators £; labeled by
continuous spin J, and our construction of light-ray operators applies to this entire family.
This lets us derive a novel generalization of the ANEC to continuous spin. More precisely,
we show that

(WIEsw) 20, (J €R>yy, ), (1.18)
where £; is the family of light-ray operators whose values at even integer J are given by
Er= L[OAmin(J)J] (J €27, J> 2), (1.19)

where Op . (7,7 is the operator with spin J of minimal dimension. Here, Jyin < 1 is the
smallest value of J for which the Lorentzian inversion formula holds [16].

We conclude in section 7 with discussion and numerous questions for the future. The
appendices contain useful mathematical background, further technical details, and some
computations needed in the main text. In particular, appendix A includes a general dis-
cussion of continuous-spin tensor structures and their analyticity properties, appendix C
contains a lightning review of harmonic analysis for the Euclidean conformal group, and
appendix H gives details on conformal blocks with continuous spin.

Notation. In this work, we use the convention that correlators in the state |{2) represent
physical correlators in a CF'T. For example,

(QI0; - 0,19) (1.20)
is a physical Wightman function, and
(O1-+-Op)g = (QT{O; -~ 0, }1Q) (1.21)

is a physical time-ordered correlator.

Often, we discuss two- and three-point structures that are fixed by conformal invariance
up to a constant. These structures do not represent physical correlators — they are simply
known functions of spacetime points. We write them as correlators in the ficticious state
|0). For example, if ¢; are scalar primaries with dimensions A;, then

1

x 3 1+82— 2+83-4Ay 1+A83—Ao
<O’¢1(x1)¢2( 2)¢3($ )’0> ( % it )A AQ Ag (:c2 ; )A A23 A (Il iets )A A23 A
(1.22)

"Our proof is conceptually very similar to the one in [46], but it has a technical advantage that it does
not require any assumptions about the behavior of correlators outside the regime of OPE convergence. A
disadvantage is that we require the dimension Ay to be sufficiently low, though we expect it should be
possible to relax this restriction.



denotes the unique conformally-invariant three-point structure for scalars with dimensions
A;, with the ie-prescription appropriate for the given Wightman ordering. Similarly,
1

(p1(w1)P2(w2)P3(3)) = 5 N-SEZ VLYV, NS TSI T A +A3-Ay
(219 + i€) 2 (254 + i€) 2 (x5 + i€) 2

(1.23)

denotes the unique conformally-invariant structure with the ¢e-prescription for a time-
ordered correlator. In particular, (1.22) and (1.23) do not include OPE coefficients.

2 The light transform

This section is devoted to mathematical background and results that will be needed for
constructing and studying light-ray operators. We first review some basic facts about the
Lorentzian conformal group and its representation theory, with an emphasis on continuous
spin operators. We then introduce a set of intrinsically Lorentzian integral transforms,
which generalize the well-known Euclidean shadow transform, and study their properties.
One of these transforms is the “light transform” mentioned in the introduction. It will play
a key role in the sections that follow.

2.1 Review: Lorentzian cylinder

Similarly to Euclidean space R?, Minkowski space Mg = R4 1 is not invariant under finite
conformal transformations. In Euclidean space, this problem is easily solved by studying
CFTs on S% the conformal compactification of R%. In Lorentzian signature, the problem
is more subtle.

The simplest extension of Minkowski space Mg = R4~b1! that is invariant under the
Lorentzian conformal group SO(d,2) is its conformal compactification M. The space
M can be easily described by the embedding space construction [5, 47-52]: it is the
projectivization of the null cone in R%? on which SO(d, 2) acts by its vector representation.
If we choose coordinates on R%2 to be X1, X0, ... X4 with the metric

X2 = —(X7H2 (X924 (X2 + ..+ (X2, (2.1)
then the null cone is defined by
(X2 (X9?2 = (X2 .. 4+ (XD (2.2)

If we mod out by positive rescalings (i.e. by R, ), we can set both sides of this equation to
1, identifying the space of solutions with S' x S9! where the S! is timelike. To get M¢,
we mod out by R rescalings,® obtaining MG=S5 1% §4=1 /7, where Zs identifies antipodal
points in both S* and S?~!. Minkowski space Mg C M can be obtained by introducing
lightcone coordinates in R%2,

Xt =Xx"1+ x4 (2.3)

8In the Euclidean embedding space construction based on R**1! we usually just take the future null cone
instead of considering negative rescalings, but in R%? the null cone is connected and this is not possible.



Figure 2. Poincare patch My (blue, shaded) inside the Lorentzian cylinder M_ in the case of 2
dimensions. The spacelike infinity of M is marked by co. The dashed lines should be identified.

and considering points with X+ # 0. Using R rescalings we can set X* = 1 for such
points, and the null cone equation becomes

X~ = (X2 4 (X124 4 (xd71)2, (2.4)
If we set 2 = X* for u=0,...d — 1, this gives the standard embedding of R4~ 11,
(X, X, X) = (1,22, 2), (2.5)

One can check that the action of SO(d,2) on X induces the usual conformal group action
on z#. The points that lie in M5\ M, have X = 0 and thus X#X,, = 0 with arbitrary
X . They correspond to space-time infinity” (X* = 0) and null infinity (X* # 0).

By construction, M has an action of SO(d, 2) and is thus a natural candidate for the
space on which a conformally-invariant QFT can live. However, it is unsuitable for this
purpose due to the existence of closed timelike curves that are evident from its description
as S' x §971 /75 with timelike S*. This problem can be fixed by instead considering the
universal cover Md =R x §%71 10 which is simply the Lorentzian cylinder. It was shown
in [53] that Wightman functions of a CFT on R?~1! can be analytically continued to Ma.
Indeed, one can first Wick-rotate the CFT to R? map it conformally to the Euclidean
cylinder R x S9! and then Wick-rotate to My (of course the actual proof in [53] is
more involved).

To describe coordinates on Md, it is convenient to first consider the null cone in R%2
mod R,. Tt is equivalent to S* x S9! defined by

(X2 4+ (X2 = (XY 4. 4+ (XDH2 =1, (2.6)

9In M the infinite future, the infinite past and the spatial infinity of Minkowski space are identified.
The past neighborhood of the future infinity, the future neighborhood of the past infinity and the spacelike
neighborhood of the spatial infinity together form a complete neighbourhood of the space-time infinity
in Mj.

0For d = 2 this is not the universal cover.



and we can use the parametrization

X1 = COS T,
X0 =sinr,
Xi=¢, i=1...d, (2.7)

where € is a unit vector in R?. Here 7 is the coordinate on S* with identification 7 ~ 7427,
and taking the universal cover is equivalent to removing this identification. The coordinates
(1,€) with 7 € R then cover Mvd completely. Minkowski space My can be conformally
identified with a particular region in Mvd by using the embedding (2.5). This gives

0 sin T

r = —,
COST + €

I‘Z:ﬁ, Zzl,d—l, (28)
COST + e

in the region where cos 7+e? > 0 and —7 < 7 < 7. This region consists of points spacelike
separated from 7 =0, €= (0,...,0,—1), which is the spatial infinity of M (see figure 2).
We will refer to this particular region as the (first) Poincare patch. Note that the null
cone in R%? modulo R contains two Poincare patches — one with X* > 0 and one with
XT < 0. The relation between Wightman functions on My and Md (in their natural

metrics) for operators reads as'!

n

(QO1(21) -+ On(@n)[Q g, = [[(cosTi + e])2(Q|O1 (71, 81) - - On(Tn, )| 7, (29)
=1

Let us discuss the action of the conformal group on Mvd. First of all, because we have
taken the universal cover of M9, it is no longer true that SO(d,2) acts on M. Instead,
the universal covering group SO(d,2) acts on M. Indeed, the rotation generator M_

generates shifts in 7 and in SO(d,2) we have e2™-

1.0 = 1, whereas this is definitely not
true on M, because 7 « 7 4 27. In the universal cover SO(d,2), this direction gets

decompactified so that the action becomes consistent.

2.1.1 Symmetry between different Poincare patches

There exists an important symmetry 7 of .//\/lvd that commutes with the action of §()(d, 2).
Namely, if we take a point with coordinates p = (7,€) and send light rays in all future
directions, they will all converge at the point Tp = (7 + m, —€). The points p and Tp in
Mvd correspond to the same point in M and thus 7 commutes with infinitesimal conformal
generators and therefore also with the full é(v)(d, 2).

When d is even, T lies in the center of Sﬁ(d, 2) and we can take

T = eﬂ’Mfl,O67|'M1,2+7FM3,4+...+7TMd71,d‘ (2_10)

1YWhen applied to operators with spin, this identity does not produce a nice function on ./\7,1, because in
typical bases of spin indices on Minkowski space translations in 7 act by matrices which have singularities.
Therefore, in order to have nice functions on Mg one has to perform a redefinition of spin indices [53].



For odd d only 772 lies in g()(d, 2). But if the theory preserves parity, i.e. we have an
operator P that maps ' — —z! in the first Poincare patch, then we can take

T = eWMo,A+7rM23+-..+7er—1,dP_ (2‘11)

If the theory doesn’t preserve parity, 7 can still be defined as an operation on correlation
functions in the sense specified below.

If T exists as a unitary operator on the Hilbert space (d even or parity-preserving theory
in odd d), then we can consider its action on local operators. For scalars we clearly have

To(x)T L = o(Tx), (2.12)

up to intrinsic parity in odd d. To understand the action of 7 on operators with spin, it is
convenient to work in the embedding space, where we have for tensor operators

TOX, Zy, Zay ... Z))T L = O(=X, =21, Zs,...,—Zn). (2.13)

Here the point —X is interpreted as the point in the Poincare patch which is in immediate
future of the first Poincare patch, and Z; are null polarizations corresponding to the various
rows of the Young diagram of O. Again, in odd dimensions we might need to add a factor
of intrinsic parity.

Note that the above action on tensor operators can be defined regardless of the dimen-
sion d or whether or not the theory preserves parity. We will thus define 7 as an operator
which can act on functions on /K/lvd according to

(T . O)(X, Zl, ZQ, e Zn) = O(—X, —Zl, —ZQ, ey —Zn), (2.14)

where again —X is interpreted as corresponding to 7x. As discussed above, in even
dimensions this always comes from a unitary symmetry of the theory defined by (2.10), but
in odd dimensions it may not be a symmetry (even if the theory preserves parity). In such
cases we can still use 7 thus defined to study conformally-invariant objects, similarly to
how we can separate tensor structures into parity-odd and parity-even regardless of whether
the theory preserves parity. To have a uniform discussion, we will use this definition of T
action in the rest of the paper.
Finally, let us note that in even dimensions for tensor operators

TO()|Q) = ™ AN O(x)|),
(QO(z)T = ™ AHNQ|O(x), (2.15)

where N is the total number of boxes in the SO(d — 1,1) Young diagram of O. This
follows from the fact that the representation generated by O acting on the vacuum is
irreducible. One can check the eigenvalue by considering this identity inside a Wightman
two-point function. The same relation holds in parity-even structures in odd dimensions
(in particular, in two-point functions) and with a minus sign in parity-odd structures.
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Figure 3. 1 is spacelike from 2 (1 & 2) if and only if 1 is in the future of 2~ and the past of 27
(27 <1 < 2%). The figure shows the Lorentzian cylinder in 2-dimensions. The dashed lines should
be identified.

2.1.2 Causal structure

The action of S/\é(d, 2) on M preserves the causal structure of the Lorentzian cylinder [53].
This property will allow us to define conformally-invariant integration regions. We usually
label points in Md by natural numbers and we write 1 < 2 when point 1 is inside the past
lightcone of 2 and 1 ~ 2 when 1 is spacelike from 2. Furthermore, we write 1* for 7+'1
(more generally, 17* for 7%%1). That is, 11 is the point in the “next” Poincare patch with
the same Minkowski coordinates as 1. Similarly, 1~ is the point in the “previous” Poincare
patch with the same Minkowski coordinates as 1. Some causal relationships between points
can be written in different ways, for example 1 & 2 if and only if 27 < 1 < 2% (figure 3).

2.2 Review: representation theory of the conformal group

We will also need some facts from unitary representation theory of the conformal groups
SO(d + 1,1) and SO(d,2). These groups are non-compact and their unitary representa-
tions are infinite-dimensional. We will mostly be interested in a particular class of unitary
representations known as principal series representations, and also their non-unitary ana-
lytic continuations.

Unitary principal series representations of SO(d + 1,1) are the easiest to describe. In
this case, a principal series representation €a , is labeled by a pair (A, p), where A is a
scaling dimension of the foom A = ¢ +is with s € R and an p is an irreducible SO(d)
representation. The elements of £a , are functions on R? (more precisely, on the conformal
sphere S¢) that transform under SO(d + 1,1) as primary operators with scaling dimension
A and SO(d) representation p. The inner product between two functions f%(x) and g%(x)
(where a is an index for p) is defined by

(f.9) = / dha(f2(2)) %), (2.16)

- 11 -



This is positive-definite by construction. It is conformally-invariant because while g trans-
forms with scaling dimension A = % +is in p of SO(d), f* transforms with scaling dimen-
sion A* = ¢ —is in p* of SO(d), and thus the integrand is a scalar of scaling dimension
A + A* = d, as required for conformal invariance. The representations £a , are important
because the representations of primary operators that appear in CFTs are their analytic
continuations to real A.'2 Also, &A,p appear in partial wave analysis of Euclidean correla-
tors [42].

The pair (A, p) can be thought of as a weight of the algebra soc(d + 2) if we define
—A to be the length of the first row of a Young diagram, and use the Young diagram
of p for the remaining rows. Through this identification, the unitary representations of
SO(d+ 2) have non-positive (half-)integer A. For SO(d+1, 1), we instead have continuous
A because the corresponding Cartan generator D oc M_1 441 of SO(d+1,1) is noncompact
(i.e. it must be multiplied by i in order to relate the Lie algebra so(d+ 1,1) to the compact
form so(d + 2)).

In SO(d,2) there are two noncompact Cartan generators (D and My;), and both of
their weights become continuous. Thus, the unitary principal series representations P jx
for SO(d, 2) are parametrized by a triplet (A, J, \), where A € % +1iR, J € —% + R and
A is an irrep of SO(d — 2). Here the pair (J, \) can be thought of as a weight of SO(d),
where J is the component corresponding to the length of the first row of a Young diagram.
In this sense we have a continuous-spin generalization of SO(d) irreps.

To make sense of functions with continuous spin, we follow the logic described in the
introduction. Let us first review the case of integer spin, and take A to be trivial for
simplicity. The elements of integer spin representations are tensors that are traceless and

symmetric in their indices
frYRI (7). (2.17)

We can always contract f with a null polarization vector z* to obtain a homogeneous
polynomial of degree J in z,

flx,z) = M1 (2)z,, - 2, (2.18)

The tensor fH1HJ(x) can be recovered from f(z,z) via

1
Sy () = J'WDM Dy, f(z,2), (2.19)
()
where
d—2 oy 0 1 o
D= (424, 2) 2 2, O 2.2

. < y 7 8z> Dzl 271922 (2:20)

is the Thomas/Todorov operator [54-56]. Thus, the two ways (2.17) and (2.18) of repre-
senting f are equivalent.

121t will not be important to give a precise meaning to this “analytic continuation”; in most of the
paper we only use £a,, as a guide for writing conformally-invariant formulas. The same remark concerns
representations of SO(d,2) below.
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The generalization to continuous spin is now as stated in the introduction: we can
consider functions f(z,z) that are homogeneous of degree J in z, where J is no longer an
integer and f(x,z) is no longer a polynomial in z. More precisely, the elements of Pa s
are functions f(z,z) with x € Mg and z € Riﬁl’l a future-pointing null vector that are

constrained to satisfy
f(z,az2) =a’ f(z,2), a>0. (2.21)

The object f(x,z) transforms under conformal transformations in the same way as func-
tions of the form (2.18) would. The operation of recovering the underlying tensor (2.19)
only makes sense when J is a nonnegative integer.'3

To describe representations Pa jx with non-trivial A\, we can make use of an analogy
between the space of polarization vectors z and the embedding space. The embedding
space lets us lift functions on R? with indices for an SO(d) representation to functions on
the null cone in d + 2 dimensions with indices for an SO(d + 1, 1) representation. In the
present case, A is a representation of SO(d — 2), so we can lift it to a representation of
SO(d —1,1) defined on the null cone 22 = 0 in a similar way. For example, if A is a rank-k

tensor representation of SO(d — 2), then we consider functions
for-t(z, z), (2.22)

with a; being SO(d — 1,1)-indices, where f obeys gauge redundancies and transverseness
constraints [58]

fa1~~~ak (x’ Z) ~ fal...ak (33, Z) 4 Qi p01-i—1Git 1.k (:L’, 2)7 (223)
Za, [ (2, 2) = 0. (2.24)

Additionally, f should be homogeneous (2.21) and satisfy the same tracelessness and sym-
metry conditions in a; as A-tensors of SO(d — 2).!* Other types of representations can be
described by adapting other embedding space formalisms. In most of this paper we focus
on trivial A for simplicity.

We can define an inner product for Lorentzian principal series representations by

(f,g9) = /dd:de_zzf*(m,z)g(x,z), (2.26)
o d¥20(2%)6(2?)
D2, = TR (2.27)

13 Also, f (z, z) should satisfy a differential equation in z. This differential equation is conformally invariant
and is essentially a generalization of the (d — 2)-dimensional conformal Killing equation, similarly to the
equations discussed in [57]. Such equations only exist for nonnegative integer J and express the fact that
f(zx, z) is actually polynomial in z.

14To make more direct contact with integer spin, instead of (2.23) one can use

Dg, f* % (x,2) =0, (2.25)

where D is the Todorov operator acting on z. In this case, for integer spin tensors the function f*'%(z, z)
is given simply by contracting z, with the first-row indices of the tensor.
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Here the integral over z replaces the index contraction that we would use for integer J. The
measure for z is manifestly Lorentz-invariant and supported on the null cone. Together
with the measure, the integrand is invariant under rescaling of z. Thus, we obtain a finite
result by dividing by the volume of the group of positive rescalings, vol R . The z-integral
is exactly the kind of integral considered in [34] in the context of the embedding space
formalism. Here, we have adapted it to describe SO(d — 1, 1)-invariant integration on the
null cone 22 = 0.

In section 2.3 we will use analytic continuations of Pa_; to find interesting relations for
primary operators in Lorentzian CFTs. But before we can do this, we should note that these
representations are constructed on M9, which is unsatisfactory from the physical point of
view. We can construct similar representations of g\(/)(d, 2) consisting of functions on Mvd,
which we call ﬁ& Jx- These representations behave very similarly to Pa_ s but there is an
important distinction. While the representations Pa j are generically irreducible, their
analogues ﬁA, s are not. Indeed, the action of 7 on /Wd commutes with the action of
éf)(d, 2) and thus 7’5& 7,» decompose into a direct integral of irreducible subrepresentations
in which 7T acts by a constant phase.

2.3 Weyl reflections and integral transforms

Given the principal series representations described in section 2.2, we can ask whether
there exist equivalences between them. Equivalent representations must have the same
eigenvalues of the Casimir operators,'® and these eigenvalues are polynomials in the weights
(A, p) (for SO(d+1,1)) and (A, J,\) (for SO(d,2)). For example, the quadratic and quartic
Casimir eigenvalues for Pa_; (with trivial A) are

Co(Pag) = AA —d) + J(J +d—2),
Ca(Pay) = (A—1)(d—A—1)J(2—d—J). (2.28)

The “restricted Weyl group” W is a finite group that acts on these weights, doesn’t mix
discrete and continuous labels, and leaves the Casimir eigenvalues invariant. Conversely,
if two principal series weights have the same Casimirs, they can be related by an element
of W',

For example, in the case of SO(d + 1, 1), the restricted Weyl group is W' = Zo. Its
non-trivial element S € W' acts by

SE(A,p) = (d— A, IOR)7 (2.29)

where pf is the reflection of p. Other transformations exist that leave all Casimir eigen-
values invariant, but Sg is the only one that does not mix the integral weights of p with
the continuous weight A.

In the case of SO(d,2), there are two continuous parameters that can mix, and thus
the restricted Weyl group W' is larger. It is isomorphic to a dihedral group of order 8,

5Here we mean all Casimir operators, not just the quadratic Casimir.
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w order A/ J’ N
1 1 A J A
Sa = LS,L 2 d—A J A\
Sy 2 A 2—d—J MNE
S =(S;L)?| 2 d—A  2—-d—J A
L 2 1—J 1-A A
F =S,LS; 2 | J+d—-1 A—d+1 A
R =8S,L 4 1—J A—d+1 M\
R =1L1S; 4 J+d-1 1-A AR

Table 1. The elements of the restricted Weyl group W’ = Dg of SO(d, 2). Each element w takes
the weights (A, J,A) to (A, J’,X'). The order 2 elements other than S are the four reflection
symmetries of the rectangle, while S is the rotation by 7. The center of the group is ZDg = {1, S}.
Finally, the element R is a 7/2 rotation. The group is generated by L and S;, with the relations
L? =82 = (LS,)* = 1.

W' = Dg.'6 This group has a faithful representation on R? where it acts as symmetries of
the square. Its action on A = % +isand J = —% +iq can be described by taking s and
g to be Cartesian coordinates in this R?. It is easy to see that this action preserves the
eigenvalues (2.28). Altogether, the elements of W’ are given in table 1.17

As mentioned above, the representations defined by weights in an orbit of W’ have
equal Casimir eigenvalues, which means that potentially they can be equivalent. This
indeed turns out to be true [62, 63]. Equivalence of representations means that there exist
intertwining maps between £a ,) and Eya p), as well as between P 5 x) and Py, sz for
all we W'

The intertwining map between SO(d + 1,1) representations €a , and E;_x ,r is well-
known [33, 34, 42]: it is given by the so-called shadow transform

O%z) = Spl0]*(2) = / dz' (0%(x) O} (")) O (a). (2.30)

Here O € Ea—npry O € En,p, we use dagger to denote taking the dual reflected repre-
sentation of SO(d), and <(’3“(x)(5g(a:’ )) is a standard choice of two-point function for the
operators in their respective representations. The integration region is the full R? (more
precisely, the conformal sphere S¢).

According to our discussion above, in Lorentzian signature there should exist 6 new
integral transforms, corresponding to the other non-trivial elements of W’. There in fact
exists a general formula for these transforms, valid for any element of W’ [62, 63].'® How-

16This also turns out to be the Weyl group of BC» root system, which was recently studied in the context
of conformal blocks in [59, 60]. It would be interesting to better understand the connection of the present
discussion with that work.

To check that the action on ) is as in the table, one can consider the 4d case. The eigenvalues of all
3 Casimirs of SO(2,4) are written out, for example, in appendix F of [61] with £ = J + X\, € =J — X and
AR = —\. More generally, by solving the system of polynomial equations expressing invariance of these
explicit Casimir eigenvalues, one can check that W' is indeed isomorphic to Ds.

18T the mathematical literature, these transforms are known as Knapp-Stein intertwining operators.
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ever, it is most naturally written using a different construction of Pa z, and the conversion
to the form appropriate for our purposes is cumbersome.'® Thus instead of deriving these
transforms from the general result we will simply give the final expressions and check
that they are indeed conformally-invariant. Furthermore, we will lift these transforms to
representations ﬁA, Jx of SAé(d, 2).

Although the Lorentzian transforms we define are only necessarily isomorphisms when
acting on principal series representations Pa ;. , it is still interesting to consider the analytic
continuation of their action on other representations, like those associated to physical CFT
operators. For example the action of L will be well-defined on physical local operators.
The result of this action will generically be a primary operator with non-integer spin. One
can then ask how such operators make sense in a CF'T and what properties do they have.
In this and the following sections we will be able to answer these question by studying the
examples provided by integral transforms. In appendix A we study the same questions on
more general grounds (by using unitarity, positivity of energy, and conformal symmetry)
and reach similar conclusions.

2.3.1 Transforms for SA,Sy, S

Let us start with the Lorentzian analogue of (2.30). The idea is to essentially keep the
form (2.30) while generalizing to continuous spin,

SA[O)(@,2) = i / 1 O e = 2)2), (2.31)

r'~x

L
I"(z) = 6" — 2%. (2.32)

The integrand is conformally-invariant because I(x — 2’) performs a conformally-invariant
translation of a vector at x to a vector at x’. The factor of i is to match a Wick-rotated
version of the Euclidean shadow transform, although we still have S = (—2)7/Sa after
Wick rotation because of our convention for two-point functions (A.24).

We must specify a conformally-invariant integration region for z/. The essentially
unique choice is to integrate over the region spacelike separated from x. If z is at spatial
infinity of My, then this region is the full Poincare patch My C Md, and for integer J the
integral is simply the Wick rotation of the Euclidean shadow integral (2.30). If, however,
x is inside the first Poincare patch, then the integral extends beyond the first Poincare
patch on the Lorentzian cylinder Mvd. All other conformally-invariant regions defined by
x are translations of the spacelike region by powers of 7 or unions thereof. The two-point
function in these regions differs from the two-point function in the spacelike region only
by a constant phase, and thus the most general choice of Sa differs from the above by
multiplication by a function of 7.2 The possibility of multiplying by a function of T
is present for all the transforms we consider and we just make the simplest choice. The
choice (2.31) is natural because of its relation to (2.30).

19Gee [42] for an example of this conversion in the case of the shadow transform (2.30).
20In particular, there is no ambiguity in representations Pa, s of SO(d,2).
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For Sy, the integral transform is
Ss0](z, 2) = /Dd_Qz/(—Z z- 2?70z, ), (2.33)

where the measure D% 22 is defined in (2.27). We call this the “spin shadow transform.”
Note that this is essentially the same as the shadow transform in the embedding space [34],
with X replaced by z and d replaced by d — 2.

The transform for S, which we call the “full shadow transform,” is simply the compo-
sition of the commuting transforms for Sp and Sy,

—9 . p)\2—d=J
S[0](x,2) = (8,84)[0)(, 2) = i / ' DT ((f_ m/)z)(d_m

‘ o (=22 I(x — 2224
~ Sa80)w2) =i [ atarpi! (x(_m,)ui_ﬁ)

TRT

o', I(x —2')2")

o', 7).

(2.34)

These two forms of S are equivalent because I(x — 2')? = 1, for spacelike z — 2’ I(x — ')
is an element of the orthochronous Lorentz group O*(d — 1,1), and the measure of the
2-integration is invariant under O*(d — 1, 1).

