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1 Introduction

A central question in physics is: “What are the fundamental symmetries of nature?” One
aspect of this question motivates the search for Beyond-the-Standard-Model physics and
Unification. A second aspect, and the focus of the present work, is fully characterizing
the non-trivial symmetries inherent in the laws of physics that have already been verified
experimentally: namely, General Relativity (GR) and the Standard Model.

It is surprising that we still don’t have a complete answer to this question, or even a pre-
cise formulation of the question itself. GR has a diffeomorphism symmetry, but this is really
a redundancy of description, often referred to as a “trivial” symmetry. Of greater interest
are “non-trivial” symmetries which have, by Noether’s theorem, associated conservation
laws with measurable consequences, such as conservation of linear/angular momentum or
boost charge. One might have suspected that the Poincaré symmetries of Special Relativ-
ity — which imply these conservation laws — are the only non-trivial symmetries of GR
(in the asymptotically flat context considered here). Famously, BMS [1, 2] showed in 1962
that this could not be the case, and consequently that there is no limit in which General
reduces to Special Relativity. Only very recently [3, 4], using soft theorems from quantum
field theory, was it shown that there are an infinite number of non-trivial symmetries of
GR with associated conserved charges. These comprise a subgroup of the symmetries con-
sidered by BMS and can be measured using the gravitational memory effect [5]. However,
various developments [6-14] have made it clear that these are not all of the non-trivial
symmetries of GR. Currently, there is not even a proposal for a complete classification of



the non-trivial symmetries of nature! For QED the situation is similarly unresolved [15-23].
There is active research on this topic from a variety of viewpoints [24-61].

There are many ways to characterize symmetries, which should ultimately all be equiv-
alent. A familiar and traditional method is the canonical construction of symmetry gener-
ators as conserved charges that commute with the Hamiltonian or the S-matrix.! Other
methods directly derive relations among S-matrix elements, such as those given by soft
theorems, or assume falloffs and perform an asymptotic symmetry analysis. An especially
powerful, recently-developed “celestial” approach employs the holographic reformulation
of the 4D S-matrix as a 2D conformal correlator on the celestial sphere at null infinity.
In this approach, non-trivial symmetries correspond to generalized conformal currents on
the celestial sphere. Their properties and algebra can be efficiently computed using the
constraints of 2D conformal invariance. A further advantage is that one largely avoids am-
biguities associated to gauge choices, boundary terms, and falloff conditions. This paper
takes a step towards classifying the non-trivial symmetries of nature within this approach.

The symmetry-generating currents are of two types, arising from positive or negative
helicity conformally soft massless particles. Whenever two opposite-helicity soft particles
are scattered, the result can depend on the order of soft limits and a prescription of some
kind is required to define the S-matrix. In this paper we sidestep this important issue
by considering only positive helicity currents? and working in a Viry ®SL(2, R) g-invariant
formalism.? Consistent with this restriction, this paper reports on a tower of higher-spin
symmetry generators forming a closed generalized current-algebra sector of the celestial
CFTa. The symmetries we find are only a subgroup of all of the symmetries in gravity and
gauge theory, but a large and interesting one.

This infinite tower of symmetries is likely related to the infinite tower of soft theorems
that have been discussed in the literature [23, 63, 64]. We will show, however, that com-
mutators of the leading, subleading, and (in gravity) subsubleading symmetries generate
the whole tower, so the new symmetries here give no new constraints on the S-matrix.

In practice our discussion is largely for tree-level Einstein-Yang-Mills theory, but the
methods are generally applicable and we anticipate that the algebra persists in some form
in the presence of quantum corrections and arbitrary higher-dimension operators coming
from UV physics. The results for gluons are affected if IR confinement occurs. The algebra
is also affected by a short list of higher-dimension operators [65, 66] which deform the
subleading soft theorems.