The second line of (2.34) can also be written as
S[O|(x, z) = z/ d?z' D2 (05 (z, )05 (2, 2)O(2, ') (2.35)

where OS5 denotes the representation with dimension d — A and spin 2 — d — J. Here, we
are using the following convention for a two-point structure

(Ofa1, )0, 29)) = 2L I(f;” )’ (2.36)

L1

which differs by a factor of (—2)” from some more traditional conventions. Our conventions
for two- and three-point structures are summarized in appendix A.3

2.3.2 Transform for L
The integral transform corresponding to L is

+oo

L[O](z, 2) :/

—0o0

da (—a) 2770 (m — 2, z) . (2.37)

Because it involves integration along a null direction, we call L the “light transform.”
Although most of the transforms in this section are only well-defined on nonphysical repre-
sentations like Lorentzian principal series representations, the light transform is significant
because it can be applied to physical operators as well. Note that it converges near a = +o00
only for A4 J > 1.2! In unitary theories it can therefore be applied to all non-scalar oper-
ators and to scalars with dimension A > 1 (which includes all non-trivial scalars in d > 4).

#1For Lorentzian principal series Re(A+J) = 1 but for non-zero Im(A + J) the integral still makes sense.
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Figure 4. The contour prescription for the light-transform. The contour starts at x € My and
moves along the z direction to the point z+ = 7Tz in the next Poincare patch T M.

Before discussing conformal invariance, let us describe the contour of integration in
more detail. The integral starts at o = —oo, in which case the argument of O is simply «.
It then increases to o = —0, and in the process O moves along z to future null infinity in
M. As a crosses 0, the integration contour leaves the first Poincare patch Mg and enters
the second Poincare patch T My C Mvd. Finally, at & = +o00 it ends at T2 € TMy. In
other words, the integration contour is a null geodesic in Mvd from x to Tx with direction
defined by z (figure 4). This is obviously a conformally-invariant contour.

It turns out that no phase prescription is necessary to define (—a)~2~7 for a > 0,
because the naive singularity at o = 0 is cancelled in correlators of O. To see this, note
that (2.37) is equivalent to the following integral in the embedding formalism of [58],

L[O](X,Z) = /_:O da (—a)™2770 <X — g Z)
400
= /_OO daO(Z — aX,—-X), (2.38)

where in the second equality we used the homogeneity properties of O(X, Z) in the region
a < 0, together with gauge invariance O(X, Z 4+ X) = O(X, Z). In (2.38) it is clear that
the point a = 0 is not special (see also appendix B.1 for yet another explanation).

The embedding space integral (2.38) makes conformal invariance of the light-transform
manifest: it is SO(d, 2) invariant, and gauge invariance

L[O|(X, Z + 8X) = L[O)(X, Z) (2.39)

can be proved by shifting a by 5 in the integral. It is also clear from homogeneity in X and
Z that the dimension and spin of L[O](X, Z) are 1 — J and 1 — A, respectively. (Note that
the parameter o carries homogeneity 1 in Z and —1 in X.) Finally, (2.38) confirms the
prescription that the integral goes between x and Tx. Indeed, according to the discussion
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in section 2.1 the embedding space covers two Poincare patches and 7 X is simply —X.
The integral in (2.38) starts at the argument Z 4 coX which is the same as X modulo R4
and ends at Z — coX which is —X = T X modulo R,.

Let us describe another way of writing L that will be useful. Equation (2.37) expresses
L in a conformal frame where z is in the interior of a Poincare patch. In this case, the
integration contour extends from one patch into the next. However, if we place x at past
null infinity, the integration contour fits entirely within a single Poincare patch. Specifically,
in the integral (2.38), let us set??

Z = (Ly%y),
X =(0,-2y-z,—2) (2.40)
to obtain
L[O](z, 2) = / da Oy + az, 2). (2.41)

Here, z = y — coz. Equation (2.41) is simply the integral of O along a null ray from past
null infinity to future null infinity, contracted with a tangent vector to the ray. As an
example, the “average null energy” operator is given by

E= /_OO daTy, (az)z!'z” = L[T](—o0z, 2), (2.42)

where T}, is the stress tensor. It follows from our discussion that £ transforms like a
primary with dimension —1 and spin 1 — d, centered at —ooz.

2.3.3 Transforms for F,R,R

The transforms for the remaining elements F, R, R € Dg are compositions

F = SJLSJ,
R = SJL,
R=LS,. (2.43)

For example,
F[O)(z,2) = / d'CDT?S(¢P)0(C0)(—2¢-2) T (=2¢ )2 O(e+(, ) (244)

+ / d'CDI225(¢*)0(C°)(-2¢#) T (=202) AT HTO) (¢, ).

22This choice reverses the role of X, Z relative to the usual Poincare section gauge fixing. However, it
still satisfies the required conditions X? = Z? = X - Z = 0. To obtain these expressions, consider the usual
Poicare coordinates for a point shifted by —Lz for large L,

X =(1,(x— L2)*,x — Lz) ~ L x (0, =2z - z, —2),
Z=(0,2z-z,2)=L"x ((l,xQ,x) - X),

from where the new gauge-fixing follows.
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Note that here the second term involves an integral over the second Poincare patch
TMyg. Similarly to the light transform, here we integrate over all future-directed null
geodesics from x to Txz. Because we integrate over all null directions, we call F the
“floodlight transform.”

Similarly, we have

R[O](z, 2) = / dCH(C)0(C0)(~22 - )V HAO@ + (,0)
+ / 2B (~22 - O HA(TO) (& — ¢, C), (2.45)

R[O](z,2) = / daD¥2 (—q) " A2HH (L9, ,1y2-d=T 0 (a: - 2 z’) . (2.46)

As an example, R[T] = S;[L[T]] is given by integrating the average null energy oper-
ator £ = L[T] over null directions. This is equivalent to integrating the stress tensor over
a complete null surface, which produces a conformal charge. We can understand this more
formally as follows. Note that the dimension and spin of R[] are given by

R(d,2) = (—1,1). (2.47)

These are exactly the weights of the adjoint representation of the conformal group. Con-
servation of T# ensures that R[T] transforms irreducibly, so that it transforms precisely
in the adjoint representation. In other words, conservation equation for 7" becomes the
conformal Killing equation for R[T]. It can thus be written as a linear combination of
conformal Killing vectors (CKVs):?3

R[T(z,2) = Q" wj(2)2,
=K -2—2(x-2)D+ (22, — 2p2))M"P +2(x - 2)(x - P) — (2 - P). (2.48)

Here, A is an index for the adjoint representation of the conformal group, w/i(z) are CKVs,
and the Q* are the associated charges. On the second line, we’ve given the charges their
usual names. We can see from (2.48) that inserting R[T] at spatial infinity z = co gives
the momentum charge. This is a familiar fact from “conformal collider physics” [41].
Similarly, when J is a conserved spin-1 current, R[J] has dimension-0 and spin-0, which
are the correct quantum numbers for a conserved charge.

2.4 Some properties of the light transform

As noted above, the light transform of the stress-energy tensor is the average null energy
operator L[T] = £. The average null energy condition (ANEC) states that £ is non-
negative,

(T|E|T) > 0. (2.49)

#3See [57] for more discussion of writing finite-dimensional representations of the conformal group in
terms of fields on spacetime.
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Non-negative operators with vanishing vacuum expectation value (Q|€]€2) = 0 must nec-
essarily annihilate the vacuum |Q) [64].24%% Indeed, using the Cauchy-Schwarz inequality
for the inner product defined by &, we find

(TEIQ) < (TE[w)(QIE]) =0 (2.50)

for any state |¥). Thus £|2) = 0.

In fact, we know that L[O]|Q2) = 0 for any local primary operator O — not just the
stress tensor. Indeed, if O has scaling dimension A, then L[O] has spin 1 — A, which in
a unitary theory is a non-negative integer only if A = 0 or A = 1. However, in these
cases J = 0 and the light transform diverges. For all other scaling dimensions L[O] is a
continuous-spin operator and thus must annihilate the vacuum. This makes it possible for
other null positivity conditions (like those proved in [46] and section 6) to hold as well. In
the rest of this subsection we check explicitly that L[O]|Q2) = 0 for all A+ .J > 1 and make
some general comments about properties of L.

Lemma 2.1. The light transform of a local primary operator, when it exists (i.e. A+J >1),

annihilates the vacuum,?®

L[O]|Q) = 0. (2.51)
Proof. We will show that for any local operators V;,
(QVa(zn) - - Vi(21)L[O](y, 2)[2) = 0, (2.52)

which implies the result. Let us work in a Poincare patch where y is at past null infinity
and for simplicity assume that the x; fit in this patch; other configurations can be obtained
by analytic continuation. Using a Lorentz transformation we can set z = (1,1,0,...,0)

and parameterize the light transform contour as xg = (”5“, ”g“, 0,0,.. ) for v € (—o0, 00).

We are then computing

/OO dv(Q Vi (zn) - - Vi(21)O(20, 2)|) =

= 1ir£0 dv(QVy(zy, — ineep) - - - Vi(z1 — ieep) O(xo, 2)|82), (2.53)
€E— —50

where €y is the future-pointing unit vector in the time direction. The above ie prescription
arranges the operators so that they are time-ordered in Euclidean time, and this is precisely
how the Wightman function should be defined as a distribution. Let us now write

xp —ikeeg = yp +1iCx, k=0,1,...n, (2.54)

24We thank Clay Cérdova for discussion on this point.

ZIntuitively, the vacuum must contain the same amount of positive-£ states and negative-€ states in
order for (Q|€]€2) to vanish. Since there are no negative-£ states, the vacuum only contains vanishing-&
states and is thus annihilated by £.

26For general spin representations J must be replaced by the sum of all Dynkin labels with spinor labels
taken with weight %
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Figure 5. Relationships between the imaginary parts (. A deformation of v in the positive
imaginary direction is shown in blue.

where both y;, and (j, are real vectors. Positivity of energy implies that Wightman functions
are analytic if (; is in the absolute future of (;; for all k [65]:%7

Go>C > > (o (2.55)

This condition clearly holds when the xj are real. If we then give an arbitrary positive
imaginary part to v while keeping u and other components of z( fixed, {y = Im(v)z will
remain in the future of {; = —eey (see figure 5). Therefore, the integrand is an analytic
function of v in the upper half plane. If we can close the v contour in the upper half plane,
that would imply the required result.

According to the discussion around (2.37), conformal invariance implies that the inte-
gral (2.37) is regular as & — —0, which in turn implies that the integrand of (2.53) decays
as [v|7277 for real v. We will now show that this is also true for complex v in the upper
half-plane, so we can close the contour as long as A + J > 1.

To compute the rate of decay in v, we can use the OPE for the operators V;, which
converges acting on the left vacuum.?® The leading contribution at large v will be from O
in this OPE, leading to a two-point function of O. Because v is moving in the direction of
its polarization z, the decay of this two-point function is governed not by A but by A+ J.
Indeed, we need to consider the two-point function

(0(0,2")O(u,v; 2)). (2.56)

The problem is then essentially two-dimensional: the statement that v is along z means
that O has definite left and right-moving weights of the 2d conformal subgroup. Invariance

2TFor example, it is easy to check that under this condition (yix + iCix)? # 0 for all y;x, and thus there
are no obvious null cone singularities. More generally, see appendix A.

Z8For this argument it is important that ie-prescriptions and positive imaginary part of v smear the
operators so that we are working with normalizable states. An argument from the Euclidean OPE is that
the ie shifts separate the operators on the Euclidean cylinder, and Lorentzian times do not affect convergence
of the OPE. The operators in the right hand side of the OPE can be placed anywhere in Euclidean future of
O. Alternatively to (but not logically independently from) the OPE argument, we could have just started
with (Q|OL[O]|Q) in the first place, since states of the form [ d%zf(z)(Q|O(z) are dense in the space of
states which can have a non-zero overlap with L{O]|Q).
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under the 2d conformal subgroup then selects the component of 2z’ with the same weights,
so the two-point function is proportional to

, (le o Z/O)J
Let us see this explicitly in the case of traceless-symmetric tensor O,
2 TM (20)2,)”
(00,0 2)) o LB (2.58)
where we have xzg = %UZ + %uzJ-. Here 2+ = (—1,1,0,...) is the basis vector for the u
coordinate and we have (z - z+) = 2. The numerator is then
2u (1 1
2, 1" (20)z = (2 2) — U—Z <2(z’ - zZ)v + 5(2’ : zJ‘)u) = (1 - z’o)%. (2.59)

This indeed leads to the expected form (2.57).
In summary, we can close the v contour in the upper half plane to give zero whenever

A+J>1. O

Recall that the condition A 4+ J > 1 is true for all non-scalar operators in unitary
CFTs, and for all non-identity scalar operators in d > 4 dimensions.

As as simple corollary of lemma 2.1, light transforms of local operators not acting on
the vacuum can be expressed in terms of commutators. For example,

(QO1L[03]02]Q2) = (][0, L[03]]02|Q2) = (2|01 [L[Os], O2]|€2). (2.60)

Note that these commutators vanish at spacelike separations, so the integral in the light
transforms only receives contributions from timelike separations. More explicitly, we can
understand the commutators (2.60) as follows. In the integral

/_OO da(—a) =27 (901 Os(x — =0, )| ), (2.61)

there is one singularity in the lower half-plane where 3 becomes lightlike from 1 and another
in the upper half-plane where 3 becomes lightlike from 2 (figure 6). If we deform the
contour to wrap around the first singularity (3 ~ 1), we obtain the commutator [O1, Os);
if we deform the contour around the second singularity (3 ~ 2), we obtain [O3z, Os).
Lemma 2.1 has the following simple consequence for time-ordered correlators:

Lemma 2.2. Let O be a local primary operator with A+J > 1. In a time-ordered correlator
(Vi...VaL[O))q, (2.62)

if the integration contour of L|O] crosses only past or only future null cones, the transform
1s zero. Note that on the Lorentzian cylinder, generically, the contour crosses the null cone
of each V; exactly once.
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3~ 2
(o

°
3~ 1

Figure 6. Contour prescriptions for the « integral in the light transform of a three-point func-
tion (2.60). The black contour corresponds to (©2|O1L[O3]02|2), the blue contour corresponds to
(Q[01,L]035]]02|?), and the red contour corresponds to (©2|O1[L[O3], O2]|N).

Note that here the notation (2.62) means that L is applied to a physical time-ordered
correlation function, as opposed to time-ordering acting on the continuous spin operator
L[O]. (Since continuous spin operators are necessarily non-local, it is unclear how to
define the latter time-ordering in a Lorentz-invariant way, see appendix A.) We also use
the subscript 2 to stress that we mean a physical correlation function, as opposed to a
conformally-invariant tensor structure.

Finally, let us note that if we use the usual Wightman ie-prescription,?” the light
transform of a Wightman function is an analytic function of its arguments, including the
polarizations. This follows simply from the fact that it is an integral of an analytic function.
This is consistent with our statements concerning analyticity of Wightman functions of
continuous-spin operators in appendix A.

2.5 Light transform of a Wightman function

As a concrete example, and because it will play an important role later, let us compute
the light-transform of the Wightman function

J
(22 - To3 1‘%3 — 2z - 113 x%B)
<0|¢1 (1’1)0(1’3, Z)¢2($2)‘0> - A+As—A+T A +A—Ao+J Aot A—A1+J’
L12 T3 Log

(2.63)

where ¢; are scalar operators with dimensions A;, and O has dimension A and spin J. (Our
three-point structure normalization differs by a factor of 2/ from some more conventional
normalizations. Our conventions are summarized in appendix A.3.) In the above expres-
sion, the Wightman e prescription is implicit. As discussed at the end of the introduction,
we use the convention that expectation values in the state |©2) denote physical correlation
functions, whereas the expectation values in the state |0) denote two- or three-point ten-
sor structures fixed by conformal invariance. The same comment applies to time-ordered
correlation functions (---)q and (- --) respectively.

Because the light-transform of a local operator annihilates the vacuum (lemma 2.1), it
is equivalent to the commutators

(01¢1L[O]¢2]0) = (061 [L[O], $2]|0) = (0][¢1, L[O]]¢2|0). (2.64)

2In other words, add small Euclidean times to the operators to make the expectation value time-ordered
in Euclidean time.
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Figure 7. Causal relationships between points in the light transform (2.64). The original integra-
tion contour is the union of the solid blue line and the dashed line. The solid blue line shows the
region where the commutator [¢1, O] is non-zero.

Specifically, let us compute the third expression above,

—+00

<0[¢1($1),L[O](az3,z)]¢2(a:2)\()>:/

—0o0

da(—a) "2 (0] [61(21),0 (w52, 2) | én(w2) 0).
(2.65)

Since the light transform of a Wightman function is analytic (see section 2.4 and
appendix A), we can compute it for any choice of causal relationships, and obtain the answer
for other configurations by analytic continuation. We will work with the configuration in
figure 7. All points lie in a single Poincare patch. The points 1 and 2 are spacelike separated,
and the integration contour starts at 3 < 1 and ends at 37 > 2. The commutator [¢1, O]
vanishes at spacelike separation, so the upper limit of the integral (2.65) gets restricted to
the value of a when 3 crosses the past null cone of 1.

In our configuration, we have

(z-x13) <0, (2.66)
plrrms) oy em) (2.67)
13 23

The first inequality follows because z and x13 are future-pointing and x13 is not null. The
second inequality expresses the fact that the null cone of 1 is crossed before the null cone
of 2.

Taking into account that z3; = ¢™|x%,| for the ordering ¢;0 and x%; = e~ |23, for
the ordering O¢1, and restricting the range of integration to the past lightcone of 1, we find

(O[[¢1(21), L[O])(3, 2) p2(22)|0) =

A1+ A—Ax+J _2(z-;13) (22'33 222 —2z 21373 )J
1+ ot ©3q da(_a)_A_J 23 L1713 13 23
2 o x1A21+A2—A+J

=—2isin7 At A_Aptd Dot A=A+
| Loy

(2.68)

‘1'13/

where 74 = x3 — z/a. Note that the factor (...)7 in the numerator is independent of o
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because z is null. We thus need to compute

_ 2(zr713)

1 1
13 da(—a)fA*J
/OO |1-13,|A1+A—A2+Jx2A32I+A—A1+J

+o00 1
- /2(“7;13) do 2 Aj+A—Ao+J 9 Ao+A—A1+J
2, laxis — 2(z - 213)] 2 (ax5q —2(2 - 23)) P

CT(A+J - 1T (1 — attizfet))
- T (A—Al—Qi-AQ-i-J)

1 <2(z~3313) 2(2'3”23))1_A_J.

X
213 |A1+A7A2+J:B2A32+A*A1+J

(2.69)
33%3 33%3

By (2.66), o has constant sign, which allows us to go to the second line. Because of (2.67),

_)17A7J

the function of z which enters (.. is positive, so the result is well-defined.

Putting everything together, we find

(0]¢1(21) L[O](w3, 2) d2(x2)]0)

2 2 \1-A
(22 “T93 T3 — 22 X13 x23)

= L(¢1¢2[0]) A +Ag—(1—J)+(1-A)

Aj+(A—-J)—Ax+(1-4) Ag+(1—-J)—A1+(1-A)
5“%2 2 (*93%3) 2 (5533) 2
(2.70)
where
) ra+J-1
L(¢192]0]) = —2mi ( ) (2.71)

F( A+A1;A2+J)F( A—A1-2"-A2+J) :

The result (2.70) indeed takes the form of a conformally-invariant correlation function of
¢1 and ¢ with an operator of dimension 1 — J and spin 1 — A. Note how continuous spin
structures arise in a natural way from the light transform. Note also that (2.70) is pure
negative-imaginary in the configuration of figure 7, where all quantities in the denominator
are real. This is related to Rindler positivity as we discuss in section 6.1.

Although we did the computation in a specific configuration, we have expressed the
result in terms of an analytic function of the positions. Because the result should be
analytic, the resulting expression (2.70) is valid for any configuration. The ie-prescription
in (2.70) is the same as for the original Wightman function. In particular, if we move x3
back into a configuration where all the points are spacelike separated, we obtain a phase

A +(1—J)—Ag+(1-A)
elﬂ' 3

(2.72)
coming from —a:%z,, becoming negative. This phase will play a role in section 2.7.

2.6 Light transform of a time-ordered correlator

Finally, let us discuss the light-transform of a time-ordered correlator (O102L[O3]). By
lemma (2.2), this is nonzero only if 27 < 3 < 1 (as in figure 7) or 17 < 3 < 2. In
the first nonzero configuration 27 < 3 < 1, the time-ordered correlator is equivalent to
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the Wightman function (0|0;030:]0) along the entire integration contour of the light
transform. The other nonzero configuration differs by 1 <+ 2. Thus, we have

(O102L[0s]) = (0|O1L[05]02]0)0(27 < 3 < 1) + (0|O2L[03]01]0)0(1™ < 3 < 2). (2.73)

Note that here the standard Wightman functions (0|O10302|0) and (0|O20301]0) (on
which the light transforms act) are related to each other by analytic continuation and not
by merely by relabeling the operators in the standard tensor structures (0]...|0).

For example, consider the three-point structure (2.63), now assumed to have ie pre-
scriptions appropriate for a time-ordered correlator. From (2.73) and our computation for
the Wightman function (2.70), the light-transform is

(0102L[O)(3,2)) = L(¢1$2[O]) (2.74)
(22 w23 273 —22 713 m§3)17A _
X A +Ag—(1—N)+(1—-A) A+(1—J)—Ag+(1—A) Aot+(1—J)—A1+(1—A) 0(2 <3< 1)
(z1, 2 (—275) 2 (33) 2
(-1)7 (2z~x13x§3—22-m23x%3)17A _
+ 5 tA, (- NI(-A) A TA—D -8yt (-4) o agaa (1 <3<2).
(212) 2 (z3) 2 (—233) 2

The factor of (—1)7 in the second term comes from the fact that the original structure
(p120) picks up (—1)7 when we swap 1 <+ 2.3

2.7 Algebra of integral transforms

The L-transformation in (2.70) has the curious property that L? is a nontrivial function of
A1, Az, A and J, even though it originates from a Weyl reflection (A, J) <» (1 —J, 1 — A)
that squares to 1. Specifically, its square acting on a three-point Wightman function is

given by
(0l¢1 (1) L*[O] (23, 2) d2(22)[0) = aa, 80,4, (0l¢1 (21)O(w3, 2)d2(22)|0), (2.75)
where
Ay An AT = €T LG14[OM) x T L(16[O)) (2.76)
_ T eim(A1—A2) _ em(Au))(em(AﬁAg) _ efifr(AJrJ))'

(A+J—1)Sin7r(A+J)(

The phases in the first line of (2.76) are from (2.72).

Note that the square of the light transform does give back a three-point function of
the same functional form as the original. However, the coefficient aa, A, A7 depends on
A1, As in a non-trivial way that cannot be removed by redefining L by some function of A, J
alone. This is in contrast to the Euclidean shadow transform, which squares to a coefficient
N (A, J) that is independent of the correlation function it acts on (appendix C.2).

39As we explain in appendix A, time-ordered correlators with continuous spin do not make sense, so we

must assume J is an integer in this computation. This means that the factor (—1)”

is unambiguous. The
light transform (¢1¢2L[O)]) still gives a sensible continuous-spin structure because the result (2.74) is no

longer a time-ordered correlator, e.g. it has f-functions.
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This “anomaly” in the group relation L? = 1 occurs for the following reason. The
group-theoretic origin of L only guarantees that it squares to a multiple of the identity when
acting on principal series representations Pa s defined on the conformal compactification
of Minkowski space M. However, here we are applying it to the space ﬁA, J defined on
the universal cover My. The squared transformation L2 still commutes with éz)(d, 2), so
it becomes a non-trivial automorphism of the representation ﬁA, J-

By Schur’s lemma, nontrivial automorphisms can only occur in reducible representa-
tions. Indeed, as discussed in section 2.2, 75A7 7 is reducible and its irreducible components
are the eigenspaces of 7. Within these irreducible components L? must act by a constant,
and thus we should have

L% = f.(A,J, 7). (2.77)

Furthermore, note that L2[O](z, 2) only depends on the values of O between z and T ?z.
This means that fr,(A, J,T) must be at most a quadratic polynomial in 7. Finally, because
L?[0] vanishes when acting on the past or future vacuum, fi,(A,J, T) should have roots at
the eigenvalues of 7 in O|Q) and (Q|O inside a correlation function,?" which are e*"(A+7),
In fact, as we show explicitly in appendix B.1,

L% = fL(AJ,T) =

™

(A+J—1)Sin7r(A+J)(

T — eiw(AJrJ))(T _ e*iﬂ'(A‘i’J)). (278)

This immediately implies (2.76) because em(A1-42) 5 the eigenvalue of ¢ acting on O in
the Wightman function (0|¢1(x1)O(z3, 2)p2(22)|0). To see this, write the action of 7 on

O as
(0l¢p1 (x1)TO(3,2) T " pa(2)|0) (2.79)

and use (2.15).

In fact, we can also turn this reasoning around and use the relatively simple computa-
tion (2.76) to fix the polynomial fi (A, J,T) in general. This will be helpful in appendix G
where we will need the statement that for general Lorentz irreps p the ratio

fL(Aap> T)
(T =T =27

where « is the eigenvalue in (2.15) corresponding to (A, p), is independent of 7.

(2.80)

More generally, this reasoning implies that relations between restricted Weyl reflections
w € Dg also hold for the corresponding integral transforms, but only up to multiplication
by polynomials in T with coefficients depending on A and J. In the remainder of this
section we derive these modified relations between integral transforms.

First of all, some relations hold by construction given the definitions in section 2.3,

S =8S,;SA =SASy,

F =S,LS,,
R =S,L,
R =LS;. (2.81)

31Here we need the adjoint action as @ — TOT !, cf. equation (2.15).
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Furthermore, we already know that (for simplicity, we consider only 75A, s with trivial X)

L2 = fL(A, J,7T), (2.82)
S% = fi(J), (2.83)

where we have suppressed the dependence on t. Here fi, is a quadratic polynomial in ¢
defined in (2.78), while f;(J) depends only on J and is equal to the square of Euclidean
shadow transform in d — 2 dimensions:

rd—1 1

falJ) = (J+ E2)sinn(J+ O T(~I)T(J +d—2)°

(2.84)

That is, f7(J) = N(—J,0) in d — 2 dimensions, where N'(A,J) in d dimensions is given
in (C.5). These equations allow us to compute

RR = fi,(A,2—d—J,T)f;(J]), (2.85)
RR = fi.(A, J, T)fs(1 = A). (2.86)

As we show in appendix B.2, there is another relation,
Sa =47 'LS,L. (2.87)
Together with S = S;SA = SAS this implies
S=iT'R2=iT 'R’ (2.88)
and thus we find

82 = ~TRR’ = ~T2f(A,2 = d— LTVl +d— 11— d+ A T)fs(1 - A).
(2.89)

Due to S%? = =T 2(S,L)* = =T 2(LS,)%, we also have

(LS, = (S/L) = fL(A,2—d— I, T)fs(N)fu(J +d—1,1 —d+ A, T)fs(1 = A).
(2.90)

At this point it is obvious that f; and f1, completely determine the relations between all
integral transforms, since Dg is generated by L and S; modulo L? = S% = (S;L)* = 1 and
we have already found the generalization of these relations to the integral transforms L
and Sy in (2.82), (2.83), and (2.90).

A convenient way to summarize these results is by using normalized versions of L
and Sj. Specifically, we define

-~ 1

L=L - 291
F(A+J_1)(T_€ZW(A+J)), ( )
S, =S;,—— L(=J) , (2.92)
a=2 d—2
7% I(J + 432)
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where A and J in there right hand side should be understood as operators reading off
the dimension and spin of the functions they act upon. One can then check the follow-
ing relations

L2=1, SZ=1, LS))* = (S,L)*=1. 2.93
J

These normalized transforms therefore generate the dihedral group Dg without any extra
coefficients. Note that L is very non-local because it has 7 in the denominator. In par-
ticular, by doing a Taylor expansion in 7 we see that it involves a sum over an infinite
number of different Poincare patches. Thus, even though L satisfies a simpler algebra, we
mostly prefer to work with L.

3 Light-ray operators

In this section, we explain how to fuse a pair of local operators 01,03 into a light-ray
operator Q; ; which gives an analytic continuation in spin J of the light-transform of local
operators in the O; x 02 OPE. This amounts to defining correlation functions

QUV1 . V04 g Vigr - V3 |2) (3.1)
in terms of those of 07 and O-,
(QUV1 ... VO102Viqq ... Vi |Q). (3.2)

When J is an integer, O; ; is related to a local operator in the O102 OPE, and these
correlation functions are linked by Euclidean harmonic analysis [42]. Our strategy will be to
start with this relation, rephrase it in Lorentzian signature, and then analytically continue
in J. By the operator-state correspondence, it suffices to consider just two insertions V;,
and for simplicity we will also restrict to scalars O; = ¢1 and Oz = ¢2. (The generalization
to arbitrary spin of Op, 02 will be straightforward.)

3.1 Euclidean partial waves

Consider a Euclidean correlation function (¢1¢2V3Vy)q, where the V3 and Vj are local
operators of any spin (not necessarily primary) and ¢, ¢2 are local primary scalars. By
the Plancherel theorem for SO(d + 1,1) (due to Harish-Chandra [66]), such a correlation
function can be expanded in partial waves Pa ; that diagonalize the action of the conformal

Casimirs acting simultaneously on points 1 and 2 [42, 67],3%:33

+zoo
(VaVidida)a —Z / Sn(AT) [HaPL g, 20,0)(0], L ()16 (33)

Here, O has spin J and dimension A € %4—1’]1%* on the principal series. The factor u(A, J) is
the Plancherel measure (C.5), which we have inserted in order to simplify later expressions.

32For general spin operators we should also include contributions from a discrete series of partial waves.
33In [67], the process of forming the Euclidean partial wave Pa s is called “conglomeration”.
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For traceless-symmetric O there is no difference between representations Ot and (5, but
we will keep the daggers in what follows with the view towards the more general case.

Let us make two technical comments about the applicability of this formula. It fol-
lows directly from L?(G) harmonic analysis on SO(d + 1,1) if A; — Ay is pure imaginary
(possibly 0) and (VaVip1¢2)q is square-integrable in the sense that

/ A%z d? ey 272 RCA (Ve Vi o) ((VaVadida)a)* < oo. (3.4)

This is precisely the situation when the conformal Casimir operators acting on points 1 and
2 are self-adjoint and we can perform their spectral analysis.?* Neither of these conditions
is satisfied by a typical correlator in a physically-relevant CFT. Lifting the restriction of
square integrability is conceptually easy and is similar to the usual Fourier transform: non-
square integrable correlation functions can be interpreted as distributions (of some kind)
and their partial waves also become distributions.??

Relaxing the restriction A1 — Ag € iR, on the other hand, seems to be hard to do
from first principles, since the Casimir operators are not self-adjoint anymore. We will
thus not attempt to do this here and instead adopt the following pedestrian approach: we
will imagine multiplying correlation functions by products of scalar two-point functions
x?f” with k = 1 so that the scaling dimensions of external operators will formally become
principal series (this will of course modify the conformal block decomposition of these
functions).?® We perform harmonic analysis for these modified functions and then remove
the auxiliary two-point functions by sending « — 0. For this to make sense we have to
assume that the final expressions can be analytically continued to x = 0.

With these comments in mind, we may proceed with (3.3). Using the bubble inte-

gral (C.4), we find that Pa ; is given by
B Aty ot Tt -1 d,. d T OT 1
PA,J (z3,74,7) = <<¢1¢20 )s <¢1¢2O>>E dzd $2<V3V21¢1¢2>Q<¢1¢20 (),
(3.5)

where

220501
B 24vol(SO(d — 1))

(010201, (3]}0)) (3.6)

34The reason why it is important to have A; — Ay € iR is that the adjoint of a Casimir operator acts
on functions with conjugate shadow scaling dimensions 5;‘ This is a different space of functions than
the one (VasVigi¢2)q lives in unless A = A, which is the case when A; € 4 4+ 4R are principal series
representations. It furthermore turns out that only A; — Az is important for the argument, since A; + Asg
can be changed by multiplying (VaVigi¢2)a by a two-point function x35 for some &, and such two-point
functions cancel out in equations.

35The distributional contribution to the partial wave can be analyzed by subtracting a finite number
of contributions of low dimensional operators to make the function better behaved. This analysis was
essentially performed in [16] and in generic cases amounts to a deformation of A-contour in (3.3).

36Note that such two-point functions have the right Wightman analyticity properties, and thus do not
spoil the analyticity of physical correlators which we use in the arguments below.

~ 31—



is the three-point pairing defined in appendix C.1. In anticipation of performing the light-
transform, let us contract spin indices of O with a null polarization vector z* to give

Pay(as,2,2) = ((016:00), (31350)) / d'z1d"25(V3Vid192)0 (0] 650 (x, 2)), (3.7)

where O(x, z) = OM1HI (2)zy,, -+ 2y,
Physical correlation functions (V3V,O.)q of operators O, in the ¢ x ¢ OPE are
residues of the partial waves,

fr2(VsVaOu(z, 2))a = — Res WA, J)SE(162[O1) Pa s (23, 24, 7, 2) L (3.8)

Here, Sp(d1¢2[O1]) is the shadow transform coefficient (C.7), and fi2, is the OPE coeffi-
cient of O, € ¢1 X ¢2. Equation (3.8) is a simple generalization of the standard result for
primary four-point functions. We derive it in appendix C.3.

3.2 Wick-rotation to Lorentzian signature

To obtain the promised analytic continuation of L[O], we need to first go to Lorentzian
signature, and then apply the light transform.

We thus Wick-rotate all the operators ¢1, ¢o, V3, V4, O to Lorentzian signature by set-
ting

T = (i + €)t, (3.9)

where 7 and t are Euclidean and Lorentzian time, respectively. In more detail, we simul-
taneously rotate the time coordinates of each of the operators ¢1, ¢2, V3, Vi, O. For the
operators V3, V4, O, this means we analytically continue in the coordinates x3,x4,z. The
operators ¢1, ¢y are being integrated over in (3.7), and we rotate their respective inte-
gration contours simultaneously with the analytic continuation of x3, x4, . Simultaneous
Wick-rotation turns Euclidean correlators into time-ordered Lorentzian correlators. The
result is a double-integral of time-ordered correlators over Minkowski space

Pp j(x3, 4,2, 2) = — ((¢1¢26T>, @1@0));/ dz1d%es (VaVagrda)a (ol b O(x, 2)).

ocor1,2

(3.10)

Here, we have chosen a generic point z,, on the Lorentzian cylinder /Wd and written
Minkowski space as the Poincare patch that is spacelike from this point.3”>38 All the points
1,2,3,4,x are constrained to lie within this patch. The minus sign in (3.10) comes from
two Wick rotations in the measure dridmr = —dt1dts.

3.3 The light transform and analytic continuation in spin

Let us now move O(z, z) to past null infinity and perform the light transform. We choose
3,4 such that 37 < z < 4, so that the left-hand side is nonzero, see figure 8a. Since O is

37In particular the result must be independent of which point we choose for Zoo. The spurious dependence
of formulas on z will go away soon.

38Note that we do not place O(z, z) at infinity before performing the Wick rotation, in contrast to [31].
The reason is that in our case the region of integration for 1,2 is independent of the position of O so it is
easier to analytically continue in the position of O.
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xt zt
00 0o 0 00
x x
(a) Integration region in (3.12). (b) Region S in (3.12) which contributes to the
residue.

Figure 8. The configuration of points within the Poincare patch of co. Point 4 is in the future of
z and 3 is in the past of T, while = is null separated and in the past of co. The shaded yellow
(red) region is the region of integration for 1 (2) after taking the light transform, in the first term
in equations (3.11) and (3.12). The dashed null line is spanned by z. Note that in (b), for d > 2
the region S extends in and out of the picture, while the dashed null line doesn’t.

on the Euclidean principal series, the condition Re(A + J) > 1 is satisfied and we can plug
n (2.73) to find

L[Pa, j)(x3, 24,2, 2) ((¢1<Z52(9T ¢T¢§O>> -

e P2 Vi) OB L0 340
+lo2). (3.11)

See the discussion below (2.73) for the precise meaning of the (1 <> 2) term.
Let us now define
A,J)S of ~ ~
O sl = HETIEDROD 1 gty ity 0G{LION . 2)3410) 6162+ (1452).
(010201, (8l dlo)) S35

(3.12)

It is implicit here that x is null separated from oco. This expression makes sense (at least
formally) for continuous J. The euclidean three-point structure (qﬂ@@) that we started
with is single-valued only for integer J. However, due to the particular Wightman ordering
the structures in (3.12) are well-defined for any .J, as discussed in appendix A. In order to
continue to non-integer J, we must also choose an analytic continuation of the prefactors
n (3.12), which we discuss in more detail below. One consequence is that we have two
different analytic continuations: one from even values of J that we denote (O)Z, 7> and one
from odd values of J that we denote (O)& J-
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For integer J, (3.11) and (3.8) imply that the residues @f 7, defined by

L 0% (2,2), (3.13)

o ~——
300 A A

have the same three-point functions as light-transforms of local operators in the ¢ x ¢9
OPE. (We include a + subscript on AF(.J) because the positions of poles in the (A,.J)
plane are in general different for the even/odd cases.) To be precise, when J is an integer,
the residue of a time-ordered correlator, where time-ordering acts on ¢, and ¢ inside the
definition of @i 7>

<‘/3V21©X7J($az)>97 (314)
agrees with

f120(V3V4L[O; j])a, (3.15)

for a local operator O, ;, where = is determined by (1)’ = +1.

We now claim that, for any J, the residue in (3.14) comes from a region S where ¢;
and ¢o are simultaneously almost null-separated from z and from each other, see figure 8b.
Indeed, we always expect singularities in correlators when points are null-separated. In
integrated correlators, such singularities can be removed by ie-prescriptions. However,
lightlike singularities in the region S are not removed because they coincide with bound-
aries in the integration regions for x1,x9. In a time-ordered correlator, we can also have
singularities at coincident points. However, we expect singularities related to the ¢1 X ¢9
OPE to come from 1 being lightlike to 2 and not from other coincident limits.

Let us focus on the first term of (3.12). For this term, it is guaranteed that 1 > 3,
2 <4, and 1 > 2. In the region S we furthermore have 1 < 4 and 2 > 3, i.e. we have the
ordering 4 > 1 > 2 > 3, and the contribution of the first term of (3.12) to the time-ordered
correlator (3.14) agrees with its contribution to the Wightman function

QVIOE V5|0, (3.16)

The same obviously holds for the second term, and, moreover, (3.15) agrees with the
Wightman function

f120(QV4L[O; 5] V3(2). (3.17)

Since any state in CFT can be approximated by local operators V; acting on the vacuum in
an arbitrarily small region, this implies that we can interpret (3.12) and (3.13) as operator
equations. Furthermore, by construction, for non-negative integer J we must have, as an
operator equation,

07 = fi20L[0ig]  (J € Zxo, (-1)7 = +1) (3.18)

for some local operator O; ;.

~ 34—



For non-integer J the definition (3.12) with (3.13) provides an analytic continuation
in J of L[O; ;]. As we will show in section 4, it is precisely the matrix elements of @i J
and @f ;7 which are computed by Caron-Huot’s Lorentzian inversion formula. As discussed
above, the residues (O)i[ 7 should only depend on the region of the integral where ¢; and
¢9 are almost null-separated. In fact, it is natural to expect that the residue is further
localized onto the null line defined by z. Hence we refer to them as light-ray operators. In
the next subsection we show this explicitly in the case of mean field theory (MFT).

In our argument for the existence of light-ray operators, it is not necessary that @i s be
a meromorphic function with simple poles. We expect that any non-analyticity in (O)i, J in
the (A, J) plane should come from the region where ¢; and ¢9 are lightlike-separated. Thus,
for example, it should be possible to define light-ray operators by taking discontinuities
across branch cuts of (O)i s (if they exist). Determining the analyticity structure of @i J
in the (A, J) plane is an important problem for the future.

As mentioned above, to analytically continue @i 7 in spin, we must choose an analytic
continuation in J of the prefactors

(A, J)Sp(d162[01))
(<¢1¢20T ¢T¢£(’)
8¢ §)F( +J-A)I(A-1) F(A+J+2A1—A2)F(A+J—2A1+A2)
2T (J + 1)I(A — DT(A 4 J — 1) T(AELEA IR ) (AT A 34y

= (-1’

(3.19)

Additionally, the term in (3.12) with (1 <+ 2) has a prefactor differing by (—1)7. Because
of the (—1)7’s, we must make two separate analytic continuations from even and odd J,
leading to (O)i ;- In general, we expect the even and odd spectrum of light-ray operators
to be different because they are distinguished by an eigenvalue sg = £1, as explained in
section 3.3.1. For example, in MFT with a real scalar ¢, the analytic continuation of even-J
two-¢ operators is nontrivial, but there are no odd-J two-¢ operators.

The analytic continuation of the remaining I'-function factors in (3.19) is determined by
requiring that they be meromorphic and polynomially bounded at infinity in the right half-
plane. This is important for the Sommerfeld-Watson resummation discussed in section 5.2.
The expression (3.19) satisfies these conditions, so provides a good analytic continuation.
When ¢1, ¢ are not scalars, then we can relate the prefactor to a rational function of
J times (3.19) using weight-shifting operators [57, 68], and this provides a good analytic
continuation in that case as well.

Although we have assumed scalar ¢1, ¢o in this section for simplicity, the generalization
to arbitrary representations Op, O, is straightforward. We discuss some aspects of the
general case in section 4.2.

3.3.1 More on even vs. odd spin

There is a natural operation that distinguishes even-spin and odd-spin light-ray operators.
First recall that every quantum field theory has an anti-unitary symmetry Jo = CRT which
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acts on local operators by [65]

JoO%(x)J5"t = (iF(e’”MOI)“bOb(E))T. (3.20)

Here, 7 = (—a%, —2', 22, ..., 2%1) is the Rindler reflection of x, (M"")%, are representation

matrices associated to the Lorentz generators M 3
(M1, 0%(0)] = —(M")*,0"(0), (3.21)

and F' is the fermion number of O. We call Jg “Rindler conjugation” because it is the
modular conjugation operator for the Rindler wedge in the vacuum state [69].40 Tt is useful
to introduce the notation

0 = JOJ,". (3.22)
Note that J3 = 1. Furthermore, using (3.22), we clearly have
0105 = 0109, (3.23)

so Rindler conjugation preserves operator ordering.
Rindler conjugation is an anti-unitary symmetry. If we combine it with Hermitian
conjugation, we obtain a linear map of operators

00, (3.24)

This is no longer a symmetry on Hilbert space because it reverses operator ordering. Nev-
ertheless, it makes sense to classify operators into eigenspaces of (3.24). Consider first a
local operator O(x, z) with spin J, and let us set z = 29 = (1,1,0,...,0). We have

Oz, 20)! = O, %) = (—1) O, 20). (3.25)

Integrating x along the zg direction, we obtain

T
L[O](—00z0, z0) = (—1)"L[O](—00z0, 20)- (3.26)
For a more general light-ray operator, we have
O(—o0zp, zo)Jr = s0O0(—0029, 20), (3.27)

where now the eigenvalue sg = +1 is not necessarily related to the quantum number J. If
we obtain @ by analytically continuing L[O] from the case where J is even (odd), we will
obtain sg = +1 (—1). In this work, we abuse terminology and refer to light-ray operators
with sgp = +1 as “even-spin” and operators with sg = —1 as “odd-spin.”

39The M*¥ are antihermitian in our conventions.

49The alternative notation CRT comes from the fact that this operator reverses charges and implements a
reflection in both time and a single spatial direction. By contrast the operator CPT implements a reflection
in all spatial directions simultaneously.
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3.4 Light-ray operators in Mean Field Theory

In this section we explicitly show that (O);t ; are light-ray operators in Mean Field Theory
(MFT). For simplicity, we assume that the scalar operators in (3.12) are distinct fundamen-
tal MFT scalars. More generally, we can imagine that they belong to two decoupled CFTs.

The kernel in (3.12) is obtained from (2.70) by sending x5 to past null infinity according

to the rule
O(—z00,2) = Ll—i>r-s1—1<>o LATTO(=Lz, 2), (3.28)
ie.
(0lG1L[O)G}10) =
J-1 2 2\1-4A
- @O ) g
(z3)” 2 (—z-m1) 3 (2 - @2) 2

The expression (2.70) was written for 1 > 3,3 ~ 2,1 ~ 2. With these conditions, the ratio
above is positive. In the integral we need to relax 1 ~ 2, which is done by adding ie to 9
and —ie to 2, according to the Wightman ordering above. We now introduce lightcone
coordinates by writing

1 1
Ti = 2 + §Z/ui +x; (3.30)

with 22 =0,2 -2 =2 and x; - 2 = x; - 2 = 0. Since this requires 2’ to be past-directed, the
te-prescription is equivalent to adding a positive imaginary part to u; and ve and negative
to uz and v1. We then find for the integral in the first term of (3.12)

_ 1-A
2771 (uugvig +uoxt —uix3) ¢1(21)P2(w2)

1
Z / duydusdvrdvug dd_2X1 dd_2X2

9 \BA1tBg+I-A A)—Agt2-A-J w'
(U12U12+X12) 2 —Uu1 2 Uy

(3.31)

We have temporarily suppressed the light transform coefficient L((ﬂ@[(’)])
The integration region has u; < 0 and ue > 0. Let us assume for now that vy > vy
and make the change of variables

U = —ra,

ug =7r(l —a),

X; = (T?}Ql)%wz'. (332)
The integral becomes
A8 Ayt 1—A
1 /! 271y 2 all —a) + (1 — a)w? + aw?
- dov dUld’UQddiQWlddiZVVQ 21 _ ( ~( _ ) ( ) { - 2)
4 J, g \AitBot-A Ay -Apta-A-) Ag—Aq+2—A—J
(I+wi) 2« 2 (1-a) 2
X dr _A-a1-ay-J 1 1
X T 2 d1(—ray vy, (Tvar)2wi)da(r(1 — @), ve, (rvay ) 2wa). (3.33)
0
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In the second line, we have isolated the integral

r

O dr A=A -Ay—J 1 1
/ —r 2 d1(—ra, v, (rve1)2wi)da(r(l — a), ve, (Tve1)2Wa). (3.34)
0

The region r ~ 0 corresponds to ¢1 and ¢o being localized near the light ray defined by z.

Now imagine expanding the product of field operators in a power series in r. This
is possible since we have assumed that ¢; and ¢o do not interact and thus there is no
lightcone singularity between them.*! We find terms of the form

1
rn+m+%(a+b)(_a)"(1 - a)mvfl(ﬁb)w%wg. (3.35)

Only terms with even values of a + b contribute, since the w; integral is invariant under
w; — —w;. Therefore, N = n+m + %(a +b) > 0 is an integer and the integral over r
takes the form

X dr A-Aj-Ay-J-2N 2
/0 S B ey vuny oy oy (3.36)

The pole comes from the region of small . We can see this by imposing an upper cutoff on
r: the residue will be independent of it. (In particular, we can make the cutoff depend on
a and w; thereby cutting out arbitrary regions around the null ray and the residue won’t
change.) The pole is at

A=A +Ay+J+2N, (3.37)

which for integer J are precisely the locations of double-trace operators [¢1¢2]n, ;. For
every N, the residue of (3.34) only depends on a finite number of derivatives of ¢; on the
null ray, and thus is localized on it, as promised in the introduction.

For simplicity, let us focus on the leading twist trajectory with N = 0. The residue
of (3.34) is then

—2¢1(0,U1,0)¢2(0,U2,0) (3.38)

and the residue of the integral (3.33) becomes

_71 /1 da/dd2W1dd2W2 2J_1 (Oé(l - O[) + (]‘ - OZ)W% + O[W%
0

(1 4 w2,) A= q=ArF1=J (1 = o)~ Bet1-J

) 1-A1—As—J

X /dvldvz(vm + €)1 $1(0, 01, 0) (0, va, 0). (3.39)

The first line is an overall coefficient which we compute in appendix D and here simply
denote by R(A1,As,J). In the second line, we have restored the ie prescription for v,

“1f we consider ¢1 = ¢ = ¢, then in MFT we have ¢(x1)d(x2) =: ¢(z1)d(x2): +(Q|d(21)d(22)|). The
singular term is positive-energy in x2 and negative-energy in x1. But in (3.12) we are integrating against
(0/¢1L[O]$2|0), which has the same energy conditions on z; and x». Since the integrals pick out the term
with vanishing total energy in the direction of z for both x1 and x2, the singular piece does not contribute
to (3.12). See also the discussion in section 4.
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)=~/ is understood

which allows us to relax the assumption vy > vy. (The factor (ve; + i€
to be positive for positive ve; and real J.)
Combining everything together, we conclude that the leading twist operators Qg ; are

given by

(=1’ 1o 7 N1
09,7 (—2z00, 2) —z4ﬂ/dsdt ((t+ie) +(=1)7(—t+ie) ) $1(0,s—t,0)¢2(0,5+t,0),
(3.40)

where we have included the contribution of the second term in (3.12), performed the change
of variables v1 = s —t, vo = s + ¢, and used the identity

LI ONR(Ar, Ag, )L ANS@0[O) (07272 ),

(010201, (3]0)) ™

The analytic continuations from even and odd .J are*?

0f (—200,2) = +ﬁ /dsdt ((t+ie) ™7 + (=t +ie) 7)) ¢1(0, s — £,0)$2(0, s +¢,0),

0 5(—200,2) = —ﬁ /dsdt ((t+ie)™ 7 = (=t +ie) " 77) ¢1(0,5 — £,0)$2(0, 5 + ¢, 0).
(3.42)

These are exactly the null-ray operators advertised in the introduction. We can check that
they are indeed primary by lifting their definitions to the embedding space, where they are
variants of

+oo

~ [ dadson(Z - aX)oa(Z ~ pX)(a— ) (3.43)

—o0

We discuss conformal invariance of this embedding-space integral in the next subsection.
For integer J both kernels for the t-integral are equal to

(t+ie) 7 4 (=) (—t i) =
(-1)7 o’ N o .
S SRS (t+ie) ' = (t—ie)™ ") = —2mi——"—~——64(t). (3.44)

Thus, for integer J we find

—1)/ d o
@()J(—ZOO, Z) = P((J—gl) 38 ¢1 (0, S, 0)(65)J¢2(0, S, 0) = L[[(bl(bQ]O,J](—ZOO, Z). (3.45)
Since total derivatives vanish in the integral over s, it follows that for integer spin Qo s is
given by the light transform of a primary double-twist operator of the form

_ 1)/
(616210,0(2,2) = 2D 1)z 0) () + (2 D)), (3.46)

(J+1)

4
421t is straightforward to check that @éJ = :I:(O)aft].
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Let us check that these operators are correctly normalized. It was found in [70] that
the full expression for the primary [¢1¢2]o s is

B J (_1)k
[P102]0,5 (2, 2) = ¢y kzzo EN(J — K)IT(AL + k)T(As + J — k)

(z-0)*é1(2)(z - 8)" " a(x)

(3.47)
and in our case ¢, is given by
(=17 (< 1 -
YT+ <k:o (T — k)IT(A; + )T (As + J — k)) : (3.48)
If we write now
(P192[d102]0.7)0 = f127(P1620), (3.49)
and
([p102]0,s[P102]0,0)0 = C1{0;0;), (3.50)

where in the right hand side we use the standard structures defined in appendix A.3, then
our normalization conventions are such that C;/fi2; = 1.43 It is a straightforward exercise
to show using (3.47) that

1

c; 4
Fray = VT + e ];) R —R)T(A W (Ae - T —F) (3:51)

fi2g

In doing the calculation it is convenient to use the same null polarization vector for both
operators in (3.50).

3.4.1 Subleading families and multi-twist operators

Although we will not compute the residue of Oa ; for NV > 0, let us comment on the form
of the light-ray operators that we expect to obtain, as well as on some further interesting
generalizations. For simplicity, in this section we ignore ie-prescriptions, the difference
between even and odd J, and normalization factors. As mentioned above, the leading
double-twist operators are essentially the primaries

00s(X.2)= [ dadBor(Z - aX)6a(Z ~ pX)(a— ). (3.52)

The fact that O is a primary follows from conformal invariance of the integral on the right-
hand side. According to the usual rules of the embedding space formalism [58], conformal
invariance is equivalent to

1. homogeneity in X and Z with degrees —Ag and Jg, and

2. invariance under Z — Z + A\ X.

“3To be more precise, if O is an operator in ¢ x ¢ OPE, we are computing [¢1¢2]s = f1200/Co,
which is independent of the normalization of O. Using [¢1¢d2]s instead of O then yields the claimed
normalization condition.
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The former requirement is fulfilled due to homogeneity of the measure da df, the “wave-
function” (o — B)‘J —1 and the original primaries ¢;, which leads to

Ag=1-1
Jo=1—A1—Ay—J. (3.53)

The latter requirement is satisfied due to translational invariance of the measure da df and

the wavefunction (o — 3)~/ 1.

This leads to two simple observations. The first is that since the only requirement on
¢; is that of being a primary, we can dress them with weight-shifting operators [57]. For
example, let D,, be the Thomas/Todorov differential operator which increases the scaling
dimension of a primary by 1 and carries a vector embedding space index m. Then we
can define

On,(X,2) = /do‘dﬁ(Dml < Dy $1)(Z — aX)(D™ - D™ ¢)(Z — BX)(a — B) /7.
(3.54)

By construction, we now have

Ag=1—1J
Jo=1—A; —Ay—J—2N. (3.55)

With appropriate ie-prescriptions for a- and S-contours, for integer J these operators
reduce to light transforms of the local family [¢1¢2]n ;. It is clear how (at least in principle)
this construction generalizes to non-scalar ¢;.