The pure gluon algebra is derived in section 2. In 4D nonabelian gauge theory with
group G, the leading soft theorem implies a standard closed 2D celestial G-current al-
gebra [24, 38, 43, 46, 67]. The subleading soft theorem implies two further G-valued

We consider here the asymptotically flat approximation in which the cosmological constant vanishes
and there is an S-matrix.

2 As noted in [56], this restriction arises automatically when considering the MHV sector, in which one
helicity decouples.

3Throughout this paper we treat left and right movers as independent on the celestial sphere, which
means we effectively work in (2, 2) signature, i.e. Klein space [62]. The SL(2,R)x here is the global subgroup
of the Virg superrotations.



holomorphic currents [18, 44, 56]. We show that these form an SL(2,R)r doublet. Com-
mutators of two of these currents give yet further symmetry generators, which form an
SL(2,R)g triplet. Continuing in this manner, we construct an infinite tower of G-currents
in finite-dimensional SL(2,R)pr representations and present their algebra. These currents
have integral left+right conformal dimensions A = 1,0, —1,... where the operator prod-
uct expansion is known to contain poles [44, 48]. Spacetime translation invariance, which
is not manifest in this presentation, combines these currents into a representation of the
Poincaré group.

In section 3, we consider the algebra of conformally soft positive helicity gravitons. Here
the A = 1 SL(2,R)g-doublet current generates supertranslations. The A = 0 SL(2,R)g-
triplet current closes with itself.* At A = —1 one encounters the SL(2,R)gz-quadruplet
current associated to the subsubleading soft graviton theorem. These three currents then
generate an infinite tower of currents, whose algebra we present. In section 4 we couple
gluons and gravitons and determine the resulting algebra. A directly analogous result
applies to the coupling between photons and gravitons, although we do not include explicit
formulae for that case.

In section 5, we show explicitly that the OPEs we derive are encoded in four-gluon
MHYV scattering amplitudes, a result that can be extended to general multiplicity using
the BCFW construction as described in [48]. Section 6 collects our results for the full
SL(2,R)R gluon and graviton algebra and we describe the straightforward application of
these results to photons. Appendix A contains details of the gluon-gluon OPE calcu-
lation, which the graviton-graviton and gluon-graviton OPE calculations closely mimic.
Appendix B presents a compact, manifestly conformally covariant formula for the contri-
bution to an OPE from a primary and all its SL(2,R); ® SL(2,R)r descendants. While
this work was in progress [55, 56] appeared with overlapping results.

2 Gluons

In this section, we find a class of positive helicity gluon operators OZJF(Z,Z) at special

5

conformal weights that generate symmetries of the S-matrix.> Our starting point is the

leading OPE for two conformal primary, positive helicity gluons:

_ifabc

) . b: = s =
OXN (21, 21)08] (22, %) ~ b B(Ay = 1,8y = 1)OXT, o, 1 (22, %), (2.1)
where 219 = 21 — 29 and B(z,y) = Flffggig}y)) is the Euler beta function. This expres-

sion was derived from a Mellin transform of the known soft collinear gluon singularities

4The shadow of this current is the Virg stress tensor in [27].

SFollowing the conventions of [44], OZ’i denotes an outgoing conformal primary gluon of conformal (or
boost) weight A = h + h, adjoint group index a, and helicity s = £1. The group structure constants obey
the Jacobi identity

fabdfdce + fbcdfdae + fcadfdbe —0.

Details of the map from the momentum-space S-matrix to celestial correlation functions are included in
section 5.



in [38] and from symmetries in [44]. It is considerably less complicated than the gen-
eral OPE [44] that involves both helicities of gluons as well as gravitons.® A salient feature
of (2.1) is the infinite sequence of poles in the OPE coefficient at integral conformal weights
A1 =k=1,0,—1,.... Aswe shall see, the fact that the weights are typically negative leads
to some interesting and perhaps unfamiliar structures. The highest weight case with A =1
corresponds to the conformally soft gluon current and turns out to be holomorphic. Con-
tour integrals of this current on the celestial sphere generate the large gauge symmetries of
the S-matrix [67]. The case A = 0 is the subleading soft current, which lies in an SL(2,R) g
doublet with negative h = —%.7
soft symmetries [18, 21]. The properties of the rest of the operators with integral A < 0,

Contour integrals of these currents generate subleading

which generate an infinite tower of soft theorems, have not been well understood. Here
we will construct the 2D algebra of these currents and find that it is closed. This tower
is likely not yet the complete celestial symmetry algebra, which may also include Gold-
stone currents [14, 22, 32, 60] and negative helicity gluon and graviton generators or their
shadows. However, it is an interesting and non-trivial subalgebra thereof.