The second observation is that this construction straightforwardly generalizes to multi-

twist operators. In particular, define

@¢(Xa Z) = /dal s d@n(lsl(z - alX) te ¢n(Z - anX)Q/)(ala e 70471,)7 (3'56)
where v is a wavefunction which is translationally-invariant and homogeneous,

¢(a1+ﬁ""aan+ﬂ):¢(a17---,an)a
Y(Aa, .. an) = X T (e, . a). (3.57)

We can easily check that O is a primary with scaling dimension and spin given by

Jo=1-J+> A, (3.58)
=1

Subleading families can be obtained as above, by dressing with weight-shifting operators.
The generalization to non-scalar ¢; is also clear.
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(a) After taking the light transform but before  (b) After reducing to a double commutator.
reducing to a double commutator.

Figure 9. The configuration of points within the Poincare patch of z., at various stages of the
derivation. The blue dashed line shows the support of light transform of O(z, z). The yellow (red)
shaded region shows the allowed region for 1 (2). In the right-hand figure, we indicate that x is
constrained to satisfy 27 < x < 1. Note that after reducing to a double-commutator, the yellow
and red regions are independent of x, (as long as z is lightlike from x).

4 Lorentzian inversion formulae

In this section we show that matrix elements of Qa ; are computed by a Lorentzian inver-
sion formula of the type discussed by Caron-Huot [16]. Our derivation will borrow some
key steps from [31]. However the light transform will simplify the derivation to the point
where its generalization to external spinning operators is obvious. In particular, after using
the light transform in the appropriate way, it will be immediately clear why the conformal
block G j4+4—1,A—a+1 and its generalizations appear. For simplicity, we will present most of
the derivation with scalar operators and generalize to spinning operators at the end.

4.1 Inversion for the scalar-scalar OPE
4.1.1 The double commutator

Our starting point is the light-transformed expression (3.11). Let us concentrate on the
first term in (3.11). Because of the restrictions 3~ < x < 4 and 27 < x < 1, the lightcone
of x splits Minkowski space into two regions, with 2,3 in the lower region and 1,4 in the
upper, see figure 9a. Thus, we can write the integrand as

(QIT{Vig1}T{¢2V3} ) (0]TL[O](, 2)d}|0). (4.1)

Recall that in our notation, expectation values in the state |2) denote physical correlation
functions, whereas expectation values in the state |0) denote two- or three-point structures
that are fixed by conformal invariance. (For instance, three-point structures (0] - - - |0) don’t
include OPE coefficients.)
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We can now use the reasoning in lemma 2.1 to obtain a double commutator.** Consider
a modified integrand where ¢; acts on the future vacuum,

(Ql1VAT{$2V3}2) (0|4 L[O] (x, 2)65]0). (4.2)

Imagine integrating ¢, over a lightlike line in the direction of z, with coordinate v; along
the line. Because ¢; acts on the future vacuum, the correlator is analytic in the lower half
vi-plane. Furthermore, at large v, the product of correlators goes like

1 1
— X - = = ..
A Ar+Ag+Aty-2
1 v 2
1

(4.3)

Here, the first factor comes from the estimate (2.57) of (Q|¢; - - - |2) using the OPE and the
second factor comes from direct computation using the three-point function (2.70). Thus,
we can deform the v contour in the lower half-plane to give zero whenever

Re(2(d —2)+ A1 — Ay + A+ J) > 0. (4.4)

This condition is certainly true for A € % + i00 and J > 0, assuming (for now) that
Re(Ag — A1) = 0 (see section 3.1).

Consequently, the z; integral vanishes if we replace (4.1) with (4.2), so we can
freely replace

T{Vagr} — T{Vad1} — $1Va = [Vi, ¢1]0(1 < 4). (4.5)

By similar reasoning, we can replace
T{$2Vs} — [$2, V3]0(3 < 2). (4.6)

Overall, we find a double commutator in the integrand, together with some extra restric-
tions on the region of integration

pereq n1d%2(Q[Va, 61][02, VA)I) O1GILIO)(2, 2)0410) + (12 2)  (47)
3<2<zt

Note that the spurious dependence on the point at infinity ., has disappeared because
the commutators are only nonzero if z < 1 < 4 and 3 < 2 < z, and these restrictions
imply that 1,2 lie in the same Poincare patch as 3,4, x.

In terms of Oa s we have

(Va0 5(z,2)V3)q =
ol ~ ~
- &;iféf%ﬁf)i) o A2y (0] Va, 1[0, VA1) (03] LIO] . £) 3L 0)
192 » \P1¥2 B 3<2<zt

+(1+2). (4.8)

“4This argument is the same as the contour manipulation in [31].
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This gives a Lorentzian inversion formula analogous to the Euclidean inversion for-
mula (3.5). It is different from Caron-Huot’s formula [16] in that it is not formulated
in terms of cross-ratio integrals and it is valid for non-primary or non-scalar V;. The form
of the inversion formula above will be useful in section 6 where we discuss the average null
energy condition and its generalizations. Note also that the generalization to operators Oy
and Oy with nonzero spin is straightforward. In the rest of this subsection we show how
to reduce (4.8) to a cross-ratio integral in the form of [16].

4.1.2 Inversion for a four-point function of primaries

To obtain an integral over cross-ratios, let us specialize to the case where V3 = ¢3 and
V4 = ¢4 are primary scalars. The partial wave Pa ; in this case is fixed by conformal
invariance up to a coefficient:

(A, J)Sp(¢102[O1) Pa g (23, 24, 7, 2) = C(A, J) {3040z, 2)). (4.9)

OPE data is encoded in the resiudes of C'(A, J) by (3.8),
f120. f10. = —AfieAS C(A, J). (4.10)
The matrix element (p4Oa j(z, 2)¢3)q is the light-transform of (4.9), so (4.8) becomes

O, ) O/6:L[O] (. 2)610)
ol ~ ~
- _Z<(¢A¢ Jgj(fgi%])) oy dd (04, 61][6, 212 01 LIO) . £)330)
192 y \P1P2 3<2<zt
+(1+2). (4.11)

For reasons that will become clear in a moment, let us replace x4 — :c;f (equivalently act
with 73 on both sides). This converts the condition 3~ < z < 4 into 37 < z < 41. At the
same time, let us make the change of variables xo — x; in the integral. We obtain

C(A, 1)(0]¢4+L[O](x, 2)$3/0)
p(A, 1)Sp(¢162(0))
(010201, (6160))
x /3 gy P2 (b1, B11[65+, 93]12) OIBILION . 2)0L,[0)

+ (14 2). (4.12)

Explicitly, the structure on the left-hand side is (under the additional constraint 3 > 4)

(0l¢4+ L[O] (w0, 2)¢3[0)

1-A
(—1)“7 (2z - T40 :B?,)O — 2z - x30 %210)

= L(¢394[0]) o \BaTARTTA T A AR Ta AT AgAga AT
(=) 2 (30) 2 (30) 2

(4.13)
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where L(¢3¢4][O]) is given by (2.71). This expression comes from making the replacements

1,2,3 — 3,47, 0 in the second line of (2.74) and using x?4+ = —22, and 2z 2449 = —2-240.
Similarly, the structure in the right hand side is
(016} L[O] (w0, 2) 61, 10)
2 2 \1-A
- L(¢1¢2[OD 9 A+Ay4+T-A 9 Ay —Aot2-A—J 9 Ag—Aq+2—A—J >0, (4‘14)
(—21,) 2 (=) 2 (—39) 2

which follows from (2.70) by using the same rules.

We would now like to express the coefficient C'(A,J) as an integral of the double-
commutator (Q[py+, P1][Pa+, P3]|Q) against a conformal block. Both sides of the above
equation transform like conformal three-point functions. We can pick out the coefficient
C(A, J) by taking a conformally-invariant pairing of both sides with a three-point structure
that is “dual” to the one on the left-hand side.

In other words, in order to isolate C'(A,J), we should find a structure 7" such that

(T, 014+ L0}, £)65/0)) , = 1. (4.15)
with the pairing (-, ), defined in equation (E.10) as
((0:0:0),05010%))
_ / ddxgdd%dded_Qz
gy vol(SO(d, 2))

(O3(23)O4(24)O(z, 2)) (O} (23) O} (w4) O (2, 2)).  (4.16)

(Note the causal restrictions in the integral.) It will be convenient to write (4.15) using
the shorthand notation

T = (0l¢4+L[O](z, 2)$5/0) " (4.17)

For the pairing (4.15) to be well-defined, (0|¢4+L[0]¢3|0)~! must transform like a three-
point function with representations (¢ZOFT¢§>, where OF has dimension and spin

Apr =J+d—1,

The quantum numbers of OF are precisely those appearing in Caron-Huot’s block. We will
see shortly that this is not a coincidence. Explicitly, the dual structure (0|¢,+ L[O]¢3]0) !
is given by (again for 3 > 4)

(01¢4+ L[O] (0, 2)$3]0) " (4.19)

| 224-240](SO(d — 2)) (=1)7 (22 - 240 23y — 22 - w30 :EZO)A_dH

Ay+Az—J+A—2d+2 Ay—J—Az—A+2
A O e N ()
4>These relations follow from the embedding space representation of these quantities as inner products
with X4. An alternative way to obtain this result is to use (0|¢4+L[O]¢3|0) = (0|T ¢paT 'L[O]¢3|0) =
e~ "™21(0|¢4L[O]$3|0) and then (2.70) with replacements 1 — 4,2 — 3,3 — 0, analytically continued.
The factor (—1)7 comes from the fact that the standard structure (A.25) depends on a formal ordering of

Ag—J—Ay—N+42 "

operators and we need (¢3¢4O) by convention.
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Figure 10. After (temporarily) relabeling the points 27 — 2 and 4= — 4, we have a configuration
where 1 > & > 2 and 3 > 4, with all other pairs of points spacelike separated. This is the same
configuration as in figure 17 of appendix H.2, where we compute the Lorentzian integral for a
conformal block. The integration region for x is shaded yellow. Importantly, it stays away from
3,4, so the 3 — 4 limit can be computed inside the integrand.

This follows easily from the alternative characterization of the paring (4.16) given in ap-

pendix E.
Finally, pairing both sides of (4.12) with (0|¢4+ L[O]¢3|0) !, we obtain
dd$1"'ddl‘4
CA,J:/ 0T (s, 1) (D, d3)|QVHa s (1) + (1 43 2), 4.20
(A7) ;);Zvol(SO(d,z))< |[Pa+, d1]lda+, @3]|0) Ha s (i) + ( ) (4.20)
where
A, J)S 9
Ha (o) — P )S5(010:(0)

(1610201, 915}0))
X /2< . e D22(0/6L[O](x, z)$$+\0><0|¢4+L[(9]($’ Dbsl0)L (4.21)

In the integral for C'(A,J), all the pairs of points x; are spacelike separated except for
1> 2 and 3 > 4. The causal relations in (4.20) and (4.21) come from the causal relations
in (4.12) and (4.16) which are, together,

47 <3 <2<z<1<4t <3t (4.22)

Recalling that a ~ b is equivalent to a~ < b < a™ (figure 3), we easily find that the above
relations are the same as

1>xz>2, 3>4,
1=~3, 1=x4, 2=x3, 2=x4. (4.23)

Now the benefit of performing the light-transform becomes clear. The integral (4.21)
over the diamond 2 < z < 1 precisely takes the form of a well-known Lorentzian integral
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for a conformal block. Note that the integral (4.21) is conformally-invariant and is an
eigenfunction of the conformal Casimir operators acting on points 1,2 (equivalently 3,4)
by construction. Importantly, the integral over x stays away from the region near 3,4, see
figure 10. Thus, we can determine its behavior in the OPE limit 3 — 4 by simply taking
the limit inside the integrand. (This limit corresponds to the Regge limit of the physical
operators at 1,2%,3,4T.) Any eigenfunction of the conformal Casimirs is fixed by its OPE
limit, so this determines the full function. Thus, it’s clear that H ; is proportional to a
conformal block, with external operators gﬂ, el QE, and an exchanged operator with the
quantum numbers of OFF.
We perform this analysis in detail in appendix H.2. Using the result (H.37), we find

N V- S 9
qn,J Tiy 2 Tiy 2 A; -
Ha,g(z;) = A 1A, Ratiy <$2> <3;2> Gl 1.a—ar106GX);
(o) S (g B\ b
(4.24)
where
_ 1 2%=2vol(SO(d — 2)) (A, J)SE(6162(0)) L(162 [O])bﬁl,ﬁz

qn,J = —(— ) J4+d—1,A—d+1

]
(1616201, (61610)) L(6304[0])
(A+J+2A1—A2 )F(A+J—2A1+A2 )F( A+J+2A3—A4 )F( A+J—2A3+A4)

16m2T(A + J)D(A +J — 1)

= —2%301(SO(d — 2))
(4.25)

(The quantity bﬁi’]&" is defined in (H.36) and the conformal block G is defined in ap-

pendix H.1.) Factors other than bﬁi}Az come from (4.21) and the structures (4.14)
and (4.19). In the proof of the Lorentzian inversion formula in [31], performed without
using the light transform, one obtains an expression for Ha ; as an integral over a region
totally spacelike from 1,27, 3,4", which is harder to understand.

4.1.3 Writing in terms of cross-ratios

Finally, let us replace 2+ — 2 and 4 — 4 so that the physical operators are again at the
points 1,2, 3,4. The inversion formula reads

dd:cl‘--dda:4 11
@)= [ S gy g, oull Ty Ty s () + (1602, (426)

121 vol(SO(d, 2))

Here, 7;_1 denotes a shift ; — z; or, more generally, application of the T—! to the

operator at i-th position. In the integrand, we can isolate quantities that depend only on

cross-ratios, times a universal dimensionful factor |z1a|~2%|z34]| %4,

1
T |@1o)2|z34)2d

(Q[[0a, ¢1][d2, #3]1€)
TAi(aci)

(Q[ba, $1lp2, 83110 (T3 Ty Haa (i) (4.27)

X

A, -
Grlhd—1,a—d+1 (X)),
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where

TR (g;) = 1 E A (4.28)
€T;) = — . .
T [mpg] At Az may|As A\ |zoy |213]

Since we now have a fixed causal ordering of the points, we do not have to worry about
an ie prescription in these expressions and we can simply take absolute values of space-
time intervals.

We can gauge-fix (4.26) to obtain an integral over cross-ratios alone. As explained
in [31],% the measure becomes

/ddxl--ddm 1 1 / / dxdy | ¥ — x| (4.29)
vol(SO(d, 2)) ’3312!2d|9534|2d 22dvol(SO(d — 2) X | xx '
Putting everything together, we find
X d 2 (Q[¢p4,61][¢2, $3]|2
CA,J)= 22dvoquAOJd 2)) [/ / <l 4TA1][( 2) o >GJer 1,A— d+1(X X)
X=x |42 (Q[¢a, $2][p1, 93]1Q) A
/ / ‘ 4TA2 i 1) - GJ+d 1,A— d+1(X X)| -
(4.30)

Here, Ga J(x, X) denotes the solution to the Casimir equation that behaves as
A—J A

(=x)"2z (=x) 2 for negative cross-ratios satisfying |x| < |x| < 1. This precisely co-
incides with Caron-Huot’s Lorentzian inversion formula.

4.1.4 A natural formula for the Lorentzian block

To make it easy to generalize the above result to arbitrary representations, let us write it in
a more transparent way. First we need to introduce more flexible notation for a conformal

block. Let

(010,0)(030,0)
(00)

(4.31)

denote the conformal block formed by gluing the three-point structures in the numerator
using the two-point structure in the denominator. We describe the gluing procedure in more
detail in appendix H.1. In particular, the gluing procedure is well-defined (for a restricted
causal configuration) even if O is a continuous-spin operator. Using this notation, the
coefficient function C(A, J) is defined by

+zoo
(P1020304)0 = Z/ ;%C A, J) (¢1¢2§90>gb>3¢40>’ (4.32)

=5 —100

where O has dimension A and spin J.

46We use a definition of the measure on é()(d, 2) which differs from the one [31] by a factor of 2°.
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Using the same notation, we claim that the function Ha j(x;) in (4.26) is given by

1 —1
Ha () = —% (T2<¢1¢2L%E&;gﬁffﬁwb) . (1>2,3>4).  (4.33)

In the numerator, (T2(¢1¢2L[O]))~! is the dual structure to T2(¢1$2L[O]) via the three-
point pairing (E.10). It is given by (4.19), with the replacement 3,4 — 1,2. Note that
while we have written the structures in the numerators in terms of light transforms of time
ordered products, they can alternatively be written in terms of Wightman functions for
the kinematics we are considering, since

T2(p102L[O]) = T2(0|p2L[O]¢1|0) (when 1> 2, 1,2~0),
Ta{¢304L[0]) = Ta(0|¢4L[O]¢3[0)  (when 3 >4, 3,4~0). (4.34)

The structure (L[O]L[O]) ! in the denominator is dual to the double light-transform of
the time-ordered two-point function (OO) via the conformally-invariant two-point pairing,

((L[(’)]L[O})_l, (LIOIL[O))), = 1. (4.35)

Here the pairing (-, )z, for two-point functions is defined in (E.3). In order for the pair-
ing in (4.35) to be conformally-invariant, (L[O]L[O])~! must transform like a two-point
function of OF.

We have already computed the three-point structures in the numerator, so to ver-
ify (4.33), we need to compute (L[O]L[O]). Here, it is important to treat two-point
structures as distributions. By lemma 2.2, (O(z1,21)L[O](x2, 22)) vanishes if xo > x1
or xo < x1 — li.e. it vanishes almost everywhere. However, it is nonzero if x is precisely
lightlike from x9. Specifically, (O(z1, 21)L][O](x2, 22)) is a distribution localized where z
is on the past lightcone of z1.%" In fact, it is proportional to the integral kernel for the
“floodlight transform” F.

Let us now actually compute (L[O]L[O]). It is useful to think of this structure as an
integral kernel K, defined by

(Kf)(z,2) = /ddac'Dsz' (L[O](z, 2)L[O] (2, 2")) f (2, 2). (4.36)
In (4.36), we can integrate one of the L-transforms by parts, giving
(K )z, 2) = / d12' D25 (L[O)(z, )O(, ) (TLID (&, ). (4.37)
To simplify (4.37) further, we can express the time-ordered two-point function (QOO)
in terms of integral transforms and use the algebra derived in section 2.7. When z, 2" are

spacelike, (O(x, 2)O(a’, 2")) is precisely the kernel for S. However, S is supported only in
the region x =~ z’, whereas the time-ordered two-point function has support everywhere.

4"Note that this is different from treating two-point functions as physical Wightman functions, so there
is no contradiction with previous discussion.
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More precisely, keeping track of the phases as we move z, z’ into different Poincare patches,
we have

(=222 (x— 22 +4z- (x — 22" - (x — "))’
((x —2')2 +ie)At/

=S (1 + )y e AT L N e—z‘m(A+J)T—n>

n=1 n=1
—20T sinm(A + J)
(7' _ eiﬂ(AJrJ))(T _ e*iTr(AJrJ)) ’

(O(x,2)0(',2)) =

=S

(4.38)

Plugging this into (4.37), we find

—20T sinm(A 4+ J)
(7' — ez‘w(A+J))(7' _ e—m(A+J))
—2isin(A+ J)
(’7'_ eiw(A+J))(7'_ e—iw(A+J))
—2m1

TAYJ -1

K =LS T-'L

=S L2

S, (4.39)

where in the second line we used that L,S,7 commute with each other, together with
the formula L? = fr(J +d —1,A —d+ 1,T), where fr is given in equation (2.78). The
arguments of f7, come from the fact that K acts on a representation with dimension J+d—1
and spin A —d + 1.

The kernel of S in the last line is the two-point function of an operator with spin 1 — A
and dimension 1 — J. Thus, using our two-point pairing (E.3), we find

(LIO|L[O]) ! = —wsz%ol(sou —2))(0For), (4.40)

21

where (OFOF) is the standard two-point structure (A.24) for an operator with dimension
J+d—1 and spin A — d 4+ 1. Combining this with the three-point structures in the
numerator, and comparing with the result (4.24) for Ha j(z;), we verify (4.33).

Note that (4.33) is independent of a choice of normalization of the integral transform
L. In fact, it depends only on the three-point structures (¢1¢920), (¢3040), the two-point
structure (OQ), and the existence of a conformally-invariant map between representations
Pa,gx and Pi_j1-a (which L implements). The formula would still be true if we chose
different normalization conventions for two and three-point functions, because this would
change the definition of C'(A, J) in a compatible way, via (4.32). Because it is essentially
independent of conventions, we call (4.33) a “natural” formula.

4.2 Generalization to arbitrary representations
4.2.1 The light transform of a partial wave

The derivation in the previous section is straightforward to generalize to the case of arbi-
trary conformal representations ¢; — O;. In this case, three-point functions admit multiple

— 50 —



conformally-invariant structures <(’)1(’)2(’)>(“), so partial waves Pp ) carry an additional
structure label.*® They are defined by

+mdA
(V3V10102)0 = 2/ WA, J) /d 2Po (o) (w3, 4, 2) (01 (2)0109)(). (4.41)

(Here, we implicitly contract the SO(d) indices of Py ,) and the operator ot
The logic leading to the double-commutator integral (4.7) is essentially unchanged.
We find

[P(’),(a)](JU3,SC4,:B 2)
—((0,0,0M@ (0]o]0)®) !
- /:v<1<4 Ta1d%w2(Q[Vi, 01][0y, V3]|Q) (0|OIL[O) (z, 2) O |0)*)

3<2<zt
+ (1 > 2), (4.42)

where ((O;0,01)(@) ((51(5;(9)“’));31 is the inverse of the three-point pairing (C.2) de-
fined by

((0,0,01) @, (O]0]0) ") 51 ((0,0,01) ), (0] OJ0)P)) g = ¢ (4.43)
4.2.2 The generalized Lorentzian inversion formula

To generalize the remaining steps leading to the Lorentzian inversion formula, we seemingly

need to understand of all the factors entering the expression for Ha j(x;) (4.24). However,

this is unnecessary because the generalization is obvious from the natural formula (4.33).
The coefficient function Cgp(A, p) we would like to compute is defined by

3 -+ico dA (010:01)@(0;0,0)¢)
04 Q — Z/ 7:0) <OOT> B

(O (4.44)

—100

p,a,b

where O has dimension A and SO(d)-representation p. Here, we sum over principal series
representations £a ,, as well as three-point structures a,b. The obvious generalization

of (4.20) and (4.33) is

_ L dfmedlay
CoB) =501 Jioy vol(0(a,z)) 1O OO I
L (T(010:L[01) @) ™ (T1(0405L[0)) D) ™
(LOJL[OT)

+ (14 2). (4.45)

< T

The dual structures in the numerator are defined by

((75<0102L[0T]><“>)1 ,75<0102L[O*]>“’>>L =%

((7;<o403L[0]><b>)_1 ,7z<0403L[0]><d>> =3, (4.46)
L

48The possible structures in a three-point function of spinning operators are classified in [71].
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where (+,)r, is the three-point pairing defined in (E.10). The two-point structure in the
denominator is the dual of (L[O]L[O']) via the two-point pairing (E.3).

Note that the structure (B(OlOgL[OTD(G))_l transforms like a three-point function
of representations <5I@;OTF> and similarly for the operators 3 and 4. In (4.45), we are
implicitly contracting Lorentz indices of O; with their dual indices in these structures.

4.2.3 Proof using weight-shifting operators

Equation (4.45) follows if we prove the generalization of the expression (4.33) for H, with
H defined using the appropriate generalization of (4.21). Specifically, the definition of
H becomes

Ha p(avy (1) = (D, p1)SE(0105[01), (010,01 (01 0] 0) @)~ (4.47)
X / dzD¥22(0|O} L]0 (x, 2) O}, 10) D (00,41 LO] (z, 2)03]0) ) 7L,
2<x<1

We want to prove that

-1

H L1 (BOOSLOT@) T (Ti0,05L[0]) )
Ap(ab)(Ti) = =5 (LIOJL[OT])~!

(4.48)

Our proof will proceed in two steps. Here we are going to show that if for a given p (4.48)
is valid for some “seed” choice of SO(d) irreps of external operators, it is then valid for
all choices of external irreps. In appendix G using methods of [57] we show that validity
of (4.48) for traceless-symmetric p implies its validity for seed blocks for all p. Together
these statements imply (4.48) in full generality.

Generalizing the external representations. It is convenient to consider the structure
defined by

To = u(A, p1)Sp(0105[01)%4 (010,01, (0] 0} 0) D) O] 0L, 0) ). (4.49)
We can check that
T, = ((010), (010)) 5 (01028 g[O1) (@) 1, (4.50)

where all pairings and inverses are Fuclidean. Indeed, we can compute the Euclidean
paring
(Ta, (01028 5[OT) ) g = Sp(0105[01)%(Ta, (010,01 "))
= w4, pH)Sp(010:[0") %S5 (0102[O1])'s
= u(A, PN (A, ph)sg = ((070),(010)) 6. (4.51)
Here we used the relation (C.8) between the Plancherel measure and the square of the

Euclidean shadow transform. Importance of the structures T, comes from the fact that it
is the light transform of their Wick rotation which enters (4.47).
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We now choose some other SO(d) irreps p} and pl, for operators O] and O such that

there is a unique tensor structure®’

(00,01, (4.52)
We then can write
T, = ((070),(0T0) 5Ty ' D12, T2 ({01048 5 [OT) 5, (4.53)

where Dja, are contractions of weight-shifting operators acting on points 1 and 2 [57, 72].%°
We can use this to write

HA p (ab) (i) = D12 H) , ) (%2), (4.54)

where H' is given by (4.47) with O] and O} instead of O; and Oz, and using the unique
tensor structure on the left of H'.
On the other hand, we can write

a“_ 1 1y(a)
54 (0°0) (B0)s (Ta, (O1028E[OT)'Y)E
(T3 ' D12, a T2 (0L O4S E[O1])) L, (010,8 5[O1) @)

(01058 E[01) ™, (Ty ' D19, aT2)* (01028 5[0OT) ) s, (4.55)

where we integrated the differential operators 7'2_1D12,d7'2 by parts inside the Euclidean
pairing. This produces new operators DE’ 4+ Which are again contractions of weight-shifting
operators.”’ We thus conclude that

(T3 ' D12.4T2)* (01028 g[O) ) = 63(01 048 p[OT]). (4.56)
Canceling S on both sides (it is invertible on generic tensor structures) we find
(T D124 T2) (010,07 (@ = 53(0] 04,0O1). (4.57)
We now want to show that
Di2.o(T2(O1O4LIOT) ! = (T2(010:L[0T) ) ! (4.58)

where the inverse structure is understood with respect to Lorentzian pairing. This follows
by doing the above calculation in reverse and in Lorentzian signature. First, we apply L
to both sides of (4.57) and use 7* =T 1,

Ty "Dl T2(010:LIOT)@ = 63(O ORLIOT). (4.59)

“Tn odd dimensions and for fermionic p the number of tensor structures is always even, and so it is not
possible to make this choice. However, there we can make a choice such that there is only one parity-even
structure, which will be good enough.

5ONote that T{lDlg,dTg are differential operators which can be interpreted in Euclidean signature. In
particular, if D12 g = DLAD§4 for A transforming in an irreducible representation W of the conformal group
then 7'2_1D12,d7'2 is proportional to Diz,q with coeflicient equal to the eigenvalue of 7 in W.

1For details see appendix F and [57, 68].
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Then, we apply 75 to both sides and take Lorentzian contraction with (72(O;OLL[O]))}!
(T OLOLIOT) !, D o To(O10:LO) @) 1 = 6, (4.60)
and finally integrate by parts,
(P12a(T(O OSLION) 1, To{O10:LIOT) ) = 6. (461)

This is equivalent to (4.58) The crucial point here is that integration by parts leads to the
same operation on the weight-shifting operators both in Euclidean and Lorentzian signature
(on integer-spin operators). A way to summarize this calculation is by saying that

(T{010:LIOM) ;! and  T2((010:285[01)) 5! (4.62)

have the same transformation properties under weight-shifting operators acting on 1 and 2.

This implies that if (4.48) is true for O} and O, it is also true for O; and Oz, since we
can simply apply Diz, in both (4.47) and (4.48). Since exactly the same tensor structure
appears for the operators O3, Oy in (4.47) and (4.48), an analogous (even simpler) argument
works for this tensor structure as well. In conclusion, if (4.48) holds for a seed conformal
block, it holds for all conformal blocks with the same p.

5 Conformal Regge theory

5.1 Review: Regge kinematics

Consider a time-ordered four-point function of scalar operators (¢; - - - ¢4). Its conformal
block expansion in the 12 — 34 channel takes the form

(G1(z1)da(wa)) = _pasGA () (5.1)
AJ
1 Ag—Ay 9 A3;A4
T4 L1g A; —
= o \BAiTAy o AzTAy <xz> <$2> ZPA,JGA,J(XvX)y
(x1y) 2 (x3g) " 2 2 13 A,J

where pa j are products of OPE coefficients. This expansion is convergent whenever x,x €
C\[1,00) [73]. However, it fails to converge in the Regge limit.5?

To reach the Regge regime, which was originally described for CFT correlators in [3],
let us place the operators in a 2d Lorentzian plane with lightcone coordinates

x1 = (—=p,—p),

z2 = (p, p),

z3 = (1,1),

24 = (—1,—1). (5.2)

52The other OPE channels 14 — 23 and 13 — 24 are still convergent, though they are approaching the
boundaries of their regimes of validity, as discussed in the introduction.
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Figure 11. The Regge limit in the configuration (5.2). We boost points 1 and 2 while keeping
points 3 and 4 fixed. This configuration is related by an overall boost to the one in figure 1.

The usual cross-ratios are given by

4p . 4p
= —, = —. 5.3
XTa+p2 XT a+pp (5:3)
It is also useful to introduce polar coordinates
p= 'rew = rw, ﬁ — 're*ia = rwil, (54)

In Euclidean signature, r and 6 are real. By contrast in Lorentzian signature, r is real,
6 becomes pure-imaginary (it is conjugate to a boost), and p, p become independent real
variables. To reach the Regge regime, we apply a large boost to operators 1 and 2, while
keeping 3 and 4 fixed (figure 11). More precisely, we take

0 =it+e, (t — 00), (5.5)
so that
p=re T 5=rei (t — 00). (5.6)

Here, we use the correct ie prescription to compute a time-ordered Lorentzian correlator
when ¢ > 0. With this prescription, the cross-ratios behave as follows. As t-increases, x
moves toward zero. Meanwhile,  initially increases, then goes counterclockwise around 1,
and finally decreases back to zero (figure 12).

The only difference between the Regge and 1 — 2 OPE limits from the perspective of
the cross-ratios y,X is the continuation of ¥ around 1. In both cases, we take x,x — 0.
This is because the Regge limit resembles an OPE limit between points in different Poincare
patches. This observation was made in [37]. Specifically, the configuration in figure 11 is
related by a boost to the one in figure 13. The Regge limit can thus be described as 1 — 2~
and 3 — 47. The cross-ratios x,X are unchanged when we apply T to any of the points,
which is why they still go to zero in this limit.
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Figure 12. The paths of the cross ratios x, X when moving from the Euclidean regime to the Regge
regime. In the Euclidean regime, y,Y are complex conjugates (gray points). As we boost 1, z2, the
cross ratio x decreases towards zero, while Y moves counterclockwise around 1 before decreasing
towards zero. For sufficiently large ¢, x follows the same path as y, but we have separated the paths
to clarify the figure.

Figure 13. Another description of the Regge limit is 1 — x5 and 23 — x; . The points z; ,z,
are shown in gray. The cross-ratios y, X associated with the points 1,2,3,4 are the same as those
associated with 1,27,3,4™.

To understand what happens to the conformal block expansion (5.1) in the Regge
regime, we must compute the monodromy of Gﬁi ;7(x,X) from taking X counterclockwise
around 1. This was described in [16]. Firstly, we have the decomposition

D(J+d—2)(—J — %2
( I—’i_(,]_|_ dl?()r(—J) 2 )gilféeid_J(x,Y), (5.7)

A; — r _
G (6X) = gay (6 X) +

where gR"7 is the solution to the conformal Casimir equation defined by

A+J

2 x (1 + integer powers of x/X,X) (x <Y K1). (5.8)

pure

_ A—J
Ing (X)) =X % X

For small x, gX; has a simple form in terms of a hypergeometric function [74],

ure — A=J _
Ing 06X) =X 2 kars () x (1+0(x)) (x < 1), (5.9)
= A~ Ay
ko () = X2 1 (h - 2h,x> : (5.10)

where Aj; = A; —Aj. The monodromy of gR”; as X goes around 1 can then be determined
from (5.9) using elementary hypergeometric function identities, keeping x small so that the
approximation (5.9) remains valid.

— 56 —



Let us defer discussing the precise form of the monodromy until section 5.3, and focus
on one important feature. Note that k,;(X) is a conformal block for SL(2,R). In particular,
it is a solution to the conformal Casimir equation (a second-order differential equation) with
eigenvalue h(h — 1). Under monodromy, it will mix with the other solution, which differs
by h — 1 — h. In terms of A, J, this becomes

(AJ) = (1—-J,1—-A), (5.11)

i.e. it is the affine Weyl reflection associated to the light transform. After monodromy, in
the limit x, X — 0 each block contains a term

A—J  1-— A+1 J _
oD

X 2 X (t>1). (5.12)

In other words, the monodromy of each block grows as e(/=1)?

in the Regge limit. Because
the sum (5.1) includes arbitrarily large J, the OPE expansion formally diverges as t — co.
In what follows, it will be important to understand the large-J limit of conformal

blocks in slightly more detail. We compute this in appendix H.3:

Ajg—A
—J 12 34

(1—-2)1—=rw) 2
() =0

4Af1 A(z(r + P)w

(1—w2)% (r2+%—w2—ﬁ

pure

In.g (X:X) ~

(5.13)

where w = ¢ and f;_a(x) is given in (H.43). For us, the most important feature of (5.13)
is that its J-dependence is w™/. Note that the small-w limit of (5.13) is consistent with
the claim that g}y grows as w!™/ = e(/=Y* in the limit ¢ — oo.

5.2 Review: Sommerfeld-Watson resummation

Taking the monodromy of Y around 1 requires leaving the region [p| < 1 where the sum
over A in the conformal block expansion converges. The conformal partial wave expansion

|A/2 with an

gives a way to avoid this problem: we replace a sum of the form ), [pp
integral over A € % +iR. This integral is better-behaved when [p| > 1.

In the Regge limit we still have the problem that each individual block grows like
e(/=Dt This can be dealt with in a similar way: by replacing the sum over J with an
integral in the imaginary direction. This trick is called the Sommerfeld-Watson transform.

Let us begin with the conformal partial wave expansion

2—1—7,00
(p1(w1) - - - Ppa(z4)) 2/ %C A J)FAAfJ(IEz')>

i 2Tl

SE(P102(0])

A T :1 A T;
Fry(xi) = 9 (GA*]( i)+ SE(¢364[0))

GdAiAJ(xi)> . (5.14)

For integer J, the coefficient function C'(A, J) can be written

c(A, ) =CHA, )+ (-1)cH(A, J), (J € Z), (5.15)
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where C! comes from the first term in the Lorentzian inversion formula (4.30), and C“
comes from the second term with 1 <+ 2. (The superscripts ¢t and u stand for “¢-channel”
and “u-channel.”) Each of the functions C*“(A, J) has a natural analytic continuation in
J that is bounded in the right half-plane. This follows from (4.30), since the conformal
block G?j_d_LA_dH(X,X) is well-behaved in the square y,X € [0, 1] when J is in the right
half-plane.

Let us split the partial wave FAAfJ into two pieces

FRi(wi) = Fas(@) + Hau (), (5.16)

where Fa ; behaves like w7 at large J,

1 xil
Fau(xi) = ( A 1Ay Astig, (

; (93u3e(><’><) + ~)gd_A,J(x,x)> , (5.17)

and Ha_ j(z;) represents the remaining terms, which behave like w't4=2 at large J. We
must treat the two terms in (5.16) differently in the Sommerfeld-Watson transform. Let
us focus on the first term. The sum over integer spins can be written as a contour integral

CHA, J) + =™ Cu(A, J
ZC’AJ}'AJ;UZ _ %dJ +6_2m B T) ()
J=0
(Re(#) € (0,7),Im(0) = 0), (5.18)

where the contour I' encircles all the nonnegative integers clockwise. Here, we have carefully
chosen the analytic continuation of C'(A, J) so that the integrand is bounded at large J in
the right half-plane whenever 0 satisfies the given conditions. For this, we use the fact that

Fna,s(x;) behaves as w™7 at large J. Because the other term in (5.16) behaves as w’ 42

at large J, we must replace e~/ — €™/ to get an integral for that term that is valid in
the same range of 6.

The contour integral (5.18) is more suitable than a naive sum over spins for continuing
to the Regge regime. Recall that the issue with a sum over J was that a conformal block

with spin J grows as e(/=Dt

in the Regge limit. Because the integrand in (5.18) is well-
behaved at large J, we can deform the contour I' to a region where Re(J) < 1, so that its
contributions die as t — 00.?® In doing so, we may pick up new poles in C%!(A,.J) with
real part Re(J) > 1. The rightmost such pole will dominate the correlator in the Regge
limit. Denote the deformed contour, including these new poles, by I (figure 14).

After deforming the contour, we now have a representation of the correlator that is

valid in the strip

Re() € (0,7), Im(0) >0, (5.19)

3 A natural choice is the Lorentzian principal series Re(J) = —%.
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Figure 14. Integration contours in the J plane. The contour I' (blue) encircles all the integers
clockwise. The deformed contour I'V runs parallel to the imaginary axis, asymptotically approaching

Re(J) = —% at large imaginary J. In deforming the contour, we must ensure that IV avoids non-

analyticities, like a pole at non-integer J, branch cuts, or other singularities. Here, we show a single
non-integer pole at J = j(v) and possible non-analyticities in the shaded region. However, this is
only an example — we don’t know the structure of the J-plane in general.

which includes the angle 6§ = it + € required for a time-ordered Lorentzian correlator.
Thus, we can continue to the Regge regime. The continuation of Ha j(z;) does not give a
growing contribution in the Regge limit, so let us ignore it for the moment. We find that
the four-point function behaves as

%-‘rioo %Ct(A,J) _'_efiﬂjcu(A,J)
oo 2mi 1— e2miJ

@ran) - outan) ~— § a7 [ Fasw)’, (5:20)

where Fa j(z;)° denotes the continuation to Regge kinematics, including the monodromy
of X around 1 and phases arising from the prefactor in (5.17).54

In planar large-N theories, the rightmost feature of I is conjectured to be an isolated
pole J = j(v) where A = % + iv. Assuming this is the case, we obtain

[dv L CHG i )+ e NG v, )
(érlan)-du(on) ~ ~2mi [~ 5 Res —— I

5.3 Relation to light-ray operators

The appearance of the affine Weyl transform (5.11) is suggestive that Regge kinematics
should be related to the light transform and light-ray operators. To see how, let us finally

> Representing the correlator as an integral over both A and J is natural from the point of view of
Lorentzian harmonic analysis, where principal series representations are labeled by continuous A = g +is
and J = —% + it. However, it is not immediately obvious how the representation (5.20) is related to the
Plancherel theorem for é()(d, 2). We leave this question for future work.
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compute Fa s(z;)” using (5.9). We find

inD(A + J)T(A+J — 1)

Fag(z)® = — T2 (2:)Gr—j1— "X
A"]( l) F(A—f—J;—AlQ)F(A+J2—A12)F(A+J;A34)F(A+J2—A34) ( Z) 1=J1 A(X X)

+..., (5.22)

where T2 (x;) is the product of |z;;|’s given in (4.28). Here, we have explicitly written
the term that is growing in the Regge limit. The “...”’s represent other solutions of
the Casimir equations that do not grow in the Regge limit, coming from both Fa ; and
Ha,s. The above expression is valid in the configuration 4 > 1,2 > 3, with other points
spacelike-separated.

Comparing with (4.24) and (4.33), we immediately recognize

(Ta(P162L[O1))) (Ta($3¢4L[O)))
(L[OIL[OT])

Fag(z:)” = %7‘2‘172[1 .., (5.23)
where we use the notation for a conformal block introduced in section 4.1.4. Equation (5.23)
is the main observation of this section. In the case where Regge kinematics is dominated
by an isolated pole (5.21), the residue Res J—j(v) means that coefficients in the integrand
can be interpreted as products of OPE coefficients for light-ray operators. This is be-
cause a nontrivial residue comes from the neighborhood of the light ray.?® Plugging (5.23)
into (5.21), we find a sum/integral of conformal blocks for these light-ray operators.

In the gauge-theory literature, the object that controls the Regge limit of a planar
amplitude is called the “Pomeron” [75, 76]. Here, we see that for planar CFT correlation
functions, the Pomeron is a light-ray operator: it is proportional to the rightmost residue
in J of Op,, for A € ¢ +4R.

The observation (5.23) also lets us immediately generalize conformal Regge theory to
arbitrary operator representations. In the Regge limit, we have

(O1(x1) - - Og(24)) ~ —% > f{ dJ ﬁﬂm d8 Cu(8, . 2) (5.24)
A,a,b 2

; —2miJ
ico 2mi 1 —e—4™

1 (T2{O105L[OT) ) (T2 (05 O4L[O])) V)
(L[OJL[OT]) '

T

Cab(A7J7>‘) 6—19]
1—e—2miJ

Here, Cyp(A, J, \) is the unique analytic continuation of Cyy(A, p) such that
is bounded for large J in the right-half plane and 6 € (0, 7). The weight J is the length of
the first row of the Young diagram of p, and A represents the remaining weights of p, as
discussed in section 2.2. The indices a,b run over three-point structures.

As before, it is straightforward to argue that (5.24) is the only possibility consistent
with the scalar case and with weight-shifting operators. It would be interesting to verify
it more directly, and in general to characterize all monodromies of blocks in terms of the
integral transforms in section 2.3. Note that (5.24) displays a beautiful duality with the
generalized Lorentzian inversion formula (4.45).

55The same is true if the Regge limit is dominated by a cut instead of a pole, though now we have a
doubly-continuous family of light-ray operators, parameterized by v and J along the cut.
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We can try to interpret (5.23) as a contribution to the non-vacuum OPE of ¢1¢9 in
the following way. We construct light-ray operators as an integral of the form (1.15), which
together with conformal symmetry implies that we should be able to write, schematically,

P12 = /dv B, i) [Qg ()] + other contributions. (5.25)

Here B is a kind of OPE kernel which is fixed by conformal symmetry, and the equation
should be interpreted in an operator sense. The representation (5.23) suggests that (5.25)
is a good version of the OPE in non-vacuum states, with the first term giving the only
possibly-growing contribution in the Regge limit.

The “other contributions” can perhaps be understood by studying the terms that we
ignored above, coming form Ha_; and part of .7-"27 ;- We expect that they can be understood
more systematically using harmonic analysis on the Lorentzian conformal group §()(d, 2).
(We hope to address this in future work.) In a finite-N CFT, the correlator saturates
in the Regge limit — i.e. it eventually stops growing. Thus, the details of these terms
will presumably be important for determining the actual behavior of the correlator in the
Regge limit.?%

6 Positivity and the ANEC

The average null energy condition (ANEC) states that £ = L[T] is a positive-semidefinite
operator. The ANEC was proven in [45] using information theory and in [46] using causal-
ity. The causality-based proof [46] proceeds by isolating the contribution of £ in a cor-
relation function and using Rindler positivity to show that the contribution is positive.
Isolating &€ requires using the OPE outside its naive regime of validity. However, the au-
thors of [46] give an argument that one can still trust the leading term in the OPE in an
asymptotic expansion in the lightcone limit.

From our work in section 3, we now have an alternative construction of £ as a special
case of a light-ray operator. Using this construction, we can avoid asymptotic expansions
and any technical issues associated with using the OPE outside its regime of validity.
Beyond technical convenience, our approach gives extra flexibility. The authors of [46] also
prove a higher-spin version of the ANEC:

Ey=LIX;]>0, (J=24,...), (6.1)

where X is the lowest-dimension operator with spin J.°7:58:%9 OQur construction lets us
generalize this statement to

EJ Z 0’ (J € RZthin)’ (62)

56We thank Sasha Zhiboedov for discussions on this point.

5TMore precisely, X can be the lowest-dimension operator with spin J in any OPE of the form Of x O.

%8The higher-spin version of the ANEC was first discussed in [77], where it was also proven for sufficiently
high spin.

The proof of the higher-spin ANEC in [46] relies on some assumptions about subleading terms when
the OPE is used as an asymptotic expansion outside of its regime of convergence. We thank Tom Hartman
for discussion on this point.
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where Jnin < 1 is the smallest value of J for which the Lorentzian inversion formula
holds [16]. Here, £5(x,z) denotes the light-ray operator with dimension and spin (1 —
J,1—A), where A, J are real and A is minimal. This result follows by writing a sum rule
for all light-ray operators, and simply observing that it is positive by Rindler positivity
when (A, J) satisfy the above conditions. When J is an integer, (6.2) reduces to (6.1).
However, when J is not an integer, (6.2) is a new condition.

A possible connection between Lorentzian inversion formulae and the ANEC was first
suggested by Caron-Huot using a toy dispersion relation [16]. In this section, we are simply
making the connection more precise.

6.1 Rindler positivity

Rindler positivity is a key ingredient in the causality-based proof of the ANEC [46], so let
us review it. Given z = (t,y, %) € R4TH1, define the Rindler reflection

7=ty 1) = (—t*,—y", ). (6.3)

Rindler conjugation defined in (3.20) and (3.22) maps an operator O in the right Rindler
wedge to an operator O in the left Rindler wedge. For traceless-symmetric tensors, it is
given by

O(z,2) = O(%,%). (6.4)
The statement of Rindler positivity is that
QO 0,071 ---0,]Q) > 0, (6.5)
where O; are restricted to the right Rindler wedge
Wr = {(u,v,Z) : uv >0, argv € (—3,5), € R42}. (6.6)

(Here, we use lightcone coordinates u =y —t,v =y +t.)

To establish (6.5) for general causal configurations of the O;, [78] appeals to Tomita-
Takesaki theory. However, this is not necessary as argued in [46]. We can summarize their
argument as follows. Because the operators O; --- O, act on the vacuum, we can perform
the OPE to replace

O1-+ 0y)Q) =Y Clay, x,0,)O(z)|9), (6.7)
O

where C(x;,z,0,) is a differential operator. We are free to choose x to be any point in
Wr (we cannot choose x to be timelike from the 7;). Truncating the sum, we approximate
the right hand side by a local operator. The expectation value (6.5) then becomes a
Rindler-reflection symmetric two-point function. Positivity of this two-point function is a
consequence of reflection-positivity, since the two points are spacelike-separated.
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6.2 The continuous-spin ANEC

Following [46], we will prove
WQIVELVIQ) > 0, (6.8)

where V' is any local operator located at a point xy = (0,d,0) € Wg in the right Rindler
wedge. Here, £ is a continuous-spin light-ray operator of spin-J with lowest twist, oriented
along the null direction z = (1,1,0). As argued in [46], it follows that & satisfies the
positivity condition

e NQIR- V) (t = —id) EY (R-V)(t = i6)|Q) > 0, (6.9)

where R rotates by § in the Euclidean y7-plane, with 7 = it, and R -V represents the
action of R on V at the origin. States of the form (R -V)(t =i0)|Q2) € H are dense in H,
by the state-operator correspondence. Thus,

Ey=e2lgl (6.10)

is a positive operator.

Let ¢ be a real scalar primary. We will produce &', by smearing two ¢ insertions. For
simplicity, we will not attempt to divide by OPE coefficients in the ¢ x ¢ OPE. Thus,
when J is an integer, we will actually have £; = fysx,L[X ], where X is the lowest-twist
operator of spin-J in the ¢ x ¢ OPE and fy4x, is an OPE coefficient. In particular &£ in
this section differs from the usual ANEC operator by a factor of fysr.

From (4.8), we have

(VOR sz 2)V) = [ dlesd es(Qf[V, 6()]6(e2), VIR Ka g (a1, 22),
Ty <x2<00Z

2iu(A,~J)S§£¢¢[6])
((990), (660)) e

We have included a factor of 2 from the term 1 <> 2 in (4.8), and we should interpret the

prefactors in Ka j as being analytically continued from even J. The matrix elements of
&y are defined by

(01¢(21)L[O](—o00z, 2)$(x2)|0). (6.11)

Ka j(z1,22) =

W{QVEVIQ) = AfieAs* i(VOR ;(—00z,2)V), (6.12)

where A, is the location of the pole in (O)Z ; with minimal real A. The expression (6.11)
is guaranteed to be convergent for A € % + ¢R on the principal series. In particular it
converges at A = g. Our strategy will be to show that i(V@K s(x,2)V) is strictly negative
as we move rightward along the real axis starting from A = % (figure 15). It follows that
the first pole we encounter must have positive residue.5"

d
2
possible to improve our proof by establishing negativity only for A sufficiently close to the first pole.

50Requiring negativity for all A between ¢ and the first pole is stronger than necessary. It should be
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Figure 15. We show that i(V@X’ ;V) is negative for A between ¢ (the principal series) and the
first pole. It follows that the first pole has positive residue.

The kernel Ka ; is given by

27ip(A, J)Sg(gb?@])L(%[o]) G 922 — 2 - pra)l=A |
(660, (060)s oo™ (e ) 52 (s 00) 5
(6.13)

Ka j(z1,22) =

We would like to show that K j(x1,z2) is a positive-definite kernel when integrated against
Rindler-symmetric configurations of z1,z2. Note that this is a stronger condition than
Ka j(Z,x) > 0 point-wise.

Consider first an inversion z f/ = 5—3 that places £ at null infinity. In this conformal
frame, the three-point structure (0|¢L[O]¢|0) becomes translationally invariant. Thus our
kernel should be a translationally-invariant function of o, 2%, times some scale-factors that
depend independently on x1, z9. Indeed, it is easy to check

(z-z02} — 2 24 x%)l_A
28 5—A+J 2-J-A 2-J-A
1y’ (=z-x1) 2 )2
X X J+A—2 J+A—2 O A
. $/12A¢CC/22A¢ (—Z . CC/I) 5 (Z . 33/2) —s (Z (xQ 2:21))A - .
(h — a))?Pem At

1-A

(6.14)

Because our kernel originates from the light-transform of a three-point structure, it in-
herits Rindler positivity properties. These are made clear by going to a kind of complexified
Fourier-space in the inverted coordinates z. Define lightcone coordinates = =u =y — ¢
and 27 = v = y+t. One can prove the following identity which is valid in the right Rindler
wedge u,v > 0:

RE 92—284—J

28 45— A+J d=2 A, —A+J\ 1/ 284+ J+A—d
(uv + 22) “ T2 D=5 )0 (= )

2E¢+A+J7d72

x / dUh (—k2) T (—h ) A fy(w)
k>0

fk(l') = e—%k*u—l—%k*vﬁ-ﬁ;i’" (6.15)
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Here, the notation k& > 0 indicates that k is restricted to the interior of the forward null cone.
This ensures that kTu is positive and kv is negative, so that the integral is convergent.
The complexified plane wave fi(z) is designed to satisfy

fe(x)" = fu(—7). (6.16)

Putting everything together, we find

2£¢+A+J—d—2

Ka (w1, 22) = ’CA,J/ AUk (k%) (k) (@) (Uk(@0))F, (6.17)

k>0
where
1 w52 —lk+u+lk_v+ig-f
w@) = () T ew| ’ (6.18)
K = QT AT 4 )L (PG DA — 1) (6.19)
) 3(d—1) _ J+A+d—2A J—A4+2d—2A4 " ’
7oz T(J+ DN(EE2)0(A — §)I( a—)I( )

Consequently, we can write

2£¢+A+J—d—2

i(VOL (—00z, 2)V) = —Ka.s / A (k)T (k)1 (8,05,
’ k>0

o= davi@le). V) (6.20)

Ty <x<o0oz

The coefficient a s is positive whenever
A—J<d, and A—J<2(d—Ay). (6.21)

This is also the condition for KA j(x1,z2) to be integrable without an ie prescription. When
these conditions hold, the minus sign in (6.20) ensures that the first nontrivial residue in
A is positive. This proves the ANEC and its continuous spin generalization in this case.