A description of the algebra that is manifestly covariant under the full Vir;®Virg
2D conformal group is challenging. Here we cut the problem down to manageable size
by presenting the algebra in a manifestly Viry ®SL(2, R)g-covariant form. This is natural
because the positive helicity symmetry currents fall into finite (2—k)-dimensional SL(2,R)g

representations with # = #71 and highest (lowest) weights 15% (£51)

8 The tower starts
with (and we will see is generated by) the leading & = 1 and subleading k& = 0 soft currents,

which are a singlet and doublet, respectively. Mode-expanding on the right

_ Ot (2)
OZ’JF(Z, z) = Z ﬁa (2:2)
n 2
conformally soft currents are defined by
k—1 1-%
RE(2) = lim 5Ok+5n( 2), k=1,0,—1,-2,..., 5o Sn< . (23)
For future notational convenience we also define
! & Rbe )
a n
4
R*%(z, %) Z il (2.4)

n=

(i) = (S35 (2.5)

which has weights

2 72

SCorrections to this OPE from higher-dimension operators are suppressed by positive powers of z2 or
Z12 and would largely not affect the following analysis [44]. The one interesting exception is F?, which

produces a potentially relevant term proportlonal OZI_+ Agtl:

"The zero mode of the leading A = 1 current generates global color rotations, which are a global
symmetry of the vacuum. This is the only unbroken global symmetry: all higher modes of the leading
current are spontaneously broken, as well as the all modes of the further subleading currents.

8This is equivalent to the null states found in [56].

?Outside the specified range of n, the SL(2, R) g-invariant norm vanishes. Such operators may still have

contact interactions but in this paper operators are always at distinct points.



These values of conformal weights A = k include all the conformally soft poles encountered
in the OPE (2.1). The factor of € incorporated in (2.3) is needed to cancel these poles,
leading to finite OPEs for the rescaled R,

Using e.g. conformal blocks (see OPE blocks from [68], reviewed in appendix B) to de-
rive the contribution from SL(2,R)g descendants, the OPE (2.1) has the further expansion
m z192

- rab OO . \n
A+ = bt - —if” (z12)" 5 A+ -
021 (zh Zl)OAg (32’ 32) ~ p” ¢ Z:()B(Al -1+ n, AQ — 1) ol 8”021+A271(2’2, 22).
n=

(2.6)
The OPE of the conformally soft gluon operators (2.4) then becomes

- rab 1-k = n

_ _ —1f% 2—k—-1—n)\(z =n e _

RF (21, 71 )R (29, Z3) ~ zf; }:( L >( :j) IR (29,7),  (2.7)
n=0 '

where in truncating the sum we make use of 9>~*R¥® = 0. We can consider derivatives

~ _ _-abc Q_k—]—p— _
OPRM (21, 21) IR (29, Zp) ~ 2{2 ( ) _Z_Z q QTTPRFFITLe (9 %), (2.8)

where 0 < p < 2—Fkand 0 < g <2 —1 and we now include only leading order terms in
both z12 and Zi3. Defining the commutator for holomorphic o’bjec‘cs10

dw

[4,B](2) = § 5= A@W)B(:), (2.9)

and mode-expanding on the right, (2.8) can be reexpressed

1-Ek

1-1 / 1—-k 1-1 /
ka plb b [2 Nt N g tnt+ 5 +n\ ki,
[RnaaRn/} - _Zfa c( 1—k )( 1—k +n Rn+n/ C. (210)
2

ST —n
This is the general conformally soft gluon algebra. For details of the derivation, see ap-
pendix A. One may verify directly that this expression satisfies the Jacobi identity and is
translation covariant.!!

The lowest-weight SL(2,R) g element R’& (2) for each k is annihilated by L_; = i0,
and hence is holomorphic. These operators haife an especially simple chiral algebra. Define

RFM(2) = 9VFRRA(2,2) = (1 — k)IRY (2). (2.11)

2

Setting p=1—k and ¢ =1 — [ in (2.8), we obtain the relation

~ ~ —ifab, .
RM(21) R (29) ~ ;Rkﬂl’c(zg). (2.12)

1ONote that this is a 2D celestial commutator on a 1D circle, not to be mistaken for a 4D commutator
on a 3D slice.

HTyanslation covariance follows from the Jacobi identity with conformally soft gravitons which are studied
in subsequent sections. See for example (4.3).



Equivalently,
[Ek,a’ Rl,b} _ _ifab6§k+lfl,c. (213)

Hence the algebra of the SL(2,R)g lowest-weight states considerably simplifies, as does
that of the SL(2,R)g highest-weight states. Most of the complexity in (2.10) arises from
the SL(2,R)r mode level structure.

3 Gravitons

The analysis for positive-helicity gravitons GJAr (z,7) is analogous to that for gluons.'? De-
fine a family of conformally soft positive-helicity gravitons

Hk:gi_rg(l)EGerE, kE=21,0,—1,..., (3.1)
with weights b9 b9
(k)= (F52 557 ). (3.2)
and a consistently truncated antiholomorphic mode expansion,
2=k
H*(z,2) = i _ngg (3.3)
The2 2V

2
The k = 1 term generates supertranslations. Expanding H!(z) = 3, Hnl%nz_m_?’/ 2 the
four modes Hjl[ 1:1 generate the four global translations.
The OPE of two conformal primary gravitons of arbitrary weight [44], including anti-

holomorphic descendants, is

_ _ k1 S Z19)" L - _
GXl (Zl,zl)GXZ (22,22) ~ —5712 Z B(Al—l—i-n,AQ—l)(lQn)'anGXl_i_Az (22,22), (3.4)
n=0 '

with K = v/327G. The OPE of conformally soft gravitons (3.1) becomes

1 1=k 2—k—-1l—n (512)n+1_

H* (21, 20)H (29, ) ~ — = — H2 G R (2, 7). 3.5

(21, 20) H (22, 22) ~ =5 n_()( 11 ) oy (22, 22) (3.5)

After some algebra (analogous to the gluon case in appendix A) one finds the current
commutators

ko gyl K (%—m+274—n—1)' (%+m+274+n_1)! k-+
(H HY| = =3 (2= k) —m(2-D)] 2 — = - HE
(T—m)! (T—n)! (T+m)! (T—I-n)!
(3.6)

As in the gauge theory case, we check that this commutator obeys the Jacobi identity with
three H operators. These imply the H operators obey the Jacobi identity with Lg, L1,
and that it is translation covariant.

12 Again following [44], Gi (%, Z) denotes an outgoing conformal primary graviton of weight A and helic-
ity s = £2.



For the case of gluons, there is a closed subalgebra with & = 1. For gravitons, the
closed subalgebra has k = 0. Defining

2 1 2
J=—-H" Jy==-H° J,=--H" 3.7
1 K 15 0 P 0> 1 K —1> ( )

one finds from (3.6) the current algebra
[Im, In] = (M — 1) Jmgn. (3.8)

The zero modes of .J,,, generate self-dual Lorentz transformations in Klein space.