Let us understand the condition A—J < 2(d—Ay) in more detail. When this inequality
fails, two things happen. Firstly, the factor

F<J—A+22d—2A¢> (6.22)

in KA, s may no longer be positive. Secondly, the kernel Ka j(z1,z2) develops a naively
non-integrable singularity along the lightcone. To make sense of this singularity, one must
take into account the appropriate ie prescription for z1,x2. This turns Ka j(x1,z2) into
a non-sign-definite distribution, and then we cannot conclude anything about the sign
of (6.20). To get the strongest result, we should pick ¢ to be the lowest-dimension scalar
in the theory. The spin-2 ANEC then follows if Ay, < %. Large-spin perturbation
theory [17-26, 79] and Nachtmann’s theorem [11, 18, 80, 81] imply that the minimum twist
A — J at each spin J is always less than 2A4. Thus, we can ensure A — J < 2(d — Ay) if
Ay < g. This condition is also sufficient to ensure A — J < d. Thus, the continuous-spin

ANEC follows if Ay < 4.
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6.3 Example: Mean Field Theory

The continuous spin version of ANEC is easy to check in MFT. (This is essentially the same
calculation as in [46, 82].) We have already computed the leading twist operators £, = @af J
in section 3.4. In this section we need the straightforward generalization of (3.42) to the
case of identical operators,

g -0, = - cmdut+¢ey4—J:¢><3'th>¢><S"tz):, (6.23)

J T o 2 2

with a future-directed null z. We can explicitly compute these operators in terms of
creation-annihilation operators using

_1 ddp A,_d . .
o) = Nk [ SRt (al ) e (6.24)
¢ p>0 (271‘)
where Ay is the scaling dimension of ¢ and
92A-1 952
Na = ————T(A)T(A - 452) > 0. 6.25
A (27T)d ( ) ( 2 ) ( )
The creation-annihilation operators satisfy the commutation relation
[a(p), a’(9)] = (2m)?6%(p — q). (6.26)

Plugging (6.24) into (6.23), we find

1

iNyZ dlp d? i i
g/ — [ / D q /det t+l€ —1-J a'i‘ P (IT q 6—§(p+q)'28—§(p—q).zt
b= [ i [ st i fal G

g
+ al (p)a,(q)e_%(P—q)-zs_%(p_i_q)‘zt
tal(q)a(p)es®D=stara =t | (g o7)

The first two terms under the integral vanish because s-integration restricts (p+¢q) -z = 0,
which is impossible since both p and ¢ are in the forward null cone. This is consistent with
the requirement that (O)af ; should annihilate both past and future vacua. Since (p+¢q)-z <0
we can close the t-contour in the upper half-plane for the third term (for J > 0) and thus
it also vanishes. We are left with the last term, where we can close the t-contour in the
lower half-plane. Specifically, we get for s and t integrals

i i 25((p— q) - z)e— 5+ /_ 2\
/dsdt(t+ie)—l—Jeg(p—q)‘zs+2(p+q)~zt _ 2 S((p F(Cf]) :i; 2 ( (qu) z) '

(6.28)

Combining with the rest of the expression we find, using the lightcone coordinates p =
2py/2 — 2'py/2 + p with z - 2/ = 2,

; 1
ﬂe_%JNA2

o /0 " dpupl AT (p) Alpa), (6.20)

[
£r= (J+1)
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where

dp,d**p

A(pu)z/ —————a(pu, v, P)- (6.30)

|P\<Pupv (27T)d
For £; = e%JSQ we then obtain

_1

gy A [ A A

I . D A(py) > 0, 6.31
V= | el A ) A) (6:31)

which is manifestly non-negative.

6.4 Relaxing the conditions on Ay

The conditions (6.21) are stronger than necessary because we have not assumed anything
about the quantity that K j(z1,x2) is integrated against. We can somewhat relax them
as follows. Note that poles in i(VOa j(—o00z,2)V) come from the region where z1,z2 are
near the lightray Rz. In this region, we expect the correlator (Q|[V, ¢(z1)][¢(z2), V]|Q) to
depend most strongly on the positions vy, vo of the operators along the light-ray and simple
invariants built out of the relative position z; — 29, since V, V are far from the light ray.

To be more precise, consider the integral over x1, xo in the coordinates of section 3.4,

2/ip(A, ) S (¢9[OD L($[O)
({660),($60))&

A—A|—Do4J

_1—2-21-5827Y 1-A
1 [d 271y 2 a(l—a)+(1—a)w?+aw?s
% = / ld’UldUQdOédd72W1ddi2W2 21 _ (~ ( _ ) ( ) 1~ - 2)
4 r o \AitBots-A Ay -Ayta-A-) Ag—A +2-A—J
(14+w1,) 2 ! 2 1—a 2
_A-A1—Ay—J 1 1
X P d(—ra,vi, (rver)2wy)o(r(l—a),ve, (rver)2wa). (6.32)
The most important quantities built from x5 are
V21, 22y = rvor (1 + w?). (6.33)

Let us make the approximation that, to leading order in r, the correlator ([V,#][$,V])
depends only on v1,ve and x2,. That is, let us replace

O(—rav1, (roa) Fwi)o(r(1—a), vz, (rum) Fwa) ~ & (=5 (14w2),01,0) 6 (5 (1+w2),02,0)
(6.34)

This approximation would be valid, for example, if we could perform the OPE ¢(z1) x ¢(x2),
since the leading terms in the OPE depend only on vg1 and z%,. However, our assumption
is weaker than assuming that we can perform the OPE.

After rescaling 7 — 7/(1 + w2), we can now perform the integrals over a and w,
following the methods in appendix D. The result is

i(V@ZJ(—ooz, 2)V)

2d+J—4 dr 20— A+J 284 -A-J—2
~ T /rd’l}]_d’UQT‘ 2 Vo1 2 <Q|[V7¢(_%7v170)][¢(%71}2)0)5V]|Q>

2d+Jf4 dr 2845-A+J o] A+JT—2A,
- (A+J+2—2A¢ /TT 2 / dkk 2 (QO(r)Ok(r)[2), (6.35)
(A ;
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where
O(r) = /0 dve ™ [p(5,v,0),V]. (6.36)

The integrand in (6.35) should be correct to leading order at small r, which means the
leading residue of i(VOa j(—00z,2)V) should be correct. This residue is manifestly posi-
tive whenever

A+J+2

; (6.37)

A¢<

For example, this proves the continuous spin ANEC for all J > 2 if the lowest-dimension

scalar in the theory has dimension A, < d—;r‘l.

7 Discussion

We have argued that every CFT contains light-ray operators that provide an analytic
continuation in spin of the light-transforms of local operators. This gives a physical in-
terpretation of Caron-Huot’s Lorentzian inversion formula [16]. Our construction involves
smearing two primary operators O, Oz against a kernel to produce an object Q4 s, and
then taking residues in A to localize the operators along a null ray. We have not shown
rigorously that the integral localizes to a null ray (as opposed to a lightcone). However, we
expect this is true based on the example of MFT and the fact that it’s true for integer J.
More generally, we expect that any singularity in the (A, J)-plane should lead to a light-ray
operator. (For instance, one could take the discontinuity across a branch cut instead of a
residue.) It would be nice to understand better the structure of the (A, J)-plane in general
CFTs. We know that for nonnegative integer J, the object Qa ;j has simple poles in A at
the locations of local operator dimensions. However, we do not know how it behaves for
general complex J.%' We also have not addressed the question of whether different oper-
ators 01, Oy produce different light-ray operators. We expect that in a nonperturbative
theory, the same set of light-ray operators should appear in every product O;0j, if allowed
by symmetry. It would be nice to show this rigorously.

Light-ray operators have the advantage over local operators that they fit into a more
rigid structure, due to analyticity in spin. However, unlike local operators, they are not
included in the Hilbert space of the CFT on S%! because they annihilate the vacuum. One
way to realize them as states is to double the Hilbert space (with time running forwards in
one copy and backwards in the other). The O; ; then become states in the doubled Hilbert
space.%? A general message is that the doubled Hilbert space contains interesting structure
that is not visible in a single copy, and it would be interesting to explore this idea further.

We have seen that light-ray operators enter the Regge limit of CFT four-point func-
tions. It would be nice to understand the actual spectrum and OPE coefficients of

5'In planar N = 4 SYM, beautiful pictures of the (A, .J)-plane have been constructed using integrabil-
ity [83-86].

520, ; itself is a somewhat violent state. However, we can regularize it by acting on the thermofield
double state with some temperature 5. We thank Alexei Kitaev for this suggestion.
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continuous-spin light-ray operators in important physical theories (e.g. the 3d Ising model,
N =4 SYM, and more), in order to determine what the Regge limit actually looks like in
those theories.% Such operators have been explored in weakly-coupled gauge theories (see
e.g. [35—40]), and it would be interesting to study other perturbative examples. For exam-
ple, can one write a continuous-spin generalization of the Hamiltonian of the Wilson-Fisher
theory [87]7

Another important question is the extent to which light-ray operators form a complete
basis for describing the Regge regime. Indeed, in our discussion in section 5, we ignored
certain non-growing contributions in the Regge limit. It would be interesting to include
them and give them operator interpretations. Perhaps lightcone operators or other types
of nonlocal operators play a role. This question is also interesting in 1 dimension, where
the analog of the Regge regime is the so-called “chaos regime” of a four-point function.

In any spacetime dimension, we can ask: is there a complete basis of nonlocal operators
transforming as primaries in Lorentzian signature? Identifying a complete basis could help
in developing a generalization of the OPE that is valid in non-vacuum states. (The usual
OPE still works as an asymptotic expansion in non-vacuum states, but we would like to
find a convergent expansion.) Such a generalization would be a powerful tool for studying
Lorentzian physics.

Relatedly, it would be interesting to study OPEs of light-ray operators with each
other, especially the ANEC operator £ = L[T].%* In “conformal collider physics” [41] one
considers ANEC operators starting at the same point £(z, 21)E(x, z2) (usually taken to be
spatial infinity = = oo, so that the light-rays lie along future null infinity), and it is natural
to study the limit where their polarization vectors coincide z; — z9. This question was
explored in [41], where it was argued that the leading term in the £ x & OPE in N' = 4 SYM
is a particular spin-3 light-ray operator that can be described in bulk string theory using
the Pomeron vertex operator of [8]. It would be nice to determine a systematic expansion
for this limit in a general CFT. Such an expansion could be useful for computing energy
correlators and studying jet substructure in CFTs. Light-ray operators could also be useful
for understanding aspects of deep inelastic scattering and PDFs.%

In this work, inspired by Caron-Huot’s beautiful result [16], we have been led to an
unusual hybrid of Euclidean and Lorentzian harmonic analysis, i.e. harmonic analysis with
respect to the groups SO(d + 1,1) and SO(d,2). However, many of the resulting for-
mulae suggest that it might be fruitful to start with é()(d, 2) from the beginning. For
example, after applying the Sommerfeld-Watson trick, Regge correlators are written as
an integral over A and J, which is suggestive of an expansion in Lorentzian principal
series representations (this observation was also made recently in [88]). It will be impor-
tant to develop this area further and explore its implications for many of the above ques-

tions.56

53Besides planar N' = 4 SYM, another CFT where the Regge limit of a four-point function has been
computed is the 2d (supersymmetric) SYK model [14].

54We thank Sasha Zhiboedov for discussion on this point.

55We thank Juan Maldacena for this suggestion.

56We thank Abhijit Gadde for emphasizing this idea.
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The intrinsically Lorentzian integral transforms introduced in section 2.3 have been
a key computational tool in this work. These transforms have a natural group-theoretic
origin as Knapp-Stein intertwining operators for SO(d, 2), but they can also be applied to
representations of é\(/)(d, 2). In this work, we have focused primarily on the light-transform,
but the remaining transforms may also have interesting applications. For example, it would
be interesting to compute the full monodromy matrix for spinning conformal blocks in
terms of intertwining operators, generalizing (5.23). Steps in this direction have already
been taken in [60].

One concrete result of this work is a generalization of Caron-Huot’s Lorentzian in-
version formula to four-point correlators of operators in arbitrary Lorentz representations.
Caron-Huot’s original formula has already proven useful in a variety of contexts [89-95],57
and we hope that our generalization will be similarly useful. For example, one might try
to determine all four-point functions in theories with weakly-broken higher spin symmetry,
generalizing the results of [93]. It would also be interesting to study inversion formulae
in the context of stress-tensor four-point functions, perhaps making contact with the sum
rules in [43, 98].

An important application of Lorentzian inversion formulae is to the lightcone bootstrap
and large-spin perturbation theory [17-26, 79]. Lorentzian inversion formulae make it
particularly simple to study OPE coefficients and anomalous dimensions of “double-twist
operators” [17, 18] and averaged OPE data for “multi-twist” operators (see e.g. [94, 95]).
An important problem for the future is to disentangle individual multi-twist trajectories.
It is likely that this will require studying crossing symmetry for higher-point functions. We
hope that light-ray operators will offer a useful perspective on this problem.

Another result of this work is a new proof of the average null energy condition (ANEC),
obtained by combining the causality-based proof of [46] with the idea of an inversion
formula. Our proof has some technical advantages over [46]. For example, it does not
use the OPE outside its regime of validity, and it also allows one to move away from
the asymptotic lightcone limit. However, it also has disadvantages. In particular, our
proof requires the CF'T to contain a sufficiently low-dimension operator, and this condition
is absent in [46]. It would be interesting to understand whether this condition can be
relaxed further while still using an inversion formula. Another technical point that is
worth clarifying is the role/necessity of Rindler positivity, as opposed to the more easily-
established “wedge reflection positivity” [78] or the traditional positivity of norms.

The ANEC has a growing list of interesting applications in conformal field theory [41,
43, 44, 99-102]. However its higher-spin generalizations [46] have been less well-explored.
We have additionally proven that the ANEC holds for continuous spin — i.e. on the entire
leading Regge trajectory. It would be interesting to understand the implications of this
result, for example in a holographic context. (See [103] for recent work on shockwave oper-
ators, which are holographically dual to light-ray operators.) It would also be interesting
to understand the information-theoretic role of continuous-spin operators. How do they

57See also [96, 97] for applications of Lorentzian inversion formulae to quantities other than vacuum four-
point functions. It would be interesting to understand whether light-ray operators offer a useful perspective
on these works.
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behave under modular flow? Can they appear in OPEs of entangling twist defects? The
ANEC can be improved to the quantum null energy condition (QNEC) [104, 105], which
was recently proven in [106] together with a higher integer spin generalization. Is there a
continuous-spin version of the QNEC?
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A Correlators and tensor structures with continuous spin

In this appendix we assume that there exists a continuous-spin operator Q(x, z) and study
its Wightman functions. Note that here we are concerned with physical correlators. In
other parts of this paper we discuss the existence of continuous-spin conformal invari-
ants for fixed causal relations between the operator insertions, which is a very different
problem — Wightman functions must be well defined for arbitrary causal relationships
between points.

A.1 Analyticity properties of Wightman functions

Recall that Wightman functions of local operators are analytic in their arguments when the
appropriate i€ prescription is introduced. More precisely, consider a Wightman function of
local operators (suppressing polarization vectors for simplicity)

(QOn(@n) - O1(21)|Y), (A.1)
and let us split each x; into its real and imaginary parts,
Tk = Yk + Yk, Ge € RTHL, (A2)

The Wightman function (A.1) is analytic in the following region [65, 107] (see [11] for a

nice review):%

(>G> > (A.3)

Here, the notation p > g means that p — ¢ is timelike and future-pointing. We will refer to
this analyticity property as positive-energy analyticity.

581n fact, these functions are analytic in an even larger region [65, 107], but we do not study consequences
of this extended analyticity in this work.
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Positive-energy analyticity can be derived in the following way. We first represent the
Wightman function (A.1) as a Fourier transform

QU0 Os(a)If) = [ Ghh o G010, p,) - Ou(p)|9).

(A4)

The existence of the Fourier transform follows from the Wightman temperedness axiom.
The Heisenberg equation implies

[H,0x)] = ~im50i(r) = [H,0,)] = 10,(m), (A5)
and thus
HOi(pi) - O1(p)1Q) = (0] + ... + 1)) Oi(pi) - - - O1(p1)[2).- (A.6)

In physical theories, all states have positive energies. Furthermore, positivity should hold
in any Lorentz frame. Thus, we conclude that whenever (O, (py,) - - - O1(p1)|§?) is nonva-
nishing,

p1+...+pi >0 (it=1,...,n). (A.7)

Here, the notation p > 0 means that p is timelike or null and future-pointing. Note that
the real part of the exponential factor in (A.4) is given by

exp (C1-p1+...Gupn) =exp[(pn + ... +p1)  Cn
+ (Pn—14 ...+ p1) - (Co1 — Gn)
+ (Pn—2+ ... +p1) (2 — Cu—1)
+...

+p1- (G = ¢)]; (A.8)

where (, = Im(z). By translation-invariance, the first term in the exponential (p, + ...+
p1) -G, can be replaced with zero. Suppose that the j satisfy (A.3). Due to (A.7), all other
terms in the exponential are non-positive and serve to damp the integral (A.4). Thus, we
can make sense of the Wightman function as an analytic function in this region.

The above discussion in no way depends on locality properties of O;. The only in-
formation about O; that we needed was the Heisenberg equation (A.5). This is of course
also satisfied by continuous-spin primary operators O(zx, z), because it is simply part of
the definition of being primary. This means that positive-energy analyticity also holds
for Wightman functions involving continuous-spin operators. In the main text we con-
struct examples of continuous-spin operators for which positive-energy analyticity can be
checked explicitly.

This clarifies the properties of O(z, z) with respect to x. However, O(z, z) is also a
non-trivial function of z, and it is interesting to study analyticity in z. For this, assume that
we have already adopted the appropriate ie-prescription. By using Lorentz and translation
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symmetries we can assume that we have inserted O(z, z) at x = ieey = (i€, 0,...,0) with
€ > 0. Then we have for¢,j =1...d—1

[Mij, @(ieé\o, Z)] = (Zjazi — Ziazj)@(i(é\o, Z), (Ag)

and so we have an Spin(d—1) C §(3(d, 2) subgroup which stabilizes position of O and allows
us to change z. In particular, together with the homogeneity property (2.21) it allows us
to relate all future-directed null z to z = eg + ;3 = (1,1,0,...,0). Let U, € Spin(d — 1)
that takes a,(€y + €1) with a, > 0 to z. Then for a Wightman function with a single
continuous-spin operator we can write

(Q|On(2n) - - Op(xk)O(i€ey, 2) Op—1(zg—1) - - - O1(21)[82) =
= (QO, (1) - - - Op()U.O(i€€y, € + 1)Ul Op 1 (xp_1) - -- O1(21)|Q),  (A.10)

and compute the right hand side by acting with U, and U;r on the left and on the right.
This action will act on the spin indices of local operators and also shift their positions.
Change in the positions will, however, preserve the ordering of imaginary parts (i (A.2),
and thus the Wightman function will remain in the region of analyticity.%® Since we can
take U, to depend on z analytically in a neighborhood of any given z, this implies that
in the absence of other continuous-spin operators the left hand side of (A.10) should be
analytic in z.

It would be interesting to understand the analyticity conditions in z in presence of
other continuous spin operators. This might depend on some extra assumptions about the
nature of such operators, but it is natural to expect them to still be analytic. At least this
is the case for the integral transforms defined in section 2.3, since at fixed ie-prescription
these involve integrals of analytic functions.

A.2 Two- and three-point functions

Let us now study examples of Wightman functions of continuous-spin operators from the
point of view of positive-energy analyticity. This is especially interesting in CF'Ts because
the analytic structure of two- and three-point functions is fixed by conformal symmetry, and
this turns out to be in strong tension with positive-energy analyticity. For simplicity, we
focus on correlation functions involving the minimal number of continuous-spin operators.
We also restrict to traceless-symmetric tensor operators. However, the same statements
hold for general representations because the part of the tensor structure responsible for the
discrete spin labels A is always positive-energy analytic.

A conformally-invariant two-point function of traceless-symmetric operators has
the form

(2(11612 cz21)(212 - 22) — 39 (21 - 22))J
2(A+J)
L1

(O(x1,21)0(z2, 22)) x

(A.11)

%9Note that in principle the stabilizer of icy includes a full Spin(d) € SO(d, 2). However, some of the
transformations in Spin(d)\Spin(d — 1) will change ordering of {x and thus move Wightman function out
of the region of analyticity.
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It is easy to check that the denominator is positive-energy analytic for any choice of
Wightman ordering, and we only need to study the numerator. For generic z; and 29
we can write

Tig =z + Bze + x4, (A.12)

where = - z; = 0. Note that x| is spacelike, because it is orthogonal to the timelike vector
21 + 2z2. (Recall that all polarization vectors are null and future-directed.) The numerator
then takes the form

(2(1‘12 . Zl)(xlg . ZQ) — l‘%Q(Zl . ZQ))J = (—Zl . ZQ)JZC%_J > 0. (A.lg)

On the one hand, we see that this is positive and well-defined for all real z; and z;. On the
other hand, we can show that it is only positive-energy analytic for integer J > 0. Indeed,
selecting a Wightman ordering and adding appropriate imaginary parts as in (A.2), in any
case we find that ¢, is a spacelike vector (we can make it non-zero), because it is orthogonal
to 21 + 2z9. This means that by choosing an appropriate y12 we can achieve

i =yl — (T +2i(yL-¢) =0, (A.14)

and in particular wind xi_ around zero without leaving the region of positive-energy ana-
lyticity.”">"! Thus (A.13) can not be analytic there unless J is a non-negative integer.
This implies that the only way the Wightman two-point function of a generic contin-

uous spin operator @ can be positive-energy analytic is by being zero,
(Q|O0(z1, 21)O(x2, 22)|2) = 0. (A.15)
In unitary theories vanishing of this two-point function implies
O(z, 2)|2) = 0. (A.16)

This gives another derivation of the fact stated in the introduction: continuous-spin oper-
ators must annihilate the vacuum.
Let us now consider a three-point function with a single continuous-spin operator O,

w1323 ags-zy) T
<01($1,21)02($2,22)@<$3,Z3)> 0.8 f(xl,zz) 2 - B} s (A.17)
T13 Z23

""To be specific, we can wind 22 around 0 once with 312 returning to the original position, and thus
for (A.13) to be single-valued, we need J € Z.

" This argument doesn’t work in d = 3 because then y; and {, are forced to lie in the same 1-dimensional
subspace. In that case we are still free to change both y; and (i, and thus z; =y, +i{,, in a neighborhood
of 0. This leads to a weaker requirement that J € %ZZO, This has to do with the fact that for d = 3 the null-
cone is not simply-connected and it makes sense to consider multi-valued functions of z. In fact, fermionic
operators can be described by double-valued functions of z. (If we write z, = Xaxgag‘ﬁ for a real spinor
X, then we get polynomial functions of x.) Our argument thus shows that only single- and double-valued
functions of z are consistent with positive-energy analyticity. In higher dimensions we cannot describe
fermionic representations by using a single null polarization and thus we do not get this subtlety.

"2We derived this for generic z1 and zo, but as discussed in the previous section, we expect the Wightman
functions to be continuous in polarizations.
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where f(x;,2;) is the part of the tensor structure which is manifestly positive-energy ana-
lytic, and is a homogeneous polynomial in z3 with degree n3 > 0. The non-trivial part of
the correlator can be written as

T13-23 @3- z3 )\
. . g
( — > = (vig,3 - 23)7° 7", (A.18)
L3 L3
where
X1 xI9 2 ZL‘2
V2, . = (213 7B T2 (A.19)
12,3 72 72 7222
13 23 13723

We see that vi2,3 can be both spacelike and timelike, depending on the causal relationship
between the three points z;. This immediately implies that, for example, when all z;;
are spacelike, the inner product vi23 - 23 is not sign-definite and we need to invoke ie-
prescriptions to define (vi23 - 23)73773 even for purely Euclidean configurations. For the
te-prescriptions to make sense, the tensor structure must be positive-energy analytic. This
means that in this situation, positive-energy analyticity is not only required for correlators
to make physical sense, but also simply for the tensor structures to be single-valued.”™ To
proceed, note that in the region of positive-energy analyticity a:?j # 0 and furthermore
the map

preserves the set of = y + i¢ with future-directed (past-directed) timelike ¢.™* Since
it is also its own inverse, this implies that by varying x13 and x93 within the region of

T

positive-energy analyticity, we can reproduce any pair of values for ¢ = Z2 and ¢o = %
23
with imaginary parts satisfying the same constraints as those of x13 and x23 respectively.

This means that in the region of positive-energy analyticity for the orderings
<0|02@01|0> and <0|01@02‘0>, (A.Ql)

the vector vi23 = q1 — ¢2 has a timelike imaginary part restricted to be future-directed or
past-directed respectively, while for the orderings

<O’Oi0j@‘0> and <0|@Oi(’)j’0> (A.22)

this imaginary part is not restricted at all. In the former case vi2 3 - 23 has either negative
or positive imaginary part, and thus the inner product cannot vanish or wind around zero,
while in the latter case this inner product can vanish or wind around zero. We thus conclude

"3This is in contrast to the two-point Wightman function case considered above, where (A.13) is single-
valued without the ie-prescription.

f 22 = (y +i¢)? = y? — % + 2y - ¢ = 0 with timelike ¢, then y - ¢ = 0, which implies that y is
spacelike and thus 3% — ¢? > 0, leading to contradiction. Imaginary part of Z5 is, up to a positive factor,
C(y? = ¢*) —2y(y - ¢). For y = 0 this is timelike and has the same direction as ¢. For any v, this squares to
C((y* = ¢H? + 4(y - 2)?) < 0, and thus by continuity Im-% remains timelike in the direction of ¢.

x
x
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that the Wightman functions (A.21) are positive-energy analytic for any value of Js, while

the Wightman functions (A.22) are positive-energy analytic only for integer J3 > n3.”™
Again, recalling that the physical Wightman functions of continuous-spin opera-

tors must be positive-energy analytic, we are forced to conclude that Wightman func-

tions (A.22) vanish,
(2|0:0,0|22) = (2|00,0-|2) =0, (A.23)

which of course consistent with the fact that O annihilates the vacuum. An interesting
observation is that the distinction we made above between the Wightman orderings (A.21)
and (A.22) conflicts with microcausality, because for spacelike-separated points all these
Wightman functions would be equal.”® This means that non-trivial continuous-spin op-
erators must be non-local, as stated in the introduction, in the sense that they cannot
satisfy microcausality.

A consequence of non-locality is that a physical correlator involving a continuous-spin
operator is not well-defined without specifying an operator ordering even if all the distances
are spacelike. This in particular means that time-ordered correlators are not quite well-
defined in the presence of continuous-spin operators (i.e. how do we order O when it is
spacelike from something?). This also makes it unclear how one would define Euclidean
correlators for continuous spin (the usual Wick-rotation to Euclidean signature requires
micro-causality). Another problem with attempting to describe continuous-spin operators
in Euclidean signature is that under Euclidean rotation group SO(d) the orbit of a single
null direction in R4 consists of all null directions in C¢. Thus we would need to define
O(z, z) for all complex null z, but above it was very important to have future-directed real
z to establish positive-energy analyticity of at least some Wightman functions.

A.3 Conventions for two- and three-point tensor structures

When working with integer spin the simplest way to specify standard tensor structures is
to give their expressions in Euclidean signature or, equivalently, in Lorentzian signature
with all points are spacelike separated. With continuous spin, Euclidean signature is not
an option, and as we saw above even for spacelike separations in Lorentzian signature care
must be taken to define phases of three-point functions. In this section we briefly record
our conventions for symmetric tensor operators.

We will choose the following convention for a two-point function in Lorentzian signa-

ture:
_22 I x z J
(O(21,21)O(22, 22)) = (=22 xz(Am) 2)
12
w
) =25 e

"Recall that n3 < Js is the standard condition that we encounter when dealing with integer-spin tensor
structures, it just means that f(z;, z;) must be a polynomial in z3 of degree at most Js3. The 3d subtlety
we discussed in footnote 71 would be visible here as well, if we allowed f to be double-valued in z (and
polynomial in ), which would correspond to making the product O10; fermionic, thus forcing J to be
half-integer.

"6Recall that as noted above, the region of spacelike separation is the problematic one, because there
v12,3 is spacelike and vi2,3 - 23 is not sign-definite.
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The nonstandard numerator is so that the two-point function is positive when 1 and
2 are spacelike separated and 22 are future-pointing null vectors. For local operators
this completely defines standard Wightman two-point functions via ie prescriptions. For
continuous-spin operators physical Wightman functions vanish, but we still need two-point
conformal invariants in some calculations (like the definition of the S-transform), and for
these purposes it suffices to specify the two-point invariant for spacelike x1s.