4 Gluons and gravitons

As in the previous sections, we begin with the OPE of conformally soft gluons and gravitons
of arbitrary weight derived in [44], and include antiholomorphic descendants:

—n+l

GXl (21,21)0A+(22,2’2) ~ —5712 Z B Al +n — 1 Ag) “12 8”OZT+A2(22,22). (4.1)
n=0

In terms of the conformally soft gluons and gravitons defined above, the OPE becomes

_ ar - k1 A Q—k—1—n) 25" n “
HE (a1, )R (2 2) ~ —5 Sy TR R m),  (42)

where we again make use of the finite SL(2,R)r representation to truncate the sum. After
a calculation analogous to that in previous sections, we derive the commutator

B 1) (Tk 12l+n_1)‘Rk+l,a

I (el (i (o
(4.3)

1k, R z—g n(2—k)—m(1— (

5 OPE from scattering amplitudes

In order to make contact with other work on scattering amplitudes, we will show how
the previous OPEs including all antiholomorphic descendants emerge when the celestial
primaries are identified with scattering states in MHV tree amplitudes (see also [54, 69]).
In momentum space, massless n-particle amplitudes A (e;w;, z;) are labeled by energies w;
and points z; on the celestial sphere. This follows from a parametrization of massless

momenta
ELWE — _ . _ _
ph = (1 + 212k, 2k + 2k —1(2k — Zk), 1 — 2828) (5.1)
V2
with ¢, = +1 for outgoing and incoming momenta, respectively. Celestial amplitudes

A(A;, z;) are defined by transforming to Mellin space (see e.g. [70, 71])

Asg A]az] (H/ e Al) Sz(eiwiv'zi)v (52)




where s; are helicity labels.'® Celestial amplitudes are naturally interpreted as correlation
functions of n weight (hi, }_li) = ( #, %) conformal primary operators on the celestial
sphere:

AS.(Ai,ZZ') — <OSAll (21,21) ---OsAnn(Zn,gn». (53)

K3

Let us consider first the case of gluons with s; = £1. Nicely, the full OPE (2.6) is encoded
even in the simplest non-trivial scattering process, namely n = 4 gluons. We start from

A ({ewr, 21,71}, {eaws, 24, 24 }) = (Z 61)\0‘/\a> (5.4)

(12)°
(23)(34)(41)

(12)°

ac pdbe
e i 3y a1y

[fad fcbe
with null momenta written as poq = 6)\a5\d using

Zq

Ai:\/@(m),xi:\/@(}), (5.5)

where (ij) = eie]-)\f‘)\f €ap- We will consider the holomorphic collinear limit for positive-
helicity gluons 3,4, which we take as outgoing €3 = ¢4 = +1. To study only the antiholo-
morphic descendants, using the parametrization (5.5), we can extract the leading order
behavior as z3 — z4 while keeping the exact dependence on Zz34:

4

A\ ! z 2 w3 224 _

64 <2; 61')\?/\?) - wudzz%Qé (lel—ﬁ(a@—i—w‘l)) d <€2W2_£(w3 +W4)) 0 (214 61;74234)
1=

X0 (224 —62%2%534) +O(2’34) . (5.6)

Introducing w3 = tw, w4 = (1 — t)w with 0 < ¢ < 1, this becomes

1 z z
725 (elwl — 24(.0) 1) <€2w2 - 41w> 1) (214 — t234) 0 (524 - t534)
W1W2279 212 212

= Z ez)\f‘;\f‘
i=1,2,4

i.e. at leading order in z34, the n = 4 momentum conservation condition can be written as

, (5.7)

Z4a—Z4+1234, wWa—w

the n = 3 condition together with the deformation
24— 24+ 1234 . (58)

This deformation extends trivially to the full amplitude (5.4) since the remaining factor
does not depend on the antiholomorphic coordinates. Indeed, at leading order in z34 ~ (34)
the stripped part of (5.4) becomes

a coe <12> ac e <12>3 de aoe <12>
I iy T @ ey e Qb<xuﬂmw’@m

13Mellin amplitudes converge only for certain A; but can be defined generally by analytic continua-
tion [60, 72].




and we can relate the full n = 4 amplitude to an n = 3 amplitude:

A‘ibfi_i_({elwl,zl,il},{62(4)2,22,52},{&)3,23,53},{W4,Z4,54})
—ifed, . . o o . (5.10)
= A?  ({ewr, 21,21}, {eowa, 22,220}, {w, 24, Za + 1234} ) + O(234).
zgqwt(1—t)

To translate the above statement into a celestial correlation function we employ (5.2)—(5.3)
and find

(0% --0%1)

:/dwl wlA Ldw, w22 Ydw ws Bl ¢Rs—1 (1 —¢)Ba- 1A‘lbfci+

_ s fcd
L, 2 /dt $A3=2(1 _4)Aa—2
x/dwl wlAl_ldWQ wfg_ldw wA3+A4_2A‘ibf+({fw1,21,21},{7w2,22,,§2},{w,Z4,Z4+t234})

_ _Z-dee

/ dt 272 (1— )2 720X (21,21) 0% (22,22) 0%, a1 (20, 24+ 250)), (5.11)

where gluons 1,2 are incoming and 3,4 are outgoing. The OPE of two positive helicity
gluons follows:

L —ife, - _
OXF (23, 23)OX T (24, 24) ~ Zf / dt t2372(1 = )21 20%7 A, (20, 2 + t234). (5.12)

This expression corresponds to a conformal block including all antiholomorphic descen-
dants. This connection is detailed in appendix B. To see this explicitly we perform a
Taylor expansion in Z34:

o+ > \d+ > —if¢ Az—2 Aq—2734 +
OCA3 (Z3723)OA4 (24724)N 234 : Z/dt i +n(1_t) - n! anOeAd—&—Azl 1('24724)
_Z'fcde 0

~

z% _

. B(A3—1+n,A4—1) 343”0A3+A (24,24), (5.13)
4 =

in agreement with (2.6). For gravitons, analogous computations hold for the n = 4 MHV

celestial correlators. For instance, the four-graviton amplitude in [45] leads to the conformal
block

_ K Z34 A A _
G}, (23,23)GX (24, 24) ~—234/dtt L= )M TPGL o a, (20, ZaH tE3a),  (5.14)

which can be Taylor expanded to obtain (3.4).

To see that the above gluon-gluon OPE is consistent with scattering amplitudes at
any multiplicity and general helicity configuration, we generalize the expression (5.10) as
follows:

d _ _
Aijjii_i_({Wth,Zl}, ceey {wn+172n+lyzn+l})

N —idee A{aj'-}e
Znmr1wt(1—1) {sj}+

(5.15)
({wla 21721}7 ceey {W,Zn, 2n+t2n+1,n})



where s; = +1, j = 1,...,n— 1 and we have set again w1 = tw,w, = (1 —t)w. It is then
straightforward, following the steps of eq. (5.11), to show that the OPE (5.12) follows.

The formula (5.15) can be proven from the BCFW recurrence relations of gluon scat-
tering amplitudes, following the construction of [48] (see also references therein). The
n + 1-point scattering amplitude obtained by attaching a positive helicity gluon of coordi-
nates {ws, zs, 25} is written as

A}ZJ]}:-F ({le 21, 51}7 ) {(")57 s 55})

~ —ifes%y 14+ ;)% (1 + 5;)°t x 5.16
> i ()14 B) (5.16)
{aj,a;—b} ‘ Z1 -+ BiZs N_— Zi + oGz
A{SJ} ({(1—1—@)0.)1,21,1_1_& Yy (1+al)wl’zz’71+a,; -
where o; = %,& = gi?i and we have neglected, following [48], multiparticle factor-

izations which are regular in the OPE limit. Let us again consider the leading behaviour
as z, — Zzs, keeping Zz,s finite. For this we need only keep the term 7 = n in the above
sum and set s, = +1 for the positive helicity gluon. Introducing ws = tw,w, = (1 — t)w
as anticipated we find «,, — ﬁ, Brn — 0 and the leading behaviour of (5.16) becomes
precisely (5.15).