Now consider a three-point function (¢i(x1)pa(x2)O(zs,2)), where ¢ and ¢o are
scalars and O has dimension A and spin J. We demand that the correlator (either
Wightman or time-ordered) should be positive when 1,2,3 are mutually spacelike and
Z - Xo3 x%3 —2-T13 3333 > 0. Our precise convention is

J
(22 - 93 x%?) — 2z - 113 :c%?))
(1(21)P2(22)O(23, 2)) = A tAo—AtT A+A—AotT Dot A—Di+T"
L1 T13 To3

(A.25)

This is unambiguous for local operators since at spacelike separations there is no differ-
ence between various Wightman orderings and time-ordering.”” If J is continuous, we are
necessarily talking about a Wightman function and we need to specify the ordering. Our
choice is

J
(2z o3 a3y — 22 - 113 xg?))
(0[¢1(21)O(23, 2)d2(22)[0) = A tAr—AtT AFA—AotT Dot A—DA1T°
12 T3 Lo3

(A.26)

defined to be positive under the same conditions as (A.25).
The nontraditional factors of 2 in (A.24) and (A.25) are so that the associated confor-
mal blocks have simple behavior in the limit of small cross-ratios

(01020)(O¢3s)
(00)

J  A+J

(H xf;) XA%YT X <Y <1 (A.27)

They also simplify several formulae in the main text.

B Relations between integral transforms

B.1 Square of light transform

In this appendix we explicitly compute the square of the light transform. In order to do
this, we need to assume that the operator that the light transform acts upon belongs to
the Lorentzian principal series

d
A:§+is, J:—T—H’q, (B.1)

sothat A+ J=1+i(s+q)=1+iwand AL+ JF=2-A—-J=1—i(s+¢q) =1—1iw
and thus both the first and the second light transforms make sense if w # 0.

""Note however that this notation for the standard structure is somewhat abusive. For physical correlators
we of course have (¢p1¢20)q = {(p2$10)q, but the standard structure (A.25) gains a (—1)7 under this
permutation. This leads to several appearances of (—1)“’ in our formulas which are awkward to explain.
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It will also be convenient to use the expression for the light transform in the coordinates
(7,€) on My. In these coordinates the polarization vector z can be described as (2, 7)
where 7 is tangent to S9! at €, i.e. Z-& =0, and we have (2°)2 = |Z]2. We then have

L[O](T,é’;zo,z?):/ dn(sinm)A+J_2(zo)1_AO(T+/<;,cosmé’+sin/@Z%;l,cosmz%—sinmé’).
0
(B.2)

Note that this form also makes it manifest that there is no singularity associated to a =0
n (2.37).
The square of light transform becomes

L2[0](1,¢:2°,2) / / drdr!(z°) (sin k") "2~ (sin k) A+ 2
X O(T+k+r cos(k+k )e+s1n(/£—|—/i)ZZO,1,cos(/£+/<;')z%—sin(f<;+/ﬁ;')é')
27
:/ de(/ﬁ)(ZO)J(’)(T—I—K,cosmé’—i—sin/eZ%;1,cosmz%—sin/£é'), (B.3)
0

where

K B min(k/2,m—k/2) p . E i i B4
(k) = n(sin o —n) (sin o 4 7)1+, (B.4)
max(—k/2,k/2—) 2 2

To compute K (k), for k # 0,7, 27 we can use the substitution

o5 5o (5+mn) | (B.5)
sin (% — 77)
which turns the integral into
sink J_o

This means that K (k) is supported at x = 0,7,27. Let us thus consider first the con-
tribution near k = 0. Near kx = 0 we can expand both sines and find, introducing a
regulator e,

K(r) = /_’1//22 dn (g — 77) e (g n 77)—1+iw+6

1/2 1 —1l—iw—+e 1 —1+iw+te
_ K—H—Qe/ i <2 B n> <2 N 77)
-1/2

(k< 1) (B.7)

For € — 0, using

(26)6712¢ 5 5(k), (k> 0) (B.8)
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™

K(r) = (=)D (w)0(®) = A7 s n(a £ 7)

5(k), (k< 1). (B.9)

The calculation near k = 27 is the same and thus we have

s

(A+J—1)sinmt(A+J)

K(k) = (6(k) + 0(k — 2m)) + (contribution from 7wy  (B.10)

To find the contribution from x = 7, write K = 7 — r for small 0 < r < 1.7 We
have now

:/ dn (sinr+n) "1 (sing) 1T
0

N3

J T T —“l-iw , 1 r —1+iw
n(simg—5-n)  (smg-g+u)

3 [NIE]
[N

Nr ' ‘ Nr | |
%/ dT] (7’—|—7])—1—zw+e n1+zw+e+/ dTl (T+T])_1+M+€ n7171w+e
0 0

:7,,—1+2€ [/0 dn(l_i_n)—l-l-zw-l—e77—1—7,(1.1—5—64_\/0 dn(1+n)—1—zw+en—1+zw+e

_ =142 mI'(1—2¢)
N IFr2—J—A—e)l'(J+A—¢)

(cse(m(J+A—e€))—csc(n(J+A+e))). (B.11)

Here 0 < r < Nr <« 1 and the two terms come from the two sides of the integral. We can
now compute for small A > 0
T meosT(A+ J)

li K = - .
50 oA (1e)dr (A+J—-1)sinmt(A+J)

(B.12)

Recalling also that there is also a contribution from the negative values of r, we find the
final result

™

K@) = A7 - Dsmrda 1)

(0(k) —2cosm(A+ J)o(k —m)+ d(k —2m)). (B.13)

In terms of action on O this immediately implies

) s

= — 2
L (A +J - 1)sinw(A+J) (1—2cosm(A+ DT +T7)
= i _im(A+T) __—im(A+)
(A4+J—1)sinm(A+J) (T ¢ > (T € ) (B.14)

B.2 Relation between shadow transform and light transform

In this appendix we prove the relation (2.87). As in the preceding part of this appendix,
we must assume that (2.87) acts on an operator in the Lorentzian principal series so that
this action is well-defined. We have

LS,;L[O](z,2) = / D2 dondan(—on ) T (—ap) T2 A (22 L ) dHA

x O(x — 2 Joq — 2/, 2') (B.15)

"8 There is going a similar contribution from r < 0.
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Let us write 2’ = x — 2//a; — z/as. Then we have

N _ (z’/a1+z/a2)(z//a1+z/a2)-z__%Z,
Iz —2')z2=2—-2 (2 Jar + 2j0n)? = o (B.16)

Considering the integral in the region of large negative a; and ao we find

J
/Dd_QZ'daldag(—al)_A_J(—ag)d_2+J_A (—Cvloég(ﬂf _ $I)2)1_d+A <Zl>
2
x O(x', —I(x — 2')2)

= /Dd2z’da1da2(—a1)1d(—a2)1 (—(z— 36’)2)1_d+A o, —I(x—2")2) (B.17)
We would now like to replace the integral [ D22 dadas by J dz’. For this we write
1= /dd:c/5d(x -2’ =2 Ja; — z/as) (B.18)
and then compute

/Dd_Zz'daldozg(al)l_d(ag)_15d(az —2' =2y — z/an)

= [ EE 0 ) ) (aa) o e 21 + 7+ )
= [P0 ) 20 (-an) ()
= —(z—a)2 (B.19)

We thus conclude that (B.17) is equal to
/ i (—(x — )22~ 0! —I(z — 2')2). (B.20)

More precisely, it is the contribution to (B.15) from the region of large negative «;. We
recognize that it has precisely the form of T-shifted Lorentzian shadow integral (2.31), i.e.

Sa =i7T 'LS,L. (B.21)

C Harmonic analysis for the Euclidean conformal group

C.1 Pairings between three-point structures

The conformal representation of an operator O is labeled by a scaling dimension A and an
SO(d) representation p. The representation O has dimension d — A and SO(d) represen-
tation p* (the dual of p). Thus, there is a natural conformally-invariant pairing between
n-point functions of O;’s and n-point functions of 62 ’s, given by multiplying and integrating
over all points modulo the conformal group,

L dp o .. diy I
(<01”'O">’<OI"'OL>>E:/vof(Sé)(dfl,q))<OlmOn><OI“.OL>' (C.1)
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Here, we are implicitly contracting Lorentz indices between each pair O; and (53 The “E”
subscript stands for “Euclidean.”

This pairing is particularly simple for three-point structures. In that case, we can use
conformal transformations to set 1 = 0,292 = e,23 = co (with e a unit vector), and no
integrations are necessary. The pairing becomes simply

1
£ 29vol(SO(d — 1))

(01(0)02(€) O3(c0)) (O] (0) 0L () O} (c0)).
(C.2)

((010,05),(0]0}0))

The factor 27 comes from the Fadeev-Popov determinant for the above gauge-fixing.™
The factor vol(SO(d — 1)) is the volume of the stabilizer group of three points.

As an example, a scalar-scalar-spin-J correlator has a single tensor structure
(919203 5) given in (A.25). The pairing in that case is

22J
B 29vol(SO(d — 1))
22050
~ 2dv0l(SO(d — 1))’

(<¢1¢203,J>, <$1$263,J>>

(eM ... el — traces)(ey, - - - e, — traces)

(C.3)

where C(z) is defined in (H.10).

C.2 Euclidean conformal integrals

Suppose O, O’ are principal series representations, with dimensions A = g—i—is, A = g—i—is’
with s, > 0 and SO(d) representations p,p’. A “bubble” integral of two three-point
functions is proportional to their three-point pairing,

A d St AT <<01020>’ <615£6T>>E /
/ﬁxmxgaoxwwmopghwnz B 8y 6(z — 2")door,

(5(9(9/ = 271’(5(8 — S/)(gpp/. (C4)

The right-hand side contains a term dper restricting the representations O, O’ to be the
same, since this is the only possibility allowed by conformal invariance.®® Here, a,b are
indices for the representations p, p* of SO(d), respectively. We have suppressed the SO(d)
indices of the other operators, for brevity.

The factor p(A,p) in the denominator is called the Plancherel measure. It is known
in great generality [42] (see [68] for an elementary derivation). In this work, we will only

"Note that [31] used a convention where vol(SO(d+ 1, 1)) was defined to include an extra factor of 27¢ to
cancel the Fadeev-Popov determinant. Here, we prefer not to cancel this factor because it simplifies other
formulae in this work.

80Eq. (C.4) is sometimes written including two terms — one with §(s — s’) and another with (s 4 s).
Here we have only one term because we have restricted s,s’ > 0. The other term can be obtained by
performing the shadow transform on either O or o't
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need p(A, J) for symmetric traceless tensors:

dimp; TA-DId—A—-1)(A+J—1)(d—A+J—1)
29vol(SO(d)) DA — DT (4 = A) ’
I'(J+d—2)2J+d—2)

T(J+)I(d—1)

n(A, J) =

dimpy = (C.5)

Here dim p; is the dimension of the spin-J representation of SO(d).
Another conformal integral we will need is the Euclidean shadow transform of a three-
point function of two scalars and a symmetric traceless tensor

($1902SE[O](y)) = /ddﬂ@(y)@(ﬂ?)ﬂﬁbl@@(f»
= Sp(d162]0]) (1620 (y)), (C.6)

where

ST (A — T(A + 7 — 1) T(AAA =00 =Asdgin
F(A _ 1)F(d — A+ J) F(A+A1;A2+J)P(A+A2;A1+J)
(.7)

SE(9192(0]) = (-2)

The factor of (—2)” relative to [31] is because we are using a different normalization con-
vention for the two-point function (A.24).

The square of the shadow transform is related to the Plancherel measure by [42] (see [68]
for an elementary derivation)

g2 _ 1 {0(0)07(20)){0(c0)0" (0)
P u(A,p) 2%vol(SO(d))

=N(A,p), (C.8)
where the indices in two-point functions are implicitly contracted. In the case of a spin-J
representation, we have

227 dim py
(A, J)vol(SO(d))”

NI = 51 (C.9)

Indeed, we can easily verify

Sp(162[0])SE(d162[0]) = N(A, J). (C.10)

C.3 Residues of Euclidean partial waves

In this section, we prove (3.8). The proof for primary four-point functions is standard (see
e.g. [31, 42]). We now give a slightly more complicated argument that works for n-point
functions. However, the key ingredients are identical to the standard argument.

Consider the integral in the completeness relation (3.3),

I= / AP 5 (2)(O(x)d1 ). (C.11)

~ 82 —



The partial wave Pa ; also depends on the coordinates x3,...,x, but they don’t play a
role in the current discussion so we have suppressed them. We have also suppressed Lorentz
indices. When we have a product of an operator and its shadow at coincident points, we
will assume their Lorentz indices are contracted.

Note that I is an eigenvector of the Casimirs of the conformal group acting simulta-
neously on points 1 and 2. Thus, it is completely determined by its behavior in the OPE
limit 1 — 2. There are two contributions in this limit. The first comes from the regime
where x is sufficiently far from x1, xo that we can use the 1 x 2 OPE inside the integrand:

<¢1¢26($)> = 012(5($1? L2, x,’ 890/)«5(.%‘/)6(.%» (C'12)

Here, C|,5 is a differential operator that encodes the sum over descendants in the ¢1 X @2
OPE. The point z’ can be chosen arbitrarily inside a sphere separating z1,zs from all
other points. We will abbreviate the right-hand side of (C.12) as C\,5(z ) (O(z")O(x)).
Inserting (C.12) and applying the shadow transform to the definition of Pa s (3.5), we find

12 Cyp(a) /ddx<6($l)6($)>PA,J(x) = Sp(¢102[0])C ,5(x) Px ;(2). (C.13)

The second contribution to I comes from the regime where x is near both x1, 22 but
far away from all other points. In this case, we can insert a shadow transform and then
perform the OPE:

I= SE(¢1¢2[0])_1/ddwddw'PA,J(x)<C5(33)0(96')><0(x’)¢1¢2>

> Sp(d162(0]) 7! / d?azd®a’ P ;(2)(O(2)O(2)) Crao (z" /O (") O ("))
= SE($162[0]) 'N(A, J)Cr20(x)Pa s ()

= SE(0102[0])Cr20(x)Pa,j(x). (C.14)

Where we have used (C.10).

The two contributions (C.13) and (C.14) are already eigenvectors of the conformal
Casimirs, so together they give the full answer for I. The two terms differ simply by the
replacement A <+ d — A. Thus, we can plug them into the completeness relation (3.3) and
use A <> d — A symmetry to extend the A integral along the entire imaginary axis,

2—1—100 dA
<V Vk(’)l(’)g Q = Z/ 7,[1, A J)SE(¢1¢2[ ])Cm(f)PA J( ) (C.15)
J=0 ——zoo

Because C190 dies exponentially at large positive A, we can now close the A contour to the
right and pick up poles along the positive real axis. Comparing to the physical operator
product expansion gives (3.8).

— 83 —



D Computation of R(A1, As,J)

In this appendix we compute the coefficient R appearing in the first line of (3.39)

27-1 (a(l—a)—l—(l—a)w2+ozw2)1_A1_A2_J
— _o9J-2 d—2 . 3d—2 1 2
R(A1,A9,J)=-2 /dad wid™ "Wy (1t w2 Bi—Baq=AiF1-T (1 q)—BeF1-T -
(D.1)
As the first step, we do the w; integrals. We define w_ = wis and w, = w; + wo. The
integral over dw; becomes (without the —27/~2 and w-independent factors)
1-A1—Ag—J
o2t aatd)-d [ gi-ay ga-2 (da(l-a)twiw? +2(1-20)w,-w_) =
+ - (1+W27)d7A17A2
(D.2)
Now we shift w; — wy — (1 — 2a)w_ to find
—A1—Dp—J
4ol —a)(1+w2) + w? )1 e
2(A14+A2+J)—d d—2 a2 +
92(A1+As+J) /d wdtw_ 1T w2 ) aias (D.3)
Rescaling w we find
1—Aj—Ag—J+9=2 1-A1—Ag—J
[T EE R (52, M
(1+w2)7*2
— (a(l — q)) AR TSR 42T+ DUC5 + T+ M+ D) (D.4)
D(J+ DHT(J + Ay + Ay — 1)
The remaining a-integral becomes
_ - F(Q—Al)F(d—Ag)
d —Ag—l—u 1— —Al—‘ru — 2 2 D.
/ ax 2 (1—a) 2 T(d— D~ Ay (D.5)
Combining everything together we find
D+ DI(—4+T+A1+ )T —ANI(E - A
R(AL, Ag, J) = —27 22 DA DO £ T4 S 2o) TG — A0TG —2a) -y

D(J+ 3D +A1+Ay—1)  T(d—A1—Ay)

E Parings of continuous-spin structures

In this section we describe the natural conformally-invariant pairing between continuous
spin structures. Recall that the Euclidean pairings are constructed from the basic invari-
ant integral

/ d50(2)0" (2), (E.1)

where contraction of SO(d) indices is implicit. This integral is conformally-invariant be-
cause if O transforms in (A, p) then O transforms in (d—A, p*), where p* is the SO(d) irrep
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dual to p. We can therefore contract SO(d) indices and the dimensions in the integrand
add up to 0 (taking into account the measure d’z).

To pair continuous-spin structures in Lorentzian, we need to make use of the integral
/dda:Dsz(’)(x, 2)05T (2, 2) (E.2)

If O transforms in (A, J, \), then OS" transforms in (d — A,2 — d — J,\*). The integrand
has 0 homogeneity in = and z, and M-indices can be contracted.®!

E.1 Two-point functions

Let us start with two-point functions. As discussed in section A, two-point functions of
continuous-spin operators do not make sense as Wightman functions, so in order to discuss
them, we have to think about them simply as some conformal invariants defined at least
for spacelike separated points.

That said, given a two-point structure for O in representation (A, J, A) and a two-point
function for O in representation S[(A,J,\)] = (d — A,2 —d — J, \), we can define the
two-point pairing by

((001),(0°0%)),,
vol(SO(1, 1))2
B / d%x1dee D422 D22
 Jayra vol(SO(d, 2))

(01, 21) O (w3, 22)) (O (02, 22) OF 1 (21, 1)), (E.3)

where factor vol(SO(1,1))? is for future convenience®? and the subscript “L” stands for
“Lorentzian.” On the right hand side, we divide by the volume of the conformal group
since the integral is invariant under it. Formally, this means that we should compute
the integral by gauge-fixing the action of conformal group and introducing an appropriate
Faddeev-Popov determinant. To perform gauge-fixing, we can first put 1 and x2 into some
standard configuration. A natural choice is to set x1 = 0 and 22 = oo (spacelike infinity).®3
This configuration is still invariant under dilatation and Lorentz transformations. Thus

81Given that O transforms in (d — A,2—d— J, ), it is a bit non-trivial to understand why O has A\*.
In odd dimensions A and \* is the same irrep, so there is no question here. In even dimension 7 changes the
sign of the last row of Young diagram of (d —A,2—d— J, \) in the same way as it does for all s0(d)-weights.
In other words, it flips the sign if d = 4k and does nothing for d = 4k + 2. However, this last row is also
the last row of A and X is an SO(d — 2)-irrep. It then turns out that from the SO(d — 2) point of view,
this action is equivalent to taking the dual. Another way to see this is that { is complex conjugation for
SO(d — 1,1), and thus for SO(d — 2), which can be thought of as a subgroup of SO(d — 1,1). But since
SO(d — 2) is compact, for it complex conjugation is the same as taking the dual.

82Gimilarly to the Euclidean case [68], the right hand side can be alternatively computed in terms of
Plancherel measure divided by vol(SO(1,1))2. In Euclidean we get only one power of vol(SO(1, 1)), which
corresponds to the fact that there we have only one continuous parameter A, while in Lorentzian we have
both A and J.

83We define O(o0) = limy 0o L**O(Le), where e is a conventional spacelike unit vector. We choose
e=(0,1,0,...,0).
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we have

(0%(0,21) 0" (00, 29)) (O} (00, 22) O3 (0, 1)),
(E.4)

(00" (0505T)), D425, D22,
vol(SO(1,1))2 | 24vol(SO(1,1)xSO(d—1,1))

where 2¢ comes from the Faddeev-Popov determinant.®! If we define 28 =

(zg ,—2a, z%, .. ,zgfl), so that Lorentz group transforms z; and 22R in the same way, the

integral

Dd_2led_2z§‘
vol(SO(d — 1, 1))

(E.5)

essentially becomes the (d — 2)-dimensional Euclidean conformal two-point integral. It can
also be computed by gauge-fixing, i.e. by setting 2| = z{f = (%, %,0, ...,0), which is the
embedding-space representation of the origin of R4~2, zg’ M=z =(3,-13,0,...,0), which
is the embedding-space representation of the infinity of R?~2. The stabilizer group of this
configuration is SO(1, 1) x SO(d — 2), which consists of (d — 2)-dimensional dilatations and

rotations. We thus conclude

1

(00N (0° 0" = s a0 —2))

(0(0, 20)0" (00, 25))(O5 (00, 22) 051(0, 20)),
(E.6)

where we included another Faddeev-Popov determinant. Note that the right hand side is
proportional to dim .
We can summarize this result as follows. Note that the product

(01, 21) O (w3, 22)) (O (w2, 22) O (w1, 21)) (E.7)

transforms in representation (A, J, \) = (d,2—d, e) at both z; and z2. Thus we must have

— 9 . ] 2—d
(O (1, 20)0% (22, 2)) (05 2, 22) O g, 20)) = AT ZLTERITE g
12
For some constant A. Using (E.6), we find
1y (0SSt A
((00"),(0°0°")1, (E.9)

~ 22d-2y01(SO(d — 2))

E.2 Three-point pairings

We can analogously define a three-point pairing for continuous-spin structures,
(1010:0), (0]0}0™))

/ A%z d%zod®s D2,
2<1 - vol(SO(d, 2))

(O1(21)Oa(22)O(z, 2)) (O] (21) O} (22) O (2, 2)).  (E.10)

xr~1,2

84A fixed power of 2 also goes into what we mean by vol(SO(1,1)).
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Here, finite-dimensional Lorentz indices are implicitly contracted. Note that due to the
fixed causal relationships between the points the continuous-spin structures are single-
valued without ie prescriptions (see appendix A). As in the Euclidean case, Lorentzian
three-point pairings are simple to compute because they don’t involve any actual integrals
over positions. We can use the conformal group to fix all three points to a standard
configuration consistent with the given causal relationships, for example

2o =0, x1=¢€ z=o00, (E.11)

0

where e is a unit vector in the ¢ direction. The Fadeev-Popov determinant associated with

this choice is 27%. All that remains is an integral over the polarization vector z,

1
~ 24vol(SO(d — 1))

/ D22 (04(e2)02(0) 000, 2)) (O] ()DL (0) 0 (o0, 2)),  (E.12)

where vol(SO(d— 1)) is the volume of the stabilizer group of the three points.®> In practice,
we can avoid doing the integral over z as well. This is because the product in the integrand
must be proportional to a three-point function of two scalars with dimension d and a
spinning operator with dimension d and spin 2 — d. The integral of the z-dependent part
of this product is always

1 ) ) 1
24vol(SO(d — 1)) /Dd (2w )= 92d-2y01(SO(d — 2))°

(E.13)

Thus, we can write

1
22d=2y0l(SO(d — 2))
(01(°)02(0)O(00, 2)) (O] (e*) O1(0) 0% (0, 2))

X (—2z V)2 . (E.14)

(<(91<92(9>, <(5{(5§OST>)L —

F Integral transforms, weight-shifting operators and integration by parts

In this appendix we elaborate on the interplay between integral transforms, weight-shifting
operators, and conformally-invariant pairings, following [68] and generalizing the discussion
to Lorentzian signature. For simplicity of discussion, we ignore possible signs coming from
odd permutations of fermions.

F.1 Euclidean signature

In Euclidean signature we have one integral transform, Sg, and a conformally-invariant
pairing

(0,01 = / d20(2)0 (2), (F.1)

85Note that the stabilizer group depends on the causal relationships of the points. For example, three
spacelike points have stabilizer group SO(d — 2,1).
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where the spin indices are implicitly contracted. With respect to this paring we can define
a conjugation on weight-shifting operators and on the integral transform,

(PO, 0N = (0, D01,
(Sp0, 0" = (0,8:0M. (F.2)

We have %2 = 1 and S% = Sk.
Furthermore, we can define Weyl reflection on weight-shifting operators according to

SgD = (Se[D])Se. (F.3)
We then have
SLD = Se(Se[D))Sk = (SHID))SE, (F.4)
and since S% = N(A, p), we have when acting on operators transforming in (A, p)

N(A+6a,p+6,)

S%[D] = NA. ) D, (F.5)
where (0a,6,) is the weight by which D shifts. Conjugating (F.3) we find
Sk(Ss[D))* = D'Sp, (F.6)
and thus
Sp[D]* = Sg'[D7]. (F.7)

We also note that the crossing equation for weight-shifting operators acting on a two-
point function [57] can be written in terms of shadow transform and conjugation. Namely,
we can interpret SpD* as convolution with the kernel

(O(DOTY), (F.8)

while, on the other hand, it is equal to Sg[D*]|S which is convolution with (assume that
DO transforms as O'T)

((85[D*]0")O"). (F.9)
We thus find the crossing equation
(O(DOY)) = ((Sp[D*]0)O"). (F.10)

F.2 Lorentzian signature

The above discussion has an analogue in Lorentzian signature. Now we have more integral
transforms, so let us denote a generic one by W. We also have a new pairing, given by

(0,05 = / d?zD¥220(z, 2) O (x, 2), (F.11)
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where the SO(d — 2) indices are implicit and contracted. This pairing leads to a new
conjugation operation on weight-shifting operators and on integral transforms,

(DO,0% = (0,DOY),,
(WO,0N, = (0,WO1);. (F.12)

Note that in general the Lorentzian and Euclidean conjugations do not commute (see
below). Analogously to the Euclidean case, we find

W[D] = W ![D]. (F.13)

As in Euclidean signature, we can define the action of integral transforms on weight-
shifting operators by

WD = (W[D])W. (F.14)

In principle W[D] can be a differential operator with coefficients which depend on 7.
However, when acting on a function, the left hand side of this expression depends only on
the values of this function in a set which fits in one Poincare patch. If W[D] had non-trivial
t dependence, the same would not hold for the right hand side. Therefore W[D] has to be
a local weight-shifting differential operator.