6 Summary

We collect the results for the conformally soft algebra derived in the previous sections:

Lk 1=l 0y (kg4 1=l )y
(-t -n)l (FEnt i 4n)! A
1

(= ()t (e ()

R, RLY| = —if

X
[\
‘|
|
3
+
[\]
i
|
3\
|
N
N
“T’
+
3
_|._
[\
vl
+
3\
|
N
ol
T

. (2;—n+1—l—n’—1)' <H+n+1—4+n’—l) B
{Hk Rl }_—*[71’(2 k)—n(1-1)] (225’“—”)'21_1—”’)' (%k—i—n)'zl l—|—n’)' ﬁiln/
(6.1)

These results readily extend to photons. In particular, one can construct generalized con-
formally soft photon currents that are directly analogous to the generalized conformally
soft gluon currents. Unlike gluons, which carry color, photons do not carry electric charge
and as a result their generalized currents commute with one another. However, since pho-
tons couple to gravitons, the photon currents obey commutation relations with the graviton
currents that are of the same form as the gluon-graviton commutation relations.
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A  Gluon OPE calculation

The OPE of generalized soft gluon operators R¥® is derived from the OPE of conformal
primary gluons

- rab 00
a — — -1 c n MC —
ONF (21,21)OXT (22, 22) ~ zi > B(A1—1+4n,Ay—1) 126 Ot a1 (22, 3), (AD)
n=0
using the definition
RM(2,%) = hn(l)eOkJrE(z,E), k=1,0,—-1,-2,---, (A.2)

with the mode expansion

Cl

RFA(2, 2 Z pay (A.3)

1 2

Taking the simultaneous limit of (A.1), we find

RP* (21, 20) R (22, 7) = lim O} (21,21)e0p (22, 22)

—ifob, E 1 (2—k—t—m)! o REHLE ) 5) (A.4)

f 2wl (ki 1 0%

~

where the truncation in the sum over m follows from the mode expansion (A.3). (Specifi-
cally, note that the powers of z; match on either side of the equation.)

To determine the algebra of modes R¥¢ from the OPE (A.4), we first recall that modes
are extracted from

dz

2m

RRa(z) = S RRA (2, 7). (A.5)

Here z and Z are treated independently, as, for example, is done in section 6.1 of [73].
Then, the algebra of modes R is obtained by taking the following contour integrals:

le n+— d52 443 le _
Rk’“,Rz’,b 29 :7{ —Z —Z 2 ]{ RF%(21, 21) R (29, 25).
[ n n }( ) |71]<e 2mi 1 |Z2]<e omi 2 |z12|<e 27i ( ! 1) ( 2 2)
(A.6)

Note that since the OPE (A.4) is not singular in the antiholomorphic variables, the order
in which contour integrals in antiholomorphic variables is taken does not matter. Let’s
take the z; contour first. Substituting the OPE (A.4) into the right-hand side of (A.6),
performing the z; integral and using

0, 0<m<izE—n
k-1
(_22)m+n+ 7, %—ngmgl—k’

(A7)

> k-3
% @2 AR m!
|21 |<e 271 1k -1
(5 =) (m+n+52)!
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to perform the z; integral, (A.6) becomes

a pb __ ga ot (2—k—£—m)! (—1ymHntist
[Rﬁ ,Rfﬂ (22) = —if™. 72 (=k=m)!(1-0)! (T_n)!(ernJr@)!

-2

dzo _mnt 5t an/ + 552 e g e

X —Z LR (22, 22).
|z2] <e 21

(A.8)

To perform the remaining contour integral, we substitute RFT¢~1¢(2y, %) for its mode
expansion

dzs _mint b pn/ 453
= 2 2 am pk+f—1,c =
7{_ - 727m'22 LR (22,22)
Zol<e
2—k—2¢
_ B =5 k+l—1,c
_ % dzo 2m+%+n+n’+£— gm 22: R (22)
T ;2 Z2 )
22| <e 270 yr Z;nJr : (A.9)
- 2

1k _ , 1=4_ 1))

(2 nt e n) Rl
1-k 1—6_ P (22)-
(7—714—7—71 —m).

Finally, substituting this result back in (A.8) and performing the sum in m, we find

(A —nt 1zt )t (LgE+nt 134! Rt )
z29).

1-k _ 1-k 1-¢ ntn/

(1 =) ()t (15t ) (15 )

B The OPE conformal block

[BE RO (20) = —if ™ (A.10)

In this appendix we will derive the integral expression (5.12) encoding the contribution
from all SL(2,R)r descendants. To do so we first start with the complete expression
for SL(2,R); ® SL(2,R)r descendants as given in e.g. appendix B of [68].1* Consider
two primaries of weights (hy, h1), (he, ho). In the shadow representation, singling out the
contribution from a single primary P and all its descendants leads to the expression

O(hl hi) (Zl’zl)o(hz,l_lz) (22,22)

d z3 O(hpjlp) (23, 23)

~ — — — B.1
N/ hi+ho+hp—1 hQ hi1—hp+1 h1 —ho—hp+1_hi+ho+hp—1_ho—h1—hp+1_-h1—ho—hp+1 ( )
212 212 232 213

N 0102’

where N is a normalization constant that can be fixed by comparing leading order terms
in the limit 219, Z12 — 0. As coordinates z, z are independent we will assume they both lie
on the real projective line. If z; > 29, Z; > %5, the KLT formula!® provides a factorization

4Recall we are working with independent left and right coordinates, i.e. (2,2) signature [62].
'5To make connection with the standard four-point KLT formula as described in [74, 75], it is convenient
to set 21 = 1, 22 = 0 using SL(2, R) covariance and expand O, , ;. (2s, z3) in powers of 23, z3.
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of the above integral into two disk integrals:

dz3
—hi1—hp+1_hi—ho—hp+1
231

o
Igf02 = ZSin(T{'(hQ —hy + hp))/ [ T e
212 32
(B.2)

X /zl 43 O(hP7EP)(Z3’23)
shi+ha+hp—1ha—h1—hp+1zhi—ha—hp+1
=2 21 232 213

which has explicit SL(2,R);, ®SL(2, R) g covariance. To recover the set of right descendants
we perform an expansion of the left factor to leading order in z1o by setting z3 = 29 + tz19.
We obtain

2sin(w(ha—h1+hp)) [ B Chy—
O3 __ 2— i hp hi+hp—ho—1 ha+hp—h1—1
O T /1 di thi+he—ha=1(p _ 1 yhathe—ha (B.3)
X/fl dzs O(hpﬁp)(ZQ—i-tZlg,Eg)
3 éil%Jrthth*lggZz*hl*hp+1gil§fh2*hp+1
_ 27T (1—2hp)
o b b hi+ha—hp
I'(1+ho—h1—hp)l'(1+h1—hs hp)212
[ g Ctnilen )
5 5?21+h2+h13—15§22—h1—hp-&-lz%—hz—hp-l—l
+O(Zl_2h1_h2+hp+l) . (B4)

We thus identify the remaining real integral as a conformal block for SL(2, R)z descendants.
It can be written in a more compact way by introducing z3 = 2z + tz12:

AZ3 Otnp i) (22:%8)
—hi+ho+hp—1_ho—hi—hp+1_hi—ha—hp+1
212 232 213

21
SL(2,R)r block = /
E2)

B /1 U Oy )22 22 F 1212) (B.5)
Zizzﬁhrhp 0 the=hi—hp+1(] — ¢)h1—ha=hp+1
Let us apply this formula to the positive-helicity gluon case, for which (h, h) = (%, %)
and Ap = Ay + Ay — 1. We thus find
Ose  2T(1—Ay—Ay) 1 [1dt OF7 (22,7 +t712) o
1000 = T AT = Ao) "o o A A—ppm O (BO)
The normalization factor N can be fixed in this case as
081 OK! ~ sy A,y 1056,
B —ifa, /1 dt OZ*;(@, Zo +tZ12) (B
zig Jo 2RIl —t)2he '

in agreement with (5.12).
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