It is easy to check that if two integral transforms commute, then their actions on
weight-shifting operators also commute. Similarly to Euclidean case, relations such as
L? = f1.(A, J, T) generalize to action on weight-shifting operators. Let us write down the
square of an order two transform (any transform except R and R)

WQ[D] = fW(Aapv T)/Dflg/l(A%)v T)a (F'15)

where A and p are understood as operators which read off the scaling dimension and
representation of whatever they act on. Let us comment on this formula in the case of
SA. Modulo Wick rotation, we have the relation Sp = (—2)‘] Sa for traceless-symmetric
operators. It follows that (F.5) and (F.15) should be compatible. That is, we should have

N(A +0p,J +0y) _ 4J+6JfA(A+5A,J+5J,CT)

= , F.16
N(A, ) A7fa(A, I, T) (710

where 0a, 07 are the weights by which D shifts, and ¢ is defined by
TDT ! =cD. (F.17)

Le. ¢ is the eigenvalue of T in the finite-dimensional irrep of conformal group to which D
is associated. For example, for vector representation ¢ = —1. To check this relation, we
can use the results of section 2.7 and in particular the relation (2.87) which implies (we
consider traceless-symmetric case for simplicity)

fA(A7 Ja T) = _T_QfL(A7p7 T)fJ(l - A)fL(l - J> 1—d+ A’T) (F18)
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It is then an easy exercise to verify that (F.16) holds for vector weight-shifting opera-
tors [57].
Another useful result is obtained by substituting D — W~1[D] into (F.15) to find

WD) = fi (A, p, YWD fiw (A, p, T). (F.19)
For example,

fL(A p7T)
fL(A+L[oa], p+ L[0,),cT)’

L~![D] = L[D] (F.20)

where we kept explicit dependence of fr, on ¢, (L[6a],L[0,]) is the weight by which L[D]
shifts. It is easy to check that 7T-dependence indeed cancels out for D in vector represen-
tation.

We can derive two-point crossing in terms of Lorentzian conjugation and S transform,
(O5(DOS) = ((S[D]0)0SH). (F.21)

Comparing to the Euclidean form of two-point crossing leads to a useful relation
Sg[D*] = S[D]. (F.22)

We will need a version of this relation with order of integral transforms and conjugations
interchanged. First, (F.22) implies

(S5'[D))* = §T[D]. (F.23)

Then we use that Sg and S are proportional to their inverses. In particular, we find
from (F.19)

(fz' (A, p, T)SEDIfe(A, p, T))* = (f5 (A, p, T)SID]fs(A, p, T)),

fE(A,p, T)(SED) f5 (A p. T) = fs(A, p, T)S[D]f5 ' (A, p, T), (F.24)
where we temporarily interpret Sg as a Lorentzian transform defined by (—2)/Sa. We can
now use

fs(A,p,T) = S* = SAST = 4778387 =47 fu(A,p, T) £4(p) (F.25)
to conclude
SID] = 477 (p)(SalD])*4™7 f5(p). (F.26)

G Proof of (4.48) for seed blocks

In this appendix we prove (4.48) for seed blocks by starting from the scalar case. For
simplicity we consider only bosonic representations. We assume that O; are in SO(d)
representations appropriate for the seed block for intermediate p which we are interested
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in. As discussed in section 4.4 of [57], we can assume that Oy and O, are scalars in all
seed blocks, so we don’t have to change their representations. We start with the identity

((070), (0T0)) ({0108 [01))) 5! = ((010), (O'1O')) g D1, ADA (01048 E[OT])) 5,
(G.1)

where D and D are some weight-shifting operators,®® while 0} and O’ come from a seed
block for which we already know that (4.48) holds. A possible proportionality coefficient
can be absorbed into the definition of either the weight-shifting operators or the tensor
structures. Consider pairing both sides with (O102S£[O]) to obtain

((010),(010))p
((010"), (01O

= (01028 [01]), D1 ADA (01058 E[0'T]) ) - (G-2)

Integrating by parts and using definitions of appendix F we find

((010),(010))p
((010), (OO

= (D} 4010:Sp[SF' D1 O), (01048 p[0T) e, (G.3)

which allows us to conclude

((010),(010)) g

(D} 4010:8[S;! [D*]101)) = (OO (B (0,048 E[0T), (G.4)
or, canceling Sg on both sides,
. =, oto),(0T0
(D5 40,0585 D01 = PO (5, o), (@5)

((0101),(010)

We will use this characterization of P and D later in the proof.
For now, let us apply (G.1) to (4.47) and find that H is given by

Hpp(z:) = —p(A, p'H)(0105S p[O) (01050 (O] 0F 0')) 5 %

X / dxD?=22(0|Dy 4 OIL[DAO] (2, 2) O, [0)({0]O4+ LO] (, 2) O3]0)) ;.
2<x<1

(G.6)
We now use
L[DA0] = L[D]"L[0], (G.7)
and integrate L[D] by parts. This gives
Ha (i) = — (A, p1)(010584[01) (0, 050", (O] OF 0')) '
x / a2 D22(0|Dy4OIL(O] (2, 2)Of J0)T[D] ({0104 LIO)(z,2)0/0))7 ",
2<x<1 ((;8)

86Here tilde isn’t related to shadow transform and D acts on the third position. The representation of
index A can be assumed to be vector.
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where L[D] acts on the middle position in the right three-point structure. We can further
apply a crossing transformation on the right three-point structure as in [57] to make all
differential operators act on the external operators only. We will not do this in detail, be-
cause we will anyway reverse this step in a moment. Let us denote the resulting differential
operator acting on external operators by 2.

The conclusion of the above calculation is schematically that

H,=9H,, (G.9)

where H, is some conformal for which we know (4.48) to hold. We can thus apply D
to (4.48) written for H,. Since the right three-point structure in (4.48) and (4.47) is the
same, we can unwind the steps in the derivation of ® which were performed solely on the

right three-point structure to conclude

1 DA (BOOILIO); LID| (T (0.0:L0]);!
i (LIOTLOT), " |

Hp p(7i) = — (G.10)

We can use (H.25) to write this as

1 (LIOJL[O]));" SILID]ADy 4 (T2(01O4LIOT])) [ (T2 (O4O3L[O)))

Hanle) = =5 (wiomion);,] (LIOIL[O)),
(G.11)
We now want to express
S[L[D]]*Dy 4((O104LIOT))) ! (G.12)
in terms of
(O10LO)); . (G.13)
To do this, let us consider the Lorentzian pairing
(1010:L(0), SILIP]* D1 4 (0100 )|
- (WY D1 a@10:L101). (01 05EO ;) (G14)

We can use the results of appendix F and 2.7 to write

D D S1D]) = fL(L[AL L), T) __
~ fo(L[A] + L[6a], L[p'] + L[5,], CT)L[S[DH, (G.15)

where (da,0,) is the weight by which S[D] shifts and ¢ is defined by (F.17) for D. Since we

consider only bosonic representations, ¢ = +1 (¢ = —1 for vector weight-shifting operators).
We have (A + 8, pl +6,) = (A/, p'). We furthermore have
—=_ = 47‘]]‘:] (pT) ~
L[S[D]|L[O"] = L[S[D]O'] = —~="L[(SA[D])*O" G.16
[S[DIIL[O'] = L[S[D]OT] 4_JfJ<p,T)[([]) ] (G.16)

~ 92—



and thus

= —J T T ~
SILOD) i 4(0:0:L10T)) = AL SIS WIL T (0,05 s0sLi(5418)) 0.

(G.17)

Now use (Sg[D])* = St [D*], apply L to both sides of (G.5) and conclude

~ A _ 477 R0N  fL@ALLRTL T ((010),(010)k R
SILIP i AO1OLIO) = 3= 35 7, LA i )T roricry, @iy (1 OHO):
(G.18)

This implies that the pairing (G.14) is equal to

47 f5(p") fL(LIAL LY, T)  ((010),(0T0))

4=7 £1(o'") JL(LIATT L[, T) ((0107), (01 0)) (G-19)

and thus

S[L[D]J*D1,4(0104LIO"T])
475507 fL(L[A] L[, T) ((O10),(OTO)) g

_ =1
= L) AT T, ) (0104, (0100 OO (620

Collecting all the pieces, we find that (G.11) implies (4.48) for the seed H if

(LOLON)" 477 f5(ph) fLLAL L], T) ((010),(010))k

¢= (LIONLIO) - 477 £1(0) FL(LIA], LT, ¢T) (01 0r), (0O 5 L@
Proof that C = 1. First, we note that
((010),(010)p 47 dimpt (@.22)

(01O, (OO ~ 47" dim p/t”

Furthermore, f; is square of shadow transform in d — 2 dimensions. Thus if we write
pl = (J,\) then (similarly to appendix C)

dim A
fr(ph) , G.23
where 1 is the Plancherel measure for SO(d — 1,1). Furthermore, the ratio
p(p")
.24
dim pf (G-24)
is independent of p [42, 68]. This implies that
4~ f,00") ((010), (07O dim \

4= f1(0") (ot (010 dim N
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Furthermore, we can write

dim\  ((0'O'T)*
dimXY — ((0of); !

(G.26)

which is due to
(00N, (0505T)) 1 o dim A, (G.27)

and similarly for primed quantities (see appendix E).
Now we need to recall the calculation of (L[O]L[O1]). We have for the kernel which is
represented by the time-ordered two-point function (OO"),

(0O = S(1 + ify’”(T" +T7"), (G.28)

n=1

where 7 is the eigenvalue of 7 corresponding to O, see (2.15). The calculation in sec-
tion 4.1.4 then yields, in the same sense as above,

(LIOILIOT) = S(1+ Y~ "(T" + T ")T ' fL(F[A]F[], T). (G.29)
n=1

Since L commutes with S, we find that we can replace f,(F[A],F[p],T) by fr(L[A],L[p],T).
This implies

(LIOJL]
(LIOL]

O’ _ (L+ T VT 4 TO)LLIAL L T) (OO 4

oMzt O+ T+ T f(LAL L)L T) ((0'0f);!

Recall that S[D] takes O to @ and ¢D = TDT ', which implies v/ = ¢y = +g. (Recall

we consider only bosonic representations.) Thus we have

A+3 YT +T™) N
£ LIAT Llp], T

S ) LA L) T)

A+ > "7 +T™)

B A (e T G e

clT — cT —~t
T = AL L) )

= fL(L[A/],L[pI],CT), (G'Sl)

where we used the fact that (2.80) is 7-independent. We thus conclude that
(LOWON)L" (LA L[]eT) (0O

= . G.32
(oot fuLALLPLT) (oo (632

By combining this equation with (G.25) and (G.26) we see that indeed®”
C=1 (G.33)

87Since we for simplicity restricted to bosonic representations, we haven’t been very careful with distin-
guishing p and ol (There is no difference except possibly for self-dual tensors.) It would be interesting to
repeat our argument in a more careful manner, accounting for fermionic representations as well.
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H Conformal blocks with continuous spin

H.1 Gluing three-point structures

Consider two three-point structures (O;020) and (O030,). We can glue them into a
conformal block as follows. We find a linear operator Biap(x12) such that in the OPE
limit 1 — 2, the first three-point structure becomes

(010207 (2)) ~ Biao(212)(0(22) O (2)), (Jz12] < 21 — 2], |22 — 2]). (H.1)

For example, when O1, 05, O are all scalars, we have

Blg(’) (:Blg) = xlAQO_Al—A2. (H2)
(B120 can be extended to a differential operator such that (H.1) becomes an equality away
from the 1 — 2 limit, but this is not necessary for the current discussion.) Note that to
define B1op we must choose a normalization of the two-point structure (OO).

We define a conformal block Ggi (x;) as the conformally-invariant solution to the con-
formal Casimir equation [108] whose OPE limit is

Go' (i) ~ Brao(212)(0(22)0304),  (|z1a| < |wy51).- (H.3)

It is very useful to introduce the following notation for a conformal block, which makes
manifest the choices of two- and three-point structures needed to define it

Oir N (010,0M({00304)
Go'(xi) = 00N : (H.4)
In our convention @ appears in the OPE O x Oy and O in the OPE O3 x Oy.
H.1.1 Example: integer spin in Euclidean signature
As an example, let us review the case of external scalars ¢q,...,¢4 and an exchanged
operator O with integer spin J,
A (¢1020)($3940)

(00) ’

where (¢1¢020) and (¢p3¢40) are the standard three-point structures (A.25) and (OO) is
the standard two-point structure (A.24). We will assume that all points are in Euclidean
signature.

In the OPE limit 1 — 2, we have

1 —2z - I(x99) - £12)”
(1620 (@0, 2)) ~ A1+A27A+J( (22Ao) 12)
T1o 30
1 1
= 1 MJ<OM1“'MJ(x2)O(x0vZ)>' (H.6)

T A A AT 12T P2
L12
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To compute the leading behavior of the block, it suffices to take the limit 3 — 4 in (¢3¢p,0O),

1 (=21 (x42) - w34)py -+ - (—21(x42) - 34),, — traces
<¢3¢4OM1 g ($2)> A3+A4 At = l‘iZA £ .
(H.7)

(This limit is identical to the first line of (H.6) after replacing 1,2,0 — 3,4, 2 and stripping
off the polarization vector z.) Thus the OPE limit of the resulting block is

o ahy - ahy (=21 (x42) - 234) 1y - - (=21 (x42) - T34) 1, — traces
AJ(xl) ~ AT A—ATT D+ A—AFT 220
L2 L3yg 42
A2
I e eI
$1A21+A2x3A43+A4 ot |z 12|[234]

Here, we’ve used the identity

(mH - -mtT)(ny, -+ -n,, — traces) = !m\J\n\JéJ m-n ’ (H.9)
Im||n|
where
N P(42)T(J +d—2) ( d—11—77>
C = F JJ+d-2, ——, —— H.10
7(n) 2T(J + dT)F(d_Q)2 ! 2 2 ( )

is proportional to a Gegenbauer polynomial (note in particular that for n = 1 the hy-
pergeometric function reduces to 1). Factoring out some standard kinematical factors,
we find

Ag—Ag Az—Ay

z2 2 . _
<§4> GX,06X),  (H11)

L3

2
GAi (JU) _ 1 L14
A, g\ 9 \A1thAs o (A3tAy 1:%4

Tip)” 2 (234) 2

where Gﬁ" ;7(x,X) is a solution to the conformal Casimir equations normalized so that

—J)2
6a, 060~ 02 (X)L ) (H.12)

X
Here, x,X are conformal cross-ratios defined by u = xx, v = (1 — x)(1 — X). This is the
standard conformal block in the normalization convention of [16, 31].

H.1.2 Example: continuous spin in Lorentzian signature

Our definition of a conformal block also works when O has continuous spin. However, now
we must allow Bisp to be an integral operator in the polarization vector of 0. Let us
again consider external scalars ¢1,...,¢4. For later applications, we work in a Lorentzian
configuration where all four points 1,2,3,4 are in the same Minkowski patch, with the
causal relationships 1 > 2, 3 > 4, and all other pairs spacelike-separated, see figure 16.
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Figure 16. A configuration of points where 1 > 2 and 3 > 4, with all other pairs of points
spacelike-separated. The three-point structure (H.13) is positive in this configuration.

We also modify the three-point structures by taking 3, — —z3, and 2%, — —z3, so
that they are positive when xq is spacelike from 1,2 and 3,4, since precisely these positive
structures will appear later. Specifically, let

2 2 \J
(22 - x20xTy — 22 - T10X5))

ALA
TAi] (w1, 2,20, 2) = o \ALTAY AT T AITA Ayt o AptA AR (H.13)
(—21,) 2 (#10) 2 (30) 2
We will study the block
A1,A2 A3, A
T 1, 2T 3,84
AJ TAJ (H.14)

(o)

where (OQ) is the two-point structure (A.24). To define a block, our structures only need
to be defined when x is spacelike from the other points, so we do not need to give an ie
prescription here.

In the OPE limit 1 — 2, we have

Aq,A 1 (—22: . [($20) . 1’12)‘]
TA,{] * (21, 32, 0, 2) ~ A 1By —AtJ 2\A
-2 (z50)

(1 —2). (H.15)
(—1’%2) 2

The quantity on the right differs from the two-point structure (O(z2,2")O(z0,2)) by the
replacement 2’ — x12. We can no longer strip off 2’ and contract indices with 1. However,
the replacement can be achieved via an integral transform:

TAAiI’AQ (1,22, 20, 2) ~ Bi20(O(x2,2")O(x0, 2))

1 T(J+d-—2)
Buof(d',?) = 5 \AIFAp—A-J—d+2 d—2 a2
(—21y) 2 mz I(J+5%)
X /DdZZ/(—Q.TlQ . z')2*d*‘]f(x’,z’). (H.16)
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Now let us apply Biso to the three-point structure TAA?]’A“(xg,m,xg,z), working in

the limit 3 — 4 (since this is sufficient to determine the small cross-ratio dependence of
the resulting block). In doing so, we need the identity

/Ddzz/ (—2x19 - 2)27 47 (=22 - I(242) - 234)”

%22_dV01(Sd_2) ~ ( —x19 - I(ZL‘42) - X34 )
Cy(1) (—zi) 2 (—23,)1 2 )

2—d—J
2

= (~a1y) (—234) (H.17)

where C 7(n) is given in (H.10). (Here, it is important that we use the correct definition of
C'y for non-integer J.) Using (H.17), we find that in the OPE limit

A1,A0Asz,A
T2 TAG™ N 1 (w%2x§4>A/2 ol ( —x12 - I(x42) - T34 >
(00) (—x%g)#(—x& AS?M 33?12 (_$%2)1/2(_37§4)1/2 7
(H.18)
so that
A1,A0 A3, A Ba—By Az—Ay
IR ! ()" () a0
(00) (—x%z)Alzm (—361234)% a:§4 x%fﬁ A
(H.19)

This is the same result we would have gotten by pretending J was an integer and performing
the computation in the previous subsection. However, here we see that a conformal block
with non-integer J is well-defined and completely specified by continuous-spin two- and
three-point structures.

H.1.3 Rules for weight-shifting operators

Let us consider how the gluing rule described in H.1 interacts with weight-shifting operators
changing the internal representation. Suppose we can write

(010,01 (2)) = (O1(D4OL)(DAO)) (H.20)

for a pair of weight-shifting operators D and D. By acting with the same weight-shifting
operators on (H.1) for primed operators we find

(010501 (2)) ~ (D2, 4B120) (212)(O(22) (DO (2)). (H.21)

Recall the crossing equation (F.21), which holds when the two-point structures are related
to the kernel of S-transform. Let us assume for now that this is the case. Then we find

(010,01(2)) ~ (Ds,4B120) (#12) ((SIDIA0) (22) 0"t (). (H.22)
Substituting this into (H.3), we find

ng (:EZ) ~ (’D27AB12(9) (1:12) <(S[5]AO) (I‘2)0304> . (H.23)
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Using notation (H.4) we can summarize this as®®

(01(DA0y)(DAONNO0304) _ (01(Da02) O ((S[DIA0)0504) (H.24)
(00) B (00 ' '

This holds if the two-point functions for O and O’ are standard in the sense of being related
to S-kernel. Generalization of this to arbitrary two-point functions is given by

(01(D402)(DAON))(00304)  (0'O") (O1(DA02)O")((S[D]*0)0304)

= H.2
(00) (00) (ezeg) - (H2)
where the ratio of two-point functions is a scalar defined as
el !/ M/
(©'0) _ (0'0) (00), 20

(00) — (00" (00) "

where the structures with subscript 0 are standard and related to S-kernel. Note that we
can reverse (H.25) by replacing D — S~1[D]. However, due to (F.13) we have S~1[D] =

S[ﬁ] and so we get the same rule for moving the operator from right to left.

H.2 A Lorentzian integral for a conformal block

Conformal blocks in Euclidean signature can be computed via a “shadow representation,”
where one integrates a product of three-point functions over Euclidean space [33, 34, 109].
However, this integral produces a linear combination of a standard block Gﬁf J and the
so-called “shadow block” G?j A,s- The shadow block comes from regions of the integral
where the OPE is not valid inside the integrand.

By contrast, there is a simple integral representation for a block alone (without its
shadow) in Lorentzian signature [110]. The reason is that in Lorentzian signature, we can
integrate over a conformally-invariant region that stays away from two of the points, say
x34. Thus, the 3 — x4 OPE limit can be taken inside the integrand and dictates the
behavior of the result.

The Lorentzian integral for a conformal block plays an important role in section 4.1.2,
so let us compute it. Consider the same configuration as in the previous subsection where
1,2,3,4 are in the same Poincare patch, with 1 > 2 and 3 > 4, and other pairs of points
spacelike separated from each other (figure 17). We can produce a conformal block in the
1,2 — 3, 4 channel by performing a shadow-like integral over the causal diamond 2 < 0 < 1,

- Aq,A Az, A
Gag = / d’zo D722 Ty Ao a_s(@1, 22,30, 2) [T 5" (23, 24, 20, 2) (H.27)
2<0<1
The notation \TdAj’ﬁz{ 4| means that spacetime intervals x;; should appear with absolute
values |z;;], so that the integrand is positive in the configuration we are considering. (This

notation is somewhat imprecise, since when A1, Ao, A, J are complex, we do not mean
one should take the absolute value of the whole expression.) When J is an integer, there

88The results of [67] concerning weight-shifting of the internal representation are recovered by further
using crossing for the weight-shifting operator acting on the right three-point structure.
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Figure 17. In the Lorentzian integral for a conformal block, the point z is integrated over the
diamond 2 < 0 < 1 (yellow). Because the integration region is far away from points 3,4, the 3 x 4
OPE is valid inside the integral.

is a similar integral expression for a Lorentzian block with [ D2z replaced by index
contractions. However (H.27) also works for continuous spin.

The expression (H.27) is proportional to G, because it is a conformally-invariant

As,Ay
Ty

(because the integration point stays away from z34). The behavior of the integral in the

solution to the Casimir equation whose OPE limit agrees with the OPE limit of

limit 1 — 2 is not immediately obvious. However, conformal invariance requires that this

limit must be the same as 3 — 4.
More precisely, in the OPE limit 3 — 4, we have
T4 (w3, 24,70, 2) ~ Baao(O(w4,2))O(wo,2)) (34, 0m3,4), (H.28)

where Bsgo is the linear operator defined in (H.16). Plugging this in, we find

Ga.s ~ Bsio / oD 22 T2 L (w2, w0, 2)[(O(24,2)O(x0,2)) (3 4).
2<0<1
(H.29)
The integral in the OPE limit now takes the form of an S-transform.

H.2.1 Shadow transform in the diamond

Let us evaluate the integral (H.29) by splitting it into two steps: first we apply Sa and
then subsequently S ;. For notational convenience, define

AoEd—A
Jo=2—d—J. (H.30)
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. . . . ArA
The S transform is fixed by conformal invariance up to a coefficient a Aé’ Joz’

SaollT2 08 g s (@1, 2,0, 2)[0(2 < 0 < 1)]

1 ALLA

:/ 20— gy T A5y (@122, w0, (204)2))
2<0<1 .1704

A1, 22 - w1423y — 22 - mogwly| P

Ao, Jo |2 12| A1 A2 (d=20)+Jo | g1 4| A1H(d=D0)=DatJo | g [A2+(d—=A0) = Ar+Jo

(H.31)

Here, we are writing expressions valid in the kinematical configuration we are consider-
ing, namely 2 < 0 < 1 and 4 ~ 1,0,2. To find the coefficient, we choose the following
configuration in lightcone coordinates

xo = (u,v,2,),
= (1,0,0),
x2 = (0,1,0),
x4 = (00, 00,0),
w = I(z04)z = (2,0,0), (H.32)

2

where the metric is x° = wv + xi Note that since 4 is sent to infinity, w is actually

independent of zp. Our integral becomes

2 2 | Jq
A1,Ay dudv dx |2w-x1025) — 2w 220770 |
Ao, Jo T 9Jo+1 L1 |$12|A1+A2*A0+J0|1»10|A1+A0*A2+J0|x20|A2+A0*A1+J0

1 d—3 1—u)— 2\Jo
— VO(S)/dudv dr T.d—3 AI_AEZ(AO+JEL) r ) T
2 (u(l=v)=r?) =2 (1) —r?) T
(H.33)
It is now straightforward to perform the v integral over v € [f_QU, } followed by the

u
r integral over r € [0, /u(1 — u)], and finally the u integral over u € [0, 1]. The result is

d—
NV 7TT2 I'(2—Ao)I( 2—J0—A02+A1—A2 )T( d+J07A02+A17A2 )T( 2—J0—A02—A1+A2 )T( d+,]0—A02—A1+A2 )

a =
Ao,Jo 20 (142 —Ag)T(2— Jo— Ao)T(d+Jo — Ao)

(H.34)

Note that a A“ﬁf = aﬁ;’QAQ d_J,» Which is consistent with the requirement that SA commute

with S;. We can additionally perform S; using

a—2

d—2
/Dd—2zl(2z . Z/)Z_d_JO(*QZ, . U)‘]O _ T 2 FI(‘(—JE)_ T) (72}2)%—5—(]0(72/2 . U)2_d_']0.
—J0

(H.35)
Combining everything together, we find
Soll T2 8 gy (w1, 22,20, 2)|0(2 < 0 < 1)] = BRI TR (w1, w9, 24, 2)

A,A 7T (T + 452) ALA
pALA = F(J+d—22) AN (H.36)
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Plugging this into (H.29) and using (H.19), we conclude

bﬁl,Ag xz A25A1 xQ AZ’,;A4

3] 4 14 A, —

gA’J(xi) - A1+Ag A3thy ( é ) ( i ) GA?J(X’X)‘ (H‘37)
(—ady) 77 (—ady) T\ iy

H.3 Conformal blocks at large J

In this appendix, we compute the large-J behavior of a conformal block. Recall that we
have the decomposition

; ure — F(J+d_2) ( J— L) ure
GR'06X) = g’ (6 X) + C 2R

I'(J+ d— Q)F J) IA2—d— J(X’X) (H.38)

Thus it suffices to compute the large-J behavior of g3’
The Casimir equation was solved in the large-A limit in [111, 112]. We can use this

e

result together with an affine Weyl reflection to determine gpu at large J. The solution

from [112] is given by

2 f1(cos 0) (1A]> 1)
(1-— 7"2) (1 + 72 4 27 cos 0)%(1+A127A34)(1 + 72 — 27 cos 0)%(1+A347A12) 7
(H.39)
where r and 6 are defined by
) ) 4 4p
10 — —i6 P - P
_ _ _ _ , H.4
p=ret, p=reh X=gir X A2 (H.40)

From studying the regime r < 1, we find that f;(cos#) must obey the Gegenbauer differ-
ential equation.
Note that the conformal Casimir equation has the following symmetries:

(A7J) AR (1_']71_A)7
rew= e’ (H.41)
The first is an affine Weyl reflection that preserves the Casimir eigenvalue. The second

transformation is equivalent to p <> 1/p, which leaves Y invariant, and therefore also leaves
the Casimir equation invariant. Applying these transformations to (H.39), we find

w' ™ fia(5(r+1))
(1—w?) 2 (1w w(r+1/r)) 2 (FA22=850) (1 L2 gy (r41/r)) 2 (A58~ 212)

(|J]>1).
(H.42)

Note in particular that we have replaced large-A with large-J. Demanding pure power
behavior as » — 0 requires us to choose the following solution to the Gegenbauer equation:

2—-J

5 g —3 2 (H.43)

fJ(J:):(2x)2F1<J1 J dl)'

Finally, fixing the constant out front and rearranging terms, we find (5.13).
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